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ABSTRACT

A study is reported on the feasibility of the use of microwave dielectric

heating to simulate the nuclear heat source in LMFBR " transition phase" accident.

sequence volume-boiling simulation experiments. The adequacy of microwave heat-
ing is judged based upon the criterion of heating uniformity per unit liquid

,,

volume and upon the ability to analytically characterize the liqus3 power den- -

sity distribution.

Two aspects of liquid power density uniformity are addressed. Firsy the

ef fect of liquid geometry on power density is studied in order to determine

whether millimeter-size droplets can be heated as efficiently as centimeter-

scale masses which are exposed to the saae source of radiation. Both analyses

and experiments were performed in this portion of the study. Second, the spa-
tial distribution of power density across liquid slabs is studied, in order to

determine whether wave interference ef fects, which lead to severe power density

gradients, can be minimized by choice of suitable dielectric liquids. The above

analyses were carried out for a variety of wavelengths within the microwave
radiation band, for several dielectric liquids and for a range of temperature.

Microwave oven irradiation of water as the test fluid was considered as one
alternative. The results of the analyses lead to the conclusion that water

droplets in the millimeter-diameter size range absorb l-2 orders of magnitude
less energy per unit liquid volume than centimeter-scale droplets exposed to the
same source of radiation. Laboratory microwave oven experiments, albeit in dif-

i ferent geometry, support this conclusion. In addition, the analyses of the slab

irradiation problem suggest that standing waves are generated within slabs due
to wave interference effects. These standing waves, together with attenuation

| due to dielectric losses, are responsible for power density gradients across

slabs. These gradients are expected to exist in a microwave oven environment
and cannot be predicted with state-of-the-art analytical methods. The existence
of power density gradients is supported by experiments performed in the labora-

* tory, and by previous work reported in the lire.ature.
,

|
Alternate test fluids were considered. It was concluded that a fluid,

a
cyclohexane-ethanol, can bo found which would ensure efficient heating of a
dispersed droplet regime. A microwave oven radiation environment however,

i
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provides neither heating uniformity nor the ability to predict the power den-
sity distribution. The judgement is made, therefore, that it is not appropriate
to use a microwave oven for the boiling simulation studies.

The concept of using a microwave waveguide to irradiate the boiling dielec- *

tric liquid was investigated. The waveguide would be operated in a single mode,
and would be driven by two sources of slightly different frequency. If imped- -

ance matching techniques can be successfully used to eliminate the internally
reflected waves within the boiling dielectric liquid, and if the dielectric
properties of the two-phase mixture can be represented analytically, then the

;

power density distribution can be predicted. In addition, the microwave energy
| flux distribution can be measured along the axis of the waveguide. A microwave

savelength of 300 mm would minimize power density gradients due to dielectric
j loss attenuation.

i

!

, It is concluded that the use of microwave heating, while not straightfor-
a

ward, is feasible for simulation of the nuclear heat source in transition phase
boiling studies. A waveguide microwave radiation field, with a cyclohexane-
ethanol test fluid, together will satisfy two of the major requirements of the
proposed boiling experiments: predictability of the power density distribution,
and efficient heating of the liquid phase in a dispersed droplet flow regime.

i
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NOMENCLATURE

1

a droplet radius

A frontal area of droplet
'

4

A' optical density,

.:'

'

A ,H surface area of liquid sample of height Hs

A ,REF surface area of reference sample'

s

"B" magnetic induction vector

c heat capacity of glassg

'

eg heat capacity of liquid

CABS absorption cross section
,

CEXT extinction cross section

CSCAT. scattering cross section'

lI~ dielectric displacement vector

E' electric field intensity vector

E incident electric field intensityn

! t. frequency.

.f - cutoff frequencyc

H height of liquid in test; tube.

I~ magnetic field intensity vector

; j Q - 1.: unit compler number

k index of absorption-
!

| k* ' complex relative permittivity'
,

k' real part of celative permittivity .

'

-k'' imaginary part of relative permittivity

k* complex relativr permittivity
~

'

3
,

[k'' ireal part of relative permeability3,

4

,4

'.g-- g- _- ,m, , , .,. ., . . - , . - - .
-

'

/



as + g- , w .,-- a* .-- i- ~ s . -- s. > --- .as. 3 - .==

5

4

k'' imaginary part of relative permeabilitym

; i slab thickness

*
1 m complex index of refraction
; .

. m mass of glassg

mg mass of liquid ,.
,

n real part of index of refraction

n' imagi ry part of index of refraction'

'

P energy absorption rate

Q BS particle energy absorption efficiencyA,

Qg''' power density of liquid sample of height Hi

QREF''' power density of reference container liquid

Q''' local rate of energy production per unit total volune
,

Qy''' local rate of energy production per unit volume vapor

Qg'''' local rate of energy production per unit volume liquid

'
rg. reflection coefficient

:- time
:
' transmission coefficientti

tan 6 loss' tangent
;

T - temperature

?.

V- . droplet or particle volume

|

VH volume of liquid sample.of height H

REF volume of reference sampleV
,

x slab thickness coordinate
;

' ~

Z - impedance*

Greek Symbols

a -: attenuation factor
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o void fraction (volume fraction vapor)y

3 phase factor

3' attenuation coefficient

*
y complex propogation factor

C* complex electrical permittivity ..
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E' real part of electrical permittivity

E'' imaginary part of electrical permittivity

C pe rmittivity of free spaceo

A free space wavelength

3, wavelength in dielectric material
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u complex magnetic permeability

a' real part of magnetic permeability

v'' complex part of magnetic perneability

magnetic permeability of free spacea o

p density of glassg

pt density of liquid
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$ dimensionless power density
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I. INTRODUCTION

1.1 Objectives

Modeling of hypothetical core disruptive accideats (HCDA's) is an import-,

ant feature of liquid-metal fast breeder reactor (LMFSR) safety analysis. Both

in pile and out-of pile simulation experiments have been performed in support of
.

_

the analytical efforts. Simulat'.on of the nuclear heat source has been ac- *

complished, where necessary, for the most part by electrical resistive heating.

Recently, however, consideration has been given to simulation of aspects of the

' transition phase" (Greene, 1980) of the loss-of-flow (LOF) accident. This ac-

cident phase may be characterized by 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 sys-

tems have been performed (Farahat, 1976; Koontz,1977) and are planned in which

simulant fluids are volume-heated by microwave electromagnetic radiation. The

investigation reported here was performed to evaluate the usefulness of micro-

wave dielectric heating as a simulator of the nuclear heat source in transition

phase boiling pool simulation experiments.

Figure 1.1 is a schematic representation of an LMFBR in a disrupted con-,

figuration. Part of the reactor core is molten, and some fuel assemblies con-

tain molten, boiling mixtures of fuel and steel. Figure 1.2 shows a fuel as-

sembly in a molten, boiling configuration. Laboratory simulations of the boil-

ing dynamics within such a system require development of a heat source which
'

-adequately simulates clat of nuclear heating.

[
The nuclear heat source is distributed volumetrically within the fuel. If

| the fuel is fission-heated, then the spatial distribution of the heating rate is

determined by the neutron flux distribution. If the fission rate is neglig-

ible, then the. heating rate is determined by fission product decay, the mag-

| nitude of which depends on the time elapsed since reactor shutdown and on the

previous operating history of the fuel.
.

| -In a two phase molten fuel mixture of liquid and vapor, the local volumetric

f rate of energy production (or the power density) is given by
! *

|

-1-

|

t
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(1 - a ) q ' ' '1 (1.1)Q "' q ' ' 'V
= = a +

V v

where Q'''y and Q'''t are the power densitites of the pure vapor and pure-

liquid, respectively. The vapor contribution, in general, can be neglected, and

the rate of energy generation ic proportional to the local volume fraction of -;..

liquid.

The purpose of the experimental simulations of interest to transition phase

studies is tu provide data for development of models to characterize the spatial

distribution of molten liquid and voids in boiling pools of fuel and steel.

Simulations of prototypic decay heating power densities in pools of fuel assem-
bly scale (100 mm laterally and 1-2m axially ) are of interest. It is reason-

able under these conditions to assume that the energy generation rate per unit

volume of molten fluid is independent of position. The nuclear heat source

simulation, therefore, should also have this characteristic. This may be dif-

ficult to achieve in practice, as will be shown later in this report. As a

minimum requirement, the analytical model development demands that the spatial
distribution of heating rate be either calculable or measurable (Ginsberg,

1979).

Lor-frequency (60 Hz) electrical resistive heating has been employed in

simulation studies of volume-heated boiling systems (Gabor,1976; Ginsberg,

1979; Greene, 1979). Electrical heating, which requires liquid continuity be-

tween electrodes, has been used to study the boiling and heat transfer charac-

teristics of volume-heated systems at relatively low power densities (up to 2%

of steady state LMFBR power density). At such low power conditions the flow

structure is eithst bubbly or churn-turbulent (Ginsberg, 1979) and liquid con-

tinuity is maintained between electrodes. At higher power densities, however,

the vapor generated would likely lead to liquid breakup into droplets. talen

this occurs, liquid continuity between electrodes cannot be maintained and en-

ergy deposition in the droplets would not be possible. Under these conditions
,

electrical heating becomes inappropriate and an alternate form of heating be-

comes necessary.
.

Microwave heating is potentially useful in the context of simulation of

-3-
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nuclear heating at elevated power densities. This is based upon the expectation

that " reasonably uniform" volumetric heating of a fuel simulant liquid can be

j achieved with a source of electromagnetic microwave energy remote from the fluid

being heated. Thus, the need for liquid continuity would be eliminated, and

droplets would be heated under these conditions.

The microwave heating principle has been employed (Farahat,1976; Koontz, ..

1977) in experimental simulations involving boiling of volume-heated liquid sys-

tems. In addition, a preliminary evaluation of microwave heating, as applied to

simulation of fuel meltdown phenomena, has been published (Gabor, 1975). In the

prior work, however, the adequacy of microwave heating as a simulation of nucle-

at heating was not addressed as it pertains to two phase, vapor-liquid systems.

The degree of uniformity and predictability of heating rates achievable using;

'
microwave heating of boiling systems were not defined. It is felt that re-

solution of these issues is fundamental to the use of microwave heating in the

present context.

The present work is motirated by the need to simulate the volume-heated

boiling flow processes which characterize molten mixturas of fuel and steel in

subassembly-scale configurations, using microwave dielectric heating as a nucle-

; at heat source simulator. The objectives of the present work are:

(1) to evaluate the microwave heating technique as applied to laboratory

simulations of the boiling process to be carried out using appropriate

simulants of liquid fuel.

(ii) to design an experimental system using microwave energy deposition in

which to study the boiling multiphase flow processes in

volumetrically-heated boiling fluids.

Sections 1.2 and 1.3 of this chapter present a review of the literature re-

levant to microwave heating of dielectric fluids in the present context. The

scope of the remainder of the report is presented in Section 1.4.

^

1.2 Previous Work: Accident Simulation Studies.

- 1.2.1 ANL Feasibility Study (Gabor, 1975).
.

This-study was performed to evaluate the applicability of microwave (and

-4-4
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induction) heating to laboratory simulations of selected phases of core meltdown

accidents in LHFBR's. The work was directed primarily towards simulation of the

flow and heat transfer processes which would occur during the fuel meltdown st-

age of HCDA's. The simulation considered was a complex one. Fue.1, steel and.

sodium simulants were desired which, together with a volumetric microwave heat

source in the fuel, would simulate the processes involved in meltdown, re-
. .,

location and resolidification of the fuel and steel. Fuel and steel boiling -

processes were not considered. This simulation would require a combination of
heat-generating and non-generating materials. The fuel simulant would be re-

quired to generate heat volumetrically at equal rates, in coexisting liquid and

solid phases. The authors found that dielectric properties of potential fuel

simulants were significantly different for solid and liquid phases. They con-

cluded, therefore, that microwave heating could not supply the uniform heating

rate required within the fuel simulants. Other dif.ficulties were encountered

with steel and sodium simulants. It was concluded that the laboratory simula-

tion of the integral set of phenomena using microwave heating to simulate the

nuclear heat source is impracticable.

The uniformity of microwave heating of single phase liquid samples under

microwave oven irradiation was studied empirically. Water samples were irra-

-diated in a Litton microwave oven (600 W, 2450 MHz). The temperature rise of

samples at different locations within the oven, and at different locations

within the same sample, were measured af ter fixed irradiation times. The re-

sults of these calorimetric measurements are summarized-below:

(i) The total power delivered to a single sample in a microwave oven de-

pends on the mass of the sample. The power delivered to a 55 g water
load was 352 watts, compared with 615 watts to a 1000 g load. This re-

i duction in power " coupling" efficiency is a characteristic feature of

all microwave ovens.

i
'

(ii) The power delivered to a fixed load mass depends on the sample posi-

tion within the oven. A variation of 8% in delivered power to the
,

sample was measured using 100 mi water samples.
|

|. (iii). A number of tests were performed to assess the spatial variation of
! heating rate within samples under irradiation. These tests were

-5-
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carried out with both water and glycerol in cylindrical geometry (glass

heaters) with various aspect ratios. The results were interpreted to

indicate that the heating rates are reasonably uniform within any one
sample volume. .

