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REACTOR MATERIAL DEBRIS FORMATION SCOPING TESTS
by

J. D. Gabor, R. T. Purviance, R. W. Aeschlimann, and B. W. Spencer

ABSTRACT

Although the Integral Fast Reactor (IFR) possesses inherent
safety features, an assessment of the consequences of the melting
of the metal fuel and its subsequent contact with sodium is neces-

sary for risk analysis. A test series has therefore been con-
ducted to study the breakup behavior of uranium alloy during
downward relocation through sodium. In the previously reported

first phase of this study eight tests were conducted in which the
parameters were 1) melt superheat, ii) injection velocity, 1iii)

pour stream diameter, and iv) melt material. The parameters of
the second phase of this study (reported here) were 1) sodium
depth, 1ii) melt superheat and 1iii) uranium-iron eutectic. The

sodium depth ranged from 0.15 to 0.9 m and the superheat was 400C
for tests with uranium (mp 1133C) and 800C for tests with the U-10
wt% Fe (mp 725C) eutectic. A 25-mm thick base plate was installed
in the sodium vessel in the tests with shallow sodium depths (0.15
and 0.3 m) to determine impingement heat flux.

The particles produced by the pour stream breakup were pri-
marily in the form of sheets with filament formation. Because the
higher superheat for the U-10 wt% Fe tests permitted more hydro-
dynamic action before freezing, these particles were somewhat
rounder and smaller (mean size -4 mm) than the uranium particles
(mean size -10 mm). The particle shape could also be character-
istic of the iron alloy. A sodium depth of less than 0.3 m was
required for hydrodynamic breakup and freezing of the uranium melt
pour stream. The temperature response of the base plate for
particle bed impingement in the tests with shallow sodium pools
was in reasonable agreement with a simple model based on semi-
infinite mediums and average properties for the particle bed.

vii






I. INTRODUCTION

The Integral Fast Reactor (IFR) is designed to have inherent safety
features. An important feature is its pool configuration which facilitates
passive decay heat removal and isolates the core from accidents that might
occur elsewhere in the plant. The core is designed for inherent shutdown
capability, and the uranium alloy fuel has superior heat transfer properties
compared to oxide fuels. Although the IFR possesses these inherent safety
features, an assessment of the consequences of the melting of the metal fuel

and its subsequent contact with sodium is necessary for risk analysis.

The breakup of jets and drops of molten metals in various liquids other
than uranium alloys in sodium have been studied by numerous investigators. 1-9
The studies have generally been on a gram scale except for aluminum and mixed
oxides produced by thermite reactors. A program was therefore initiated to
study the interaction of kilogram quantities of uranium alloy reactor
materials in sodium. A series of eight Fuel Fragmentation Characterization
tests (FFC series) was conducted in which the breakup behavior of uranium-

zirconium alloy pour streams in sodium was studied.”™ The parameters

investigated were:

i) Melt superheat: 10, 100, 300C

ii) Sodium temperature: 600C
iii) Injection velocity: 2, 10 m/s

iv) Injector diameter: 12.5, 25 mm

v) Cover gas: arqon

vi) Fuel quantity: 3 kg
vii) Alloy composition: U, U-5 wth% Zr, U-10 wt% Zr
vii i) Sodium depth: 1.2 m

The base case for reference purposes is indicated by the underlined parameters.

The following conclusions were derived from this initial test series:



2-

1. There were no vapor explosions from the mixing of kilogram
quantities of molten uranium alloy and sodium in these tests. The
interactions were benign as anticipated because the conditions of
the pour stream and sodium were far from satisfying vapor explosion

criteria.

2. In general the fragments were in the form of filaments and sheets
with a mean particle size typically 10 mm and a high bed voidage in
the order of 0.9.

3. Thermal equilibrium between the pour stream and sodium occurred in 2
to 3 seconds. This rapid achievement of thermal equilibrium is
reflective of the high thermal conductivity of the uranium metal

alloy and sodium.

