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Abstract

The process of solidification of a single-phase flowing hot fluid in a cylindrical tube
has been investigated analytically and experimentally. A series of tests were performed,
These data verified the

existing quasistatic numerical analysis model of freezing process developed at Brookhaven

using paraffin ‘'wax and Wood’s metal as flowing hot fluids.

National Laboratory. In addition, experimental results provided information regarding the
effects of various parameters on the .process of transient flowing and freezing through a
vertical channel. The experimental apparatus and techniques are described. Comparison of
experimental data with predictions of mathematical models for transient molten fluid
displacement are presented in graphical form. In addition, the mathematical model is

applied to LMFBR post-accident conditions.
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1. Introduction

Assessment of the dynamics of molten
fuel relocation following hypothetical core-
disruptive accidents in LMFBRs is of impor-
tance in studies of accident energetics and
of post-accident heat removal (PAHR). The
energetics of a molten core recriticality
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event is dependent upon the quantity of fuel
remaining in the core and, hence, on the
extent of material relocation by the stream-
ing and freezing processes. The potential for
safe containment of the core materials of
an LMFBR following a hypothetical accident
depends to a great extent on the post-
accident distribution of fuel and other core
materials, and on the time scale for material
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relocation.

Upward fuel relocation may be driven by
sodium vapor pressure in a transient over-
power accident (TOP), and by fuel or steel
vapor pressure in a loss-of-flow (LOF) acci-
dent. Molten fuel relocation in the down-
ward direction would be driven by static
head pressure in addition to vapor pressure.
In either case, if coolant channels are not
plugged, ejection of the molten core debris
can occur within a few seconds. However,
deposition of the molten debris by freezing
on cold structures could lead to plug devel-
opment and the formation of a “bottled” core
region. In such a case, fuel dispersal could
only occur after melt-out of the plug and/or
the lower assembly structure'%%,

The rate and extent of core material relo-
cation will depend upon the composition and
phase distribution of the flowing fluid, and
on the temperature and mass of the bound-
ing steel walls of the flow structure. The
relocation dynamics will also depend on the
reactor power level. If the energy generation
e.g.,
ditions of the transition phase of the LOF
accident, then the core material is likely to

rate in the core is large, under con-

be boiled up and, perhaps, dispersed. On the
other hand, under low power decay heat
conditions, e.g., in PAHR circumstances, the
rate of vapor generation may be small and
the core material may be in a bubbly flow
regime or, in the extreme, fully collapsed
and single phase. Methods for predicting the
flow regime and void distributions under
accident conditions have not been adequately
developed. An understanding of transient
flow with solidification is needed over a
broad spectrum of flow regimes®.

This work is directed towards the proces-
ses involved in the flow of single-component,

single-phase molten fuel through the cold

lower structure of an LMFBR under relati-
The study of
relocation of single-phase core material, in
this case-fuel, is directed towards PAHR

conditions and

vely low driving pressures.

is particularly directed to-
wards evaluation of the potential for rapid
molten fluid flow through the shield block
region of the Clinch River Breeder Reactor
(CRBR) (as opposed to penetration of the
shield block by a slow meltout process). In
addition, this work serves as a baseline case
for understanding of the more complex two-
phase processes involved in the transition
phase of the LOF accident®.

The freezing of a flowing fluid falls into
a general category of “Stefan”® type pro-
blems. These problems involve heat transfer
between multiple regions with phase changes
occurring at the moving region boundaries.
Those works reviewed by the author could
be grouped into a few broad categories: (a)
the exact closed form solutions of Stefan®,
and Rosenthal”,
which exist for some special cases where

Carslaw and Jaeger®,

conduction is the sole mode of heat transfer,
(b) approximate analytical solutions to pro-
blems of freezing and melting, which take
into consideration the effects of convective
heating, such as the work done by Libby
and Chen®, and Lapadula and Mueller®, (c)
those works offering finite-difference solu-
tions, among which those by Landau'?,
Bilenas and Jiji'*’, and Beaubouef and Cha-
pman'® are outstanding, (d) a parametric
study which results in an empirical correla-
tion of the transient freezing data as the
work done by Cheung and Baker!® (e)
several ad hoc models'#**!® that have been
proposed for treatment of the fuel relocation
problems. On the dynamics of the solidifica-
tion process, in particular, two experimental
results, those of Hirschberg!” and the work
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done at Argonne National Laboratory!s:!%
have been reported.