Analysis of the spatial variation of power density within an object sub

,
jected to microwave radiation was performed assuming exponential attenuation of -:

4 .

microwave " rays" incident upon the object. Planar and isotropic radiation inci-
#

dent on slabs, and isotropic incidence on spheres were evaluated in this manner.

The governing parameter in this calculation is the optical density, defined by

A' = 2 3' Z for a slab

or A' = 2 S ' R for a sphere
t

where 3' is the " attenuation coef ficient" (Von Hippel, 1954).
-

As a. result of their analysis the authors concluded that with optical den-

sities in the range 0.3 - 0.6, power density variations would be approximately i
10% across the object. For water at 373 K, this corresponds to Z or R in the

range 30 - 60 mm.

The above analysis ignores the possibility of wave interference effects

within the object under irradiation. Such effects may-lead to =uch more severe

heating variations than predicted using the ray attenuation approach.

1.2.2 Purdue !!icrowave Boiling Studies (Koontz,1977)

Experiments were performed using microwave heating to study the boiling

characteristics of volume-heated liquids. The tests were carried out to simu-

late, and to provide insight into, the boiling flow mechanisms of fuel-steel
,

mixtures characteristic of LMFBR core disruptive accident conditions.
,

The tests'were' carried out in a 5 kW, 2450 MHz microwave oven. The cavity

was a cube, 0.762 m (30 inches) on a side. Test vessels containing first water,.

and then mixtures of h-rane and water, were used to study single and multi-
.

canponent. volume-boiling characteristics.

'

The efficiency of coupling of the microwave power to the water load was
,

measured experimentally under- boiling flow conditions. The efficiency for water

-6-
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loads greater than 1000 m1 was constant at 73%, and dropped of f monotonically
with volume below 1000 mi. At 200 mt, the efficiency was approximately 42%.

The liquid power density, required to characterize the boiling flow proces-

ses, was assumed independent of position within the liquid container under boil--

ing conditions. Assuming constant efficiency, an average power density was then
taken to be inversely proportional to the liquid volume. No attempt was made to .,

characterize the spatial distribution of power density.

The boiling flow regimes encountered in this work were the bubbly and
churn-turbulent regimes. A dispersed droplet regime was not observed. The

vapor volume fraction in these experiments varied from zero to 0.9. This range

of void fraction coexisted within the test container. Methods do not exist to

enable ine to determine the power density distribution under such conditions.

The distribution of heating intensity within the boiling mixtures, therefore, is

unknown. Hence, a uniform liquid power density was assumed.

1.2.3 ANL Microwave Boiling Experiments (Farahat, 1976)

Steady-state and transient boiling experiments were carried out using micro-

wave heating. Steady-state boiling was observed in a 600 W oven, while trans-

ient measurements were made in a 2 kW oven. Both used 2450 MHz sources.

Water was used as the boiling fluid. It was bserved, however, that the

use of pure water in glass containers did not pro.ide a bulk boiling environ-

eent. Plastic particulate, therefore, was added to provide bulk nucleation

sites in order to promote volume-distributed boiling.

The power coupling efficiency was determined by calibration under non-

boiling conditions. The uniformity of liquid pows e density within the boiling

fluid system was not addressed.

; Ste tdy-state boiling was observed in glass containers ranging from 8 to 120
-mm in diameter. Liquid sample volumes ranged from 9 to 500 mt. Under most of

the boiling conditions a stratified boiling flow field was observed. At the
.

bottom of the container was a region largely devoid of bubbles. Over this re-

gion, however, a high void fraction " foam" flow regime was observed. The aver-
*

age void fractions were greater than 0.9 for most of the experimental conditions.

-7-
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The power density distributions under the above conditions are not known.

In addition, the necessity for addition of bulk nucleation sites to promote

volume-boiling conditions is at odds with the work of Koontz (~s976) in which

such additives were apparently not necessary.
,

1.3 Previous Work - Electromagnetic Wave Interactions with Mstter.
.:

'

The interaction of (non-ionizing) electromagnetic (E-M) radiation with mat-

ter has been widely studied. Most of this work has been carried out with re-

latively simple geometries in well-characterized radiation environments, e.g.,

plane polarized waves interacting with spheres, cylinders or slabs. Mathemati-

cal treatment of such interactions may be accomplished. For such cases, there-

fore, power density distributions in dielectrics exposed to microwave radiation

can be adequately characterized. On the other hand, studies of interactions of

media with complex irradiation environments such as in resonant microwave

cavities (e.g., ovens) were less numerous. Mathematical characterization of

power density distributions in microwave cavities is not well-developed, and re-

latively few experimental studies have been reported.

For the purposes of the present work, the literature on electromagnetic

wave interaction with matter may be categorized in two parts:

(1) Work directed towards scattering and absorption of E-M waves from dis-

crete objects such as spheres, cylinders, ellipsoids, etc. Computation

and measurement of scattering, absorption and extinction cross-sections

are the focal points of this literature. The spatial distribution of

-field strength within the objects are generally not of prime i= port-

ance.

(ii) Research directed towards characterization of the field strength and

other related parameters within the object under radiation.

. Analytical approaches to both problem categories derive from solution of Max-

well's equations. They do, however, appear rather distinctly in the literature.

Since both areas are of concern in the present work, the literature is reviewed -

separately below.

.
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1.3.1 Electromagnetic Scattering and Absorption Theory.

The classical theory of light scattering from objects of various geome-

tries is well established (Mie, 1908; Van de Hulst, 1957; Kerker, 1969). Given'.
the dielectric properties of a scattering sphere, for example, one can compute

the energy removed from an incident field of microwave energy by scattering and
.

by absorption in the sphere. Computer codes based upon the theory are available-

which enable one to compute the scattering and absorption cross-sections as
functions of object geometry, dielectric properties and incident radiation

wave-leng th. The theory has been applied to homogeneous material objects sad
also to objects with a layered material strue.ture. The theory developed applies
to plane wave irradiation of the objects.

A typical result for spherical geometry, taken from Schwan (1968), is
presented in Figure 1.3. The absorption cross-section shown in Figure 1.3 is
defined such that the power absorbed by the sphere is

INC 9 ABS A (1*2)P =

The absorption cross-section is presented as a function of di=ensionless radius.
The material properties are close to that of water. This result suggests that
the power absorbed by spheres is a strong function of particle size.

In the present context, we are interested in a heat source which would heat
a two phase, liquid-vapor boiling mixture uniformly, independent of liquid,

geometry. Figare 1.3 suggests that if d2 ?"f ets are present in the boiling flow
field then it may not be possible to unife - heat them with microwave radia-
tion if water is used as the dielectric liquid.

The scattering theory will not be reviewed here. A brief discussion of the
methods is, however, presented in Section 2.2 and ir more detail in Appendix A.

;

1.3.2 Electric Field and Power Density Distributions in Dielectrics.
-

<

A. " Simple" Source Environments.

- Solutions to Maxwell's equations for dielectrics of various geometries
!

|

|

| -9-
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exposed to E-M fields of a large spectrum of frequencies have been reported.
Simple radiation sources, i.e., plane or linearly polarized incident fields,

were generally assumed. Much of this work has been carried out in applications
of E-M radiation for medical therapy and for evaluation of the adverse response

,
,

of animal organisms to E-M fields.

Samples of animal body tissue, and also simulated body tissue, in slab, cyl-.

indrical and spherical geometries have been studied both analytically and ex-

perimentally (Johnson,1972; Ho,1971; Lin, 1973 ; Guy,1971a) . Multi-layered

samples have also been studied (Guy,1971b; Shapiro,1971).

Calculation results for spherical geometry are shown in Figure 1.4.

Predictions of power density distributions in spheres which simulate human and

monkey brain tissue (both similar to water - in dielectric properties) are

presented for two microwave frequencies. The results display rather severe

power density gradients. The magnitude and shape of the distribution depend on

frequency and sphere radius. In the case of the 140 mm spheres, the lower

frequency (915 MHz) waves are focused towards the center of the sphere. At
higher frequency (2450 MHz) preferential skin heating is observed.

The calculational methods used to generate the above results have been

verified experimentally. Models of brain tissue (called " phantom" tissue) have

been irradiated by plane waves for a given exposure time. The models were then

split and infrared thermograms of the exposed samples were recorded. The local

temperature rise is then proportional to the power density. Typical results are

presented in Figure 1.5. Agreement with the analytical results are, in general,

quite good.

Experimental and calculational results have also been obtained for slab and

cylindrical geometry. Severe power density gradients are observed here also.

Good agreement for slab geometries between plane wave theory and experiment has
been demonstrated (Guy, 1971).

The results cited above suggest that: ;

?.

(1) available methods can be used to predict the power density distribu-

tiona in homogeneous or stratified objects of " regular" geometry,
'

which are exposed to uniform incident plane wave sources of radiation,

-11-
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.

(ii) strong power density gradients have been observed in spherical, cyl-

indrical and slab geometries, irradiated in microwave radiation fields

with plane wave incidence.

B. " Complex" Source Environments.
.

The literature on the response of dielectrics exposed to complex radiation

fields of resonaat microwave cavities such as microwave ovens is extremely.

limited. A microwave power source is used to excite a closed metallic cavity

into numerous electromagnetic modes of oscillation. The specific modes, and

number of modes, are governed by the geometry of the cavity, tna geometry and

dielectric properties of tne object under irradiation within the cavity and the
~

source frequency (James, et al,1968). In such a cavity, a sample is exposed to

a radiation field which is composed of a superposition of the individual modes.

It has been suggested (Crapuchettes, 1966) that the uniformity of heating in

microwave ovens depends on the number of modes of ev.4 cation induced by the

source. Various techniques have been proposed to enhance heating uniformity

within irradiated samples. Mathematical methods, however, to enable one to com-

pute the power density variation within samples placed in a microwave cavity are
still in the developmental stage.

Only one rigorous mathematical treatment has been found in which the field

within a sample irradiated in a microwave oven was analyzed (Watanabe, et al,
1978). The power density distribution in a water sample was computed and com-

pared with experimental measurements. One sample geometry was considered, and
only limited numerical results are presented. The analytical and experimental

results for the power density compare favorably, both qualitatively and quanti-
,

tatively. The power density distribution is not uniform, with variations of a

factor of 3-4 observed across the sample.

|

|
Guy, et al, (1975) have presented results of power density measurements

.

made on spherical and ellipsoidal samples irradiated in microwave ovens. Both
!

915 and 2450 MHz ovens were used in the experiments. Techniques similar tot

those employed in earlier tests (Guy, 1971) were employed. Infra-red thermo-
, ,

graphy was used to measure temperature distributions in " phantoms" of human

|
muscle tissue, after a fixed irradiation time. Results for 60 mm and 140 mm

spheres are presented in Figure 1.6. These results indicate that highly non-

uniform power density distributions a*.e to be expected in spheres irradiated in

.

-14-
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microwave oven fields. Similar results could be expected for water, whose

dielectric properties are similar to those of the " phantoms" studied by Guy.

Similar aon-uniform heating patterns were observed in ellipsoidal objects placed

in the same ovens.
.

Ohlsson and Risman (1978) have performed experiments similar to those of

Guy, et al, using spheres and cylinders. Strong power density gradients were
.

observed for both geometries and for both 915 and 2450 MHz frequency irradiation

fields.

Simple exponential attenuation models for the power density in cylindrical

and slab geometries were employed by Nykuist (1977), Nykuist and Decareau (1976)

and Ohlsson and Bengtsson (1971) to explain temperature profiles measured in

various foods which were exposed in microwave ovens.

In the cylindrical geometry studies (using meat roasts) of Nykuist and De-

careau, the temperature profiles did not indicate significant radial power den-

sity peaking. It was shown computationally, however, ' hat the model predicts

some peaking, preferentially for 915 MHz irradiation and for smaller diameter

cylinders. The temperature profiles measured by Ohlsson and Bengtsson for slab

geometries (in 30 mm thick slabs of beef or simulated beef) were also resonably

well characterized using exponential power observation through the material, ir-

radiated in a 2450 MHz microwave oven. These experiments were carried out with

the materials passing through the oven on a conveyor system (the oven was 1.5 m
long).

