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!

j Abstract
!
i

j An inductively heated experiment, SURC-2, using prototypic UO -ZrO materials was executed as part2 2
i of the Integral Core-Concrete Interactions Experiments Program. The purpose of this experimental
j program was to 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 basemat and the
| containment environment, as well as flammable gas, condensable vapor and toxic or radioactive aerosols
i 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
; UOvZrO3 core debris material that included 18 kg of Zr metal and 3.4 kg of fission product simulants,

The*meltlcol temperature ranged from 2400-1900*C during the first 50 minutes of the test followedj i

j by steady temperatures of 1750-1800*C during the middle portion of the test and increased temperatures
| of 1800-1.00'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
i final 50 minutes. Comprehensive gas flowrates, gas compositions, and acrosol 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 UO -ZrO e re debris interactions with concrete.2 2
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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 likely during the initial
two to ten hours of these ex-vessel events. The range of response was measured using an oxide debris
of UOrZrO on both limestone and siliceous concretes. Also included were a Zr metallic component2

and a limited number of 6ssion product simultants. Both tests sustained the core debris-concrete -
I interaction for osei 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
to 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-
1 and SURC-4 tests. 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% UO - 22% ZrOr9% Zr) became molten and 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 power 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
to melting, a period of rapid erosion following initial melt-concrete contact, slowed erosion after the
Zr metal M 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 to 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 00% H - 15% H O - 20% CO and only light aerosols were present at levels;-

2 2 2
f less than I g/m'. Cocerete erosion began when the oxide charge became completely molten, and a

protective ZrOi insulator board was breached. Meltpool temperatures at the onset of concrete attack
were approximately 2700 K. These temperatures decreased to 2100 K;as 15 cm 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 O - 15% CO - 5% CO Large amounts of aerosol were also produced;2 2 2

2at 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 cm/hr,_

'

to 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 over a period _of 60 minutes. The reaction gas
flow rate decreased to 20 slpm and had a composition of 70% H .- 5% H O - 15% CO - 10% CO .2 2 2

After 90 i 100 minutes, the net power to the charga material was increased from 70 to 100 kW. This
resulted ir ;ncreased erosion rates, increased gas release rates, and increased aerosol release rates. The
meltpool 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

xiii NUREG/CR-5564
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and the gas composition was 75% H - 5% H O - 15% CO - 5% CO . Aerosols registered constant2 2 2

levels of production at about 10 g/m'.

After 280 minutes of heating and 150 minutes of contintrus crosion, the SURC-2 melt penetrated the
remaining 5 cm of concrete and ran out into the bottom of the containment vessel. Power to 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 limestone concrete. Both tests had sery 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 amount.s. 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 chemistry, aerosol release rates and aerosol i

to measure, model, and assess the thermal, gas chemistry. The data return from both tests was
evolution, and aerosol source terms produced excellent and provides comprehensive, redundant,
during core debris-concrete interactions that and well - characterized information on the
might occur following a severe nuclear reactor oxide-concrete interaction which should be well
accident. These source terms are the governing suited for code validation efforts,
phenomena in any postaccident containment
integrity analysis or risk evaluation. A matrix of The SURC-2 experiment was conducted using the

,

tests is being conducted as part of the program. same geometry and instrumentation scheme as
1 This matrix is designated as the SURC was used in SURC-1 [Copus et al.,1992] and in

(SUSTAINED URANIA CONCRETE) test - S U RC-4 [Copus et al., 1989]. The basic
series. geometry consisted of a 60 cm diameter

interaction crucible with a 40 cm diameter
In addition to extending the existing data base to basaltic concrete cylinder in the base of a
include more prototypic core debris-concrete magnesium oxide (MgO) annulus. A 10 cm
interactions, [Blose et al.,1987], the SURC thick, circular cover of MgO was fabricated and
experiments are designed to provide information placed on top of the crucible. The interaction
necessary to validate three important aspects of crucible and induction coil were housed in a
ex-vessel core debris-concrete interactions sealed, water cooled, aluminum containment
models. These are (1) heat transfer mechanisms, vessel. An overview photograph of this vessel
(2) gas release chemistry, and (3) vaporization and some of the rest of the test apparatus is
release of aerosols. Both integral tests using shown in Figure 1.1. The vessel was 180 cm
UO -ZrO materials (SURC-1, SURC-2,)as well high, 120 cm in diameter and contained2 3
as separate effects tests using Fe-Zr (SURC-3, feedthroughs for the induction power leads,
SURC-4) have been conducted. instrumentation leads, and an exhaust gas port

! connected to the flow and acrosol sampling
The SURC-1 and SURC-2 tests in the SURC instrumentation. The interaction crucible was
series were designed to be integral tests using a instrumented with numerous thermocouple arrays
203.9 kg molten mixture of 69 w/o UOv22 w/o cast into the concrete cylinder, MgO annulus and

' ^

ZrO -9 w/ Zr over a 40 cm diameter concrete MgO cover. A 280 kW induction power supply2
basemat formed from either limestone concrete and coil were used to heat and melt the 203.9 kg
(SURC -1) or basaltic concrete (SURC-2). The charge within the test article and to sustain the
purpose of these tcas was to study the protracted interaction for the duration of the experiment.
interaction of an oxidic meltpool on a range of Additionally,3.4 kg of fission product simulant:
concrete basemat materials. Before these tests were added into the melt to study fission product
were conducted the bulk of data available for release. Flow rates of generated gases were
evaluating the exvessel core concrete interaction measured using a sharp edge concer,tric orifice,
was either from tests using metallic iron as the a laminar flow device and two dry gas clocks. ]
core debris simulant cr from tests which lasted Gaseous effluents produced during the experiment
only a few minutes. The SURC-1 test sustained were monitored and sampled using an infrared
the oxide-concrete reaction for over 180 minutes gas analyzer, a mass spectrometer, and by an
as did the SURC-2 experiment. During the integral grab sample technique. Aerosols were
course of these tests it was our goal to measure captured on filters, cascade impactors and a
all of the essential aspects of the core-concrete cascade cyclone. Erosion characteristics were

,

interaction; namely, melt temperatures, erosion measured using type K, S, and C thermocouples. !

rates, overall heat balance, thermal conduction Three tungsten thermowells containing optical |
into the concrete, gas release rates, gas release pyrometers were embedded in the charge in order j
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General

to define the meltpool temperature and overall through a 5 cm diameter flow pipe. Theheat balance. The apparatus was sealed and SURC-2 test was run at local atmosphericpurged with argon gas in order to direct the
pressure (.83 atm) and at an ambient tertperature

majority of the reaction gas and aerosol effluents of 25'C.

,
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2.0 Materials

The interaction crucible used in the SURC-2 pneumatically operated eccentric vibrator was
exper. ment is of cylindrical geometry and is attached to the braelets mounted to the steel
shown in Figure 2.1. The crucible consists of casting forms. Another mechanical vibrator called
three major components; the lower crucible, a "stiiger" was inserted directly into the mix to
upper crucible and cover. The annulus of the enhance densification.

upper and lower crucible ad the cover are cast
using a MgO casta'me refractory material.
Basahic coner:te is cast into the base of the After casting, the mix was cured at ambient
lower crucible. A detailed description of the temperature (15 to 35'C) for 24 hours. Then the
interaction crucible including dimensions and forms were placed into an oven and initially
thermocouple locations will be discussed later in heated at a rate of 40*C/ hour to 265*C. The
Section 3.2. casting was held at temperature for 12 hours.

Tne total curing cycle took 24 hours. Dunng the
baking period, two K-type thermocouples were

2.i Magnesium Oxide (MgO) connected to a strip chart recorder to monitor the

Castable Refractory curing temperature. One thermocouple measured
the ambient oven temperature, the other

The annulus of the crucible was cast using an thermocouple was cast into the annulus and

MgO castable material manufactured by Kaiser measured the actual temperature of the annulus.

Refractories called K/R Cast-98. This materialis
The thermal behavior of the K/R Cast-98 wasa superior MgO castable produced from critically

sized 97 w/o MgO periclase and bonded with a characterized by thermal gravimetric analysis

special chromate composition. K/R Cast-98 can (TGA), shown in Figure 2.2.

be vibrated to exceptionally high densities. This
material resists melt penetration and provides This analysis was performed with a Dupont 790

outstanding resistance to highly basic slags. This thermal analysis apparatus with a 1870 K DTA
cell and Model 950 TGA attachment.material also has excellent volume stability and is

commonly used for crucibles in the steel
industry. The chemical composition af K/R
Cast-98 taken from mannfactuxr's specifications The TGA was performed in dry air with a

is shown in Table 2.1. Rowrate of 50 cc/ min. The heating rate was
10 C/ min from room temperature to 800 C. The
sample had been air cured for 24 hours, baked at

The MgO castable was mixed by placing a known 200*C for 24 hours, then allowed to air cool for
mass of dry material into a clean paddle-type an additional 24 hours prior to thermal analysis.
mixer City drinking water was then added 5% Weight losses indicated in the thermogram are
by weight to the castable material and mixed for attributed to the release of free and bound water.<

at least two minutes. Once a homogeneous This sample shows a 4.0 weight-percent loss due
minure was achieved, the mix was carefully to release of free and bound water between
placed into the casting forms with small scoops ambient temperature and 700 C. Fron 700*C to
and shovels. Two types of vibrators, operating 1000*C, an additional 0.2 percent-weight loss
at 10,000 to 12,000 vibraGons/ minute wue used was observed, which is probably due to the
to densify the mix and remove entrained air. A decomposition of brucite (Mg(OH)2)-

.
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Figure 2.1 Interaction crucible, SURC-2 experiment
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Materials

Table 2.1 Chemical composition of K/R Density (kg/m') 2664
Cast-98* MgO castable refractory Specific Heat (J/kg K) 1250

Thermal Conductivity
(W/m K) = k = aT + b

Otide Weight %
where:

4a = -5.0 x 10
MgO 97.1 b = 8.193
SiO 0.42 " #E'##8A10 0.13 3

Fe2O 0.3
3

Ca0 1.0

Cr20 1.1 Another determination of the thermophysical3

properties and density of K/R Cast-98 was
Pedormd h PuMue Unksh aM is hhK/R Cast.98 is a product of Kaiser Refractories, 300
In Appendix A of the SURC-4 document (Copust_akeside Drive, Oakland, CA 94643.
et al.,1989).

,
' Data Obtained from Basic Ratnming and Castmg Mixes

Bulletin Published by Kaiser Refractories. The data returned by Purdue is slightly different
than that produced by Sandia. This data has been
mentioned herc because product literature data
for these high temperature material properties are
limited. This data provides an additional

Three 10.2-cm-diameter x 20.3-cm-long test resource for the analysts,
cylinders were cast with the annulus to measure
the compressive strength after baking. The
strength for the three samples were 1600, 1771, 2.2 Concrete Material
and 2248 psi. These values are well within the
acceptable limits for ensuring structural integrity The base of the interaction crucible was
during the test. constructed of basaltic concre.e. This concrete

was used because it is typical of that used in the
construction of nuclear power plants. Materials

The thermal properties of the castable K/R making up this type of siliceous concrete are
Cast-98 have been extensively investigated. In found throughout the United States. This
addition to industry data, experiments were concrete melts over a range of 1350-1650 K and

conducted at Sandia to study the thermal response typically liberates 1.5 weight-percent CO gas2

of the MgO to intense heating conditions similar and 5 weight-percent H O vapor when heated to2

to those expected during an experiment. The melting [ Powers et al.,1982].
results of these tests yield a value for specific
heat and temperature dependent values for The casting of the concrete was performed by
tl.ermal conductivity. mixing the concrete constituents in a clean paddle

mixer. Once a homogeneous mixture had been
The thermal property data for the MgO castable achieved, the mix was carefully placed into the
used to calculate sidewall heat fluxes are casting forms and vibrated as previously
presented in the SURC-4 document [Copus ct al., described in Section 2.1.

1989] and shown below.

6 NUREG/CR-5564

- _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



iii 4 i
_

iiiie iiii iiiii 4 i iii iiiiiiii. ~
.100.8 -

--

-
-

100.4 Free Water Loss -

:/ .
:

[ 100.0 -N -

: Bound Water Loss
_

~

-

~

99.6 -
-

. .CD._ -
_

G
3

-
_

99.2 -

y
_

-
-

- Q -

93.8 -
-

-
-

-
-

h98.4
-

-

' ' ' ''' ''' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ~98.0
0 100 200 300 400 500 600 700 800 900 1000 1100

| Temperature ( C)
| m

9
O Figure 2.2 'Ihermogram (TGA) of MgO K/R Cast-98; aire 24 hours baked at 470 K for 24 hours, air cooled ,k
$ .$g ,

- - - -

.]
__-__



. _ . __ _ _ _ _ . __ _ .. .. _ _ __ _ __

!

Materials
i
'

Specifications for the concrete are listed in chips. The total mass and w/o of constituents
Table 2.2. Tables 2.3 and 2.4 summarire the in each of the material forms is presented in -f
engineering and chemical composition of the Table 2.7. The relative weight percentages of i

basaltic concrete. Tables 2.5 and 2.6 show the individual constituents for the total charge -

comparisons of the si7e specifications and the were calculated to be 69.1 w/o UO , 22.6 w/o
2

ZrO , and 8.3 w/o Zr metal. In order to |distribution of sizes for the aggregate and sand 2 '
actually used for the concrete. produce a homogeneous mix, Zr metal chips

were added to the crushed UO -ZrO2 cylinder i
2

Four 10.2 cm diameter x 20.3 cm long test material to produce the desired ratios. Five ;

cylinders were cast with the concrete slug to tungsten plates were placed within the charge ,

measure the compressive strength after 7,14,28, material to serve as susceptors to heat the ;
-

and 1070 (day of the experiment) days. The material. The plates were spaced approximately I

concrete cylinder was cured at ambient tem- 10 cm apart within the charge. A detailed j
perature conditions, nominally 20"i 10*C, description of the charge assembly is discussed in j
Compressive strengths are plotted against cure Section 3.4. The mass and ratio o' charge >

time in Figure 2.3. The strength for the constituents placed between the tungsten plates !

compressive cylinder tested at 1070 days (nct are shown in Figure 2.5. The density of the !

shown in the figure) was 41.4 MPa (6000 psi). charge was calculated to be 3.6 g/cc. !
!

The thermal behavior of the concrete can be i

characterized by thermal gravimetric an-Jysis ? 4 Fission Product Simulants i
(TGA), derivative thermogravimetric analysis i
(DTGA), ud differential thermal analysis In order to evaluate the transport of fission |
(DTA). Figure 2.4 shows a typical thermogram products during the melt-concrete interaction, [
produced by TGA for basaltic concrete, various chemical species, listed in Table 2.8, !

were added to the charge prior to heating. These I
2.3 Charge Material materials were added to the charge material as a !

homogeneous powdered mixture just below the i

The charge material consisted of 203.9 kg of third tungsten plate. The placement of the {
UO3-ZrO and Zr metal in the form of powder, simulants corresponds to a location 53.8% of the

'

2
crusled isostatic pressed cylinders and metal charge height. ;

:
r

k

:

!

|

| |
;

e

.

I

!
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Materials

Table 2.2 Concrete specifications

1. Compressive strength after 90 day cure = 27.5 MPa minimum
(3990 psi)

2. Slump = 5 cm

3. Cement = American Type Il Portland Cement

4. Air content = 3 to 5% by volume

5. Air entraining agent per reference (a) below

6. Composition per reference (b) below

7. Aggregate size and size distribution per reference (c) below

8. Water reducing agent per reference (a) below

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

_

a. ASTM C-494-71, Standard Specification for Chemical Admiatures for
Concrete, American Society for Testing and Materials, Philadelphia, PA.

b. ACTI 211. 1-74 Recommended Practices for Normal and Heavy Concrete.
American Concrete Institute, Detroit, Mt.

c. ASTM 33-74., Standard Specifications for Concrete Aggregates. American
Society for Testing and Materials, Philadelphia, PA.

d. ACI 347-68, Recommended Practice for Working Concrete. American
Concrete lastitute, Detroit, MI.

e. ACI 315-74. Detailing Manual, American Concre's Institute. Detroit, MI.

>

)
i

b

9 NUREG/CR-5564
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|

j Materials

| Table 2.3 Engineering composition of basaltic concrete
; -

4

Constituentsb Mass Weight %
i

c
i Aggregate 42.3 kg 35.7

| Sand 47.4 kg 40.1
j Cement 19.4 kg 16.4
'

Water 9.3 kg 7.8
*AEAa 22.2 ml -

.
* Air Entraining Agent

ASTM C 494-71. Standard Specif. cation for Chemical4 a.
j Admixtures for Concrete American Society for Testing and

i Materials, Philadelphia, PA.
s

! b. ACTI 211.1-74, Recommended Pract s for Normal and

]
Heavy Concrete, Amencan Concrete Institute, Detroit, Mt.

| c. ASTM 33-74., Standard Specifications for Concrete
Aggregates, American Society for Testing and Materials,,

Philadelphia, PA.,

.

i
!

!

a

!

:
1

:

i

?

|

7
4

4

!
t
:

i
!

i

:
.

4

4

i

i

'
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Materials

Table 2.4 Chemical composition of basaltic concrete constituents ,ba

Type I and 2 Basalt
Oxide Cement (%) Sand (%) Aggregatec

Fe2 3 4.I1 2.15 7.78O

Cr2 3 0.011 0.042 0.060
MnO 0.08 0.02 0.08
TiO 0.2 0,18 1.822
K30 0.54 2.7 7.2
Na30 0.27 1.74 1.85
Cad 63.5 1.52 6.54
MgO 1.53 0.34 9,7
SiO 20.I 82.8 54.92
Al O23 4.2 7.24 9.51
CO ND ND < 0.02
lbb ND 0.1 0.1
SO 1.0 ND ND7

ND = Not Determined

a. ASTM C-494-71 Standard Specification for Chemical Admixtures for Concrete,
American Society for Testing and Materials, Philadelphia, PA.

b. ACTI 211.174, Recommended Practices for Normal and Heavy Coricrete,
American Concrete Institute, Detroit, Mt.

c. ASTM 33-74., Standard Specifications for Concrete Aggregates, American
Society for Testing and Materials, Philadelphia, PA.

1
!

i

a
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Table 2.5 Comparison of specified and actual size distributionsi

for thr. sine and total aggregate

Through the Screen Opening

Screen Sppfied Weight % Observed Weight % Passing

Opening Passing Through the Through the Screen

(cm) Screen

A) Total Aggregate

2.5 95-100 100 ;

1.9 90-100 96.3 ,

1.3 25-60 54.7

0.95 20-55 25.2 i

0.48 u-i0 5.6
0.23 0-5 not measured

F

B) Fine Aggregate
>

1.3 100 100 r

0.95 85-100 98.9
0.48 10-30 96.8 ;

0.23 0-10 84.4 k

0.12 0-5 59.7 :
)
f
i

i

:
r

i

:
;

k
.

t

i
;

L

!

:
?

i

i
i

I !

!
,

!
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Materials

Table 2.6 Cornparison of specified and actual sire
distributions for the sand

-,

Weight % Passing
'Ihrough the Serren

.

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 33.92
0.030 12 30 16.50
0.015 2 10 7.11
0.0076 3.06 |

-

,

i

,

t,

i 13 NUREG/CR-5564
t

..-. , ._ _ . _ . _ . , _ - . . _ _ _ . , . . .._v_. _ ., ,, _ _ __s_



. il !c !!,|! I ' .' :t; tt |1!j' ; ,! t' ( !I't!;Fi ! F

.

-

-

-

.-

,

_ : - -

2hn39:
-

-

-

-
-
.

_
_
.

.

.

.

~
.

.,
,

..
_

.-

0
0

- - _ _ - 1

m .

.

_
.

0 u _

_

o80 O oO O0 9
'

w
._i

.-

-c
st i

t .-

i
t n 0 la .'ne 8 s

aem .

) b m

mi s r -

r .or e 0 y f
.i

'i ep 7 a epx m _
xE d i ,.

t( _
i

E 2 0 e .
'

r 6 e u -
r

eN
r c

O -i u f -l or
a 0 C n'i

ES 5 o
,
-

if t
c ..Oe o n -

u _
0 f
4 e .

i '

a ~

m s .-.
.a .

i .

0 T h
t .'

3 g -

g @ O o=O ne ..r .

t -

s .

i ' 0 .

2 e .
.v

a. .

-

o. .

0 y -i '

1 o

8 O O m
,.
.-

C .

- - - _ _ ~0 3 ,
.

5 O 2g0 5 0 5
4 3 3 2 1 e

r- -
-

ug
g12 Co3neuaEoo c c." ace'-)0

,

i

F .e
_
.

.

.

.

_-,-

_
..

_
,
.

_

_

-

,

_

,

.

.-

_

_.

.

.

.

.

,

-.

2Cy19nx E _a -

:

n -

,

-

< i,) ! 4;. , .i!j: , , !|i' l ! ! ::



101' . , , , 3 , , . , ,,, ,
.

. . .

100 - Free Water Loss
~

99 -
|

_

-

.

-

m -

g 98 _ Bound Water Loss
_

,,,,
_

,
_

- ,

,

G 97 -

~ -G e -

- |
,

96 - CO Loss -2

95 - | .