The previously reported analytical and
experimental works do not enable one to
estimate the transient rate of molten fluid
flow through cold channels from a reservoir
where the liquid is subjected to the constant
driving pressure.

The objective of the present work was to
study the process of freezing of a liquid in
transient flow inside a cooled cylindrical
tube. A simulation experiment was designed
to evaluate a mathematical model developed
at BNL® which describes the solidification
of single-phase molten fuel flowing through
cold channels with non-melting boundaries.
The mathematical formulation is briefly
outlined. The experimental apparatus and
techniques are described and experimental
results are described. Finally, results of
application of the freezing process model to
LMFBR post-accident conditions are presen-
ted.

2. Analytical Model

A two-dimensional transient freezing mo-
del in cylindrical geometry has been for-
mulated®* to study the phenomenon of soli-
dification of flowing fluid inside a circular
channel, the walls of which are cooled below
the freezing temperature of the flowing
fluid. The model is discussed in Refs. 3 and
4, and is not presented here in detail. Ra-
ther, the model is outlined as applied to the
experimental test section. The test section
shown schematically in Fig. 1, was in an
annular co-axial counterflow heat exchanger
configuration. The molten simulant fluid
flowed downward through the inside tube.
Cooling water flowed upward in the annular
region. The model determines the thickness
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of the solidified shell on the inside wall
of a vertical channel in terms of time and
axial location. Since exact solutions are not
feasible for the coupled nonlinear partial
differential equations that describe the
heat transfer and fluid dynamics of the
solidification process, a number of simpl-
ifying assumptions and approximations were
introduced which include®:

(a) A quasi-steady state radial temperature
field exists in the frozen layer.

(b) A quasi-steady flow exists in the
liquid region.

(¢) Heat transfer from the flowing fluid
to the solid-liquid interface is assumed
to be a quasi-steady state process which
is independent of the changing radius
and solidification occurring at the inter-
face.

(d) Axial heat conduction in the solidified
shell and in any surrounding material
is neglected.

(e) No melting of wall material occurs.
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(f) No heat generation in the simulant
fluid.

(g) The temperature of the coolant flow
in the test section annulus (7..) is con-
stant.

With the above assumption, the model is
formulated by incorporation of steady con-
duction equation for the solidified shell and
for the inner tube wall. The steay Bernoulli
equation, which includes friction losses and
the acceleration term due to channel area
change, is applied to the molten fluid flow.
The pressure drop across the test section
length is assumed held constant. The molten
fluid energy equation is written as

aT,, 2h;
ooyl 2 1y )

with inlet condition 7', (x=0) =7';. The boun-
dary condition at the moving interface is

| =h(@umTp+0r 2K )
v R
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In Egs. (1) and (2), p is the density, C,
is the specific heat, V is the fluid velocity,
T, is the fluid bulk temperature, x is the
axial coordinate, #; is the interior heat trans-
fer coefficient betw een flowing fluid and
solidified shell, R is the radius of liquid-solid
interface, 7, is the fusion temperature, T,
is the inlet fluid temprature, % is the ther-
mal conductivity, T is the temperature field
within the {frozen layer, » is the radial
coordinate, 2 is the heat of fusion, and ¢ is
the time.

Heat transfer from the inner tube to the
coolant (at 7.,) was assumed to occur across
The model
equations were nodalized by dividing the

a film with conductance #..

axial length into a number of equidistant
nodes. The method of solution is discussed
in detail in Ref. 3. The interior heat trans-
fer coefficient (k;) for the laminer regime
is obtained from the Sieder-Tate equation'®,

while those for the turbulent regime and
the exterior heat transfer coefficient (%) are
obtained from the Dittus-Boelter type equa-
tion. The interior heat transfer coefficient
(h;) used in the analysis of the Wood's
metal case, however, is evaluated from the
correlation developed for liquid metal by
Seban and Shimazaki'®.

