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ABSTRACT

Although the Integral Fast Reactor (IFR)
possesses inherent safety features, an
assessment of the consequences of melting of
the metal fuel is necessary for risk
analysis. As part of this effort an
experimental study was conducted to determine
the depths of sodium at 600 C required for
pour streams of various molten uranium alloys
(U, O-5 wt% Zr, U-10 wt% Zr, and U-10 wt% Fe)
to break up and solidify. The quenched
partlculate material, which was In the shape
of filaments and sheets, formed coolable beds
because of the high voidage (-0.9) and large
particle size (-10 mm). In a test with a
0.15-m sodium depth, the fragments from a
pure uranium pour stream did not completely
solidify but formed an agglomerated mass
which did not fuse to the base plate.
However, the agglomerated fragments of U-10
wt% Fe eutectic fused to the stainless steel
base plate. An analysis of the temperature
response of a 25-mm thick base plate was made
by volume averaging the properties of the
sodium and metal particle phases and assuming
two semi-infinite solids coming into
contact. Good agreement was obtained with
the data during the initial 5 to 10 s of the
contact period.

Introduction

Important design features of the
Integral Fast Reactor (IFR) are (1) Its pool
configuration which facilitates passive decay
heat removal and isolates the core from
exterior components, (2) inherent shutdown
capability, and (3) the use of a metallic '
fuel with superior heat transfer properties
compared to oxide fuels. Although the IFR
possesses these inherent safety features, an
assessment of the consequences of melting of
the metallic fuel Is necessary for a
comprehensive 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. These studies have
generally been on a gram scale except for
iron and mixed oxides produced by thermite
reactions. Jet-impingement surface
ablation and heat transfer is a subject of
considerable interest in severe core-melt
accidents. ' However, the mechanism and
extent of impingement attack by uranium alloy
pour streams in sodium have been
undetermined. Therefore a study has been
undertaken to determine the depth of sodium
required for a pour stream of molten metallic
fuel to break up and solidify and the
subsequent heat transfer and melt attack on a
horizontal stainless steel surface by the
pour stream material that has not
frozen. • Since the jet breakup could not
be observed in thla study, only the presence
of particles after a test revealed whether
the jet had broke up and the fragments
solidified before impacting the test vessel
bottom.

Experimental

The tests consisted of inductively
melting kilogram quantities of uranium alloys
in a MgO crucible and removing a ZrO2 plug
from 25 and 12.5-mm openings to initiate a
downward pour of the melt into a pool of 600
C sodium. The tests were conducted with the
apparatus shown on Fig. 1 which essentially
consisted of a furnace/injector for melting
the pour stream metals, an interaction vessel
containing the sodium, and an overall
containment vessel. Thermocouples spaced 152
mm apart indicated the temperature profile of
the sodium pool. A 30-kW, 10,000 Hz TOCCO
motor generator was used. The sodium was
contained in heated 192-nn ID interaction
vessels of variable length with argon cover
gas. For tests with shallow sodium pools in
which impingement heat transfer occurred, a
thermocouple was located at the center on the
top surface of a 25.4-rara thick base plate and
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Fig. 1. Apparatus for Pour Stream Breakup
Experiments.

three thermocouples were located at 6.35-mm
intervals within the base plate.

The parameters and resulting fragment
beds of the tests are summarized in Table
1. The uranium pour streams broke up and the
fragments were frozen when reaching the base
plate for sodium depths as low as 0.3 m. In
the tests with deeper sodium pools the pour
streams under gravitational acceleration (2
m/s velocity) typically fragmented into
particles of about 10 mm in mean size, which
settled to form a bed having a voidage in the
order of 0.9. The injection velocity is
defined as the velocity of the jet leading
edge at the point of impact with the sodium
surface. The bed voidage was estimated from
the bed volume measured from radiographs
taken of the particle bed in the sodium after
each test. A debris bed with these
characteristics formed from a meltdown of a
metal-fuel pool reactor would be largely
coolable by conduction. Extraordinarily high
bed depths could be accommodated before bed
dryout even if boiling occurred because the
high voidage of the bed offers little
resistance to convective flow.

Particle size decreased wich increased
duration of the hydrodynamic action on the
pour stream before freezing. The largest
particles were obtained from the tests with a
low melt temperature. In a test in which the
melt furnace was pressurized to give an
injection velocity of 10 m/s the pour stream
was dispersed into smaller particles (mean
size of 0.59 mm) and a lower voidage (0.84)
than the low velocity tests in which the pour
stream was accelerated by gravity to about 2
m/s.

