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Abstract

An inductively heated experiment, SURC-2, using prototypic UO,-ZrO, materials was executed as part
of the Integral Core-Concrete Interactions Experiments Program. The purpose of this experimental
program was lo measure and assess the variety of source terms produced during core debris/concrete
interactions. These source terms include thermal energy released to both the reactor baserat and the
containment environment, as well as flammable gas, condensable vapor and toxic or radioactive aerosols
generated during the course of a severe reactor accident, The SURC-2 experiment eroded a total of
35 cm of basaltic concrete during 160 minutes of sustained interaction using 203.9 kg of prototypic
UO,-Zr0O, core debris material that included 18 kg of Zr metal and 3.4 kg of fission product simulants.
The meltpool temperature ranged from 2400-1900°C during the first S0 minutes of the test followed
by steady temperatures of 1750-1800°C during the middle portinn of the test and increased temperatures
of 1800-130°C during the final 50 minutes of testing. The total erosion during the first 50 minutes
was 15 cm with an additional 7 cm during the middle part of the test and 13 cm of ablation during the
final 50 minutes. Comprehensive gas flowrates, gas compositions, and aerosol release rates were also
measured during the SURC-2 test. When combined with the SURC-1 results, SURC-2 forms a
complete data base for prototypic UQ,-Zr0O, core debris interactions with concrete.
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Executive Summary

The SURC-1 and SURC-2 experiments form a major part of the core debris-concrete interactions data
base. These tests were designed to assess the range of responses which are most hikely during the initial
two 10 ten hours of these ex-vessel events. The range of response was measured using an oxide debris
of UO,-ZrO, on both limestone and siliceous concretes. Also included were a Zr metallic component
and a himited rumber of fission product simultants. Both tests sustained the core debris-concrete
interaction for over two hours using an identical power input history of .2-.3 W/g.

The purpose of the SURC-2 experiment was to measure the source terms produced during core
debris/concrete interactions with basaltic concrete. These source terms include thermal energy released
1o both the reactor basemat and the containment environment, as well as flammable gas, condensable
vapor, and toxic or radioactive aerosols generated during the course of a severe nuclear reactor
accident. The SURC-2 experiment was an integral effects test conducted as part of the Core Debris
Interactions program and used the same geometry and instrumentation scheme as v-as used in the SURC-
I and SURC-4 1ests.  The basic geometry was a 40 cm diameter basaltic concrete basemat surrounded
by an MgO annulus. A 280 kW induction power supply was used to heat a series of tungsten rings that
were embedded in the oxide charge material. After 130 minutes of heating, the 203.9 kg oxide charge
(69% U0, - 22% ZrO,-9% Zr) became molten anu began to attack the underlying concrete basemat.
A total of 35 cm of basaltic concrete were then eroded during the following 150 minutes. During the
first 100 minutes of erosion a net puwer of 76 kW was applied to the tungsten susceptors to sustain the
interaction,  After 100 minutes, the power was increased to a net power of 100 kW for the final 50
minutes. Comprehensive measurements of meltpool temperature, erosion distance, sidewall heat losses,
total gas production, total aerosol production, gas composition, and aerosol composition were taken
throughout the test using a computerized data acquisition system.

Four time periods during the test were of particular interest. These were the onset of gas release prior
o melung, a period of rapid erosion following initial melt-concrete contact, slowed erosion after the
Zr metal ’n the charge was chemically consumed, and increased erosion when the power was increased
towards the end of test. During the 50 minutes prior to melt, the temperature of the oxide charge
increased from 1300 K 1o 2600 K. The concrete basemat started to dehydrate during this time at an
average rate of 4 cm/hr producing a reaction gas flow rate of 26 slpm. The composition of this initial
effluent gas was 70 to S0% H, - 15% H,0 - 20% CO, and only light aerosols were present at levels
less than | g/m". Corcrete erosion began when the oxide charge became completely molten, and a
protective ZrQ, insulator board was breached. Meltpool temperatures at the onset of concrete attack
were approximately 2700 K. These temperatures decreased to 2100 K as 15 ¢m of concrete were
eroded over a period of 30 minutes. The reaction gas flow increased to 110 slpm and had a
composition of 75% H, - 5% H,0 - 15% CO - 5% CO,. Large amounts of aerosol were also produced
at densities of 50-300 g/m' which had a composition rich in silicon, sodium, potassium, barium,
molybdenum, and uranium. The size distribution of these aerosols ranged from 0.5 to 20 microns with
a mass mean diameter at 3 microns. After 30 minutes of erosion the erosion rate slowed from 30 em/hr
0 5 cm/hr after all of the Zr metal became oxidized. The meltpool temperatures ranged from 2050 to
2100 K as an additional 5 cm of concrete were eroded nwver a period of 60 minutes, The reaction gas
flow rate decreased to 20 sipm and had a composition of 70% H, - 5% H,0 - 15% CO - 10% CO,.
After 90 '« 100 minutes, the net power to the chargs materia! was increased from 70 to 100 kW. This
resulted ir ‘ncreased erosion rates, increased gas release rates, and increased aerosol release rates. The
meitpool temperature increased from 2050 to 2150 K during these final 50 to 60 minutes of the test as
an additional 15 cm of concrete were eroded. The reaction gas flow rate increased from 15 to 40 slpm

xili NUREG/CR-5564



and the gas composition was 75% H, - 5% H,0 - 15% CO - 5% CO,. Aerosols registered constant
levels of production at about 10 g/m’.

After 280 minutes of heating and 150 minutes of continy us erosion, the SURC-2 melt penetrated the
remaining S cm of concrete and ran out into the bottom of the containment vessel. Power 10 the test
was shut down at this point and the test was terminated. The test was excellent in all respects and
successfully met all of the test goals.

The results of the SURC-2 test with basaltic concrete generally confirm the observations made in the
SURC-1 test with limesione concrete. Both tests had very similar charge compositions and nearly
identical power histories. The key observations made during the tests were (1) high initial temperatures
and erosion rates, (2) sustained interaction temperatures in excess of 2000 K, and (3) continuous release
of gas and aerosols in large amounts. This test provides comprehensive, redundant, and well-
characterized information on molten oxide interactions with basaltic concrete which is well-suited for
code validation efforts.

The major conclusions from the test are that interaction temperatures remain at least 300 K above the
concrete melting point, that zirconium chemistry drastically affects the ablation rate and the gas
composition, and that silicate concrete chemistry seems to retain a substantial portion of the fission
product simulants in the melt. The results of the SURC test provide a solid base for validation of the
heat transfer, gas chemistry, and aerosol release models such as those found in the CORCON code and
indicate that a relatively complete understanding now exists concerning the initial phases of core debris
interactions with concrete when liquid water is not present. We feel that the understanding derived from
the combined oxide and metal data base is reasonably adequate for current regulatory purposes. Future
regulations or new reactor design efforts will be able to tap this technology base but may also suggest
a new range of responses that need definition.
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1.0 General

The Core Debris Interactions Program is intended
to measure, model, and assess the thermal, gas
evolution, and aerosol source terms produced
during core debris-concrete interactions that
might occur following a severe nuclear reactor
accident, These source terms are the governing
phenomena in any postaccident containment
integrity analysis or risk evaluation. A matrix of
tests 15 being conducted as part of the program.
This matrix 1s designated as the SURC
(SUSTAINED URANIA-CONCRETE) test
SEries.

In addition to extending the existing data base to
include more prototypic core debris-concrete
interactions, [Blose et al., 1987]), the SURC
experiments are designed to provide information
necessary 1o validate three important aspects of
ex-vessel core debnis-concrete  interactions
models. These are (1) heat transfer mechanisms,
(2) gas release chemistry, and (3) vaporization
release of aerosols. Both integral tests using
UO4-ZrO4 materials (SURC-1, SURC-2,) as well
as separate effects tests using Fe-Zr (SURC-3,
SURC-4) have heen conducted.

The SURC-1 and SURC-2 tests in the SURC
series were designed to be integral tests using a
203.9 kg molten mixture of 69 wio U0,-22 wio
ZrO4-9 w/o Zr over a 40 cm diameter concrete
basemat formed from either limestone concrete
(SURC-1) or basaltic concrete (SURC-2). The
purpose of these tcas was to study the protracted
interaction of an oxidic meltpool on a range of
concrete basemat materials. Before these tests
were conducted the bulk of data available for
evaluating the exvessel core concrete interaction
was either from tests using metailic iron as the
core debris simulant ¢r from tests which lasted
only a few minutes. The SURC-1 test sustained
the oxide-concrete reaction for over 180 minutes
as did the SURC-2 experiment. During the
course of these tests it was our goal to measure
all of the essential aspects of the core-concrete
interaction; namely, melt temperatures, erosion
rates, overall heat balance, thermal conduction
into the concrete, gas release rates, gas release

chemistry, aerosol release rates and aerosol
chemistry. The data return from both tests was
excellent and provides comprehensive, redundant,
and well characterized information on the
oxide-concrete interaction which should be well
suited for code validation efforts.

The SURC-2 experiment was conductad using the
same geometry and instrumentation scheme as
was used in SURC-1 [Copus et al., 1992) and in
SURC-4 [Copus ¢t al., 1989]. The basic
geometry consisted of a 60 cm diameter
interaction crucible with a 40 ¢m diameter
basaltic concrete cylinder in the base of a
magnesium oxide (MgQO) annulus. A 10 ¢m
thick, circular cover of MgO was fabricated and
placed on top of the crucible. The interaction
crucible and induction coil were housed in a
scaled, water cooled, aluminun. containment
vessel.  An overview photograph of this vessel
and some of the rest of the test apparatus is
shown in Figure 1.1. The vessel was 180 ¢m
high, 120em in diameter and contained
feedthroughs for the induction power leads,
insirumentation leads, and an exhaust gas port
connected to the flow and aerosol sampling
instrumentation.  The interaction crucible was
instrumented with numerous thermocouple arrays
cast into the concrete cylinder, MgO annulus and
MgO cover. A 280 kW induction power supply
and coil were used to heat and melt the 203.9 kg
charge within the test article and to sustain the
interaction for the duration of the experiment.
Additionally, 3.4 kg of fission product simulant:
were added into the melt to study fission product
release.  Flow rates of generated gases were
measured using a sharp edge concentric orifice,
a laminar flow device and two dry gas clocks.
Gaseous effluents produced during the experiment
were monitored and sampled using an infrared
gas analyzer, a mass spectrometer, and by an
integral grab sample technique. Aerosols were
captured on filters, cascade impactors and a
cascade cyclone. Erosion characteristics were
measured using type K, S, and C thermocouples.
Three tungsten thermowells containing optical
pyrometers were embedded in the charge in order
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Matenals

Specifications for the concrete are listed in
Table 2.2. Tables 2.3 and 2.4 summarize the
engineering and chemical composition of the
basaltic concrete. Tables 2.5 and 2.6 show
comparisons of the size specifications and the
distribution of sizes for the aggregate and sand
actually used for the concrete,

Four 10.2 ¢m diameter x 20.3 ¢m long test
cylinders were cast with the concrete slug to
measure the compressive strength after 7, 14, 28,
and 1070 (day of the experiment) days. The
concrete cylinder was cured at ambient tem-
perature conditions, nominally 20°%+ 10°C.
Compressive strengths are plotted against cure
time in Figure 2.3. The strength for the
compressive cylinder tested at 1070 days (nct
shown in the figure) was 41.4 MPa (6000 psi).

The thermal behavior of the concrete can be
characterized by thermal gravimetric analysis
(TGA), derivative thermogravimetric analysis
(DTGA), «ad differential thermal anaiysis
(DTA). Figure 2 4 shows a typical thermogram
produced by TGA for basaltic concrete.

2.3 Charge Material
The charge material consisted of 203.9 kg of

UO,-ZrO, and Zr metal in the form of powder,
crushed isostatic pressed cvlinders and metal

NUREG/CR-5564

chips. The total mass and w/o of constituents
in each of the material forms is presented in
Table 2.7. The relative weight percentages of
the individual constituents for the total charge
were calculated to be 69.1 w/o UO,, 22.6 w/o
2r0,, and 8.3 w/o Zr metal. In order to
produce a homogeneous mix, Zr metal chips
were added to the crushed UO,-ZrO, cylinder
material to produce the desired ratios. Five
tungsten plates were placed within the charge
material to serve as susceptors to heat the
material. The plates were spaced approximately
10 ¢m apart within the charge. A detailed
description of the charge assembly is discussed in
Section 3.4, The mass and ratio of charge
constituents placed between the tungsten plates
are shown in Figure 2.5. The density of the
charge was calculated to be 3.6 g/ce.

2.4 Fission Product Simulants

In order to evaluate the transport of fission
products during the melt-concrete interaction,
various chemical species, listed in Table 2.8,
were added to the charge prior to heating. These
materials were added to the charge material as a
homogeneous powdered :nixture just below the
third tungsten plate. The placement of the
simulants corresponds to a location 53.8% of the
charge height.

T ERN=.
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Table 2.2 Concrew specifications

Materials

. Compressive strength after 90 day cure = 27.5 MPa minimum

(399G psi)

. Slump = § ¢m

. Cement = American Type II Portland Cement

. Air content = 3 to 5% by volume

. Air entraining agent per reference (a) below

. Composition per reference (b) below

. Aggregate size and size distribution per reference (c) below
. Water reducing agent per reference (a) below

. Mixing, forming, and placing per references (b,c,d,e) below

. ASTM C-494-71, Standard Specification for Chemical Admuxtures for

Concrete, American Society for Testing and Materials, Philadelphia, PA.

- ACTI 211. 1-74, Recommended Practices for Normal and Heavy Concrete,

American Concrete Institute, Detroit, M1,

.- ASTM 33-74., Standard Specifications for Concrete Aggregates, Amencan

Society for Testing and Materials, Philadelphia, PA.

- ACI 34768, Recommended Practice for Working Concrete, American

Concrete Institute, Detroit, MI.

. ACI 315-74, Detailing Manual, American Concre's lnstitute, Detroit, M.

NUREG/CR-5564
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Table 2.3 Engineering composition of basaltic concrete

Constituents? Mass Weight %
Aggregate© 42.3 kg 35.7
Sand 47.4 kg 40.1
Cement 19.4 kg 16.4
Water 9.3 kg 7.8
*AEA? 22.2 ml .

*Aur Entruining Agent

a. ASTM (-494-71, Standard Specification for Chemucal
Admuxtures for Concrete, Amenican Society for Testing and
Matenals, Philadelphia, PA.

b. ACTI 211. !-74, Recommended Pract s for Normal and
Heavy Concrete, Amenican Concrete lnstitute, Detroit, ML

¢ ASTM 33.74, Standard Specifications for Concrete
Aggregates, American Society for Testing and Matenals,
Philadelphia, PA.
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Materials
Table 2.4 Chemical zomposition of basaltic concrete constituents®?

Type 1 and 2 Basalt
Oxide Cement (%) Sand (%)  Aggregate®
Fey04 4.11 2.15 7.78
Cr303 0.011 0.042 0.06
MnO 0.08 0.02 0.08
TiO, 0.2 0.18 1.82
K,0 0.54 2.7 7.2
Na-,0 0.27 1.74 1.85
Ccad 63.5 1.52 6.54
MgO 1.53 0.34 9.7
Si 20.1 82.8 54.9
Alsy 3 4.2 7.24 9.51
co ND ND < 0.02
H 8 ND 0.1 0.1
s&2 1.0 ND ND

ND = Not Determined

& ASTM C-494-71, Standard Specification for Chemical Admixtures for Concrete,
Amencan Society for Testing and Materials, Philadeiphia, PA.

b. ACTI 2il. 1-74, Recommended Practices for Normal snd Heavy Concrete,
American Concrete [nstituie, Detroit, M1,

¢ ASTM 33-74. Standard Specifications for Concrete Aggregates, American
Saciety for Testing and Materials, Philadelptua, PA.