-

-

-

-

94 -
, , ,,,,,i,,,,,i,

-

, -, , ,
0 100 200 300 400 500 600 700 800 900 1000 1100

,

Temperature ( C),
C
m
e
p Figme 2.4 hwan GUA) of basaltic concn2 a
0: g
E E

*

. - _ _ . ._



I

Materials

Table 2.7 Mass and composition of charge material

Material Composition (w/o) Mass (g)

Crushed Isostatic
Pressed Cylinders 63 U02

36,969
27 ZrO2

10 Zr
,

Crushed Isostatic '

Dressed Cylinders 70 UO2 I17'448

30 ZrO2

Powder 100 UO2 33,079

Chips 100 Zr 13,000

Table 2.8 SURC-2 fission product simulants

Fission Product Chemical Formula Quantity (g)

Barium BaMoO IM4
Molybdate

lanthanum Oxide La2 3 750O

Cerium Oxide CeO2 750-

Niobium Oxide Nb 0 8M25
TOTAL 3364 g

.

NUREG/CR-5564 16
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Figure 2.5 Mass and charge composition, SURC-2
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i
1

1

i 3.0 Experiniental Apparatus
1

|

I The majo comp. " of t% SURC-2 experi- safety diaphragm calibrated to open at 15 psig to

| menta! C . atus are $h m m Figure 3.1 and eliminate the potential for overpressurization of
i M n .wh % wa.er".o ed, containment the vessel. A 7.5 cm diameter flange port
i net , cerm.e . % induction coil. located in the base of the vessel was used as a,

j ncy 1:<m v w & med in the following feedthrough for all emeible thermocouple
# !ct of the SURC-2 apparatus terminations. The sheaths and/or extension wiresj sem t -

; u.cl miw m. u.n 9 .v piping and the gravel bed for all the thermocouples were pulled through a
! mtu 5 web., in Section 4.3. mating 90' flanged elbow. The elbow was filled ;

j with epoxy and allowed to cure, encapsulating
3.1 Containnient Vessel the instrumentation leads and thermocouple

j sheaths. The elbow was then bolted to the
| An aluminum containment vessel was used in Danged port, sealing the instrumentation cabling. |

'

l SURC-2 to ensure that nearly all of the reaction A flanged port in the top of the vessel was fitted

| products would pass through the instrumented with a 5 cm 0.D. x -157 cm wall x 1 m long,
i exit now p1ing. A sectional view of the water 304 stainless steel tube. This tube connected the
; cooled containment vessel is shown in Figure interacti; crucible with the flow system instru-

3.2. The vessel was fabricated in two sections mented for sampling evolved gas and acrosols
using 2.5 cm thick, weldable 6061-T6 aluminum and measuring gas Dowrate.

alloy. The two sections were assembled using;

! 24,1.4 cm diameter hex head bolts and nuts The inside floor of the lower vessel was lined
securing the mating Danges. The Gange of the with six inches of standard refrrctory MgO brick
lower section incorporated a double 0 ring for and back filkd with fine MgO powder. The

scaling. The vessel was supported by four 10 cm perimeter of the floor was built up with an extra
diameter x 45.7 cm long legs welded to the layer of bricks six inches high and two inches
bottom of the lower section. Ba:ic features of thick. This was done to protect the vessel from
the vessel are shown in Figure 3.2. The internal melt attack should any molten material breach the

volume of the g ssel was calculated to be approx-
interaction crucible during the experiment.,

1 imately 2.0 m
The vessel was pressure tested and certified to

Aluminum (6061-TU) tubing 2.5 cm in diameter operate either in a partial vacuum or up to
was welded to the outsic'e and top of the vessel at 20 psig.

a pitch of approximately 10 cm. This tubing was
used to circulate a mixture of 50% by volume 3.2 Interaction Crucible
ethylene glycci in water used to cool the vessel
during the experiment. The bottom of the vessel The interaction crucible for SURC-2 was
was coolei by means of three large reservoirs designed to limit concrete erosion to the
welded to the bottom of the vessel. The tubing downward or axial direction. The materials used
and reservoirs were connected in series to form ;n the construction of the interaction crucible
a single cooling circuit. have been discussed in detail in Sections 2.1 and

2.2. The crucible used in SURC-2 was cylindri-
Bolted, flanged ports located in the lower section cal and is shown in Figure 3.3. The main body
of the vessel were used to provide feedthroughs of the crucible was cast in two sections--namely
for power and instrenentation leads and for the upper and lower crucible. The overall
mounting fittings to connect a pressure transducer dimensions of the crucible are 60 cm diameter
and tubing for supplying argon purge gas. x 100.0 cm high with a 40.0 cm diameter cavity
Another port was fitted with a spring-loaded 60.0 cm deep. Cast into the bottom of the lower

NUREG/CR 5564 18
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lhperimental

crucible was an instrumented basaltic concrete Seventy-two thermocouples were cast into the
cylinder 40.0 cm diameter x 40.0 cm thick. The concrete in three array:.. The array containing;

upper crucible was cast with an annular step and thermocouples designated Cl through C24 was
the lower crucible with a mating annular recess. located on the axial centerline at one centimeter

,

The two crucible sections were assembled and intervals (0,1, 2, etc.). The array containing'

scaled with Saureisen Cement No. 31. thermocouples designated C25 through C48 were
;

located on a line parallel to the center axis at a
j

The annulus of the upper and lower crucible and radial distance of 10.0 cm. The third array'

cover was cast using a reusable steel casting form designated by thermocouplet C49 through C72'

constructed in a clam shell arrangement. Bolts was located near the perimeter of the concrete l

were placed through the crucible cover and cylinder at a radial distance of 18.0 cm. The ;

threaded into brass anchors cast into the upper depth of the thermocouples in the latter two j

crucible securing the cover. A detailed descrip- arrays were identical to the axial array. The j

tion of the casting forms and fabrication proce- locations of the thermocouples cast into the i

dures is presented in Appendix B of the SURC-4 concrete cylinder are tabulated in Table 3.1. The
document (Copus et al.,1989J. sheath of each thermocouple was bent at an angle ;

of 90',10 sheath diameters from the tip. This l

3Approximat ly 0.18 m of Mgo castable ceramic was done to minimim *e errors caused by heat j
and 0.05 m of basaltic concrete were required conduction down the metal sheath. Installation of j

per crucible cast. The total estimated mass of the a typical thermocouple array is shown in Figure
'

crucible was: 3.5.

Annulus - MgO Cgtable Six four-hole alumina tubes were cast into toe j

Volume - 0.15 m @ 2680 kg/m3 = 402 kg concrete slug parallel to the axial ccnterline, |

60 degrees apart at a radial distance of 14 cm.

Cover - Mr0 Castgble Installed in each tube were two type S and two
Volume - 0.03 m @ 2680 kg/m3= 80 kg type C thermocouples located at various depths

from the surface of the concrete cylinder. These
Concrete Cylinder - Basaltic Concrete thermocouples were used to measure melt tem-

Volume - 0.05 m3 @ 2400 kg/m3 = 120 kg perature and their locations are tabulated in |
!

Table 3.2. As the meltpool attacks the concrete, I

TOTAL MASS 602 kg the alumina tubes are exposed to the meltpool
and the embedded C and S type thermocouples |

The annulus, concrete cylinder, and crucible then record the melt temperature. Figure 3.5 |
cover were instrumented with 117 type K thermo- shows an installation of a typical alumina tube
couples cast into the crucible in 16 arrays to with the type S and type C thermocouples.
measure thermal response. Figure 3.4 shows the j

relative thermocouple locations and the various Thermocouples used to monitor sidewall tempera - i

arrays cast into the crucible. This figure also tures in the MgO annulus of the crucible were |

| shows the nomenclature used to describe the installed into pre-cast MgO cylinders prior to |

|
locations of the thermocouples in cylindrical casting as shown in Figurc 3.6. The ends of the !

coordinates, -specifically r, 0, z and t, cylinders conformed -to the curvature of the
Additionally, six type S and six type C annulus of the casting forms providing a good 6t.
thermocouples installed into six alumina tubes The cylinders were bolted to the inside diameter - |
were cast into the basaltic concrete cylinder to of the outer steel crucible form by threading a
racasure melt temperature. small hex head bolt into a small brass anchor

NUREG/CR-5564 22
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Figure 3.4 Relative thermocouple locations, SURC-2 crucible

23 NUREG/CR 5564

. . . . .
. . ..

.
.

..
_.



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

,

;

,

| Experimental

| Table 3.1 location of thermocouples east within the concrete
i cylinder, SURC-2 (see Irigure 3.4)

I

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

i

i Cl 0 0 0
1 C2 0 0 1.0

i C3 0 0 2.0
| C4 0 0 3.0

C5 0 0 4.0'

C6 0 0 5.0

| C7 0 0 6.0
C8 0 0 7.0
C9 0 0 8.0

| C10 0 0 9.0 |

Cl1 0 0 10.0 |
| C12 0 0 11.0 |

Cl3 0 0 12.0 !-

C14 0 0 13.0
C15 0 0 14.0
C16 0 0 15.0,

| C17 0 0 16.0
Cl8 0 0 17.0
C19 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
C24 0.0 0 35.0
C25 10.0 0 0.0
C26 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 6.0
C32 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 12.0
C38 10.0 0 13.0
C39 10.0 0 14.0
C40 10.0 0 15.0

NUREG/CR 5564 24
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,

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

r 0 -z
%crmtc,uple No. (cm) (degree) (cm)

C41 10.0 0 16.0
C42 10.0 0 17.0
C43 10.0 0 18.0
C44 10.0 0 19.0
C45 10.0 0 20.0
C46 10.0 0 25.0
C47 10.0 0 30.0
C48 10.0 0 35.0
C49 18.0 180 0.0
C50 18.0 180 1.0
C51 18.0 180 2.0
CS2 18.0 180 3.0
C53 18.0 180 4.0
C54 18.0 180 5.0
C55 18.0 180 6.0

! C56 18.0 180 7.0
| C57 18.0 180 8.0
; C58 18.0 180 9.0
j C59 18.0 180 10.0

C60 18.0 180 11.0
j C61 18.0 180 12.0
: C62 18.0 180 13.0

C63 18.0 180 14.0
i C64 18.0 180 15.0
? C65 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

: C70 18.0 180 25.0
C71 18.0 180 30.0
C72 18.0 180 35.0

!

t

i

i

|
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ZlRCONIA POWDER THER OCOUPLE
(1.6 mm dia.)

10 SHEATH DIAMETERS==

\ MINIMUM (1.0 cm)CONCRETE SURFACE m,

10 m - .\'

30cm -

| \ ,'
N NI

2.0 cm -
IN'

'

\\'
'

-

4.0 cm -
I N,',\\l-

\ \l \,
'

5,0cm -

h \\l k,6.0cm -'

' \ 7.0 cm 1

x xW NM s
1.0cm ~ .L;

TYPE C AND S/ : ,
THERMOCOUPLES

*

FOUR HOLE
ALUMINA TUBE (1.6 mm dia.)

-

,',- *

(0.6 cm dia,) ~,
-. .

.'
*

STAINLESS STEEL
RIBBON (0.4 mm THICK) ,

.

.

Figure 3.5 Typical thermocouple arrays cast into the concrete .
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Experimental

Table 3.2 12 cation of thermocouples installed in the alumina
tubes and cast into the concrete cylinder, SURC-2

Tube 'Ihermocouple lhermocouple r 0 -z
Number No. Type (cm) (degrm) (cm)

4 T41 C 14 180 1 .

1 T1 1 C 14 0 2
2 T2-1 C 14 60 2
5 T51 C 14 240 2
3 T3-1 C 14 120 3
6 T6-1 C 14 300 3,

'

4 T4 2 C 14 180 4.5
1 TI-2 C 14 0 5
2 T2 2 C 14 60 5
5 T5 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
5 TS-3 S 14 240 11.0
1 Ti 3 S 14 0 12.0
2 T2-3 S 14 60 13
3 T3-3 S 14 120 13
6 T6-3 S 14 300 13
4 T4-4 S 14 180 15
1 T1-4 S 14 0 15.5
5 T5-4 S 14 240 18
2 T2-4 S 14 60 19
3 T3-4 S 14 120 19
6 T6-4 S 14 300 19

,

i
27 NUREG/CR-5564

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



..

Experimental

CAVITY FORM,

/ n
TYPE K THERMOCOUPLES j},

(1.6 mm dia)
,

PRECAST MgO
' CYLINDER
)
_

BOLTgge
N'\ N

''

Ns s\ \ \ \s" N

\

-(,%du-_ _ . _
y '

:-,

%-N7'. s- s _j-- -' --

\ 's N's i s "
i

'
\ | \x x N

BRASS ANCHOR

10cm
-> e 0.5cm

U
CLAM SHELL

_ CRUCIBLE FORM

Figure 3.6 %crmocouple array installation, MgO annuius
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cast into the MgO cylinders. This method for assemblics draw power from the magnetic induc-
installation of sidewall thermocouples accurately tion Geld. This energy heats the metallic
positions the thermocouples which is critical for susceptors which in turn heats the oxide charge
heat flux calculations. The thermocouple tips materials via conduction and radiation heat trans-
were oriented in a horizontal plane parallel to the fer. The number and size of the susceptors de-
base of the crucible and perpendicukt to the termine the boundaries of the meltpool and the
thermal front. The speciDe locations of the material w.1 shape of the susceptors determine
sidewall thermocouples are tabulated in the heating efficiency. This technique was
Table 3.3. developed by E.R. Copus at Sandia National

Laboratories and has been used to melt SiO ,
2Two thermocouple arrays were cast into the al O , UO , and UOrZrO materials. Detailed2 3 3 2

crucible cover. Like tne arrays cast into the information on the development of the inductive
annulus, the thermocouples were installed into ring susceptor technique is reported by E.R.
pre-cast MgO cylinders. The locations of these Copus [Copus,1983] and experimental efforts
thermocouples are listed in Table 3.4. The t using the technique are described by Copus
dimension given in the table is referenced from [Bradley and Copus,1986] and J.G. Gronager
the bottom face of the crucible cover. [Gronager et al.,1986].

3.3 Induction Coil The charge assembly for the SURC-2 test
consisted of 3 clements: (1) the oxide melt

The induction coil used in the SURC 2 experi. material, (2) the ring susceptor assembly, and
ment was designed and built by Inductotherm (3) the boundary insulation layer. A schematic
Corporation. The coil was fabricated with depicting the layout of the charge assembly wa*
3.8 cm O.D. copper tubing having 20 turns with Previously shown in Figure 2.5. The oxide melt
a pitch of 4.2 cm. The coil was supported by six material in the SURC 2 experiment was formed
equally spaced hard rock maple columns 7,5 cm from isostatically pressed cylinders of 63 w/o
x 5.5 cm x 100 cm long attached to the outside UO - 27 w/o ZrO - 10 w/o Zr. These cylinders2 2

of the coil. The dimensions of ''.e coil were were crushed into particulate form just prior to
61 cm I.D. x 71 cm high. Aftcr the coil was the execution of SURC-2. The particulate
placed around the crucible and centered on the material was evenly distributed within the central
oxide charge inside the aluminum containment charge volume which had dimensions of 52 cm
vessel, fiber glass cloth was attached to- the (height) x 35.6 cm (diameter). The oxide melt
outside of the support c nns. Fine MgO material weighed 167.5 kg and had an approxi-
powder was placed betweeri the cruciole and coil mate density of 3.6 g/cm'.
and dry K/R Cast-98 was placed between the coil
and fiber glass shroud. This was done to protect The ring susceptor assembly for SURC-2
the coil from contact with debris, should the consisted of five tungsten ringt., three tungsten
crucible fail. guide rods, and fifteen tungsten spacers. All of

the tungsten rings were 35,6 cm in diameter and
had a central hole diameter of 7.6 cm. The top

3.4 Charge Assembly four rings had a thickness of 0.32 cm and were
spaced as shown in Figure 2.5. The bottom ring

The inductive ring susceptor technique was used had a thickness of 0.64 cm and.was spaced 7.5
to melt and sustain the molten state of the oxide cm above the zirconia board insulation layer,
meltpool. Basically, this technique uses embed. Three guide rods were used to prevent skewed
ded tungsten susceptors which are inductively collapse during the melting and interaction
heated using an external coil. The susceptor phase of experiment. These rods were 1.3 cm
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Table 3.3 12r.ation of thermoccuplet cast within the higO
sidewall, SURC-2 (see l'igure 3.4)

Array %cnnocouple t 0 z

No. No. (cm) (degree) (cm)

I hil 0.5 0 -20.0
h12 1.5 0 -20.0
hi3 2.5 0 -20.0
hi4 9.0 0 -20.0

2 h15 0.5 0 -15.0
hi6 1.5 0 -15.0
h17 2.5 0 -15.0

3 hi8 0.5 0 -10.0
h19 1.5 0 -10.0
bil0 2.5 0 -10.0
bill 9.0 0 -10.0

4 hil2 0.5 90 - 5.0
bil3 1.5 90 - 5.0
bil4 2.5 90 - 5.0

5 hil5 0.5 90 v.0
hil6 1.5 90 0.0
hil7 2.5 90 0.0
hil8 9.0 90 0.0

6 hil9 0.5 165 + 5.0
h120 1.5 165 + 5.0
h121 2.5 165 + 5.0

7 hi22 0.5 165 + 10.0
ht23 1.5 165 + 10.0
h124 2.5 165 + 10.0
h125 9.0 165 + 10.0

8 hi26 0.5 270 +15.0
hi27 1.5 270 + 15.0
h128 2.5 270 + 15.0

9 hi29 0.5 270 + 20.0
h130 1.5 270 + 20.0
h131 2.5 270 + 20.0
hi32 9.0 270 +20.0

10 h133 0.5 0 + 35.0
hi34 1.5 0 + 35.0
hf35 2.$ 0 -r35.0

11 hi35 0.5 0 + 50.0
hi37 1.5 0 +50.0
h138 2.5 0 + 50.0
hi39 9.0 0 + 50.0

I
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Table 3.4 location of thermocouples cast within the
crucible cover, SURC-2 (see Figure 3.6)

_

Army 'lhermocouple t 0 z
No. No. (cm) (degrec) (cm)
12 M40 10.0 0 0.5

M41 10.0 0 1.5
M42 10.0 0 2.5

13 M43 10.0 180 0.5
M44 10.0 180 1.5
M45 10.0 180 2.5

i
-

in diameter and 40 cm in itngth. The tungsten configured in this manner to minimize concrete
spacers were 0.64 cm in diameter and 2.5 cm in dehydration during initial heating and prior to
length. Five spacers were placed in the bottom, melt attack. As the charge was built up within
middle, and top rings with I cm above and I cm the crucible, fine UO powder was used between,

2below each ring so that ncre of the sings would the crucible sidewall and charge material. The
touch each other during il e test. The total annular thickness of the powder was 2.5 cm and
tungsten ring assembly weighed approximately spanned the height of the charge of 52 cm. The
50 kg.

average density of the UO insulation boundary
3 2

layer was 4.9 g/cm and its total weight was
33.1 kg. The powder at the sidewalls sintered

The boundary insulation layer of the charge during the experiment providing an insulating
consisted of a zirconia insulating board placed on skull preventing melt contact with the MgO
top and at the base of tbc charge and an annulus crucible. A 2.5 cm zirconia board was placed on
of fim. uranium dioxide powder. The zirconia top of the charge. This was done to prevent heat
boards were 40 cm in diameter. A 1.3 em-thick losses. The total mass at the two zirconia boards
board was placed .on top of the concrete cylinder, used in the charge was 1.7 kg. The total mass of
This was followed by a 1.3-cm-thick layer of the charge including 3.4 kg of fission product
fine UO2 Powder. The base of the charge was simulants was 203.9 kg.
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4.0 Instrumentation and Calibration

The HP 10GO data acquisition system used 197 These thermocouples had a 0.16 cm diameter,

data channels to record the results of the SURC-2 stainless steel urgrounded sheaths. Six sets of

tcst. Of these,162 were thermocouple channels. two type S and two type C (Tungsten - 5%

| Seventy two thcarmocouple channels were used to Rhenium vs. Tungsten 26% Rhenium) thermo-

j manitor axiki erosien in tb concrete. An couples were mounted in alumina tubes and cast |
i

additional M thermocouple channels were used to into the concrete. The alumina tubes were
;

i record temperaNres in ti,e crucible sidewalls and 0.64 cm in diameter and contained four 0.2 cm
lid. Eleven thernvxouples were located in the diameter holes in which the thermocouples were

;

j system to monitor the temperature cf power installed. The type S thermocouples installed in

supply water ard cfCuent gases Seven more the alumina tubes were 0.16 cm diameter, and'

! thermoccupks were used to mordtor the tempera- had ungrounded, tantalum sheaths. The type C

|
ture within the actosol collection system, and the thermocouples also had a 0.16 cm, ungrounded,

; last 27 thermo;ouple chantiels were used to tantalum sheath. These alumina tube arrays were
_

record tae meltpool:emperature. cast into the concrete slug on a radius of 14 cmi
from the axis and at 60 degrees. Theta for the

! Thirty five data channek were voltage channels, angular orientation of these arrays is taken to be
Fourteen of these were wd to mocJtor pressure zero relative to the sidewall array located
a flow through the sy;ttm. Or9 was esed to at z = -20 cm. Positive theta is clockwise
record the relative opacity of the gas stream, looking dowr' on the crucible from the top. The

