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Abstract

Pool boiling of dilute aqueous solutions of polyethylene oxide polymer has been experimentally
investigated for the purpose of understanding the physical mechanisms of the suppression of vapor
explosions in this polymer solution. Two solid spheres of 22.2mm and 9.5mm-diameter were heat-
ed and quenched in the polymer solutions of various concentrations at 30°C. The results showed
that minimum film boiling temperature(ATwmes) in this highly-subcooled liquid rapidly decreased from
over 700°C for pure water to about 150°C as the polymer concentration was increased up to
300ppm for 22.2mm sphere, and it decreased to 350°C for 9.5mm sphere. This large decrease of
minimum film boiling temperature in this aqueous polymer solution may explain its ability to sup-
press spontaneous vapor explosions. Also, tests with applying a pressure wave showed that the vap-
or film behaved more stable against an external disturbance at higher polymer concentrations. Thes-
e observations together with the experimental evidences of vapor explosion suppression in dilute
polymer solutions suggest that the application of polymeric additives such as polyethylene oxide as
low as 300ppm to reactor emergency coolant be considered to prevent or mitigate energetic

fuel-coolant interactions during severe reactor accidents.
2

Solo) 4gale 27129 oAl Eool HE T2H Y42 olshalr) Aa) ZelolalgAlols 48
544



Minimum Fim Boiling Temperatures for Spheres in Dilute Aqueous---K.H. Bang and G.D. Jeun 545

Aol 2] Evl5 EAE AgA o Balsiolct. £ AYelAE 22.2mmet 9.5mm 2|7 o] F FHA|
L)

7t ste] od27ta] =2 30°C FEHoA WA g e}, 2 A#, ¢48 o4 70°C o]
u] 52 % (ATwmrs) 7} 300ppm 559 Zjv] g=&Holl 4 22.2mm 2 734 150°C 74, 9.5mm
2% 350°C 744 ol @ 4 AT o]l o) gMo)A] Hatu]FRr s} 27 golz]
s

=
2
Q) 2an

rlr 44
1o

4

& o) 4-8ololl A F71E o) AAsl = o) AL 4 gk =t 9% b s} whu) ol i o
ke WA A, 58] FE/F 55 T A=t AR S 4 F USie oM@ Fele 8
Holl 9] u] 5 EA5} 572 Ao e A AnEL Az v b Hbaol Felolrlal SAfel =9}
Ze Z8vE H4 300ppm B 4% Hrhehe W oz FulabsiA] 4 FCI 488 WA =& 9t

33 4 S-S A4 gt
1. Introduction

When a hot, superheated surface is immersed into
a wolatile liquid, the liquid boils at the surface and, in
general, such boiling exhibits one of the three modes
of nucleate boiling, transition, and film boiling, dep-
ending upon a number of conditions such as surface
and liquid temperatures. Film boiling is that the vap-
orization is so high that vapor film forms. between the
surface and the liquid, as first observed by J.G. Leid-
enfrost in water droplets hovering on a red-hot
spoon. As the surface cools down, the vapor film col-
lapses allowing contact of the surface and the liquid
(transition boiling), and nucleate boiling follows. The
minimum temperature that supports stable film boil-
ing is often referred to as the Leidenfrost tempera-
ture, or minimum film boiling temperature.

In nuclear reactor safety, the minimum film boiling

conditions are, on one hand, associated with the con-

ditions considered necessary for initiation of ener-
getic fuel-coolant interactions (FCls), or vapor explos-
jions. Such an event is a physical explosion in which
the stored intemal energy in the hot liquid is conver-
ted to produce work by a high pressure vapor. Since
this process has the potential of destructive mechan-
ical energy release and high pressure load to the sys-
tem, it has been a safety concem in severe nuclear
reactor accidents as well as in many industrial accid-
ents of such as metal foundries and paper mills[1].
In a typical vapor explosion when the two liquids

first come into contact, the coolant begins to vaporize

at the fuel-coolant liquid interface as a vapor film sep-

arates the two liquids. Then, vapor film destabiliza-
fion occurs, triggering fuel fragmentation. The vapor
film destabilization occurs spontaneously or by an ex-
ternal disturbance such as pressure pulses. For this
reason, the mechanics of vapor film behavior with
and without a pressure pulse has draun a great at-
tention in the area of vapor explosions research for
understanding and modeling triggering mechanisms.
Recently, it also led to the efforts of seeking a way of
suppressing vapor explosions by changing coolant
properties. This has been done by dissolving a small
amount of polymers or surfactants into water]2 — 8.

