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Nemenclature T.  =coolant temperature, K
) . . T =fusion temperature, K
A*  =dimensionless number, defined by Eq.(17) T ink K
. =sink t ,
B* =effective Biot number, defined by Eq.(18) SIK temperure
c B ific heat, J/kgk 4t =freezing time and/or time required for
? =specific heat, J/kg complete channel plugging (with subscript
D: =tube inside diameter, m p), s
F;(R) =quantities defined by Egs. (12-14), where v =fluid velocity, m/s
=1 2, 3 z =axial coordinate, m
g =acceleration due to gravity a =exterior (with subscript e) and/or interior
By =heat of fusion, J/kg (with subscript i) heat transfer coeffic~
H; =initial molten fluid head in the reservoir, ient, W/m’K
m @  =overall heat transfer coefficient W/m%k
K, =contraction loss coefficient o =solidified shell, m
L —total length of the tube, m 1 =thermal conductivity, W/mK
M (t) =transient mass displacement, kg e :d?nSItY’ kg/m?
Mr =total mass displaced, kg I =viscosity, kg/m-s
M. =coolant water flow rate, kg/s Subscripts
4p =driving pressure behind the fluid, N/m? / =liquid phase
7 =radial coordinate, m s =solid phase
R :;“ad.ius of liquid—sol‘id interface, m w —condition at the wall
Ry :“?tlal channel radius, m 1 =condition at the inlet of the channel
¢ =time, s 2 =condition at the exit of the channel
T =absolute temperature, K
Superscripts
* 2 39, 3 Ay 8 T * =dimensionless quantity
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1. Introduction

The phenomenon of heat transfer and
solidification of a flowing hot fluid is of
interest in various applications, e.g., an
immediate application fo this Phenomenon
is to assess the dynamics of molten fuel
relocation following a hypothetical core dis-
ruptive accident in a Liquid Metal Fast
Breeder Reactor.

Solidification dynamics of flowing fluid
through a vertical cooled channel with cons-
tant pressure end conditions have been stu-
died using paraffin wax and Wood’s metal
as molten material in an earlier work (1).
The purpose of this work is to present a
simplified analytical model of the solidifi-
cation process and examine the validity of
this model by comparing with the experi-
mental results obtained previously (1).

Nearly all the earlier works reviewed here
except the existing model(2) have one of
the following limitations or inherent draw-
backs in their applicability, especially as
relates to the molten fuel relocation pheno-
menon in a nuclear reactor:(a) the analyses
are limited to the case of the solidification
adjacent to a cooled flat surface (3-7), (b)
analyses of freezing have been performed
either for laminar flow conditions inside
horizontal piping (8) or for the stationary
fluid inside a cooled section of a closed
channel (9), (¢) none of the cited references
explicitly analyzed the plugging times (i.e.,
the time required after freezing starts to
completely block the tube so that no further
flow can take place) and/or the transient
mass displacement of the flowing and free-
zing fluids.

In summary, the previously reported an-

(3-9),
except the Ref. (2), do not enable one to

alytical and experimental works
estimate both the channel plugging time
and the rate of fluid flow through a vertical
cold channel from a reservoir where the
liquid is subjected to the constant pressure.

The model developed here is based mainly
on the experimental observations(l, 10) and
on the existing computational model for
freezing process (2). That is, the existing
model (2) has been modified by introducing
additional simplifying assumptions based on
the experimental observations(1,10) to im-
prove its applicability and to allow one to
predict the main variables of solidification
dynamics. These include the complete chan-
nel plugging time and the transient mass
displacement as a function of flowing time.

2. Analysis

2.1 Physical Model and Assumptions

A molten fluid at a fixed bulk tempera-
ture T, above its solidification temperature
T, suddenly begins to flow into a cylindrical
channel, the walls of which are kept at a
uniform temperature T, below the freezing
temperature of the flowing hot fluid by the
countercurrent coolant flowing over the ou-
ter surface of the channel as shown in Fig.
1. The flowing molten fluid begins freezing
at the inner surface of the tube and forms
a solid shell of thickness 4, which varics
with both time and axial position along the
tube. Solidification takes place as a result
of continuous heat transfer from the flowing
hot fluid to the colder solidified shell by
convection. The heat convected from the
flowing liquid is, in turn, removed by con-
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duction through the solidified shell and tube
wall which is cooled by 'convection of the
coolant. Thus, solidification front moves
radially into the liquid region at a rate de-
termined by the convective heat flux from
the flowing liquid to the phase interface
and the rate at which the heat of solidifica-
tion can be conducted away from the phase
boundary to the solidifed shell and the tube
wall (1),

