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Abstract

The interactions of molten sodium with f ast reactor construction

materials are being investigated for safety analysis purposes. Basalt
,

concrete haa been used in the floor of the containment building under the

reactor vessel in certain reactor designs. In these designs, the basalt*

concrete is protected by a steel liner and several courses of firebricks.

Molten sodium was poured into large basalt concrete crucibles. For

one test, the cavity of the concrete crucible was unprotected. In another

test, the cavity was covered with two layers of firebricks and a steel

insert. The third test also used firebricks and a steel insert, however,

the cavity sidewalls were excluded from the test in an effort to present

the cavity bottora with a one-dimensional sodium attack. In the latter

two tests, the steel insert was intentionally flawed so that the sodium

might come in contact with the firebricks and the concrete. In all three

of these tests, vigorous exothermic reactions were observed between the

sodium and the concrete and between the sodium and the firebricks. The

reactions continued until all of the sodium had been consumed. The three

basalt concrete crucibles cracked severely.
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Introduction

In order to characterize and model the reactions of molten sodium

with nuclear reactor construction materials, a series of large scale
.

interaction experiments has been conducted. Three of these experiments

have been performed on basalt concrete. The experiments performed involved
,

heating a desired quantity of sodium (up to 250kg) in a stainless steel

vessel and then dumping the sodium into the nitrogen inerted cavity of a

basalt concrete crucible. Energetic exothermic reactions were observed

in all three tests. The interactions between the molten sodium and the

firebricks and between the sodium and the concrete proceeded as long as

sodium was available. Other investigators have looked at these inter-

actions, but few on a large scale.

The large-scale experiments are augmented by physical and chemical

separate effects tests in which individual parameters and chemical re-

actions may be studied.

This work is sponsored by the U. S. Nuclear Regulatory Commission

and is a part of the Commission's confirmatory research effort in the

advanced reactor safety program.

Sodium Facility |

The facility in which the sodium-concrete interaction experiments
i

are performed is shown in Figure 1. Basically the system involves trans- I
l

ferring sodium from commercially available 55 gallon drums into a stainless )
steel heating tank. After reaching the desired temperature, the sodiua

is gravity dumped into the concrete crucible which is housed inside a

steel test chamber.
*

Sodium is purchased in steel drums which serve as the initial part

of the charging system. Cylindrical drum heaters (s6kW) are used to melt
,

the sodium in the drum. Transfer from the drum is accomplished by first

evacuating the dump tank and then pressurizing the drum, using argon.

7
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Trace heated stainicas steel tubing is used as the transfer line. A

sintered metal filter is incorporated into the transfer line.

The heating / dump taak is of 316 stainless steel construction. The
*

ASME Boiler and Pressure Vessel Codes were specified in the tank's manu-

facture. The allowable stress for 316 stainless is 6.9 MPa at ll23K. A
.

class 1 rating was specified which required radiographic inspection of

all welds. The heaters used to heat the tank include sheathed tubular

resistance heaters external to the tank as well as a sheathed immersion

heater. The external heaters are controlled in three separate zones.

Thermocouple feedback from each zone is used in conjunction with three-

mode temperature controllers which, in turn, control the power delivered

from a distributed-zero, crossover power controller. These controls

make it possible to maintain a uniform tank temperature, alleviating

thermal stress problems. A large vapor trap is incorporated into the

tank to obtain pressure relief from the thermal expansion of the molten

sodium. The valving mechanism used for dumping the sodium is a combina-

tion conical valve and seat with a stainless steel rupture diaphragm. The

valve is pneumatically actuated.

The facility is isolated with no other personnel or buildings within

a one kilometer radius. Residue from the tests is placed in shallow pits

and watered down using accepted disposal methods.

Instrumentation

The instrumentation used for the large-scale sodium-concrete inter-

action experiments can be divided into three areas: 1) the overall data

acquisition syntem, 2) gas analysis and 3) concrete penetration measure-

ments. The crucible instrumentation is shown in Figure 2. Temperature,.

pressure, gas flow and moisture sensors were used as a part of each test.
.

Strain gauges were used on the steel insert of test 2. The penetration

of the sodium-concrete reaction zone into the concrete was monitored by

an ultrasonic pulse-echo technique.

9
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.

Data Acquisit'.On*

The data acquisition system is a facilities installation and serves
,

the sodium-concrete work as well as several other reactor safety programs

. (molten core and fragmentation). The system is shown schematically in
i

Figure 3. The software was developed to use a modular technique. Only

'

part of the operating test program is in core at any one time. A psuedo

operating system loads files from tape and then transfers control to the

file program. The program executes and turns control back to the ope. ing

system. Prior to a test an initialization progcam sets up calibration

and specifications for each data channel. The data acquisition program

is interactive so that parameters may be changed as a test progresses.

A small amount of data reduction is performed during the test to aid

in decision making.

Gas Analysis

Two chemical aspects of the sodium-concrete interaction are monitored

during the tests, both related to the gas evolved during the interaction.

The first is the identification of the gaseous species which are being

evolved and the second is the measurement of the rate of gas evolution.

The identities of the gaseous species are determined by mass spectro-

metry with a quadrupole mass spectrometer. The instrument has a selectable

mass range of 0-200 atomic mass units (AMU). Often called a residual

gas analyzer, the instrument is most suited for the identification of
f

the permanent gases such as 112, CO, CO , N2, 02, etc. Composition can be
2

! determined if the necessary peak-height / partial-pressure calibration

curves are known.

Since the maximum operating pressure in the mass spectrometer is

410-3 N/m2 (1,4 x 10-6 torr), sampling of the evolved gases proceeds i

i through three pressure reduction stages. A small part of the exhaust*

.

_ gases is withdrawn from the exhaust or vent pipe that leaves the "tophat"
,

and passed through a glass wool filter to remove particula *.e matter. In

turn, this filtered gas stream is sampled by another pumping system from

which the. final sampling is accomplished by the mass spectrometer vacuum

Il

..