1.4 Scope of Present Work.

The objective of the work described in this report is to evaluate the poten-

tial use of microwave dielectric heating to simulate the nuclear heat source in

studies of the multiphase flow dynamics of volume-boiling systems. For practi-

cal reasons, the boiling flow simulation is specified to be contained in a

bounded radiation environment such as a microwave oven. The volume-boiling sys-

tems are characterized by a spatially varying flow structure. The dielectric
,

properties of the system, therefore, are also space-dependent. Ideally, the
microwave power source would provide uniform heating per unit volume of liquid,

.

independent of position, void content and liquid-vapor geometric structure. The
uniformity of heating of the liquid phase provided by mis. . ave power is the

-16-



._

!

,

major focus of the remainder of this report.

Ideally, we would lika te apply Maxwell's equations, with appropriate bound-
ary conditions to obtain the electric field and, hence, the power density dis-

tribution, throughout the entire voluse-boiling systes. If this could be done i-

under a variety of circumstances, then we would si= ply evaluate the heating uni- t

formity and use parametric studies to optimize conditions. The literature re-.

view presented above, however, suggests that on one hand, uniform liquid heating

is difficult to achieve in microwave irradiation of ho=ogeneous dielectrics -

both in unbounded space and in confined syste=s such as microwave ovens. On the

other hand, analytical sethods do not exist to enable us to evaluate the power

density distributions in heterogeneous two phase dielectrics exposed to =icro-

vave radiation. Methods are not available even for homogeoeous dielectrics ex-

posed in sierowave oven radiation fields.

In the absence of the methods to study the general problem outlfaed above, i

an alternate approach was adopted. As far as this application of .icrowave

power is concerned, its potential major advantage is that the 13 quid phase may

be heated in a droplet configuration. This is not feasible using low frequency

resistive heating. The first part of this work, therefore, is an analysis of

the interaction of a =icrowave radiation field with liquid droplets whose dia-

seters range from microns to centimeter radius. For a given incident electric

fie1.d intensity, the power absorbed by individual droplets is cocputed for the

above range of dianeters. The behavior of various fluid systens is analyzed and

compared for uniformity of droplet-averaged power density across the droplet

size range of interest. This analysis is made using the scattering theory dis-

cussed in Section 2.2. Results are presented in Section 3.1.

In the second part of the analysis reported here, the power densie- distri-

bution in slab geometry'is considered. It is assumed that slabs of single-
phase fluids are irradiated by incident plane waves. The power density distri-

bution is computed for various fluid systems, and conpared for heating unifor=-

ity. The analysis is presented in Section 2.4 and results discussed in Section
.

3.2.

Preliminary experiments were carried out in a 600 W, 2450 MHz sierowave
,

oven in order to investigate the question of heating uniformity. These ex-

periments are described in Chapter IV.
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|
|The implications of the analyses with respect to volume-boiling experiments
|

are discussed in Chapter V. The analytical and experimental results are used to |

select a fluid system whose dielectric properties would be most likely to yield
I

uniform liquid power density distributions when exposed to microwave radiation. , |

A conceptual design of the microwave boiling experimental apparatus is also
presented in Chapter V. Chapter VI contains a summary of the report and pre-

~

sents recommendations for an experimental system with whi:h to carry out the i

proposed volume-boiling simulation studies.

,

e

A 9
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II. ELECTROMAGNETIC WAVE INTERACTIONS WITH MATTER: THEORY

2.1 Introduction

The previous chapter described experiments proposed to investigate the.

multiphase flow and heat transfer characteristics of volume-boiling fluids which

are heated by microwave electromagnetic radiation. It has been assumed in prev-
,

ious studies that the microwave radiation provides a spatially uniform energy

source per unit volume of liquid in multiphase flow geometries (Farahat, 1976;

Koontz, 1977). It is known, however, that the rate of energy absorption by
'

dielectrics in a microwave electromagnetic field is a function of geometry,

d. electric properties, and wavelength of r? "ediation (Kerker, 1969). At high

power density, volume-heated boiling poc'- exhibit a complex two phase, liquid-

vapor, geocetric structure (Ginsberg. 1979). Dispersed droplets, with diameters

less than 1 mm, in a vapor continuum may coexist with continuous liquid struc-

tures of centimeter scale or greater. This diversity of liquid-vapor structure,

together with the expected dependence of microwave heating rate on geometry, led
to the conclusion that an analytical study was required to investigate the uni-

formity of microwave heating in boiling pool systems. This chapter describes

the analytical methods that were used in the investigation.

The distribution of heating rate within a dielectric depends upon the elec-

tromagnetic field distribution within the material. The field depends not only

on the properties of the dielectric but also on the boundary conditions sf the

walls which confine the entire system. These boundary conditions depend on

whether the irradiation takes place in either (1) unbounded space, (ii) a wave-

guide or (iii) a microwave cavity. Computation of the field distribution in

homogeneous dielectrics increases in difficulty in the above order. Indeed,

methods do not exist at present to enable one to predict the field distribution

and, hence, power density distributions in microwave cavities -even for the case

of homogeneous dielectrics. For_ the case of the heterogeneous two phase dielec-

trics of interest here, methods are not available, even for the unbounded space

irradiation environments.-

Due to the complex two phase, liquid-vapor geometric structure, simplifying
- assumptions were made, both with respect to geometry and to the irradiation en-

vironment. Two basic problems were chosen for analysis: (1) single spheres ex-

posed to a uniform incident plane polarized radiation field and (ii) slabs

-19-
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exposed to single-sided and bilateral plane polarized radiation. These problems

were chosen in order to investigate two aspects of microwave heating uniformity:

Single spheres.

Previous studies (Mie, 1908; Kerker, 1969) have shown that the rate of
'

energy absorptior in spheres exposed to electromagnetic radiation is strongly

dependent on sphere radius. Since heating of dispersed droplets is of import- -

ance to the boiling studies of interest here, a study of the energy absorption

rate of single droplets was initiated. The objective of the study was to

determine the uniformity of pcwer density as a function of droplet radius.

The conceptual approach to the problem was to ask: given a microwave elec-

tromagnetic field of a given intensity, what is the rate of energy absorbed per

unit volume by spheres of liquid of diameters ranging from 10-3 mm to 100 mm.
The effects of droplet size, dielectric properties and wavelength on the energy

absorption efficiency have been investigated. Katerials and wavelength com-

binations were sought in order to obtain uniform volumetric heating rates.

_;nb geometry.

The spatial distribution of heating rate within the two phase boiling fluid

is of critical importance to the proposed microwave boiling studies. Previous

work (Guy,1971) has demonstrated that standing waves may be generated in slabs

exposed to microwave radiation. The power density distribution in homogeneous

slabs exposed to single-sided and bilateral microwave irradiation was investi-

gated. The influences of wavelength material properties and slab width were

| studied in the investigation of heating uniformity.
!

Both the sphere and slab geometry problems were investigated for the case

|
of uniform incident plane-polarized electromagnetic radiation. The complexities

f introduced by confining boundaries were not studied.

This chapter reviews the basic theoretical methods employed in the study of

the interc tion of " simple" geometries with microwave electromagnetic radiation.

Section 2.2 presents definitions of electromagnetic theory terminology used in .

the report. Section 2.3 discusses the interaction of spherical particles with

j electromagnetic radiation. The slab irradiation problem is discussed in Section
,

2.4.

|
|

|

1
-20-
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2.2 Definitions of Electromagnetic Quantities of Interest.

In this section relationships are defined and presented for the electro-

magnetic quantities which are used in the remainder of this paper.
.

Maxwell's equations in general form are written in Appendix A together with

the defining equations for the material properties of specific conductance, e;
'

electrical inductive capacity (or permittivity) C; magnetic inductive capacity

(or permeability), p. In absorbing media the permittivity and the permeability

are complex quantities.

The complex permittivity is defined by

C* C' j C'' (2.1)= -

and the complex permeability is

j u'' (2.2)* u'= -y

The complex relative permittivity and permeability are, respectively,

*-

k* fh- = k' j k'' (2 3)-= 2

.

*

k*= =k' j k '' (2.4)-

3m m

The " loss tangent" is defined by

eig k'' (2.5)tan 6 = -
g- py-

The one-dimensional wave equation for the electric field may be writtet 11-

* 3E * *3E
=C U ,,

ax' a t- (2.6)
.
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The solution to this equation is of the form

i

+ +

E exp (ja - y*x) (2.7)E =
n

.

The quantity y* is the " complex propogation factor" defined by

.

i

j w (c* u*)l/2 (2.8)y* =

i

= a + jS
.

The ."index of refraction" of the dielectric medium is defined by

A A
p=3 S (2.9)n =

' m

The "index of absorption" is given by

'

d
k 2 - (2.10)= "

I

and the complex index of refraction is

* - n (1 - j k)-m
L

n - jn'=;

(c*)l/2 (2.11)=
|

where n' is the imaginary part of the complex index of-refraction. The complex

propogation factor then may be written 'as

i

!
* ~

Y* 3- m (2.12 )"
_

.

F
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2.3 Electromagnetic Nave Interactions with Absorbing Spheres.

Consider a particle which is exposed to a uniform, plane polarized beam of

electromagnetic radiation, as shown schematically in Figure 2.1. The physics of
'

energy scattering and absorption by the particle is governed by the solution to

Maxwell's equations. The general theory of scattering of radiation by spherical

particles is found in classical works on electromagnetic theory (Mie,1908;-

Stratton,1941; Kerker,1969). A brief outline of the theory is presented in

Appendix A of this report.

The quantities of interest in the present analysis of microwave absorption

are: (1) the energy absorption rate, P, of a single particle, and (ii) the

power density, Q''', or power absorbed by a single particle per unit volume of

particle. These quantities are defined by the relationships

C NC - CABS INC 9 ABS = A (2.13)P "=
I

and

P A
Q BS 7 (2.14)Q''' y= &INC=

A

3
INC 9 ABS (2.15)g- &=

,

ABS and Q BS are the absorption cross-section and absorption ef-where C A

ficiency, respectively. The incident energy flux is given by (Kraus, 1953)i

|

C
1 o 2i 4

E
I *INC 2 y* o (2.16)
|

.

In the present work, a dimensionless power density, Q, is used t resent

| the droplet power density distribution information. This quantity is . . fined as
! .
'

l

t

L

!

! -23-
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.

2a O power ABSORBED[
-

+1NC
CP =

*lNC
.

ABS

:
A* # * O *

1NC ABS
;

.

9 POWER DENSITYDROPLET RADIUS,a

P
FRONTAL AREA, A o"* =

v

VOLUME, V

ABSORPTION CROSS-SECTION, C
ABS

*
i ABSORPTION EFFICIENCY, Q

ABS O

INCIDENT [NERGY Flux, +1NC
,

(

f
:
! Figure 2.1 Schematic of Partic3e Exposed to Plane Wave Incident Beam

of Radiation. (BNL Neg. No. 12-816-80)

!
.

.
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OABS(a)/aP(a)/V(a)
6(a) p(,)jy(3- )=gg (, ) 73 (2.17)

= -

.

where a is a reference droplet radius.n

The absorption as well as scattering and extinction cross-sections are ob-*

tained from infinite series solutions of Maxwell's equations in spherical co-

ordinates. A brief summary of the solution method, together with the series
representations for the cross-sections are also presented in Appendix A.

In gr.t;eral, the series relationships must be evaluated for the cross-
sections. For the case of "sufficiently small" particle radius, however, the

infinite series simplifies to the Rayleigh approximation (Kerker,1969). The
absorption efficiency then becomes

i *' |
-1 '

f# ", (2.18)QABS Im= -

l
m +2 |

where m* is the complex index of refraction. Using this relationship together

with Equation (2.14), the particle power density becomes

&INC *Im
-

* -

(2.19)Q''' =
,

m +2
|

,

|

The power density of "small" particles, therefore, is independent of particle
size.

Every material, therefore, is characterized by a range of particle size

within which their power density is independent of diameter. This result is of

significance in the present work, since it implies that uniform heating of

liquid droplets independent of diameter may be possible.

A computer code DILISCA* (Differential Light SCAtterine) was employed to*

evaluate the cross-sectior.s from the infinite series solution to Maxwell's
- equations.

" Computer code developed by Science Spectrum Inc. of Santa Barbara, Calif.
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2.4 Electromagnetic Wave Interactions with Absorbing Slabs.

2.4.1 Sources of Identical Frequency.

Consider the slab of dielectric medium shown in Figure 2.2, irradiated
.

either from one side only or irradiated bilaterally. Two analytical problems

were studied: (i) the general problem with boundary effects for both single-
*

sided and bilateral irradiation and (ii) bilateral irradiation of a slab in
which internal boundary reflections are not considered.