Five more were used to measure the induction type S and the type C thermocouples were
coil power and coolant flow levels. Three installed for measuring melt temperatures. These

channels were used to record the output from the thermocouples also provided some data ca the

optical pyrometer. Four were used to rr.onitor concrete thermal response prior to ablation which

the composition of the effluent gas and the last complimented data from the arrays of type K
eight were used to record aerosol data. Each thermocouples.i

| channel was recorded every ten seconds for the
first 90 minutet he test and every Cve seconds The type K thermocouples were cast into the
at times thereafter, concrete primarily to measure the thermal

response and to indicate the position of ablation
,

in addition to the HP 1000 data system, data front. The C and S types were installed into

were sampled and stored with the SEDS aerosol the four hole alumina protection tubes to measure

system (31 channels), the gas grab sample system melt pool temperature. Each of tnese thermo-
a ven channels), the Infocon Mass Spectrometer couple configuraticas was comprised of

in.ne channels), and a video camera / recorder 0.254 mm wirejunctions. The time constant for
these metal sheathed thermocouples based onsystem.
water studies published by the manufacturer is ;

"
'

4.1 Thermocouple and Pyrometer
Instrumentation The temperature range of the type K thermo--

couples is 273 K to 1523 K. The maximum limit

Seventy-two thermocouples divided into three of error using manufacturer's calibration data is

groups were cast into the concrete slug of the i9.4 K at 1523 K [ Omega Engineering Inc.].-

interaction crucible. The relative locations of These thermocouples. are primarily used to

the thermocouples were discussed in Section 3.2. measure temperatures in the concrete and. to :

One typical array of 24 type K thermocouples indicate the position of the erosion front. The

was located on the axial centerline. Thermo- temperature measured by these thermocouples

couples in this array were spaced 1 cm apart. increases with the approach of the advancing melt
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!
; Instrumentation
?

j front. They rapidly fail after contact with the The S type junction functions better thui the C
! melt front by oxidation or dissolution of the type in an midizing environment, however, it
; sheath material and junction, thus, indicating the does not have the temperature range of the C

$j
position of the ablation front. tupes. To get a reliable temperature measure-

ment with these two types of thermocouples, they
] The type C and S thermocouples installed in the only need to survive contact with the melt oool
j four hole alumina tubes are used to indicate the for approximately 30 sec. Melt pool tempera-
] temperature of the melt pool. The alumina tube tures have been successfully measured using this
i protects the thermocouples long enough to ob!ain technique in numerous sustained core / concrete

a reliable temperature reading for up to several experiments conducted in the past.
'

i minutes prior to failure. The sheath material and
j junction then fail by oxidation or dissolution into An additional 45 thermocouples were used to
i the melt pool, monitor the Mg0 sidewall and lid temperatures.
| Loe-' ions for these K type devices are also
j The type C thermocouples were installed in the described in Section 3.2. These type K

alumina tubes at concrete depths from z = -1 cm thermocouples were identical in sheath material
i to -7 cm. This is the region where the initial and diameter as those cast in the concrete.
; mc9 pee *emocratures will be the highest.
] These thermocouples have a range of 273 K to In addition to the thermocouples, three fiber optic
; 2593 K. The maximum limit or eror using the pyrometers manufactured by Micron incorporated

manufacturer's calibration is 125.9 K [Omvga were used to measure the temperature of the
Engineering Inc.). oxidic debris. Fiber optic pyrometers were used

becauso the focusing head and lens assembly,

j The type S thermocouples have a range of 273 K were very compact and the fiber optic signal
i to 2033 K. The maximum limit of error using transmitted to the signal conditioner was not
. manufacturer's calibration is f_5.1 K [ Omega affected by the electric field caused by the
j Engineering Inc.). These thermocouples were induction power supply. These pyrometers
: installed in the alumina protection tubes at provided virtually a noise-free output signal
i concrete depths ranging from z = -10.5 cm to proportional to the temperature measured at their
; 19 cm. At these depths, a sufficient amount of focal point. A schematic showing the hardware
j concrete will be taken into solution with the and instrumentation used - in the pyrotube
j uranium dioxide to reduce the melt temperature assembly is shown in Figure 4.1.1. Each of the

,

of the pool to a range that can be measured by pyrometers was attached to a closed end thick :
;

! these thermocouples. walled tungsten pyrotube measuring 2.5 cm O.D. |'

and 1.3 cm I.D. The lengths varied so that the '

i The tantalum sheath and junction of the type C debris temperature could be measured at three
1 thermocouples is not well suited to operate in t different elevations. The length of the pyrotubes
i severe oxidizing environment. These thermo- were 66,76, and 81 cm long. The bottom of the'

couples function best in an inert environment pyrotubes were located 0, 5, and 15 cm above
which extends their period of survival. As a the 1.3 cm thick zirconia insulating board placeds

i result, these thermocouples will perform well directly on the concrete. The three pyrotubes'

installed-in the bottom of the argon purged were precisely located in the center of the charge
i tungsten pyrotubes that will be discussed next. equally spaced on a 5.4 cm diameter bolt circle

These thermocouples will provide a reliable as shown in Figure 4.1.2. The tungsten tubes
secondary measurement of the charge temperature were connected to a stainless steel adapter using
indicated by the fiber optic pyrometers focused at a stainless steel tube to pipe aday2r as shown in
the bottom of the pyrotubes. Figure 4.1.3.4

!
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I

.

I I

| FIBER OPTIC
| | PYROMETER
| | (FOCUSSED FOR .25' l

STAINLESS STEEL TARGET DIA @ 36")' '

AD APTER (304) | |

'
? - TYPE C

| | | | THERMOCOUPLE

'\ | | 's
NN i .

s 'ARGON PURGE x PIPE
INLET (1/4 OD STAINLESS) _. .N \

~~ PLUG

.---.-}1=
x

s
N s

^ ARGON EXHAUST'

(STAtfJ E S '\ \ (1/8 OD STAINLESS)
-- N.----g

.

TYPE K \ WATER COOLED
THERMOCOUPLE 'N PYROMETER SUPPORT PLATE,

{N'._,_f\] (COPPER)
,

|\ | N|
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'

.' gg

COOLING WATER COOLING COI.. COOLING WATER

L J (COPPER) EXITINLET

SWAGELOK FITTING
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!
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Figure 4.1.1 Schematic of fiber optic pyrotube assembly
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Instrumentation

Each of the three stainless steel adapters was 4.2 Gas analysis Instrutuentation
threaded into a water cooled copper plate. This
plate serwd to support the pyrotube assemblies Gas composition analysis for the SURC-2 test

i

and keep the pyrometer heads cool during the was donc using three techniques: An Infoconexperiment. Installed into each pter was a Model IQ200 mass spectrometer, an Infrared
type K thermocouple to monitor pyrometer head Industries Series 700 CO/CO

i

temperature, a type C thermocouple installed 2 detector, and

inside a thin walled tantalum tube measuring
integral grab samples. The Grst two techniques

0.32 cm OD x 0.25 cm ID. The tantalum tube
yield real time data which is viewed on line and

with the type C thermocouple installed was stored on computer disks. The grab samples are
stored and analyzed posttest using both gas

' routed through a stainless steel Swageloc tube to
chromatography and mass spectrometry. A

;

pipe adapter located on the pyrotube adapter schematic layout of the SURC-2 gas composition
down to the bottom of the closed end tungsten sampling apparatus is shown in Figure 4.2.1.
pyrotube. The base of the tantalum tube (not
including the thermocouple sheath) was bent at a

Three different sampling beations were utilized,
right angle to keep the assembly adjacent to the

1.ocation No. I was downstream of the maininside diameter of the tungsten tube so as not to exhaustline gravel filter. location No. 2 was
-

obstmet the focal area of the pyrometer. In between the containment vessel and the gravel
order to keep the tantalum thermocouple sheaths

61ter and location No. 3 was inside the aluminumfrom oxidizing during the experiment, argon was
containment vessel. All sample lines for gas

<

purged into the assembly very close to the lense
collection were 6.4 mm (.250 in) 0.D. stainlessof the pyrometer head. The tantalum tube served
steel with Swageloc stainless steel 6ttings and

as the exhaust for the argon purge gas, thereby, Nupro plug valves. Inline Alters used forconstantly Gooding the tungsten pyrotube and
SURC-2 were 0.3 micron Gelman HEPA filterssheaths of the type C thermocouples with a flow
with an element of acrylic copolymer.of argon. This minimized the potential for

oxidation and ultimate failure. The head of each Type K thermocouples were used to monitor
pyrometer was threaded into the stainless steel

sample gas temperatures at the Gow pipe sampleadapter and secured with a lock nut. The 4 m
port and at the CO/CO2 mor.itor. A stjnlessOber optic extension leads were routed to their
steel cold trap with a volume of 75 cm and

respective electronic modules through a connector

located in the side of the aluminum containment
cooled with ice was used to prevent large'

vessel. Figure 4.1.3 shows the installation of the amounts of water from fouling the analysis
equipment. A single Gast diaphragm type airpyro head assembly on the crucible cover.
pump was used to provide Gow for the gas

Each pyrometer was calibrated prior to the analysis system and flow indication for the

experiment with a black body source and system was measured by self indicating rota-
meters. The CO/CO
tored with a Dwyer 0 2 supply was also moni-calibration standard. The calibration curves

10 sefh air rotameter.-showing a plot of temperature as a function of
voltage and resulting least squares At is shown in
Figures 4.1.4,4.1.5, and 4.1.6. The heads were Samples from the grab sample systern were

calibrated at a focal distance of 76 cm. Devia-
analyzed by gas chromatography / mass spectro-
metry using a Tracor MT-150g gas chromato-

tion from this focal length only affected the spot graph and a Finnigan Mat 271/45 masssize measuring 0.64 cm in diameter. For the;

differences in focal lengths discussed, the change spectrogeter. The samples were contained in
in spot size is negligible and well within the 150 cm stainless steel bottles with 1/4 in. NPT

diameter of the tungsten pyrotubes. solenoid valves for closures. All sample bottles
were evacuated to a pressure of 100 mtorr
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Figure 4.2.1 SURC-2 gas sampling schematic
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immediately before the test and pressure per 0-50%; and percent CO2 as 0-5 volts per
transducer output was used to . nark the time of 0-20 %.

sampling events by monitoring manifold pressure.
The grab sample system samples were manually 12yout and Imcation

*
actuated and recorded. A remote control pai
housed valve position indicator lights ai The location of the various support components

two-position switches for controlling the valves and analysis equipment can be seen in Figure
4.2.1. The UO -ZrO filters for the gas sampleused in acquiring the grab samples. 2 2
lines were mounted on the expansion chamber

The CO/CO2 analyzer operates on an infrared flange approximately 15 cm downstream from the -

absorption tecnnique using Infrared Industries end of the sample tube which was located inside
Models 702 and 703 detectors (Figure 4.2.2). the containment vessel. The HEPA filter and
Carbon monoxide is monitored over a range of cold trap were located just upstream of the grab

0-50% and carbon dioxide is monitored over a sample lind approximately 8.5 m from the inter-
range of 0-20%. Response time is 5 seconds for action crucible. The diaphragm air pump and
90% of the reading with a sensitivity of 2%. flowmeter were located at the CO/CO2 monitor
Output for the detectors to the data acquisitioc. supply line. Temperature inside the containment

system is 0-5 volts. vessel was measured by one of the type K
thermocouples, while another type K thermo-

Another diagnostic tool for gas data used for the couple measured the gas temperature at the
CO/CO monitor sample tee.SURC-2 test was a quadripole residual gas 2

analyzer, Infocon ndel IQ200 (Figure 4.2.3).
This instrument was set up in the table display The grab sample system tied into the main gas |
mode and controlled automatically with a Hewlett line using a 6.4 mm (0.250 in.) 0.D. stainless
Packard 9826 computer for scanning specifically steel tube. Each sample line was teed to the
selected masses corresponding to the gas species main line with 3 cm of this tube. This equipment
of interest: H,,H30,CO,03 Ar, and CO,. wes located adjacent to the CO/CO, monitor and
A pressure cinvert'er manifold,with a 10 torr the mass spectrometer approximatefy 9.0 m from

orifice, 271pm vacuum pump, and 0.5 mm the SURC-2 containment chambe.. The control
(0.020 in.) I.D. capillary tube provided the panel for manual sample acquisition was located

ability for continuous sampling from a pressure in the remote control center along with other
of up to 2 atmospheres a the sample source, instrumentation.
down to 10 torr at the analyzer supply where the
associated 1501ps turbo pump could maintain The CO/CO, instrument was located in the
10-6 torr at the analyzer head. A Faraday cup shielded computer room where it was connected
detector was used to produce the currents for to the main gas line by a 6.4 mm (.250 in.) O.D.

2 ube. A diaphragm pump and flow-UO ZrO tanalysis. 2
meter supplied the sample gas from the main gas

For data acquisition, the Hewlett_ Packard 1000 stream for the infrared detectors. The distance
(right side--Figure 4.2.2) series computer system upstream to the SURC-2 test article was 9.5 m
was used vith acquisition rates of 15 seconds for (31 ft).
the test warm-up and 5 seconds for the majority
of the run where test events necessitated a faster The Infocon mass spectrometer was also located

rate. Data inputs from gas composition data in the shielded computer room and was connected

were: temperature from the containment cham- to the main gas stream by a .5 mm (0.020 in.)
ber thermocouple; temperature from the CO/CO2 1.D. capillary tube and was situated approxi-
monitor thermocouple; percent CO as 0-5 volts mately 10 m (33 ft) from the test vessel.
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Calibrations is mounted in the top part of the containment
vessel and is fit into the crucible cover. The

in situ calibrations for the different gas sampling tube material was 304 stainless steel having
equipment were accomplished with primary dimensions of 5.1 cm O.D. x 0.17 cm wall x
standard calibration gas mixtures from Alphagaz. 1.2 meters long. Several 0.32 cm diameter holes
For the analysis, mixtures of 2.0% H , 25.1 % were drilled in the sidewall of the tubes in the2
CO,10.0% CO , 62.9% Ar (Alphagaz Mix 1) section residing inside the containment vessel,3

and 45.0% CO,15.0% CO ,40% N (Alphagaz These holes were used to provide a pathway for
'

2 2
Mix 2) were analyzed in addition to the SURC-2 the argon gas used to purge the experimental
test samples. Results from these calibrations are chamber and provide background gas for gas
listed on Table 4.2.1. composition measurements. A 5.1 cm diameter

stainless steel vacuum tee was mounted to the top
The CO/CO analyzer was calibrated according of the exhaust tube. The vertical Dange of the2
to the operating refeience manual using gas tee was fitted with a 5.1 cm diameter ball valvei

'

mixture Alphagaz Mix 2 as well as pure nitrogen. used to deliver the zirconium metal. The
This calibration procedure was accomplished horizontal Gange of the tee was connected to a
pretest. Following the test completion, the zero 5.1 cm O.D. x 0.17 cm wall x 1.8 meter long
and full range were again checked to ensure that length of stainless steel tubing. The end'of this
there was no significant drift. tubing was fitted with a 5.1 cm O.D., stainless

steel Ganged cross. The centerline of all tht.
After the test, the calibration procedure for the Dange ports on the cross were positioned in a
mass spectrometer was completed again and parallel plane. The cross was used to mount an
showed no significant drift. Operational checks opacity meter and a nozzle for sampling the
of the support instrumentation included response aerosol. The cross was adapted to a 2.0 meter
of the thermocouples from below ambient to section of 5.1 cm diameter 150 pourA schef de
above ambient as compared with other type K 40 black steel pipe via a 5.1 cm boltea uang: A
thermocouples in the same environment. Flow 1.02 cm diameter, sharp-edge, concentric oriftee
measurements through the self-indicating was mounted between two flanges 1.0 meters
rotameters were matched with several other from the stainless steel cross. Two Validyne
similar flowmeters. Output from the pressure pressure transducers were connected in parallel
transducer was monitored while changing the across pressure taps machined in the flanges.
grab sample manifold configuration from pressure Another pressure transducer was connected to the
to vacuum conditions. flange upstream of the orifice to measure gas

now pressure.
4.3 Flow Device Instrumentation

The section of pipe containing the orifice was
Five different devices were used to measure the connected to the top of a gravel filter with a
gas flow rate in SURC-2: A 1.02 cm orifice 1.1 meter length of 5.1 cm black steel pipe using'

plate, a laminar flow element, a turbine meter, a a combination of flanges and fittings. The gravel
Rockwell 415 gas clock, and a Rockwell 750 gas filter had an inside diameter of 25.4 cm and was
clock. Figure 4.3.1 shows a flow train schematic filled with sand to a depth of I meter. The
of the hardware for SURC-2. gravel filter was used to filter aerosols,

preventing them from entering the laminar flow
The flow system consisted of a series of piping, device and the two gas clocks located down-
tubing, and a gravel filter instrumented with a stream. The filter was designed and tested to
variety of devices for measuring gas flow rates. remove 99% of the aerosols at flaw rates of 300
The flow system starts with an exhaust tube that slpm with a backpressure of less than .25 psig.

r 45 NUREG/CR-5564
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Table 4.2.1 Results of grab sample analysis on calibrated gas using gas chromatography

H (%)N (%) Ar(%)CO (%)SAMPLE # CO(%) 222

Alphagaz Mix 1 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 M nitor 23.4 10.0 N.D. N.D. N.D.
2

Alphagaz Mix 2 45.0 15.0 40.0 0. O. |
Grab Size 44.5 15.6 39.8 N.D. 0.2

*NOT DETECTED

Connected to the outlet of the gravel filter pressure. This makes low flow rates difHcult to
were two lengths of 2.54 cm schedule 40 black measure accurately.

steel pipe, 50.8 cm long. A laminar now
element (LFE) was installed between the two pipe The orince flowmeter used in the SURC-2
sections. The LFE was instrumented with a experiment had an opening of 1.02 cm and was
Validyne differential pressure transducer. The mounted between Danges in a 5 cm I.D. pipe.
end of the flow train was terminated by two This pipe was mounted to the SURC-2 contain-
Rockwell gas clocks mounted in series. The gas ment vessel so that 80 cm of straight pipe
clocks were connected using 2.5 cm schedule 40 preceded the flow device and Tt least 50 cm of
black steel pipe fittings. straight pipe followed the device. Three

Validyne pressure transducers were used in
The principles of operation and pertinent conjunction with the orifice plate. Two of these
equations for orifice plate flowmeters may be were used to record the differential pressures
found in [Bak:r and Pouchot,1983). The orifice across the plate and had operational ranges of
plate flowmeter is probably the most widely used 0-2 psi and 0-5 psi. The third pressure
flowmeter in service today. It is found mostly in transducer was used to measure the system
field use and is simple, rugged, reliable, pressure and had a range of 0-10 psig. All of
accurate, and inexpensive. Orifice plates used these devices were calibrated as a set--both in
for gas measurement are considered to be the laboratory and at the test site-using several
accurate to 1-2% based on physical dimensions different gases and a rame of flow rates. Results

and published correction factors. it should be of the laboratory cofibration are shown
noted, however, that uncertainties in differential graphically in Figure 4.3.2.
pressure (the measured parameter), temperature,
line pressure, and gas density can easily The laminar flow element (LFE) is a group of
overwhelm the uncertainty from the laboratory capillary tubes bundled together to form a matrix
calibration. One disadvantage of the orifice plate such that the flow through each passage is
is that a 10:1 change in differential pressure laminar, even though the total flow upsxeam of
results from only a 3:1 change in flow due to the the device may be turbulent. The LFE is not as
square root relationship between differential sensitive to piping configuration as an orifice
pressure and flow. Hence,50% of expected full plate so that an inlet pipe length of one or two
flow is measured in 20% of expected differential pipe diameters (instead of 5 or 10) is usually
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sufficient to provide a satisfactory flow pattern, composition and that it produces a line.u iesponse
The equations governing the operation of LFE over its design flow range. Some disaNantages
devices are given in Baker and Pouchot [1983]. are that it is susceptible to drag n the gas
One advantage of a LFE is that the relationship contains aerosols or water and that the n; cnetic
between differential pressure (tb measured pickup can be affected by an induction or
parameter) and flow is linear for the range of electrical field,
flows for which it is designed. Calibration of the
device should be done against a primary standard The turbine meter used in SURC-2 was made by
and is a function of gas viscosity which is itself Flow Technology, Inc., and was contained in a
a function of gas composition. A potential 50 cm long pipe with an I.D. of 1.3 cm. The
disadvantage is that the small passages in the operating range of the device is 0-280 slpm as
flow matrix are susceptible to plugging when the indicated by a voltage output of 0-10 volts dc.
gas contains aerosols or water vapor, The turbine meter was calibrated in the

laboratory and at the test site using argon, He,
i The LFE used in the SURC-2 experiment was air, and CO . Results of the laboratory2j designed and built by Calibrating and Measuring calibration are shown in Figure 4.3.4.
j Equipment (CME) and has a nameplate flow

range of 0-300 slpm for air at standard con- The Rockwell gas clocks used in SURC-2 are-
{ ditions. The LFE is contained in a 50 cm pipe dry gas meters. These devices' have four*

with an LD. of 3.6 cm. Differential pressure is bellows-type chambers that alternately fill and
! measured using a Validyne differential transducer empty known volumes of gas. The slide valves
1 with a range of 0-2 psi. The device was that control the cycle are attached to mechanical
| calibrated both in the laboratory and at the test counters that totalize the volume of gas that
; site. Laboratory calibration (Figure 4.3.3) was passes through the meter. These devices are very
j done using a variety of gases with NBS-traceable rugged and bulky and register the total volume in
j critical orifices as the primary standard. actual liters per minute (ALPM). They are
-

impervious to the aerosol or water content in the
The turbine flow meter [ Baker and Pouchot, gas and measure total volume independently

: 1983) consists of a freely rotating propeller without corrections for density or viscosity.
; mounted concentrically in a pipe. The force of Once the volume of the bellows is known, the
i the gas striking the propeller blades causes them accuracy of the gas clocks is within 1%. The
i to rotate at an angular velocity proportional to the major disadvantages of the dry gas meter are its
! gas velocity so that the volumetric gas flow is size and lack of sensitivity to transient flow
| directly proportional to the rotational speed of the perturbations,
| propeller. A magnetic pickup in the rotor causes
+ a voltage to be generated in an extemal electrical The Rockwell 415 gas clock has a stated

coil. The magnitude of the voltage is then operational range of 0-200 LPM at STP. The
i directly proportional to the volumetric flow rate device has a sensitivity of 23.3 liters per cycle.
j for the designated flow range of the device. The The Rockwell 750 was also manufactured by :
F output of the device is in actual liters per minute Rockwell and has an operational range of 0-350
( (ALPM) and must be corrected to standard con- LPM at STP. The Rockwell 750 gas clock has a
; ditions. Turbine flow meters must be calibrated sensitivity of 283 liters'per cycle. Both devices'

to determine the coefficient of discharge but -_ ere callbrated in the laboratory and at the testw
! once this is done are considered to be accurate site with different gases and a range of flow
j to about 1%. Some advantages of the turbine rates. The laboratory calibrations are shown in-
[- flowmeter are that it is insensitive to gas Figures 4.3.5 and 4.3.6.

f
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Instrumentation

After the experimental setup was compirted for Specific measurements were made in order to
the SURC-2 test, an in-situ calibration was determine the aerosol mass generation rate,
performed using argon. This was done to ensure aerosol size distribution, and aerosol
that the laboratory calibrations were still valid, to composition. Figure 4.4.1 is a flow chart
evaluate the entire flow system, and to determine illustrating how each of the three source term
the system pressure as a function of flow rate. parameters mentioned above is determined. The
Results of the in-situ calibration for the orifice acrosol mass generation source rate is the product
Dowmeter, LFE, turbine meter, and system of the melt / concrete gas evolution rate and the

pressure are given in Table 4.3.1. In addition, a aerosol mass concentration in the evolved gas.

systems leak test was performed by valving off The gas flow train described in Section 4.3
the now train and pressurizing the crucible and measures the gas evolution rate. The aerosol
containment vessel. A pressure decay chart for mass concentration is measured primarily by
this procedure is given in Table 4.3.2. Based on filter samples; however, impactor samples and an
the in-situ checks, the initial leak rate from the opacity meter provide additional means of aerosol
crucible was calculated to be 12 slpm at a system mass concentration measurement. The size
pressure of 1.0 psig or 7% of the 165 slpm now distribution of the sampled aerosol is primarily
rate. determined by cascade impactor samples. The

cascade cyclone gives an additional means of
4.4 Aerosol Instrumentation determining the integral acrosol size distribution

over an extended sampling time.