, _. -_ . ._ _-.m. -, ,
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system. Sufficient gas flows are maintained in the total sampling system

so that the residence time is less than 15 seconds. During the tests,

the mass spectrometer repeatedly scans between 0 and 48 AMU, taking about

two minutes per scan.-

The rate of gas evolution is measured by the pressure drop across a
b

laminar flow element. The gases are conducted through a scrubber system

in order to remove particulate matter. The flow element is placed down-

stream from the scrubber since it is easily plugged. A further advantage

of this location is that the gas temperature has been bro': 'c to a nearly

constant value, thus simplifying the calculation of flow rates. Apparent

flow rates up to 5m / min can be measured. The true flow rates may be

calculated if composition is accurately known, assuming that the viscosity

of a gas mixture is a linear combination of the viscosities of the com-

ponent gases.

Concrete Penetration Measurements

The pulse-echo ultrasonic system used in these experiments is shown

schematically in Figure 4. This system is identical to the one described

in reference 1, and a detailed description of its operation is provided

there. To summarize, the system measures the time required for an acoustic

signal, generated by the transmitting transducer, to traverse the specimen,

he reflected from the sodium-concrete interface, and return to the receiving

transducer. When a measurement at some time, t, into the test is compared

with a calibration measurement that was taken before the test, the distance

the interface has moved during the intervening time is given by

f (T(0) - T (t)) (1)A1(T) -

where C(T) is the temperature-dependent acoustic wave velocity in the-

crucible material and Tau (T) is the travel time of the acoustic wave.
'

With temperature gradients in the concrete, this equation can be approxi-

mated by the series expansion

13
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fC - I
l1- T(0) - T(t) +2 t.(t) (2)at(t) =

2
, i,1 i

C 10 -

where the temperature field in the concrete at time t is approximated
.

by N uniform temperature zones, R i(t) is the thickness of the ith

i is the acoustic wave velocity in the ith zone, and C is thezone, C 0,

reference acoustic velocity taken at room temperature, and C is the
7

acoustic velocity taken at the hottest zcne.

The mean acoustic wave velocity of basalt aggregate concrete is

5.64km/s at room temperature. The velocity variation with temperature

is shown in Figure 5.3

Strain Gauges

Weldable strain gadges were used on the steel insert of test 2 to

see if the intentional flaw in the bottom plate might propagate because

of the thermal shock of the sodium spill. The gauges consist of a

short length of nickel-chromium alloy wire which has been etched so

that a sensitive element is formed. The wire is insulated by highly

compacted magnesium oxide powder and encased in a small diameter type

321 stainless steel tube. The tube is welded to an exterior metal

flange which enables the gauge to be welded in place.

Normally the nickel-chromium gauge element is restricted for use

to temperatures below 616K because the electrical resistivity of the

element changes at higher temperatures. Iloweve r , since these changes
1

require a finite time to occur, it is feasible to use the gauge as high )
as 1090K in situations where the time of interest above 616K is a matter ,

I

of minutes or less. Use of the nickel-chromium gauge is a t tra u m ive

since the change in electrical resistance due to temperature is about
,

i
one-tenth that of platinum-tungsten or Nichrome V gauges. Strain gauges

have been extensively characterized with respect to the effect of

'

temperature, but only for constant or slowly changing temperatures.

Since the temperature environment on the unheated side of the crucible

15
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insert was predicted to be characterized by a temperature increase of

55K/s, an investigatio'n into the behavior of the strain gauges was

initiated, see Appendix B.

.

Materials
.

Basalt Concrete

The co' crete crucibles used in these experiments were cast using

4basalt sand and basalt aggregate obtained from the same source that

supplied materials for construction for the Fast Plux Test Facility

(FFTF). Grain size distribution of the materials is shown in Figure 6.

The mixing ratio for FFTP basalt concrete was obtained from the Hanford

Engineering Development Laboratory (HEDL)5 and is given in Table 1.

The crucibles were cast, under contract, by the Eric H. Wang Civil

Engineering Research Facility of the University of New Mexico. Test

cylinders were cast at the same time as the crucibles and stored in

100% relative humidity. The cylinders were compression tested at

standard intervals and on the day of a large scale test. Crucible

construction is shown schematically in Figure 7. Crucibles were cast

with a right circular cylindrical cavity. Cavity dimensions were

varied to give different sodium contact area to sodium pool volume

ratios. In all cases, crucible sidewall and bottom thickneses were

38.1 cm (15 in). All crucibles were cured at least 90 days before

testing.

TABLE 1

Concrete Composition
.

3kg/m g

Portland cement 269.1 11.4.

Sand 844.2 35.8
Aggregate 1047.6 44.5
Water 14 9.0 6.3
Pozzalan 46.5 2.0

17
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Firebrick

Two types of firebricks were used in these experiments, a dense

firebrick and a light-weight insulating firebrick. FFTF cell hot

liner design places the dense firebrick next to the steel liner and .

the insulating firebrick next to the concrete, see Figare 8. The
*

dense firebrick has the trade name "Morex" and was supplied by Kaiser

Refractories. The insulating firebrick is designated as G-20 and was

supplied by A. P. Green Refractories. The composition of the fire-

bricks is given in Table 2. Since both the basalt concrete and the

firebrick compositon are over 50% SiO their reaction with sodium was2,

expected to be similar.

TABLE 2

Firebrick Composition

Oxide Insulating Dense

SiO 57-60% 56
Al 33-36 38
Fe 0 1-2 23
Ca 0.1-1.6 0.6
MgO 0.01-0.6 0.6
Tio 1.5-2.5 1

Alk!1ies 1-2 1.6

3Bulk density 600-700kg/m 2130-2190

The refractory mortar used to cement the firebricks into the

crucible was a commercial premixed product with t.e trade name

"Troweleze."