One of the most useful features of polymers is
their ability to increase the viscosity of a liquid in
which they are dissolved, even at low concentrations.
Also, dilute aqueous polymer solutions have been
studied for many years in the area of drag reduction
in turbulent flows and thermal systems. From this bac-
kground, many kinds of water-soluble polymers have
been studied for the effects of coolant viscosity on
the suppression of vapor explosions and some pol-
ymers such as cellulose gum and polyethylene oxide
were reported to have the ability to suppress vapor
explosions[5 —7]. However, the cut-off concentration
depended on the type of polymers, and was as high
as 240 times higher viscosity than pure water for trig-
gered explosions of iron oxide and water[6]. Such
high viscosity seems to discourage a practical appli-
cation of the results.

The recent work of Ip et al. [7] showed that the
dilute aqueous solution of polyethylene oxide(PEO)

showed the ability to suppress spontaneous vapor
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explosions at low viscosity increase. They conducted
small-scale experiments of dropping 12g of molten
tin into dilute PEO solutions and observed that spon-
taneous explosions were markedly suppressed when
the polymer solution was twice viscous as pure water.

This result of PEQ solutions was tested again in a lar-

ge-scale facility by Park et al. [8]. In this experiment,
molten tin up to 5kg was dropped into the polymer

solutions at room temperature and no explosive even-

t was observed even at low viscosity increase (about
two fold) and under external triggering.

The ability to suppress vapor explosions by the di-
lute PEO solutions seems to be a promising result for
preventing energetic fuel-coolant interactions, how-
ever, the physical mechanisms of the suppression ef-
fect and the effect of an external trigger on the
cut-off viscosity have not been clearly identified. The
possible cause of the suppression of spontaneous
explosions may be associated with a change in boil-
ing characteristics of the polymer solutions. The past
work on the boiling curves of aqueous polymer solu-
tions were mostly limited to nucleate boiling on flat
plates and wires[9 —11]. Rouai and Abdel-Khalik[12]

conducted quenching experiments of hot brass spher-

es in several polymer solutions at 90°C. They rep-
orted that the critical heat flux increased by more
than 50% while the minimum film boiling tempera-
ture increased by more than 110°C when concentra-
tions of 100ppm of polyethylene oxide or guar gum
were used. However, these data seem not sufficient
in explaining the explosion suppression effects of the
polymer solutions due to the higher solution tem-
perature compared to highly-subcooled room tem-
perature that is considered here, nor one finds any
clear relevance to the explosion suppression effect.

In the present study, quenching experiments of
hot solid spheres in dilute aqueous polymer solu-
tions, mainly polyethylene oxide, have been conduc-
ted for the purpose of investigating the physical mec-
hanisms of the vapor explosion suppression effects.
This paper reports the observations of pool boiling
characteristics and minimum film boiling temperatur-
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es of the dilute aqueous polymer solutions. Also the
film boiling behavior under an external pressure pul-
se is presented.

2. Experiment

2.1. Experimental Apparatus

The apparatus consisted mainly of test chamber,
furnace, trigger, and the test sphere assembly. Figure
1 shows a schematic of the experimental apparatus.
The test chamber was an open-topped rectangular
construction using clear polycarbonate plates for the
purpose of visual observation. The inner dimensions
of the chamber were 150mm in height and 90mm
each side. The base of the chamber was a movable
circular disk sealed with oring. A pressure wave was
produced by tapping this plate using a pneumatic
cfinder when the effect of an external disturbance
was investigated. On a side wall of the chamber a
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Fig. 1. Experimental Apparatus
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T-type thermocouple was inserted to monitor pool
temperature and a piezoelectric pressure transducer
(PCB Model 112) was flush-mounted to measure dy-
namic pressure produced in transient boiling. A char-
ge amplifier was used to amplify the signals from the
pressure transducer. The pool temperature was con-
trolled by circulating water through a copper coil im-
mersed into the pool and a constanttemperature
bath.