The interaction of hot molten material with
concrete produces an aerosol. In the context of Aerosol composition is determined from

nuclear reactor accidents, the aerosol produced elemental analysis of the aerosol collected on the,

by the interaction of molten ccre debris with filters. A size dependent aerosol composition is
concrete basemat material is a potential source of obtained from analysis of the aerosol collected by

radionuclide release [Brockmann,1987]. the cascade cyclone.

It is, therefore, important to characterize this The sample extraction dilution system (SEDS)
aerosol with respect to its mass source rate, comprised of the filters, cascade impactors,
concentration, composition, and transport cascade cyclone, and the necessary diluti n
properties. The aerosol source term is defined as systems and flow control is shown schematicallyc

the mass source rate of aerosol ;;eneration, its in Figure 4.4.2. An aerosol sample is drawn into

composition, and its size distribution, as well as the SEDS through a gooseneck sample probe
additional parameters such as the dynamic shape Crom Andersen, Inc.). The probe has a nozzle
factor that aids in the description of the aerosol's with a 1/8-in inside diameter opening located
transport bchavior and the agglomeration shape coaxially in the center of the exhaust line. The
factor which aids in the description of the nozzle expands into a 5/8-in, inside diameter
aerosol's coagulation behavior. Measurements of tube. The cyclone samples the undiluted aerosol.
the aerosol source term resulting from the The primary dilution is performed on the sample

melt / concrete interaction experiments provide a and this is sampled by the filters. A secondary
data base against which to test predictive models dilution is performed and this aerosol is sampled

of aerosol release and formation by the impactors.

[ Powers et al.,1986].
Figure 4.4.3 is a more detailed schematic

The SURC-2 test contained aerosol instrumen- diagram of the SEDS showing the locations and

tation designed to provide data which would connections of the dilution and gas flow control

allow calculation of the aerosol source term. systems. The locations of the flow controlling
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Instrumentation

Table 4.3.1 In-situ calibration * for SURC-2 flow devices

Outlet
750 Gas Clock Inlet Turbine Orifice Plate LFE System Turb' em

Flow Flow Flow Flow Pressure Flow
(SLPM) (SLPM) (SLPM) (SIEM) (psig) (SLPM)

268 255 257 264 2.0 255
186 193 181 185 1.1 188
132 144 132 132 .7 135
128 113 120 121 .6 125
91 85 89 88 .4 91
-- 28 33 29 .1 28

* Calibration dor.e with argon gas

Table 4.3.2 Pretest pressure decay and leaLTap for
SURC-2 containment vessel and flowtrain

Time (min) Pressure (psig)

0. 2.25
1.0 1.56
2.0 1.14
4,0 0.63
5.0 0.40
7.0 0.14

* Calibration with argon gas

55 NUREG/CR-5564
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1

.

4

f

.

Source Term

instrument Measured Quantity ' - Parameter

Aerosol Mass: Gas Evolution RateGas Flow Train-
-r

- Generation
Sourcr: Rate

Filters :-

Aerosol Mass
Concentration*

+

Opacity Meter -

Aerosol Size
"

Aerosol Mass Distrib'ution

impactors | Distribution

Aerosol-,

Elemental Composition=Cyclone :

Composition
=

. Figure 4.4.1 Flow chart illustrating how the source t:rm parameters are determined -from
measurements made in the SURC-2 melt / concrete interaction test
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i instrumentation

orinces, pressure transducers, and thermocouples biodicon_ Micro 84 programmable controller
are shown. Their alphanumeric idenafications shown in Figure 4.4,5.;

are also listed on the Agure,
Dilution of the sample by the diluters D1 and D2 )j

The Gows are controlled by critical orifices serves three purposes. The first is to reduce the
; manufactured by Millipore and calibrated at high aerosol concentration to a level that is within

j Sandia's Primary Standards 1.aboratory. Critical the measurement range of the instrumentation
flow occurs when the ratio of upstream to (less than about 20 g/m' for the filters and less'

,

i downstream absolute pressure exceeds two. The than about 5 g/ml for the impactors). The |

equations governing now through a critical second is to cool the now and to reduce the,

4 orifice are [Holman,1966]: temperature variation of gas passing through the
SEDS by the addition of the cooler dilution gas. ;

.

i - -
in The third is to reduce the variation in ps

T,MW properties by the addition of a known diluticMas
! n , 9'

e

_T, MW in high enough amounts to dominate the gas
- - properties. Dilution can be used to inhibit

PQ further evolution of an aerosol size distributionn=
RT resulting from coagulation and condensation

) . ,,
(Brockmann et al.,1984]. In this application,

i pg gw however, the aerosol size distribution has evolved
u ng np u@ cmc e and Maust) RT '' r'o

- - line and is likely to have reached a point where

*

MW
e:

{ the ;me scale of evolution is large compared to
where Q is the volumetnc Bow rate of ga: that of transport through the SEDS.

,

lupstream of the orince, T is the upstream
i temperature, P is the upstream pressure, MW is Figure 4.4.6 is a schematic diagram of the now
j the molecular weight of the gas, n is the molar diluter designed for this test series. Figure 4.4.7

flow rate, R is the universal gas constant, and the shows photographs of the - assembled and
j subscript c refers to the calibration conditions. disassembled diluter. The dilute. consists of an

aluminum outer tube 15 cm long and 6.35 cm in

i As shown in Figure 4.4.3 temperature and outside diameter and a 1.9 cm outside diameter
, pressure upstream of the orifices are measured. sintered stainless steel inner tube. End caps hold
| Where the critical orifices are located away from the tubes in place. Dry dilution gas passed
; any heated sections of the test apparatus, such as through a 1/4-in. Swageloc fitting in the outer .

the cyclone and dilution gas supply system, tube to the annular plenum region between the )
; ambient temperature is assumed. two tubes. Gas passes through the porous walls !

; of the inner tube diluting the aerosol sample )
Figure 4.4.4 shows photographs of the Millipore flowing through it. I

-

critical orifices and how they are mounted in a
; 3/8-in. Swageloc male-to-male connector. The total flow out c; the diluter, QT, was ;

' measured and the dilution flow into the diluter, |3

: The dilution flows and sample flows are turned QD, was measured. The dilution ratio DR is
j on and off by remotely actuated valves then defined as QT divided by the difference

]
manufactured by ASCO. The remotely actuated between QT and QD. Some care in the magni-

,

valves for the samplers are operated by the tude of the dilution is necessary. The dilution 1

; ratio is calculated using the difference between

4 - !
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f Instrumentation

j two numbers and when those numbers are close, diameter, 5.7 cm long filter holders (Gelman

the error in the difference can become large. For catalog number 2220) are designed for pressure

; example, if the uncertainty in the flows QT and applications of up to 200 psig. They use 47 mm
,

! QD is 5% for each, the resulting uncertainty diameter Durapore Membrane Oltration media

I in dilution ratio is i 36% for a nominal dilution from Millipore (catalog designation' HVLP 047).

ratio of 5. This magni 0 cation of the now The effective filtration area is 9.67 cm' for each

uncertainties in the calculation of the dilution ' Iter sample. Figure 4.4.9 shows photographs of:
!

[ ratio places a practical upper limit on dilution one Gelman high pressure filter holder.

|-
ratio of about 5. For this test, nominal dilution

! ratios were about three for each of the two
The inlet to the filter sample section was
connected to a preseparator which removes-

! diluters.
-

particles larger than 10 to 15 micrometers
j

i Because the system pressure in the SEDS is the aerodynamic equivalent diameter. This pre-

|
same as that of the experimental apparatus, the separator is manufactured by Andersen and is of

|
SEDS can become pressurized (at higher gas stainless steel constructiori, 6.2 cm in diameter

evolution rates, the evolution gas now train and 12.8 cm long. The preseparator collects

causes some back pressure .in the apparatus). coarse material in an impaction cup, passing on;

i Each orifice controllin the dilution gas flow the finer aerosol to the filter sample section.4

i delivers a fixed molar flow of dilution gas by

! virtue of its fixed upstream temperature and Each filter sample provides a collected mass of

| pressure. The ori0ces controlling the sample aerosol with aerodynamic equivalent particle

flow draw at a fixed volumetric Dow rate. The diameter less than 10 to 15 micrometer.s. This
j

fixed volumetric flow rate yields a molar flow sample allows calculation of the aerosol mass
: concentration of these smaller particles. The

rate directly proportional to the system pressure.

|
Consequently, if the dilution Gow is unchanged, collected material can also be chemically.,

the dilution ratio will decrease with increasing analyzed. - The filter sample is the principal
|

| system pressure. To maintain a consistent level
measurement in determining aerosol mass source

|
of dilution in the face of a pressurizing system,- rate and elemental composition,

j the molar flow of dilution gas must be increased
in proportion to the increase in molar now of the The filter sample section was mounted in an

:

sample produced by the increase in system insulated box and electrically heated to avoid

pressure. This increase in dilution molar flow water condensation. The heaters were controlled

|
was accomplished in diluter 1 by selecting by an Omega Model 920 temperature controller;

i combinations of three orifices as shown in Figure with a type K thermocouple.

4.4.3. These orifices were switclad in and out

[ by actuating remotely controlled valves Figure 4.4.10 is a photograph of the impactor

controlling each orifice. This feature was not sample section. Andersen Mark III cascade

i included in diluter 2. impactors were used. An Andersen Mark III-;

cascade impactor intertially classifies acrosol
[

Figure 4.4.8 is a photograph of the filter bank of particles into nine size bins. This inertial

12 filter samples on the SEDS. The1 flow classification is accomplished by accelerating the
' through each filter was controlled by a remotely particles through successively smaller holes (and -;

actuated valve,- The 12 valves were plumbed to higher velocity jets) in a' stack of orifice plates,
L

a single critical orifice giving a nominal filter Under the jets of each plate is a glass fiber

sample flow rate of 10 liters per minute. The collection substrate. Particles are collected by

filter bank consists of 12 Gelman in-line stainless impaction on the substrates. Those small enough

steel filter holders. These stainless steel,5.9 cm to follow the gas stream lines in one stage pass
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,

1

4
on to subsequent orince plates or stages where remotely actuated valve manufactured by ASCO

1 they may be collected. The impactor consists of was used to take the sample.

cight stages and a backup filter .o collect any4

unimpacted particles. It yields a mass distri- The cascade cyclone intertially classi0cs acrosol

bution of aerosol with respect to aerodynamic particles and yields a mass distribution with
. equivalent particle diameter. The Andersen hiark respect to aerodynamic equivalent particle
i III cascade impactor is 8.2 cm in diameter and diameter. This classification is accomplished by

18 cm long and is constructed of stainless steel. Dowing the aerosol sample through a succession
of smaller cyclones. The now is introduced.

tangentially into the circular body of the cyclone'

; A preseparator (shown in Figure 4.4.11), which where the circulating swirling How causes larger

| removes particles nominally larger than 10 to 15 particles to move by centrifugal force to the walls

j micrometers aerodynamic diameter, was used to where they are collected. The smaller particles

j avoid overloading (more than ~25 mg of mate- are withdrawn through the center and passed on

i rial on any one stage) of the impactor by these to subsequent cyclones where they may be col-

! larger particles. It effectively collects material lected. Particles too small to be collected by the

j which would otherwise be collected on the first cyclones are collected by a backup filter. A

|
two stages of the impactor. The preseparator cyclone is capable of collecting much more mate-

j collects material in an impaction cup, which is rial than an impactor and can be used to collect

j brushed out to retrieve the collected sample. The size classified material-for bulk analyses.

|
preseparator is of stainless steel construction,

!
8.2 cm in diameter and 12.8 cm long. It threads The Sierra cascade cyclone is a series of six

[ into the front of the impactor. The assembled cyclones of increasing capability to collect

| preseparator-impactor is 8.2 cm in diameter and smaller particles followed by a glass fiber backup

j 29.8 cm long. filter. The aerosol sample was brushed out of the
collection cup of each cyclone for weighing. The

i
Two impactor samples were taken simultane- casca :e cyclone is of stainless steel construction ii

i

f ously, one at a nominal 10 liters per minute and and when assembled is 12.7 cm in diameter at

i the other at a nominal 15 liters per minute. This the widest point and about 60 cm in length.

j- provides a more detailed measurement of the
j aerosol size distribution and will be discussed Figures 4.4.12 and 4.4.13 shows two views vf

j further in the-section on impactor calibration. the Sierra cascade cyclone: assembled and

j The box containing the impactor bank. is heated disassembled into its component six cyclones and

j in the same way as the filter sample box, the backup filter. The assembled unit is actually

|
more compact than shown in the photograph

|
Figure 4.4.1 I shows photographs of the because the cyclones were rotated about their

assembled and disassembled Andersen hfark Ill connection points to nest together in a more
;

|
impactor and preseparator. Also shown are the compact cylindrical configuration.

; jet plates and glass fiber collection substrates.

]
Figure 4.4.14 is a schematic diagram of the

Figure 4.4.12 shows photographs of the Sierra Dynatron hiodel 301 opacity meter placed in the

cascade cyclone. exhaust line from the containment vessel up-
- stream of the gravel filter and flow measurement

;

j- Figure 4.4.13 shows the disassembled cascade devices. This device measures the attenuation of

j cyclone. Sample flow was controlled by two a light beam as it travels through an aerosol.
hiillipore critical orifices in parallel to give a Light attenuation correlates with aerosol mass

; nominal sample flow of 24 liters per minute. A concentration. Correlation of the opacity meter

i
i
i NUREGICR-5564 68
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1

OPACITY MLTER

LIGHT BEAM

PHOTODETECTOR LIGHT SOURCE

l /\

Q_ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _4__g
J L\

_ _

WINDOW WINDOW
PURGE GAS PURGE GAS

h

AEROSOL FLOW IN
EXHAUST LINE

Figure 4.4.14 Schematic diagram of the opacity meter used on the SURC.2 test showlag how it
was installed behind gas purged windows in the exhaust gas line
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output with the mass measured by the filter Each impactor stage is assumed to collect all
samples provided a continuous record of mass particles larger than some characteristic size and
concentration in the pipe exhausting gas and pass along all particles smaller than that site.
aerosol from the interact an crucible in the This characteristic size is called the cut point.
SURC 2 test. The windows allowing light Thus, in a cascade impactor (an impactor
transmission were kept clean and free of aerosol composed of a series of stages with successively
deposition by a purge gas flow. smaller cut points) each stage collects particles of

a size between the cut point of that stage and that
Figum 4.4.15 shows the light source mtxiule, the of the previous stage. The impactor yields a
photo detector module and the on line output of distribution of aerosol mass as mass between

"

the Dynatron Opacity hionitor. successive cut points.

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

Kulite 0 to 100 psia pressure transducers were
Stk=p*py,yused to monitor the pressure of the gas upstream

of the orifices in the diluters and the pressures in 184H

the sample extraction dilution system. The
calibration data for the pressure transducers are

3given in Table 4.4.1. The locations of the where n is the reference den >ay of I g/cm ,o
pressure transducers and the flow controlling D is the aerodynamic equivalent diameter, U isae
critical orifices in the SEDS are shown in Figure the velocity through the orifice, p is the absolute
4.4.3. viscosity of the gu, and L _is the diameter of

the orifice. Impactor theory holds that for a
From the pressure transducers located upstream given stage, the characteristic Stokes number is
and downstream of the now controlling orifices, constant [hiarple and Willeke,1979). Thus,
critical flow determination is made, changing the now (or U) through the impactor

changes the cut point for that stage. The
aerodynamic equivalent diameter corresponding

Orifice Calibration to the cut point for: each stage for_ impactors
! operating at 10 and 15 liters per minute are given

The sample Cows are controlled by critical in Table 4.4.3.:

! orifices from hiillipore. These orifices have t.een
calibrated in Sandia 12boratories' primary The preseparator used on the impactors has been,

j standards lab. The orifice calibration Gow rates calibrated by hicFarland et al. [1978) and their
are given in Table 4.4.2. The orifice location calibration is used in the work presented here.-

; and designatic, are shown in Figure 4.4,3 of the Table 4.4.3 gives the cut points for the
i SEDS. preseparator impactor combination at the two

nominal now rates of 10 and 15 liters per
Impactor Calibration minute.

1The Andersen hiark 111 cascade impactor has The cut points for the two flow- rates were
| been calibrated by Cushing et al. [1976). We _ staggered. A simultaneous sample taken by two
j have employed their experimentally determined such impactors will give the same distribution but
I calibration in the reduction of data taken with the with different cut points. Combination of the two

| Andersen hf ark 111 impactors, distribution measurements gives -a distribution

| 73 NUREG/CR 5564
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Figure 4.4.15 Photographs of the light source (left) and photodetector (center) modules and the on-line
output of the dynatron opacity meter (right)
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Table 4.4.1 Pressure tmnsducer calibrations

Transducer ID, Range (psia), and output in volts

11-2 11-3 P104 P105 P106 P107 P109
0100 0-100 0-30 0-30 0-30 0-30 0-30

Pressure (V) (V) (V) (V) (V) (V) (V)
,

12.15 0.814 0.806 2.552 2.520 2.508 2.370 2.035
15.00 0.950 0.945 3.103 3.077 3.056 2.985 2.611
20.00 1.193 1.193 4.080 4.061 4.046 4.063 3.639
30.00 1.672 i.675 5.916 5.910 5.870 6.070 5.550
40.00 2.154 2.159
50.00 2.614 2.644
60.00 3.104 3.120
70.00 3.565 3.603
80.00 4.053 4.080
90.00 4.514 4.560

100.00 4.992 5.030

with a finer definition than either measurement The extraction of the acrosol sample from the
alone. exhaust line through the- gooseneck sampling

probe is subject to the inefficiencies of
Cyclone Calibration anisokinetic sampling. Models describing the

sampling efficiency exist in the literature (Davies
The cyclone exhibits the same general cut point and Subari,1982; Jayasekera and Davies,1980]
behavior as an impactor, but there is no and are used to calculate the probe performance.
corresponding theory of cyclones as there is for
impactors. The cyclone must be calibrated and The acrosol penetration model employed is '

operated at the same conditions. The described more fully in Gronager et al. [1986),
manufacturer's calibration (Table 4.4.4) is used in this model, particle losses have been estimated
in the work presented here. Since the cyclone for inertial deposition, diffusive deposition, and
was used to collect bulk aerosol material over an particle settling. The source term at the sampling
extended period of the test, this calibration is point and sampling times can be adjusted for
reasonably accurate, estimated loss and delay time.