Experiments

*

The experiments are summarized in Table 3. In the first basalt

concrete experiment, the bare crucible was exposed to a shallow sodium
.

pool. In the second experiment, the crucible cavity was lined with

firebricks and a steel insert (both sidewall and bottom), see Figure 9,

20
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The cavity sidewall cracked radially in both tests. The third test

was designed to exclude (as much as was possible with an already cxist-

ing crucible) the sidewall from the interaction with sodium, Figure 10.
d

For this test, firebricks were placed on the crucible cavity bottom.

but not on the sidewall. The steel insert was made such that a 2.5 cm
'

annulus existed between the insert and the crucible cavity sidewall.

This annulus was packed with magnesium oxide powder which is inert to

sodium. The steel inserts of both the second and third tests contained

an intentional flaw to simulate a defective liner that would allow the

sodium to contact the firebrick and the concrete.

TABLE 3

Sodium-Basalt Concrete Experiments

Test l* Test 2 Test 3

Crucible wt. kg 4090 3900 4000
Day of test comp.
strength MPa 25.73 24.70 28.54

Cavit, dia. cm 122 91 76
Cavity depth cm 30 51 71
Sodium wt. kg 128 68+45.5 239
Drop temp. K 873 873 973
Quench temp. K 700 620 700
Set-point K 823 823 823
Pool depth cm 13.2 30.5+20.2 76.8
Special features none inse r t+ f b .* * insert +fb.

Bare cruci. 3-D l-D

Results:
- Energetic reaction yes yes yes

Sodium consumed all all all
Max. Erosion cm 6.4 all fb. all fb.+ 30-35 cm

of concrete

* Tests 1, 2, and 3 of this report were tests 11, 12, and 13 of the
overall sodium-concrete program.

**fb. = firebricks

.

Test 1

'

128kg of sodium at 873K (600'C) were dumped into the bare cavity

of the basalt concrete crucible. The resulting sodium pool was 13.2 cm
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deep. The crucible cooled the sodium to 703K (430*C) before the pool

heater could restore the pool temperature to a set-point of 823K (550'C),

see Figure 11. The pool temperature remained at 823K for about 15

minutes before an exothermic reaction increased the pool temperature,

to 1043K (770'C). This reaction continued for about 75 minutes. At

280 minutes into the test, the pool heater failed terminating the test.*

Posttest examination revealed that all of the sodium had reacted

with the concrete leaving a cinder-like bed of reaction products. The

products at one edge of the cavity burst into flame when exposed to the

a tmos phe re . The crucible had numerous radial cracks extending com-

pletely through the cavity sidewall. The concrete had been preferen-

tially attacked along these cracks due to enchanced water release.

Figures 12 through 14 show the penetration and cracking of the crucible.

The chemical analysis of two samples of reaction products is given in

Table 4. One sample was obtained from the bottom of the crucible cavity

near the center. The other sample was taken from the side of the cavity

near the top. Substantial amounts of sodium hydroxide were found along

with some sodium hydride. There was more hydroxide in the bottom

sample, as would be expected from the hypothesized chemical reactions.

(See section on Chemistry.) Other analyses (silica, alumina, etc.)

were as expected from the concrete composition.

TABLE 4

Chemical Analyses of Reaction Products from Test 1

Constituent Bottom / Center Side / Top

18%NaOH(+Na20) 4C% <

NaH 3 3
Na CO * 10 63
Si 20 40
Al 9 10
Fe 0 9 10

3
Ca0 9 13-

*Probably from C02 in atmosphere reacting with NaOH cf residue.
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There are two nearly linear slopes on the heating portion of the
.

pool temperature curve in Fiqure 11, labeled 1 and 2. The first slope

occurred when the pool heater was bringing the pool temperature up to

the set point. The heater was operating at its maximum output of 30kW. .

'

Taking into consideration the mass of the sodium, this slope on the

pool temperature curve corresponds to 10kW net heat input, indicating a

heat loss (conduction, convection and radiation minus chemically gen-1

erated heat) from the pool of 20kW. The second slope occurred when the
,

heater had turned of f ( the temperature was over the set-point of 550*C) .4

The heat being added to the pool could only come from exothermic chem-

''
ical reactions. Slope one and slope two are nearly equal; therefore,

assuming' equal heat losses, the chemical reactions were contributing

an additional 30kW during the time period of the second slope.
1

-Test 2

The crucible cavity was lined with two layers of firebricks and a4

: steel incert to simulate FPTP cell design, Figure 9. The steel insert
1

was purposely flawed to simulate a defective liner that would allow the

'
; molten sodium to contact the firebricks and concrete. The simulated

flaw in'the bottom of the insert was instrumented with strain gauges to

i furnish data on the thermal stresses in the insert and possible flaw
; ,

! propagation. In addition to the normal crucible thermocouples, thermo-
:

i

couples were also placed between the insert and the dense firebrick,

between the dense firebrick and the insulating firebrick and between'

*
the insulating firebrick and the concrete.

| 68kg of sodium at 873K (600*C) were dumped into the lined crucible ''

cavity. The initial pool depth was 30.5 cm. Following initial cooling,

I the heaters restored the sodium pool temperature to 823K (550*C) and '

,

p maintained it there for approximately 15 minutes. At that time, an
.

? exothermic reaction started in the first layer of firebrick (dense),
!

Figure |15. Temperatures in this layer reached ll23K (850*C). A short
,

'

,

e

|
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time later, a temperature excursion was detected in the second layer

of firebrick, followed by an excursion at the firebrick-concrete

interface. Ile re , three hours into the test, the depth of the sodium

pool had dropped about 20 cm as indicated by thermocouples. A sodium
I

excess was desired for this test so a second sodium dump of 45.5kg was

made. A large volume of gas vented from the test chamber when the

second sodium dump was made--indicating that the concrete crucible was

badly cracked at that time. In the eleventh hour of the test, an

explosion occurred in the test chamber, presumably caused by hydrogen

gas, terminating the test.