The electric field within 'the slab depends on the relative orientation of

the electric and magnetic field vectors, the relative phases of the incident

plane waves, the dielectric properties of the slab, the wavelength and on the

slab width. The electric field within the slab, when irradiated from the left

side only, is due to the interaction of two waves, one which is transmitted

across the lef t surface, and the other reflected internally from the right sur-

face. The field within the slab is given by (see Appendix D)

e" (e-Ya* * + r Y*dE e 2 *)
E o 1

- (2.20)t--- =

9

If the slab is irradiated bilaterally with sources of equal frequency and

strength, then the field may be computed by superposition. The resulting field

distribution in the slab is given by (see Appendix D)

1

f=ejet ,-y, x + a( M + Y **')*
2

o I

i

; . .q
e 2 * + e (M + Y ** ') (2'21)Y* -+ r 2

3

. . 1

,

where x' = x - i and i is the slab thickness. The time-average mean-square

electric field is computed using the averaging technique discussed in Appendix
,

B. The result (see Appendix D for details) is

|
.

1
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Figure 2.2 Schematic of Slab Exposed to Plane Wave Normally Incident
Radiation. (BNL Neg. No. 11-533-79)
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~

2

= cosh (2 6x) +2cos2 gx _ i (2.22)
2

o

2.4.2 Sources of Different Frequency. -

Consider e slab irradiated bilaterally with sources of dif ferent frequency,
as represented schematically in Figure 2.2. This problem is discussed in Ap-

*

pendix C, where the general solution for the field distribution in the slab is

given. For the special case w' tere the frequencies are only slightly different,
it is shown that the field is given by

-

2
E cosh (26x)=

2 (2.23)
O

f

8

e

-28-

-_ .--



III. THEORETICAL PREDICTIONS

3.1 Introduction.

"

This chapter presents the results of calculations of microwave interactions

with absorbing dielectric liquid spheres and liquid slabs. In these calcula-

tions geometric and material properties are varied and the effects on heating.

rate, or power density, are studied as a function of these parameters.

Results for microwave interactions with spheres are presented in Section

3.2. Verification of the DILISCA code used in these calculations is discussed

in Section 3.2.1. General features of the predictions are discussed in Section

3.2.2 using water as the dielectric material. Sections 3.2.3 and 3.2.4 present

detailed results for water and ethyl alcohol, respectively. A parametric study

which was performed to determine the combination of dielectric properties which

would lead to uniform droplet heating is presented in Section 3.2.5. In Section

3.2.6 it is shown how selected polar and non-polar molecular mixtures can be

tailored to provide uniform droplet power density over a wide range of droplet

size.

Slab geometry results are presented in Section 3.3. Calculational results

are discussed for cases of single-sided and bilateral microwave irradiation of

slabs. For the case of bilateral irradiation, results are presented for sources

of identical frequency, and also for sources of two different frequencies. The

spatial uniformity of heating rate is studied as a function of dielectric pro-

perties, geometry and wavelength.

3.2 Interaction of Microwaves With Spherical Dielectrics.
|

3.2.1 Code Verification.

| The computer code DILISCA was obtained, modified and verified for the
;
,

current application. DILISCA evaluates the scattering, absorption and ex-

,
tinction coefficients and cross-sections for given wavelength and dielectric

properties. As a result of additional programming work done on the code, it now
.

also computes the dimensionless sphere power density, defined by Equation
,.
' (2.14).

-29-
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DILISCA was verified by comparison with the Tables of Scattering Functions

for spheres (U.S. National Bureau of Standards,1949) using a range of radii and

dielectric properties. Code calculations agreed with tabular results within the

number of significant digits presented in the tables.
,

A comparison was also made between DILISCA calculations and the results of

Kerker (1969) [p.121] for m* = 1.29 - 0.0472j, for a 100 mm wavelength. This
.

comparison is presented in Figure 3.1.

3.2.2 General Features.

The general features of the case to be discussed below, for water, are ap-

plicable to other material dielectric properties and wavelengths, although the

functional dependance on 'a', the radius of the droplet, is different for other

material.

Water, being a simulant fluid of immediate interest to the volume-boiling

work, was investigated over a range of wavelengths, using index of refraction

data extrapolated from Collie (1948) and Lane (1952). Figure 3.2a shows the be-

havior of the absorption efficiency Q BS, as a function of radius for a fixedA

microwave wavelength of 100 mm. Figure 3.2b presents the dimensionless power

density as a function of radius, where the power density is normalized with that

of a 50 mm droplet.

Results are presented for a microwave wavelength of 100 mm, corresponding

to standard commercially available microwave equipment. From Figure 3.2, it is

observed that there are three regimes of microwave-droplet interaction. In

the region from a = 0 to a ; 5 mm the interaction efficiences are extremely
low, and the rate of energy absorption is also very low. The region from a :;5
mm to a ~ 30 mm is a resonance region, characterized by rather large variations

_

in the absorption efficiencies with radius. This is apparent in Figure 3.2b

which shows the correspondingly large variations in heating rate, with peak

heating rates at about 10 mm radius of nearly two orders of magnitude greater

than a 5_mm " droplet". In the range a > 30 mm, the efficiencies are nearly
-

-constant and, consequently, the rates of energy absorption (proportional to

/ABS a) per unit " droplet" volume decrease with increasing radius. -Q

-30-
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Figure 3.1 Comparison of DILISCA Results with Kerker (1969).
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A finer look at the region corresponding to a = 0 to a ~ 1 mm shows a
_

linear behavior of QABS with radius, as shown in Figure 3.2a. This behavior

is predicted by Equation (2.17) and is plotted in Figure 3.2a. The power

density function , shown in Figure 3.2b, exhibits a constant behavior in this.

linear region of absorption efficiency. Water droplets with radii up to 1 =m
would be heated with the same power density when exposed to microwaves of 100 cm

.

wavelength. This range of droplet radiur is characterized as Region I in Figure
3.2.

Figure 3.3 presents a closer look at the resonance region, characterized as
Region II of Figure 3.2. Both absorption efficiency and power density display
peaks at a = 1/7 A,1/10 A,1/14 A over the range of radius plotted in Figure
3.3. Region III, at least up to a = 100 mm, is characterized by nearly constant
absorption coefficient.

3.2.3 Results for Water.

DILISCA calculations were performed for seversi combinations of wavelength

and water temperature. Table 3.1 summarizes the range of parameters and pre-
sents the complex index of refraction for each combination of temperature and
wavelength.

Values for the complex dielectric properties of water over a range of wave-
lengths and temperature are presented by Gunn (1954) and Lane (1952). The
available information was developed into a self-consistent data set for water
temperatures from 293 - 373 K and wavelengths from 1- 300 mm. Very little data

exists in the literature for dielectric properties of water approaching boiling
i

j (~ 373 K). Most of the dielectric property data for temperature greater than
353 K were extrapolated. It is felt that this extrapolation is reasonable as
long as the temperatures is somewhat less than the boiling point. The data fort

real and imaginary indices of refraction are presented in Figures 3.4 - 3.8.
The extrapolation regions are presented with each set of data.

' The effects of we.velength and fluid temperature on droplet energy absorp-
tion efficiency and power density were studied. Results of the parametric study

;

|* are presented in Figures 3.9 - 3.11

.
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Table 3.1 - INDICES OF REFRACTION USED IN

CALCULATIONS: WATER
.

.

T(K) 293 323 348 373
A(mm)

12.7 6.25 - 2.86j 7.26 - 2.11j 7.35 - 1.52j 7.40 - 0.85j

32.1 8.08 - 1.97j 8.15 - 1.05j 7.82 - 0.67j

100.0 8.83 - 0.74j 8.28 - 0.35j 7.78 - 0.21j 7.1 - 0.17j

200.0 9.80 - 0.50j 8.6 - 0.2 j 7.8 - 0.2 j

300.0 7.8 - 0.2 j

.

e

.
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3.2.3.1 Effects of Wavelength.

] Figures 3.9 and 3.10 show the influence of incident E-M wavelength on the

droplet energy absorption characteristics.

*

Figures 3.9a, 3.10a and 3.10c show that the energy absorption efficiency
.

for water droplets of radii less than 10 mm increases with decreasing wave

length. It is much easier, therefore, to transfer energy from a source of E-M.

energy to millimeter water droplets at wavelengths of order 10 millimeters.

The linear region of energy absorption efficiency increases with wave-

length. This is best observed on the power density distribution plots. Figure

3.9b shows that at 373 K, the power density is constant for droplets with radii

up to 1 mm for A = 100 mm. At a wavelength of 12.7 mm the power density is

constant only up to 0.1 mm. Similar results are presented in Figure 10 for 348

K water. For A = 300 mm the power density is reasonably uniform up to a radius

of approximately 1 mm. For A = 12.7 mm it is constant only up to approximately

0.1 mm.

The above results clearly indicate that it is possible to extend the regime

of constant power density to larger radius droplets through use of longer wave-

length microwaves. A wavelength of 100 mm appears to be optimal from the stand-
,

point of providing a wide regime of constant power density. Coing from 100 to
j

300 mm provides no significant increase in the domain of constant power density.

Along with the larger domain of constant power density provided by the 100 mm

wavelength, however, one finds that centimeter-size droplets are much more ef-

|
ficient energy absorbers than millimeter radius droplets. The power density of

| centimeter-scale water droplets are two orders of magnitude greater than that of

the millimeter droplets.

3.2.3.2 Effects of Water Temperature.

j. Computational results for the effect of temperature on the power density

distributions are presented in Figure 3.11 for 100 mm wavelengths. Similar re-
.

sults have been obtained for A = 200 mm.

The results indicate.that water temperature has no significant influence on
,

.
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1

the dominant features of the power density distributions. It is observed, how-

ever, that the resonance peaks increase in magnitude and the resonance region

width (with respect to radius) increases with increasing temperature. In ad-

dition, the regime of constant power density increases somewhat with tempera-,

ture. These conclusions also apply for A = 200 mm.

3.2.3.3 Summary of Water Results.

The power density distributions presented above for water suggest that uni-
form heating cannot be accomplished in a system which contains both millimeter

and centimeter-scale water droplets. Water, therefore, appears to be a poor
;

I candidate for a simulant fluid to be used in the volume-boiling studies discus-

sed in Chapter I. This is due to the fact that the energy absorption rate per

unit volume of liquid varies by up to two orders-of-magnitude over the drop-
,

let radius range of interest in the proposed experimental simulation, for the

range of microtave wavelengths and temperatures considered above.

3.2.4 Results for Ethyl Alcohol (Ethanol).

'

Ethyl alcohol was studied because its dipole moment is smaller than that of
water, which results in lower values of the real part of the index of refrac-

tion. It was felt that reduction of the real part of m* would result in a'

more uniform power density distribution compared with water, since the resonant
coupling would not be as strong.

,

Data for the dielectric properties of ethyl alcohol were obtained from Lane

(1952), Von Hippel (1954) and Westphal (1978). The data used in the calcula-

| tions are presented in Figures 12 and 13. Note that while the dependence of
*

m on wavelength is similar to water, the temperature dependence is not. Both

n and k increase with temperr.ture.

DILISCA calculations were performed for the range of temperatures and wave-

,

lengths shown in Table 3.2 along with the associated indices of refraction. As
with water, extrapolations were made up to the normal boiling point of ethyl

: alcohol (351.4 K). Computational results are presented in Figures 3.14 and
| .

! 3.15.
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Table 3.2 - INDICES OF REFRACTION USED - '

IN CALCULATIONS: ETHYL ALCOHOL

T(K) 298 323 348
A(mm)

12.4 2.10 - 0.39j 2.16 - 0.53J

32.1 2.21 - 0.56j 2.40 - 0.81j

100.0 2.71 - 1.05j 3.14 - 1.08j 3.58 - 1.09j

200.0 2.8 - 1.3j

.

4
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3.2.4.1 Effects of Wavelength.

A typical plot of absorption efficiency for ethyl alcohol is shown in Fig-
ure 3.14a. The characteristic feature of this result is the smooth transition
from the linear regime of Qggg into the non-linear regime. A pronounced-

resonance region is not observed for ethyl alcohol. This result is typical for
all wavelengths studied..

Figures 3.14b - 3.14d show the power density distributions for wavelengths
varying from 32.1 to 200 mm. Note that the regime of constant power density

increases with increasing wavelength. For A = 200 mm and at 323 K, this region
extends out to almost 5 mm droplet radius. The power density variation over the

range of droplet radius from zero to 50 mm is approximately a factor of 3 for A
= 200 mm and more than one order of magnitude for A = 32.1 mm. Clearly the

variation in power density for ethyl alcohol droplets is much less pronounced
than for water droplets exposed to the same wavelength radiation.

>

3.2.4.2 Ef fects of Temperature.

The effects of temperature on the p <ar density distribution of ethyl alco-

hol are shown in Figure 3.15 for a fixed wavelength of A = 100 mm. At the higher

temperatures the variation in power density is more pronounced. Results not
shown here also indicate that the resonance region becomes more pronounced with

increasing temperature. This is, however, a secondary side effect.