Aerosol Transport Calibration Aerosol transport through the sample extraction
and dilution system (SEDS) is not universally

The relationship between the sampled aerosol and efficient, it is dependent upon particle size and
the aerosol actually evolved from the test crucible flow conditions. Trans[ntt data for the SEDS
must be understood. This relationship is defined system have been taken to test the transport
by the efficiencies of aerosol extraction and model. These data are highly limited comprising
transport. These efficiencies are calculated with only a portion of the desired calibration work,
an aerosol sampling efficiency model and an Exacting test schedules and limited resources
aerosol penetration model of the sampling prevented the in-depth testing desired. Further
system, calibration of the system is under way.
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Table 4.4.2 Critical M5cc calibration

Critical Calibration
Orifice I.D. Flow (cc/sec)

108 178.0 .

14F 240.8
10G 181.3
25 379.3
D51 69.8
D52 83.8

The acrosol mass source rates are calculated by calculated by the model discussed above. Figure
multiplying the measured aerosol concentration 4.4.18 is the penetration of a 4.56 micrometer
by the exhaust gas Cow rates. Delay times for particle through the plumbing to the impactor
the aerosol to flow from the crucible volume to sample point along with the theoretical
the sampling point are taken into account by penetration.
calculating the time to Dow through the
intervening volume. In both cases, the experiment gave lower

penetration than the model calculated: about 30%
Experimental measurements of penetration low for the filters and 15% low for the impac-
through a series of 90' bends and through the tors. The cause of these differences is not known
SEDS plumbing from inlet to filter sample point and further calibration and verification of models
and to impactor sample point have been made, are required.
The calibration acrosol was monodisperse oleic
acid particles generated with the vibrating orifice Aerosol data from previous tests [Brockmann,
generator manufactured by TSI, Inc. [Berglund 1987] have indicated that aerosols produced
and Liu,1973]. Measurements of the aerosol during melt interactions with concrete are
concentration were made with a TSI aerodynamic typically on the order of one micrometer
particle sirer (APS-33). Aerosol-concentration aerodynamic equivalent diameter. Penetration of
measurements were made upstream and down- this size to the samplers is seen from Figures
stream of the test section to obtain the penetration 4.4.17 and 4.4.18 to be high.
efficiency. Table 4.4.5 gives the results for the

| 90' bend and Figure 4.4.16 shows these results 4.5 Induction Power Instrumentation
| as penetration efficiency plotted against Stokes
i number along with the theoretical curve, For The 203.9 kg of UOvZrOyZr core debris was

these high levels of penetration, the theory and melted and sustaine'd using an Inductotherm
data match well; however, for larger particles or 250 kW,1 kHz induction power supply, shown i

higher flows resulting in lower penetration, the in Figure 4.5.1. Power was delivered to the
theory may be in some error. coils via remote control using a pair of No.16

high current, water-cooled, flexible leads.
Figure 4.4.17 is the room temperature penetra- During the melting process, the induction power
tion of a 4.56 micrometer diameter particle supply automatically controlled voltage and
through the SEDS plumbing to the filter sample frequency to deliver the desired power,
point. The curve is the theoretical penetration Maximum efficiency was maintained throughout

NUREG/CR 5564 76
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Table 4.4.3 Andersen Mark 111 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
5 2.8 2.4
6 1.3 1.1
7 .84 .70
8 .49 .41

Table 4.4.4 Sierra cascade cyclone cut points supplied
j by manufacturer. Flow Nominally at 0.8 SDFM

and Temperature at 23RC

'

Cyclone Cut Point
Stage ( m)

1 Not supplied at these conditions
2 6.2
3 2.65
4 1.55
5 0.84
6 0.54

4
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Table 4.4.5 Particle penetration through a 90' Bend !

Model
Dp p Tube I.D. Experimental Predicted

(pm) (cm /sec) (cm) Stk Penetration Penetration

4.56 136 1.092 8.3 10'3 .978.987 .987
4.56 208 1.092 1.26 10' .961 .972 .980
4.56 136 1.727 .972-1.00 .997-

4.56 20? 1.727 2.l*10 3 .981-1.00 .995
7.24 136 1.727 3.2*10'3 .945 .985 .992 9

9.12 136 1.727 5.2*10-3 .942 .967 487
8.3 10-3

the experiment without the need to switch thermocouples were installed at the inlet and exit
capacitors or voltage taps. The power at the buss of both the power supply and coil for redundant
bars was measured using a power transducer temperature measurement,
manafactured by Research Incorporated. This
device converted the current and voltage 4.6 lhta Acquis! tion System
measured at the buss bars inside ti.e power
supply into a voltage equivalent of power. An ilP 1000 data acquisition system is used to

sample and record the experimental results,
in order to conduct a posttest power balance, the Two-hundred ten channels of data may be
flow rate and differential temperature of the acquired during an experiment. Of the 210
cooling fluid across the power supply and coil channels,150 are for type K thermocouples,20
were both measured during the experiment. The are for either type S or type C thermocouples and
:ooling fluid was a mixture of 30% ethylene the remaining 40 are DC voltage channels. A
glycol /70% water. The flow rate of the cooling patch panel routes all the analog data channels
fluid flowing through the coil and power supply from the test location to the liewlett Packard
(separate circuits) was measured using a turbine Model 2250 Measurement and Control Unit.
flow meter installed in line. The meter was This unit houses an analog to digital ec,nwer
. manufactured by Signet Scientific and included a capable of multiplexing the 210 data channels,
power supply and signal conditioner. N, power The voltage range of the data acquisition unit is
to the tungsten susceptors was calculated to be i10 volts DC, with a programmable gain to
50% of the gross power. This ratio is increase sensitivity if the expected signal is small,
determined using calorimetric methods and is A Hewlett-Packard Model 1000 series A-600
detailed in Appendix A. minicomputer is used to control all remote

devices and manipulate the data received from the
The differential temperature across the power Measurement and Control Unit. Data are stored
supply was measured across the inlet and exit on a Hewlett Packard Model 7946,15 Megabyte
using two Omega ON-970-4.iOO8, 33,000 ohm hard disk. A Hewlett-Packard Model 2623
thermisters arranged in a half bridge circuit. The terminal is used to command the minicomputer

l differential temperature across the coil was during test and to display real time data in a
measured . using a differential temperature tabular format as data acquisition progresses. A

I tmnsducer manufactured by Delta-T Co. Type K desktop terminal Hewlett-Packard Model 9836 is
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Instrumentation

used to display real-time data in both graphic and 210 channels. The sample rate can be increased
numeric format as well as to provide interrupt by reducing the number of channels sampled.
control over the mini-computer during a test. A For the SURC-2 test, data for the channels were
liewlett-Packard Model 9872 four color plotter sampled initially at 15 second intervals,
and nine track magnetic tape are used for posttest
data plotting and transfer.

4.7 Video Monitoring Instrumentation
The measurement accuracy of the 14 bit analog
to digital converter is 1.56 microvolts in the most The experiment was monitored remotely using a
sensitive range and 1.25 millivolts at the highest Sony Beta Model liVC 2200 video camera
range (-10 to +10 volts). With the appropriate connected to a Sony Model SL 2000 portable
range setting, the resolution for a type K Beta recorder and Model'IT 2000 Tuner / Timer.
thermocouple is i l'C, and for a type S or a The real-time camera image was displayed on a
type C thermocouple, the resolution is i 1.I'C. 19-in. Sony model CVM 1900 color monitor.

The image was passed between the video
The data acquisition speed can be selected recorder and color monitor via a RG 59 coax
upward from 1.25 seconds per point upward for cable.
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5,0 Test Procedure and Postlest Observations

5.1 Operational Procedure provided and power was restored in 3 minutes.
No other unusual conditions arose during the

On the day of the test the SURC-2 assembly was remainder of the test.
leak-tested. Results of the leak tests using argon
gas as the flow medium indicated a cold leak rate Additional gas samples were taken at 140, 175,
of 12 alpm at an inlet flow rate of 165 alpm (7% 190, and 202 minutes and supplementary aerosol
losses) and an overpressure of 1 psig in the samples were taken at regular intervals between
SURC-2 containment vessel. After final calibra- 140 and 175 tuinutes. The data acquisition
tion and pretest checkouts were performed, the system, which was initially set to take data every
data acquisithn system was started. This marks 15 seconds, was reprogrammed at 130 minutes to

the beginning of the SURC-2 test and is the time, take data every 5 seconds and then changed back
t = 0, to which all other times are referenced. to 15 second scans at 216 minutes. A large
Power was then applied to the coil at a rate of pressure excursion was noted in the containment

50 kW at time = 10 minutes. Net power to the vessel at 280 minutes and the power supply was
charge was calculated to be 42% of the gross turned off, thus terminating the test.
power. This ratio is determined using
calorimetric methods and is detailed in 5.2 Posttest Observations
Appendix A.

The flow system was leak tested and no
A summary of the events in the SURC-2 test is extraordinary leakage was found. The SURC-2
presented in Table 5.1. The power history containment vessel was then opened in order to
shown in Figures 5.1 and 5.2 was monitored in inspect the interaction crucible. This inspection
order to closely duplicate the power history from showed that the MgO sidewalls were intact and
the SURC 1 experiment. Consequently, power that there was no evidence of melt pool sidewall
increases were affected to a level of 100 kW after interaction other than thermal dehydration. The
30 minutes (vs. 30 minutes for SURC-1), to a molten oxide charge had completely penetrated
level of 150 kW after 100 minutes (vs. 90 the bottom of the interaction crucible through a
minutes for SURC-1), and to a level of 200 kW gap between the MgO annulus and the remainder
after 210 minutes (vs. 200 minutes in SURC-1), of the concrete basemat. The remainder of the
b charge became molten 2700 K after 120 basemat was not cracked and showed no signs of
minutes and concrete attack began at 130 minutes asymmetric crosion. Further inspection of the
when the zirconia insulator board at the bottom oxide charge and the slag material remaining in
of the charge was disrolved into the melt. the crucible showed that 100% of the zirconium
Aerosol samples were taken at 132 n,inutes as the metal had been oxidized into the melt,
optical pyrometer started to indicate large
amounts of aerosol production. Gas composition A posttest x-ray was taken prior to disassembly
grab samples were also taken at this time. of the test article. A sketch of this x ray is

shown in Figure 5.3. The x ray showed several
There were two points in the heatup phase of the cracks were present in the MgO sidewalls of the
test where the power supply tripped off due to a inner crucible. There were traces of unmelted
systems failure. The first was at 55 minutes due charge materials at locations above the original
to a coolant flow blockage. This was corrected concrete surface and three of the five tungsten
in 7 minutes and power was restored to 100 kW. rings appeared to be intact. Both the charge
The second was at 120 minutes due to a coolant materials and the tungsten rings had collapsed
line temperature fault. Auxiliary cooling was downward. The concrete interface was easily
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Table 5.1 Events of test SURC-2

Time (min) Event

0.0 Start of data acquisition system sampling 197 channels of data at 15 second
j intervals 11:18 MDT
! 10.0 Power supply turned on; power meter reading 50 kW
; 11.35 C type thermocouples noisy; installed filter to reduce induction feedback
i 40.0 Power increased to 100 kW |
j 48.0 installed filter on C type thermocouple installed in pyrotube i
i 55.0 Power supply shut off due to low pressure limit on cabinet coolant flow. !

! Changed coolant filter to correct problem I

] 61.0 Power supply restarted, power meter reading 100 kW
j 110.0 Fower increased to 150 kW
j 120. Power supply shut off due to trip of a limit switch on the inlet temperature.
i This incident was corrected by starting cooling towers
j 123 Power supply restarted at 150 kW
! 130 Axial array thermocouples C1 (z = 0.0 cm) and C2 (z = -1.0 cm) failed
i Change computer sample rate to 5 sec/ scat photometer pegged
{ 130.0 Grab sampic #1 taken
| 130.5 Cascade Cyclone sample started, sample duration 5 min
f 132.0 Filter Sample #1 taken, sample duration 30 sec '

) 132.5 Filter Sample #2 taken, sample duration 30 see
i 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

! 133.5 Filter sample #4 taken, sample duration 30 sec
; 134 0 Filter sample #5 taken, sample duration 30 sec
j Impactor sample "G" taken, sample duration 30 see
i Impactor sample "11" taken
i 134.5 Filter sample #6 taken
j 135.5 Cascade Cyclone Sample Terminated
; 139.5 Filter sample #A taken, sample duration 30 sec
1 140.0 Filter sample #B taken,- sample duration 30 sec
j Grab sample #2 and #3 taken "

] 140.5 Filter sample "C" taken, sample duration 30 sec
j 141.0 Filter sample "D" taken, sample duration 30 sec
j 143 Filter 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
j 144.0 Filter sample #9 taken, sample duration 30 sec

151. Output of photometer has decreased somewhatj _

154.0 Filter sample E taken, sample duration 30 seci

| 154.5 Filter sample F taken
:

)
i

k
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j Test

Table 5.1 !! vents of test SURC-2 (concluded)

:

;

j Time (min) I! vent
i

155 Filter sample G taken, sample duration 30 see
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

j 1mpactor 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,

1
;

|

|

|

t

|
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crack in the higO sidewall appeared at the top of bricks nor aluminum vessel material appeared to

the rucible and extended roughly 20 cm have been attacked during the runout and
downward. Another crack appeared at a distance subsequent freezing process. Photographs of the
40 cm from the top of the crucible which runout material are shown in Figures 5.4-5.6.

extended at least 150* around the circumference. Figure 5.4 shows the bottom of the crucible and

Aside from these cracks (~ 0.5 cm wide) there the hole through which the melt materials escaped

was no evidence of mechanical or chemical after the test was concluded. The runout
decomposition of the higO sidewalls. materials flowed uniformly between the crucible

and the aluminum containment vessel wall as
seen in Figure 5.5. Figure 5.6 shows the cross

When the crucible bottom was exammed it section of the runout depth as compared to an
showed that molien material had penetrated the adjacent higO brick. A density measurement was
remaining 5 cm of concrete in the SURC-2 made on several umples showing the material to

interaction crucible and run out into the bottom be 3.5-4.0 g/cm It was black in appearance,

of the containment vessel. Examination of the lava like, and had some retained porosity in the

crucible and vessel indicated uat a 4-cm hole form of 1 mm voids. Elemental analysis was
penetrated the bottom of the concrete basemat, performed on the SURC-2 runout materials by
Some remains of the tungsten ring assembly were Coors Analytical 12boratory using inductively
seen through this hole but there were no signs of coupled plasma spectroscopy. This analysis of
solidified melt material in the crucible. All of the material indicated high concentrations of
the melt had spread evenly across the bottom of uranium, calcium, silicon, zirconium, and
the 120 cm diameter i.luminum containment tungsten. A table of elemental analysis for the
vessel to a thickness of 5 cm. Neither the higO runout material is given in Table 5.2.
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Tabic 5.2 SURC-2 postlest materials analysstn
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?

Description Ba Ca Ce Cl K 12 Mg Mo Na Nb Si U W Zr Moisture

Runout .15 4.98 .23 .0017 .37 .086 3.42 .080 6.42 .17 15.2 9.26 4.72 9.75 -

- Top

Runout .15 3.61 .081 .0011 48 032 2.86 .076 6.95 .16 11.9 8.21 4.00 9.82 -

- Center

Runout .14 3.84 .20 .0022 .39 .078 2.71 .078 9.42 '5 14.9 9.48 4.39 9.75 -

- Bottom

Elemental analysis in weight percent
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6.0 Data Presentation and Results

The 204 kg charge of UOyZryZr material was interactions, the magnesium oxide annulus and
! heated for 130 minutes prior to the caset of the crucible cover.
| concrete crosion. Interactions then proceeded in
I three stages. First came rapid crosion enhanced Concrete Response

by Zr oxidation lasting 30 minutes. Then came
slower erosion at lower temperatures for 60 The dehydration front of the concrete defined by
minutes. There was an increased crosion period the 400 K isotherm began to propagate through
when power was incre; ed by 33%. At 280 the concrete slug at approximately t = 65 min.
minutes and 35 cm of crosion melt escaped the Concrete ablation began at t = 129 min. The

i

crucible terminating the test. ablation front was denned by the failure of the
type K thermocouples embedded in the concrete.

6.1 Temperature Data The failure temperature for type K thermocouples
is approximately 1645 K. Thirty-Hve centimeters

The temperature data from SURC-2 are used to of concrete were croded over a period of 151.2
determine concrete erosion and the cruc ile minutes. Melt temperatures as high as 2650 K
thermal response. Three regions of the were measured by the Ober optic pyrometers.

I melt / concrete interaction are shown in Sidewall heat Duxes calculated flom thermo-
Figure 6.1.1 [ Cole et al., 1984]. The pool couple data adjacent to the, melt ranged between

4 5
| consists primarily of uranium dioxide, but it may 6 x 10 and I x 10 W/m . The peak upward
| a!so contain zirconium metal and zirconium oxide heat flux imparted to the crucible cover was

5 2as well as condensed products of concrete calculated to be 6 x 10 W/m ,

decomposition and fission product compounds.
The " dry" region consists of the concrete that is Figure 6.1.2 shows a typical temperature versus
dehydrated, decomposing, and beginning to melt. pro 61e indicated by thermocouples,e

The " wet" region is the concrete that still embedded in the concrete slug dung a period of
contains water of hydration and water in the steady state ablation. The F. re shows tne
concrete pores. The transition between the " wet" response of Ove thermocot: 2ated in the,

and the " dry" region is taken here to be the point axial array at depths betweei. : = -15 and
at which hydration and pore water undergo the 19 cm. The temperature histories for other
phase change to vapor. thermocouples cast into the concrete slug in

various arrays are presented in Appendix C.
Surrounding the three important regions of the Temperatures rise slowly between 300 and 400 K
melt / concrete interaction in the SURC-2 test, is as the concrete dehydra'.es. This is followed by
the magnesium oxide annulus. In an ideal a rapid increase in tempc:ature to failure caused
circumstance, the connning annulus of the test by contact with the melt pool,
would be totally inert. That is, it would nei'her
conduct heat nor mechanically degrade or chemi-
cally interact. Clearly, no such totally inert The axial centerline array has been chosen to
material exists and it is necessary to record how characterize tha position of the dehydration front
the magnesia annulus affects the thermal response with respect to time. This is shown by the solid
of melt / concrete interaction, line connecting the circles in Figure 6.1.3.