In order to determine the hydrodynamic
breakup length and impingement heat flux,
tests were conducted with uranium metal pours
at 400 C superheat and progressively
decreasing sodium depths from 0.9 to 0.15
m. For sodium depths as low as 0.3 m the
uranium pour stream broke up and the
fragments solidified before reaching the
bottom of the interaction vessel. The 0.3-m
depth was sufficient for solidification of
only a thin (-1 mm) discontinuous crust of
the molten U which formed on the base
plate. With a sodium depth of 0.15 m the
uranium was not completely solidified before
impacting the bottom of the vessel. An
agglomerated mass was formed on the stainless
steel base plate. This mass was not fused to
the base plate but came off in one piece (see
Fig. 2).

In the tests with U-10 wt% Fe eutectic
mixture the melt was heated to the same

Fig. 2. Sintered Uranium Particle
Agglomerate.

temperature (1530 C) as the uranium but was
800 C above the eutectic melting point (725
C). As a result in the test with a 0.3-m
sodium depth the pour stream material was not
completely frozen when contacting the base
plate. An agglomerated mass weighing
approximately 2.6 kg froze to the base plate



Table 1. Pour Stream Breakup Experiments Sodium Temperture at 600 C

Test Melt Melta Injection Injection Melt Sodium Bed Void Particle
Material Superheat, Velocity, Diameter, Wt, Depth, Fraction Size,

•c m/s

2

3

4

5

6

7

8

9

10

11

12

13

14

U

U-lOZr

U-5Zr

U-5Zr

U-5Zr

U-5Zr

U-5Zr

U

U

U

U

U-lOFe

U-lOFe

100

100

100

10

300

100

100

400

400

400

400

800

800

2

2

2

2

2

2

10

2

2

2

2

2

2

25

25

25

25

25

12.5

25

25

25

25

25

25

25

2.98

2.99

3.01

3.00

3.01

3.00

3.00

3.01

3.01

3.01

3.01

3.00

3.00

1.2

1.2

1.2

1.2

1.2

1.2

1.2

0.9

0.6

0.3

0.15
0.3

0.9

0.95

0.95

0.95

0.97b

0.94

0.96

0.84

0.90

0.89

0.89

0.86

0.76

0.86

16.13

9.68

10.54

13.71

8.16

7.60

0.59

8.59

14.62

5.67

9.19'

3.96'

3.96'

a. U mp - 1133 C, U-lOZr liquidus temp. - 1360 C, U-5Zr liquidus temp. - 1251 C, and
U-lOFe eutectic mp - 725 C. Melt superheat is defined as excess temperature above
either liquidus point of melting point.

b. Excludes fronzen jet portion.
i

c. Mean diameter - 1/2[(weight fractio

d. Excludes agglomerated material.

and could not be readily removed as the
uranium agglomerates. The voidage was still
quite high at 0.76. In the next test with
the iron eutectic the sodium depth was
increased to 0.9 m. The somewhat smaller
mean particle size (4 mm) resulting from this
test is attributed to the longer period for
hydrodynamic breakup resulting from the high
superheat. The particles tended to have
their edges rounded with less evidence of
filament formation. The particle shape may
be characteristic of the alloy material as
well as the extended time for freezing. 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 (see Fig. 3). It is of interest to
note that the agglomerates formed in the
tests with the iron alloy fused into the
steel base plate, whereas the particle
agglomerates of pure uranium did not
adhere. One reason for this behavior is that
the interface temperature at contact is below
the freezing point of both the pure uranium
and the steel. Therefore, no alloying of the
uranium and the iron could occur. This may

ial for iielt

WfSTCGTT

Fig. 3. Agglomerate of U-10 wt% Fe Fused to
Base Plate.

attack on steel structures by a uranium-iron
alloy.



j.einpei'dcure Response or 3ase t'iace

Radiographs as well as direct
observations of the material deposited on the
base plate revealed that in the cases when
the fragments agglomerated on the base plate
there remained considerable voidage.
Therefore analysis of the temperature
response must take into account the two-phase
nature of the hot debris. An analysis was
made of the observed response in order to
interpret the mechanisms involved and to
provide a basis for calculations for specific
cases in reactor accident analysis.