4. In two tests with a low melt temperature (U at 1232C and U-5 wt% Zr
at 1256C) compared to the base condition of 1346C, portions of the

melt stream froze in a columnar shape before hydrodynamic breakup.

5. Particle size decreased with increased duration of the hydrodynamic

action on the pour stream before freezing.

6. In the test with the high injection velocity of 10 m/s, the pour
stream was dispersed into smaller fragments and a lower voidage bed
than the low wvelocity tests in which the jet was accelerated by

gravity to about 2 m/s.

7. Calculations based on typical bed conditions indicated that the
debris from a meltdown of a metal fuel pool reactor would be largely
coolable by conduction; and even if very deep debris beds were to
form, boiling heat transfer would likely preclude further melt

penetration.

The second phase of this test series is described in this report. The
goals of the second phase test series entitled FDE for Fuel Drop Experiments

were to obtain data on pour stream breakup lengths, impingement heat flux and
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behavior of U-10 wt% Fe eutectic. In this series, tests were conducted with
the sodium pool depths ranging from 0.15 to 0.9 m. The pool depth for the FFC
series was 1.2 m. These reduced depths gave additional information on pour
stream breakup, solidification, and impingement heat transfer. A 25-mm thick
base plate was installed in the interaction vessel for the shallow pool (0.15
and 0.3 m) tests in order to determine the temperature response of horizontal
surfaces heated by contact with the pour stream material. Tests were also
conducted with the low melting (725C) U-10 wt% Fe eutectic. The U-10 wt% Fe
is a worst case consideration for the combination of molten uranium and struc-

tural steel.

ITI. EXPERIMENTAL

A. Facility and Apparatus

The experimental facility consisted of a concrete cell containing the
Interaction Assembly and sodium transfer system and power supplies (induction
generator for melting the fuel metals and wvariacs for sodium transfer),
instrumentation and controls, and services. The basic layout for the main

components of the facility is sketched in Fig. 1.

The Interaction Assembly is shown in Fig. 2. The assembly essentially
consisted of a furnace/injection for melting the pour stream metals, an inter-
action vessel containing sodium and an overall containment vessel. The
uranium metal alloys were melted inductively with a 30-kW 10,000-Hz TOCCO
motor generator. A ZrO plug was removed pneumatically from a MgO0 crucible to
initiate the downward pour of the fuel melt. The sodium was contained in
192-mm (7 9/16-in) ID interaction vessels of variable length. The interaction
vessels were inserted into an interior liner constructed from Schedule 40
8-in. (7.981-in or 207.72-mm ID) stainless steel pipe which was heated by an
array of ceramic heaters. The instrumentation for indicating conditions in
the interaction vessel included a bundle of thermocouples spaced 152 mm apart
in the sodium, sodium level indicators of the spark plug type, and a pressure
transducer. For tests with shallow sodium pools in which impingement heat

transfer occurred on a 25-mm thick base plate, three thermocouples were
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located in the center of the plate. The thermocouples were spaced at

intervals of 6.4 mm from the sodium surface.

The thermocouple readings were recorded by a Digitrend Model 210 during
the heatup phase. A Honeywell 1858 Visicorder and a Honeywell 101 magnetic
tape unit were used to record thermocouple and pressure transducer data for
the uranium alloy drop, Simpson type VoH-Ohmist meters determined electrical
continuity created by sodium contact with the spark plug level indicators.
Pairs of thermocouples were spot welded on opposite sides in the center of
each ceramic heater section along the internal liner containing the interac-
tion vessels. The heat was regulated by 0-1000C Weather Measure Model TPC-1
temperature controllers. An automatic test sequencer activated the plug
removal, gate opening, solenoid valve closing, heater shut off and instrumen-
tation in the fuel alloy injection sequence associated with the furnace/

injector.