:
i
' 3.2.4.3 Summary of Ethyl Alcohol Results.

The results clearly demonstrate that ethyl alcohol droplets are heated

significantly more uniformly than water droplets exposed to the same frequency.
,

The physical parameter which is most responsible for this behavior is the real
part of the complex index of refraction. The real part of m* is in the range
2-3 for ethyl alcohol and in the range of 7-9 for water at comparable tempera-

tures and exposed to similar wavelength radiation.
,

'.
'

3.2.5 Parametric Studies.
.,

A series of' calculations was performed to determine the range of real and
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,

i

,

imaginary indices of refraction which would: (i) extend the range of linearity

I of QABS to centimeter-scale radii and (ii) smooth out the resonance region.
Previous work suggested that lowering the real part of m* tends to smooth out
the resonances. .

Figure 3.16 presents results of these DILISCA calculations for a radiation
a-
'

wavelength of 100 mm. The indices of refraction shown in Figure 16a extend the ,

linear regime of QABS to droplets of centimeter radius. The power density
|- ' distributions shown in Figure 3.16b indicate that variations of less than a

; factor of two are possible with the m* shown over a range of radius from
;

10~3 mm to 50 mm.;

The parametric calculations presented in this section were not conceived-

i with identification of a real material which would provide the droplet heating

uniformity displayed in Figure 3.16b. Identification of such a liquid is the

subject.of the next section.

,

i

3.2.6 Mixtures of Polar and Non-Polar Molecules: Cyclohexane-Ethanol;

Solutions.

Westphal (1978) suggested that mixtures of polar and non-polar liquids
;.

could be tailored to provide continuously variable dielectric properties in the

range' presented-in' Figure 3.16. Combinations of the polar liquid ethyl alcohol

with the non polar liquid | cyclohexane were investigated. The diclectric

;, property data for mixtures- of ethanol and cyclohexane were obtained. from the
!work of Segal (1961). .The data are presented in Figure 3.17 along with the

extrapolation required to carry out the DILISCA calculation;.I

Calculations were performed for a range of. ethanol-cyclohexane mixture com-
positions and temperatures. The wavelength was fixed at A = 100 mm. Table 3.3

presents the complex indices of refraction computed from the data of Figure
3.17.

*

3.2.6.1 -Effects of Mixture Composition.

The effect of mixture composition on the power density distribution of
i

,

I- -52 .
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.

Table 3.3 - INDICES OF REFRACTION USED IN
,

CALCULATIONS: CYCLOHEXANE-ETHANOL. A = 100 mm

_

T(K) - 298 323 348
mol
fraction
Ethanol

0.75 2.07 - 0.59j 2.36 - 0.73j

0.50 1.756 - 0.29j 1.89 - 0.36j

0.25 1.57 - 0.09j 1.61 - 0.10j 1.63 - 0.11j

0.12 1.49 .05 j

l

i

.

,
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cyclohexane-ethanol droplets is shown in Figure 3.18. It is observed that these

mixtures provide reasonably uniform power density distributions. The linear

regime of QABS is extended into the centimeter radius domain for the case of
the low mol fraction ethanol mixtures. Figure 3.18 suggests that 12 -25 mol

percent mixtures of ethanol provides uniform heating of liquid droplets over the

range of radius up to approximately 50 mm. Over this range of droplet radius,
.

the power density for 12 - 25 moi percent ethanol solutions varies by roughly a

factor of two.

3.2.6.2 Effect of Temperature.

Calculations were performed over the temperature range 298 - 348 K. The re-

sults, not shown here, indicate that the effect of temperature is not signific-

ant for cyclohexane-ethanol mixtures.

3.2.6.3 Summary of Cyclohexane-Ethanol Solution Results.

Low mol fraction ethanol mixtures of ethanol-cyclohexane lead to droplet

power density distributicns which are uniform within a factor of two over the

range of droplet radius of interest. Effects of temperature are negligible.

,

3.2.7 Summary of DILISCA Calculations.

The behavior of the energy absorption ef ficiency, Q BS, and the powerA

density distribution, $, were evaluated as functions of droplet radius for var-

ious combinations of wavelengths and materials. The computer code DILISCA, re-

presenting a solution to Maxwell's equations in spherical geometry, was used in

the study.

Water was investigated over a range of microwave wavelengths and tempera-

tures. Figures 3.19 and 3.20 presents the results for Q BS and the dimension-A

less power density, C. The results indicate that water exhibits a strong d e-

pendence of power density on liquid geometry. The power density of water .

droplets of diameters less than 5 mm 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 cannot be

3 achieved in the range of interest.
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A search for an alternative fluid systes was perfor=ed. It was found that

the dielectric properties of mixtures of polar ethanol and nonpolar cyclohexane

could be tailored to optimize uniform volume-heating conditions. Results for a

- 25 mol% ethanol solution are presented in Figures 3.19 and 3.20. The power den-

sity of the ethanol-cyclohexane solution varies by only a factor of two over a

range of droplet radius 10-3 to 50 =s.
,

3.3 Slab Geometry

3.3.1 Results for Water: Single Frequency Sources.

The results for power density distribution in slab geo=etry are presented

in Figutes 3.21 - 3.25. Figure 2.2 defines the geometry. In all cases, Region

2 represents the dielectric slab medius and Regions 1 and 3 refer to the

bounding air regions (air was considered as free space). While Region 2 is of

major interest here, and the results focus on the field distribution within the

dielectric slab, some results are also shown for the field in the bounding air

regions.

Figure 3.21 presents the normalized time-averaged electric-field (squared)

for a 100 mm slab of water irradiated on a single side (Figure 21a) and bilater-
.

ally irradiated (Figure 3.21b) by 300 mm wavelength microwaver. The quantity

kE within this dielectric is proportional to the power density. The bilateral
results assume that the frequency of the two sources are identical. A standing

wave pattern is generated within the slabs for both single-sided and bilateral

irradiation. The field within the slab is of low magnitude ir both cases due to

the poor coupling of the incident microwaves to the slab. The relatively large

real part of the index of. refraction for water leads to a large reflected energy

flux in both cases. The pattern of standing waves is shown more clearly in

Figures 3.22a and 3.22b, which are expanded versions of Figures 3.21a and 3.21b.
In the case of single-sided irradiation, the standing wave pattern results from

interference of the internally reflected wave with the transmitted wave. If

internal reflection were to be neglected in the calculation their interference-

would be eliminated. The variation in power density would be caused only by ex-

ponential attenuation of the wave across the dielectric. This calculation is.

shown in Figure 3.22a.
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Results for a wavelength of 100 mm are presented in Figure 3.23, shown on
an expanded scale. The results again show standing wave patterns through the
slabs. Figure 3.23a clearly shows the attenuation superimposed on the standing
wave.

.

3.3.2 Results for Cyclohexane-Ethancl: Single Frequency Sources. -

.

Results for irradiation of 100 mm slabs of 12 mol% ethanol solutions of
cyclohexane-ethanol are shown in Figure 3.24 for A = 300 mm. The smaller index

of refraction (real part) for cyclohexane-ethanol leads to better penetration of
the incident wave, and the field strength in the slab is increased. Standing
waves are observed in both single-sided and bilateral irradiation. The wave-

length of the standing wave is smaller for cyclohexane-ethanol. Figure 3.24a
shows the results for the calculation which does not account for internal re-
flection. The standing waves do not appear and exponential attenuation results.

Results for irradiation by 100 mm wavelength microwaves are shown in Figure
3.25. The results are similar to the case of A = 300 cm, but the wavelength of

the standing wave is larger.

In both the A = 100 mm and A = 300 mm results presented above it is appar-
ent that large amplitude standing waves develop in the slab for bilateral irra-

diation. This is attributed to interference of the transmitted waves, which are
of identical frequency.

3.3.3 Results for Bilateral Slab Irradiation with Sources of Slightly Different
Frequency.

The results presented in Section 3.3.1 and 3.3.2 show that standing waves
develop in slabs irradiated bilaterally with microwave sources of identical

! frequency. This can be attributed primarily to interference of the waves which

! are transmitted into the slabs. The analysis, presented in Section 2.3, of the

problem of bilateral irradiation of a slab with sources of slightly different

frequency leads to the conclusion that these standing waves do not develop as a
.

result of interference of the transmitted waves. If, in addition, internal re-

flection is neglected, then the variation in power density across the slab is '

shown to be
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P(x) cosh (2ax) (3.1)=

P
o

for - 1/2 < x < + 1/2. This expression can be shown to be equivalent to the sum -

of two decaying exponentials, which represents the attenuation of two waves of

equal source strength transmitted into the slab from opposite directions. ,

The power density distribution given by Equation (3.1) was used to compute

the ratio of the maximum power density (which occurs at x = + 1/2) to the
minimum power density (which occurs at x = 0).

Figure 3.26 presents the maximum to minimum power density ratio for irradia-

tion of both water and cyclohexane-ethanol with microwaves of wavelengths A =

100 mm and A = 300 mm. A range of slab thicknessee up to 300 mm is considered.

Both materials are considered to be at their normal boiling points. The results

indicate that the attenuation of power density across a slab due to dielectric

losses is quite significant for water. The attenuation is, however, signifi-

cantly smaller for cyclohexane-ethanol.
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IV. HEATING UNIFORMITY EXPERIMENTS

4.1 Introduction.

The theoretical analyses presented in Chapter III suggest that (1) the -

heating rate of liquid dielectrics which are exposed to microwave radiation is

strongly affected by liquid geometry and dielectric properties and (ii) strong .

spatial power density gradients may develop upon irradiation of dielectrics with

microwaves. The analyses were performed for simple geometries and simple source

configurations. Two series of experiments were carried out in a microwave oven

in order to evaluate the basic concepts and to determine whether similar behav-

ior is to be expected in a more complex radiation environment than assumed in

the analysis.

The first set of experiments addressed the effect of liquid geometry on

power density. These experiments are described in Section 4.2. In the second

set of experiments the spatial distribution of power density in an object i r-

radiated in an oven was investigated. This study is described in Section 4.3.

4.2 Effect of Liquid Geometry on Power Density.

4.2.1 Experiment Description.

An experiment was conducted to measure the effect of geometry on the power

density of liquid samples exposed to microwaves in a microwave oven configu A-

tion. The oven used in the experiment is a LITTON Model 419 oven, rated at 600

W, and operates at a standard microwave frequency of 2450 MHz. The power output

of this particular oven is controllable only through " duty-cycling", i.e., thei

microwave source is periodically turned on and off in order to provide a time-

average power output. In the experiments described below this method was not

used. All measurements were made at full power conditions.
!

!

- The objective of the experiments was to measure the power density of cylin-

drical samples of liquid of 10 mm diameter and of variable height, relative to
,

'

the power density of a fixed geometry volume of liquid. The microwave oven cav-

ity is shown in Figure 4.1 along with two liquid containers. The large contain-
.

er was a thin-walled Pyrex glass beaker of 100 mm diameter. The test liquid was

filled to' a height of 95 mm in most of the experiments. The second container is

-68-
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|

a 10 mm diameter Pyrex cylinder with a flat bottom. This container was filled

with test liquid to a height H, which is the primary experimental parameter.

An experiment was carried out by first filling the reference beaker with a

fixed volume of liquid and filling the cylindri'.a1 tube to a selected height H.*

The initial liquid levels and temperatures were recorded. The samples were

inserted into the oven and the power turned on. The liquid samples were irra-e

diated for a predetermined time interval. After the power was turned off, the

samples were mixed and a final temperature for each of the two containers were

recorded. All temperatures were measured with a 1.59 mm (1/16-in) diameter
stainless-steel sheated, chromel-alumel, grounded-junction thermocouple.

The power densities of the reference and variable-height containers were

computed by using an energy balance on the liquid containers together with the
measured temperatures and liquid masses. It is assumed that all of the micro-

wave energy is deposited in the liquid and that a negligible fraction is de-

posited in the glass. It is also assumed that glass and the water are at the

same temperature. A lumped parameter energy balance on one of the test con-

tainers is

= m c +mc (4.1)Q''' g g

or
f

E E )i $d5 (4.2)
co

Q''' j 1+ pL L at= ccmgy;

The ratio of the power density of the variable height liquid, Q'''H, to that

of the reference container liquid, Q'''REF is, then,

. -

cm g

Q'f' (1+
SI-EE i

g y j at _ gcm
'' '

Q' EF
- cm (4.3)MR g,y

= em at
-

gg
-

REF

e

L
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The dimensionless power density given by Equation (4.3) was computed from

the temperature data as a function of H, where H was varied from 1 mm to 95 mm.