An electric furnace was used for heating the test
sphere. It was fabricated using two half-cylinder heat-
ers of 1.3kW capacity in total. A K-type thermo-
couple was inserted into the inner space of the fur-
nace and connected to a temperature controller to
regulate the furnace temperature at a desired tem-
perature. The furnace was continuously purged with
argon gas to minimize the surface oxidation of the
test sphere.

The test spheres were stainless steel 304 balls and
fwo sizes were tested ; 22.2mm and 9.5mm in diam-
eter. To measure the transient temperature of the
spheres, the spheres were drilled to the center and a
K-type thermocouple, sheathed with 3mm outer-di-
ameter stainless steel tube, was inserted to the center
and the sheath was welded at the sphere surface. To
obtain fast sampling of the thermocouple signal, an
electronic ice-point compensator and a millivolt
amplifier were placed between the thermocouple and
the digital oscilloscope. The sphere assembly was
mounted on an air cylinder for easy and fast release
from the furnace to the test chamber. The release of
the sphere, data acquisition trigger, and all other mo-
tions in the apparatus were controlled using a set of

electronic timers.
2.2. Data Reduction

To obtain the sphere surface temperature from the
measured temperature-time trace at the center of the
sphere, the inverse conduction problem was solved.
Since for the stainless steel sphere the Biot number
is greater( ) 0.1), the lumped capacity model is not
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accurate for the present cases. Knowing the tempera-
ture of the center of the sphere as a function of time
and the time of minimum film boiling point from the
pressure signal, the surface temperature and heat
transfer coefficient were calculated by solving 1-D
transient conduction equation for the sphere with

convective boundary condition[13].

%—’{=0V2T (1)
r-T
0= TD—T[;_ = f(», Fo.Bi) (2)

Hence, the dimensionless temperature, ®, is a func-
tion of radial position n{=r/R), Fourier number Fo
{=at/R?) and Biot number Bi (=hR/k). The solution
was obtained by assuming constant thermophysical
properties and uniform and constant heat transfer
coefficient.

3. Results and Discussions
3.1. Polymer Solutions and Properties

The polymer solutions were prepared by adding
slowly the dry polymer in powder form into distilled
water in a large bucket while the water was stirred
using a motor-driven stirrer at about 300rpm. Then,
the stirring was continued for another 4 to 8 hours
depending on the concentration until the polymer
was dissolved completely.

The viscosity of the solution was measured with a
size 50 Cannon-Fenske type capillary viscometer. Fig-
ure 2 shows the solution viscosity increases of the
polyethylene oxide of the average molecular weight
of 4x10° at various concentrations. In this figure,
calculations of solution viscosity using the
Mark-Houwink-Sakurada equation{14] are compared
with the measured viscosity and a good agreement is
observed. For a few tests with different type of pol-
ymers, solutions of polyvinyl acetate-vinyl alcohol
(PVAA) with 12% acetate were prepared. The vis-

cosity increases of these solutions are much smaller
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than PEO’s;it requires 4,000ppm compared to
300ppm of PEO to get the viscosity increase of 1.5.
In addition to changing the solvent viscosity, it is
known that surface tension of the PEO solutions is
reduced by 10% even in high concentrations[10].
The effect of surface tension reduction by this
amount is probably not significant in film boiling. Ex-
cept for the solution viscosity and surface tension, it
is known that all other physical properties of water
remain unchanged at the low concentrations of pol-

ymers used in these experiments.
3.2. Pool Film Boiling

Pool boiling of hot solid spheres in dilute poly-
ethylene oxide solutions at primarily room tempera-
ture (30°C) was investigated. In pure water at 30°C,
the sphere at initially 700°C quenched rapidly and it
was obviously in nucleate boiling regime from the be-
ginning as confirmed also from the visual obser-
vation. Such difficulty of obtaining stable film boiling
in this highly subcooled water was also observed in

the data reported by Dhir and Purohit[15]. They con-
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Fig. 2. Viscosity Increase of Aqueous Solutions of Poly-
ethylene Oxide
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ducted film boiling experiments for spheres and
obtained minimum film boiling data of pure water up
to 50°C of subcooling. The extrapolation of these
data indicates that more than 660°C of wall super-
heat (TwaL-Tsar) is required to obtain stable film boil-
ing in 30°C water.