11 NUREG/CR-5564
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Table 2.5 Companson of specified and actual size distributions
for the rine and total aggregate

Through the Screen Opening

Screen Specified Weight % Observed Weight % Passing
Opening Passing Through the Through the Screen
(cm) Screen
A) Total Aggregate

28 95-100 ‘00

1.9 90-100 963

1.3 25-60 54,7

0.95 20-55 25.2

0.48 u-10 5.6

0.23 0-5 not measured
B) Fine Aggregate

1.3 100 100

0.95 85-100 98.9

0.48 10-30 96.8

0.23 0-10 B4 4

0.12 0-5 §9.7

NUREG/CR-5544
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Table 2.6 Comparison of specified and actual size
distnibutions for the sand

-

Weight % Passing
Through the Screen
Screen
Opening
(cm) Specified Observed
0.95 100 99 85
0.48 95-100 97.85
0.23 80-90 85.14
0.12 55-75 60.93
0.058 30-60 3392
0.030 12-30 16.50
0.015 2:10 7.11
0.0076 . 3.06
13

Matenials
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Figure 2.3 Compressive strength as a function of cure time for basaltic concrete
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3.0 Experimental Apparatus

The maic. comgen - of the SURC-2 experi-

menta' v aus are sho- o Figure 3.1 and
LA seid waer e od,  containment

svel, Lugresyes oot induction coil.
T8gE R O i g in the following
WK o ter of the SURC-2 apparatus

sl it B L0

"t W piping and the gravel bed
e st o Section 4.3

3.1 Containment Vessel

An aluminum containment vessel was used in
SURC-2 to ensure that nearly all of the reaction
products would pass through the instrumented
exit flow p ing. A sectional view of the water
cooled containment vessel is shown in rFigure
3.2, The vessel was fabricated in two sections
using 2.5 ¢m thick, weldable 6061-T6 aluminum
alloy. The two sections were assembled using
24, 1.4 ¢m diamewer hex head bolts and nuts
securing the mating flanges. The flange of the
lower section incorporated a double O-ning for
sealing. The vessel was supported by four 10 em
diameter x 45.7 cm long legs welded to the
bottom of the lower section. Basic features of
the vessel are shown in Figure 3.2. The internal
volume of the xfcsscl was calculated to be approx-
imately 2.0 m~,

Aluminum (6061-19) tubing 2.5 ¢m in diameter
was welded to the outsice and top of the vessel a!
a pitch of approximately 0 cm. This tubing was
used to circulate a mixture of SO% by volume
ethylene glyce! in water used to cool the vessel
during the 2xperiment. The bottom of the vessel
was coole ! by means of three large reservoirs
welded 1o the bottom of the vessel. The tubing
and reservoirs were connected in series to form
a single cooling circuit,

Bolted, flanged ports located in the lower section
of the vessel were used 1o provide feedthroughs
for power and instrumentation leads and for
mounting fittings to connect a pressure transducer
and tubing for supplying argon purge gas.
Another port was fitted with a spring-loaded

NUREG/CR-5564

18

safety diaphragm calibrated to open at 15 psig to
eliminate the poiential for overpressurization of
the vessel. A 7.5 em diameter flange port
located in the base of the vessel was used as a
feedthrough for all  crucible thermocouple
terminations. The sheaths and/or extension wires
for all the thermocouples were pulled through a
mating 90° flanged elbow. The elbow was filled
with epoxy and allowed 10 cure, encapsulating
the instrumentation leads and thermocouple
sheaths. The elbow was then bolted to the
flanged port, sealing the instrumentation cabling.
A flanged port in the top of the vessel was fitted
with & § cm O.D. x <157 ¢m wall x | m long,
304 stainless steel tube, This tube connected the
interacti. .. crucible with the flow system instru-
mented for sampling evolved gas and aerosols
and measuring gas flowrate.

The inside floor of the lower vessel was lined
with six inches of standard refrrctory MgO brick
and back-filled with fine MgO powder. The
perimeter of the floor was built-up with an extra
layer of bricks six inches high and two inches
thick. This was done to protect the vessel from
melt attack should any molten material breach the
interaction crucible during the experiment,

The vessel was pressure tested and certified to
operate either in & partial vacuum or up to
20 psig.

3.2 interaction Crucible

The interaction crucible for SURC-2 was
gesigned to limit concrete erosion 1o the
downward or axial direction, The materials used
i the construction of the interaction crucible
have been discussed in detail in Sections 2.1 and
2.2. The crucible used in SURC-2 was cylindri-
cal and is shown in Figure 3.3, The main body
of the crucible was cast in two sections--namely
the upper and lower crucible. The overall
dimensions of the crucible are 60 cm diameter
x 100.0 em high with a 40,0 cm diameter cavity
60.0 ¢m deep. Cas! into the bottom of the lower
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crucible was an instrumented basaltic concrete
cylinder 40.0 cm diameter x 40.0 em thick. The
upper crucible was cast with an annular step and
the lower crucible with @ mating annular recess.
The two crucible sections were assembled and
scaled with Saureisen Cement No. 31.

The annulus of the upper and lower crucible and
cover was cast using a reusable steel casting form
construcied in a clam shell arrangement. Bolts
wer placed through the crucible cover and
threaded into brass anchors cast into the upper
crucible securing the cover. A detailed descrip-
tion of the casting forms and fabrication proce-
dures is presented in Appendix B of the SURC-4
document [Copus et al., 1989,

Apprmnmat(ily 0.18 m? of MgO castable ceramic
and 0.05 m” of basaltic concrete were required
per crucible cast. The total estimated mass of the
crucible was

Annulus - MpO Cg‘;tablc "
Volume - 0,15 m” @ 2680 kg/m” = 402 kg
Cover - MpO Cw‘ble
Volume - 003 m® @ 2680 kg/m> = 80 kg

Concrete Cylinder 1 Basallic Concrete
Volume - 0.05S m” @ 2400 kg/m” = 120 kg

TOTAL MASS 602 kg

The annulus, concrete cylinder, and crucible
cover were instrumented with 117 type K thermo-
couples cast into the crucible in 16 arrays to
measure thermal response. Figure 3.4 shows the
relative thermocouple locations and the various
arrays cast into the crucible, This figure also
shows the nomenclature used to describe the
locations of the thermocouples in cylindrical
coordinates, specifically r, 6, 2z and
Addiionally, six type § and six type C
thermocouples installed into six alumina tubcs
were cast into the basaltic concrete cylinder to
tacasure mell temperature.

NUREG/CR-5564

Seventy-two thermocouples were cast into the
concrete in three arrav,  The array containing
thermocouples desigated C1 through C24 was
located on the axial centerline at one centimeter
intervals (0, 1, 2, etc.). The array containing
thermocouples designated C295 through C48 were
located on a line parallel 1o the center axis at a
radial distance of 10.0 em. The third array
designated by thermocouples C49 through C72
was located near the perimeter of the concrete
cylinger & a radial distance of 18.0 em. The
depth of the thermocouples in the latter two
arrays were identical to the axial array.  “The
locations of the thermocouples cast into the
congrete cylinder are tabulated in Table 3.1. The
sheath of each thermocouple was bent at an angle
of 90°, 10 sheath diameters from the tip. This
was done to minimi ~ *he errors caused by heat
conduction down the metal sheath. Installation of
a typical thermocouple array is shown in Figure
3.5,

Six four-hole alumina tubes were cast into the
concrete slug parallel to the axial centerline,
60 degrees apart at a radial distance of 14 cm,
Installed in each tube were two type S and two
type C thermocouples located at various depths
from the surface of the concrete cylinder. These
thermocouples were used to measure melt tem-
perature and their locations are tabulated in
Table 3.2. As the mcltpool attacks the concrete,
the alumina tubes are exposed to the meltpool
and the embedded C and S type thermocouples
then record the melt temperature. Figure 3.5
shows an installation of a typical alumina tube
with the type S and type C thermocouples.

Thermocouples used to monitor sidewall tempera-
tures in the MgO annulus of the crucible were
installed into pre-cast MgO cylinders prior to
casting as shown in Figure 3.6, The ends of the
cylinders conformed to the curvature of the
annulus of the casting forms providing a good fit.
The cylinders were bolted to the inside diameter
of the outer steel crucible form by threading a
small hex head bolt into a small brass anchor






Table 3.1 Location of

cylinder, SURC-2 (see Figure 3.4)

cast within the concrete

NUREG/CR-5564

r 0 z
Thermocouple No. (cm) (degree) (cm)

Cl 0 0 0
Cc2 0 0 1.0
C3 0 0 2.0
C4 0 0 3.0
Cs 0 0 4.0
Cé 0 0 5.0
7 0 0 6.0
C8 0 0 7.0
9 0 0 8.0
C10 0 0 9.0
Cll 0 0 10.0
C12 0 0 11.0
C13 0 0 12.0
Cla 0 0 13.0
C1S 0 0 14.0
C16 0 0 15.0
c17 0 0 16.0
CI8 0 0 17.0
Cc19 0 0 18.0
C20 0 0 19.0
c21 0.0 0 20.0
C22 0.0 0 25.0
C23 0.0 0 30.0
24 0.0 0 35.0
C25 10 0 0.0
€26 10.0 0 1.0
C27 10.0 0 2.0
C28 10.0 0 3.0
C29 10.0 0 4.0
C30 10.0 0 5.0
C31 10.0 0 60
ci2 10.0 0 7.0
C33 10.0 0 8.0
C34 10.0 0 9.0
C35 10.0 0 10.0
C36 10.0 0 11.0

C37 10.0 0 12.
C38 10.0 0 13.0
C39 10.0 0 14.0
C40 10.0 0 15.0

24



Table 3.1 Location of thermocouples cast within the concrete
cylinder, SURC-2 (see Figure 3.4) (Continued)

r 0 -z

Thermu. “wple No. (cm) (degree) (cm)

Cdl 10.0 0 16.0

C42 10.0 0 17.0

C43 10.0 0 18.0

Cé4 10.0 0 19.0

Cas 10.0 0 20.0

C46 10,0 0 25.0

C47 10.0 0 30.0

C4R 10.0 0 35.0

C49 18.0 180 0.0

CS0 18.0 180 1.0

Cs1 18.0 180 2.0

cs?2 18.0 180 3.0

Cs3 18.0 180 4.0

CS4 18.0 180 5.0

Css 18.0 180 6.0

Cs6 180 180 7.0

cs7 18.0 180 8.0

| C58 18.0 180 9.0

| Cs9 18.0 180 10.0

| C60 18.0 180 11.0

| C6l 18.0 180 12.0

| 62 18.0 180 13.0

C63 18.0 180 14.0

| C64 18.0 180 15.0

C6S 18.0 180 16.0

| C66 18.0 180 17.0

| C67 18.0 180 18.0

| C68 18.0 180 19.0

; C69 18.0 180 20.0

| C7 18.0 180 25.0

| Cc71 18.0 180 30.0

% cn 18.0 180 35.0
\

25 NUREG/CR-5564

e R e



R — B — T RN~

ZIRCONIA POWDER THERUSSSUPLE
(16 .
(16 mm dia) e 10 SHEATH DIAMETERS
cnierk e . MINIMUM (1 6 cm)
|
:': : 10em ‘.
!
i : 20em
‘ L 300m A\ AN
il AN
! ' : 40cm \
: : : 500m ‘.m
: : { \ 6.0 ocm . ‘.:‘
|
| ; ) : 70¢em b - .\
il \\ \
il N
h
I

|
!
!
|
!

& TYPEC AND §
FOUR HOLE | THERMOCOUPLES
ALUMINA TUBE ' (1.6 mm dia.)
{0.6 om dia.)
STAINLESS STEEL

RIBBON (0.4 mm THICK)

10 CIM el ﬁ-h

Figure 3.5 Typical thermocouple arrays cast into the concrete
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Table 3.2 Location of thermocouples installed in the alumina

tubes and cast into the concrete cylinder, SURC-2

Tube Thermacouple  Thermocouple r 0 z
Number No. Type (cm) (degree) (cm)
< T4-1 C 14 180 1
1 Tl C 14 0 2
2 T2-1 C 14 60 2
h T5-1 C 14 240 2
3 T3-1 ™ 14 120 3
6 T6-1 C 14 300 3
E) T4-2 C 14 180 4.5
1 T2 C 14 0 5
2 T2-2 C 14 60 b
S TS-2 C 14 240 5
3 T3:2 C 14 120 7
6 T6-2 C 14 300 7
4 T4-3 S 14 180 10.5
S T5-3 S 14 240 11.0
1 Ti-3 S 14 0 12.0
2 T2-3 S 14 60 13
3 T33 S 14 120 13
6 T6-3 S 14 N0 i
B Ta-4 S 14 180 15
1 Ti-4 S 14 0 15.5
5 T5-4 S 14 240 18
2 T2-4 ) 14 60 19
3 T34 S 14 120 19
6 T6-4 S 14 300 19

27
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Experimental

Table 3.4 Location of thermocouples cast within the
crucible cove:, SURC-2 (see Figure 1.6)

Array Thermocouple t 0 z
No. Nu. (cin) (degree) (cm)
12 M40 10.0 0 0.5
M4l 10.0 ¢ 1.5
M42 10.0 0 2.5
13 M43 10.0 180 0.5
M44 10.0 180 1.5
M4? 10.0 180 2.5

in diameter and 40 ¢m in iength. The tungsten
spacers were 0.64 cm in diameter and 2.5 ¢m in
length. Five spacers were placed in the bottom,
middle, and top rings with 1 cm above and | ¢m
below each ring so that nure of the 1ings would
touch each other during the test. The total
tungsten ring assemoly weighed approximately

SG kg.

The boundary insulation layer of the charge
consisted of a zirconia insuiating board placed on
top and at the base of the charge and an annulus
of fine ranium dioxide powder. The zirconia
boards were 40 cm in diameter. A 1.3-2m-thick
board was placed on tup of the concrete cylinder,
This was followed by a 1.3-cm-thick layer of
fine UO, powder. The base of the charge was

3

configured in this manner to minimize concrete
dehydration during initial heating and prior to
melt attack. As the charge was built up within
the crucible, fine U0, powder was used between
the crucible sidewall and charge material. The
annular thickness of the powder was 2.5 ¢cm and
spanned the height of the charge of 52 cm. The
average density of the UO, insulation boundary
layer was 4.9 g/em” and its total weight was
33.1 kg. The powder at the sidewalls sintered
during the experiment providing an insulating
skull preventing melt contact with the
crucible. A 2.5 cm zirconia board was placed on
top of the charge. This was done to prevent heat
losses. The total mass at the two zirconia boards
used in the charge was 1.7 kg. The total mass of
the charge including 3.4 kg of fission product
simulants was 203.9 kg.

NUREG/CR-5564



4.0 Instrumentation and Calibration

The HP 1000 duta acquisition system used 197
data channcls 1o record the results of the SURC-2
st Of these, 162 were thermocouple chaanels.
Seventy two thormoconple channels were used o
monitor axal erosicn in e concrete,  An
addinony! 4% thermocouple channels were used to
record tempeca’ires in t.e erucible sidewalls and
iid. Elever. thermocouples were located in ‘he
system 1o ~onitor (e temperiture ¢f power
supply waver and ¢fuent gases Seven more
thermocouples were used to moni.tor the tempera-
ture within the aetsol collection system, and the
last 27 thermocouple channiels were used 10
record tae meltpool lemperature.

Thirty-five data channels were voltage channels.
Fourteen of these were wsad 10 Mo Aor prassufe
aw flow through the sysiem. Ors vas 1sed o
record the relative cpacity of the gas stream.
Five more were used 1o measure the induction
coil power and coolent flow levels, Three
channels were used to record the output from the
optical pyrometer. Four were used to monitor
the composition of the effluent gas and the last
eight were used 1o secord aerosol data.  Fach
channel was recorded every ten seconds for the
first 90 minuter  he test and every Tve seconds
at times thereafter,

{n addition to the HP 1000 data system, data
were sampled and stored with the SEDS aerosol
svstem (31 channels), the gas grab sample system
_» ven channels), the Infocon Mass Spectrometer
vire channels), and a videe camera/recorder
system,

4.1 Thermocouple and Pyrometer
Instrumentatien

Seventy-two thermocouples divided into three
groups were cast into the concrete slug of the
interaction crucible, The relative locations of
the thermocouples were discussed in Section 3.2.
One typical array of 24 type K thermocouples
was located on the axial centerline. Thermo-
couples in this array were spaced 1 cm apart,

NUREG/CR-5564
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These thermocouples had a 0.16 cm diameter,
stainless stee! ungrounded sheaths. Six sets of
rwo type S and two type C (Tungsten - 5%
Rhenium vs, Tungsten 26% Rhenium) thermo-
couples were mounted in alumina tubes and cast
into the concrete.  The alumina tubes were
0.64 cm in diameter and contaned four 0.2 cm
diameter holes in which the thermocouples were
installed. The type S thermocouples installed in
the alumina tubes were 0.16 cm diameter, and
had ungrounded, tantalum sheaths. The type C
thermocouples also had a 0.16 cm, ungrounded,
tantalum sheath. Trese alumina tube arrays were
cast into the concrete slug on a radius of 14 cm
from the axis and at 60 degrees. Theta for the
angular crientation of these arrays is taken to be
iero relative to the sidewall array located
atz = -20 cm.  Positive theta is clockwise
looking dowr on the crucible from the top. The
type § and the type C thermocouples were
installed for measuring melt temperatures. These
thermocouples also provided some data o~ the
concrete shermal response prior to ablatior which
complimented data from the arrays of type ¥
thermocouples.