3. Experimental Method

3.1. Apparatus Description

Two series of experiments were designed;
one using paraffin wax, the other Wood's
metal as fuel simulants. The major compo-
nents of the experimental system, shown in
Figure 2, were; a reservoir tank, the test
section, and a catch tank. The reservoir
tank was a cylindrical vessel, where the
molten fluid was stored at a controlled
initial temperature and pressure. The two
test sections (which differ only in their
tube diameters) were single-pass countercur-
rent heat-exchangers. Both inner and outer
Molten fluid

which was

tubes were made of brass.
flowed through the inner tube,
cooled by water flowing vertically upward
through the cooling jacket formed by an-
nulus between the inner and outer tubes. The
catch tank received molten fluid leaving the
vertical test section. The mass of fluid col-
lected was monitored using a load-cell and
associated recording equipment®.

3.2. Test Parameters

The experiments were designed to mea-
sure, for each set of initial and boundary
conditions, the time required for complete
channel plugging, the mass of molten fluid
displaced as a function of time, and the
transient molten fluid exit temperature.

These quantities were chosen in order to
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provide a direct comparison with the mathe-
matical model. Plugging times were mea-
sured using an electrical timer. Fluid dis-
placement and fluid exit temperature were
measured by a load-cell and with an exposed
thermocouple, respectively. Also measured
were the molten fluid inlet temperature,
reservoir pressure, water coolant flow rate
and inlet and outlet temperatures.

The controllable test parameters were: (a)
fluid type, (b) initial molten fluid tempera-
ture, (c) internal diameter of inner tube,
(d) coolant water flow rate through test
section annular space, and (e) the driving
pressure behind the hot simulant fluid.

As stated above, two fluids (paraffin wax
and Wood’'s metal) were chosen based pri-
marily on their respective Prandtl numbers.
The Prandtl number of UQ, at 3000°C is
about 0.86. For paraffin wax and Wood’s

metal, the Prandtl numbers are 43 and
0.nre  raenectivelv within the range of
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Fig. 2. Schematic Diagram of Experimental
Apparatus

experimental conditions.

3.3 Test Procedure

The reservoir tank was charged with the
molten fluid to be tested. Power was then
applied to the heater coil surrounding the
reservoir where a mechanical stirrer main-
tained a uniform fluid temperature distribu-
tion. At the same time, the coolant water
flow rate and the pressure in the reservoir
were set at the desired levels. When the
temperature of the molten fluid reached the
desired value, the heater power was turned
off and a 4-way air-valve was opened by
means of a push-button. This triggered on
the recording systems and pulled the plug
(Fig. 2) instantly upward; the molten fluid
at this point began to flow into the test
The displaced molten fluid was
received inside the catch tank located imme-
diately below the exit of the test channel.

section.

At the completion of the test, the monitor-
ing and recording systems were terminated
by means of a push-button as soon as the
molten fluid stopped flowing as a result of
either complete plugging or exhaustion of
the entire initial mass of fluid in the reser-
voir. After all the appropriate quantities
were measured, the inside surface of the test
section was cleaned thoroughly with a long
metal rod whose lower portion was covered
with fine tissues, while the temperature of
the test section was maintaind above the
melting point of the simulant fluid by pas-
sing steam through the cooling jacket®.

4. Comparison of Experimental Results
with Analytical Models

4.1 Experimental Results and Comparison with
Models

The data developed during this investiga-
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tion can be classified chronologically into
two parts, i.e., the early test data'® and
the new additional test data® obtained with
upgraded instrumentation. Of these only the
new experimental results of the transient
mass displacements are shown in Figs. 3-6
along with comparison with the predictions
of three analytical methods of the transient
solidification process. In Figs. 3-6, T is the
fluid temperature at the inlet of the channel,
A4p is the driving pressure behind the fluid,
H, is the initial molten fluid head in the
reservoir, T, is the coolant temperature, and
D; is the tube inside diameter.