Posttest examination revealed that all of the sodium (113.5kg)

had reacted. The reaction products from the sodium-firebrick reaction

had bulged the bottom of the insert, in the direction of the cavity,

about 4 cm--giving it the appearance of the bottom of an aerosol can,

Figure 16. No radial distortion of the insert was noted. The upward

force of the reaction products was strong enough to break two of the

four turnbuckles that were used to hold and seal the tophat-insert

assembly to the crucible. The concrete crucible was more severely

cracked than was the bare crucible of test 1, Figure 17. Crack widths

at the outer circumference were as much as 2.5 cm. Because this test

was sodium limited, the sodium had not penetrated beyond the firebrick

into the cracks as it did in test 1. The firebricks around the cavity

sidewall had reacted with the sodium and changed color from light tan

to a blue-black; however, the reacted firebricks retained their shape

a:.d position. The firebricks on the bottom underwent the same color

change but could no longer be discerned as individual bricks. They

had become a homogeneous mass that partially stuck to the bottom of

the insert when it was removed.
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Test 3

|- Test 3 was designed to provide for as nearly a one-dimensional

j test as was possible with an existing crucible. The design is shown

! in Figure 10. A steel insert was placed into the crucible cavity. The.

! outside diameter of the insert was such that a 2.5 cm annulus existed
4

'
'

.'

between the insert and the crucible sidewall. This annulus was packed

with magnesium oxide powder. Mgo is inert to sodium. In this way,

the effects of the sidewall of the concrete cavity were limited in the

4 experiment. The bottom of the cavity was lined with two layers of fire-

bricks as in test 2. The bottom plate of the insert was tack welded to
i

the cylindrical sidewall of.the insert just above the dense firebricks.

The bottom plate contained a simulated flaw (15.2 x 0.64 cm) to allow

the sodium to contact the firebrick.

239kg of sodium at 973K were dumped into the lined crucible
cavity. The mass of the steel insert cooled the sodium to about 700K

j in 20 minutes. Immersion heaters brought the sodium pool temperature

! back to a set-point of 873K in 145 minutes. Thermocouples embedded in
'

the firebricks and concrete monitored the progress of a reaction front

j through these materials. The sodium reacted with both layers of fire-
.

bricks and the crucible bottom to a depth of about 25 cm. Figure 18

shows the reaction front progress. The pool immersion heater failed

~|
at 12 hours, ending the test.

Posttest examination revealed that the magnesium oxide powder was

effective in keeping the molten sodium away from the cavity sidewall.

The steel insert bottom plate, which had been tack welded at four points |4

around its circumference, was pushed up into the cavity about 48 cm by

,

reaction productr. The pressure built up by these products was enormous,-

< .

cracking the crucible horizontally at approximately the cavity floor
,

; level and opening these cracks as wide as 15 cm at the outer circum-
,

ference of the crucible. All four turnbuckles that seal the tophat-

insert to the crucible were broken. The sodium dump tank that sits on
+

'
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top of the test chamber had been lifted 10 cm. Reaction products

filled the cavity and were even found on top of the insert-bottom

plate, see Figure 19. All of the firebricks in both layers had reacted.
'

The bottom of the crucible had reacted to a depth of 25 cm, leaving a ;,

i .

>

j black, porous, cinder-li.ke reaction product. The remaining 13 cm of

concrete in'the crucible bottom, although retaining the appearance of'

concrete, had-little strength as it could be picked apart with a screw-

driver. In another area of the crucible bottom, reaction products were

found on the floor of the test chamber under the crucible--indicating

'

total penetration of the 38 cm of concrete. Iloweve r , the last part of

this~ total penetration was along a crack.

Samples for chemical analyses were taken from several locations

within the. reaction product mass. The sample locations and descriptions

are shown in Figure 19. The results of the analyses are given in Table 5.

TABLI 5

l. '

Analyses of Reaction Products - Test 3

Sample

L B C D

% Water soluble 58 76 47 44
Nail 21 0 3 3'

NaAlO * 3 4 3 3'

Na2Si * 8 23 21 21
,

i NaO!I 19 40 -- --

-- -- 20 21Na-O,

! Undetermined 7 9 0 (3)
.

% Water insoluble 42 24 53 56
12 2 5 6.Al 023

Sio 17 8 24 25

Fe2 1 4 6 5

Cao 1 4 8 9 *

Na2O 6 1 6 7

Undetermined- 5 5 4 4
.,

* Identified by x-ray diffraction

.
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Results

Chemical Results

Comprehensive, detailed chemical analyses were made on material

from tests 1 and 3. These analyses included x-ray diffraction work to-

identify reaction products and standard determinations on water soluble
.

and water insoluble fractions. The reaction zone of test 2 did not

extend beyond the firebricks. Therefore only the reacted bricks were

sampled, and tnese samples were only subjected to x-ray diffraction

analysis.

From test 1, samples of the reaction products were obtained from

t wo locations, as explained earlier. Substantial amounts of sodium

hydroxide were found in both samples. A greater amount of sodium

hydroxide was found in the sample from the bottom of the e,vity near

the center than in the sample from near the top edge. This is to be

expected from the greater density of the hydroxide over sodium metal.

Any sodium hydroxide formed on a vertical surface would drain downward.

Its fluidity would decrease as sodium silicates are formed. The com-

plete analytical results were given in Table 4. The x-ray diffraction

results indicate that the major phases are sodium meta-silicate, Na2SiO3'

and sodium hydroxide, Na OII . Other sodium silicates were not identified.

The reacted firebricks of test 2 were examined by x-ray dif frac-

tion. These bricks are largely silica and alumina and the identified

reaction products were sodium meta-silicate, Na2aiO3, sodium aluminate, j

NaAlO2, and sodium hydroxide, as expected.

