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where
IV)=In(iV:+bV—q)
b V 2 1/2
+ +b+(b*+2a) (18)
(6% +2a)'2 V+b—(b242a)?
and

Vi = 1(a*112). (19)

4. DISCUSSION

The most important approximation used in the present
derivation is the assumption that the liquid temperature
distribution governed by convective cooling at time of freezing
can be replaced by the temperature profile obtained using an
isothermal boundary at ¢t = t*. t* is obtained such that the
liquid temperature gradient at the surface remains the same.
Thus, the initial rate of solidification will not be affected. To
examine the validity of the assumption used, the two liquid
temperature profiles are compared. This is shown in Fig. 2 for
Ste’ = 0.05012 and Ste = 0.01253 and 0.1253. For water, this
corresponds to T, =4°C and T,= —2°C and -20°C,
respectively. The actual or convectively cooled profiles are
obtained from equation (1) with ¢ =t_. The isothermally
cooled profiles are given by [1]
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It can be seen that the corresponding temperature profiles
compare very well with each other. Thus, the use of the profile
obtained using an isothermal boundary at ¢* to replace the
actual temperature profile at ¢, is indeed a good
approximation and its effect on surface freezing rate is
expected to be small in general.

Typical results obtained by using the present approximate
solution [i.. equation (17)] are plotted in Fig. 3 for Ste'
= 0.05012. Four Stefan numbers, Ste = 0.01253, 0.031325,
0.06265 and 0.1253, are used. This corresponds to T, = —2°C,
—5°C, —10°Cand —20°Crespectively for water. The freezing
times (t,,) for the curves were obtained using equation (1) with
T(y=0=T,andy=0.

Asexpected, the results show that the freezing rate increases
rapidly as Ste increases, i.e. with lower ambient temperatures.
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Physically, the Stefan number is the ratio of the driving force
for freezing and the resistance to freezing. Thus, higher Stefan
numbers result in faster rates of freezing,

Also shown in Fig. 3 are results obtained numerically. The
numerical results were obtained using as many as 160 grid
points for accuracy. Details of the numerical procedure can be
found elsewhere [8]. It can be seen that the analytical and
numerical results compare very well, especially for higher
Stefan numbers. For lower Stefan numbers, the analytical
solution predicts freezing rates slightly lower than the
numerical solution.

It should also be noted that: (i) the approximate solution
obtained [equation (17)] is in dimensionless form. Therefore,
the results shown in Fig. 3 are applicable for different phase
change media and under different sets of boundary and initial
conditions ; (i1) for the special case with T, — T, the present
solution reduces identically to Foss’s solution [8].
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1. INTRODUCTION

INVERTED annular film boiling is an important stage in the
reflooding phase of a loss-of-coolant accident (LOCA)in light
water reactors. Heat transfer coefficients for inverted annular

flow of water in a single vertical tube have been measured in

steady-state experiments [1] and for more realistic flow
conditions [2-4]. Seban et al. [5] and Edelman [4] have
examined the experimental results in the region immediately
downstream of the quench front for cases in which the waterin

this region was subcooled or had a very low quality and
suggested that existing models for film boiling are inadequate
for the specification of the heat transfer coefficient.
Unfortunately models based on laminar [6] or turbulent [7]
vapour boundary layers underpredict both the heat transfer
coefficient and the vapour film thickness in the inverted
annular region, as they neglect the vapour inlet velocity at the
quench front, assuming that all the vapour is generated at the
liquid interphase which is considered to be saturated. A
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theoreticalmodel based onananalytical solution of the energy
equations in the vapour and liquid regions has been recently
developed by Elias and Chambre [8]. Here the vapour film
thickness depends on the fluid conditions at the quench front.
The vapour film thickness was correlated using the steady-
stateresultsof Funget al.[1]. While a good agreement with the
experimental results was achieved for the low inlet velocity
and low subcooling tests, the model predicts unrealistically
high vapour velocities for the high inlet mass flux and
subcooling experiments. These trends suggested the existence
of heat transfer augmentation processes in the inverted
annular region not considered by the model. Indeed,
observations of such augmentation mechanisms were
reported by several investigators [9-11]. Photographs of
inverted annular flow above a quench front in a heated quartz
tube obtained by Goodman and Elias [12] showed that the
liquid core is not centrally positioned in the tube but, rather,
fluctuates eccentrically imposing oscillations in the vapour
film thickness.

Attempts to use temperature trajectories measured with
thermocouples in a stainless steel tube in order to detect the
liquid penetrationinto the annular vapour filmin the inverted
annular boiling, reported in ref. [4], raised doubts as to
whether the signal sought can be effectively identified. A need
for direct evidence became apparent. The present work is
aimed to show the liquid penetration into the annular
vapour film using optical means. Unfortunately, by using a
quartz tube, the conditions such as temperature gradients and
heat fluxes are not the same as those measured in the stainless
steel tube and the illustration is restricted.