4T MFB— 101 +84T SUB (3)

Here, ATsus is the liquid subcooling (Tsar-Ti). The
theoretical model of minimum film boiling tempera-
ture for spheres proposed by Gunnerson and Crone-
nberg[16] predicts 1,250°C of wall superheat in this
case. However, heating the sphere beyond 700°C
was awided in the present study due to the problem
of possible phase change of stainless steel when heat-
ed over this temperature range, and hence change of
material properties.

In the PEO polymer solutions at room tempera-
ture, however, the boiling pattern markedly changed.
The sphere quenched rather slowly in film boiling reg-
ime and, for instance, this stable film boiling mode
lasted for 35 seconds in 300ppm solutions for 22.
2mm diameter sphere. Figure 3 shows the tempera-
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Fig. 3. Temperature-Time Traces of 22.2mm Sphere in
Various Polymer Concentrations



Minimum Fim Boiling Temperatures for Spheres in Dilute Aqueous---K.H. Bang and G.D. Jeun 549

turetime traces of the 22.2mm diameter sphere
quenched from the same initial temperature of 700°C,
but in the polymer solutions of various concentra-
tions. The period of film boiling rapidly increased
when the concentration was increased from 50ppm
to 75ppm. Above 300ppm, however, the film col-
lapse tended to occur slightly earlier. This is because
the film boiling heat transfer coefficient becomes lar-
ger when the concentration was further increased as
shown in Fig. 8. For 9. 5mm sphere, the similar beh-
avior of film boiling was also observed, except that
the transition boiling occurred at higher wall temper-
atures compared to 22.2mm sphere. This will be dis-
cussed later in terms of minimum film boiling tem-
perature.

The visual observations showed clearly the three
modes of boiling ; (a) stable film boiling, (b) film col-
lapse, and (c) nucleate boiling. Figure 4 shows the
typical photographic views of these three boiling mod-
es. Also in the polymer solutions, the ¢ollapse of vap-
or film around the sphere was clearly identified as a
violent event. A big sound was heard at this point,
and a pressure peak was recorded in the pressure
transducer signal as shown in Fig. 5. This pressure
peak is a more accurate indication of the minimum
film boiling point than the point of the beginning of
rapid temperature decrease, which past investigators
often assumed for the transition point.

In Fig. 5, the calculated surface temperature and
the center temperature of the sphere are plotted tog-
ether with the measured center temperature in

300ppm PEO solutions . It shows a good agreement

between the measurement and calculation of the cen-

ter temperature except the early time. This is because
the heat transfer rate was relatively higher in this ear-
ly period of initial contact between the sphere and
the pool.

In the quenching tests in the solutions of polyviny
acetate-vinyl alcohol at the concentrations of 1,000
and 4,000ppm, which increases the solution viscosity
by 1.1 and 1.5 respectively, the long-lasting stable
film boiling did not occur although the viscosity

(a)

(b)

(c)

Fig. 4. Photographic Illustration of Pool Boiling Modes :
(a) film boiling, (b) transition, and (c) nucleate
boiling
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increases were in the same range of the PEO cases.
It was observed that nucleate boiling occurred from
the beginning with thicker cloud of bubbles around
the sphere than in pure water.

3.3. Minimum Film Boiling Temperatures

From the calculated surface temperatures of the
spheres, the minimum film boiling temperature differ-
ences (ATws = Twamn-Tsar) were obtained and show-
n in Fig. 6 as a function of polymer concentration. In
this figure, the value for the pure water is shown tog-
ether for comparison, which is extrapolated from the
data obtained by Dhir and Purohit{15]. For 22.2mm
diameter sphere, the minimum film boiling tempera-
ture decreased rapidly from over 700°C for pure wat-
er to about 150°C as the concentration was increas-
ed up to 300ppm, and it did not decreased further
from this level when the concentration was further
increased. Such trend persisted also for 9.5mm di-
ameter sphere except that the reduction is smaller,
down to about 350°C. This is the major unique ob-
servation in the present study for the effect of dilute
aqueous solution of polyethylene oxide on pool boil-
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Fig. 5. Comparison of Measured and Calculated Tem-
perature Traces
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ing, and this seems to be the key mechanism in
explaining the vapor explosion suppression in this
polymer solutions.