In an annular co-axial counterflow heat
exchanger system, the rate of solidification
is the largest at the exit since both tempe-
ratures of the molten fluid and the coolant
are the lowest. For the present system
(Fig. 1), therefore, both the channel plug-
ging time due to solidification and the tran-
sient mass displacement are primarily deter-
mined by the solidification rate at the chan-
nel exit. /To take this fact properly into
account, the following simplifying assum-
ptions are made in addition to the as-
sumptions introduced in the existing model

(1):
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Fig. 1. Physical model of countercurrent flow
test section.

a. The variation of the thickness of the solidified
layer 4z with both time and position along the
tube axis is sufficiently small and a quasi-steady
state can be assumed for radial heat conduction
in the frozen layer.

b. The liquid flow characteristics inside the tube
can be represented by a slug-flow velocity pro-
file. For given initial and boundary conditions,
the liquid exit velocity Vs is a known gquantity
from existing corrclations(e. g., modified Ber-
noulli equation which includes the appropriate
friction terms) and remains constant with time
(this assumption of constant velocity V, is
removed only for computations of transient
mass displacement), It has been observed nume-
rically that results are insensitive to this assum-
ption.

c. Axial heat conduction in the flowing liquid
and in the solidified shell are negligible. The
bulk liquid temperature at the tube exit T,
remains constant with time.

d. The covective heat transfer coefficient between
the flowing liquid and phase boundary «; rema-
ins constant both with time and axial position
along the tube. The existing heat transfer cor-
relations developed for uniform wall tempera-
ture is applicable for the freezing process.

e. Both the exterior heat transfer coefficient ae
(which removes the radial heat flow the soli-
dified shell and tube wall to the countercurrent
coolant) and the heat sink temperature T,
remains constant with time and axial position

along the tube.

s}

. A constant liquid head H: is maintained in the
reservoir above the inlet of the vertical channel
and the pressure drop across the channel remai-
ns constant.

g. Physical properties for each phase are consid-

ered constant for given initial conditions.

The validity of the above simplifying
assumptions may qualitatively be demonst-
rated by the general agreement between
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the theory based on the above assumptions
and the previous experimental results (10)
of both paraffin wax and Wood’s metal. It
may be noted here that these two fluids
were chosen based on their respective Pran-
dtl numbers(about 40 and 0. 018 for paraffin
wax and Wood’s metal, respectively, within
the ranges
(1, 10).

of experimental conditions)

2.2 Theory and Correlations

For liquid phase, the heat transfer and
the flow characteristics inside the tube are
described according to the assumptions of
b, ¢, d. The governing equation for the
axial temperature distribution of the liquid
phase is then found from an energy balance
on a slug of fluid flowing in the channel

(1);

AT, sad _ oaT 0
dz 0.C,VR ™ 0,C,V.R
for 0<r<R, z>0 and ¢>0. Appropriate

boundary conditions are
T(r,0,t)=T, >0 (2)
T(r, L t)y=Ts >0 (3)
From the assumptions of a and c, the gover-

ning equation for the solid phase is exp-

ressed as
d ( dT,\ _ /
= (r_d;_> =0 for R<r<R. (4
TR,z 0)=T, ()
—2 ( 567;5 ) ro=0a,(T,—T.) (6)
TR, x,0)=T, )

Equations (1) and (4) are coupled by the
interface energy balance equation. For the
channel exit region, in particular, the energy
balance may be written as

oT\ _ 4R
—15<7> R—ai(T2_T[)+plh$f< 7) (8)

The bulk fluid exit temperature T, is
obtained by first .applying the boundary
conditions (2) and (3) in the solution of Eq.
(1), and approximating the result according

to the assumption c;
T=Toen (= 84)+ 7

On the other hand, the temperature profile
within the solidified region at the exit of
the channel (z=L) is obtained from Eq.(4)
along with the boundary conditions of (5)
and (6) as