There are three periods of interest: The initial
| In this section, the temperattire data obtained heating period prior to the onset of concrete
' in the SURC-2 experiment will be used to ablation between t 65 and 129 minutes;=

describe the thermal response of melt / concrete the period during the onset of concrete ablation

; 9i NUREG/CR-5564
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Figure 6.1.1 Three regions for analyzing melt concrete interactions
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Data

between t = 129 and 183 minutes; and late in the -4 cm fail at nearly the same time. The data in
test between t = 183 and 277 minutes. A linear Fi;;ure 6.1.4 shows an offset when comparing
regression routine was used to calculate the individual arrays during the early period of
velocity of the dehydration front for various time crosion. This is due to the insulating effect of
periods. During the initial heating period of the zirconia board separating the melt from the
the UOrZrO -Zr charge material the velocity of concrete. In an ideal case the melt would2

the 400 K isotherm was calculated to be 5.4 i uniformly take the zirconia board into solutio,n
0.23 cm/hr. At the onset of concrete ablation at and spread over the concrete surface uniformly.
129 through 183 minutes the propagation rate of This was not the case. Hc, wever, late in the test
the wet / dry front was calculated to be 14.9 i the position of the erosion front comparing the
0.61 cm/hr. This was nearly three times greater three arrays almost coincide with each other.
than the initial rate. Late in the test between 183 This indicates that the erosion front was planar
and 277 minutes the rate was calculated to be 9.1 for the last 15 cm of concrete. The greatest

0.73 cm/hr. This is 1.7 times greater than the difference in the location of the erosion front
initial rate and 613 of the rate calculated for the measured between arrays was 5 cm. This
period of concrete erosion between 129 and 183 difference decreased as the test continued,
minutes. 't aking the axial array as being representative of

the position of the erosion front in the concrete,
The power supply was tripped off between 120 linear ca4culations were conducted to determine
and 123 minutes due to exceeding a temperature erosion rates during specific time periods.
limit on the inlet cooling water to the power
supply. This period of power loss did not appear Ablation during the initial melt attack was quite
to have any observable effect on the propagation rapid and 15 cm of concrete were eroded during
rate of the 400 K isotherm. the period from 130 minutes to 160 minutes at an )

average rate of 30 cm/hr. After 160 minutes, the
The basaltic concrete used in the SUPC-2 concrete erosion slows to 5 cm/hr for the period
experiment melts over the temperature rangt af from 160 minutes to 220 minutes. The power to
1350 to 1650 K. The temperature at which the tungsten suseeptors was then increased at 218
physical ablation of the melting concrete occurs minutes, resulting in an increased ablation rate.
is not precisely known. Here it is assumed Duritg times between 220 minutes and 280
ablation occurs at 1600 K for the purpose of minutes an additional 15 cm of concrete was
measuring the propagation of the crosion front, eroded at an average rate of 15 cm/hr.
The position of the 1600 K isotherm plotted as a
function of time is shown in Figure 6.1.4. Based The depth to which the concrete was dehydrated
on the data shown in the figure, concrete ablation (Note that the dehydration temperature increases
began at approximately 129 min, and continued as the test proceeds) can be determined by
until the melt escaped the crucible terminating the comparing the position of the 400 K (wet / dry
test at 281 minutes.

interface) and 1600 K (ablation front) isotherm at
a specific time. Figure 6.1.6 shows a plot

After the melt penetrated the zirconia insulating comparing Ma representing the 400 and 1600 K
board, it eroded 6 cm of concrete in 2.3 minutes, isotherms. Yne depth of the dehydrated concrete
This equates to an erosion rate of 150 cm/hr. at the onset of ablation is initially 6 cm at
Figure 6.1.5 shows the temperature profiles for t = 129 minutes. The 1600 K isotherm con-
the first five thermocouples in the axial array verges to within 2 cm of the 400 K isotherm near
embedded in the concrete at depths between z = t= 140 minutes. After this time the 400 K0.0 and -4 cm. The figure shows that the isotherm precedes the ablation front by approx-
thermocouples, located at z = -1, -2, -3, and imately 2 to 5 cm for the remainder of the test.
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Data
,

Meltpool Temperatt're
than the temperature measured by these thermo-
couples. This will be shown to be true in the

Melt temperatures were measured during the presentation of the pyrometer data that follows.
experiment with 12 type C and 12 type S thermo- ,

couples installed in alumina tubes and cast into
in addition to the thermocouples described above,

the concrete at various depths within the concrete three fiber optic pyrometers focused at the
slug. The debris temperature was also measured

bottom of a thick wall, closed end, tungsten tube
using three fiber optic pyrometers focused at the

embedded in the center of the oxidic debris were
base of a thick walled closed end tungsten tube also used. To compare the temperatures mea-
embedded into the melt charge. in addition to

sured by the pyrometers a type C thermocouple
the pyrometers a type C thermocouple was in-

was installed at the base of each of the three
stalled in the base of each tungsten pyrotube to tubes. Figure 6.1.12 shows a plot of the
measure temperatures,

temperatures indicated by the type C thermo-
couple plotted as a function of time. Two of the

Figures 6.1.7-10 show an expansion of melt
three failed within the first 82 minutes of the

temperature data measured by the C and S type test. The third located at the bottom of pyrotube
thermocouples installed in alumina tube T1. The No.1 initially located 15 cm above the zirconia
figures indicate a rapid rise in temperature upon board placed on the concrete survived during the
contact with the melt front. This is followed by entire test, it measured temperatures as higha plateau usually lasting several minutes. These as 2625 K. For the period between t = 140 and
plateaus closely match the failure times of the 220 minutes this thermocouple indicated a
type C and S thermocouples. The peak melt nominal melt temperature of 2400 K. The
temperature measured by type C thermocouple increase in temperature indicated at 218 minutes
T1-1 located at a depth of z = -2.0 cm was was due to increasing the power from 142 kW to
2550 K. The melt temperature decreases as the 190 kW. The decrease in temperature at t = 136
erosion depth increases and concrete is added to

minutes will be discussed later. The power
the melt. The peak temperature measured by the supply is turned off at t = 280.2 minutes.
type S thermocouple located at z = -15.5 cm is Forty-five seconds later molten UO breached the
1950 K. This is 600 K less than the initial melt 2

crucible and flowed onto the MgO bricks liningtemperature measured at z = -2.0 cm. The melt
the base of the aluminum containment vessel.temperature ranged between 1850 and 2550 K.

Other individual plots of melt temperature can be
This is the reason for the sudden drop in

found in Appendix D. temperature at t = 281 minutes from 2150 to
1400 K.

Figure 6.1.11 shows a plot of the peak melt Figure 6.1.13 shows the temperatures historiestemperature as a function of time for all the
rrnsured by the three fiber optic pyrometers.thermocouples cast into the alumina tubes. The
Also included for comparison is the temperaturefailure temperature of the type C and S thermo-

couples in a non-oxidizing atmosphere is 2589
profile for the type C thermocouple installed in
pyrotube No.1.

and 2041 K respectively. The type S thermo-
couples were installed into the alumina tubes at

The temperatures between the three pyrometersthe lower depths between z = -11 to 19 cm. It
is obvious that the melt temperatures indics.ted by

agree to within 200 K. They are not presumed to
be identical since they are located at different

these thermocouples are not in fact the actual
elevations within the melt. The type C thermo-melt temperature of the debris but the failure couple agrees with pyrometer No. I within 75 K.

temperature of the thermocouple itself. The melt
temperature is several hundred degrees greater

The pyrometer and type C thermocouple tempera-
tures decrease significantly at approximately

103 NUREG/CR-5564
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| Datu

4 136 minutes. At about this same time the The calculation of hcat flux to the MgO walls is
i pressures in the containment increases about a classic example of an "inver.<e" heat conduction -

| 2 psig, Upon posttest examination, it was problem (IHCP) where the boundary ecndition
j observed that the pyrotubes pulled away from the (e.g., heat flux) is determined from known
! stainless steel Swageloc adapter. They dropped interior temperatures. Of the available methods
; about 5 cm. Even though they appeared to be for solving the IHCP, one that appears to be
]_ aligned with the pyrometer, the optical focal successful for a wide variety of applications is,a
: point was now focused on the inside diameter of nonlinear estimation technique. In this method,
j each pyrotube rather than the base. 'Ihis resulted the value of the calculated heat flux minimizes
; in dissolving the focal point causing the spot to the squa e of the difference between the
j be integrated over a )arger temperature gradient, calculated and the experimental temperatures. A

] thus reducing the measured temperature. Even computer code, IHCP, has been written by
1 though the type C thermocouple dropped 200 K Bradley based on Beck's methods [ Beck et al.,
'

during the pressure excursion in the vessel, the 1985]. The code was tested using a variety of
temperature it measured agreed very well with exact solution problems. In general, it was found
the melt temperatures indicated by type C that the greater the number of thermocouples

i thermocouples cast into the concrete between utilized in the analysis, the greater the accuracy

{ t= 137.5 and 141.7 minutes. of the solution. However, Bradley found that
beyond three thermocouples, the improvement in-

MgG Sidewallsj; accuracy was not sufficient to justify additional
instrumentation. The experimental data utilized

j The heat transfer to the MgO sidewalls during in the IHCP consisted of at least two thermo-
the interaction has a global effect on the energy couples at depths from the surface of 0.5 to<

balance and affects the heat transfer to the 2.5 cm into the MgO sidewall. A typical IHCP
concrete. As discussed in Section 3.2 thermo- solution was calculated for each array of the

] couple arrays were installed at various locations thermocouples that was embedded in the MgO
! within the MgO annulus to determine the thermal sidewall at various locations above and below
I response of the sidewalls. A typical temperature 0 cm. Here the 0 cm location is taken as the

history is shown in Figure 6.1.14 for the sidewall original location of the concrete surface.
| array located adjacent to the melt at an elevation
j of z = + 10 cm.
j The thermal property data for the MgO castable

~

The temperatures indicated by thermocouples used to calculate the sidewall heat fluxes are
located at depths of 0.5,1.5, 2.5, and 9.0 cm presented in Section 2.1.

: rise gradually peaking at t = 140 minutes and
I declining approximately 100 K. This is most
j likely due to settling and repositioning of the melt Shown in Figure 6.1.15, 6.1.16, and 6.1.17 are
i within the crucible. The temperatures continue to the heat flux histories for the sidewall arrays
i rise until melt breached the crucible at t = 281- initially below the melt, adjacent to the melt, and
) minutes and melted the stainless steel sheaths above the melt, respectively. Heat flux histories

located on the floor of the aluminum containment for other sidewall arrays are shown in Appendix,

j vessel. The temperature difference in the MgO E. Figure 6.1._15 shows the heat flux at z '=
; wall at this location at the time of failure was -20.0 cm. The heat fluJ showg slowly increases

550 K. The temperature histories measured by from a value of 1 x 10" W/m at 95 minutes toe

5 2thermocouples in other arrays, cast into the v30 1.2 x 10 W/m at 255 min when the melti

] sidewall, are presented in Appendix E. becomes adjacent to the thermocouple array.
.
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Data

The thermocouples in the array located at thermocouples increases rapidly at t = -130 min.
z = +10.0 cm (Figure 6.1.16) were directly The temperature then steadily increases until
adjacent to the charge during initial heating, failure by melt runout at t = 281 min.
melting and the early period of erosion. The heat
flux increases as the melt temperature iqcreases Figure 6.1.19 shows the heat flux calculated from

4and reaches a maximum of 9 x 10 W/m' at t = the temperatures measured by the thermocouples.
140 minutes,10 minutes after concrete erosion The figure indicates that the heat fluxJteadilz
began. This corresponds to the peak tempera- increased, peaking at a value of 1.9 x 10' W/m'
tures seen in Figure 6.1.14. The heat nux at t = 138 min. The heat flux then declines to a

~ 4 4 2m ntains a value between 6 x 10 and 1 x value of 5 x 10 W/m at t = 150 min. The
2

1 W/m for the remainder of the test. heat flux increases steadily from this pegod toj
= 263 min where the value of 1.01 x 10 W/m

Thermocouples in the sidewall array at is calculated.
z = +50.0 cm (Figure 6.1.17) were above the
melt after the debris became molten and became
redistributed in the crucible. The heat flux 6.2 Gas Composition Data Presentation
reaphes apeak value at this elevation of 1.07 x
103 W/m' at t = 137 min. The heat flux they Gas sampling for the SURC-2 test was done
decreases to a value of 6.5 i 1 x 104 W/m' using three techniques: an Infocon Model IQ200
after steady crosion began. Again this value mass spectrometer, an Infrared Industries Model
occurs minutes after the onset of erosion. 700 CO/CO3 detector, and integral grab samples.

The first two techniques yield real time data that
In summary, the heat nux when the melt was is viewed on-line and stored on computer disks,

adjacent to the MgO sidewall arrays was The grab samples are stored ed analyzed posttest
5calculated to average 1.02 x 10 W/m . The using both gas chromatography and mass

array located above the melt inferred heat flux spectrometry.
4 5in the tange of 6.0 x 10 to 1.07 x 10 W/m

Heat fluxes indicated by the array embedded in Additional information on these systems is
the sidewalls - below the concrete gurface detailed in Section 4.2.

5increased to a value near 1.02 x 10 W/m when

the melt was directly adjacent to the array. {his4value decreased to a value 8.5 x 10 W/m as Test I rocedures
the melt continued to penetrate the concrete and
pass the array. Operational procedures for the gas analysis

equipment and support components were accom-
Crucible Cover plished in the following manner:

Two duplicate arrays of three thermocouples each The output _ from the type K thermocouples
were cast into the MgO cover to infer upward installed in the flow stream 3 meters downstream
heat flux. The temperatures indicated by type K from the crucible was continuously monitored
thermocouples cast in one of the arrays is shown ad ;ecorded by the data acquisition system as
in Figure 6.1.18. The temperature response of was the output from the other type K thermo-
the second array is nearly identical as seen in couple mounted at the actual sampling location.
Appendix E. The specific location of these Although the temperature in the flow line ranged
thermocouples with respect to the crucible from 300 to 600 K, the conditions at the actual-
geometry can be found in Table _3.4. At the sampling point were very constant at 300 i 3 K
onset of erosion, the temperature indicated by the throughout the test.

NUREG/CR-5564 116



Data

O
i

i i i i j ; i1 1i i
3 ; iijii ji >;iii O1 ii

to
---

- . :..
. s .

, h
N . y-.

. '.,N v.

g
. s

--
>

O- '

, N - Lt) j, s ca -
'. \ ~

_ .3
. '.,\

-

7i \'
_

'.
_ w,

!
. , s

_ .h_
- 's % O y+\ - O e,

's \

\ _ k'
, *

_ ', i
- E

' \
_ bbb

Q .N,

\ {'
.

immm , 1 v
-

O

_-O"N \ - O k
.

SSS
. . > .J ~ j

*

$$$ ') N $ h~~~ .

_ hfh
., . - ,
'

') - 4
o U-999 ,A

- O %000 ,\ R, c..---

_ 11 11 11 )
-. to

-

uuu 3
- g

-

, un n e k - b
,VTv P
333 -

00_ *' _ O
"...' ' _ W

d C "
,|_

i

gI

| .- g
-

_ l
_. 12

..

W

j | f i f f I !

O O O O O O O O O OO O O O O O. O O Oto D 4 N O CO D 4 N- - - - -

(N) 380.1.V83dW31

117 NUREG/CR-5564



A A -,_W 4 d.m 4 _A4.4%- 4- +-s.e 4, das _,as__.---
_ _,_v_--

'

_e-erJ D v ___ a.-r_ eJ. s.-J J J --.4--

Data
|

i

i

O
O I

ii,ii,,i iiiiiii i i,,,ii, , ,

A
-

-

- % -

e
.

- q
-

- 0 x
N

-
~ y

.
~

-

.E
..

- 7
.

- %
'

o 8-
._ _ a
_

-
2N
T

9 a
~

$ i 'E 9_

O |_
|| _ m 5O D "

gO- 0 0 g", , E0 O a
Q

^ r2 L
- o - H

o T
- - - y

5,-_ || _ a'
. ..

g-
y

$- -

C
- o, - ,

O O g
- m - a
_.

+ o T
li %

_

0
~ N O

-

g
h

O
~

O 0 - Q
a

~

O
~

a
~

- - .

, , , i I,,,,I,,,, , , n . - aJ O E. . , , , , , ,

e o * m . Et
o o o. o g
- - .- -

(zw/m) xm.uY3H

NUREG/CR-5564 118

. . . .-



i

Data <

|
Gas flow through the sample line was established lasted until the termination of the test at 280 |

30 minutes before the test by energizing the minutes. Notable events which affected the gas
diaphragm pump. The flow was manually regu- composition data were the blockage of sample
lated to provide a 31pm flow rate. Monitoring port No. 3 (containment) at 145 minutes due to
of the sample line flow rate was done con- aerosol trapping and switching to sample port

_

tinuously. No substantial Ductuations were No. 2 (Dow line) at 153 minutes until test
indicated. termination at 280 minutes.

The grab sample bottles were evacuated before Although water vapor is present in the reaction
the test and then individually subjected to gas, it cannot be measured in large amounts by
vacuum. Six samples were taken manually, the gas analysis system without ruining the
Times for the samples were recorded by the equipment. Consequently, water vapor traps are
computer as pressure spikes. One grab sample installed in the gas analysis flow lines. A total of
bottle was utilized at each sampling event 7 ml of water was recovered from the ice-cooled
and each bottle was filled in approximately cold trap. This would have added 8.7 liters of
I second. H O vapor to the 240 liters of collected H , CO,2 2

and CO2 yielding an estimated water content of
The CO!CO monitor was warmed up at least 30 3 5% in addition to the reported gas compMions2
minutes before the test. A pretest calibration was for H,, CO, and CO -

2^
performed prior to start-up of the data acquisition
system and no irregularities were noted. The The results from the mass spectrometer are
CO/CO data were automatically recorded by the shown in Table 6.2.1 and in Appendix G. The2
data acquisition system throughout the test. In table lists the raw data as volume (mole) percent
addition, a visible readout was monitored locally along with the time for the sampled gas species,
at the instrument and remotely in the control The mass spectrometer data from Appendix G
room. Following the test, another calibration run indicate the onset of gas release at 52 minutes
was performed, again indicating no irregularities, followed by the onset of rapid erosion between

130 and 160 r ;nutes. The change in gas
The mass spectrometer system was in operation - composition after the depletion of Zr metal at

! under a low vacuum of 100 m torr for one week times after 160 minute? is marked by lower
4! prior to establishing a vacuum of 10 torr for percentages of H gas production. This trend is2

j three days before the test date. The analysis reversed at later times when the power is
; display was continuously monitored and several increased. The reaction gas (H , CO, H 0, and2 2
; hundred discrete samples were recorded during CO ) data is separated from the argon carrier gas2
i the test. On-line data were recorded every 10 to data and normalized in Table 6.2.2. Here the
; 20 seconds throughout the test. - H 0 content can_ be assumed to have somewhat3
i greater average values because of the volume of

| Results water collected in the condensate traps,
i

I Four periods of time are of interest for the An examination of the normalized data from the
| SURC-2 gas composition data: the onset of gas mass spectrometer shows that the onset of gas
; production between 50 and 130 minutes, the production between times 52 and 130 minutes is
: rapid initial ' erosion between 130 and 160 characterized by a gas composition which is 70

minutes, the slowed erosion period after Zr to 80% H , 5 to 15% H 0, and 10-20% CO.;

2 2
depletion between 160 and 220 minutes, and the When concrete erosion began at around 130,

increased erosion following the power increase minutes, the hydrogen concentration in the'

from 140 kW to 190 kW at 220 minutes which effluent gas increased and the H O concentration
2
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Data
~

l
Table 6.2.1 SURC-2 mass spectrometer raw data - volume gercent'

| Run Time

] (min) 11 II 0 CO O Ar CO Notes
2 2 2 2

! Before 50 - 2 2 - 95 1 Background
83 1 Initiali 76 10 3 3 -

| 93 10 3 3 - 83 1 Dehydration i

75 1; 116 15 4 5 -

134 20 5 10 - 63 2 Rapid Erosion
141 47 5 13 - 33 2 w/Zr
155 38 5 10 1 42 4

:
166 34 4 8 1 49 4 Erosion rate

175 28 4 6 2 56 4 Slows

194 19 3 5 2 66 5

202 18 3 5 1 69 4

211 15 3 5 1 70 4

219 12 3 5 1 76 3

230 11 3 5 - 78 3 Increased

250 11 3 5 - 78 3 Power
263 19 3 5 - 70 3 and Erosion

64 3272 23 3 7 -

276 28 3 8 68 3-

|
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Data

Table 6.2.2 SURC-2 mass spectrometer normalized

data - volume Iercent

Run Time (min) 11 II 0 CO CO Notes2 2 2

Before 50 Ar only-- -- -- --

76 83 8 8 - Initial dehydration
93 83 8 8 -

,

116 75 10 15 -

134 63 9 25 3 Rapid E ' ion
141 76 5 18 2 w/Zr
155 73 6 15 6
166 76 4 13 7 Erosion Rate
175 76 5 11 8 Slows
194 70 4 11 15

202 72 4 12 12

211 68 5 14 14

219 67 6 17 11

230 65 6 18 12 Increased Power
250 65 6 18 12 and Erosion
263 76 4 12 8
272 74 3 16 6
276 76 3 16 5

121 NUREG/CR-5564
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Data

decreased. A typical composition during this mass spectrometer results, these concentrations

pericd (130-160 minutes) is 75% Hy5 % H,0, do not include H,0 vapor, which averaged 3-5%
~

15 % CO-5% CO,. After the depletion of"Zr over the entire test.
metal at times 'af'er 160 minutes, the gas
composition changed to a mixture richer in
H,0 and CO,. This composition averaged 70% 6.3 Flow Data Presentation

~ ~

H -5% H,015% CO-10% CO,. The fina.
piriod of activity resuWd in incriased hydrogen Four different devices were used to measure the

^

and CO production relatt e to H,0 and CO,. reaction gas now rate in SURC-2: A 1.02 cm

An average compositio, is 75 % Hv5h orifice p' ate, a laminar flow element, a Rockwell
'

H,0-15 % CO-5 % CO,. 450 gas clock, and a Rockwell 750 gas clock. A
now train schematic for these devices is shown in

~ ^

The results from the CO/CO, monitor are shown Figure 4.3.1 and information regarding the
in Figure 6.2.1. The raw data, shown here as description, operation, and calibration of the flow

percent CO and percent CO2 in the sampling equipment is detailed in Section 4.3.
flowlir a. indicate the onset of gas release
between 55-60 minutes into the test. Both CO Procedures

and CO, content rise from the onset of gas
release until erosion begins at around 130 All of the now devices werr operated~

minutes with the CO content being lower than the continuously throughout the test. Laa from the
CO, content. When concrete crosion begins at devices in the form of voltage outputs from either

130 minutes, the CO concentration pressure transducers or a summing transmittertime =

increases and the CO concentration decreases so were initially recorded at 15 second intervals
2

that between times 130 and 160 minutes the using the HP1000 data acquisition system. Initial
d and main-CO!CO ratio steadily decreases from 5:1 to 3:2. flow for the system was establishe

3
After Zr metal was depleted at times after 160 tained using argon carrier gas. Argon was
minutes the concentration of CO dropped and the introduced into the apparatus at two locations.
CO, concentration recovered to a level above the The first location was into the water cooled
value indicated before Zr depletion. CO/CO, aluminum containment vessel. The Gow rate of

~

ratios during this period of slow erosion averaged argon at this position was monitored using a
2:3. The CO/CO2 ratio for the remaining period turbine meter. Argon was also used to purge a
(60 minutes) of interaction averaged 3:2, window protecting the opacity meter. The

indicating a relative increase in CO. opacity meter was located in the flow tube
approximately 3 meters downstream from the

The grab sample results for SURC-2 a e shown crucible. The flor of argon at this position was
in Table 6.2.3. These results agree qualitatively monitored using a Kulite 100 psi pressure
with the more complete and more accurate results transducer upstream of a Milipote 1.1 mm
from the m .ss spectrometer. The carrier gas for (51pm) diameter critical orifice. The turbine
these samples included argon in total amounts meter registered a flow rate of 16 i 1 liters per
ranging from 15-50%. A total of 6 samples were minute throughout the test. The pressure
taken in which no other gases besides H , 0 , transducer recorded a constant gauge pressure of

2 7
CO , N,, CO, or Ar were detected. Normalized 16 i I psi. The flow rate at this location based3

restilts f"or the samples taken during the erosion on the pressure and orifice calibration was
phase of the test between times 130 and 202 calculated to be 16 i l liters per minute. The
tro ..et are also shown in Table 6.2.3. These combined flow rate r f argon into the experi-
samples have an average H2 e neentration of mental apparatus considering both locations was
80% with 15% CO and 5% CO . As with the 32 i 2 slpm.

