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A cavity pertnrhation lethod for uide .temperature range
: dielectric neasurenents is described. Itlis used to leasure:
“the conplex dielectric constant of aqneous-Duso solutions in
| the tenpenature range -60°¢C to,;+100gc, ;ror_ concentration54
from O é | 1001. The: resnlts indicate that the relaxation'
- frequency drops from 18 Ghz to 3 Ghz as the concentration is“
increase fron 0 to 70!. A further concentration increasev
causes ‘the relaxation fregnency to increase to 9 Ghr; ht'

-;telperatures”heiov freezing, the value ofgeé is increased hyd*
the addition 'of Duso; -and 'its rate of change'lvvith
tenperature is reduced. The cryobiological ilplications of

this result are exalined. v

: e
) vK nulerical nodel of plane vave. licrovave heating of R
canine kidneys is developed. Details of 1.5 R and larger
are represented in the lodel. The nodel shovs that microvave.
energy absorbtion is enhanced .by nuso perfusion, and- that*
adjnstnent of nuso concentration' can provide cogtroi.of :
heating uniforlity. Uniform -perfusion ie found to be\J
» essential if heating is to be unifori\ Steep gradients 'in
the electric field are fonnd to exist at the inter?aces to
h‘thep renal sinus. zhe conpositions of the solutions residing;
in the renal pelvis and vascnlar strncture of the kidney arev
fonnd.tp have considerable eftect on the heating unifornity. d
T & | BT
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1

‘Nheatlng, ‘have been nade by Kenney (2), Holst (3), Halllton

Chapter 1. Intgroduction,

(1.1) g;ggodaye'ﬂeatinéa

-

The expansion of the bidlogical sciénces has led to a

need for techniques"for the preservation of _biological'

naterial. 'nowsﬁxenperature‘ storage,. as developed by the

science of cryobxology, has:provided'one solution to this
problenm. There are three phases involved in the process of

)ﬂov telperature storage. These are: (a) the cooling of the
\ . v

-r1§sue; ﬁ(b) “its; storage--—-at a low'tenperature and (c) its

%ryLarl}y concerned with the:use of uicrowazeééin the third
\";, {r‘ ’ M ! ) ,“.'"' L o .
' 3§ee, though- certaln aspects of the first two phases . are

inpbrtanfr_ Microwave heating is dependent on the dielectric °

\beg§tant and sofactors“j:ich influence this -constant must
be {conéideréd. In partlcular, account must be taken of the
type of cry0protect1ve agent, the degree of  perfusion ~ with
the agent, and the tenperature;range. |

[

_ The use of microvaves for the recovery: of frozemn organs

vas firsfioreported by Andjus (1) im 1953. /Subseqnent// e

‘investigations, including ronparisons - with ~conduction

(a),; Ketterer (5,6), Burns (7) and others. The lajor

difflcultxes encodntered are ach1ev1ng and controlllng the

<~heating rate, attalnlng reasonable- h'

‘v

#ing unlforlity, and



stopping the process at sone.ﬁesired tenperature. Research
‘ aimed at resolving these‘problens has lagged considerably<’
behind the other ‘areas of cryobiological investigation, but
the increaSing availability of microwave apparatus is aiding
in these studies. Systesms deSigned to solve one or more of
these problens have been described by Rzepecka (8), Rajotte
(%), Halker (10) and others, although most of these systems

are prinarily useful for small sa,p&gs.'

v

{‘..

(1.2) Ihs_hgxenieses_enﬂ__iéegzsntaa_§_9£_§is£9!ezs Hea_ies;

They two t@pes of heating eaployed in cryobiology are
" microvave heating and cofiventional heating, - uhich enploys
heat transfer.bx.conductive or.convective techniques. ih the
‘latter case,“it is usually necessary to illerse the tissuel
in a liquid (often water) to prevent surface evaporation. In
nicrowave heating, hovever, the surrounding air tenperature
is not affeéted, and so liquid immersion is not necessary.
If it is reguired, liquids with suitably lou dielectric-

4

. loss, such as. fluorocarbon, cam be used (11).

. Q
For conventional heating, the delicate nature of .
biological . materials limits the tenperature of the“

surrounding liquid to less thamn 509cC. This effectively

lil;is the heating rate. As the size of the heated sample

© imcreases, this limitation becones more severe. In addition,

‘heat ' transfer requires that.there~he a telperature.gradient

'



from the sample surface to its interior, and so acceptably

. . < . :

uniform heating is not possible except for very small

1 sanph@s. These two factors represent a -physical 1limitation
of conventional heating.

In the case of microvave heatlng, energy is d15$1pated

throughout the sanple. Heatlng unlforllty is a functlon of

the disposition of the dielectric conStants in the sample

and the design of the heating apparatus, factors over which:

there is soae degfee of control. In addition, neating rate

-is limited by the auailable microvave' powver. Therefore,
uniforlity, and heating rate are governed by technoiogical
-factors, nnd so the potential for improvement does exist.