. . R, ;m
T,(;,L)_T,-——T(U.—Tm)ln»;e‘ (10)

for R<vr<R. Similarly, inner tube wall

temperature at the exit is obtained as

TR, Ly= L1 (R)+I:(R)

R =
where F(Ry=2T, (12)
Ro
F:(R)=R,a,, T.1n = (13)
F3(R)=+R, a, In1%. (
s o gy R 14)

Solidification rate at the exit is tren
found by combining Eqs. (10) and (11), ard
substituting the results and Eq. (9) into the
interface energy balance Eq. (8) as
_dr

dt

R, a,, 2
SR =T ) —aTe=T)) (14 Ra,ln-F.)

Pihss <15+ R,a,,In ﬁ” >

(15)

By introducing R*:—R{?— in Eq. (15) and
0

rearranging the results

. dR* _ 1—A*(1—Bi*lnR*)R*
drr (1—B*InR*)R* (16)

where

a; (Tg—'Tf)_

A= teliem ) (17)
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B*= 5% (18)
* t(lazv(T/—‘T,,,)
r= ol R, (19)

The time required to solidify from an initial

radius Ry(i.e., R*=1) to a new radius R* is

obtained by integration of Eq. (15) as
(' (1—BXInR*)R*dR*
dtr= jk* 1—A*(1—B.*Ink*) R* (20)

The dimensionless channel plugging time
de,*, in particular, can be found from Eq.
{20) simply replacing ths lower limit R*
with zero. This integral can easily be per-
formed by the Sim pson’s role.

For the special case when the inlet tem-
perature of the molten fluind 7, is at its
solidification temperature T:=T, (note that
A*=0 when T.=T,), Eq. (20) reduces to
the following simple formula;

(A5 7y r,=1/4(2+ B:*) (21)

Transiznt mass displacement may be com-
puted from the modified Bernoulli equation
using appropriate values of laminar or tur-
bulent friction factors and the instantaneous
channel flow area.

That is, fluid velocity for laminar flow
regime is found from the solution of ths
following equation:

Va1 K Ve (AR ) = 27 og (a1 Ly

0 4] (22)

Fluid velocity for turbulent flow regime, on

the other hand, is estimated from the fol-
lowing relation:

VL2AA+K)+7V; 18r0 ORL ( : >o.2]
Rs :

= z‘gf’ +2¢(H+L) (23)

In the above equation, the entrance loss
coefficient K, is determined experimentally.
Once the channel radius R, and the fluid
velocity V. are determined, the transient

- pectively,

mass displacement is found from
M(t)=p,V.T RE24¢ (24)
Where 4¢ is the time interval for the radius
R, to change from one radius to another
due to solidification of the flowing fluid.
The interfacial heat transfer coefficient «;
for laminar flow (e.g., paraffin wax test
1 and 10) and turbulent
flow for liquid metal (Wood’s metal test

results of Refs.

results of Refs. 1 and 10 were applicable)
are obtained from Sizder and Tatz(11) and
Seban and Shimazaki(12) correlations, res-
whereas the coolant flow heat
transfer is estimated from the Dittus-Boelter
equation.

3. Comparison with Experimental Results
and Discussions

Experimental results of transient mass
displacement and channel plugging time (or
time at which essentially all the available
mass has been displaced) were obktained both
for paraffin wax and Wood’s metal in an
earlier work (1, 10). These are summarized
and compared with predictions of theory

and presented in Table 1(1).
3.1 Total Mass Displaced and Plugging Time

Agreement between mean values of expe-
riment and theory for the total mass displa-
cement is within 9~31% aud 17~51% for
paraffin wax (up to 7,=348k) and for Wood'’s
metal(up to T,=378k), respectively. On the
other hand, the agreement for the plugging
times is within 6~109% for paraffin wax up

to T,=348k (with one exception at T',=348Kk;
At this temperature an extremely Iarge
deviation occurred. The deviation may be
partly attributable to some uncertainties in
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Table 1.
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Comparison of experimental results with predictions of theory

Experimental Results (1, 10)