2

NUREG/CR-5564 122

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



,,- w - - - - - - , - - - - - - - - -

Y

.

Data,

1

J

4

o
i i j i; i| iiii| iiii;i,i ;iii,|

i i i i i i oi i , i

_ _m
_ . . ...., .

; ,8
-

*
,

-

*
.
*

-.,
* O; -

.' - LO4 '
-

,. ; _ N
]

_ .e
^

! .- .

> -

, _

.
4y -

- g
.' - ,, *, O 4.

, _ o w
, :'

.
N

.&s. ,

~
.

..

.. m
-

~ .

- .C_. g,,

- Ej Q '.
. . . .. . . ~. . u..

v s. -
; o.

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

tn.~.! "
* . ' * w-

-- ' .. - : - 4N Ld 0-- - .
-

, ,
_ y g

_

. r'. . m
. *

.
,

'

- ', o N
.

- o @g
N '

. .. OO
~ N"_

00 .

. U

'.'I - S
he. x

-

: -

. h.-

Ei .Li
-

.'_ o. a. -

'
._ o

O.
i-

,

.
b

_

%

k 9 *

- -
,

_

.. .
6

! ' 1 1 1 ? F 1 1 1 I t 1 i t t t iift | .| t t t tt t | e t t t

b O O 4 m N ow -

1

(%) IN3083d 3WfTl0A

;

123 NUREG/CR-5564



.. ;

Data

Table 6.2.. SURC-2 grab sample analysis
raw data in volume (mole) percent

Run Time (min) H2 CO O2 Ar CO2

130 40.9 8.8 1.7 47.9 7
140 71.4 12.0 1.9 14.3 .4
155 65.8 12.0 2.4 18.3 1.4

175 53.8 9.0 2.8 32.0 2.4
190 42.0 8.2 3.6 43.3 2.5
202 38.3 8.9 3.1 47.3 2.5

Normalized Data in Volume (Mole) Percent

Run Time (min) H CO CO22

130 81.1 17.5 1.4

140 85.2 14.3 0.5
155 83.1 15.2 .8
175 82.5 13.8 3.7
190 79.1 15.4 5.5
202 77.I 17.9 5.0
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Data

The temperature of the gas in the Dow spttm SUl<C 2. Based en a constant argon input now
was measured at two locations: 1 meter from ;he of M slptn and t! e temperature pro 0les for the
crucible in the containment vessel and 7 meters c:Leibk materials approximately 9000 liters of
downstream from the crucible at the Dow system this total were due to the argon carrier gas, 3000
exhaust. A plot of the flow system temperatures liters were due to the dehydration of the MgO, !at these locations is shown in Figure 6.3.1. and 6100 liters were due to the decomposition of
Although the reaction gases generated in the the basaltic concrete basemat. Average now
crucible can have initial temperatures in exras of rates for discrete periods of time during the test
2000 K, these gases cool quickly and were mixed have been calculated using the gas clock data and
with argon at ambient conditions so that the are pic.ented in Table 6.3.1.
temperatures at the now measuremeut devices
were generally less than 400 K. The system Tab!c 6.3.1 SURC-2 flow rates from
pressure was also monitored and is shown in gas chick data 4

Figure 6.3.2. This pressure was recorded in the
containment vessel and 10 cm upstream from the
otifice Dow meter. This location represents the Ig g ghighest pressures achieved in the now system

.I'ime Total Flow Ilow Rate flow Rateduring the SURC 2 test at which the measured
values were very modest and ranged from 0.1 to (min) (Actual 1.iters) (alpm) (s!pm),

2.5 psi.

Resuhs 0-50 1,920 38 32
100 5,070 63 53

. 130 7,500 81 68
.

As with the crucible temperature and gas
160 12,650 172 145composition da'a, four time periods are ofi
190 15 850 107 90interest for the SURC-2 How data. These are the

i

220 17,630 59 50
|

onset of gas release from concrete between 50 t
250 19,330 5^ 47130 minutes, the gas release associated with
280 21,850 84 71

,,

imtial rapid concrete crosion between 130 and
160 minutes, and the decrease in gas evolution
due to the cessation of Zr interactions at times
after 160 minutes, and the increased gas flow The actual flow rate has been corrected in the
resulting from a power increase at 220 minutes Onal column of Table 6.3,1 to account for
and lasting until crucible failure at 280 minutes. leakage from the system (5%) and non STP
Events duting the SURC-2 test which caused conditions. These data indicate that the initial
Ductuations in the data are after 200 minutes argon now was 32 sipm. When tle initial argon
when the oi.fice plate became partially blocked flow of 32 slpm is subtracted fro.a the values
by aerosol. shown in the final column of Table 6.3.1, it can

been seen that significant offgassing of the
The raw data for ti.e gas clocks are shown in concrete basemat began between 50 and 100
Figure 6.3.3. Here the total volume is in actual minutes at an average mte of 21 slpm. During
cubic meters of gas collected at the ambient the period from 100 to 130 minutes, the reaction
conditions of 12.2 psia and 295 K. As seen by gas now rate averaged 36 slpm. This is the
Figure 6.3.3, the two gas clecks measured characteristic flow rate for the period prior to the
virtually identical volumes of gas throughout the onst ' of ablation. After ablation began at 130
experiment. A total of 18,100 standard liters of minutes the now rate increased to 113 slpm
gas were collected before the crucible failed in between 130 and 160 minutes and gradually

125 NUREG/CR-5564
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Data

decreased to a rate of 15 slpm at 250 minutes, Figure 6.3.7 shows the reaction gas now rate
followed by an increase to 39 s!pm. after corrections were made for leakage,

temperature, pressure, and the argon carrier gas
The reduced data for the orince plate flowmeter now. The initial now began at 45 minutes, and
are shown in Figure 6.3.4. Figure 6.3.4 is a plot increased gradually to 25 30 slpm at 85 minutes,
of the total Dow rate including the argon inlet When concrete ablation began at 130 minutes the
flow for the period identical to that for the gas flow rate increased to 185 200 sipm. After i

clocks. Examination of the total flow rate at ablation slowed, the reaction gas flow rate
the orifice plate from Figure 6.3.4 shows that decreased to 5 slpm followed by an increase to
the initial argon input flow was 15 alpm. Initial 50 slpm for the duration of the test.
offgassing began between 50-60 minutes and the
total flow rate increased to a plateau of The results from the orifice plate, turbine, and
70-80 alpm during the period before ablation laminar now element compare well with the
began. After 130 minutes, the total nowjumped results of the gas clocks with regard L the timing
to 200-240 alpm then decreased to 120 alpm for and relative magnitudes of the initial gas release,
the middle portion of the test. During the final the gas release associated with steady state
period of the test between 240-280 minutes u e concrete erosion, and the increased release
now rate was observed to rise again to a peak of associated with the Zr metal in the initial melt.
190 alpm. The absolute flow rates for them events,

however, are most accurately repree..cd by the
Figure 6.3.5 shows the Dow rate data for the gas clocks (Table 6.3.1) since no corrections are
outlet turbine. These results show that the required to account for significant now blockage
initial offgassing started at 44 minutes with low or Ductuations in gas density or gas viscosity as
now rates. Significant offgassing began after are required for the turbine. orifice plate, and
60 minutes as the now rate increased from laminar flow element. A detailed listing of the
30 alpm to 70-80 alpm at 88 minutes. After gas clock results is included in Appendix G.
concrete erosion began at 130 minutes, the now
rate increased to 175-200 alpm. After 160 6.4 Aerosol Data
minutes the reaction gas now rate decreased to
50-60 alpm and averaged 60-80 alpm for the A total of 2-4 kg of aerosol material was
remainder of the test. Similar results are shown produced during the SURC-2 experiment with 1/3
in Figure 6.3.6 and 6.3.7 for the laminar now to 1/2 of that material being accounted for by the
element. Figure 6.3.6 illustrates that the total aerosol measurement techniques. A large
flow rate during the SURC-2 test for the perio6 quantity of material was deposited in the
was identical to that for the orifice plate and the containment vessel and was never transported to
gas clocks. The argon inlet flow was established the measurement system. In addition, large,

i at 40 alpm between 0 and 40 minutes. Off- diameter materials which can account for a large
gassing began between 40 and 50 minutes and fraction of the aerosol mass cannot be sampledi

| the flow rate increased to a plateau of 70 alpm efficiently.
j between 85 and 100 minutes. After concrete
j erosion began at 130 minutes, the_ Dow rate Aerosols were collected and measured using
j increased to a rate of 145-180 alpm. Flow then Gelman filters, Anderson impactors, cyclones,
'

decreased to 50 alpm followed by an increase to and an opacity meter. These instruments are
75-80 alpm. described in Section 4.4. The SURC-2 aerosol

i

I

:
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Data

was found to be broadly distributed between Results
about 0.5 to 20 micrometers aerodynamic particle
diameter with a peak ranging from .2 to 4 The sample times, sample flows, collected
micrometer. Its composition was dominated by masses, dilution rates and calculated concen-
sodium, potassium, and silicon from the concrete trations for the filter samples are given in Table
along with barium, molybdenum, and uranium 6.4.1. The same information for the impactors is
from the charge materials. The acrosol given in Table 6.4.2. This information for the

concentrations measured during SUgC-2 ranged cyclone is given in Table 6.4.3. The flow was
from on the order of 15 to 300 g/m STP. calculated from the system temperature and

pressure and the now control orifice calibration.
Procedure

The voltage output from the opacity meter is
Sample gangs were initiated manuall, with the plotted as a function of time in Figure 6.4.1 and
Modicon controller during the onset of erosion at Figure 6.4.2. Here voltage is used as an in-
132 and 134 minutes, during the initial attack dicator of relative aerosol density. The higher
phase at 143 minutes, and during the reduced the voltagt, the greater the opacity and the higher
erosion period at 164 minutes. Each sample the aerosol concentration.
gang consisted of three sequential 30-second filter
samples along witn two 30-second impactor The filter samples 1,2, and 3 give good agree-
umples. Additional 30-second filter samples ment on an aerosol concentration between 57 aJ

3were taken between 139 to 141 minutes,154 to 65 g/m STP. The impactor samples taken at

this time (E and F,132.5 minutes) indicatg156 minutes, and 174 to 175 minutes. The
pressure transducers giving flow indication were higher aerosol concentrations of 202 to 245 g/m
monitored at the control site and recorded on the with a substantial fraction of aerosol in a size
data acquisition system. A cyclone sample was range greater than 20 microns. This size
taken for a total of 5 minutes between 130 and distribution is shown in Figure 6.4.3. Particle
135 minutes. diameters range from 0.5 to 25 microns and fall

into two groups, one with a mean of 2.0 microns
The opacity meter operated for the duration of and the other with a mean of 20 microns.
the test. Its output was monitored on the meter
at the control site and recorded on the -data Filter samples 4, 5, and 6 (134 minutes) show
acquisition system. similar results at slightly higher concentrations.

These filters indigate concentrations ranging
Pressure transducer outputs and thermocouple from 59 to 69 g/m STP, The concentrations
readings were recorded on the data acquisition indicated by the impactor sampigs (G and H,134
system. The instrumentation and its calibration minutes) are 179 and 315 g/m . The sizes of
and operation has been discussed in Section 4.4 these aerosols (Figure 6.4.4) again range from
The acrosol mass was collected on filters, on 0.5 to 25 microns with a mean at 2.0 and at
impactor collection surfaces and in the cyclone. 20 microns.

* These masses were recovered and weighed after
the test using procedures described in Section Filter samples A, B, C, and D were taken at
4.4. Selected filter, impactor, and cyclone 139.5 to 141 minutes. These samples indicate
samples were submitted for elemental analysis higher concentrations of material which -

3using inductively coupled plasma spectroscopy, range from 75 to 124 g/m STP. An average
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Tabic 6.4.1 SURC-2 filter data

Symem Sydem Esima
Onnce Orifke Sydem Diluter Total Actumi Mans ame Actumi

Filter On Time Duratkm Premure Fkm Pmmune GasFkm Dilutam Mans Mans omc STP Mais ame
3 3 3Sanple (min) (mm) (PSIA) (AlfM) (PSIA) (AlfM) Ratio (gm) (g/m ) (g/m ) (g/m )

1 132.0 0.5 12.00 11.28 12.50 13.78 2.87 0.09347 47.50 64.90 32.60
2 132.5 0.5 12 00 11.28 12.50 13.78 2.87 0.0R270 42.03 57.50 23.30
3 133.0 0.5 12.00 11.28 12.50 13.''8 2.87 0.09074 46.11 63 00 31.60
4 133.5 0.5 12.00 11.28 12.50 13.78 2.87 0.08433 42.86 58.60 29.40
5 134.0 0.5 12.00 11.28 12.50 13.78 2.87 0.08928 45.37 62.00 31.10
6 134.5 0.5 12.00 11.28 12.50 13.78 2.87 0.09565 48.61 66.50 3330
A 139.5 0.5 12.00 11.80 13.50 12.72 2.26 025499 97.68 123.70 67.00
B 140.0 0.5 12.00 11.83 14.00 12.31 2.11 0.17456 62 18 75.90 42.70
C 140.5 0.5 12.50 '11.83 14.00 12.31 2.11 0.17695 63.03 77.00 43.20
D 141.0 0.5 12.50 11.83 14.00 12.31 2.11 0.20365 74.32 90.70 51.00
7 143.0 0.5 12.50 II.E6 14.50 11.92 1.99 0.19013 63.69 75.10 43.70
8 143.5 0.5 12.50 11.86 14.50 11.92 1.99 0.15148 50.74 59.80 34.80
9 144.0 0.5 12.50 11.83 14.00 12.31 2.11 0.16836 60 06 73.30 41.20_

$ E 154.0 0.5 12.50 I1.76 13.00 13.30 2.55 0.09999 43.31 56.90 29.70
F 154.5 0.5 12.50 11.76 13.00 13.30 2.55 0.08968 38.85 51.10 26.70
G 155.0 0.5 12.50 11.76 13.00 13.30 2.55 0.09000 38.98 51.20 26.70
H 155.5 0.5 12.50 11.76 13.00 1330 2.55 0.08563 37.09 48.80 25.40
10 163.5 0.5 12.50 11.76 13.00 13.30 2.55 0.08775 38.01 50.00 26.20 |
11 164.0 0.5 12.50 11.76 13.00 13.30 2 55 0.07384 31.98 42.00 21.00 |
12 164.5 0.5 12.50 11.76 13.00 13.30 2.55 0.07673 33.24 43.70 22.80
I 174.5 0.5 12.50 11.76 13.00 13.30 2.55 0.02632 11.40 15.00 7.80
3 175.0 0.5 12.50 11.76 13.00 13.30 2.55 0.04520 19.58 25.70 13.40

Presep 0.!!650

| Total Mass (gm)

Dilution Gas N2
Z
c . System Temp 343 K
y Exhaust Temp 500 K
a Orifice Temp 298 K
o
:;c
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:
1

i
! Data
!

] Table 6.4.3 SURC Test 2 cascade cyclone data
!
i

: Cyclone Type Cyclade Six Stage
i

j Orince Temp (K) 298.0
i Orince Pressure 12.0 -

i Sampler PSIA
j Flow Rate 22.8
j Sarnple Duration LPhi

Sample Time 5.0
i (ON) MIN
| 130.5
j hi!N
I

j STAGE h1 ASS (gm)

j 1 0.40767
1 2 2.29835
; 3 2.24979 j
-| 4 0.31270 ;

; 5 0.33428
j 6 0.23793

Backup Filter 0.00000i

) TOTAL 5,84072
:

hiass
gm/m{.32443

5
Concentration

}

i

i
1
;

4

'

i

!

;

i

i
<

i
i

i
!

|

|

i

j 137 NUREG/CR-5564
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Data

3concentration of 92 g/m STP with a standard The last filter samples, I and J, were taken at 175 ,,

3deviation of 15 g/m STP is calculated using all minutes. Concentrations at this time have
'

3
four results. dropped to 15 to 26 g/m . Figure 6.4.2

compares the opacity meter output to the filter
sample results. Aerosol release is seen to be

Filter sampics 7, 8, and 9 (143-144 minutes) continuous throughout the time of concrete
show lower cc:,centrations ranging from 60 to ablation with the peak concentrations being at
73 g/m STP. The impactors J and K (143.5 carlie' times when both melt temperatures and3

minutes) indicate concentrations of 135 to gas reicase rates were at their highest levels.
3146 g/m . The opacity meter (Figure 6.4.1)

shows that the peak concentration acrosols were The cyclone sample was taken for five minutes
released at around 140 minutes and that the between 130 to 135 minutes. An average

3
source term declines at times after 140 minutes. concentration of 51 g/m was recorded for the six
This observation is consistent with the filter and collection stages. The size distribution for
impactor data. The size distribution (Figure aerosols collected in the cyclone are presented in

6.4.5) for the acrosols measured at 143 minutes Figure 6.4.7. This shows a large amount of
ranged from 0.5 to 25 microns with a mean at material in the 2 to 25 micron size range with a
about 5 microns. mean at 3.5 microns which a generally consistent

with the impactor results.

Filter samples E, F, G, and H were taken at 154 Elemental analysis using inductively coupled
to 155 minutes. These samples indicate a plasma spectroscopy was performed on the six

3declining acrosol concentration of 48 to 56 g/m cyne stages and on selected filter samples.
STP, The results are given in Table 6.4.4. All of the

samples show large amounts of Na, K, Si, and
Mg from the concrete and crucible materials.

The filter samples 10,11, and 12 (164 minutes) The fission product materials of Ba and Mo are
3range from 42 to 50 g/m STP, impactor also present in significant quantities as are W

samples N and O were taken at the same time and U fhm the meltpool. Little or no traces of
3and indicate concentrations of 88 to 100 g/m . Nb and La were found and Ce was barely

,

The size distribution is shown in Figure 6.4.6. detectable. Where no element was detected, the
The fraction of aerosols in the larger particle result is given as less than the detectable
diameters is lower in these later aerosol samples, threshold for the element on that sample. An
The mean diameter is now shown at 3 microns elemental distribution with respect to time for the
and there appears to be only one mode of combined aerosol source term is given in Figures
primary response. 6.4.8 and 6.4.9.

.