Briefly, the three analytical methods are
as follows:
Gasser and Kazimi®» developed a model for
the transient solidification process which
accounts for the transient axial variation of
solid-layer growth rate and the feedback of
solid-layer growth on channel fluid flow
behavir. This model neglects all heat capa-
city effects in both the solid layer and in
the bulk liquid. The solid-layer growth rate,
according to this model is given by®*

dR_

dt
L Y R e

it (b Raf In )

(3)
where T, is the temperature of any axial
node, k. is the thermal conductivity of solid
phase, R, is the initial channel radius, %. is
the overall heat transfer coefficient, T. is
the sink temperature, and p, is the density
of liquid phase.

On the other hand, it has been proposed®
that a first-order approach to the effect of
solid-layer heat capacity may be made by
assuming that, in addition to removal of
latent heat of fusion at the interface, energy
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is also removed to reduce the solidifying
liquid to the average solid-layer temperature.
With this modification, the solid-layer gro-
wth rate is
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where C, is the specific heat of solid phase.
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The mean temperature of the solid-layer,
T, is defined by

_ ? Trdr
T.= —%—;— (5)
er 7

More recently, Chun®’ has .developed a
simplified model in which the axial variation
of the solid-layer growth is not considered.
This model assumes that the liquid bulk
temperature and velocity at the end of the
channel are constant. The assumption of
constant velocity is removed, however, in
the computation of transient mass displace-
ment. The solid-layer growth rate is given
by

dR_

dt
he(Ta=T)) (Bt R Ine) -

012 (ks + R, IHTB)

Rho,k ST, —T.)

(6)

where T is the fluid temperature at the
exit of the channel.

Three independent calculations were per-
formed. The first two used Gasser's and
Kazimi’s model® with Eq. (3) and Eq. (4),
respectively, as the basic growth rate rela-
tions. These are here called the “existing
model” and the “existing model with (C,
AT),”. The third calculation was performed
using “simplified model” given basically by
Eq. (6).

The agreement between the models and
experimental data for the transient mass
displacement is roughly within 5-60 per cent.
The apparent discrepancy between all mo-
dels and experimental data increases as the

inlet temperature of the molten fluid incre-
ases. The main reason for this deviation
seems to be the effect of the sensitivity of
the heat balance at higher superheat levels.
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4.2. Summary of Parametric Effects

The effects of various parameters observed
on the freezing process may be briefly
summarized as follows®:

(a) Effect of the Molten Fluid Inlet
Temperature:

Results of the tests with paraffin wax
and Wood’s metal showed that the plugging
time as well as the total mass displaced
prior to plugging increased as the molten
fluid inlet temperature level increased when
other conditions were held constant. This
result is in complete agreement with the
theory.

(b) Effect of Cooling Rate:

The effect of the change in cooling rate
(by changing the coolant flow rate from
18. 93 liters/min to 11. 35 liters/min, thereby
reducing the exterior heat transfer coeffici-
ent, 4., by 30%) on the paraffin wax tran-
sient freezing process was not appreciable.
This was partly due to extremely low ther-
mal conductivity of the paraffin wax which,
in effect, acted as a thermal insulator when
its frozen shell thickness was appreciably
large. The ratios of thermal resistances of
the solidified shell (when shell thickness is
0.lcm), to the tube wall, and to convective
heat transfer (for 11.35 liters/min coolant
flow rate) were 245:2:0.4, respectively.
With respect to the Wood’'s metal, the pre-
sent experimental data were inconclusive.

(c) Effect of Driving Pressure and the
Channel Diameter:

The amount of fluid displaced is extremely
sensitive to the driving pressure for the case
of the molten paraffin wax whose density
is very small. The effect of the driving
pressure on the Wood's metal, however, was
far smaller than that for the paraffin wax.