The type K thermocouples were cast into the
concrete primarily to measure the thermal
response and to indicate the position of ablation
front. The C and S types were installed into
the four hole alumina protection tubes to measure
melt pool temperature. Each of tnese thermo-
couple confiruraticns was comprised of
0.254 mm wire junctions. The time constant for
these metal sheathed thermocouples based on
water studies published by the manufacturer is
0.3 sec [Omega Engineering Inc.].

The temperature range of the type K thermo-
couples is 273 K to 1523 K. The maximum limit
of error using manufacturer's calibration data is
4+9.4 K at 1523 K [Omega Engineering Inc.].
These thermocouples are primarily used to
measure temperatures in the concrete and to
indicate the positicn of the erosion front. The
temperature measured by these thermocouples
increases with the approach of the advancing melt



front. They rapidly fail after contact with the
melt front dy oxidation or dissolution of the
sheath material and junction, thus, indicating the
position of the ablation front.

The type C and S thermocouples instailed in the
four hole alumina tubes are used to indicate the
temperature of the melt pool. The alumina tube
protects the thermocouples long enough to obtain
a reliable temperature reading for up to several
minutes prior to failure. The sheath material und
junction then fail by oxidation or dissolution into
the melt pool.

The type C thermocouples were installed in the
alumina tubes at concrete depths from z = -1 ¢m
to -7 em. This is the region where the initial
med peoc ‘emoeratures will be the highest.
These thermocouples huve = renge of 273 K 1o
2593 K. The maximum limit oz erior using the
manufacturer's calibration is +25.9 K [\)nega
Engineering Inc.}.

The type S thermocouples have a range of 273 K
to 2033 K. The maximum limit of error using
manufacturer's calibration is +5.1 K [Omega
Engineering Inc.]. These thermocouples were
installed in the alumina protection tubes at
concrete depths ranging from z = -10.5 cm 10
19 cm. At these depths, a sufficient amount of
concrete will be taken into solution with the
uranium dioxide to reduce the melt temperature
of the pool to a range that can be measured by
these thermocouples.

The iantalum sheath and junction of the type C
thermocouples is not well suited to operate in «
severe oxidizing environment. These thermo-
couples function best in an inert environment
which extends their period of survival. As a
result, these thermocouples will perform wel
installed in the bottom of the argon purged
tungsten pyrotubes that will be discussed next,
These thermocouples will provide a reliable

measurement of the charge temperature
indicated by the fiber optic pyrometers focused at
the bottom of the pyrotubes.

Instrumentation

The S type junction functions better thun the C
type in an exidizing environment, however, it
does not have the temperature range of the C
tvpes. To get a reliable temperature mecasure-
ment with these two types of thermocouples, they
only need to survive contact with the mell pool
for approximately 30 sec. Melt pool tempera-
tures have been successfully measured using this
technique in numerous sustained core/concrete
experiments conducted in the past.

An additional 45 thermocouples were used to
monitor the MgO sidewall and lid temperatures.
Loc-tions for these K-type devices are also
described in Section 3.2,  These type K
thermocouples were identical in sheath material
and diameter as those cast in the concrete.

In &ddition to the thermocouples, three fiber optic
pyrometers manufactured by Micron Incorporated
were used 10 measure the temperature of the
oxidic debris. Fiber optic pyrometers were used
becausz the focusing head and lens assembly
were very compact and the fiber optic signal
transmitted o the signzl conditioner was not
affected by the electric field caused by the
induction power supply. These pyrometers
provided virtually a noise-free output signal
proportional to the temperature measured at their
focal point. A schematic showing the hardware
and instrumentation used in the pyrotube
assembly is showu *n Figure 4.1,1. Each of the
pyrometers was attached to a closed end thick
walled tungsten pyrotube measuring 2.5 cm 0.D.,
and 1.3 em L.D. The lengths varied so that the
debris temperature could be measured at three
different elevations. The length of the pyrotubes
were 66, 76, and 81 cm long. The bottom of the
pyrotubes were located 0, S, and 15 c¢m above
the 1.3 cm thick zirconia insulating board placed
directly on the concrete. The three pyrotubes
were precisely located in the center of the charge
equally spaced on a 5.4 cm diameter bolt circle
as shown in Figure 4.1.2. The tungsten tubes
were connected o a stainless steel adapter using
a stainless steel tube to pipe adaj’er as shown in
Figure 4.1.3.

NUREG/CR-5564
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STAINLESS STEEL
ADAPTER (304)

o e e e

S e e e e

FIBER OPTIC
PYROMETER
(FOCUSSED FOR 26
TARGET DIA @ 36")

/'_

TYPEC

THERMOCOUPLE

ARGON PURGE
INLET {1/4 OD STAINLESS)

vl

SWAGELOK FITTING
(STAINLESS)

TYPE K
THERMOCOUPLE

ARGON EXHAUST
(1786 OD STAINLESS)

COOLING WATER S

INLE'T

SWAGELOK FITTING
(8TAINLESS)

CRUCIBLE COVER
(Mg0) \

WATER-COOLED
PYROMETER SUPPORT PLATE
(COPPER)

: Ecocum_ 0. Z COOLING WATER

(COPPER) ExIv

[, TUNGSTEN PYRO-TUBE

/— ZIRCONIA INSULATION

Figure 4.1.1 Schematic of fiber optic pyrotube assembly

NUREG/CR-5564

34



MIBYD ) ul pojjeISu.

S

RIoIAD

wajsdun) jo

HoIse

d

Ty amdy

N
-4

NSS4



Figure 4.1.3 Photo of the pyrotube assembly instalied on the interaction ~rucible



Fach of the three stainless steel adapters was
threaded into & water covled copper plate. This
plate served to support the pyrotube assemblies
and keep the pyrometer heads cool during the
xpenment.  Installed into eack  .pler was a
type K thermocouple 10 monitor pyremeter head
temperature, a type C thermocouple installed
inside a thin walled tantalum tube measuring
0.32 ¢cm OD x 0.28 em ID. The tantalum tube
with the type C thermocouple installed was
routed through a stainless steel Swageloc tube to
pipe adapter located on the pyrotube adapter
down to the bottom of the closed end tungsten
pyrotube.  The base of the tantalum tube (not
including the thermocouple sheath) was bent at a
right angle to keep the assembly adjacent to the
inside diameter of the tungsten tube so as not to
obstruct the focal area of the pyrometer. In
order to keep the tantalum thermocouple sheaths
from oxidizing during the experiment, argon was
purged into the assembly very close to the lense
of the pyrometer head. The tantalum tube served
as the exhaust for the argon purge gas, thereby,
constantly flooding the tungsten pyrotube and
sheaths of the type C thermocouples with a flow
of argon. This minimized the potential for
oxidation and ultimate failure. The head of each
pyrometer was threaded into the stainless steel
adapter and secured with a lock nut, The 4 m
fiber optic extension leads were routed 1o their
respective electronic modules through a connector
located in the side of the aluminum containment
vessel. Figure 4.1.3 shows the installation of the
pyro head assembly on the crucible cover.

Each pyrometer was calibrated prior 10 the
experiment with a black body source and
calibration standard. The calibration curves
showing a plot of temperature as a function of
voltage and resulting least squares fit is shown in
Figures 4.1.4,4.1.5, and 4.1.6. The heads were
calibrated at a focal distance of 76 cm. Devia-
tion from this focal length only affected the spot
size measuring 0.64 ¢m in diameter. For the
differences in focal lengths discussed, the change
in spot size is negligible and well within the
diameter of the tungsten pyrotubes.

37

Instrumentation
4.2 Gas analysis Instrumentation

Gas composition analysis for the SURC-2 test
was done using three techniques: An Infocon
Model 1Q200 mass spectrometer, an Infrared
Industries Series 700 CO/CO, detector, and
integral grab samples. The first two techniques
yleld real-time data which is viewed on-line and
stored on computer disks. The grab samples are
stored and analyzed postiest using both gas
chromatography and mass spectrometry. A
schematic layout of the SURC-2 gas composition
sampling apparatus is shown in Figure 4.2.1,

Three different sampling locations were utilized.
Location No. | was downstream of the main
exhaustline gravel filler, Location No. 2 was
between the containment vessel and the gravel
filter and location No. 3 was inside the aluminum
containment vessel.  All sample lines for gas
collection were 6.4 mm (.250 in) O.D. stainless
steel “vith Swageloc stainless steel fittings and
Nupro plug valves, Inline filters used for
SURC-2 were 0.3 micron Gelman HEPA filters
with un element of acrylic copolymer.

Type K thermocouples were used to monitor
sample gas temperatures at the flow pipe sample
port and at the CO/COy mozitor, A suj'nlm
steel cold trap with a volume of 75 em”® and
cooled with ice was used to prevent large
amounts of water from fouling the analysis
equipment. A single Gast diaphragm-type air
pump was used to provide flow for the gas
analysis system and flow indication for the
system was measured by self-indicating rota-
meters. The CO/CO4 supply was also moni
tored with a Dwyer 0—?0 scth air rotameter.

Samples from the grab sample system were
analyzed by gas chromatography/mass spectro-
metry using a Tracor MT-150g gas chromato-
graph and a Finnigan Mat 271/45 mass
spectrometer,  The samples were contained in
150 em” stainless steel bottles with 1/4 in, NPT
solenoid valves for closures, All sample bottles
were evacuated to a pressure of 100 miorr
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immediately before the test and pressure
transducer output was used to mark the time of
sampling events by monitoring manifold pressure.
The grab sample systermn samples were manually
actuated and recorded. A remote control pa ’
housed valve position indicator lights a
two-position switches for controlling the valves
used in acquiring the grab samples.

The CO/CO, analyzer operates on an infrared
absorption tecnnique using Infrared Industries
Maodels 702 and 703 detectors (Figure 4.2.2).
Carbon monoxide is monitored over a range of
0-50% and carbon dioxide is monitored over a
range of 0-20%. Response time is 5 seconds for
90% of the reading with a sensitivity of £ 2%.
Output for the detectors to the data acquisitic..
system is 0-5 volts.

Another diagnostic tool for gas data used for the
SURC-2 test was a quadripole residual gas
analyzer, Infocon w el 1Q200 (Figure 4.2.3).
This instrument was set up in the table display
mode and controlled automatically with a Hewlett
Packard 9826 computer for scanning specifically
selected masses corresponding to the gas species
of interest: H,, H,0, CO, Oy, Ar, and CO,.
A pressure cunverter mamtold' with a 10 torr
orifice, 27 lpm vacuum pump, and 0.5 mm
(0.020 in.) 1.D. capillary tube provided the
ability for continuous sampling from a pressure
oi up to 2 atmospheres ¢ the sample source,
down to 10 torr at the analyzer supply where the
associated 150 lps turbo pump could maintain
10™ torr at the analyzer head. A Faraday cup
detector was used to produce the currents for
analysis.

For data acquisition, the Hewlett Packard 1000
(right side--Figure 4.2.2) series computer system
was used “vith acquisition rates of 15 seconds for
the test warm-up and 5 seconds for the majority
of the run where tust events necessitated a faster
rate. Data inputs from gas composition data
were: temperature from the containment cham-
ber thermocouple; temperature from the CO/CO,
monitor thermocuuple; percent CO as 0-5 volts

NUREG/CR-5564

per 0-50%; and percent CO, as 0-5 volts per
0-20%.

Layout and Location

The location of the various support components
and analysis equipment can be seen in Figure
4.2.1. The UOy-ZrO; filters ior the gas sample
lines were mounted on the expansion chamber
flange approximately 15 cm downstream from the
end of the sample tube which was located inside
the containment vessel. The HEPA filter and
cold trap were located just upstream of the grab
sample linc approximately 8.5 m from the inter-
action crucible. The diaphragm air pump and
flow ‘neter were located at the CO/CO, monitor
supply line. Temperature inside the containment
vessel was measured by one of the type K
thermocouples, while another type K thermo-
couplc measured the gas temperature at the
CO/CO, monitor sample tee.

The grab sample system tied into the main gas
line using a 6.4 mm (0.250 in.) O.D. stainless
steel tube. FEach sample line was teed to the
main line with 3 cm of this tube. This equipment
was located adjacent to the CO/CO4 monitor and
the mass spectrometer approximately 9.0 m from
the SURC-2 containment chambe.. The control
panel for manual sample acquisition was located
in the remote control center along with other
instrumentation,

The CO/CO, instrument wac located in the
shielded computer room where it was connected
to the main gas line by a 6.4 mm (.250 in.) O.D.
U0,-Zr0, tube. A diaphragm pump and flow-
meter supplied the sample gas from the main gas
stream for the infrared detectors. The distance
upstream to the SURC-2 test article was 9.5 m
(31 f).

The Infocon mass spectrometer was also located
in the shielded computer room and was connected
to the main gas stream by a .5 mm (0.020 in.)
1.D. capiliary tube and was situated approxi-
mately 10 m (33 ft) from the test vessel.









Calibrations

In-sity calibrations for the different gas sampling
equipment were accomplished with primary
standard calibration gas mixtures from Alphagaz.
For the analysis, mixtures of 2.0% Hy, 25.1%
CO, 0.0% CO,, 62.9% Ar (Alphagaz Mix 1)
and 45.0% CO, 15.0% CO,, 40% N, (Alphagaz
Mix 2) were analyzed in addition to the SURC-2
test samples. Results from these calibrations are
listed on Table 4.2.1.

The CO/CO, analyzer was calibrated according
to the operating refeience manual using gas
mixture Alphagaz Mix 2 as well as pure nitrogen.
This calibration procedure was accomplished
pretest. Following the test completion, the zero
and full range were again checked to ensure that
there was no significant drift.

After the test, the calibration procedure for the
mass spectrometer was completed again and
showed no significant drift. Operational checks
of the support instrumentation included response
of the thermocouples from below ambient to
above ambient as compared with other type K
thermocouples in the same environment. Flow
measurements  through  the  self-indicating
rotameters were matched with several other
similar flowmeters. Output from the pressure
transducer was monitored while changing the
grab sample manifold configuration from pressure
to vacuum conditions.

4.3 Flow Device Instrumentation

Five different devices were used to measure the
gas flow rate in SURC-2: A 1.02 c¢m orifice
plate, a laminar flow element, a turbine meter, a
Rockwell 415 gas clock, and a Rockwell 750 gas
clock. Figure 4.3.1 shows a flow train schematic
of the hardware for SUKC-2.

The flow system consisted of a series of piping,
tubing, and a gravel filter instrumented with a
variety of devices for measuring gas flow rates.
The flow system starts with an exhaust tube that
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1s mounted in the top part of the containment
vessel and is fit into the crucible cover. The
tube material was 304 stainless steel having
dimensions of 5.1 em O.D. x 0.17 em wall x

.2 meters long. Several 0.32 cm diameter holes
were drilled in the sidewall of the tubes in the
section residing inside the containment vessel.
These holes were used to provide a pathway for
the argon gas used to purge the experimental
chamber and provide background gas for gas
composition measurements. A 5.1 cm diameter
stainless stee! vacuum tee was mounted to the top
of the exhaust tube. The vertical flange of the
tee was fitted with a 5.1 cm diameter ball valve
used to deliver the zirconium metal. The
honizontal flange of the tee was connected to a
S5.1em O.D. x 0.17 em wall x 1.8 meter long
length of stainless steel tubing. The end of this
tubing was fitted with a 5.1 em O.D., stainless
steel flanged cross. The centerline of all the
flange ports on the cross were positioned in a
parallel plane. The cross was used to mount an
opacity meter and a nozzie for sampling the
aerosol. The cross was adapted to a 2.0 meter
section of 5.1 cm diameter 150 pourd sche” ‘e
40 black steel pipe via a 5.1 cm boltea .ange A
1,02 em diameter, sharp-edge, concentric orifice
was mounted between two flanges 1.0 meters
from the stainless steel cross. Two Validyne
pressure transducers were connected in parallel
across pressure taps machined in the flanges.
Another pressure transducer was connected to the
flange upstream of the orifice to measure gas
flow pressure,

The section of pipe containing the orifice was
connected to the top of a gravel filter with a
1.1 meter length of 5.1 ¢m black steel pipe using
a combination of flanges and fittings. The gravel
filter had an inside diameter of 25.4 cm and was
filled with sand to a depth of 1| meter. The
gravel filter was used to filter aerosols,
preventing them from entering the laminar flow
device and the two gas clocks located down-
stream. The filter was designed and tested to
remove 99% of the aerosols at flow rates of 300
sipm with a backpressure of less than .25 psig.
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Table 4.2.1 Results of grab sample analysis on calibrated gas using gas chromalography

SAMPLE # CO(%) CO5(%) N(%) Ar(%) HJ(S)
Alphagaz Mix | 25.1 10.0 0. 62.9 2.0
Mass Spectrometer 22 9 N.D.* 68 1
Garb Sample 27.2 9.6 4.0 56.3 1.7
CO/CO, Monitor 234 10.0 N.D. N.D. N.D.
Alphagaz Mix 2 45.0 15.0 40.0 0. 0.
Grab Size 445 15.6 39.8 N.D. 0.2

*NOT DETECTED

Connected to the outlet of the gravel filter
were two lengths of 2.54 cm schedule 40 black
steel pipe, 50.8 c¢m long. A laminar flow
element (LFE) was installed between the two pipe
sections. The LFE was instrumented with a
Validyne differential pressure transducer. The
end of the flow train was terminated by two
Rockwell gas clocks mounted in series. The gas
clocks were connected using 2.5 ¢cm schedule 40
black steel pipe fittings.