Test 3 showed extensive reactions, forming a large volume of pro-

ducts. Samples were taken from four different locations as described

earlier. The locations are shown in Figure 19. The locations were

chosen in anticipation that further information on the chemical pro-

, cesses would be obtained. For this reason, extra care and effort were

taken in their analyses.

|
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Sample A was taken from the top side of the flawed bottom plate

which had been pushed far up into the cavity sample. Presumably the

sample is typical of the material that lay next to the sodium metal.

Sample B was a yellowish material adjacent to the dehydrated concrete -

and thus may be representative of the material that reacts with

(attacks) , At this particular location, the yellowishthe concrete.

material was 3 cm thick, and a representative sample was easily obtained.

Usually, this layer is less than 0.5 cm thick and obtaining a represen-

tative sample was dif ficit. Sample C was taken from the reacted matter

just above sample B. Sample D was taken just below what had been the

original brick-concrete interface. Both samples C and D had a black,

porous appearance. Since samples C and D are reacted concrete but

located at dif ferent distances from the reaction front, it was anticipated

that compositional differences might be otaerved that would be indicative

of the diffucion processes occurring in the reacted matter, thereby

aiding the interpretation of the chemical processes.

The analytical results are shown in Table 5. Sample A had a

strikingly high amount of sodium hydride. At the temperatures of this

test, sodium hydride would not have been expected to form or would have

been expected to decompose. To account for its presence, it must be

assumed that hydrogen gas release is inhibited so that local hydrogen

gas pressures are above the decomposition pressure of sodium hydride.

Sample B had a very high percentage of sodium hydroxide. The x-ray

diffraction data indicate that sodium meta-silicate is a major com-

pound; this is consistent with the large percentage of water soluble

silicate, as more complex silicates are not readily water soluble. No

sodium hydride was detected. Compositional differences were expected

between samples C and D, but none were found. Both had small amounts

of sodium hydride. Since water reacts with sodium hydride in a manner

similar to sodium, the implication is that all water is consumed at or

near the concrete interface and that the diffusion of sodium 'or its

40
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equivalent in a thermodynamic sense) proceeds from the sodium pool
'

through the reaction products to the same interface. The similarity of

samples C and D suggests that the diffusion of the sodium may be fast

relative to the diffusion of the water in the concrete.

Gas Flow

Ilyd rogen is the only permanent gas that has been detected in these

tests on basalt concrete (with or without firebrick). This is as

expected since neither the concrete nor thd firebrick contain materials

I* that would produce other gases. In addition, molten sodium is an

efficie.nt scavenger of many gases sucF as CO, CO2, and 02 These

data do not preclude the presence of other vapor species in the atmos-

phere above the sodium pool. Sodium vapor is 'ikely to be present,

especially when the reaction temperatures exceed 973K. At higher tem-

peratures, sodium oxide vapor is another possibility. Iloweve r , these

species rapidly condense as the gas temperature is lo'rered and would

be removed by the sampling system.

Apparent gas flow rates from these tests follow a similar pattern:

burst of ' gas as the sodium is dropped, with the flow building up to

a broad maximum--then gradually decaying to low values. Secondary

maxima in the flow can be observed at later times. Any interpretation

of the later flow data is questionable because of the cracking of the

concrete crucibles. For these tests, there is no way of knowing how
1

much of the hydrogen escaped through these cracks or when the cracks
,

formed. That the hydrogen gas did escape is evidenced by explosions in

the test chamber. |

Initial flow rates were moderate i t. relation to the amount of

sodium reacted. In test 1, the initial apparent rate peaked between

30.2 and 0.3m / min and gradually decayed. The average flow for the

3first.60 minutes of test 1 was about 0.15m / min. This is approximately

30.lm of evolved hydrogen gas per square meter of sodium-concrete

contact area per minute. Based on the fact that for each mole of
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hydrogen evolved two moles of sodium have reacted, these values suggest

that 12% of the sodium had reacted during that time. At the beginning

of test 3, a large quantity of hydrogen gas evolved, dropping quickly

to almost nothing. The decreasing evolution rate can be accounted for
,

by the formation of a large amount of sodium hydride.

Steel Insert Strain

The location of the strain gauge instrumentation around the inten-

tional flaw in the steel insert of test 2 is shown in Figure 20. The

flaw measured 15.2 by 0.6 cm. Neither this flaw nor the flaw in the

insert of test 3 showed any tendency to propagate. A plot of the early

time temperatures and strains in the insert are shown in Figure 21.

The plot shows that at first the bottom plate bows downward but then,

between 4 and 8 seconds, bows upward. The mild steel inserts of tests

2 and 3 were 9.95 cm thick.

Concrete Penetration Rate

Concrete penetration data were obtained from the ultrasonic

instrumentation for tests 1 and 3. In test 2, the sodium was consumed

by the firebrick before the reaction front reached the concrete so

there was no significant concrete penetration.

The penetration data for test 1 are shown in Figure 22. The attack

begins some time between 60 and 70 minutes into the test and proceeds

at a fairly uniform rate of about 0.5 millimeters per minute. The total

penetration is 40mm which agrees well with posttest examination results.

From these data, it appears that the sodium was depleted at about 150

minutes into the test and that the chemical attack of the concrete

ceased.

Test 3 yielded good acoustic data for the first 280 minutes of the I
i

test. By that time, the acoustic coupling between the crucible and the |

transducer had degraded to the extent that meaningful data could no
.

longer be obtained. The data are plotted in Figure 23. It can be seen

that significant penetration began at about 145 minutes into the test
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and proceeded at a rate of about 0.5mm/ min. The maximum penetratior.

measured acoustically is about one-sixth of the total penetration found

during posttest examination.

In both tests 1 and 3, the attack proceeded at a uniform rate. It
.

therefore appears that spalling of the concrete does not contribute signi-

ficantly to the observed erosien. If spalling occurred, discontinuities,

would be expected in the ultrasonic data as has been seen in some of our

tests on limestone-aggregate concrete.

