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The transition phase of the (hypothetical) loss-of-flow accident in

LMFBR's may be characterized by the temporary entrapment of boiling pools of

molten fuel and steel within the original core boundaries. Experiments

to investigate the multiphase flow and heat transfer characteristics of such

(2 3) f43

systems have been performed ' and are planned in which simulant fluids

are volume-heated by microwave electromagnetic radiation. It- has been

assumed that the microwave radiation provides a spatially uniform energy

source per unit volume of liquid in multiphase flow geometries. It is

known, however, that energy absorption by dielectrics in a microwave electro-

magnetic field is a function of geometry, dielectric properties, and wave-

length of the radiation. At high power density, volume-heated boiling

pools exhibit a complex two-phase, liquid-vapor, geometric structure.

Dispersed droplets, with diameters less than 1 mm, in a vapor continuum may

coexist with continuous liquid structures of centimeter scale or greater.

This study was performed to: (i) investigate the uniformity of microwave

heating in boiling pool systems as a function of liquid geometry and (ii)

design an experimental system employing microwave heating in which the heat

generation rate per unit volume of liquid is independent of geometric

structure.
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The initial conceptual approach to the problem was to ask: given a

microwave electromagnetic field of a given intensity, what is the late of

energy absorbed per unit volume by spheres of liquid of diameters ranging

-4
from 10 cm to 10 cm. The effects of droplet size, dielectric properties

and wavelength on the energy absorption efficiency have been investigated.

Material? and wavelength combinations were sought in order to obtain uniform

volumetric heating rates.

The physics of the absorption and scattering of microwaves by droplets

is part of the general theory of scattering of electromagnetic radiation by

spherical particles . The quantities of interest in a quantitative anal-

ysis of microwave absorption is the cross section (],_„ and the corresponding

efficiency factor QAoe.
ADO

The energy absorption rate is

P " *INC * CABS " *INC * QABS ' A

and the absorption rate of energy per unit volume is

To satisfy the objectives of uniform volume heating, independent of liquid

geometry, Q'" should be independent of the droplet radius.

The behavior of the quantities QAR<?
 an<* Q'" were evaluated as func-

tions of droplet radius for various combination of wavelengths and mate-

rials. The computer code DILISCA, representing a solution to Maxwell's

equations in spherical geometry, was used in the study.



Water was investigated over a range of microwave wavelengths and

temperatures. Figures 1 and 2 present the results for Q._s and the d:L-

mensionless power density

• 5 Q'"(a)/Qlfl(a - 5 cm) (3)

The results indicate that water exhibits a strong dependence of power

density on liquid geometry. The power density of water droplets of dia-

meters less than 0.5 cm is two orders-of-magnitude lower than for

centimeter-scale droplets exposed to the same incident energy flux. In a

water system, therefore, uniform heating independent of liquid geometry can-

not be achieved in the range of interest,

A search for an alternate fluid system was performed. It was found

that the dielectric properties of mixtures of polar ethanol and non-polar

cyclohexane could be tailored to optimize uniform volume-heating conditions.

Results for a 25 mol percent ethanol solution are presented in Figs, 1 and

2. The power density of the ethanol/cyclonexane solution varies by only + 25

-4
percent over a range of droplet radius 1Q cm to 10 cm.

In summary, volume-boiling of water by microwave radiation does not

provide uniform energy generation per unit volume of liquid, when coexisting

liquid structures are widely divergent in dimensions. It is possible, how-

ever, to create conditions close to uniform volume heating for both the

liquid-continuous and dispersed droplet regimes by the appropriate choice of

dielectric properties together with the use of microwaves of a matched wave-

length as the heating source.



Nomenclature

A frontal area of droplets

CABS absorption cross-section

P energy absorption rate

QABg absorption efficiency

Q'" heat generation irate per unit volume liquid

V droplet volume

incident elec troiaagnet ic energy flux



References

1. Bohl, W. R., et al., "An Analysis of Transient Undercooling and
Transient Overpower Accidents Without Scram in the Clinch River
River Breeder Reactor," ANL/RAS75-29, (July 1975).

2. Farahat, M., Henry, R. E., and Santon, J.t "Fuel Dispersal Experiments
With Simulant Fluids," Proc. Int. Meeting on Fast Reactor Safety and
Related Physics, CONF-761001, 1707, (October 1976}.

3. Theofanus, T. G., "Multiphase Transients with Coolant and Core Materials
in LMFBR Core Disruptive Accident Energetics Evaluations,"
NUREG/CR-0224, p. 207 (June 1978J.

4. Ginsberg, T. and Jones, 0. C , Jr., "Fast Reactor Safety Assessment
Accident Sequence Fehnomena Stud±es--Work Plan," BNL-rJUSEG-22587,
(March 1977).

5. Kerker, M., "The Scattering of Light and Other Electromagnetic Radiation,"
Academic Press Q.96SL).

6. "DILISCA (Differential Light scattering)," Science Spectrum Inc.,
Santa Barbara, California.



IOZ

s.
n

i
H- Q
(0 «

R

c

n

t 10
co
Ld
O

DC
l±J

2 10°
co
LU

O
CO

O

I0 - 2

10-4

I I I
X = IOcm
WATER T=373K
m^ = 7.1-0.170 j

CYCLOHEXANE ETHANOL
25 M0L%ETHANOL
T = 348K

10-3 I01 10'
RADIUS (cm)



I
4

1 >

n
Bf

10

10

10
- I

10
m •

21

a

fir
n
rt

>j
n

1
(0

>

I
.5
n

ifi
CO
<

I04

ID"5

-6

—

—

I

= 10 cm
oooo WATER T= 373 K

m* =7.l-O.I7Oj

CYCLOHEXANE ETHANOL -1
T = 348K 25 MOL%
ETHANOL m"̂  =1.63-0.11 j

10-3 I0"2 I0"1 l r t 0

RADIUS (rm)
10' 10'