The facilities and apparatus are described in detail in the report on the
Phase One series of drop tests.'®'0

B. Test Parameters

The experimental conditions for both the Phase One (FDC series) and the
current Phase Two (FDE series) test series are given in Table I. The melt
superheat is based on the liquidus temperatures of the U-5 wt% Zr (1246C) and
the U-10 wt% Zr (1360C), the U melting point (1133C) and the melting point of
the U-10 wt% Fe eutectic (725C). Thetest with tin (mp 232C) was an initial
proof test. The first four tests in the second phase (FDE series) described
in this report were conducted with uranium at 400C superheat (1533C) and
sodium depths decreasing from 0.9 to 0.15 m. A 25-mm thick base plate in the
interaction vessel was used in the tests with a 0.15 and 0.3-m sodium depth
for determination of impingement heat flux. The theoretical breakup length
for this systemranges from 0.11 m by the Epstein and Fauske model to the
Taylor's'*'4 model 0.58-m length (see Appendix B). Without breakup of the pour

stream, melt impingement on the base plate would occur.



Table I. Parameters for Pour Stream Breakup Experiments

Test Melt Melt3 Sodium  Injection Injection Melt  Sodium Comments
Material Superheat, Temp, Velocity, Diameter, Wt, Depth,
°C °C m/s mm kg m

FFC-Ib gy 100 200 2 25 1.2 1.2 Proof test

FFC-2 U 100 600 2 25 3 1.2 Tests 2 and 3
study alloy effect

FFC-3 U-10Zr 100 600 2 25 3 1.2

FFC-4 U-5Zr 100 600 2 25 3 1.2 Reference test

FFC-5 U-5Zr 10 600 2 25 3 1.2 Tests 5 and 6 study effect
of melt superheat

FFC-6 U-5Zr 300 600 2 25 3 1.2

FFC-7 U-5Zr 100 600 2 12.5 3 1.2 Injection dia. variation

FFC-8 U-5Zr 100 600 10 25 3 1.2 Injection vel. wvariation

FDE-1 U 400 600 2 25 3 0.9 Tests 9, 10, 11, and 12
study hydrodynamic breakup

FDE-2 U 400 600 2 25 3 0.6 length and impingement
heat flux

FDE-3 U 400 600 2 25 3 0.3

FDE-4 U 400 600 2 25 3 0.15

FDE-5 U-10Fe 800 600 2 25 3 0.3 Tests 13 and 14 study
behavior of low melting

FDE-6 U-IOFe 800 600 2 25 3 0.9 iron eutectic.

aBased on liquidus temperature of alloys.
bFFC series reported in Reference 10
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Test FDE-5 and -6 were with U-10 wt% Fe alloy melt. The melt temperature
was 1525C which was essentially the same as for the first four tests with
uranium metal; however, because of the low eutectic temperature (725C) of the
iron alloy, the superheat was 800C. Test FDE-5 with the 0.3-m sodium depth
gave impingement information, and FDE-6 with the 0.9-m sodium depth was con-

ducted to characterize the fragments produced by hydrodynamic breakup.

After each test the sodium was withdrawn through the sodium fill tube to
a depth of 152 mm. After the remaining sodium froze, the interaction vessel
was removed from the assembly and radiographed. The vessel was then heated to
remelt the sodium for drainage from the particle bed. The sodium remaining on

the particles was removed chemically by reacting with ethanol.
C. Test Description

The tests of the Phase Two series are described below. The purpose of
these experiments was to determine the hydrodynamic breakup length of the pour
stream by varying the sodium depths for uranium metal drops and to obtain
information on jet impingement and heat transfer. The tests with the U-10 wt%
Fe were particularly significant in determining melt attack on steel

structures.
1. FDE-1

The first test in the Phase Two series was conducted with pure uranium
heated 400C above its melting point of 1133C. A previous test with uranium
(FFC-2) in which the superheat was 100C resulted in freezing of portions of
the pour stream before hydrodynamic breakup occurred. The purpose of this
investigation was to determine what was the hydrodynamic breakup length for
this metal-metal system. The sodium depth was therefore decreased to 0.9 m
from the 1.2 m used in the previous tests and progressively decreased in the
subsequent tests in order to determine at what depth the pour stream would

impinge on the base plate of the interaction vessel before breakup occurred.