The pnnciples of operation and pertinent
equations for orifice plate flowmeters may be
found in [Bakzr and Pouchot, 1983]. The orifice
plate flowmeter is probably the most widely used
flowmeter in service today. It is found mostly in
field use and is simple, rugged, reliable,
accurate, and inexpensive. Orifice plates used
for gas measurement are considered to be
accurate to 1-2% based on physical dimensions
and published correction factors. It should be
noted, however, that uncertainties in differential
pressure (the measured parameter), temperature,
lin~ pressure, and gas density can easily
overwhelm the uncertainty from the laboratory
calibration. One disadvantage of the orifice plate
is that a 10:1 change in differential pressure
results from only a 3:1 change in flow due to the
square root relationship between differential
pressure and flow. Hence, S0% of expected full
flow is measured in 20% of expected differential
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pressure. This makes low flow rates difficult to
measure accurately.

The orifice flowmeter used in the SURC-2
experiment had an opening of 1.02 cm and was
mounted between flanges in a S em 1.D. pipe.
This pipe was mounted to the SURC-2 contain-
ment vessel so that 80 cm of straight pipe
preceded the flow device and 7t least 50 cm of
straight pipe followed the device.  Three
Validyne pressure transducers were used in
conjunction with the orifice plate. Two of these
were used to record the differential pressures
across the plate and had operational ranges of
0-2psi and 0-5 psi. The third pressure
transducer was used to measure the system
pressure and had a range of 0-10 psig. All of
these devices were calibrated as a set--both in
the laboratory and at the test site--using several
different gases and a raroe of flow rates. Results
of the laboratory caiibration are shown
graphically in Figure 4.3.2.

The laminar flow element (LFE) is a group of
capillary iubes bundled together to form a matrix
such that the flow through each passage is
laminar, even though the total flow ups veam of
the device may be turbulent. The LFE is not as
sensitive to piping configuration as an orifice
plate so that an inlet pipe length of one or two
pipe diameters (instead of 5 or 10) is usually



Ly

POSS-AD/OHANN

TN THON
POwWERM
SuPPL Y
et FERINSIE———
POWER © I
CONCO,
LEADS CASCADE uouﬂu’u
',. S
)

MASS T PECTROME TER

&

-

Figure 4.3.1 Flow train schematic

UONBIUAW S|



MO =

(AYT13H) NOLLYaE TY
NOOHY ] NOLLYHE TV

(MY AHO) NOLLYHE Y




sufficient to provide a satisfactory flow pattern.
The equations governing the operation of 1 FF
devices are given in Baker and Pouchot [1983],
One advantage of a LFE is that the relationship
between differential pressure (1. measured
parameter) and flow is linear for the range of
flows for which it is designed. Calibration of the
device should be done against a primary standard
and is a function of gas viscosity which is itself
a function of gas composition. A potential
disadvantage is that the small passages in the
flow matrix are susceptible to plugging when the
gas contairs aerosols or water vapor,

The LFE used in the SURC-2 experiment was
designed and built by Calibrating and Measuring
Equipment (CME) and has a nameplate flow
range of 0-300 slpm for air at standard con-
ditions. The LFE is contained in a 50 cm pipe
with an 1.D. of 3.6 cm. Differential pressure is
measured using a Validyne differential transducer
with & range of 0-2 psi. The device was
calibrated both in the laboratory and at the test
site. Laboratory calibration (Figure 4.3.3) was
done using a variety of gases with NBS-traceable
cnitical orifices as the primary standard.

The turbine flow meter [Baker and Pouchot,
1983] consists of a freely rotating propeller
mounted concentrically in a pipe. The force of
the gas striking the propelier blades causes them
1o rotate at an angular velocity proportional to the
gas velocity so that the volumetric gas flow is
directly proportional to the rotational speed of the
propeller. A magnetic pickup in the rotor causes
a voltage to be generated in an external electrical
coil. The magnitude of the voltage is then
airectly proportional to the volumetric flow rate
for the designated flow range of the device. The
output of the device is in actual liters per minute
(ALPM) and must be corrected to standard con-
ditions. Turbine flow meters must be calibrated
to determine the coefficient of discharge but
once this is done are considered to be accurate
toabout 1%. Some advantages of the turbine
flowmeter are that it is insensitive to gas
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composition and that it produces a lineai (esponse
over its design flow range. Some disa ' antages
are that it is susceptible o drag + i gas
contains aerosols or water and that the © netic
pickup can be affected by an induction or
electrical field.

The turbine meter used i1 SURC-2 was made by
Flow Technology, Inc., and was contained in a
50 cm long pipe with an 1.D. of 1.3 ¢cm. The
operating range of the device is 0-280 slpm as
indicated by a voltage output of 0-10 volts dc.
The turbine meter was calibrated in the
laboratory and at the test site using argon, He,
air, and CO,. Results of the laboratory
calibration are shown in Figure 4.3.4.

The Rockwell gas clocks used in SURC-2 are
dry gas meters.  These devices have four
bellows-type chambers that alternately fill and
empty known volumes of gas. The slide valves
that control the cycle are attached to mechanical
counters that totaiize thc volume of gas that
passes through the meter. These devices are very
rugged and bulky and register the total volume in
actual liters per minute (ALPM). They are
impervious to the aerosol or water content in the
gas and measure total volume indeperdently
without corrections for density or viscosity.
Once the volume of the bellows is known, the
accuracy of the gas clocks is within 1%. The
major disadvantages of the dry gas meter are its
size and lack of sensitivity to transient flow
perturbations.

The Rockwell 415 gas clock has a stated
operational range of 0-200 LPM at STP. The
device has a sensitivity of 2.3 liters per cycle.
The Rockwell 750 was alio manufactured by
Rockwell and has an operational range of 0-350
LPM at STP. The Rockwell 750 gas clock has a
sensitivity of 283 liiers per cycle. Both devices
were cai.brated in the laboratory and at the test
site. with different gases and a range of flow
rates. The laboratory calibrations are shown in
Figures 4.3.5 and 4.3 6.
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Figure 4 3 4 Turbine meter calibration
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Source Term
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Figure 4.4.1 Flow chart illustrating how the source term parameters are determined from
measurements made in the SURC-2 melt/concrete interaction test
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Figure 4.4.2 Photograph of the acrosol sampling instrumentation connected to the flow line
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designations of the orifices and thermocouples are aiso shown
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Figure 4.4.3 Schematic diagram of the sample extraction dilution system (S¥DS) showing the locations

of pressure transducers, thermocouples, and flow controlling orifices.

The identifying



R W T NSRS RN e—.,

orifices, pressure transducers, and thermocouples
are shown. Their alphanumeric dentilicabions
are also listed on the figure.

The flows are controlled by critical orifices
manufactured by Millipore and calibrated at
Sandia's Pnmary Standards | aboratory. Critical
flow occurs when the rato of upstream 1o
downstream absolute pressure exceeds (wo. The
equations governing flow through a critcal
orifice are [Holman, 1966]:

n
T MW,
W

o
"
o
| s
e

12
PQ. | MW,
B RT 2 | MW

where Q is the volumetnic flow rate of ga-
upstream of the orifice, T is the upstream
temperature, P is the upstream pressure, MW is
the molecular weight of the gas, n is the molar
ilow rate, R is the universa! gas constant, and the
subscript ¢ refers to the calibration conditions.

As shown in Figure 4.4.3 temperature and
pressure upstream of the orifices are measured.
Where the critical orifices are located away from
any heated sections of the test apparatus, such as
the cycione and dilution gas supply system,
ambient temperature is assumed.

Figure 4.4 .4 shows photographs of the Millipore
critical orifices and how they are mounted in a
3/8-in. Swageloc male-to-male connector.

The dilution flows and sample flows are turned
on and off by remotely actuated valves
manufactured by ASCO. The remotely actuated
valves for the samplers are operated by the
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Modicon Micro B4 programmable controller
shown in Figure 4.4.5.

Dilution of the sample by the diluters D1 and D2
serves three purposes. The first is to reduce the
high acrosol concentration to a level that is within
the measurement range of the instrumentation
(less than about 20 g/m’ for the filters and less
than about § g/m’ for the impactors). The
second 18 to cool the flow and w0 reduce the
temperature variation of gas passing through the
SEDS by the addition of the cooler dilution gas.
The third is 10 reduce the variation in £3§
properties by the addition of a known dilutic~ yas
in high enough amounts to dominate the gas
properties,  Dilution can be used to inhibt
further evolution of an aerosol size distribution
resulting from ccagulation and condensation
[Brockmann et al., 1984]. In this application,
however, the aerosol size distribution has evolved
during transport through the crucible and exhaust
line and 1s likely to have reached a point where
the “me scale of evolution is large compared to
tha: of transport through the SEDS.

Figure 4.4.6 1s a schematic diagram of the flow
diluter designed for this test series. Figure 4. 4.7
shows photographs of the assembled and
disassembled diluter. The dilute. consists of an
aluminum outer tube 15 cm long and 6.35 cm in
outside diameter and a 1.9 cm outside diameter
sintered stainless steel inner tube. End caps hold
the tubes in place. Dry dilution gas passed
through a 1/4-in. Swageloc fitting in the outer
tube to the annular plenum region between the
two tubes. Gas passes through the porous walls
of the mnner tube diluting the aerosol sample
flowing through it.

The total flow out ¢: the diluter, QT, was
measured and the dilution flow into the diluter,
QD, was measured. The dilution ratio DR is
then defined as QT divided by the difference
between QT and QD. Some care in the magni-
tude of the dilution is necessary. The dilution
ratio is calculated using the difference between



ition gas flows




Figure 4.4.5 Modicon Micro 84 programmable controller shown with the control/programming

umit sitting atop the switching section
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Figure 4.4.6 Schematic diagram of flow diluter used in the sample extraction dilution system
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Figure 44.7 Photographs of the assembled and disassembled flow diluter used in the SURC-2
tests showing the diluter body, sintered inner tube and end caps
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two numbers and when those numbers are close,
the error in the difference can become large. For
example, if the uncertainty in the flows QT and
QD is + $% for each, the resulting uncertainty
in dilution ratio is + 36% for a nominal dilution
ratio of §. This magnification of the flow
uncertainties in the calculation of the dilution
ratio places a practical upper limit on dilution
ratio of about 5. For this test, nominal dilution
ratios were about three for each of the two
diluters.

Because the system pressure in the SEDS is the
same as that of the experimental apparatus, the
SEDS can become pressurized (at higher gas
evolution rates, the evolution gas flow train
causes some back pressure in the apparatus).
Each orifice controlli-~ the dilution gas flow
delivers a fixed molar flow of dilution gas by
virtue of its fixed upstream temperature and
pressure. The orifices controlling the sample
flow draw ai a fixed volumetric flow rate. The
fixed volumetric flow rate yields a molar flow
rate directly proportional to the system pressure.
Conseguently, if the di'ution flow is unchanged,
the dilution ratio will decrease with increasing
system pressure. To maintain a consistent level
of dilution in the face of a pressurizing system,
the molar flow of dilution gas must be increased
in proportion to the increase in molar flow of the
sample produced by the increase in system
pressure. This increase in dilution molar flow
was accomplished in diluter 1 by selecting
combinations of three orifices as shown in Figure
4.4.3. These orifices were switcl 2d in and out
by actuating remotely contr dled  valves
controlling each orifice. This feature was not
included in diluter 2.

Figure 4.4.8 is a photograph of the filter bank of
12 filter samples on the SEDS. The flow
through each filter was controlled by a remotely
actuated valve. The 12 valves were plumbed to
a single critical orifice giving a nominal filter
sample flow rate of 10 liters per minute. The
Slter bank consists of 12 Gelman in-line stainless
steel filter holders. These stainless steel, 5.9 cm

NUREG/CR-5564

diameter, 5.7 cm long filter holders (Gelman
catalog number 2220) are designed for pressure
applications of up to 200 psig. They use 47 mm
diameter Durapore Membrane filtration media
from Millipore (catalog designation HYLP 047).
The effective filtration area is 9.67 em* for each
“ier sample. Figure 4.4.9 shows photographs of
one Gelman high pressure filter hoider.

The inlet to the filter sample scotion was
connected to a preseparator which removes
particles larger than 10 to 15 micrometers
acrodynamic equivalent diameter. This pre-
separator is manufactured by Andersen and is of
stainless steel construction, 8.2 ¢m in diameter
and 12.8 cm long. The preseparator collects
coarse material in an impaction cup, passing on
the finer aerosol to the filter sample section.

Each filter sample provides a collected mass of
aerosol with aerodynamic equivalent particle
diameter less than 10 to 15 micrometcrs. This
sample allows calculation of the aerosol mass
concentration of these smaller particles. The
collected material can also be chemically
analyzed. The filter sample is the principal
measurement in determining aerosol mass source
rate and elemental composition,

The filter sample section was mounted in an
insulated box and electrically heated to avoid
water condensation. The heaters were controlled
by an Omega Model 920 temperature controller
with a type K thermocouple.

Figure 4.4.10 is a photograph of the impactor
sample section, Andersen Mark Il cascade
impactors were used. An Andersen Mark 11
cascade impactor intertially classifies aerosol
particles into nine size bins.  This inertial
classification is accomplished by accelerating the
particles through successively smaller holes (and
higher velocity jets) in a stack of orifice plates.
Under the jets of each plate is a glass fiber
collection substrate. Particles are collected by
impaction on the substrates. Those small enough
to follow the gas stream lines in one stage pass
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lter holder shown disassembled with filier substrate support {left) and filter substrate and

Figure 449 The Gelman high pressure fi
supports in place (right)
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on to subsequent orifice plates or stages where
they may be collected. The impactor consists of
eight stages and a backup filler w collect any
unimpacted particles. It yields a mass distri-
bution of aerosol with respect to aerodynamic
equivalent particle diameter. The Andersen Mark
[l cascade impactor is 8.2 ~m in diameter and
18 ¢m long and is constructed of stainless steel.

A preseparator (shown in Figure 4.4.11), which
removes particles nominally larger than 10 to 15
micrometers aerodynamic diameter, was used 10
avoid overloading (more than ~ 25 mg of mate-
rial on any one stage) of the impactor by these
larger particles. It effectively collects material
which would otherwise be collected on the first
two stages of the impactor. The preseparator
collects material in an impaction cup, which is
brushed out to retrieve the collected sample. The
preseparator is of stainless steel construction,
8.2 cm in diameter and 12.8 cm long. 1t threads
into the front of the impactor. The assembled
preseparator-impactor is 8.2 cm in diameter and
29.8 ¢m long.

Two impactor samples were taken simultane-
ously, one at a nominal 10 liters per minute and
the other at a nominal 15 liters per minute. This
provides a more detailed measurement of the
aerosol size distribution and will be discussed
further in the section on impactor calibration.
The box containing the impactor bank is heated
in ihe same way as the filter sample box.

Figure 4.4.11 shows photographs of the
assembled and disassembled Andersen Mark Il
impactor and preseparator. Also shown are the
jet plates and glass fiber collection substrates.

Figure 4.4.12 shows photographs of the Sierra
cascade cyclone.