The distribution of power density (as a function of H) was determined for two

test fluids: water and a mixture of cyclohexane and ethyl alcohol of composi-,

tion 12 mol % ethyl alcohol.

Samples were irradiated for 30s time intervals. In this time period the.

temperature rise of the reference container liquid was approximately 6 K. The

cylindrical container temperature varied from approximately 3 K for small H, up

to approximately 60 K for the larger H samples (see Section 4.3 below). Assum-

ing an error of j; 1 K in the temperature measurements, it is estimated that the
error in the computed power density is as much as + 50 % for H of millimeters

and j; 20-25 % for H in the centimeter range.

In addition to the source of random error discussed above, an additional

- systenatic error was probably encountered for small H, although its magnitude

was not evaluated. For small depths H of liquid in the 10 mm diameter glass

cylinder the heat capacity of the thermocouple in contact with the liquid ap-

proaches that of the water. Under these conditions the thermocouple, inserted

from initially room temperature into the warm liquid, can reduce the liquid

temperature as it comes into thermal equilibrium with the thermocouple. This

means that the computed power density ratio may be artificially low for the

smallest values of H. The magnitude of this effect, however, is computed to be

on the order of 10-15 %.

4.2.2 Experimental Results.

The results of the experiment discussed above are presented in Figure 4.2.
Results are shown for water and for the cyclohexane-ethanol solution. The re-

|
sults clearly demonstrate a very strong dependence of the power density on

liquid geometry. Order-of-magnitude variations are observed for water. An

absorption resonance is observed at approximately H = 40-50 mm. The water tem-

perature rise at the resonance exhibited a large degree of scatter, but ranged..

in magnitude up to approximately 60 K. This is clearly greater than the tem-
;

,

perature rise of approximately 6 K characteristic of the liquid in the reference

container.
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The data taken using ethanol-cyclohexane are not as extensive as for water.

The results are distinctly different than for water. In general the power

density of the 10 mm cylindrical diameter samples are less than for the refer-

ence liquid container. The variation in power density is much smaller than for,

the case of water.

A comparison of the water data with the cyclohexane-ethanol data suggests.

that the effect of liquid geometry is considerably weaker for the organic solu-

tion compared with water.

I
Also shown in Figure 4.2 are power density ratios computed on the basis of

two simplified models. The first is based upon the assumption that the power

density is independent of geometry. This is represented by the " uniform power

density" curve. This model ef fectively implies that the temperature rise of the

samples exposed simultaneously in the microwave oven are identical, independent

of geometry. This assumption, as shown in Figure 4.2, is clearly inaccurate.

An effect of liquid geometry is apparent which is not characterized by the sim-

ple " uniform power density" assumption. It should be noted, however, that the

cyclohexane-ethanol data is more closely characterized by this assumption than

is water.

A second model of energy absorption in a microwave oven is based upon two

assumptions: (i) the rate of energy absorbed is proportional to the surface

area of the sanple and (ii) the incident energy flux is uniform across the sur-

face of the samples under irradiation. Under these assumptions, the power

density of the reference liquid is

^
s .REF

Q'''REF " @INC V ( }*

REF

and for the liquid in the 10-mm cylinder

A
! Q'''H " @INC

*
, V

H

The power density ratio is
,
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9'H A'
s.REF H (4.6), ,

Q'EF REF s,H
'' V AR

"

where

wD2 (4.7)V H=
H

.

22 (wD ) + wD H (4.8)A ,H =
s

and D = 10 mm. The quantity A ,REF/YREF is a constant for the refer-s

ence container.

Equation (4.6) is plotted in Figure 4.2 as the " uniform energy flux" model.
This model also clearly does not adequately characterize the data. Except for

the case of water, for H > 30 mm, the assumption clearly overestimates tne power

density of the 10 mm diameter samples compared with the reference container
sample.

4.2.3 Summary.

The experimental results described above suggest:

(i) The power density of multiple water samples exposed in a microwave

oven is a strong function of sample geometry.

(ii) The power density of multiple samples of cyclohexane-ethanol solutions
(12 mol percent ethanol) exposed in a microwave oven is much less de-
pendent on sample geometry than is water.-

(iii) The power density of samples of liquid irradiated in a microwave oven

is not adequately characterized by either the assumption of uniform

| power density or the assumption of uniform incident energy flux.
!

These findings qualitatively support.the analytical results of Section 3.2,'

albeit for a different geometry and for a different irradiation environment.
.

.

>
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4.3 Spatial Distribution of Power Density.

4.3.1 Experiment Description.

An experiment was carried out to measure the spatial variation of power den-

sity in a sample of liquid exposed in a microwave oven. A container of liquid

was inserted into an oven and irradiated for a fixed period of time. The sample
.

was subsequently quickly removed and a thermocouple rake was inserted into the

liquid. The temperatures at several locations in the liquid were measured

simultaneously. The power densities at these locations were calculated from the

temperature rise of the liquid. It was assumed that heat losses and liquid mo-

tion in the test container were negligible. The power density is given by

AT
Q''' P egg 73{ (4.9)=

where AT is the recorded temperature rise for an irradiation period of at.

Figure 4.3 shows the microwave oven, together with the test container, a

thin-walled glass beaker, and the thermocouple rake and support rig. Six

chromel-alumel, steel-sheated, grounded junction thermocouples were used. They

are shown in Figure 4.3 in a staggered array. Most of the experiments, however,

were carried out with the thermocouples at the same elevation. The glass beaker

was 100 cm in diameter and 100 mm long. It was filled with liquid to a height

of 90 cm. Water was used exclusively in this experiment.

An experiment was performed by first filling the beaker with water. The

water was irradiated for 30 seconds and was subsequently removed from the oven

and placed on the support rig. The thermocouple rake was positioned at the de-

sired location. Temperatures at the six radial locations for a fixed distance

below the free surface were recorded. This procedure was repeated for various

levels below the free surface.

4.3.2 Experimental Results.

The experimental data showed variations of temperature with radial position
'

of, generally, less than 0.5 K. As a result, the-radial variation of tempera-

ture rise is not considered here. Figure 4.4 presents the measured temperature
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Figure 4.3 Photograph of Oven, Test Container and Temperature Rake Used
in Power Density Experiments. (BNL Neg. No. 12-609-80)
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rise of the liquid as a function of depth below the free surface. This tempera-

ture rise is proportional is the local power density, and is also represented

as such in Figure 4.4. The measured temperature rise varies from approximately

10 K at the bottom of the beaker to approximately 14-18 K near the free surface.i

A sharp temperature gradient is observed in the vicinity of the free surface,

and much exeperimental scatter is also observed. The scatter is attributed to
.

the relatively imprecise positioning of the thermocouple rake in the liquid.

The power density in the liquid varies by 60% across the height of liquid

in the test container. This variation is probably due to the design of the

oven, in which the microwave energy is ducted into the cavity through the top

surface of the oven. The free surface of the test liquid is directly below the

porthole which supplies the microwave energy flux.

4.3.3 Summary.

The results of the experiment support the conclusion t at power densityA

gradients are to be expected in liquids exposed to microwave radiation. Water

contained in a cylindrical container and exposed in a microwave oven showed

power density variations of 60% in the vertical direction, and little measure-

able variation in the radial direction. The observed variation may be attribut-

able to microwave cavity design. The magnitude of the variation cannot be ex-

trapolated to other microwave oven designs.

.

9
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V. IMPLICATIONS AND CONCEPTUAL DESIGN OF MICROWAVE BOILING EXPERIMENT

5.1 Introduction.

"

The work presented in the previous four chapters of this report was direc-

; ted towards the evaluation of microwave dielectric heating as a simulation of

the nuclear heat source in conjunction with LMFBR transition phase boiling-

simulation experiments. Two fundamental issues were defined in Chapter I with
respect to the adequacy of the microwave heating technique: (i) liquid power

,

density uniformity and (ii) predictability of the liquid power density dis-

tribution. Ideally, the liquid power density in the two phase boiling flow con-

ditions under microwave irradiation would be uniform. If this cannot be
achieved, then the power density distribution should be predictable. This chap-

ter discusses the implications of the material presented in the prior chapters
of this report from the point of view of these two issues. Thus, the adequacy
of microwave dielectric heating for the present application is evaluated. This

evaluation is presented in Section 5.2. A conceptual design of a microwave

boiling experiment is presented in Sectit 15.3 which derives from the totality

of the work performed in this study.

3.2 On the Adequacy of Microwave Dielectric Heating for Transition Phase
Boi?ing Studies.

The two phase boiling configuration under conditions of microwave heating
is expected to be characterized by a spectrum of liquid-vapor geometric struc-

| tures. Single phase liquid structures of order centimeters in dimension,

| spherical bubbles dispersed in a continuous liquid phase, irregular liquid

filaments of millimeter or centimeter scale surrounded by vapor, and liquid
droplets of millimeter (or less) size dispersed in vapor, all may simultaneously

j exist in a single microwave environment. The analytical tools necessary for

computation of the power density distribution under these conditions do not ex-

ist. Consequently, two distinct problems were studied in prior chapters, with
.

the objective of providing estimates of the extent of power density variation
| under boiling conditions. These are: (1) analysis of the power density dis-

tribution of liquid droplets exposed to the same incident microwave radiation-

field, and (ii) analysis of the power density distribution across slabs of
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roughly 100 mm in wideh, exposed to either sing . ' sided or bilateral, normally
incident microwave radiation.

5.2.1 Droplet Power Density Problem: Implications.

The analysis of the droplet power density problem provides us with esti-

mates of the relative heating rates of liquid masses of a spectrum of dimensions -

if they are exposed to the same source of radiation. The results of the analy-
sis, presented in Section 3.2, demonstrates that the power density of water

droplets is extremely sensitive to droplet dimensions. Millimeter droplets are

characterized by power densities which are approximately 2 orders-of-magnitude
lower than centimeter-size droplets. This conclusion is supported bf the exper-

iments performed in a microwave oven, described in Chapter IV, albeit for a
dif ferent geometry. The data show an order-of-magnitude variation in the power
density of cylindrical water samples of constant diameter but vtriable height.
The power density of millimeter-height samples were a factor of 10 less than for

centimeter-high samples.

The results summarized above are interpreted to imply that if a microwave

boiling experiment lends to conditions in which water droplets coexist with con-

tinuous masses of centimeter scale, then the microwave energy would be effect-

ively uncoupled from the droplets of millimeter diameter scale and would,

instead, be absorbed in the larger available liquid volumes. This situation

argues against the use of microwave heating with water as the test fluid in the

boiling experiments, since the major reason for using this heating method is to

enable dispersed droplets to remain coupled to the energy source.

Parametric studies showed that the power density distribution for liquid

droplets with complex index of refraction (real part) less than that of water

would be more uniform. Cyclohexane-ethanol solutions were found to have indices

of refraction that lead to uniform power densities up to the centimeter-diameter

range (i.e., the Raleigh scattering regime is extended to larger radii). The

uniformity of droplet heating was found to be acceptable for 12-25 mol% ethanol .

solutions of cyclohexane-ethanol. The experiments described in Chapter IV,

though limited in number for cyclohexane-ethanol solutions, support the con-

clusion that the power density distribution is considerably more uniform for

these solutions than for water.
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These results suggest that a cyclohexane-ethanol mixture of 12-25 mo1%
ethanol is a candidate fluid system for use with microwave dielectric heating,

from the standpoint of uniformity of droplet heating. It is expected that, on |
| - the basis of the foregoing, that cyclohexane-ethanol droplets would heat as

I effectively as larger liquid volumes and would remain coupled to the microwave
n; - energy source in the presence of larger liquid volumes.
.

1

i 5.2.2 Spatial Distribution of Power Density: Laplication s.
1

The literature review presented in Chapter I suggests that strong spatial !

I

variations in power density are to be expected upon microwave irradiation of [
L

| materials with dielectric properties similar to water. This conclusion is sup-

', ported by both analytical and experimental results and applies to homogeneous

materials of various geometries.

The spatial distribution of power density within an object under microwave

; irradiation can be calculated for free-space irradiation of relatively simple

j 8eometry systems. Little information is available for microwave oven irradia-

| tion, and analytical techniques for computing power density distributions under

these irradiation conditions are unavailable.* It is not possible, therefore,
'

to predict the effect of dielectric properties on the power density distribution

; of samples exposed to microwave irradiation in a microwave cavity (oven). ,

!

The slab irradiation problem was analyzed in order to provide an estimate |

of the spatial distribution of power density across the single phase liquids of
,

interest under microwave irradiation. This simplified calculation also provides [I
| a method of comparing the power density distributions of different index of re-

i fraction liquids, in order to determine whether the power density variations can

!be minimized by suitable choice of liquid properties.