The analysis made was based on a two-
step process: (1) determination of the
temperature of the interface between the
particle bed and the steel base plate on
contact, and (2) determination of the
interior temperature response of the steel
base plate using the calculated interface
temperature. Calculations were based on the
simplifying assumption of two semi-infinite
solids at uniform but different initial
temperatures coming together in perfect con-
tact. In the experiments with 1.2-m sodium
depths the average sodium temperature
achieved equilibrium within 2 seconds
indicating rapid heat transfer and uniformity
of the temperature of the particle bed as it
settles on the base plate. On this basis the
mutual interface temperature immediately
assumes a steady value of T^.

Ti - Tl
(1)

1 • l V'2C2K2
The subscripts 1 and 2 refer to the steel and
particle bed of density, p, heat capacity, C,
and thermal conductivity, K, bed properties,
respectively. The properties used in these
calculations are given in Table 2.

The Kampf-Karsten model is an
appropriate estimate of the thermal
conductivity for a media with a highly
conductive fluid phase and ill defined shapes
for the solid phase.

K2 " KNa I1 * (2)
1 + (1 - O * " ( K N a / K u - 1)J

where £ is the bed voidage or sodium fraction

The other particle bed properties can be
estimated by volume averaging the fractions
of the sodium and uranium phases resulting
in:

Na
(3)

jowever, lor cms case, in wmcn Che
thermal conductivities of the solid and the
fluid phases are nearly che same, a simple
volume average of all the properties,

" O(pCK)u

resulted in no difference in the calculated
interface temperature. It is recommended
that the Kampf-Karsten model or some other
appropriate correlation be used if the
particulate material such as an oxide would
have a significantly different thermal
conductivity than the fluid phase.

The temperature response of the steel
base is 1 4

T - T

VTi
- 1 - erf (5)

where T refers to the steel temperature at
position X at time t and a-, is the thermal
diffusivity (K/pC) of the steel. The
experimental temperature responses were
compared to the values determined from the
above equations.

The initial temperature of the base
plate in run 11 was 606 C before contact with
the particles (see Fig. 4 ) . The thermocouple
(TC-19) located on the top surface of the
base plate peaked at 1000 C, which was taken
as the initial particle bed temperature. The
subsequent decline in temperature was
arrested at 2.5 s after contact for a period
of 1.5 s at 760 C, which was taken as the
experimental interface temperature. For this
test with t - 0.89, />2C2K2 l s estimated from
Eq. 4 for liquid sodium at 600 C to be 6.53 x
10 J /VTYr s. The interface temperature is
calculated to be 782 C from Eq. 1 using this
value for the particle bed. This calculated
interface temperature is comparable to the
observed 760*C temperature arrest. If the
fluid phase is assumed to be vapor because
the peak temperature of 1000 C exceeds the
boiling point of sodium (881 C). then P2

c2k2
is estimated to be 1.74 x 10 7 J2/ITK2S from
Eq. 4 resulting in a calculated interface
temperature of 722 C. This calculated
Interface temperature is lower than the
observed temperature arrest. The observed
temperature of 760 C Is intermediate between
that predicted for the fluid phase being
liquid and that for vapor suggesting a vapor-
liquid mixed fluid phase in the particle bed
when contacting the steel base plate.

It must be noted that Eq. 5 has been
found to be inappropriate for describing heat
transfer shortly after time of contact



TABLE 2. Properties Used in Temperature Response Calculations

Material C, J/kgK K, W/mK

Sodium
Sodium
Uranium
Steel

(760-C
(lOOCTC

liquid)
vapor)

17
7

769.
0.

,500
,600

8
656

1.262
2.510
0.161
0.6276

X

X

X

X

1 0?
103

103

55.55
0.0669

54.7
20.92

between a continuous solid medium and a gas-
solid particle bed. This is because the
temperature responses of the separate phases
in a gas-solid medium greatly differ and does
not behave as a homogeneous medium with an
attributed effective thermal conductivity
during transient heat transfer. However,
when a gas-solid bed with both metallic and
nonmetallic particles of size d has resided
on the solid surface for times of which the
parameter t/d2 > 2x10' s/m, Eq. 5 would
apply since the thermal front has penetrated
sufficiently so that the particle bed can be
described in terms of average properties.
For the present case of uranium particles in
liquid sodium in which the thermal
conductivities of both metal phases (Table 2)
are the same and there is a predominate
fraction of one phase (sodium), average
properties can be used in Eq. S with little
error. The use of average particle bed
properties in Eq. 1 for determining the
interface temperature on instantaneous
contact can be questioned. However, the
observed temperature arrest of 760 C at the
surface which is bracketed by values of 782 C
for a liquid sodium phase and 722 C for a
sodium vapor phase seams well described by
Eq. 1. For the tests reported here,
Measurement of the particle bed temperature
profile was not made and only the response of
the solid steel base plate was monitored.