Figure 4 4.13 shows the disassembled cascade
cyclone. Sample flow was controlled by two
Millipore critical orifices in parallel to give a
nominal sample flow of 24 liters per minute, A
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remotely actuated valve manufactured by ASCO
was used to take the sample.

The cascade cyclone intertially classifies aerosol
particles and yiclds a mass distribution with
respect to acrodynamic equivalent particle
diameter. This classification is accomplished by
flowing the aerosol sample through a succession
of smaller cyclones. The flow is introduced
tangentially into the circular body of the cyclone
where the circulating swirling flow causes larger
particles to move by centrifugal force to the walls
where they are collected. The smalier particles
are withdrawn through the center and passed on
to subsequent cyclones where they may be col-
lected. Particles too small to be collected by the
cyclones are collected by a backup filter. A
cyclone is capable of collecting much more mate-
rial than an impactor and can be used to collect
size classified material for bulk analyses.

The Sierra cascade cyclone is a series of six
cyclones of increasing capability 1o collect
smaller particles followed by a glass fiber backup
filter. The aerosol sample was brushed out of the
collection cup of each cyclone for weighing. The
cascz . cyclone is of stainless steel construction
and when assembled is 12.7 ¢m in diameter at
the widest point and about 60 cm in length.

Figures 4.4.12 and 4.4.13 shows two views of
the Sierra cascade cyclone: assembled and
disassembled into its component six cyclones and
the backup filter. The assembled unit is actually
more compact than shown in the photograph
because the cyclones were rotated about their
connection points to nest together in a more
compact cylindrical configuration.

Figure 4.4.14 is a schematic diagram of the
Dynatron Model 301 opacity meter placed in the
exhaust line from the containment vessel up-
stream of the grave! filter and flow measurement
devices. This device measures the attenuation of
a light beam as it travels through an aerosol.
Light attenuation correlates with aerosol mass
concentration. Correlation v the opacity meler

——
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output with the mass measured by the filer
samples provided a continuous record of mass
concentration in the pipe exhausting gas and
aerosol from the interacton crucible in the

SURC-2 test.  The windows allowing light
transmission were kept clean and free of acrosol
deposition by a purge gas flow,

Figure 44,15 shows the light source madule, the
photo detector module and the on-line output of
the Dynatron Opacity Monitor,

Pressure Transducer Calibration

Kulite 0 to 100 psia pressure transducers were
used to monitor the pressure of the gas upstream
of the onfices in the diluters and the pressures in
the sample extraction-dilution system. The
calibration data for the pressure transducers are
given in Table 4.4.1. The locations of the
pressure transducers and the flow controlling
critical orifices in the SEDS are shown in Figure
443

From the pressure transducers located upstream
and downstream of the flow controlling orifices,
critical flow determination is made.

Orifice Calibration

The sample flows are controlled by crincal
orifices from Millipore. These orifices have teen
calibrated in Sandia Laboratories’ primary
standards lab. The orifice calibration flow rates
are given in Table 4.4.2. The orifice location
and designatict are shown in Figure 4.4.3 of the
SEDS.

Impactor Calibration

The Andersen Mark Ill cascade impactor has
been calibrated by Cushing et al. [1976]). We
have employed their experimentally determined
calibration in the reduction of data taken with the
Andersen Mark 11 impactors.

7
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Each impacto. stage is assumed to collect all
particles larger than some characleristic size and
pass along all particles smaller than that size.
This charactenstic size 15 called the cut point.
Thus, In a cascade Impactor (an impactor
composed of a series of stages with successively
smaller cut points) each stage collects particles of
a size between the cut point of that stage and that
of the previous stage. The impactor yields a
distribution of aerosol mass as mass between
SUCCESSIvE cut points,

The cut point of an impactor can be expressed as
a Stokes number:

i
sk » PPul

where p, is the reference den.'y of 1 g/cma.

D, 18 the acrodynamic equivalent diameter, U is
the velocity through he orifice, u is the absolute
viscosity of the gi 5, and L is the diameter of
the orifice. Impactor theory holds that for a
given stage, the characteristic Stokes number is
constant [Marple and Willeke, 1979). Thus,
changing the flow (or U) through the impactor
changes the cut point for that stage. The
acrodynamic equivalent diameter corresponding
to the cut point for each stage for impactors
operating at 10 and 15 liters per minute are given
in Table 4.4.3.

The preseparator used on the impactors has been
calibrated by McFarlund et al, [1978] and their
calibration is used in the work presented here,
Table 4.4.3 gives the cut points for the
preseparator-impactor combination at the two
nominal flow rates of 10 and 15 liters per
minute.

The cut points for the two flow rates were
staggered. A simultaneous sample taken by two
such impactors will give the same distribution but
with different cut points, Combinatior of the two
distribution measurements gives a distribution
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Table 4.4.2 Cnitical ¢ *fee calibration

Critical Calibration
Crifice 1D, Flow (ce/sec)
10B 178.0 .
14F 240.8
10G 181.3
25 379.3
DS1 69 .8
DS2 818

The acrosol mass source rates are calculated by
multiplying the measured aerosol concentration
by the exhaust gas flow rates. Delay times for
the aerosol to flow from the crucible volume to
the sampling point are taken into account by

calculating the time to flow through the
intervening volume.
Experimental measurements of  penetration

through a series of 90° bends and through the
SEDS plumbing from inlet to filter sample point
and to impactor sample point have been made.
The calibration aerosol was monodisperse oleic
acid particles generated with the vibrating orifice
generator manufactured by TSI, Inc. [Berglund
and Liu, 1973]. Measurements of the aerosol
concentration were made with a TSI aerodynamic
particle sizer (APS-33). Aerosol concentration
measurements were made upstream and down-
stream of the test section to ottain the penetration
efficiency. Table 4.4.5 gives the results for the
90¢ bend and Figure 4.4.16 shows these Jesults
as penctration efficiency plotted against Stokes
number along with the theoretical curve. For
these high levels of penetration, the theory and
data match well; however, for larger particles or
higher flows resulting in lower penetration, the
theory may be in some error.

Figure 4.4.17 is the room temperature penetra-
tion of a 4.56 micrometer diameter particle

through the SEDS plumbing to the filter sample
point. The curve is the theoretical penetration
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calculated by the model discussed above. Figure
4.4.18 is the penetration of a 4.56 micrometer
particle through the plumbing to the impactor
samile point along with the theoretical
penetration,

In both cases, the experiment gave lower
penetration than the model calculated: about 30%
low for the filters and 15% low for the impac-
tors. The cause of these differences is not known
and further calibration and verification of models
are required.

Aerosol data from previous tests |[Brockmann,
1987) have indicated that aerosols produced
during melt interactions with concrete are
typically on the order of one micrometer
aerodynamic equivalent diameter, Penetration of
this size to the samplers is seen from Figures
4.4.17 and 4.4.18 to be high.

4.5 Induction Power Instrumentation

The 203.9 kg of UO,-ZrOy-Zr core debris was
melted and sustained using an Inductotherm
250 kW, 1 kHz induction power supply, shown
in Figure 4.5.1. Power was delivered to the
coils via remote control using a pair of No. 16
high current, water-cooled, flexible leads.
During the melting process, the induction power
supply automatically controlled voltage and
frequency to deliver the desired pover.
Maximum efficiency was maintrined throughout
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Table 4.4.% Andersen Mark 11 impactor cut points

50% Cut Points (Particle Diameter in
Micrometers for Two Flow Rates)

Stage 10 LPM 15 LPM

Preseparato 10.5 10.0

r

1 "

2 " .

3 7.6 6.3

4 5.1 4.3

§ 2.8 2.4

6 1.3 1.1

7 84 70

8 49 41

Tablc 4.4.4 Sierra cascade cyclone cut points supplied
by manuiacturer. Flow Nominally at 0.8 SDFM
and Temperature at 23RC

Cyclone Cut Point
Stage (um)

l Not supplied at these conditions
P 6.2

3 2.65

4 1.55

5 0.84

6 0.54
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Table 4.4.5 Particle penetration through a %0° Bend

Model
Dp Q Tube 1.D. Experimental  Predicted
(um)  (cm”/sec) (cm) Stk Penetration Penetration
4.56 136 1,092 8301077 978987 987
4.56 208 1092 1.26810°  .961-972 980
4.56 136 1,727 : 972-1.00 997
4.56 27 1,727 216107 981-1.00 995
7.24 136 1.727  3.20107  .945.,985 992
9.12 136 1,727 520107 942967 Q87

8,3010°3

the experiment without the need to switch
capacitors or voltage taps. The power at the buss
bars was measured using 2 power transducer
manufactured by Research Incorporated. This
device converted the current and voltage
measured at the buss bais inside the power
supply into a voltage equivalent of power

In order to conduct a posttest power balance, the
flow rate and differential temperature of the
cooling fluid across the power supply and ceil
were both measured during the expeniment, The
sooling fluid was a mixture of 30% ethylene
glycol/70% water. The flow rate of the cooling
fluid flowing through the coil and power supply
(separate circuits) was measured using a turbine
flow meter installed in line. The meter was
manufactured by Signet Scientific and included a
power supply and sigral conditioner. N, power
to the tungsten susceptors was celculated to be
50% of the gross power. This ratio is
determined using calorimetric methods and 1s
detailed in Appendix A.

The differential temperature across the power
supply was measured across the inlet and exit
using two Omega ON-970-44008, 33,000 ohm
therinisters arranged in a half bridge circuit. The
differential temperature across the coil was
measured using a differential temperature
transducer manufactured by Delta-T Co. Type K
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thermocouples were installed at the inlet ana exit
of both the power supply and coil for redundant
lemperature meas.rement,

4.6 Data Acquisition System

An HP 1000 data acquisition system is used o
sample and record the experimenial results.
Two-hundred-ten channels of data may be
acquired during an experiment. Of the 210
channels, 150 are for type K thermocouples, 20
are for either type S or type C thermocouples and
the remaining 40 are DC voltage channels, A
patch panel routes all the analog data channels
fron the test location to the Hewlett-Packard
Model 2250 Measurement and Control Unit.
This unit houses an analog to digital con »ter
capable of multiplexing the 210 data channels.
The voltage range of the data acquisition unit is
+10 volts DC, with a programmable gain to
increase sensitivity if the expected signal is small,
A Hewlett-Packard Model 1000 series A-600
minicomputer is used to control all remote
devices and manipulate the data received from the
Measurement and Control Unit. Data are stored
on a Hewlett-Packard Model 7946, 15 Megabyte
hard disk. A Hewlett-Packard Model 2623
terminal is used to command the minicomputer
during test and to display real-time data in a
tabular format as data acquisition progresses. A
desktop terminal Hewlett-Packard Model 9836 is
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used to display real-time data in both graphic and
numenc format as well as to provide interrupt
control over the mini-computer during a test. A
Hewlett-Packard Model 9872 four color plotter
and nine track magnetic tape are used for posttest
data plotting and transfer.

The measurement accuracy of the 14-bit analog
to digital converter is 1.56 microvolts in the most
sensitive range and 1.25 millivolts at the highest
range (-10 to +10 volts). With the appropriate
range setung, the resolution for a type K
thermocouple is + 1°C, and for a type 8 or a
t“pe C thermocouple, the resolution is + 1.1°C.

The data acquisition speed can be selected
upward from 1.25 seconds per point upward for
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210 channels. The sample rate can be increased
by reducing the number of channels sampled.
For the SURC-2 test, data for the channels were
sampled initially at 15 second intervals.

4.7 Video Monitoring Instrumentation

The experiment was monitored remotely using a
Sony Beta Model HVC 2200 video camera
connected to a Sony Model SL 2000 portable
Beta recorder and Model TT 2000 Tuner/Timer.
The real-time camera image was displayed on a
19-in. Sony model CVM 1900 color monitor.
The image was passed between the video
recorder and color monitor via a RG-59 coax
cable.
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Test
Table 5.1 Events of st SURC-2

i A

Time (min) Event
0.0 Start of data acquisition system sampling 197 channels of data at 15 second
intervals 11:18 MDT
10.0 Power supply turned on; power meter reading 50 kW
11.35 C type thermocouples noisy; installed fiiter to reduce induction feedback
ac.0 Power increased to 100 kW
48.0 Installed filter on C type thermocouple installed in pyrotube
55.0 Power supply shut off due to low pressure limit on cabinet coolant flow.
Changed coolant filter to correct problem
61.0 Power supply restarted, power meter reading 100 kW
110.0 Power increased to 150 kW
120, Power supply shut off due to trip of a limit switch on the inlet temperature.
This incident was corrected by starting cooling towers
123 Power supply restarted at 150 kW
130 Axial array thermocouples C1 (z = 0.0 cm) and C2 (z = -1.0 em) failed
Change computer sample rate to 5 sec/scar. photometer pegged
130.0 Grab sample #1 wken
130.5 Cascade Cyclone sample started, sample duration 5 min
132.0 Filter Sample #1 taken, sample duration 30 sec
132.5 Filter Sample #2 taken, sample duration 30 sec
Impactor sample “E" taken, sample duration 30 sec
Impactor sample “F" taken, sample duration 30 sec
133.0 Filter sample #3 taken, sample duration 30 sec
133.4 Significant flow of aerosol indicated by photometer
1335 Filter sample #4 taken, sample duration 20 sec
134 0 Filter sample #S taken, sample duration 30 sec
Impactor sample “G" taken, sample duration 30 sec
Impactor sample “H" taken
134 5 Filter sample #6 taken
135.5 Cascade Cyclone Sample Terminated
139.5 Filter sample #A taken, sample duration 30 sec
140.0 Filter sample #B taken, sample duration 30 sec
Grab sample #2 and #3 taken
140.5 Filter sample "C* taken, sample duration 30 sec
141.0 Filter sample "D" taken, sample duration 30 sec
143 Fi'ter sample #7 taken, sample duration 30 sec
143.5 Filter sample #8 taken, sample duration 30 sec
Impactor sample “J" taken, sample duration 30 sec
Impactor sample "K* taken, sample duration 30 sec
144.0 Filter sample #9 taken, sample duration 30 sec
151, Output of photometer has dscreased somewhat
154.0 Filter sample E taken, sample duration 30 sec
154.5 Filter sample F taken
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Table 5.1 Events of test SURC-2 (concluded)

Tume (min) Event

155 Filter sample G taken, sample duration 30 sec
Gas grab sample #4 taken

155.5 Filter sample H taken, sample duration 30 sec

163.5 Filter sample #10 taken, sample duration 30 sec

164.0 Filter sample #11 taken, sample duration 30 sec
Impactor sample N taken, sample duration 30 sec
Impactor sample O taken, sample duration 30 sec

164.5 Filter sample #12 taken, sample duration 30 sec

174.5 Finer sample 1 taken, sample duration 30 sec

175.0 Filter sample J taken, sample duration 30 sec
Gas grab sample #5 taken

190, Gas grab sample #6 taken

202 Gas grab sample #7 taken

216 Change computer sample rate to 15 sec/scan

220 Power increased to 200 kW

280.21 Power supply turned off, test terminated erosion depth 35 cm total

281 Large pressure excursion in the containment vessel

303 Data acquisition system turned off
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Figure 5.1 Power history for SURC-2




Figure 52 Comparison of SURC-1 and SURC-2 power histories
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6.0 Data Presentation and Results

The 204 kg charge of UO,-Zry-Zr material was
heated for 130 minutes prior to the caset of
concrete erosion.  Interactions then proceeded in
three stages. First came rapid erosion enhanced
by Zr oxidation lasting 30 minutes. Then came
slower erosion at lower temperatures for 60
minules. There was an increased erosion period
when power was incres od by 33%. At 280
minutes and 35 cm of erosion melt escaped the
crucible terminating the test.

6.1 Temperature Data

The wmperature data from SURC-2 are used to
determing concrete erosion and the cruc le

thermal response. Three regions of the
melvconcrete  anteraction  are  shown  in
Figure 6.1.1 [Cole et al,, 1984]. The pool

consists pnmarily of uranium dioxide, but it may
als0 contain zirconium metal and zircomum oxide
as well as condensed products of concrete
decomposition and fission product compounds.
The "dry" region consists of the concrete that is
dehydrated, decomposing, and beginning to melt,
The "wet" region is the concrete that stiil
contains water of hydration and water in the
concrete pores. The transition between the "wet”
and the "dry" region is taken here to be the point
at which hydration and pore water undergo the
phase change to vapor.