The specific problems analyzed were those of single-sided and bilateral ir-
,

! radiation of slabs with normally incident radiation. It was assumed that the

~

Analytical techniques used to compute electric field intensities in particle*

accelerator design may be applicable, but have not been used for microwave
oven applications. j

' ;
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irradiation takes place in free space. This problem is highly idealized. Ir-

radiation in either a microwave cavity (oven) or in a waveguide would lead to
~

dif ferent distributions.

The slab calculation results presented in Section 3.3 shcw that power den-

sity variations across slabs are due to wave interference effects and due to en-

ergy flux attenuation as a result of power absorbed in the lossy dielectric. -

The wave interference effects are ascribable to interaction of transmitted and

internally reflected waves, and to interaction of the two transmitted waves in

the case of bilateral irradiation of identical frequency sources. The calcula-

tional results show that strong power density variations are found both for

water and for cyclohexane-ethanol. The major difference in the behavior of the

two materials is the wavelength of the standing wave that develops in the slab,

and in the extent of attenuation in the material.

The results for bilateral irradiation of a slab with identical frequency

sources indicate that transmitted wave interference results in large aaplitude

power density variations across the slab for both water and cyclohexane-ethanol.

Based upon the results described above, it is concluded that wave inter-

ference effects, together with the power density variations that result, cannot

be avoided upon exposure of slabs to either single-sided irradiation, or with

bilateral irradiation with identical frequency sources. The choice of fluids

does not alter this basic conclusion.

The power density distribution within a multiphase fluid exposed in a micro-

wave oven cannot be predicted. However, the results described above are inter-

preted qualitatively to apply to microwave oven irradiations as well as for the

free-space slab irradiation discussed above; significant power density gradients

cannot, therefore, be ruled out upon irradiation of fluids in a microwave oven,

no matter what fluid properties are chosen. It is concluded that a microwave

oven irradiation environment for the boiling simulation experiments is

inappropriate for the following reasons:

.

(i) power density gradients in the test fluid are expected to exist and to

be of sign'#icant magnitude.
.

(ii) the power 'ensity distributions cannot be predicted with available

me thods .
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5.3 Conceptual Design of Microwave-Heated Boiling Experiment.

5.3.1 Background.

The analysis described in Section 3.3 suggests that if a slab is bilater-
.

ally irradiated with microwaves and if

(i) the two sources of radiation operate at slightly different frequency
,

(ii) internal reflections within the medium can be eliminated

then wave interference effects would be negligible. Under these conditions,
standing waves would not develop. The resulting power density variations would
be due only to attenuation of the transmitted waves across the absorbing die-
1ectric.

If the conditions listed above are satisfied, then the power density dis-

tribution across the slab of width 'i', is simply given by

(* cosh (2ax)=
P
0 (3,1)

for - 1/2 < x < + 1/2, and

2n ,

# "
~f~ (5.2)

It has been shown in Section 2.4.3 that the power density variations across

cyclohexane-ethanoi slabs are less than 25% for slab widths of 300 mm or less.

A physical system can be designed to provide conditions which are similar

to those described above. The concept describ9d below was developed in con-
junction with discussions held with the staff of the Raytheon Corporation. The

basic ideas were proposed by Raytheon. Thcir feasibility, however, have yet to

be demonstrated in a real laboratory experiment. The proposed physical system
is as follows:

Consider a hollow, loss free rectangular waveguide, with sides of

- dimensions a and b. Assume that the waveguide is excited by a source of

frequency f, corresponding to a wavelength in free space of A. It has been

.

-83-



.

shown (e.g. Kraus, 1953) that the electric field within the waveguide is the sum

of the fields of an infinite number of " modes". However, for a given guide geo-

metry, there exists a cutoff frequency f below which a given mode cannot bec

propagated within that particular waveguide. The cutoff frequency is given by .

, o
1 [ "- "

2p \a b-
(5.3) ~

f +=
c

which corresponds to a cutoff wavelength, Aeo, given by

2

*
A " +co

where m and n represent the integers which define the mode of excitation of the

waveguide. The smallest mode numbers corresponding to a non-zero electric field

are m = 1 and n = 0. For this mode the electric field is given by:

H I sin *- e (5.5)E =y b bk.

2 (2r)2In1
where y =

i

p )l 7 |i

A A /

,

2k .

The cutoff wavelength for the m = 1, n = 0 mode is

A 2b.=
eo

If a < b, then a wavelength of 2b is the longest that can be propagated in

the mode m = 1, n = 0. If the waveguide is excited with a frequency corres-

ponding to A = 2b. then the higher order modes will not propogate. For example,

the cutoff wavelength for the mode m = 2, n = 0 is leo = b.
Therefore if the waveguide is excited with a frequency corresponding to A =

2b, the mode m = 2, n = 0 will not propogate since this wavelength is greater .
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than the cutoff frequency A = b. The waveguide will, therefore, operate asco
carrier of a single mode, with the electric field characterized by Equation

(5.5).
*

The field represented by Equation (5.5) is a travelling wave which propo-

gates propogates along the axis of the waveguide. Because the guide operates in

a single mode, wave interference effects do not occur, and standing waves do not.

develop. The mean-square electric field, proportional to the electromagnetic en-

ergy density, is constant along the axis of the waveguide.

Assume now that the waveguide is filled with a homogeneous, lossy liquid

dielectric. The liquid is contained by the walls of the waveguide and by a

lower base plate. The discontinuity in dielectric properties presented by the

base plate-liquid interface would result in partial reflection and transmission

of the wave. A standing wave would then be generated in the guide. In order to

avoid this behavior, assume that the base plate is designed to eliminate the

reflected wave. This could be done, for example, with a 1/4-wavelength plate
(Kraus, 1953). If the reflected wave could thus be suppressed, then the result-

ing energy density within the waveguide would be exponentially attenuated by

dielectric losses. The power in the waveguide would be given by (Kraus, 1953)

~

& 4 8" (5.6)o

where a is the attenuation coefficient given by Equation (5.2). The power den--

sity would be proportional to the energy density and would be given by

P e-2ax| P =
o

|

If it is assumed that sources of slightly different frequency were placed

| at each end of the waveguide, and if the reflected waves could be eliminated

from both ends of the waveguide, then the waves propogating in opposite direc-
tions would not interfere. For sources of equal strength, the power density|

| .

would be simply the sum of two decaying exponentials,,

exp(-2ax]+exp[-2a(x-1)]f (5.7)PP =
o

which is identical to Equation (5.1).*

l-
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5.3.2 Design of Microwave Applicator for Boiling Experiments.

Based upon the above considerations it is proposed that the microwave boil-

ing experiments be carried out in a microwave waveguide. The system is shown
schematically in Figure 5.1. The dielectric liquid is contained in a low-loss -

glass container. The container would be surrounded by a metallic mesh sheath,
which would function as the walls of the waveguide. The mesh can be designed to

,

adequately shield the environment from microwave radiation and, at the same
time, to permit visual observation of the boiling processes within the two-

phase dielectric medium.

Microwave energy is directed into the waveguide from both ends, from two
sources which operate at slightly different frequencies, as shown in Figure 5.1.
" Bidirectional couplers" are used to permit energy to be transmitted into the
waveguide from the source in one direction, and would allow energy to leave the
waveguide to an external load in the other direction. Impedance matching is
used at the two ends of the waveguide, and would minimize reflection from the

discontinuities in dielectric properties at the axial extremeties of the system.

The electromagnetic energy flux is measured using standard electromagnetic
wave detectors. The energy flux in either axial direction is measured at sever-

al axial positions. The measurement allows determination of the spatial distri-
bution of energy deposition, and enables us to evaluate the assumptions in the
heat generation rate model under single- and two phase conditions.

Under boiling conditions, the dielectric properties of the liquid contain-

ed in the waveguide would depend on the two-phase liquid-vapor structure and
composition, as well as on the dielectric properties of the liquid and vapor
phases. The composition, moreover, would be spatially variable. The vapor
volume fractien would vary in both the axial and lateral directions. In the ax-

ial direction the vapor volume fraction would vary from zero at the bottom of
the container, to upwards of 0.5 at the upper regions of the mixture.

It is assumed that the two-phase liquid can be treated, as far as the phys-
ics of the electromagnetic wave interactions is concerned, as a homogeneous -

fluid with dielectric properties which are weighted averages of the pure liquid
and pure vapor properties. This approach has been used in the literature (Van .
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Beek,1967) for two-component or two-phase applications, but needs to be veri-
fled for the vapor volume fractions likely to be encountered in the boiling

systems of interest in the present work.

It is further assumed that the axial variation in dielectric properties -

does not lead to internal reflections within the two-phase medium. The ex-

ponential relationship for homogeneous fluids given by Equation (5.7) can be
,

modified to account for the dielectric property variation. The attenuation

coefficient, a, is now treated as a variable, and the resulting dimensionless

power density (heat generation rate per unit volume of homogeneous two phase

fluid) is

[ x h { x )p

|N o
~

23dx j + exp | 2adx l (5.8)jr- = exp
} \L )o

The power density in the liquid phase is then given by

-
..

1 f 23dx )j { x \x
i " 1-a exPl + exp i 2adx I

-
t

Y k2 Y
_

(5.9).
o

where a is a function of void fraction. The void fraction, in turn, is a func-

tion of x.

Inspection of Equation (5.9) indicates that the liquid power density in a

tvo phase fluid exposed to microwave radiation in a waveguide apparatus would

not be uniform. The liquid power density is a nonlinear function of the liquid

vapor composition. If the aforementioned assumptions are valid, then the micro-

wave waveguide irradiation technique offers the possibility that the liquid

power density can be represented analytically. If the dielectric properties of

the two phase mixture can be approximated by a weighted average of the pure

liquid and pure vapor properties, then Equation (5.9) provides us with a mathe-
.

matical representation for the liquid power density.

The waveguide technique for microwave irradiation of a boiling liquid can,
,
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in principle, satisfy the objectives of the proposed transition phase boiling

expe rimenter. Two factors lead to this conclusion:

(1) A mathematical description of the liquid power density distribution

- can be obtained.

(ii) Instrumentation techniques are available which can be used to provide

measurements of the electromagnetic energy flux distribution. These.

techniques can be used to evaluate the model for the power density

distribution.

The primary uncertainties in the application of the waveguide technique to

the boiling simulation studies are:

(i) It must be verified that internal reflections and, hence, development

of standing waves, can be effectively eliminated by impedance matching

techniques.

(ii) It must be shown that the electromagnetic wave interactions with a

two phase dielectric can be approximated by assuming that the fluid is

locally homogeneous, and that the dielectric properties of the mixture

can be represented by a weighted average of the pure material proper-

ties.

These uncertainties must be resolved by suitable experiments in order to support

the basic conceptual approach proposed here.

5.3.3 Recommendation.

It is recommended that the volume-heated boiling simulation experiments be

conducted using microwave heating and a single-mode waveguide radiation envi-

ronment. It is proposed that a cyclohexane-ethanol solution of 25 mo1% ethanol
be used as the dielectric test fluid. It is felt that a waveguide microwave ap-

t

plicator provides the best of available alternatives from the standpoints of

prediction of the spatial distribution of power density. The cyclohexane-

- ethanol liquid solution is proposed in order to provide for heating of the

liquid when a dispersed droplet phase exists.

* A microwave power supply with a driving frequency of 900 MHz should be
5

i

| -89-
i

!

!

i

+ .,__.m- . . . , . . - - -



.

used. This frequency, a standard in the industry, would provide a wavelength of

approximately 300 mm and would, according to Figure 3.26, minimize the attenua-

tion of power density across the cyclohexane-ethanoi test fluid. The waveguide

applicator would be designed to operate in a single mode with a cutoff wave-
,

length equal to twice the lateral dimension of the waveguide (see Section

5.3.2). The choice of A = 300 mm, therefore, fixes the lateral dimension of the
.

waveguide applicator and, hence, the dimension of the test fluid container, to

150 mm.

It is recommended that, prior to specification and purchase of high power

equipment, that bench-scale tests be performed at low power (millivatt to watt

range) to work out the uncertainties discussed in Section 5.3.2. If these ex-

periments bear out the basic concepts then a high power (25 - 50 kw) test facil-

ity can be designed.

.
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VI. SUMMARY AND CONCLUSIONS.

This report presents the results of a study on the feasibility of the use

of microwave dielectric heating to simulate the nuclear heat source in LMFBR
,

" transition phase" boiling simulation experiments. For the purposes of these

experiments, microwave energy deposition ideally should provide a
.

volumetrically-distributed heat source in which the energy generation rate per

unit liquid volume (or liquid power density) is independent of position and

liquid geometry. As a minimum requirement, the spatial distribution of heating

rate should be calculable or measurable. The adequacy of microwave heating for

this application is judged based upon the criterion of heating uniformity and

upon the ability to approximate (analytically or experimentally) the liquid

power density distribution.