The response of the thermocouples in the interaction vessel is shown on

the figures in Appendix C. TC-17 was at the sodium-argon interface with the
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subsequently numbered thermocouples at 0.15-m intervals below the interface.
TC-23 was at the bottom of the sodium wvessel. After the uranium drop TC-17
experienced a rapid increase of 13C within 2 s. The other thermocouples
likewise experienced a similar rapid temperature increase. The average sodium
temperature as a function of time after injection is shown on Fig. 3. Also
shown on Fig. 3 are the average temperature responses of tests FDE-2, -3, and
-4. As would be expected from a simple energy balance, the increase in sodium
temperature is greater with the smaller sodium volumes. Because of the
greater thermal inertia relative to the heat losses, the deeper sodium pools
sustain an equilibrium temperature for a longer period of time whereas the
temperature of the shallow pools tends to drift downward. In approximately

two seconds thermal equilibrium was achieved.

A radiograph of the particle bed frozen in place in the sodium at the
bottom of the interaction vessel is shown in Fig. 4. The sodium had been
previously syphoned down to a level of 0.15 m. It was estimated from this
radiograph that the material settled to the bottom of the wvessel with an
approximately 0.9 void fraction. This high voidage, which was typical of the
first series of tests previously reported, would permit a high degree of

coolability by both conduction and convection of the sodium phase.

Photographs of representative material after removal with ethanol are
given in Figs. 5. The size distributions of the particles obtained in this
test series is given in Table II. The mean particle size was 8.6 mm for
FOE-1. The particles are irregular in shape. The material to a considerable
degree is in the form of filaments and sheets typical of hydrodynamic breakup

of metallic pour streams.

2. FDE-=2

FDE-2, the second test in the Phase Two series, was identical to FDE-1
except that the sodium depth was reduced to 0.6 m. This was accomplished by
shortening the length of the interaction vessel and maintaining the same
distance (0.35 m) between the sodium surface and the bottom of the drop
tube. The pour stream underwent hydrodynamic breakup and freezing before

reaching the bottom of the sodium vessel. The particles that were produced by
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Fig. 4. Radiograph of Particle
Bed for FDE-1
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Test

No.

FFC-2

FFC-3

FFC-4

FCC-5

FCC-6

FCC-7

FCC-8

FDE-1

FOE-2

FOE-3

FDE-4

FOE-5

FOE-6

aExcludes frozen Jet (70 to 300 mu portion).

bMean diameter

cExcludes agglomerated material

Table II.

Charge,

kg

2.983

2.989

3.007

3.000

3.007

3.000

3.000

3.006

3.005

3.009

3.010

2.998

3.000
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Material Balances and Particle Bed Characteristics

Si

Description of Material Recovered from Sodium

ze,

mm

70
10
5

25
10
5

to 150
to 45
to 20
< 0.1

to 65
to 40
to 25

< 0.1

40 to 110
15 to 30
| to 15

< 0.1

70 to 300
10 to 50
5 to 25

< 0.1

15 to 50
10 to 20
1 to 15
<0.1 to §

40 to 105
15 to 50
1 to 30

< 0.1

10 to 30
1 to 10
0.1 to |

< 0.1

50 to 70
15 to 45
10 to 20
5 to 15
2 to 10

50 to 70
35 to 50
10 to 15
5 to 15

20 to 75
15 to 50
10 to 15
2 to 10

2 to$

70 to 90
15 to 60
15 to 25
2 to 10
Agglomerate

2 to 5
Agglomerate

15 to 20
10 to 15
5 to 10
2 to 8
<1l to$

1/~ [(weight fraction)f/dpil

Weight,

kg

1.790
0.480
0.280
0.006

0.358
0.437
1.661
0.006

1.610
0.348
0.351
0.007

1.829
0.412
0.291
0.007

0.461
0.631
1.314
0.268

1.037
0.347
1.212
0.012

0.149
0.773
0.775
0.072

0.097
0.305
0.449
0.533
1.313

0.457
0.273
1.275
0.667

0.117
0.181
0.451
1.127
0.908

0.258
0.105
0.483
1.069
0.800

0.188
2.600

0.065
0.230
0.426
0.226
0.780

Total Weight,

kg

2.556

2.462

2.316

2.539

2.674

2.608

1.769

2.697

2.672

2.784

1.915

0.188

1.727

Bed Void
Fraction

0.95

0.95

0.95

0.97a

0.94

0.96

0.84

0.90

0.89

0.89

0.76

0.86

Mean Particle
Size, mnr

16.13

9.68

10.54

13.71

7.60

14.62

5.67

9.19¢

3.5C

3.96
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this interaction were therefore essentially the same as the first test