From the thermocouple traces shown in Figure 18, it is possible to
s

estimate the rate of the reaction front movement into the firebricks and

the concrete of test 3. An adjusted time zero was taken as that time at

which the thermocouple on top of the dense firebrick (between the insert

'
bottom plate and the firebrick) experienced its first excursion. This

point in time is taken to be that time when sodium hydroxide saturation

has taken place and firebrick attack by sodium hydroxide begins. (See

section on Chemical Phenomenology.) From the adjusted time zero to the

near vertical trace on the " middle" thermocouple gives a measure of the

time necessary for the reaction front to traverse the dense firebrick

(7.6 cm thick). Figure 24 shows the reaction front penetration rate

developed from the above procedure. The last data point in Figure 24

was derived from posttest examination.

The results on concrete penetration by the two techniques (ultra-

sonics and thermocouples) agree fairly well when it is taken into account

that the ultrasonics recorded only concrete penetration--not concrete

plus firebrick penetration. The dash line in Figure 24 is the ultrasonic

firebrick pe'etration added and the time base adjusted.data with the n

Chemical Phenomenology.

The detailed posttest chemical ana'yses of the reaction products

from tests 1 and 3 are used to help construct a chemical reaction

scenario for the molten sodium-basalt concrete interaction.
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The initial chemical response of the concrete, or the firebrick,

is the migration of water f ron. the heated concrete volume being driven

in part down the thermal gradient toward the exterior crucible surfaces.

A significant portion of the water (possibly more than half) proceeds.

down a concentration gradient to the sodium-concrete interface where
'

the water is consumed by a reaction with sodium. At the initial tem-

peratures of these tests (T<973K) and with the creation of a predomi-

nately hydrogen gas atmosphere in the "tophat" volume, the reaction
.

product is sodium hydroxide rather than sodium oxide, as shown in

equation 3.

II O + tJa + flaOli + 111 (3)
2 22

The solubility of sodium hydroxide ia sodium metal at these tem-

peratures is large, as much as 10 - 20 mole percent.7 Therefore,

there is a delay while the sodium is being saturated with sodium

hydroxide. The delay time can be long if the sodium metal pool is well

stirred and has unrestricted access to the concrete surface. This was

the case in test 1 where the pool heaters were needed to maintain the

pool temperature for approximately 50 minutes into the test before

additional chemically-generated heat became available. Conversely,

this delay time will be short if the ratio of the sodium-concrete

interface area to the sodium nool volume is large (i.e., shallow pools),

or alternatively if the access of the sodium to the surface is re-

stricted, as in tests 2 and 3. In these latter cases, only that sodium

behind the insert (or in the firebrick pores) needs to be saturated.

Based on the flow rates of hydrogen gas for the first 60 minutes

of test 1 and assuming that the hydrogen was generated according to
,

equation 3, 12% of the sodium had reacted. This value is in good

agreement with the saturation concentration of sodium hydroxide in

sodium as reported by Shikhov.7 Further calculations based on a
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heat of reaction for equation 3 of 35kcal show that the chemically

generated heat contributes about 27kW of power to the sodium pool and

indicate that the heat losses from the crucible are on the order of

47kW.
.

When the sodium has become saturated with sodium hydroxide, a second

liquid phase forms on the concrete surface. It is composed predominately -

of sodium hydroxide, but a sodium hydroxide which is satur9ted with

respect to sodium metal. In a thermodynamic sense this new liquid phase

is as reactive as sodium metal, being that it is in equilibrium with

the metal. In a practical sense, it is more corrosive in that the con-

crete, or more precisely the silica and alumina components of the con-

crete, react with and dissolve into this new phase.

2NaOli + SiO2 + Na2SiO3+HO (4)2

,

2NaOli + Al O + NaAlO2 + II 0 (5)23 2

The water produced by these reactions is at a location where the chemical

reactivity is equivalent to that cf sodium metal, therefore this water

reacts rapidly as in equation 3 to regenerate in part the NaOII. A

t*:uer measure of the chemically generated heat is given by a summation

of these three equations.

II 0 + 2Na + SiO * N3 SiO3 + II2 (4 )2 2 2

H O + 2Na + Al 0 + 2NaAlO2 + II2 (Sa)2 2

Remember that equations 12 and 5a are summation reactions and that the

total process occurs only in the pressence of sodium hydroxide which is

not only an intermediate reaction product but which is also a solvent

in which the reactions proceed. Remember also that a sodium hydroxida -

phase exists only when the sodium metal is saturated, at least locally,

with sodium hydroxide. Saturation of the sodium metal with sodium

hydroxide is the crucial condition for concrete attack.
,
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After the saturation condition has been met, a reaction front moves

into the concrete. Its progress and character result from a delicate

interplay of thermal and chemical gradients. To calculate the progress

of that front requires more data than are presently available on 1) the,

thermal transport in concrete, 2) the chemical diffusion processes in

concrete and in the reaction product, and 3) the rates and heats of the

chemical reactions.

To illustrate this interplay, consider the evolution of hydrogen

gas. In the initial stages of the sodium-concrete interaction, hydrogen

gas is produced, as in equation (3), at the sodium-concrete interface

and can bubble freely through the molten sodium pool. Later, when the

reaction front has proceeded into the concrete, hydrogen gas is generated

within a reaction product mass. The gas transport is more restricted

and a portion of the gas ends up as sodium hydride, test 3. Within the

reacting mass, local hydrogen gas pressures in excess of one atmosphere

are presumed to be generated so that the sodium hydride may be formed.

The chemical character of the reaction frea- is not completely

defined at the present time. The postt< analyses on test three

indicate that the advanced portion of the reactisn front has a large

concentration of sodium hydroxide with water coluble sodium silicates

and sodium aluminates. Behind this is a dark material ccntaining

sodium meta-silicate and sodium aluminate together with various amounts

of sodium hydroxide, sodium oxide and sodium hydride. Exactly where in

the reaction front the heat producing reactions occur is still a matter

of conjecture; although if the spatial thickness of the reaction front

is c. mall, the location may be unimportant.