The steel temperature response was
determined from Eq. 5 and compared with the
responses of the thermocouples located 6.35,
12.7, and 19.05 mm below the surface. The
calculated temperatures shown in Fig. 4 are
based on the observed interface temperature
(760 C). If, for example, the calculated
interface temperatures of 782 C and 722 C
were used, after 5 s the temperature 6.35 mm
below the surface would be 665 C and 645*C
respectively compared to 658 C with the use
of a 760 C interface temperature. The
responses of the three thermocouples in the
base plate and the thermocouple on the
surface are combined in Fig. 4. The data are
compared with this simple model for the
temperature response.

TC :9 ON SURFACE

TC 2O « » m B£L0W SURFACE

TC 21 I2tnm KLOW SURFACE ,

TC 2 2 <lmnt SEL0W SURFACE -

Fig. 4. Temperature Response of Base Plate
for Run 11; U metal, 0.3 a sodium
depth.

It is seen on Fig. 4 that the calculated
temperature response of the steel base plate
is in fairly good agreement with measured
response for about the first 5 s. The
calculated temperatures eventually become
higher than the measured response with the
greatest deviation for the thermocouple
located 6.35 mm below the surface. One
reason for this deviation is the assumption
of two semi-infinite media with no lateral
heat transfer. Also the calculations are
based on a constant interface temperature,
whereas actually the interface temperature as
indicated by TC-19 declined, and the effect
of the heat of fusion was not considered.
Because of these effects it was not
meaningful to carry the calculations beyond
12 s.



In Run 12 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 765 C (Fig.
5) based on the arrest in temperature decline
of the thermocouple on the base plate surface
was used in the temperature response
calculations. The calculated interface
temperature using liquid sodium properties of
760 C was in close agreement with the
observed interface temperature. The
calculated interface temperature was
determined from Eqs. 1 and 4 using values of
945 C for 1j, 608 C for T^ and a particle bed
voidage of 0.86. If vapor properties are
used in Eq. 4, an interface temperature of
715 C is calculated. It appears that a
better estimate is made with liquid
properties for this case. The initial
temperature profile across the base plate

In Run 13, also conducted with a 25.4-mm
thick base plate, the thermocouple located
12.7 mm below the surface failed. The
thermocouples at 6.35 and 19.05 mm indicated
initial temperatures of 608 C and 588 C
respectively. Because of this considerable
temperature deviation within the steel plate
no attempt was made to compare experimental
and calculated values using the present
model. However, on the basis of Runs 11 and
12 the calculational technique used does
indicate that impingement heat flux is
amenable to calculation and, that with
appropriate boundary conditions, can be
extended to reactor safety analysis for metal
fuels.
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Fig. 5. Temperature Response of Base Plate for Run 12; U metal, 0.15 m sodium depth

with temperatures of 608 C, 611 C, and 595 C
was not as uniform as for Run 11. The
temperature changes at each position were
calculated relative to its initial tempera-
ture. Again the calculated response at the
point 6.35 mm below the surface exceeds that
recorded frons the thermocouple because of the
assumptions. However, the agreement of 12.7
and 19.05 mm below the surface is excellent.

Conclusions

1. For sodium at 600 C a depth of less than
0.3 m was required for complete
hydrodynamic breakup and freezing of the
25-mm diameter uranium pour stream
initially at 400*C above its melting
point.



4.

5.

The U-10 wt% Fe particles were somewhat
rounder 3nd smaller (mean size 4 mm)
because Che higher superheat for this
uranium-iron alloy melt permitted more
hydrodynamic action before freezing.

The sintered agglomerates of uranj.um
particles did not adhere to the base
plate while the U-10 wt% Fe alloy
agglomerates fused into the base plate.

The temperature response of the 25.4-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 base plate temperature 6.35 mm below
the surface rose after contact with the
pour stream material to a maximum of
only 670 C for the most severe test with
an 0.15-m sodium depth. While there was
no contribution by decay heat in these
tests, it does appear that for
comparable mass ratios of debris and
steel the rise in base plate temperature
will be moderate and that it would be
possible to arrest the accident if heat
removal from the sodium can be
maintained because of the high voidage
of the particle bed. It is recognized
that it is necessary to keep the U-Fe
alloy below its melting point to prevent
further degredation of the base.
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