Surrounding the three important regions of the
melt/concrete interaction in the SURC-2 test, is
the magnesium oxide annulus. In an ideal
circumstance, the confining annulus of the test
would be totally inert. That is, it would neither
conduct heat nor mechamcally degrade or chemi-
cally interact. Clearly, no such totally inert
malerial exists and it is necessary to record how
the magnesia annulus affects the thermal response
of melt/concrete interaction.

In this section, the temperature data obtained
inthe SURC-2 experiment wili be used to
describe the thermal response of melt/concrete

interactions, the magnesium oxide annulus and
the crucible cover.

Concrete Response

The dehydration front of the concrete defined by
the 400 K isotherm began 1o propagate through
the concrete slug at approximately t = 65 min,
Concrete ablation began at t = 129 min. The
ablation front was defined by the failure of the
type K thermocouples embedded in the concrete.
The failure temperature for type K thermocouples
is approximately 1645 K. Thirty-five centimeters
of concrete were eroded over a period of 151.2
minutes. Melt temperatures as high as 2650 K
were measured by the fiber optic pyrometers.
Sidewall heat fluxes calculated fiom thermo-
couple data adjacent to the melt ranged between
6 x 10* and 1 x 10° W/m®. The peak upward
heat flux imparted to the crucible cover was
calculated to be 6 x 10° W/m?,

Figure 6.1.2 shows a tvpical temperature versus
.« profile indicated by thermocouples
embedded in the concrete slug durng a period of
steady state ablation. The * -e shows tne
response of five thermocou, ~ated in the
axial array at depths between, = = -15 and
‘19 ¢m. The temperature histories for other
thermocouples cast into the concrete slug in
various arrays are presented in Appendix C.
Temperatures rise slow’y between 300 and 400 K
as the concrete dehydrates. This is followed by
a rapid increase in tempe ature to failure caused
b’ contact with the melt pool.

The axial centerline array has been chosen to
characterize thz position of the dehydration front
with respect to time, This is shown by the solid
line connecting the circles in Figure 6.1.3.
There are three periods of intcrest: The initial
heating period prior to the onset of concrete
ablation between t = 65 and 129 minutes;
the period during the onset of concrete ablation
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136 minutes. At about this same time the
pressures in the containment increases about
2psig. Upon posttest examination, it was
observed that the pyrctubes rulled away from the
stainless sieel Swageloc adapter. They dropped
about 5 cm. Even though they appeared to be
aligned with the pyrometer, the optical focai
point was now focused on the inside diameter of
each pyrotube rather than the base. This resulted
in dissolving the focal point causing the spot to
be integrated over a arger temperature gradient,
thus reducing the measured temperature. Even
though the type C thermocouple dropped 200 K
during the pressure excursion in the vessel, the
temperature it measured agreed very well with
the melt temperatures indicated by type C
thermocouples cast into the concrete between
t= 137.5 and 141.7 minutes.

MgO Sidewalls

The heat transfer to the MgO sidewalls during
the interaction has a global effect on the energy
balance and affects the heat transfer to the
concrete.  As discussed in Section 3.2 thermo-
couple arrays were installed at various locations
within the MgO annulus to determine the thermal
response of the sidewalls. A typical temperature
history is shown in Figure 6.1.14 for the sidewall
array located adjacent to the melt at an elevation
ofz = +10 cm.

The temperatures indicated by thermocouples
located at depths of 0.5, 1.5, 2.5, and 9.0 cm
rise gradually peaking at t = 140 minutes and
declining approximately 100 K. This is most
likely due to settling and repositioning of the melt
within the crucible. The temperatures continue to
rise until melt breached the crucible at t = 28]
minutes and melted the stainless steel sheaths
located on the floor of the aluminum containment
vessel. The temperature difference in the MgO
wall at this location at the time of failure was
550 K. The temperature histories measured by
thermocouples in other arrays, cast into the M0
sidewall, are presented in Appendix E.

Data

The calculation of hear flux to the MgO walls is
a classic example of an "inver " heat conduction
problem (IHCP) where the boundary condition
{e.g., heat flux) is determined from known
interior temperatures.  Of the available methods
for solving the THCP, one thai appears to be
successful for a wide vaniety of applications is a
nonlinear estimation technique. In this method,
the value of the calculated heat flux minimizes
the squate of the difference between the
calculated and the expenimental iemperatures. A
computer code, IHCP, has been written by
Bradley based on Beck's methods [Beck et al.,
1985]. The code was tested using a variety of
exact solution problems. In general, it was found
that the greater the number of thermocouples
utilized in the analysis, the greater the accuracy
of the solution. However, Bradley found that
beyond three thermocouples, the improvement in
accuracy was not sufficient to justify additional
instrumentation. The experimental data utilized
in the THCP consisted of at least two thermo-
couples at depths from the surface of 0.5 to
2.5 cm into the MgO sidewall. A typical [HCP
solution was calculated for each array of the
thermocouples that was embedded in the MgO
sidewall at various locations above and below
0 cm. Here the 0 cm location is taken as the
original location of the concrete surface.

The thermal property data for the MgO castable
used to calculate the sidewall heat fluxes are
presented in Section 2.1.

Shown in Figure 6.1.15, 6.1.16, and 6.1.17 are
the heat flux histories for the sidewall arrays
initially below the melt, adjacent to the melt, and
above the melt, respectively. Heat flux histories
for other sidewall arrays are shown in Appendix
E. Figure 6.1.15 shows the heat flux at z =
-20.0 cm. The heat fly showg slowly increases
from a value of 1_x 107 W/m* at 95 minutes to
1.2 x 10° W/m? at 255 min when the melt
becomes adjacent to the thermocouple array.
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Gas flow through the sample line was established
30 minutes before the test by energizing the
diaphragm pump. The flow was manually regu-
lated to provide a 3 Ipm flow rate. Monitoring
of the sample line flow rate was done con-
tinuously,  No substantial fluctuations were
Indicated.

The grab sample bottles were evacuated before
the test and then individually subjected to
vacuurn.  Six samples were taken manually,
Times for the samples were recorded by the
computer as pressure spikes. One grab sample
bottle was utilized at each sampling event
and each bottle was filled in approximately
| second.

The CO/CO4 monitor was warmed up at least 30
minutes before the test, A pretest calibratich was
performed prior to start-up of the data acquisition
system and no irregularities were noted. The
CO/CO, data were automatically recorded by the
data acquisition system throughout the test. In
addition, a visible readout was monitored locally
at the instrument and remotely in the control
room. Following the test, another calibration rui
was performed, again indicating no irregularities.

The mass spectrometer system was in operation
under a low vacuum of 100 m torr for one week
prior to establishing a vacuum of 100 torr for
three days before the test date. The analysis
display was continuously monitored and several
hundred discrete samples were recorded during
the test. On-line data were recorded every 10 to
20 seconds throughout the test.

Resalts

Four periods of time are of interest for the
SURC-2 gas composition data: the onset of gas
production between 50 and 130 minutes, the
rapid initial erosion between 130 and 160
minutes, the slowed erosion period after Zr
depletion between 160 and 220 minutes, and the
increased erosion following the power increase
from 140 kW to 190 kW at 220 minutes which

Data

lasted until the termination of the test at 280
minutes. Notable events which affected the gas
composition data were the blockage of sample
port No. 3 (containment) at 145 minutes due to
aerosol trapping and switching to sample port
No. 2 (flow line) at 153 minutes until test
terminat.on at 280 minutes,

Although water vapor is present in the reaction
gas, it cannot be measured in large amounts by
the gas analysis system without ruining the
equipment. Consequently, water vapor traps are
installed in the gas analysis flow lines. A total of
7 ml of water was recovered from the ice-cooled
cold trap. This would have added 8.7 liters of
H,0 vapor to the 240 liters of collected H,, CO,
and CO, yielding an estimated water content of
3-5% in addition to the reported gas comp~*"*ions
for Hz, CO, and CO:

The results from the mass spectrometer are
shown in Table 6.2.1 and in Appendix G. The
table lists the raw data as volume (mole) percent
along with the time for the sampled gas species.
The mass spectrometer data from Appendix G
indicate the onset of gas release at 52 minutes
followed by the onset of rapid erosion between
130 and 160 1 .nutes. The change in gas
composition after the depletion of Zr metal at
tmes after !'60 minutes is marked by lower
percentages of Hy gas production. This trend is
reversed at later times when the power is
increased. The reaction gas (H,, CO, H20 and
CO,) data is separated from the argon carrier gas
data and normalized in Table 6.2.2. Here the
H,0 content can be assumed to have somewhat
greater average values because of the volume of
water collected in the condensate traps.

An examination of the normalized data from the
mass spectrometer shows that the onset of gas
production between times 52 and 130 minutes is
characterized by a gas composition which is 70
to 80% H,, 5 to 15% H50, and 10-20% CO.
When concrete erosion began at around 130
minutes, the hydrogen concentration in the
effluent gas increased and the H,0 concentration

NU "G/CR-5564



Data

Table 6.2.1 SURC-2 mass spectrometer raw data - volume percent

Run Tune
(min) EZ_ Hé) CO Oz Ar qu_ Noles
Before 50 . 2 2 - 95 1 Background
76 10 3 3 - B3 1 Initial
93 10 3 3 - 83 1 Dehydration
116 1§ 4 5 75 1
134 2 5 10 - 63 2 Rapid Erosion
141 47 5 13, - 93 2 w/ir
15§ 38 5 10 1 42 4
166 34 4 8 1 49 4  Erosion rate
178 28 4 6 2 56 4 Slows
194 19 3 S 2 66 S
202 18 3 5 1 69 4
211 1§ 3 5 1 70 4
219 12 3 5 1 76 3
230 11 3 ) - 78 3 Increased
250 11 3 5 - 718 3 Power
263 19 3 . - 70 3  and Erosion
272 23 3 7 64 3
276 28 3 8 - 68 3

NUREG/CR-5564
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lable 6.2.2 SURC-2 mass spectrometer normalized

data - volume percent

Run Time (mun)
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The temperature of the gas in the flow systen)
was measured at two locations: | meter from e
crucible in the containment vessel and 7 melery
downstream from the crucible at the Mlow system
exhaust. A plot of the flow system temperatures
al these locations 1s shown in Figure 6.3.1,
Although the reaction pases generated in the
crucible can have initial temperatures in exc s of
2000 K, these gases cool quickly and were mixed
with argon at ambient conditions so that the
lemperatures at the flow measurement devices
were generally less than 400 K. The system
pressure was also monitored and is shown in
Figure 6.3.2. This pressure was recorded ‘n the
containment vessel and 10 cm upstream from the
o:ifice flow meter. This location represents the
highest pressures achieved in the flow system
during the SURC-2 test at which the measured
values were very modest and ranged from 0.1 1o
2.5 psi.

Results

As with the crucible tempermure and gas
composition data, four time periods are of
interest for the SURC-2 flow data. These are the
onset of gas release from concrete between 50 to
130 minutes, the gas release associated with
initial rapid concrete =rosion between 130 and
160 minutes, and the decrease in gas evolution
due 1o the cessation of Zr interactions at times
after 160 minutes, and the increased gas flow
resulting from a power increase at 220 minutes
and lasting until ciucible failure at 280 minutes.
Events during the SURC-2 t2st which caused
fluctuations in the data are after 200 minutes
when the o..fice plate became partially biocked
by aerosol.

The raw data for tie gas clocks are shown in
Figure 6.3.3, Here the total volume is in actual
cubhic meters of gas collected at the ambient
conditions of 12.2 psia and 295 K. As seen by
Figure 6.3.3, the two gas clecks measured
virtually identical volumes of gas throughout the
experiment. A total of 18,100 standard liters of
gas were collected before the crucible failed in

Data

SURC-2. Based cn a constant argon input flow
of A2 dipm and U e temperature profiles for the
erucilde matenals  approximately 000 liters of
this totz) were due to the argon carrier gas, 3000
liters were due to the dehydration of the MgO,
and 6100 liters were due to the decomposition of
the basaltic concrete basemat.  Average flow
rates for discrete periods of time during the test
have been calculated using the gas <lock data and
are pt.-ented in Table 6.3.1,

Table 6.3.1 SURC-2 flow rates from

gas clock data

Avg.  Corrected
Time  Tota Flow Flow Rate Flow Rate
(min) (Actual Liters)  (alpm) (slpm)
0-50 1,920 38 32
100 5,070 63 53
130 7.500 81 68
160 12,650 172 145
190 15,850 107 90
220 17,630 59 50
250 19,330 b 47
280 21,850 B4 71

The actual flow rate has been corrected in the
final column of Table 6.3.1 to ccount for
leakage from the system (5%) and non-STP
conditions. These data indicate *hat the initial
argon flow was 32 slpm. When t! - initial argon
flow of 32 slpm is subtracted fro... the values
shown in the final column of Table 6.3.1, it can
been seen that significant offgassing of the
concrete basemat began between S0 and 100
minutes at an average ‘ate of 21 slpm. During
the period from 100 to 130 minutes, the reaction
gas flow rate averaged 36 slpm. This is the
characteristic flow rate for the period prior (o the
ons. of ablation, After ablation began at 130
minutes the flow rate increased to 113 sipm
between 130 and 160 minutes and gradually
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decreased to a rate of 15 slpm at 250 minutes,
followed by an increase to 39 slpm

The reduced data for the orifice plate flowmeter
are shown in Figure 6.3.4. Figure 6.3.4 15 a plot
of the total flow rate including the argon inlet
flow for the period identical to that for the gas
¢clocks.  Examination of the total flow -ate at
the orifice plate from Figure 6.3.4 shows that
the initial argon input flow was 15 alpm. Initial
offgassing began between 50-60 minutes and the
total flow rae increased to a plateau of
70-80 alpm during the period before ablation
began. After 130 minutes, the total flow jumped
to 200-240 alpm then decreased to 120 alpm for
the middle portion of the test. During the finsl
period of the test between 240-280 minutes e
flow rate was observed to rise again to a peak of
190 alpm.

Figure 6.3.5 shows the flow rate data for the
outlet turbine, These results show that the
initial offgassing started at 44 minules with low
flow rates. Significant offgassing began after
60 minutes as the flow rate increased from
30 alpm to 70-80 alpm at 88 minutes. After
concrete erosion began at 130 minutes, the flow
rate increased to 175-200 alpm. After 160
minutes the reaction gas flow rate decreased to
50-60 alpm and averaged 60-80 alpm for the
remainder of the test. Similar results are shown
in Figure 6.3.6 and 6.3.7 for the laminar flow
element, Figure 6.3.6 illustrates that the total
flow rate during the SURC-2 test for the periou
was identical to that for the orifice plate and the
gas clocks. The argon inlet flow was established
at 40 alpm between O and 40 minutes. Off-
gassing began between 40 and S0 minutes and
the flow rate increased to a plateau of 70 alpm
between 8BS and 100 minutes. After concrete
erosion began at 130 minutes, the flow rate
increased to a raie of 145-180 alpm. Flow then
decreased to 50 alpm followed by an increase to
75-80 alpm.
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Figure 6.3.7 shows the reaction gas flow rae
after corrections were made for lcakage,
temperature, pressure, and the argon carrier gas
flow. The initial flow began at 45 minutes, and
increased gradually to 25-30 slpm at 8S minutes.
When concrete ablation began at 130 minutes the
flow rate increased to 185-200 slpm,  After
ablavon slowed, the reaction gas flow rate
decreased to § slpm followed by an increase (o
S0 slpm for the duration of the test,

The results from the orifice plate, turbine, and
laminar flow element compare well with the
results of the gas clocks with regard L the timing
and relative magnitudes of the initial gas release,
the gas release associated with steady state
concrete erosion, and the increased release
associated with the Zr metal in the initial melt,
The absolute flow rates for thes events,
however, are most accurately represcer..ed by the
gas clocks (Table A.3.1) since no corrections are
required to account for significant flow blockage
or fluctuations in gas density or gas viscosity as
are required for the turbine orifice plate, and
laminar flow element. A detailed listing of the
gas clock results is included in Appendix G.

6.4 Aerosol Data

A total of 2.4 kg of aerosol material was
produced during the SURC-2 experiment with 1/3
to 1/2 of that material being accounted for by the
aerosol measurement techniques. A large
quantity of material was deposited in the
containment vessel and was never transported to
the measurement system. In addition, large
diameter materials which can account for a large
fraction of the aerosol mass cannot be sampled
efficiently.