FDE-1. Some typical particles are shown in Figs. 6. The particle bed again
had a high voidage (0.9) and the mean particle size was 14.6 mm, somewhat
higher than the 8.6-mm mean particle size of FDE-1. It is noted that the
particle size was estimated by observation and not by any sizing technique
such as sieving. The particles were highly irregular as can be seen in the
accompanying photographs. It is not surprising that a good deal of deviation
would occur in particle size distribution from run to run. It is felt that
this run essentially repeats the first run and wvariations in particle size are
representative of experimental deviation that can be expected from these

tests.

3. FDE-3

FDE-3 was third in the sequence of tests with decreasing sodium depth.
The sodium depth for this test was reduced to 0.3 m. For this test a 25-mm
thick stainless steel base plate was installed in the sodium vessel to
determine the temperature response of a horizontal surface as the hot pour
stream material came in contact with it. The 0.3-m depth was observed to be
sufficient for the pour stream to again hydrodynamically breakup and freeze
before contacting the base plate of the sodium vessel. The particles were the
same as shown in Figs. 5 and 6 for runs FDE-1 and -2. The mean particle size
(5.7 mm) was somewhat smaller than the previous tests indicating good
hydrodynamic breakup. The bed voidage (0.89) was in accord with the first two

tests.

The temperature response of the base plate was measured with four
thermocouples. TC-19 was at the base plate surface on the sodium side. TC-
20, 21, and 22 were located 6, 12, and 18-mm in the base plate below the base
plate-sodium interface. The responses of these thermocouples are combined in
Fig. 7. The data were compared with a simple model for the temperature
response following the contact of two semi-infinite media. It is seen that
the rate of temperature decrease undergoes an arrest at ~2.5 s at 760C. The

interface temperature upon contact of two semi-infinite media is determined



Fig. 6. Particles from FDE-2
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(D
where
= interface temperature
Ti = initial temperature of steel
Jz2 = initial temperature of uranium particle bed
Ky = steel thermal conductivity
<2 = particle bed effective thermal conductivity
c*l = steel thermal diffusivity
az = particle bed thermal diffusivity

For a uranium particle bed in sodium with a voidage of 0.89 the effective
thermal conductivity is 54.8 W/mK. Taking the thermal conductivity of the
steel phase to be 20.92 WmK (see Appendix) and precontact temperatures of
1000C and 606C the calculated interface temperature is 782C (indicated by
arrow on Fig. 7). The interface temperature was then used to calculate the

subsequent rise of the steel base plate temperatures at the three thermocouple
positions from the following equation-'--'-

X

2/MT
where
T = temperature
™ = initial temperature of steel
T = interface temperature
X = distance coordinate
t = time

= steel thermal diffusivity

It is seen on Fig. 7 that the calculated temperature response of the
steel base plate is in fairly good agreement with the measured response for
about 5 s. The calculated temperatures eventually drift higher than the
measured response for several reasons. One, of course, is that the physical

system is not semi-infinite, and secondly, the calculation based on Eq. 2
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assumes a constant interface temperature whereas actually the interface
temperature as indicated by TC-19 declined. However, this simple model
indicates that heat transfer from the particle bed to support structures is

readily amenable to calculation.

4. FDE-4

For this test the sodium depth was further reduced to 0.15 m. Although
there was evidence of extensive hydrodynamic breakup of the pour stream, the
particles were not completely frozen when they reached the bottom. The
particles sintered to form an agglomerate which did not adhere to the steel
base plate (see Fig. 8). The voidage (0.86) of the mass of material was
somewhat reduced compared to the previous tests but still very high indicating
good coolability. The particles which did not agglomerate comprised about 70

percent of the drop material and had a mean particle size of 9.19 mm.