The effect of the channel diameter has

been examined with paraffin wax only (by
changing the test section inside diameter).
The total displaced mass for smaller test
section (D;=0.47 cm) was between 31g and
162g (at T,=55—75"C) for flowing time of
21-56 seconds, while for larger test sections
it took between 24-31 seconds to displace
all the initial mass charge (~1610g). Thus,
there was an order of magnitiude difference
in the total amount of displaced mass (for
approximately the same flowing time) when
the ratio of the cross-sectional area of
the two test sections was only 5.6. This
was mainly due to in;:rease in average flow
velocity for the larger test section?®.

5. Application to LMFBR Post-Accident
Conditions

The mathematical model of the transient
flow and freezing process®, has been applied
to the conditions which may occur in a
nuclear reactor in the event of a hypothe-
tical core disruptive accident. In the sequence
of such an accident, it is predicted that
molten fuel and/or stainless steel from the
core will arrive at the top of the lower
axial shield structure and begin to flow
through the coolant channels in that struc-
ture. The shield structure is located below
the blanket region in each fuel subassembly.
It consists of a block of stainless steel
hexagonal in cross section and containing a
number of coolant flow channels. In the
cases of the Clinch River Breeder Reactor
which will be considered here, the shield
block is approximately 50 centimeters in
length and has seven one-inch diameter
coolant channels arranged in a hexagonal
pattern®*,

Some results of the analysis for fuel soli-
dification are shown in Fig. 7. Here, a con-
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stant sink temperature of 400°C is main-
tained, a volumetric heat source of 1% (2.15
cal/cm®-sec) of nominal CRBR full power
is assumed, and flow is gravity-driven, with
no static pressure difference across the flow
channel. For fuel entering the channel at
its freezing temperature, 2755°C, a freezing
time of 16.5 seconds is predicted. Clearly,
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as the molten pool temperature increases,
the time necessary to plug the channel
increases unitl at 2900°C nearly 100 seconds
are required to plug. Plugging will not occur,
regradless of the length of flow time, for
molten pool temperatures about 2900°C and
an equilibrium solidified shell radius is
reached. Increasing the initial fuel tempera-
ture results in increasing the asymptotic
radius, but in addition, the results reveal
that as the temperature increases, the time
required to approach the asymptotic radius
decreases sharply®®.

An estimate of the total amount of molten
fuel which is displaced through a single
channel in the shield structure is given in
Fig. 8*%,

Inspection of Fig. 8 reveals that, if only
one flow channel is open, at least 609 of
the fuel in a single subassembly will flow
through the shield. Assuming that two of
the seven channels are open and fuel enters
the channel at its freezing temperature,
approximately 7-1/2 'seconds would be re-
quired to empty the subassembly. Finally,
with all seven channels clear, all the fuel
in a subassembly will have exited through
the shield block within less than 2 seconds
regardless of the initial fuel temperature.
These estimates are for the case of gravity
flow. With nonzero pressure drop the quan-
tity of displaced fuel will be considerably
larger®®,

The potential for fuel relocation via the
flowing mechanism depends to a large extent
upon the condition of the shield block at the
time that molten fuel arrives. If molten
steel from the core contacts the shield
structure prior to the time that molten fuel
arrives, the shield may already be partialy
or totally plugged®®.
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6. Conclusions

The process of solidification of a single-
phase flowihg hot fluid in a cylindrical tube
has been investigated analytically and exper-
imentally to verify a model of the freezing
process. Comparison of experimental data
with mathematical models show that the
simplified?® as well as the existing model**”
for the solidification process are applicable
to estimate the downward relocation rates
of the molten fuel following a hypothetical
core disruptive accident in an LMFBR for a
wide range of conditions. The results of
application of the existing model® to the
conditions which may occur in a nuclear
reactor in the event of a hypothetical core
disruptive accident indicate that streaming
of molten fuel through the axial shield
below the pin structure in the assembly
may be a very rapid mechanism for fuel
downward relocation.
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