The present results are, however, contrast to the
results obtained by Rouai and Abdel-Khalik[12] in
the past. They conducted similar experiments using
476mm and 6.38mm-diameter brass spheres at
C pool temperature. Their results showed that the
PEO solutions increased minimum film boiling tem-
perature by 110°C. It is noted that in these two
experiments the pool temperatures are largely differ-
ent ; 90°C compared to 30°C of the present study.

In order to identify a possible cause of the dis-
agreement, a series of tests using 9.5mm-diameter
sphere were conducted in heated pool to 80°C and
Fig. 7 shows the results of temperature-time traces.
Again in these heated pool tests, the sphere quen-
ched in film boiling much longer than in pure water.
Also, the heat transfer rates seem to be almost same
regardless of the polymer concentration by noting
the nearly same slopes of temperature drop in film
boiling regime. For heated solutions, one must note
that the PEO in aqueous solutions retains to a great-
er or lesser extent the helical conformation and the

800 [——r————————— 5
L. [extrapolation of Dhir-Purohit dataj -

- b o i .
' e |PEO (M, =4%10%), T,=30°C] . .
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. [} ; 9
§ 400 § 3 Z
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200 ; A cd2
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Fig. 6. Minimum Film Boiling Temperatures v.s. Poly-
mer Concentration
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melting point of these helical sections is around
40°C[14]. This may alter the properties of PEO
aqueous solutions kept at high temperature for a
long period of time, causing uncertainties in the data.

It is noted that the solution viscosity increases near-

ly linearly with the concentration, while the minimum
film boiling temperature in the solutions drops rap-
idly within the range of 100ppm and stays un-
changed even at higher concentrations. This indic-
ates that the viscosity may not be the only contribu-
ting parameter for this change of minimum film boil-
ing temperature in the polymer solutions. One may
also note that currently existing models of minimum
film boiling temperatures[16,17] are not significantly
affected by liquid viscosity or surface tension in the

ranges considered here. This may imply that the inter-

facial phenomena at the vapor-liquid interface at
which polymer is dissolved play a greater role in such
changes of minimum film boiling temperature, par-

ticularly with long linear-chain polymers like PEO.

3.4. Heat Transfer Coefficients

The average heat transfer coefficients of pool film

BT T T

i ! ! i :
I [PEO (M, =4x10%), D=9.5mm, T,=80°C]|

0.6

0.4

Sphere Temperature at Center [x103 °c)

0.0 1
0 5 10 15 20 25 30

Time [sec.]

Fig. 7. Temperature-Time Traces of 9.5mm Sphere in
80°C Solutions
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boiling in PEO polymer solutions are shown in Fig.
8. Although it varies slightly as concentration chan-
ges, the heat transfer coefficients are not changing
significantly while the solution viscosity increases lin-
early as the concentration increases. The correlations
of pool film boiling heat transfer for water are scarce,
but one proposed by Dhir and Purohit{15] is given
as

Pr,Sc
Pr,Shu

hD

Nu= k,

= Nu,+Nu . {4)
In this equation, radiation contribution is neglected,
which is less than 10% of total heat transfer in the
cases considered here. The expressions for Nu,, Nunc
and nomenclatures are given in Ref. [15], hence
omitted here. One notes that this correlation was
made with data obtained up to 50°C of liquid sub-
cooling.

The prediction of heat transfer coefficients by this
equation is given in Fig. 8 for comparison purpose.
In these calculations only liquid viscosity was altered
as concentration changes. From this figure it is obser-
ved that the meas ured and predicted heat transfer
coefficients are of similar magnitude while the boiling
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- - - equation{4)

800 -1

600

Average Heat Transfer Coefficient, w/m’K

400}~ .
200 .
0 1 i 1
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Fig. 8. Average Heat Transfer Coefficients in PEQO Solu-
tions
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behaviors are significantly different between pure wat-
er and polymer solutions. This may imply that in pol-
ymer solutions the stability of vapor film is enhanced
by the dissolved polymer chains at the interface be-
vond the thermal and hydrodynamic balances, poss-
ibly causing a violent motion of the interface when
the film collapses at much lower wall temperatures

than pure water.