The behavior of the temperature response of the base plate was
essentially the same as for FDE-3 in which the material was not sufficiently

hot to sinter (see Appendix).

5. FDE-5

This test was conducted with U-10 wt% Fe at 1530C, which was at the same
melt temperature as the first four tests. However, because U-10 wt% Fe is a
eutectic with a low melting point of 725C, the pour stream initially was at
800C superheat compared to 400C for the first four tests. The alloy was
formed by charging the MgO crucible with 2.7 kg of uranium and 0.3 kg of iron
in the form of 6.3 mm balls. The sodium depth was 0.3 m for this tests.
Approximately 93 percent of the particles formed from the pour stream breakup
sintered to form an agglomerate before freezing. This agglomerate (Fig. 9)
adhered to the 25-mm stainless steel base plate of the sodium vessel and could
not be removed as in FDE-4. Apparently the higher superheat of the melt and
the presence of iron resulted in melt attack on the stainless steel surface
and bonding at freezing. The voidage estimated from the radiograph shown on
Fig. 10 was still quite high at 0.76. Typical particles which did not sinter

are shown in Fig. 11.
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Fig. 8. Sintered Particle Agglomerate at
Base of Sodium Vessel for FDE-4
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Fig. 10. Radiograph of Particle Bed
for FDE-5
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The temperature responses of the sodium is shown on Fig. 12 for the two
tests with U-10 wt% Fe. The responses are basically the same as for the
uranium tests (Fig. 3). Equilibrium was achieved in about 2 s and because of
the lower sodium mass in FDE-5 the increase in sodium temperature was greater

than for FDE-6.

6. FDE-6

The purpose of this test was to characterize the particles produced by
the hydrodynamic breakup of the U-10 wt% Fe pour stream. The sodium depth was
increased to 0.9 m in order to extend the time for hydrodynamic breakup and
freezing. During the melt heatup the MgO crucible cracked allowing about
1.3 kg of the alloy to leak out before discharge. The remaining 1.7 kg
dropped into the sodium. It was felt that a sufficient amount of the melt had
poured into the sodium to give a satisfactory characterization of the

particles.

Representative particles are shown on Fig. 13. The particles tended to
have their edges rounded with less evidence of filament formation. The
particle shape may be a characteristic of the alloy material and the extended
time for freezing because of the high superheat. The mean size was
approximately 4 mm. This overall smaller particle size is attributed to the
longer period for hydrodynamic breakup resulting from the higher superheat for
this test. The bed voidage was again quite high at 0.86. The particles were
not entirely solidified when they reached the base plate. A small agglomerate
formed which adhered to the base plate (Fig. 14). It is of interest to again
note that the agglomerates formed in the tests with the iron alloy fused into
the steel base plate, whereas in Run 4 with pure uranium the particle
agglomerate did not adhere. This may be indicative of the high potential for

melt attack on steel structure with a uranium-iron alloy.
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Fig. 13. Particles from FDE-6
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Fig. 14. Agglomerate Fused to Base Plate
in FDE-6
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III. CONCLUSIONS

The particles were primarily in the form of sheets with filament

formation.

The U-10 wt% Fe particles were somewhat rounder and smaller (mean size
~4 mm) than the uranium particles (mean size ~10 mm) because the higher
superheat for this uranium-iron alloy melt permitted more hydrodynamic
action before freezing. The particle shape could also be characteristic

of the iron alloy.

A sodium depth of less than 0.3 m was required for hydrodynamic breakup

and freezing of the 25-mm diameter uranium pour stream.

The temperature response of the 25-mm steel base plate on impingement of
the particle bed was in reasonable agreement with a simple model based on

semi-infinite mediums and average properties for the particle bed.