2. LIQUID PENETRATION TO
THE VAPOUR FILM

The experimental set-up shown in Fig. I consisted of a long
quartz tube (12 mm IL.D. x 1200 mm long and 1.5 mm wall
thickness). The tube was heated externally by approximately
100 small gas burners distributed on two sides along the tube.
This configuration allows initial uniform heating of the tube
at 600°C with a maximum axial temperature gradient of
1°C cm™ 1. Water was pumped at a predetermined tempera-
ture of 21°C and flow rate to the bottom of the heated tube.
The stability of the vapour film above the quench front was
measured by a laser transmission technique. The system
consisted of a narrow He—Ne laser beam (0.5 mm) traversing
the test section horizontally, i.e. perpendicular to its axis. The
beam was positioned such that it ‘views’ the vapour film region
at the inner surface of the tube. The intensity of the transmittal
beam wasdetected by a photoelectriccell witha short response
time (33 ns). The effect of the infra-red light from the heating
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F1G. 1. The quartz tube system.
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F1G. 2. The laser beam system.

burners was minimized by adequate collimation and
positioning of the photoelectric cell. The system shown in Fig.
2 was calibrated before heating using four Plexiglas well
centred cylinders to enable a quantitative determination of the
instantaneous vapour film thickness within the 0.5 mm range.

Establishing an inverted annular boiling regime became
possible due to operation with a low inlet equilibrium quality
of —0.14and a highinlet velocity of 17 cm s ™. The first feature
is smaller than —0.05 and the second is larger than the
7.5cm s~ ! recommended in ref. [4] for the limits of feasibility.
Experience with the stainless steel tube, where heat balance
could be performed, suggests that the equilibrium quality at
the quench front remains lower than the —0.05 limiting value
at the measurement cross section, and that the quench front
velocity is reduced by less than 103} during the time period
considered here.

Figure 3 shows a typical plot of the photoelectric cell
response as a function of the distance from the quench front
Z—2Z,, for an inlet mass flux of 170 kg m~% s~ and an
apparently constant quench front velocity of 6cm s 1. As the
photoelectric response is proportional to the fraction of the
beam cross section not covered by the fluid, i.e. transparent, it
is referred to in Fig. 3 as the vapour fraction:

Transparent area occupied by vapour

4 Total area of the laser beam M
The 1009 reading corresponds to the film thickness greater
than the beam width (0.5 mm).

High film thickness conditions prevail in the beginning of
the measurement far from the quench front (34 cm). As the
quench front approaches the laser beam position, one
observes rapid and intensive fluid penetrations to the vapour
film until finally the wallis wetted (quench front) and the beam
is shifted completely from the detector. The objective of the
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F1G. 3. Vapour fraction in the laser beam as a function of the
distance from the quench front.
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present illustration is to note that occasionally the laser beam
is blocked almost completely by liquid, presumably due to
attempts to wet the wall. This phenomenon is most effective
near thequenchfront butisobserved up to 30 cm downstream.
It should be noted that at the measurement cross section {(mid-
tube) the length of the water column rising above the quench
front before breaking completely into a dispersed flow is much
larger than this distance. With a longer tube it may reach I m.
The phenomena is typical of the region close to the quench
front.

Figure 4 describes the distribution function and the
differential frequency of the liquid fraction defined by

Ly=1-V, @)

The distribution function shown in Fig. 4(a) describes the
probability that the liquid fraction L, is greater than a
specified value Ly

F=P(L,;> Ly, 3)

as a function of the distance from the quench front. The
frequency functionshownin Fig. 4(b) describes the probability
that the liquid fraction L is within the small margin A around
a specified value Ly

1 A A
f:KP(LF—5<L,<LF+—2—), 4)
and is also given as a function of the distance from the quench
front. Obviously the two are related by

f= —0F/oL, %)

and therefore f can be derived from F.

The number of measurements taken within the period of
time sampled (1 s) was limited and therefore the data was used
to correlate the distribution function (integral information).
The dots in Fig. 4(a) which show the experimental data are
expected to represent the centre of a 15% error margin. The
lines fitted in Fig. 4(a) were then derived to produce the lines
given in Fig. 4(b). Figure 4(b) suggests that the most frequent
fluid penetrations manage to cover the whole beam (0.5 mm)
near thequench frontatadistance smaller than 8 cm. The most
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F1G. 4. Statistics of the liquid fraction in the laser beam (a)
distribution function, (b) frequency function.
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frequent fluid penetrationscoverlessthan 309 of the beamata
distance from the quench front greater than 20 cm. Figure 4(a)
suggests that the probability that at least half of the beam is
covered by fluid is about 85, 70, 30, 20 and 3% for the distances
of 2, 8, 14, 20 and 32 cm, respectively, from the quench front.

3. REMARKS

Although no conclusive observationcanbederived fromthe
data on whether the beam blocking stems from small droplets
carried by the vapour from the liquid core or from the quench
front region, roughness of the liquid-vapour interface, or a
combination of these mechanisms, the overall effect is a
reduced vapour layer thickness and an enhanced heat transfer
from the wall. It is believed that modelling the heat transfer
augmentation due to the fluctuations in the thickness of the
vapour layer is required for a realistic prediction of the high
heat fluxes observed in the inverted annular film boiling
region.

To study the periodicity of the fluid penetration we nced a
Fourier analysis. It seems that the conditions vary with the
distance from the quench front too fast to allow analysis for
periods long enough for meaningful results. Still, to illustrate
the periodicity one can observe in Fig. 3 a series of repeated
patterns during the first 6cm (1 s). Each basic pattern contains
small oscillations superimposed on a single relatively larger
pulse. Roughly we can observe a 50 Hz signal imposed on a
basic 8 Hz signal. Following Fig. 3 in a reversed direction
towards the quench front end of the graph we get the
impression that we witness dramatically fast dry-out processes
that follow nonstable and wavy rewetting processes. The
quench front is the last attempt in the rewetting and dry-out
series with no further dry-out. In terms of heat transfer
augmentation it seems that the 8 Hz signal represents a series
ofsmallsteamexplosions where theliquid content of the whole
layer is ejected due to fast evaporation.
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