A review of the literature pertinent to microwave radiation interaction

with matter suggested the following:

(i) Water droplets exposed to microwave radiation would be heated in a man-

ner which is strongly dependent on radius.

(ii) Severe spatial power density gradients are to be expected upon ir-

radiation of centimeter-scale objects, whose dielectric properties are

similar to water, with microwave radiation. Such observations are

'ound in the literature for various geometry objects, for irradiation

by plane waves in unbounded space or by irradiation in multimode

cavities (microwave ovens).
|

| (iii) Methods exist for the computation of power density distributions with-

in homogeneous (and stratified) objects of regular geometry in un-

' bounded space. Analytical methods for irradiation in microwave

cavities have not been developed. Methods for prediction of power

density distribution in heterogeneous materials exposed to microwave

f radiation also have not been developed.

t

!- The results of the literature review cited above pointed to the potential
i
; difficulties in the use of microwave heating as a simulator of the nuclear heat

. source, based upon the criteria of heating uniformity and power density distri-

bution predictability. The present feasibility study was initiated to determine
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whether combinations of liquids with suitable dielectric properties, microwave

wavelength and suitable radiation enclosure could be found which would satisfy

the requirements of the nuclear heating simulation outlined above.

Two aspects of liquid power density uniformity are addra, sed analytically. -

First, the effect of liquid geometry on power density is studied in order to de-

termine whether millimeter-size droplets can be heated as efficiently as ,

centimeter-scale liquid masses which are exposed to the same source of radia-

tion. Both analyses and experiments were performed in this portion of the

study. Second, the spatial distribution of power density across liquid slabs is

studied, in order to determine whether wave interference ef fects, which lead to

severe power density gradients, can be minimized by choice of suitable

dielectric liquids. The above analyses were carried out for a variety of

wavelengths within the microwave radiation band, for several dielectric liquids

and for a ra-se of temperature. Plane wave irradiation was assumed in all cas- '

es.

The studies characterized above led to the following conclusions:

(i) Water droplets in the eillimeter size range absorb 1-2 orders-of-

magnitude. less energy per unit volume than centimeter-scale droplets

exposed to the same source of radiation. The reason for this behavior

is that the Rayleigh scattering regime extends only out to millimeter

droplets. Laboratory experiments were performed which qualitatively
support this conclusion.

(ii) Mixtures of polar and non-polar can be used to provide solutions of

variable dielectric properties.

(iii) Cyclohexane-ethanol solutions extend the Rayleigh regime to centimeter

radii, and provide reasonably uniform droplet power density over the

range of interest. A 25 mol% ethanol solution is a suitable dielee-

tric liquid from the standpoint of uniform droplet heating.

(iv) Standing waves are generated within slabs due to interference of trans-
.

mitted waves and of internally reflected waves. These standing waves

are responsible for the power. density distributions computed across
-
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the slabs. The choice of fluids does not significantly alter this<

conclusion.

(v) Conclusion (iv) is interpreted to imply that in a microwave cavity

(oven) superposition of modes within a dielectric liquid would lead to1 -

power density gradients which cannot be predicted, for any of the

dielectric liquida considered. ,
,

The above conclusions imply that a fluid (cyclohexane-ethanol) can be found
which would ensure heating of a dispersed droplet regime. A microwave oven

radiation environment however, provides neither heating uniformity nor the abil-,

ity to predict the power density distribution. The judgement is made, there-

fore, that it is not appropriate to use a microwave oven for the boiling simula-

tion studies. This conclusion, however, does not necessarily rule out the use
i

of microwave heating, as discussed below.
4

The concept of using a microwave waveguide to irradiate the boiling dielec-,

! tric liquid was investigated. 'The waveguide would be operated in a single mode,

; and would be driven by two sources of slightly different frequency. If imped-

i . ance matching techniques can be successfully used to eliminate the internally

reflected waves within the boiling dielectric liquid, snd if the dielectric
,,

i . properties of the two-phase mixture can be represented analytically, then the -i
.

power density distribution can be predicted. In addition, the microwave en-
,

ergy flux distribution can be. measured along'the axis of the waveguide.

i. It is concluded that the use of microwave heating, while not straight-

forward,- is feasible for simulation of 'the nuclear heat source in transition

i - phase boiling studies. A waveguide microwave radiation field, together with a

cyclohexane-ethanol test fluid, together will satisfy two of the major require-

ments of the proposed boiling experiments: predictability of the power density

distribution, and efficient heating of the liquid phase in a dispersed droplet

| flow regime. It is~ recommended that the large-scale (25 - 50 kw) test program

be _ preceeded by a bench-scale experiment to resolve the remaining uncertainties
,

- with respect to :the microwave waveguide applicator concept..

t b
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APPENDIX A - CENERAL THEORY OF SCATTERING BY A SPHERE
|

A.1 The Wave Equation for a Sphere.

The following is a highly abbreviated summary of the scat:ering theory for -

a sphere. The reader is referred to Mie (1908), Kerker (1969) and Van de Hulst

(1957) for the detailed derivations. ,

;

Maxwell's equations in general form are

7x E (A.1)= -

#1
I+ (A.2)7x H =

,

7. EI - p (A.3)

7*B 0 (A.4)=

The following material equations supplement Maxwell's equations:
. +

J cE (A.5)=

. .

D EE (A.6)=

. .

B uH (A.7)=

i

The electric field and magnetic field intensities, E and H satisfy the non-
;

homogeneous equations for damped wave motion

. on
3 3'E2 f - e u gE7 -eu =0 (A.5)2ox
. n.

H-ep -cu =0 (A*9)72

ox

It is assumed that the scalar components of E and H are represented by

u' eiet (A.10)u =

where u' is a function of space only. Then Equations (, .8) and ( A.9) reduceA

to the homogeneous form
.

2 (A.11)7 u' + k2 u' 0=

.
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The solution to Equation (A.ll) in spherical coordinates is sought, which

satisfy the appropriate boundary conditions.

A.2 Solution of the Wave Equation.-

The general solution of the scalar wave equation in spherical coordinates

is obtained by separation of variables, and a linear superposition of all the-

particular solutions. The series solution is
= n

r n (r, 94)= c $ (kr) + d Xn( *

n= o m=n (A.12)
|

P* (cos9) a cos(m?) + bm (sin m?) /n c )

where the set of coefficients a , b ' Cm, d are arbitrary constants,m m m

and w is the Hertz vector.

The constants are determined by satisfying the boundary conditions.

A.3 Scattering, Extinction and Absorption Cross Sections.

The scattering cross-section can be calculated from the expression

2 =

7}{(2n+1)C a + (^* }=
SCA n n

n=1

and the extinction cross-section is
,

!

=, .

(2n+1) Re (a +b)C =

EXT (3,14)
n=1 | 1

,

|

| In terms of CSCAT and CEXT, the absorption cross-section is

CEXT - CSCAT (A.15)-

CABS
=

.

The scattering and absorption efficiencies are obtained from the cross-

sections by normalizing with the sphere frontal area, e.g.,
1

.

/ 2-
ABS w a (A.16)Q BS C=

A
|
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APPENDIX B - TIME-AVERAGING OF THE ELECTRIC FIELD

Consider the electromagnetic wave of the form

Eo1 EMt (B.1)El i= -

where Eo1 is a complex quantity, independent of time, given by

(B.O *

Eo1 ri + sij=

The time-averaged, mean-square electric field intensity is given by

2
E1 Re (E ) Re (E ) (B.3)=

1 1

h Re (E ) Re (E ) dt- =
g y (B.4)o

1

Upon integration of Equation (B.4) the' result is

2 Re (E * Eg) (B.5)E1
=

1

where the asterisk denotes " complex conjugate".

Now, consider the superposition of the two waves

El E g eh t (B.6)l=
n

F02 e302
t (B.7)E =

2

The net field is

El+E2 (B.8)E =

The time-averaged, electric field squared is given by

-

E2 Re (E) Re (E)=

h
(B.9)Re (E) Re(E) dt"

o

Two cases are of interest in evaluatiion of Equation (B.9): (i) y= 2 and
.

(ii) W1 /W.2

If ui g = w then the field E can be written in the form
,

-(u + vj) eht (B.10)E =
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For this case the result of the integration in Equation (B.9) is identical to

Equation (B.5), that is

d= Re (F.* E) (3.11)
'

For the case G1 / q , such a simple form does not result. The integra-
tion, therefore, must be carried out explicitely.

.

.

.
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APPENDIX C - TIME AVERAGE OF IWO WAVES

TRAVELLING IN OPPOSITE DIRECTIONS
i

)
Consider the two plane waves

,

1

E ejWit ,yt*x (C.1)E =
l o

E e3W2t -y2*X (C.2)E2
*=

o

where y* *
j mg=g

(jnt + nt') (C. 3)=

1,2. Definefor i =

N ng- (C.4) ;Et =

^i

S
t ng' (C.5)=

1,2.for i =

Now compute

El+E2 (C.6)E =

The. field E is computed by first expressing the exponentials in Equations (C.1)

| and (C.2) with complex trigono:netric functions. The resulting equation for ET
is given by

cos (wi ) + j sin (wi ) cos ((1x) + j sin ((1x) e@~ ~ ~

f=
- - -

t t

o
- -- .

2* (C.7)
i .

'

cos ((2x) - j sin (2xcos (u2 ) + j sin (u2 ),
,

t t e+

The quantity Re'(E) is then computed asi

' Re (E)- -cos (w t) cos (C x)e 16x+
i

=
E i i

o -

cos (w2 ) cos ((2x) e'
0

t 2x

i .

dXsin (ui ) sin ({tx) e IX - sin (ugt)' sin ((2*) 8 2 ,

f
t-

1
|- -102-
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2The time-average of E is computed using the relationship Equation (B.9) of
Appendix B. Two cases are of interest: (i) The frequencies of the two waves

are identical, i.e., wi = w2 = w and A1=A2 = A; (ii) The frequencies
are slightly different, i.e., wi / w2

,

Case (1): Identical Frequencies
.

For this case Equation (B.11) can be applied directly. After much algebra,

the result for ET is
7*
E

cosh (26x) + 2 cos2 ((x) - 1 (C.9)E =
n _

Case (ii): Slightly Different Frequencies ,

For this case Equation (B.9) is applied to Equation (C.8). The result,

after some algebra, is

7
X
E, =f 2 (g7x) ,2 6 x + ca,2 (g2x) e 2*-

1cos

20 * + sin 2 (g2x) e 2* (C.10)+ sin 2 (Cix) e
-

1

If the frequencies wi.and w2 are close, then
6=6 d

7 2

(1= (2' C

and Equation (C.10). reduces to
._

cosh (26x) (C.11)E =

E
o

.

O

e
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APPENDIX D - ELECTRIC FIELC IN A SLAB
WITH BILATERAL IRRADIATION AT NORMU, INCIDENCE

Consider the slab shown in Figure 2.2, which is irradiated from both sides
.

with sources of identical frequency and strength. The electric field within the

slab denoted by Region 2, can be computed by first computing the field distribu-
'

tion due to single-sided irradiation. Superposition of fields can then be used

to compute the fields resulting from two sources on either side of the slab.
The fields in Regions 1 and 3 can be obtained similarly.

The field distribution due to the wave incident from the left side of the
slab is obtained as follows: Maxwell's equations must be satisfied in each re-

gion. The field in Region 1 which satisfies Maxwell's equation is due to two

waves, one travelling in the +x, the other in the -x, direction. The incident

wave is reflected at the boundary 1-2. The resulting field in Region 1 is

* *

Et E ed'JC (e Y1x + r eYl*) (D.1)=
n o

The field in the slab is due to two waves, one which is transmitted across

boundary 1-2, and the other which is reflected back at the boundary 2-3. The

resulting field in the slab (Region 2) is

* *
ejet (e y2* + ri eY2*) (D.2)E2 E t=

o o

The field in Region 3 is due simply to the wave transmitted across the 2-3
boundary, and is given by

e(jkt -Y3x) (D.3)E3 E t ti= n o

The reflection coefficients (r and ri) and transmission coefficientso

and t ) are given by(t io
Z ~Z 2 ~Z2 1 1 2

#o Z +Z 1 " Z +Z
"

2 1 i 2

2Z 2Z (D.4)
2 1

t " El * z +zo Z +Z e

2
A similar set of field equations is written for a wave incident from the ,

right of the slab. The two fields are then superimposed. The resulting field

.
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1

*

i

{
distribution within the slab due to irradiation from both sides of the slab is
given as follows:

4

. g .Nt ,-[2* N 2*' 1 j
+ # * * *+ e

1 o -

,

(D.5) >

1
i

where $ is the difference in phase between the two waves, and x' = x - 1, where
i is the slab thickness.

.

b

h

4
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