The sintered agglomerate of uranium particles in FDE-4 did not adhere to
the base plate while the U-10 wt% Fe alloy agglomerates in both tests
FDE-5 and -6 fused into the base plate.
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APPENDIX A

CALCULATIONS OF TEMPERATURE RESPONSE OF BASE PLATE

The calculations are based on a two step process: 1) determination of
the interface temperature on contact of the particle bed with the steel base
plate and 2) determination of the interior temperature response of the steel
base plate using the calculated interface temperature. These calculations
were based on the simplifying assumption of two semi-infinite solids at
uniform but different initial temperatures coming together in perfect
contact. On this basis the mutual interface temperature immediately assumes a

steady value of T"

(1A)

where
T = interface temperature
T = initial temperature
C = heat capacity
K = thermal conductivity
P = density

and subscripts | and 2 refer to the steel and particle bed properties
respectively. The properties used in these calculations are given in Table
Al. The particle bed properties were estimated by weight averaging the volume

fractions of the sodium and uranium phases.

P2C2K2 = E(pCK)Na + (1 - £)(PCK) (2A)

where ¢ is the volume fraction of sodium (Na) and (1 - e) is the volume
fraction of uranium (U). The temperature response of the steel base is™



—-L .1 . erf—2— (3A)
Ti ' TI 2/~

where T refers to the steel temperature at position x at time t and a is the
thermal diffusivity (K/pC). The experimental temperature responses were

compared to the values determined from the above equations.

Table Al
Properties Used in Temperature Response Calculations

Material p, kg/m} C, J/kgK K, W/mK
Sodium 769.8 1.262 x 103 55.55
Uranium 17,500 0.161 x 103 54.7

Steel 7,600 0.6276 x 103 20.92

FDE-3

The base plate initial temperature was 606C before contact with the
particles (see Fig. 7). The thermocouple (TC-19) located on the top surface
of the base plate peaked at 1000C which was taken as the initial particle bed
temperature. The subsequent decline in temperature was arrested for a period
of 1.5 s at 760C which was taken as the experimental interface temperature.
For this case with ¢ = 0.887 Eq. 2A gives

P2C2K2 = (=887)(5-40 x 1q7) + (- H3)(1.54 x 108) = 6.53 x 10?

Using this value for the particle bed the interface temperature can be

calculated from Eq. 1A

1000 - 606
T. 606 + = 782C

1 + 7998 x 107/6.53 x 1Q7
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The calculated interface temperature of 782C is comparable to the 760C
observed temperature arrest. The observed value of 760 will be used as the

interface temperature in the temperature response calculation.

The steel temperature response can then be determined from Eq. 3A and
compared with the responses of the thermocouples located 6.35, 12.7, and

19.05 mm below the surface. For steel

1 20.92

» = 1 2.
al - - 439 x 10 n /s
PICI  (7600)(0.6276 x 103)

An example calculation is given below for the temperature at 6.35 mm

below the surface at 5 s. 12
635 x 107
erf = erf oo X - 0.6638
2/£t
39 x 10 )(5)

Rearranging Eq. 3 to obtain T yields

T. T1+ (T, -Tj) 1 - erf
2/at

606 + (760 - 606)(1 - 0.6638)

= 658

If the calculated interface temperature of 782 were used, the calculated
temperature for these conditions would be 665C. On the basis of the observed
interface temperature of 760C response temperatures were tabulated on Table A2

and plotted on Fig. 7.

FDE-4

In this test with only a 0.15-m sodium depth the particles were not
completely solidified when they reached the bottom and sintered to form an

agglomerate. The observed interface temperature of 765C (Fig. Al) based on
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the arrest in temperature decline of the thermocouple on the base plate
surface (TC-18) was used in the temperature response calculations. The
calculated interface temperature was 760C from Eqgs. | and 2 using values of
945C for J=, 608C for and a particle bed voidage of 0.86. The initial
temperature profile across the base plate was not as uniform as for test
FDE-3. The temperature changes at each position were calculated relative to
its initial temperature. These are tabulated in Table A3 and plotted on Figs.
A2, A3, and A4 in comparison with the data. Again the calculated response at
the point 6.35 mm below the surface exceeds that recorded from the
thermocouple because of the assumptions of a semi-infinite media and a
constant interface temperature. However, the agreement at 12.7 and 19.05 mm

below the surface is excellent.