*

Conclusions

The conclusions drawn from the results of the three tests on basalt

concrete may be summarized as follows:

.51



1. The reactions between molten sodium and basalt concrete and

between molten sodium and siliceous firebrick appear to con-

tinue as long as reactants are available--at least in the

size scale and temperatures of these tests.
.

2. The phase that attacks the concrete and firebrick is sodium

hydroxide for temperatures less than approximately 973K.

3. Reaction products build-up can cause liner deformation and

concrete cracking.

4. Once the concrete has cracked:

a. Sodium will preferentially attack the concrete along the

cracks because of the increased surface area for water

release.

b. Ilydrogen gas can escape from the reaction area and accumu-

late elsewhere.

5. Siliceous firebricks do not act as a barrier to the attack on

basalt concrete by molten sodium.

6. The basalt concrete did not spall under the conditions of

these tests.

7. The steel insert flaws did not propagate due to the initial

sodium spill nor the subsequent reaction product build-un.

Future Work

The work on basalt concrete will continue on both large-scale and

separate effects testing. An adaitional large-scale test is needed to

answer the question as to wheth)r the concrete water release rate is a

linear or a parabolic function. Experimental evidence to date indicates

a linear rate. A test similar to test 1 but with twice the sodit.n ,ool

depth would settle the questien. If the rate is linear, the delay time

until sodium hydroxide saturation will be twice as long as in test 1.

1
- If the rata is parabulle, the delay time until saturation will be four
;

I times as long as in ast 1.
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Separate effects tests will look at the parameters of initial

sodium pool depth and pool temperature. The chemical tests will con-

tinue the investigation of the fla:ll 0:SiO2 phase diagram. !!ea t transfer tests2

will provide statistical information on the thermophysical properties,

of basalt concrete.

.

1
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Appendix A

Water Release f rom Concrete and Firebrick During IIeating

.

Some of the reactions that release heat as a result of the contact

of molten sodium with concrete involve the water released from the con-*

crete reacting with sodium:

Na + II O + Naoll + 111 (Al)
2 22

(A2)2Na + 11 0 + Na2O + 1122

Therefore the amount of water given of f by concrete is important in

analysing sodium-concrete interactions.

Samples of basal t concrete were obtained for water release experi-

ments. The concrete was made from " fine" aggregate (9.5MM mesh) per

ASTM C-33 and ACI-613-54. The mixing ratio is given in Table A.

TABLE A

Basalt Concrete Mixing Rations

Kilograms

Cement 42.6
Water 20.4
Sand 104.3
Aggregate 93.0
ACA* 0.02
WRA** 0.03

* Air entrainn.9nt agert

** Water reducing agent

Samples were taken and stored at 100% relative humidity for com-*

pression r sts at 7, 28, and 90 days. These results are shown ina
.

Table B.
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TABLE B

Water Release Samples Strength

7 days 22.5 MPa
28 26.1 -

90 33.9

The ramples were measured and weiched and then heated to some

selecteJ temperature. The samples were maintained at temperature until

repeated weight measurements showed no significant weight change. The

temperature was then raised to the next selected value.

Weight loss from concrete as a function of temperature consists of
r

three distinct events: 1) loss of evaporable water (300K to 523K), 2) |

loss of chemically bound water (673K to 823K) and 3) loss of carbon

dioxide (823K to 1073K).

Data for three basalt concrete samples are given in Figures Al and

A2. Two samples were measured in this study, the third set of data is

from reterence 6.

In order to gain some insight into the amount of water contributed

by the firebricks and the mortar, samples of these materials were dried.

These results are given in Table C.

The weight of the dense firebrick used in test 3 was 60.08kg and

of the insu;ating firebrick ll.17kg. The weight of the mortar used

was ll.5kg. T.ie mortar weight was obtained by close accounting during

layup of the firebricks in the crucible. From these total weights and

the in fo rma tion in Table C it can be calculated that the firebricks and

mortar of test 3 contained 1.04kg of water to contribute to the reaction

with sodium.
,

As a matter of general interest, one each of the dense firebrick

and insulating firebrick were immersed in water for 31 days. The

insulating firebrick increased in weight by 244%, the dense firebrick
.

by 7.9%.
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TABLE C

Firebrick and Mortar Water Loss on Drying

- Time Temperature We ig h t Water Loss
llours K gm gm % Weight Loss

"Morex" Firebrick

0 295 4291.5 - -

24 500 4282.0 9.5 0.22
96 500 4276.8 14.7 0.34

"G-20" Insulating Firebrick

0 295 797.7 - -

24 500 796.7 1.0 0.13
96 500 792.9 4.8 0.60

"Troweleze" Mortar (air dry)

0 295 36.93 - -

28 295 33.54 3.4 9.2
52 295 32.98 3.95 10.7

100 295 31.91 4.02 10.9
244 295 30.96 5.97 16.2

"Troweleze" Mortar (oven dry)

0 295 36.77 - -

28 500 28.35 8.4 22.8
244 500 28.35 8.4 22.8

.

e
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Appendix B

Strain Gauge Investigation

.

In order to use the nickel-chromium strain gauges on the back side

- of the crucible cavity steel insert, it was necessary to determine how

the gauges respond to a temperature increase of 55K/s. The nominal

composition of the alloy is 0.74 Ni, 0.20 Cr, 0.03 Fe and 0.03 Cu. The

commercial design. tion is AILTech model SG125-09F-4.

The experimental apparatus consisted of 25.4 cm long steel tube

with a 2.54 cm O.D. and a 0.089 cm wall. Ileating was achieved with a

236 watt /cm infra-red lamp mounted coaxially in the center of the tube.