Predictions of

Test Conditions | Theory
Test Fluid T, ' 4P \ }‘ggnsf‘ Mean Standard | Mean Standard Mr Ate
] + | Re pea- Value of | Deviation | Value of | Deviation
(K) HN/m" tedp | Mr(ke) of Mx(kg) | 4te (sec) 1 of e (sec)i (kg) (sec)
328 0 3 0. 054 0. 0027 21.6 1.4 0.037  23.0
_ 3381 OJ 4 0. 090 0.0135 34,4 2.70 0.066] 37.9
Paraffin 348 0! 3" 0.112 0.0925 43.3 0.7, 0.147 1417
Wax 328 o‘ 3 0.176 0. 0407 65.5i 13.7 — **]12.0
368} 0 3 0. 316 0.1472 123.6, 39.3 —| **34.8
318 68947 4 .483, 1.612 12. 6| 1.8 4.150, 6.8
; 3630 6894.7) 5 8.412) 1,296 13.5 0.8 5.768 9.8
Wood's 79 gs91.7 5 12054 2.410 7.7] 1.8 10.014 185
Metal | 398 6891.75 6 *19, 431l 0.5883 *18.8 4.2 %¥19.488  *15.6
! 408) 6891.7‘-i 5 *19.490! 0.338 *15.01 2,30 %20.163  *13.2

=298 K, H;=0.136m, Me=0. 32kg/s for paraffin wax and 0.22kg/s for Wood’s metal.
* : Time at which essentially all the available mass has been displaced and/or the corresponding

displaced mass.

** : Time at which an equilibrium condition occurs.

the physical propertics and heat transfer
coefficients used. However, the main reason
seems to be the effect of the sensitivity of
the heat balance on the plugging time at
higher superheat levels). For Wood's metal
plugging time the agreement between experi-
ment aud theory is about 5~4695 up to
T,=378k.

Predictions of theory for paraffin wax at
higher superheat levels (i.e., T,=358k and
T,=368k) show that equilibrium conditions
occur{such that no more solidification takes
place) before complete channel plugging.
Fxperimental results for these cases show
also an extremely longer period of time was
required to plug. For Wood's mutal test(l,
10) at higher superheat (T;=39sk and T,=
408k) showed that all the available mass
was displaced prior to complete plugging.

3.2 Transient Mass Displacement

Transient mass displacement versus itime
are shown in Figs. 2-5 along with the the-

oretical curves. Experimental curves in these
figures are the representative curves for
each inlet temperature level. Agreement is
generally good except at 7, =348k (superheat
of 2k) for Wood’s metal. The main reason

for the deviation between theory and expe-

[l 20 20 “
FLOW TIME (s230

Fig. 2. Mass displaced vs. time

inlet temperature 7';)

(parameter:
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riment for this case mav he due to the in-
herent characteristics of the molten Wood’s
metal that exist at a temperature close to
the solidfication point; the molten Wood's
metal flowing through the inner tube of the
counterflow heat exchanger system (1,10)
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Fig. 5. Mass displaced vs. time (parameter:
inlet temperature T,)

tends to approach toward an annular flow
(i.e., a non-slug flow) where the contact
area between the flowing fluid and the
solidified layer decreases, thereby reducing
the solidification rate, whereas a slug flow
is assumed to exist for all cases in the
present model.

Thermophsical properties of the paraffin
wax and the Wood’s metal used in the
present work are summarized in Table 2.

Table 2. Properties of paraffin wax and wood’s
metal (1,10)

Paraffin Wax Wood’s
. E— Metal
Solid Liguid p B
(289-325K)| (325-373k) |(289-418k)
Melting Point (K) 325 346
Heat of Fusion -
i(_},//kg) 1/0.8 oea 46.5
Density (kg/m?®) 910-810 797-788 9, 200
Thermal Conduc- .
tivity (W/mK) 0. 28 0. 20 13.4
Specific Heat 501079909 58-2511 T150-178
] kgk) 2093-2302 2428-251137150-17
Viscosity (kg/ms) 0.06) 0.036-0.031] 0.016
Prandt! mumber 43.5-38.8 0.018
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3.3 Applicable Range of Theory

To examine the -applicable range of the
theory (Eq, 16 or Eq. 20) a dimensionless
plugging time (4¢,*) is plotted against a
dimensionless parameter A* using B;* as a
parameter and the results are shown in Fig.
6. From these results and all the compari-
sons of the experimental results and theory
a conclusion may be made as follows:

(1) In general, the plugging time can be
predicted from the present theery (Eq. 20)
which agrees with the experimental results
within + 50% for up to A*=0.015 and
A*=_37 when B;* is 133.9 and 5. 4, res-
pectively. It is interesting to note that the
theory is applicable for up to A*-5,*=2.0,

(2) For mass displacement, the theory ag-
rees with the experiment within+50% for
up to A*.-B*5,

Notice that B:* is an “effective Biot num-

o] 2.06 0.07
400 T T
o / s TIST FLLD  SYMEOL)
Wocd's Meiel o
200 f & Pzratfin Wax a
- I a Theory ~
ia I 2 Definitions:
100 - , - _= |
3 80 - a A Ligay, (Te =Ty _
C A ® P Po _
i L -
Y 60 - /g b
= - e @ (Ta=T) -
40 = ES -
e b PARAFFIN WAX Gk Tp= T 4
5 (5} =133.8) w_ Ro
@ Bi=— 4
5 20 .
3 ! |
o r 7
a /
210k / =
3 sf 3
) C 3
= 6
% EO ]
= %
a 8 —
2 THOCD'S METAL B
*
r l (87 :5.38) i
o i 1 | ! 4 1 1 ! { L A R —
Q 0.1 c.2 23 [oX) 05 0.6 07
(¥ FORWCOD'S METAL

Fig. 6. Dimensionless plugging time (4z,*) vs.
a dimensionless parameter A* (Bi* as a
parameter)

ber”, whereas .A* may be interpreted as
the ratio between the “heat flow from the
flowing fluid to the solidified shell” and
the “heat flow from the solidified shell
to the coolant” at steady state (evaluated
The product A*-B;*,
on the other hand, may be described as the

at the channel exit),

“condition of heat balance between the
flowing fluid and the solidified shell at
steady state and at the time of complete

channel plugging.”

3.4 Parametric Effects

The results of the tests (1, 10) with para-
ffin 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
physical reasoning.

As may be observed from Eq. (21), when
the inlet temperature of the molten fluid is

at its solidification temperature, a unique
parameter for the channel plugging time is
the “effective Biot number B;*” and the

channel plugging time is linearly propor-
tional to B;*. Thus, from the definition of
B*(Eq. 18) and Eq. (21) it is clear that
the channel plugging time increases as the
initial radius R, increases or the thermal
conductivity (1) of the fluid decreases, while
the overall heat transfer coefficient (a,,) is
held constant. This is in complete agreement
with the experimental results of both para-
ffin wax and Wood's metal; At close to
the solidification point (superheat of about
2°C) the channel plugging times were 21
seconds and 12.6 seconds for the paraffin
wax (whose thermal conductivity is 0. 2-0. 28
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W/mK, and D; and a, were 0.47cm and
15906. 8 W/m*—K,
Wood’s metal (whose thermal conductivity
is 13.4 W/m—K and D; and «,, were ].lcm
and 12976. 6W/m*—K), respectively.

When the inlet temperature of the molten
fluid is above its solidification point the

respectively) and the

solidification rate for the present system
(Fig. 1) can be represented by the two pa-
rameters (see Eq. 20), i.e., 4* and B:;* (or

their product A*.B;*),

4. Conclusions

A theoretical work on solidification dyna-
mics _of a flowing molten fluid through a
vertical channel, the walls of which are
cooled below the freezing temperature of the
fluid from a constant pressure reservoir is
presented and compared with the experinien-
tal results obtained previously (I, 10) to
examine the validity of the model. An
explicit theoretical model for the channel
plugging time is presented along with simple
methods that allow one to estimate the
transient mass displacement as a function
of flowing time. Comparison of the experi-
mental results of both paraffin wax and
Wood’s metal with the theory shows that
the present theory for plugging time is ap-
plicable for A* less than 0.015 and 0.37
when B;* is about 134 and 5. 4, respectively.
It can be inferred from this conclusion that
the present simplifizd model for the channel
plugging time can be applied to estimate the
downward relocation rates of the molten

fuel following a hypothetical core disruptive
accident in an LMFBR for wide range of
conditions comparable to A*.B;* less than
2.0 (1,10).
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