FDE-5

In this experiment with U-10 wt% Fe and a sodium depth of 0.3 m the
temperature arrest in TC-19 occurred at 750C. The middle thermocouple at the
12.7 mm position in the steel plate did not indicate because an open circuit
developed during the test. There was a large deviation between the initial
temperatures of the other two thermocouples. The initial temperature of TC-
20, 6.35 mm below the surface, was 608C; whereas TC-22, 19.05 mm below the
surface was at 588C. Because of this considerable temperature deviation
within the steel plate in addition to the other simplifying assumptions used
in the calculations, it was not meaningful to attempt a comparison between

experimental and calculated wvalues.

This simple calculational technique, however, does indicate that
impingement heat flux is amenable to calculation. Refined calculations with
better defined boundary conditions should readily yield more realistic

temperature responses.
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Table A2.

Calculated Temperature Response of Base Plate for FDE-3

x = 6.35 x 10"3 m

erf x T
2/a”t
1.000 606
0.968 611
0.870 626
0.787 639
0.718 649
0.664 658
0.619 665
0.580 671
0.555 675
0.529 678
0.503 683

x = 1.27 x

erf ———
2/a .t

1.000
1.000
1.000
0.987
0.968
0.946
0.921
0.896
0.870
0.847
0.825

Table A3.

10"2 m

606
606
606
608
611
614
618
622
626
630
633

x = 1.905 x

erf —
2/a™t

1.000
1.000
1.000
1.000
1.000
1.000
0.991
0.985
0.977
0.968
0.958

Calculated Temperature Response of Base Plate for FDE-4

x = 6.35 x 10" m

erf —— T
2/ajt
1.000 608
0.968 613
0.870 626
0.787 641
0.718 652
0.664 661
0.619 668
0.580 674
0.555 678
0.529 682
0.503 686

x = 1.27 x

erf —
2/t

1.000
1.000
1.000
0.987
0.968
0.946
0.921
0.896
0.870
0.847
0.825

10-2 m

611
611
611
613
616
619
623
627
631
635
638

x = 1.905 x

erf —/—
2/a™t

1.000
1.000
1.000
1.000
1.000
1.000
0.991
0.985
0.977
0.968
0.958

10

10

2 m

606
606
606
606
606
606
607
608
610
611
612

595
595
595
595
595
595
596
598
599
600
602
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APPENDIX B

TAYLOR MODEL FOR BREAKUP LENGTH

Taylor™4 developed a semi-empirical model for breakup lengths for

turbulent jets. This model was derived from his analysis of the generation of
ripples caused by wind blowing over a viscous fluid. The wind was assumed to
exert normal pressure on the surface but no tangential (frictional) stress on
the free surface. This analysis was then extended by Taylor™ to the
dispersion of larger diameter (~20 mm) liquid-metal jets in water. The length
of the jet before breakup in a fluid (system 1) was determined by comparison
with existing data for jets and fluid environments with different densities

(system 2). The resulting equation is:

Taylor used as a basis a breakup length of 150 jet diameters for a water jet
in air and five jet diameters for a water jet in water. Application of Eq. Bl
to uranium metal in sodium at 600C using water-water as the basis for system 2

gives:

For a pour stream diameter of 25 mm the predicted breakup length is 0.58 m.

Epstein and FauskeiJ considered the breakup of jets blanketed by the

vapor of the liquid in which they are injected. Epstein and Fauske following
the method outlined by Levich”™ obtained for a zero equivalent vapor blanket

the following length to diameter ratio:

172
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Therefore, for the molten uranium-sodium system the length-to-diameter ratio,

L, is:

/3 0.50sV 17.sV!?
L 2 17.5/N\0.808 ) 4.22

For a pour stream diameter of 25 mm the predicted breakup length is 0.105 m.



C-1

APPENDIX C

FDE-1 THERMOCOUPLE RESPONSE
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