Aerosols were collected and measured using
Gelman filters, Anderson Impactors, cyclones,
and an opacity meter. These ‘nstruments are
described in Section 4.4, The SURC-2 aerosol
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Data
Table 6.4.3 SURC Test 2 cascade cyclone data

Cyclone Type Cyclade Six Stage
Orifice Temp (K) 208.0
Orifice Pressure 12.0
Sampler PSIA
Flow Rate 228
Sample Duration LPM
Sample Time 5.0
(ON) MIN
130.5
MIN
STAGE MASS (gm)
1 0.40767
2 2.29835
3 2.24579
4 0.31270
5 0.33428
6 0.23793
Backup Filter 0.00000
TOTAL 5.84072
Mass 5;.32“3
Concentration gm/m

137 NUREG/CR-5564
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Figure 6.4.1 Opacity meter output for SURC-2 test. Voltage level is directly proportional o acrosol concentration.
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7.0 Test Summary and Conclusions

The SURC-2 expeniment was a  molien
material/concrete interaction test designed 1o
sustain @ melt of 203.9 kg of depleted uranium
oxide, zirconium metal and zirconium oxide in a
magnesium oxide crucible with a  basaltic
concrete bottom. The goals of the experiment
were 1o measure in detail the gas evolution,
acrosol generation, and erosion characteristics
associated with  molten  oxide-concrete
interactions.

The charge material in SURC-2 was a mixture of
69 wio UO,-22 wio ZrO, - 9 wio Zr. Addi-
tionally, 3 4 kg of fission product stimulants were
added to the melt to study fission product release.
The SURC-2 exper. ent was conducted .> a
60 cm diameter interaction crucible constructed
with a 40 cm basaltic concrete cylinder in the
base of a magnesium oxide (MgO) annulus. A
10-cm-thick cover of MgO was placed on top of
the crucible. The interaction crucible and an
induction coil were housed in a sealed, water
cooled, aluminum containment vessel which was
180 ¢m high and 120 ¢m in diameter. Exhaust
ports in the crucible and in the containment
vessel directed the -eaction products through flow
and aerosol sampling instrumentation.  The
interaction crucible was instrumented with
thermovouple arrays cast into the concrete
cylinder, MgO annulus, and MgO cover. A
280 kW induction power supply was used to heat
tungsten rings placed in the charge which in turn
heated, melted, and sustained the oxide-concrete
interaction. Flow rates of generated gases were
measured using a sharp-edged orifice, a laminar
flow element, a turbine meter, and two dry gas
clocks. Gaseous effluents produced during the
experiment were monitored and sampled using an
infrared gas analyzer, a mass spectrometer, and
by an integral grab sample technique. Aerosols
were captured on filters, cascade impactors, and
a cascade cyclone. Concrete erosion charac-
teristics were measured using type K, S, and C
thermocouples.  Three tungsten thermowells
containing optical pyrometers were embedded in
the charge in order to define the meltpool
temperature. The apparatus was purged with

NUREG/CR-5564

argon gas in order to direct the majonity of the
reaction gas and aerosol effluents through a 5 cm
Giameter flow pipe. The SURC-2 test was run al
local atmospheric pressure (.83 atm) and at an
ambient temperature of 25°C,

The SURC-2 test ran for a total of 280 minutes.
A data summary is given in Table 7.1. A total
of 35 om of basaltic concrete was eroded during
the final 150 minutes of the experiment. Figure
7.1 shows a net power of 61 kW was applied 1o
the tungsten susceptors to sustain the initial
interaction between 120-220 min.  This was
increased to a net power of 84 kW for the final
portion (220-280 min) of the test.

Four time periods during the test are of particular
interest. These are the onset of gas release from
the concrete between SO to 130 m-nutes, the
initial rapid erosion period between 130 and 160
minutes, the slowed erosion period after Zr
depletion between 160 and 220 minutes, and the
increased erosion following the power increase
from 140 kKW (gross) to 190 kW at 220 minutes,
which lasted until the termination of the test at
280 minutes.

During the initial heatup period between 50 and
130 minutes, the temperature of the oxide charge,
as shown in Figure 7.2, increased from 750 K to
2500 K and it began to melt. Figure 7.3 shows
that the concrete basemat started to dehydrate
during this time at an average rate of 5.4 cm/hr,
This produced a reaction gas flow rate of 26 slpm
(31 alpm) as shown in Figure 7.4. The com-
position of this initial effluent gas was 70 to 80%
HySto 15% H,0-10 to 20% CO. No aerosol
samples were taken during this period und the
opacity meter did not register an aerosol density
above its threshold of 10 g/m’.

Concrete erosion began after 130 minutes when
the oxide charge became completely molten.
The ZrO, insulator board separating the
Uk-ZrO,-Zr materian from the concrete was
incorporated into the melt between 120-130
m .rtes, *hus iniuating the attack. The meltpool
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Table 7.1 SURC -2 data summary

Lae (without Z1)

Farly (with Zr) Mid (without Z1)
Time 130- 160 min 160-220 min 220-280 min
Power setting Total 140 kW Total 190 kW Total 190 kW
Charge 61 kW Charge B4 kW Charge 84 kW
Melt temperature 2700-2100 K 2100-2050 K 2050-2150 K
Erosion rate 30 em/hr S em/hr 1S em/hr
Gas flow 110 slpm 20 slpm 50 spim
Gas composition 75% H,5% H,0O 70% H,-5% H,O 758% H 5% H,O
15% CO-50% CO, 15% CO-10% CO, 15% CO-5:b
CO,
Aerosol density 90 g/m’ 50 g/m’ 40 g/m’

temperatures at 130 minutes were 2650 to
2720 K (Figure 7.5).  These temperatures
decreased to 2100 K, at 160 minutes when 15 cm
of concrete were eroded at a rate of 20-40 cm/hr
as shown in Figure 7.6, The reaction gas flow
rate between 130 and 160 minutes averaged 113
slpm (136 alpm)(Figure 7.4) and had a typical
composition of 75% H,-5% H,0 - 15% CO-5%
CO, (Table 6.2.2), Seventeen aerosol filter
samples (Table 6.4.1), six impactor samples
(Table 6.4.2), and a cyclone sample (Table
6.4.3) were taken during this period. These
samples indicated aerosol densities ranging from
50-300 g/m’ ard were rich in silicon, sodium,
potassium, barium, molybdenum, and uranium
(Table 6.4.4), The size distribution of these
acrosols ranged from .S to 20 microns with a
mass mean diameter at 3 microns as shown in
Figures 6.4.3 through 6.4.5 and 6.4.7.

Between 160 and 220 minutes the erosion rate
dropped from 20-40 ¢m/hr to § em/hr (Figure
7.6) after all of the Zr raetal had been oxidized.
The meltpool temperatures during this period
ranged from 2050 to 2100 K (Figure 7.5) as an
additional S cm of concrete were eroded. The

NUREG/CR-5564

reaction gas flow rate decreased to 20 slpm
(24 alpm) (Figure 7.4) and had a typical
composition of 70% H,-5% H,0-15% CO-10%
CO, (Table 6.2.2). Two aerosol impactor
samples and five filter samples were taken during
this period yielding aerosol densities ranging
from 90 to 15 g/m'. These aerosols were
predominantly in the 1-10 micron range and had
a mass mean diameter of 4 microns as shown in
Figure 6.4.6. Traces of calcium and tungsten
were found in these later samples in addition to
abundant amounts of uranium, molybdenum,
silicon, sodium, and potassium (Table 6.4.4).

At 220  minutes, the gross power fo the
charge was increased from 140 kW to 190 kW
(Figure 7.1). This resulted in higher erosion
rates, higher gas release rates, and higher
pool temperatures, The meltpool temperature
increased from 2050 K to 2150 K (Figure 7.5)
during the final 60 minutes of the test. The
erosion race increased from 5 cm/hr 10 15 em/hr
(Figure 7.6) as an additional 15 cm of concrete
were eroded bringing the total erosion to 3§ cm.
The reaction gas flow rate went from 15 to
39 slpr) (18 to 41 alpm) and the gas composition
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The concrete dehydration history for each
experiment was very similar when comparing
dehydration depth with time. The basall concrete
in SURC-2 began dehydrating at about 55§
minutes and the limestone concrete in SURC-|
began near 75 minutes.

The onset of ablation occurred at about 13§
minutes in SURC-2 and 150 minutes in SURC-1.
The ablation rate for the two experiments was
initially high for the first 2 to 5§ minutes
calculating to be 150 em/hr for SURC-2 and 110
cem/hr for SURC-1. This was followed by an
order of magnitude decreasc in ablation for the
remainder of the experiment in both cases.

The melt pool temperatures increased and peaked
at about 2720K for SURC-2 and 2650K for
SURC-1.  The melt pool temperatures then
declined as concrete was taken into solution with
the UO,.

A comparison of sidewall heat flux profiles
calculated at various elevations, for the two
experiments, were very similar. The steady state
values calculated for each of the locations at the
end of the experiment (300 minutes) ranged
between 4.5 x 10" W/in’ and 1. x 10° W/m’ in
both experiments.

The gas flow rates measured in SURC-2 were
generally lower than in SURC-1 because of the
composition of the concrete. During the high
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ablation period, gas flow rates averaged 110 sipm
for SURC-2 and 150 slpm for SURC-1. In the
mid to later stages of the experiments, gas flow
rates averaged between 20 - 60 slpm and 40 - 80
slpm for SURC-2 and SURC-1 respectively.

Aerosol concentrations in the early and middle
stages of SURC-2 were higher then for the same
period in SURC-1. In the later stage the opposite
was true. The aerosol concentration in SURC-2
was lower than SURC-1. For SURC-2, the
initial and middle stage concentrations measured
90 g/m’ and S0 g/m’ respectively. For the same
period in SURC-2 concentrations measured S0
g/m' and 30 g/m'. In the later stages of the
experiments SURC-2 averaged a slightly lower
concentration which measured 40 g/m’ when
compared to SURC-1 which measured 60 g/m’,

Tae aerosol particulate size is nearly the same for
both experiments with each exhibiting particle
diameters ranging form 0.4 to 25 microns. Both
experiments indicated a mean particle size of 2 -
3 microns with a peak between 10 and 25
microns.

The SURC-2 test was excellent in all respects and
successfully met all of the test goals. This test
should provide comprehensive, redundant, and
well-characterized information on molten oxide
interactions with basaltic concrete which is
well-suited for code validation efforts.
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Appendix A

Appendix A: Calorimetric Test Data and Equations

Data obtained in the calorimetric tests of the
induction power supply are shown in this
appendix. Calorimetric tests were conducted to
quantify the coupling efficiency of the inductive
ring susceptors.  During the experiment
tungsten susceptor plates placed in the charge
are heated inductively. These plates transfer
heat 10 the oxide debris surrounding it by
conduction melting the debris and sustaining
the interaction. For the calorimeter test five
stainless steel plates were fabricated with the
same hole patterns as the tungsten susceptor
rings used in the experiments, The coupling
efficiency of the power supply to the charge is
a function of the materials resistivity, 304
stainless steel at near ambient temperature
(300 K) has nearly the same resistivity of
tungsten at 2400 K. Since the stainless was
easier to work with, a ring assembly was
prepared modeling the spacing of the tungsten
rings in the charge. The test apparatus for
conducting the calorimetric test is shown in
Figure A-1. The stainless plates were spaced
equidistant apart using five stainless steel
tubes.

This assembly was placed into the cavity of a
crucible fabricated from MgO castable. The
crucible contained an outlet for water flow.
The copper induction coil was placed around
the crucible and centered vertically with the
plaie assembly. Cooling water was supplied to
the plates using a 1.9 ¢cm diameter copper
tubing placed at approximately mid height of
the water pool. A large 7.6 ¢cm hole in the
center of the stainless susceptor plates made
this possible. Water flow into the crucible was
measured by a positive displacement flow
meter. The inlet and exit temperature of the
water was measured during the test with type
K thermocouples. Type K thermocouples were
also mounted on the second and third plate
from the top. This was done to ensure that the

plates did not get so hot that the water
surrounding the plate went into film boiling. It
was desired to keep enough water flowing so
that all the heat generated in the plate was
transferred to the water in the nuclear boiling
regime. This whole assembly was placed inside
the water cooled aluminum conte’ yment vessel
to duplicate the actual experimental conditions.

i i o i calculati

Three calibration tests were performed at input
powers of 100, 175, and 300 kW, based on
power meter readings on the control console of
the power supply. The output of the power
transducer connected to the buss bars, the
thermocouples and flow meter were connected
to a Hewlett-Packard HP-1000 data acquisition
system for collection and posttest plotting and
analysis.

The calorimetric test was initiated by starting
the data acquisition system, establishing base
line data for the instrumentation. The water
was turned on and the flow was regulated by a
gate valve, After a few minutes of base line
data was taken, the induction power supply was
started and a constant input power was applied
to the stainless steel rings. The power supply
was run until the differential temperature in
the water pool and in the aluminum
containment vessel reached a steady state
condition.

The power imparted to the stainless steel
susceptor plates was calculated using the
common energy equation

Poer = 1 C, (T = T,)  (AD)

asepior

where
Pucee = Power deposited into the
susceptor plates j/sec
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Figure A-5 Differential temperature of the cooling fluid flowing through

containment vessel, 100 kW calorimetnic test
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Figure A-8 Differential temperature of the water flowing through the crucit’e,
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Appendix B: Power Supply Operational Data

in this appendix data is presented 1 ‘ated to
the operation of the power supply. Tais data
includes buss power, flow rate and temperature

8-1

data for the cooling fluid flowing through the
power supply, induction coil and contz‘nment
vessel.
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Figure B-1 Power applied at the Buss bars during the SURC-2 experiment

Figure B-2
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Appendix C: Crucible Thermocorple Profiles




Loncrete lemperature data measured by thermocouples located in the axial
centeriine array between z = 0.0 and -4.0 ¢cm

Loncrete temperature data measured by thermocouples located in the

centeriine arrav between z = 6.0 ard -9.0 cm
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Figure C.3  Concrete temperature data measured by thermocouples located in the axial
centerline array between z = -10.0 and -14.0 cm

~———C1§ 2=~ 150 em I !
‘ €17 2=~ 160 om IF - =34 1
60 ~C8 zz-170em 1
—-=C19 2=~ 180 em ! i
~ ~C20 z=~- 190 em ‘ i {
140 ! ]
_ IJ
3 F
~ |

TEMPERATURE

™E  (min)

Figure C-4 Concrete temperature data measured by thermocouples located in the axial
centerline array between z = -15.0 and -19.0 cm
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Figure C.8
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Figure C-9  Concrete temperatuie data measured by thermocouples located in the midradius
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Figure C-10 Concrete temperature data measured by thermocouples located in the midradius
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Loncrete temperature data measured by thermocouples

located in the perimets
array between 2 0.0 and 4.0 em

Figure C-12 Concrete temperature data measured by thermocouples located in the

A ray between 2 = .50 and 9.0 em
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Figure C-17 MgO sidewall temperature data measured by thermocouples in the array located
atz = 150 cm

{ - M8 1=0Semzw®~ 100 em 4
! M s iSemze-1000om 1
6§00 ~ M0 1285 eme=~ 100om
{ M1t te§0ami=~ 100 om - L
/ 4
’
14 i -
1
| / { 4
= 1200 | A /
~ ‘\\_.—,/ 4
: | - :
; o =
g f Ll |
- { / -
& Boot { ~ J
g ; ‘) sl i
B 6o | b - ;
b :
& 4,/A -
4 4
P — e e s g
' R
2 t 5
} 4
t R
ASFRRRIRI T, RO IR o sheadeacd ]
- &¢ 100 150 200 50 300
T™E  (min)

Figure C-18 MgO sidewall temperature data measured by thermocouples in the array located
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Figure C-19 MgO sidewall temperature data measured by thermocouples in the arrav located
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Figure C-23 MgO sidewall temperature data measured by thermocouples in the array located
atz = 4150 cm
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Figure C-24 MgO sidewall temperature data measured by thermocouples in the arrsy located
atz = 4200 cm
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Figure C-26 MgO sidewall temperature data measured by thermocouples in the arrav located
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Figure C-29 Position of the 400 K isotherm plotted as a function of time

Figure C-30 Position of the concrete erosion plotted as a function of time
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Figure C.31 Comparison of the position of the 400 K isotherm and the concrete erosion front
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Appendix I: Melt Temperature and Pyrometer Data
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Expansion of meltpool temperature data measured by a C type thermocoupl

installed in an aluming tube cast into the concrete at 2 2.0 cm

Figure D-2  Expansion of melipool temperature data measured by a C type thermocouple
installed in an alumina tube cast into the . acrete at z = .50 cm
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A