Intrinsic thermocouples and the strain gauge were mounted on the out-

side of the tube. Power to the heater was regulated so that a tem-

perature rise of 55K/s was achieved on the outer surface of the tube.

Comparing the static temperature characteristic of the strain gauge to

the output observed at the 55K/sec change revealed that the output was

in error by a maximum of 360pc during the thermal transient calibra-

tion. Each division on the strain ordinant of Figure 21 is 250pc.

An analytical determination of the thermal stress in the heated tube

during the transient resulted in a maximum stress level cf about 4.8 MPa.

.
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Appendix C

Separate Effects Tests

.

Chemical
.

In the large-scale tests, many chemical reactions proceed

simultaneously. Although a reaction scenario can be deduced, the

individual reaction rates are difficult to estimate, let alone quantify.

As a result, smaller-scale experiments in which individual reactions

may be studied are necessary.

Two reactions have been studied thus far--the reaction of water

vapor with sodium and the reaction of sodium hydroxide with silica.

Water driven from the concrete by hot, molten sodium is presumed

to reach the sodium-concrete interface as a gas. The reaction of water

vapor with sodium can lead to alternative reaction prnducts (equations

Cl-C4) depending upon temperature, hydrogen pressure and the relative

kinetics of the various reactions.

+ fil (Cl)Na + II O + ( NaO!!)
2

2Na + II 0 + (NaOll) + (Nall) (C2)2

(C3)2 (Na20) + 112Na + 11 0 + 2

2 (Na20) + ( Nall) (C4)3Na + 11 0 +

A major question is the disposition of the hydrogen; whether it is given
off as the gas or dissolved in the sodium as in equations C2 and C4.

Experiments have been conducted in which water was flashed into an
.

evacuated chamber containing molten sodium and the resulting gas

pressure was monitored. If equations C2 and C4 are predominant, then
,

little gas pressure would be observed. If equations Cl or C3 are pre-

dominant, the gas precsure should rise rapidly. Experimentally a
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rapid gas pressure rise was observed. Pressures exceeding one atmosphere

were reached within one minute. The gas pressure then gradually fell to

a lower equilibrium value over a period of 1 to 4 hours. The interpreta-

tion is that reactions yiciding hydrogen gas are favored by kinetics but -

that a slower dissolution of hydrogen occurs as a result of the hydrogen

overpressure.

Na + H + ( MaH) (C5)

7Data has been published which indicate that at 673K to 873K sodium

hydroxide is the phase which coexists with sodium metal. Thus equation

C1 is taken as the predominant reaction, occurring whenever the hydrogen

gas can escape--as in test 1. However, if the movement of the hydrogen

gas is inhibited so that locally high overpressures of hydrogen can

occur or so that much longer contact times are maintained, then signi-

ficant quantities of hydrogen may be retained in the sodium.

The reaction of sodium hydroxide with silica can give various

silicates. Although the meta-silicate (Na2SiO3) was found to be a major

component of test 1-3, the desilicate (Na 81 05) has been postulated2 3

to be a product at higher temperatures. Very little data on reaction

rates, reaction products and melt compositions are known for composi-

tions between NaOH and SiO A series of experiments has been startedp.

to identify which silicates are formed as composition,(NaOH:SiO2 ratios)
and temperature are varied.

The work completed thus far has considered NaOH rich compositions

with NaOH:SiO2 ratios greater than two. It has shown that mixtures of,

the meta-silicate and orthosilicate (Na4SiO4) are formed at temperatures
of 773K and lower. Compositions with NaOH:SiO2 ratios of less than two

are currently being investigated.

Physical
.

Physical separate effects tests have not begun on basalt concrete.

The facility has been constructed and several tests run on limestone

.
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concretes. The tests will involve parameter variations on initial

sodium temperature, initial sodium pool depth, etc.

Ileat Transfer

Ileat transfer tests were run on basalt concrete samples cast from.

the same batch as the crucible of test 1. The samples were 15.2 cm in

diameter by 10.2 cm long. Thermocouples were cast into the samples at

various distances from their flat faces. The samples were placed with

their flat faces together with a flat heater in between. This arrange-

ment provides for nearly one-dimensional heat flow in the samples.

Since the heater is thin compared to its area, the assumption can be

made that the power generated within the heater is equally partitioned

between the two samples.

Power to the heater was provided by a computer controlled power

supply in order to produce a sine-wave temperature variation in the

heater--and consequently also at the sample faces. IIav ing established

a sinusoidal temperature wave at the sample surface, it is possible to

measure the thermal diffusivity of the concrete by either the amplitude

decrement or the phase difference techniques.8

2 2sfL ,gg
,, s

2(Ing)2 4 (C6)

where

thermal diffusivitya=

f = oscillation frequency

L = distance between two meaviring points

q = amplitude ratio between two measuring points

$ = phase difference between two measering points

.

The amplitude ratio method is reported to give better results than the

phase difference method.
,

Figure Cl is a plot of the surface temperature sine wave and a

thermocouple located 0.00456m into the concrete sample. The amplitude
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2decrement is 1.45--yielding a thermal dif fusivity of 0.0028m /hr. This

value is within 5% of the values reported in the literature.

Besides measuring thermal diffusivity, another reason for conduct-

. ing these tests is to develop a technique for checking thermocouple

locations in the large-scale crucibles. The thermocouples are securely

*

positioned in the forms before the crucibles are cast. Iloweve r , there

is always the possibility that the weight of the concrete or the vibra-

tory cement settling tool may shift a thermoccuple's location. A large,

flat hea*.er can be placed on the bottom of the crucible cavity. The

heater would subject the crucible bottom to a sinusoidal temperature

wave. The amplitude and relative positions of the thermocouple outputs

would provide a check on thermocouple position. If a thermocouple was

out of position, its position could be calculated assuming that the

thermal diffusivity of the concrete is reasonably well known.

.

e
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