3.5. Implications for Suppression of Vapor Explos-
ions

The large decrease of minimum film boiling tem-
perature in the polyethylene oxide aqueous solutions
can explain its ability to suppress spontaneous vapor
explosions. That is, in the polymer solutions, a drop
of molten metal undergoes more stable film boiling
at even low temperature. Thus at the time that the
vapor film eventually becomes unstable, which is gen-
erally considered as one of the plausible triggering
mechanisms of spontaneous vapor explosions, the
melt drop surface is already frozen, preventing disin-
tegration of the drop. This is why a spontaneous ex-
plosion is less likely in the polymer solutions.
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Fig. 9. Effect of External Disturbance on Film Boiling
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In the case when an external disturbance like a
pressure wave exists, the vapor film can be destabiliz-
ed before the surface cools down to minimum film
boiling condition. In order to investigate the effect of
an external disturbance, a series of tests were con-
ducted in which the base of the test chamber was tap-
ped to produce pressure waves. Figure 9 shows the
temperature traces of the 22.2mm sphere when the
pressure wave was applied five seconds after the
sphere was dropped into the pool. The pressure pul-
se was typically 50kPa in peak. In 300ppm solutions,
the vapor film collapsed by the disturbance. In
600ppm solutions, however, stable film boiling was
sustained after a short period of vapor film disturb-
ance. Therefore, it is likely that the polymeric addit-
ives make the vapor film more stable against an ex-
ternal disturbance.

In reactor accident cases, molten materials like cor-
jum at much higher temperatures of around 2,500°C
are concemned and this melt has relatively a small
amount of superheat from the melting point ; typical-
ly a few hundred degrees. Because of this, corium is
likely to freeze at the surface soon after it contact the
coolant and an initiation of energetic fuel-coolant
interactions may be less likely. However, laboratory
experiments of vapor explosions of corium and water
have shown the occurrence of vapor explosions in
this system[1]. Therefore, applications of polymeric
additives such as polyethylene oxide to reactor emer-
gency coolant may greatly contribute to the sup-
pression of energetic fuel-coolant interactions due to
the enhancement of vapor film stability in the poly-
mer solutions. However, for the practical applications
of dilute polymer solutions to reactor safety systems,
it must be tested for wider ranges of conditions such
as melt types and fuel and coolant temperatures.
Also the aging effect of polymer solutions must be

taken into consideration.

4. Conclusions

Quenching experiments of hot solid spheres in di-
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lute aqueous solutions of polyethylene oxide polymer
have been conducted for the purpose of investigating
the physical mechanisms of the suppression of vapor
explosions in this polymer solution. Two spheres of
222mm and 9.5mm-diameter were tested. It was

heated to 700°C in a furmace and immersed into pol-

ymer solutions of various concentrations at 30°C.

The key observation in this study was that the min-

in this
highly-subcooled liquid rapidly decreased from over
700°C for pure water to about 150°C as the polymer
conceniration was increased up to 300ppm for 22.

imum film boiling temperature(ATves)

2mm sphere, and it decreased to 350°C for 9.5mm
sphere. This large decrease of minimum film boiling
temperature in the PEO aqueous solutions may ex-

plain its ability to suppress spontaneous vapor explos-

ions. It was also observed that the vapor film be-
haved more stable against an external disturbance at
higher polymer concentration. This may imply that in
polymer solutions the stability of vapor film is enhan-
ced by the dissolved polymer chains at the interface

beyond the thermal and hydrodynamic balances, pos-

sibly causing a violent motion of the interface when
the film collapses at much lower wall temperatures
than pure water,

In order to apply such dilute polymer solution tec-

hnique to the prevention or mitigation of energetic
fuel-coolant interactions during severe nuclear accid-
ents, it must be tested for wider ranges of conditions
such as melt types and fuel and coolant temperatur-
es. Also the aging effect of polymer solutions must
be taken into consideration.
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