Figure D-3  Expansion of meltpool temperature data messured by # S type thermocouple

installed in an alumina tube cast into the concrete st 2 = -12.0 em

Figure D-4  Expansion of meltpool

temperature data measured by a S type thermocouple
installed in an aluming tube cast into the concrete at z = 150 em
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Figure D-§  Expansion of meltpool temperature data measured by & C type thermocouple
installed in an aluming tube cast into the concrete at z = 2.0 cm

{(x)

) 9
2000 } {
- ! 1
} 4
) {
1800 + - !
} e {
o {
160 " 9
i
alon |
L e T TR (HRNF S S S G S S SRFRRS ST S S S W
1405 1407 14086 1411 1413 14105 1417 41 9%

™ (min)

Figure D-6 Expansion of meltpool temperature data measured by a C type thermocouple
installed in an alumina tube cast into the concrete at z = -5.0 em
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Figure D-7  Expansion of meltpool temperature data measured by a S type thermocouple
installed in an aluming tube cast into the concrete at z = -13.0 cm
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Figure D-8  Expansion of meltpool temperature data measured by a S type thermocouple
installed in an alumina tube cast into the concrete &t x = -19.0 cm
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Figure D9  Expansion of meltpool tempersture data measured by a ( type thermocouple
installed in an aluming tube cast into the concrete at z = 7.0 em

b

Figure D-10 Expansion of meltpool temperature data measured by &8 S type thermocouple
installed in an aluminn tube cast into the concrete at z = -13.0 cm




Figure D-11 Expansion of meltpool temperature data messured by a S type thermocouple
installed in an aluming tube cast into the concrete at z = -19.0 cm

Figure D-12 Expansion of meltpool tempersture data measured by & C type thermocouple
installed in an alumina tube cast into the concrete at z = .1.0 em
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Expansion of meltpool temperature data messured by & C type thermocouple
installed in an alumina tube cast into the concrete at z = 4.5 cm

Figure D-14 Expansion of meltpool temperature datz measured by a S type thermocouple
installed in an alumina tube cast into the concrete at z = -13.0 cm
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Figure D-15 Expansion of meltpool temperature data measured by a S type thermocouple
installed in an alumina tube cast into the concrete at z = 150 ¢cm
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Figure D-16 Expansion of meltpool temperature data measured by a C type thermocouple
installed in an alumina tube ¢ast into the concrete at z = -2.0 cm
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Figure D-17 Expansion of meltpool temperature data measured by a C type thermocoupie
installed in an alumina tube cast into the concrete at z = -5.0 em
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Figure D-18 Expansion of meltpool temperature data measured by a S type thermocouple

installed in 2n alumina tube cast into the concrete at z = 11,0 ¢em
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Figure D-19 Expansion of meltpool temperature data measured by a S type thermocouple
installed in an alumina tube cast into the concrete at z = .18.0 cm
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Figure D-20 Expansion of meltpool temperature data measured by a C type thermocouple
installed in an alumina tube cast into the concrete at z = 3.0 cm
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Figure L-21 Expansion of meltpool temperature data measured by a C type thermocouple
installed in an alumina tube cast into the concrete at z = .7.0 cm
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Figure D-22 Expansion of meltpool temperature data measured by a S type thermocouple
installed in an alumina tube cast into the concrete at z = 13,0 cm
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Figure D-24 Temperature at the pyrometer head and exit temperature of the cooling fluid flowing
through the pyrometer adapter/support plate
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Figure D-25 Temperatures measured by the micron fiber optic pyrometers
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Figure D-26 Temperatures measured by the Type C thermocouples installed at the base of the
tungsten pyrotubes
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Appendix E: Calculated Sidewall Heat Flux Data

Presented in this appendix are the sidewall
and upward heat fluxes calculated using an
inverse heat conduction code. Calculations
were made based on temperature data
produced from type K thermocouple arrays

imbedded in the alumina annulus and crucible
cover.  Additionally, plots are presented
comparing sidewall temperatures measured
during the experiment and calculated from the
inverse heat conduction code.
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i

Figure E-1  MgO sidewall heat flux calculated from thermocouple data for the array located
at z = 20,0 cm

Fignre E-2  MgO sidewall heat flux calculated from thermocouple data fo. the array located
atz = <150 cm
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Figure E-3  MgO sidewal! heat flax calculated from thermocouple data for the array located
atz = 10,0 cm
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Figure E-4  MgO sidewall heat flux calculated from thermocouple data for the wrray located
atz = .50 cm
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Figure E-§  MgO sidewall heat flux calculated from thermocouple data for the array located
atz = 0.0 cm
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Figure E-6  MgO sidewall heat flux calculcied from thermocouple data for the array located
atz = +50 cm
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Figure E-7  MgO sidewall heat flux calculated from thermocouple data for the array located
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Figure E-8  MgO sidewall heat flux calcuiated from thermocouple data for the array lo~sted
atz = +150 cm
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Figure E-9  MgO sidewall heat flux calculated from thermccouple data for the array located
gtz = +200 cm

Figure E-10 MgO sidewall heat flux calculated from thermocouple data for the array located
atz = +350 cm
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Figure E-11 Alumina sidewall heat flux calculated from thermocouple data foi the array
lncated at z = +50.0 cm

>

Figure E-12 Aluming cover heat flux calculated from thermocouple data for the array located
atr=100cm, 8= 0,and 2z = +60.0 cm
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Figure E-13 Alumira cover heat flux calculated from thermocouple data for the array located
atr= 100cm, 6 = 180,z = +60.0 cm

T T e I e e S e an A

! |
]

| M) t=05em €=0deg 2=~200cm ‘,

1400 } e MEASURED :

: CALCLATED 1 {

L ) /’ 1

{ 1 1

| [ !

€ | &
- 10 i

000 | 1

} |

800 | !

{

TEMPERATURE

t {
} |
13 ',/' !
| g {
g i
it / |
P e —— s O ,.._—-"-0—-"_- ‘
{
00 }
3 1
TL 4
NIOGREIS: o S REPI=IO DIPTSR bl ]
v 1 S 25¢ 30¢

™E (min)

Figure E-14 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = -20.0 cm
andt = 0.5 cm
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Figure E-15 Comparison of sidewall temperatures measured during the experimert and
caiculated from the heat Nlux code for thermocouple located at z = -20.0 cm and
t=185cem

Figure E-16

Compari_on of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z =

= .20.0 cm
andt=28¢cm
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Figure E-17 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = -15.0 ¢m and
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Figure E-18 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple locsted at z = -15.0 cm
and t = LS cm
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Figure E-19 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at 2 = .15.0 cm and
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Figure E-20 Comparison of sidewall temperatures measured during the experiment and

talculated from the neat flux code for the thermocouple located at z = -10.0 cm
andt = 0.5 cm
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Figure E-21 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = -10.0 cm and
i = 185cm

Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = -10.0 em
and t = 2.8 cm




Appendix E

M2 t=05¢em 890 deg 25 ~50 o
~ MEASURLD
CALCULATED

<

g ‘Hi
x

o

b

[»9]

=

a
TE e

Figure .23 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = -5.0 cm and
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Figure E-24 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple 'ocated at z = -5.0 em

andt = 1.5 cm
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Figure E-25 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = -5,0 cm and
t=25cm
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Figure E-26 Comparison of side~all temperatures measured during the experimen( and
calculated from the heat flux code for the thermocouple located at z = 0.0 em
andt = 0.5 cm
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Figure E-27 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = 0.0 cm and
t = 1l5cm

Figure E-28 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = 0.0 cm
andt = 2.5 cm
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Figure E-29 Comparison of sidewall tempers  ° measured during the experiment and
calculated from the heat flux code . .r thermocouple located at 2 = +5.0 cm and

t =085cm
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Figure E-30 Comparison of sidewall temperatures measursd during the experiment and
calculated from the heat flux code for the thermocouple located st 2 = +5.0 cm
andt = LS cm
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Figure E-31 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = +5.0 cm and

t=28cm
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Figure E-32 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = +10.0 cm
andt = 0.5 cm
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Figure E-33 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = +10.0 cm ard
it = )‘ Cihn

Figure E-34 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = +10.0 cm
andt = 2.5 cm
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Figure E.35 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat ilux code for thermocouple located at z =~ +1£,0 cm and
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Figure E-37 Comparison of sidewall tempeiatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = +15.0 ¢cm and
t=25cm

Figure F-38 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = +20.0 cm
andt = 0.5 cn
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Figure F 41 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = +35.0 cm and
t=05cm

S ——

Mid 1= 15cm 8=00deg 2=+ 350e0m

{ ]

600 } ~ MEASURED !
| CALCUATID WW 1

o | } l !

. J
. f
= )
— {
{
{
1 {
& |
’3 1
’{ 4
1
4
w8 {
- - 4
4 o {
1
| W {
i
T™ME  (min)

Figure E-42 Comparison of sidewall temperatures measured duriug the experiment and
calculated from the heat flux code for the thermocouple located at z = +35.0 cm
andt = 1.5 cm
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Figure E-43

Figure E-44
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Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at z = +50.0 cm
andt = 0.8 cm
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Figure E-45 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat Nlux code for thermocouple located at z = +50.0 cm and
t= 1L.Scm

Figure E-46 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat fLux code for the thermocouple located at z = +50.0 ¢cm
andt = 2.5 cm
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Figure E-47 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at r = 10.0 cm,

Figure E-48
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Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at r = 10.0 ¢m,

#=0,z= +600cmandt = 1.5 cm
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Figure E-49 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux cor for thermocouple located at r = 10,0 cm,
#=0,z= +600cmandt = 2.5 cm

Figure E-50 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for the thermocouple located at r = 10.0 cm,
= 180,z = +600cmandt = 0.5 cm
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Figure E-§1 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat Nux code for thermocouple located at r = 10.0 cm,
4 180,z = +600 cm and t = 1.5 cm

Figure £-52 Compari<on of sidewail temperatures measured during the experiment and
calculated from the heat flux code fr- the thermocouple located »' r = 10.0 cm,
= 180, 2 2« 4600 cmandt = 2.5
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Figure F-1 Guuge pressure transducer (10 psig) calibration installed on the containment vessel
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calibration installed upstream of the ASME

Figure F.2  Gauge pressure transducer (10 psid)
orifice
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Differential pressure transducer 2 psid) calibration installed across the ASMI
sharp edge orifice

Figure F-4  Differential pressure transducer (5 psid) calibration installed across the ASM}
sharp edge oririce
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Differential pressure transducer (2 psid) calibration installed across the laminar
flow sleme’

Differential pressure magnahelic transducer (2 psi¢ calibration installed across
the ASME sharp edge orifice




L
Figure F-7  Differential pressure magnahelic transducer (2 psid) calibration installed across
the laminar flow element
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Figure F-8  Gauge pressure transducer (100 psig) calibration installed upstream of the 14
Ipm critical or fice to meter the flow of Argon purge gas flowing into the
containment v essel
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Gauge pressure transducer (100 psig) calibration installed upstream of the 3 lpm
critice! orifice to meter the flow of argon used to purge the tungsten pyrotubes

Figure F-10 Flow rate summary from LFE using argon calibration
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Figure F-11 Turbine meter calibration installed at the inlet of the argor purge Lo the

contginment vessel

Figure F.12

Calibration of the ASME sharp edge orifice installed in the

flow circuit
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Figure F.13  Calibration of the laminar flow element installed downstream of the gravel filter
and near the exit of the flow circuit

Figure F-14 Calibration of the Rockwell 415 positive displacement gas clock (mater)
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Figure F-15 Calibration of the Rockwell 750 positive displacement gas clock (meter)

Figure F-16 Turbine meter calibration instalied downstream of the laminar flow eleme
the exit of the flow circuit
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Appendix G: Flow Circuit Pressures, Gas Composition,
Flow Rate and Aerosol Data

In this appendix data is presented for system and flow pressures, gas composition, gas flow rate and
aerosols sampled during the expe.iment.
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Figure G-1 Gauge pressure measured in the containment vessel and upstream of the ASMI

sharp edge orifice

Figure G-2  Differential pressure measured by transducers installad across the ASME sharp
edge orifice




Figure G-2
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Figure -5  Total volume of gas measured during the experiment by the Rockwell 415 and 750
) positive displacement gas clocks (meters)
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Figure G-6 Total Actual and net flow rate of gas caiculated using data acquired from the
Rock well 750 positive displacement gas clock (meter) and other flow devices
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Figure G-7  Comparisor. of total gas volume measured by the Rockwell 750 gas meter and the
reactwn gas volume celculated from flow device data
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Figure G-8  Comparison of total ges volume calculated using laminar flow device data
(argon cal.) and the reaction gas volume calculated from flow device data
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Figure &%  Comparison of total gas volume calculated using laminar flow device data
(air cal.) and the reaction gas volume caiculated from flow device data
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Figure G-10 Comparison of total gas volume calculated from the outiet turbine meter data
(argon cal.) and the reaction gas volume calculated from flow device data
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Figure G-11 Comparison of total gas voiume calculated from the suilet turbine meter data
(air cal.) and the reaction gas volume calculated from flow device data
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Figure G-12 Absolute pressuve measured upstream of wne 14 and 3 Ipm critical oridce
metering a.gon purge gas Nowing into the containment vessel and tungsten

pyrotubes
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Figure G-13 Gas sample port temperatures

4

* Atmospheric temperature measured in the containment and in the flow circuit at
the 41 positive displacement gas meter
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Figure G-15 Temperature of the fNlow tube exiting the containment vessel wrapped with heater

tapes to eliminate condensation of gases and serosols prior to sampling

Figure G-16

Volume percent CO and CO, measured using the infrared gas monitor
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Figure G-17 Volume percent of hydrogen measured by the mass spectrometer

Figure G-18 Partial pressurc of hydrogen sampled by the mass spectrometer
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Figure G-19 Volume fragment of carbon monoxide measured by the mass spectrometer
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Figure G-20

Partial pressure of carbon monoxide fragment measured by the mass
spectrometer
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Figuie U-21 Volume fragment of the nitrogen measured by the mass spectrometer

b

Figure G-22 Partial pressure of nitrogen fragment measured by the mass spectrometer
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Figure G-23 Volume fragment of carbon dioxide measured by the mass spectrometer
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Figure G-24 Partial pressure of carbon dioxide fragment measured by the mass spectrometer
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Figure G-25 Volume percent of water vapor measured by the mass spectrometer
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Figure G-26 Partial pressure of water vapor measured by the mass spectrometer




Figure G-27 Volume percent of carbon monoxide and nitrogen measured by the mass
spectrometer
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Figure G-28 Partial press’ b monoxide and nitrogen measured by the mass
spectromets
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Figure G-29 Volume percent of oxygen measured by the mass spectrometer

Figure G-30 Partial pressure of oxygen measured by the mass spectrometer




Figure G-31 Volume percent of argon measured by the mass spectrometer
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Figure G-33 Volume percent of carbon dioxide measured by the mass spectrometer
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Figure G-34 Partial pressure of carbon monoxide measured by the mass spectrometer



Figure G-35 Gas Dow rate summary for t,  a¢ meter

Figure G-36 Opacity meter out Voltage level s directly proportional to aerosol concentration,
g p ! v ge Y propu
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Figure -37 Absolute pressure measured upstream of critical orifices installed it
sample line for the diluters and impactors

Figure G-38 Absolute pressure measured upstream of critical orifices installed in the serosol
sample line for the filters and cyclone
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Figure G-39 Temperature measured at different locations in the aerosol sgnpling system
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Figure G40 Normalized aerosol mass distribution from impactors E and F taken between 132.8
and 133.0 minutes
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Normalized aerosol mass distribution from impactors G and H taken between 134.0
and 134.5 minutes

IMPACTOR )
IMPACTOR

DP50 METH(
RADER

.,

Normalized aerosol mass distribution from impactors J and K taken between

anc 144.0 minutes




Appendix G

IMPACTOR N

DP50 METHOD

RADZR

N
1.\

AERODYNAMIC PARTI ; AETER (um)

Figure G-43 Normalized aerosol mass distribution from impaciors N and O taken between 164.0
and 164.5 minutes
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Figure G-44 Normalized aerosol mass distribution from Cascade cyclone taken between '30.5 and
135.5 minutes
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tigure G-45 Comparison of percent opacity with actual exhaust line mass concentrations

Figure G-46 Filter data comparing percent opacity with actual exhaust line mass concentration
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Figure G-47 Plot of mass concentration as & function of percent opacity calculated from filter
data
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Figure G-48 Plot of mass concentration as a function of optical depth calculated from filter data
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Figure G-49 Comparison of mass concentrations to opacity monitor fit using fiiter data
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