/
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O
S'Z UC

c

$
f5 Table 6.4.4 13cmental analysis of SURC-2 aerosol. Weight percent of clement in sample.
?
M
E

Sampic Ba Ca Ce C1 K La Mg Mo Na Nb Si U W Zr

. Cyclone 1 .035 .010 .001 .88 9.00 .009 .47 .054 33.3 <.001 5.91 .18 4.88 .010

Cyclone 2 .050 <.005 .002 .96- 7.60 .012 2.11 .020 31.0 < .001 23.7 .15 2.36 .011

Cyclone 3 .048 <.005 .001 .81 5.76 .001 1.58 .008 27.0 <.001 16.2 .14 .08 .007

Cyclone 4 .041 <.005 .003 .90 10.9 <.001 2.00 .00* 14.6 <.001 37.6 .13 .02 .004

Cyclone 5 .037 <.005 .002 .76 6.73 <.001 1.94 .00* 14.5 < .001 30.7 .13 .03 <.001

Cyclone 6 .033 .033 .001 .72 5.07 <.001 1.61 .00* 44.9 <.001 15.9 .09 .02 <.001

Filter 2 .058 <.005 .003 1.56 5.00 <.001 2.10 .005 25.3 <.001 23.9 .17 .058 .022

Filter 4 .057 <.005 .002 1.62 4.81 < .001 2.10 .004 25.5 < .001 24.0 .16 .016 .016

Filter 6 .045 <.005 .001 1.98 3.35 .012 1.89 .007 25.1 <.001 19.2 .10 .070 .00I

g Filter 9 .029 <.005 <.001 .95 4.30 .007 1.92 .021 27.2 < .001 21.8 .31 2.41 < JX)I

* Filter 11 .009 <.005 <.001 1.N) 7.24 .002 .72 .36 10.3 <.001 9.39 .26 26.3 <.00I

Filter H .016 <.005 <.001 .90 29.1 .003 1.18 .10 11.8 <.001 14.5 .22 13.5 <.001

Filter J .002 1.35 <.001 1.74 1.25 <.001 .01 .37 6.29 <.001 21.0 .26 31.5 <.001

|
|

. _ . _ _ _ _ . .
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7.0 Test Summary and Conclusions

The SURC-2 experiment was a molten argon gas in order to direct the majority of the
material / concrete interaction test designed to reaction gas and aerosol ef0uents through a 5 cm
sustain a melt of 203.9 kg of depleted uranium diameter Dow pipe. The SURC 2 test was run at
oxide, zirconium metal and zirconium oxide in a local atmospheric pressure (.83 atm) and at an
magnesium oxide crucible with a basaltic ambient temperature of 25'C.
concrete bottom. The goals of the experiment
were to measure in detail the gas evolution, The SURC-2 test ran for a total of 280 minutes.
aerosol generation, and erosion characteristics A data summary is given in Table 7.1. A total
associated with molten oxide-concrete of 35 cm of basaltic concrete was eroded during
interactions, the final 150 minutes of the experiment. Figure

7.1 shows a net power of 61 kW was applied to
The charge material in SURC-2 was a mixture of the tungsten susceptors to sustain the initial
69 w/o UOr22 w/o ZrO - 9 w/o Zr. Addi- interaction between 120-220 min. This was2

tionally,3.4 kg of Ossion product stimulants were increased to a net power of 84 kW for the Gnal
added to the melt to study fission product release. portion (220 280 min) of the test.
The SURC-2 exper. i cnt was conducted b a
60 cm diameter interaction crucible constructed Four time periods during the test are of particular
with a 40 cm basaltic concrete cylinder in the interest. These are the onset of gas release from
base of a magnesium oxide (higO) annulus. A the concrete between 50 to 130 minutes, the
10-cm-thick cover of higO was placed on top of initial rapid crosion period between 130 and 160
the crucible. The interaction crucible and an minutes, the slowed erosion period after Zr

| induction coil were housed in a scaled, water depletion between 160 and 220 minutes, and the
j cooled, aluminum containment vessel which was increased crosion following the power increase

180 cm high and 120 cm in diameter. Exhaust from 140 kW (gross) to 190 kW at 220 minutes,
'

| ports in the crucible and in the containment which lasted until the terminution of the test at
j vessel directed the . eaction products through now 280 minutes.

and aerosol sampling instrumentation. Thei

interaction crucible was instrumented with During the initial heatup period between 50 and
| thermoeouple arrays cast into the concrete 130 minutes, the temperature of the oxide charge,
! cylinder, higO annulus, and higO cover. A as shown in Figure 7.2, increased from 750 K to

280 kW induction power supply was used to heat 2500 K and it began to melt. Figure 7.3 shows
tungsten rings placed in the charge which in turn that the concrete basemat started to dehydrate

| heated, melted, and sustained the oxide-concrete during this time at an average rate of 5.4 cm/hr.
interaction. Flow rates of generated gases were This produced a reaction gas How rate of 26 slpm

| measured using a sharp-edged orince, a laminar (31 alpm) as shown in Figure 7.4. _ The com-
flow element, a turbine meter, and two dry gas position of this initial efauent gas was 70 to 80%

'

clocks. Gaseous efnuents produced during the H -5 to 15% H 0-10 to 20% CO. No aerosol2 2

experiment were monitored and sampled using an samples were taken during this period and the
infrared gas analyzer, a mass spectrometer, and opacity meter did not register an aerosol density
by an integral grab sample technique . Aerosols above its threshold of 10 g/m'.
were captured on Elters, cascade impactors, and
a cascade cyclone. Concrete erosion charac. Concrete crosian began after 130 minutes when
teristics were measured using type K, S, and C the oxide charge became completely -molten.,

'

thermocouples. Three tungsten thermowells The ZiQ insulator board separathg the
containing optical pyrometers were embedded in UG-ZrOrZr materiai from the concrete was
the charge in order to define the meltpool incorporated into the melt between 120-130
temperature. The apparatus was purged with m'wes. 'hus iniusthis the attack. The meltpool

NUREG/CR 5564 149
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Test

Tabic 7.1 SURC-2 data summary

Early (with Zr) Mid (without Zr) late (without Zr)

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 84 kW Charge S4 kW

Melt temperature 2700-2100 K 2100 2050 K 2050-2150 K

Erosion rate 30 cm/hr 5 cm/hr 15 cm/hr
,

Gas Cow 110 slpm 20 s1pm 50 sp!m

Gas composition 75% Hr5% H O 70% Hr5% H O 75% H -5% H O
2 2 2 2

i 15% CO-50% CO, 15% CO-10% CO, 15% CO-54
CO,

Aerosol density 90 g/m' 50 g/m' 40 g/m'

temperatures at 130 minutes were 2650 to reaction gas flow rate decreased to 20 sipm
2720 K (Figure 7.5). These temperatures (24 alpm) (Figure 7.4) and had a typical
decreased to 2100 K, at 160 minutes when 15 cm composition of 70% Hr5% H 0-15% CO-10%2

of concrete were croded at a rate of 20-40 cm/hr CO (Table 6.2.2). Two aerosol impactor
2

as shown in Figure 7.6. The reaction gas flow samples and five filter samples were taken during
rate between 130 and 160 minutes averaged 113 this period yielding aerosol densities ranging
slpm (136 alpm)(Figure 7.4) and had a typical from 90 to 15 g/m'. These aerosols were
composition of 75% H -5% H O - 15% CO-5% predominantly in the 1-10 micron range and had

3 2

CO, (Table 6.2.2). Seventeen aerosol filter a mass mean diameter of 4 microns as shown in
samples (Table .6.4.1), six . impactor samples Figure 6.4.6. Traces of calcium and tungsten
(Table 6.4.2), and a cyclone sample (Table were found in these later samples in addition to
6.4.3) were taken during this period. Thest abundant amounts of uranium, molybdenum,
samples indicated aerosol densities ranging from silicon, sodium, and potassium (Table 6.4.4).
50-300 g/m' ar.d were rich in silicon, sodium,i

potassium, barium, molybdenum, and uranium
(Table 6.4.4). The size distribution of these At 220 . minutes, the gross power to the
aerosols ranged Pom .5 to 20 microns with a charge was increased from 140 kW to 190 kW
mass mean diamuter at 3 microns as shown in (Figure 7.1). This resulted in higher crosion
Figures 6.4.3 through 6.4.5 and 6.4.7. rates, higher gas release rates, and higher

pool temperatures. - The meltpool temperature
increased from 2050 K to 2150 K (Figure 7.5)

Between 160 and 220 minutes the crosion rate during the final 60 minutes of the test. The
dropped from 20-40 cm/hr to 5 cm/hr (Figure erosion rate increased from 5 cm/hr to 15 cm/hr

| 7.6) after all of the Zr metal had been oxidized. (Figure 7.6) as an additional 15 cm of concrete
The meltpool temperatures during this period were eroded bringing the total erosion to 35 cm.
ranged from 2050 to 2l00 K (Figure 7.5) as an The reaction gas flow rate went from 15 to
additional 5 cm of concrete were eroded. .The 39 slpn (18 to 41 alpm) and the gas composition
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Test -

was 75% Hr5% H 0-15% CO-5% CO (Table Aerosols are continuously released in2 2

6.2.2) Although no acrosol samples were taken concentrations ranging from 15 to 300 g/m'.
during this period,- the optical photometer Although the composition of these aerosols is
registered constant levels of aerosol production at mostly concrete materials, signiPtnt amounts of
about 10 g/m' as shown in Figure 7.7. barium, molybdenum, and urana..n, along with

some cerium, are also found. These amounts are
After 280 minutes of heating and 150 minutes of orders of magnitude higher than would be
concrete erosion, the SURC-2 melt penetrated the predicted from mechanical release mechanisms,
remaining 5 cm of concrete and ran out into the This implies that the aerosol release is
bottom of the containment vessel. Posttest predominantly vaporization-driven and would be
examination of the crucible and vessel indicated expected to continue as long as the melt
that the escaping melt created a large hole 4 cm temperature remained high and significant
in diameter in the bottom of the interaction amounts of gas generation continued.
crucible. The melt runout completely covered
the MgO bricks in the bottom of the 120 cm
diameter containment vessel to a depth of 5 cm. The aerosols changed in composition and release
Neither the MgO brick nor the aluminum vessel rate over the course of the test. Generally, high
appeared to have been attacked during the runout melt temperatures and high gas evolution rates
and subsequent freezing process. Analysis of the produce high aerosol releases. The melt
runout material indicated high concentrations of chemistry will influence the type of materials
uranium, calcium, silicon, zirconium, and released. Early in the test, thm was zirconium
tungsten. This material had a density of metal present which produced a chemically
1.5-4.0 g/cm' and had a blackish, lava-like reducing environment in the melt. Later after the
appearance with some retained porosity. The zirconium has been oxidized, the melt was an
runout at 280 minutes effectively terminated the oxidizing environment. This is seen in Figure
SURC-2 test. 6.4 9 by the early barium release. Barium oxide

was reduced to more volatile barium during the
initial part of the test. During the later part of

The initial temperatures in the SURC-2 test were the test, the molybdenum is oxidized to its more
in excess of 2500 K and erosion rates were as volatile oxide and substantial molybdenum release
high as 150 cm/hr during the first 2.3 min of is observed. Higher silicon release is observed
concrete ablation. Both chemical energy and during the early stages of the test as shown in
decay heat power appear to contribute to these Figure 6.4.8 This demonstrates the importance
observed phenomena. As the Zr content of the of melt chemistry on release,
melt is depleted by oxidation and concrete
byproducts are incorporated into the melt pool, The results of the SURC-2 test generally confirm
both temperatures and erosion rates decrease,

the observations made in the SURC-1 test with
limestone concrete. Both tests had very similar

. The sustained temperatures of 2050 to 2150 K charge _ compositions and nearly identical power-
are observed for over 100 minutes following the histories.
initial rapid erosion period. This is well above
the liquids temperature of basaltic concrete
(1350-1650 K) and implies that there is -a The key observations made during the tests were

( significant thermal resistance between the molten (1) high initial temperatures and erosion- rates,
oxide pool and the concrete. An increase in (2) sustained interaction temperatures in excess of
power to the oxide pool also increases the oxide 2000 K, and (3) continuous release of aerosols in
pool temperature as well as the erosion rate. large amounts.
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Test

The concrete dehydration history for each ablation period, gas flow rates averaged 110 sipm 1

experiment was very similar when comparing for SURC-2 and 150 slpm for SURC-1. In the
dehydration depth with time. The basalt concrete mid to later stages of the experiments, gas How
in SURC-2 began dehydrating at about 55 rates averaged between 20 - 60 sipm and 40 - 80
minutes and the limestone concrete in SURC-1 slpm for SURC-2 and SURC-1 respectively,,

began near 75 minutes.

Aerosol concentrations in the early and middle
The onset of ablation occurred at about 135 stages of SURC-2 were higher then for the same
minutes in SURC-2 and 150 minutes in SURC-l. period in SURC-1. In the later stage the opposite
The ablation rate for the two experiments was was true. The aerosol concentration in SURC-2
initially high for the first 2 to 5 minutes was lower than SURC-1. For SURC-2, the
calculating to bc 150 cm/hr for SURC-2 and 110 initial and middle stage concentrations measured
cm/hr for SURC-1. This was followed by an 90 g/m and 50 g/m' respectively. For the same2

order of magnitude decrease in ablation for the period in SURC-2 concentrations measured 50
remainder of the experiment in both cases. g/m and 30 g/m'. In the later stages of the3

experiments SURC-2 averaged a slightly lower
The melt pool temperatures increased and peaked concentration which measured 40 g/m' when
at about 2720K for SURC-2 and 2650K for compared to SURC-1 which measured 60 g/m .3
S URC-1. The melt pool temperatures then
declined as concrete was taken into solution with Tae aerosol particulate size is nearly the same for
the UO . both experiments with each exhibiting particle2

diameters ranging form 0.4 to 25 microns. Both
A comparison of sidewall heat flux profiles experiments indicated a mean particle size of 2 -
calculated at various elevations, for the two 3 microns with a peak between 10 and 25
experiments, were very similar. The steady state microns.,

'

values calculated for each of the locations at the
! end of the experiment (300 minutes) ranged
| between 4.5 x 10' W/m and 1. x 10' W/m in The SURC-2 test was excellent in all respects and

2 2

i both experiments. successfully met all of the test goals. This test
should provide comprehensive, redundant, and

The gas flow rates measured in SURC-2 were well-characterized information on molten oxide
generally lower than in SURC-1 because of the interactions with basaltic concrete which is
composition of the concrete. During the high well-suited for code validation efforts.
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j Appendix A
i

Appendix A: Calorimetric Test Data and Equations

Experimental Apparatus plates did not get so hot that the water:

surrounding the plate went into film boiling. It.

Data obtained in the calorimetric tests of the was desired to keep enough water flowing so
induction power supply are shown in this that all the heat generated in the plate was
appendix. Calorimetric tests were conducted to transferred to the water in the nuclear boiling

; quantify the coupling efficiency of the inductive regime. This whole assembly was placed inside
ring susceptors. During the experiment the water cooled aluminum contrSment vessel
tungsten susceptor plates placed in the charge to duplicate the actual experimental conditions.i

; are heated inductively. These plates transfer
heat to the oxide debris surrounding it by Power Based on Calorimetry Calculations:

conduction melting the debris and sustaining,
; the interaction. For the calorimeter test five Three calibration tests were performed at input
; stainless steel plates were fabricated with the powers of 100,175, and 300 kW, based on
'

same hole patterns as the tungsten susceptor power meter readings on the control console of
rings used in the experiments. The coupling the power supply. The output of the power

j efficiency of the power supply to the charge is transducer connected to the buss bars, the
a function of the materials resistivity. 304 thermocouples and flow meter were connected,

; stainless steel at near ambient temperature to a Hewlett Packard HP-1000 data acquisition
1 (300 K) has nearly the same resistivity of system for collection and posttest plotting and

tungsten at 2400 K. Since the stainless was analysis.,

easier to work with, a ring assembly was
i prepared modeling the spacing of the tungsten The calorimetric test was initiated by starting

rings in the charge. The test apparatus for the data acquisition system, establishing base
'

! conducting the calorimetric test is shown in line data for the instrumentation. The water
i Figure A-1. The stainless plates were spaced was turned on and the flow was regulated by a
| equidistant apart using five stainless steel gate valve. After a few minutes of base line
: tubes, data was taken, the induction power supply was
!

started and a constant input power was applied
I

This assembly was placed into the cavity of a to the stainless steel rings. The power supply
{ crucible fabricated from MgO castable. The was run until the differential temperature in

crucible contained an outlet for water flow. the water pool and in the aluminum
; The copper induction coil was placed around containment vessel reached a steady state

the crucible and centered vertically with the condition.,

plate assembly. Cooling water was supplied toi

the plates using a 1.9 cm diameter copper-

tubing placed at approximately mid height of The power imparted to the st'ainless steel
the water pool. A large 7.6 cm hole in the susceptor plates was calculated using the
center of the stainless susceptor plates made common energy equation,

this possible. Water flow into the crucible was
measured by a positive displacement flow

P"""" - rh C' (r ' - T") (A-1)
meter. The inlet and exit temperature of the "

; water was measured during the test with type
K thermocouples. Type K thermocouples were where
also mounted on the second and third plate P, = Power deposited into the,

from the top. This was done to ensure that the susceptor plates j/sec

A-1 NUREG/CR-5564
.
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Appendix A

TYPE K THERMOCOUPLES POSITIVE DISPLACEMENT
FLOW METER

6 f

fMgO C ASTABLE g
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WATER OUTLET

f
9- -

DG/ r
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Figure A-1 Test apparatus for conducting calorimetric tests for the SURC 2 experiment
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Appendix A

C, = specific heat of water divided by the total power measured by the
(j/kg * K) power transducer at the buss bars.

T. = temperature of the water % eff - P, / P x 100 (A-2)mflowing out of the crucible
(K)

The coupling efficiency of the containment
T = temperature of the water vessel is found likewise,

flowing into the crucible (K)
Power, differential temperature, and flow rate

The specific heat for water is taken at the profiles plotted as a function of time for the
mean temperature of the water pool 175 and 300 kW calorimetry are shown in
((T. Tin)/2). Figures A-6 through A 9.

The fraction of power deposited in the Based on these data, the coupling efficiency for
aluminum containment vessel is found the 175 and 300 kW power levels were
similarly. The only difference is that the calculated as well as the coupling to the
cooling fluid was a 50/50 mixture of ethylene _ containment vessel. The results of all three
glycol and water, calorimetry tests for the susceptor assembly are

presented in Table A-1. The power imparted
For the initial test the input power was to the aluminum tntainment is prer.ented in
101.7 kW. The output from the power Table A 2. Included in this table is a
transducer is shown in Figure A 2. The flow calculation of the power applied to the vessel
rate of water and ethylene glycol / water mixture with the power supply operating without the
is shown in Figure A-3 plotted as a function of susceptor assembly in place. The power supply
time. The flow rate of water to the crucible essentially operated in a no-load condition.
and through the containment vessel was 3.6
and 8.8 gallons / minute respectively. The
steady state differential temnerature measured The calculated coupling efficiencies for the
for the crucible pool and containment vessel susceptor plate assembly ranged between 42.8
was 45.8 C and 5.1*C, respectively. The plot and 45.8% for buss power between 101.7 and
of differential temperature for the crucible 301 kW. The efficiency increases slightly with
pool and aluminum containment vessel is the increase of buss power,

-

shown in Figures A-4 and A 5, respectively.
The fraction of total power coupled to the

Converting units and substituting the containment vessel ranged between 10.0 and -,

appropriate values into Equation (A-1) for the 4.8% for the same buss powers described
water pool and containment vessel yields above. As the buss power is increased the
43.5 kW of power imparted to the UO -ZrO power to the vessel remains about the same2 2

susceptor plates and 10.2 kW to the aluminum thus reducing the coupling efficiency. The
containment vessel, power coupled to the ccatainment vessel for

the no load case is about 3.2% higher than the
The coupling efficiency is then defined by the loaded case when the induction power supply
ratio of the power imparted to the plate operated at essentially the same peak power.
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Appendix A

Table A 1 Susceptor assembly coupling emciency

input Power Power Measured Power Deposited
Console Power at Buss Bars in Susceptor Coupling

Meter (kW) (kW) Plates (kW) Emciency

100 101.7 43.5 42.8 %

175 175.5 77.5 44.2

300 301.0 137.9 45.8 %

Table A 2 Aluminum containment vessel coupling emeiency

-

Input Power Power Measured Power Deposited
Console Power at Buss Bars in Susceptor Coupling

Meter (kW) (kW) Plates (kW) Emelency

100 101.7 10.2 10.0 %

175 175.5 15.5 8.8%
300 301.0 14.4 4.8%
170 No Load 166.3 19.9 12.0 %

Configuration

NUREG/CR 5564 A-12

_



Appendix B: Power Supply Operational Data

In this appendix data is presented r ,Sted to data for the cooling fluid flowing through the
the operation of the power supply. 'Inis data power supply, induction coil and conte nment
includes buss power, flow rate and temperature vessel.
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Appendix C: Crucible Thermocouple Profiles R

resented in this appendix are the temperature thermocouples imbedded in the concrete, MgO
ofiles produced from type K and S castable sidewail and MgO cover.
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Appendix D: Melt Temperature and Pyrometer Data

In this appendix charge temperature data is tungsten tube. Also presented, are the
presented for type C and S thermocouples temperature profiles for the C type
installed in alumina tubes and cast into the thermocouples installed at the base of each of
concrete cylinder. Pyrometer data is presented the tungsten tubes. The tubes were purged
for three fiber optic pyrometers each focused with argon to minimize oxidation.
at the base of a thick walled, closed end

D-1 NUREG/CR 5564



, .

.
.

--

Appendix D coo __ _ _ _ , _ _ _ _,,_

a t i- i . - 2.0
' o

n

2400 1

jD o
D yO p

"

$2200 o a

2000

0
%
1
W teco

n

16 D 0

J1400
137.1 137 3 1373 137.7 1373) ?!e 1 1!E 7 138 *. t!**

TM (min)
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Appendix Et Calcuinted Sidewall Heat Flux Data

Presented in this appendix are the sidewall imbedded in the alumina annulus and crucible-
and upward heat fluxes calculated using an cover. Additionally, plots -are presented,

'

inverse heat conduction code. Calculations comparing sidewall temperatures measured
were made based on temperature data during the experiment and calculated from the4

| produced from type K thermocouple arrays - inverse heat conduction code.
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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 and
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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
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Figure E-37 Comparison of sidewall temperatures measured dudng the experiment and
calculated from the heat flux code for thermocouple located at z = +15.0 cm and
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Figure E-39 Comparison of sidewall temperatures measured during the experiment and
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Figure F 41 Comparison of sidewall temperatures measured during the experiment and
calculated fmm the heat flux code for thermocouple located at z = +35.0 cm and
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Figure E-43 Comparison of siCyall temperatures measured during the experiment and
: calculated from the heat flux code for thermocouple located at z = +35.0 cm and
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Figure E-45 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat flux code for thermocouple located at z = +50.0 cm and
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Figure E-46 Comparison of sidewall temperatures measured during the experiment and
calculated from the heat Cux code for the thermocouple located at z = +50.0 cm
and t = 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,
# = 0, z = +60.0 cm and t = 0.5 cm
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Figure E-48 Comparison of sidewall temperatures measured during the experiment and-

calculated from the heat flux code for the thermocouple located at r = 10.0 cm,
a # = 0, z = +60.0 cm and t = 1.5 cm
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calculated from the heat flux code for thermocouple located at r = 10.0 cm,
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Appendix F Pressure Transdue:r and Flow Levice Cellbretion Data

Enclosed in this appendix are the calibration flow system and calibration plots of the flow
data for the pressure transducers used in the devices used in the experiment.
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Appendix G: Fl:w Circuit Pressures, Gas Ccmpositirn,
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 expeiiment.
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Figure G-45 Comparison of percent opacity with actual exhaust line mass concentrations
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Figure G-47 Plot of mass concentration as a function of percent opacity calculated from filter
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