>

There are three main prohlens with microwvave "heating.
LN

s These are: (a) The anount of d1551pated energy is governed

by -te-peroture | dependent dlelectrlc ’ propertles.‘ (b)
. - ¥

Tenpefature measurement durlng heating is dlfflcult because

fof electronagnetlc fleld- perturbation by the neasurlng
§ “ '

probe. (c) The coupling structure must often be, specificnlly

/

deszgned for a given sample if Optllul uniforaity and energy

tranéfer ‘are to be achleved. ' ]
<a’£.\

"An invesfigation into the telperature dependence.of the

'-drelectric constantS' of tissue and cryoprotectlve agents

vlll ald in the solutlon of the flrst problem, and thls is '

‘dealt with in Chapter 4. A viable first order solutionm to

f



-are believed to ‘lessen the rise in extracellular ice-

[ R -

the second problen has been prisented elsevhere (10) . The \\

|
numerical model of microvave heating dealt vith in Chapters

5 and 6 fepresents a first step towards the solution of the
third problea. - |
(1.3) cryoprotective Agents_apnd their Uses.

; o L -

When biological tlssue ~is.  cooled lthrough tqef

telperature cange from -60°C to +10°C,'1ce-fornat10n causes
changes in 1nterce11ulat f1u1d concentrations Hlth resulting
changes in osmotic pressuge.vrhese effects cause’potennially
danaging stresses to be 'establﬁshed‘ within the eeilular
structure of the tissue,>and for this feasonﬂ the \present
lic:ovane neatingL study is limited 'to £5is crucial

temperature range.

el

\ L

The cryoprotective agents used to protect tissue froa

damage during 'freeziﬁg are basic to the science of

lcryopreserﬁa;ion.. - There are two major "tyies"' of

cryoprotective' agent-connonly eaployed. TheSesAre: (a) sone

relatively low nolecular weight materials (70- QOOD) such as o

dimethyl sulfoxide (DHSO) and glycerol, ‘which act by
: . /

' permeating the intercellular spaces of the tissue, and (b)

sone; high molecular veight materials .such_%S‘polyvinyl—
o .

pyrrolidone (PV?) and dextran which are extracellular and

concentration as ice fbrns,_'thereby protecting the cell

s
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surface rather than the'oell interior (12). The two types of

agent are soaétimes used in conjunction with oneﬂdnother.

, DH?O is the liquid whicl) is primarily investigated in

this uork since it is both an ‘effective cryoprotect1ve

PP

—agent, and, belnq a hlghly polar 1iguid is of sone\xnterest

;n the area of dlelectric theory. hshuood Sllth (13) has

. revxeued many of the 1nportant propertiés of Duso as related

to cryobiology,'and Szmant ' (1u) has sﬂi:arlsed some of; the

“ |

phy51cal propertles of the liquid (see hppendlx C).

. The-:conpohnd DNSO was {irst~prepared in 1866, but only

came into general use after World War II“V vhen  its -
’ ) ‘ ~ h ’ \ . / ' >t . R
radioprotective and cryoprotective propertles,__vere

o

discovered. Its ablllty to penetrate cell nelbranes aroused
con51derab1e 1nterest in blologxcal and -edical circles, but
reports of disturbances ¢o the l\hs of the eye halted,
4c11n1cal tests. These tests\‘gxg agaln begun, but the full
- potentlfl of the’ conpound has yet to be reallsed\\though it o
has certainly proved inportant in cryqblology. The uses>.and N

< gl ’
Pr0pert1es of the 11gu1d: are dlscussed in consxderabze\\\\<r
T

‘detail.in the 11terature (15). Values of some dielectric |

propertles are 1ncluded there, vh11e other leasurenents .have

~

been reported by Bourgozn Y16) and Doucet (17), though these

were not at the frequency ed*concentrat;ons employed in the.
L4 . R ) . ' - .\ . ’ . B . .

present work.

o
)
i

L
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.~ w ' (1.4) The Role of Dielectric and Thermal Properties.

it

A considerable amount oflddelecttic data for biological

laterials has. appeared in’' the. literature during the .past
i
three decades. Along “the major contrlbutors are England (18)

and Schwann {19),. vith extensive conpilatxons by Tinga (20)
and Presnan (21). Knovledge of these data are 1nportant for
theoretical investlgation in several areas. These are:”f(a)

.

. For .amalysis of ‘electrocatdiography nnd other . related
] " electrical neasurelennevfof .body vfnnction. " (b) For the
| detelinFtion. of the efeetrical propertieslof¢gissue e; high.
freﬁnencieee In.licrouave‘diathefny, this is a,pne4requisite
‘”to understnnding‘;hou‘*iigh frequency e}ectrical‘icurrents
penetrnte the body and produce heat.d(c) For the analfsis-of
the deleterious effectsl of erectronngnetiC‘ tediation on
humans. (di For analysis of.nicfovave cooking of foods"and
"other indhetrial~ processes; (e) ro: theoret1ca1 studies
lneolving the fornulation of equatlons descrlblng later1a1
i ' Ibehav1out.over a wvide range of_freqnencxes and tenperntnres;
. SR S
“In each case; ° the condit;ons under-ihdeh the data is
obtalned depend on the intended application. ~ Por ‘exalple,
data for frozen foods as well as/foods at roos telperature
are 1nportant in stddying liCtouave thauxng ands tempering,
vhereas bu%k properﬁies of‘hulan body txssue at normal body
;elperatnre (31§C) are of  interest in the 'study of the

! * biological effects of picrovave radiation. The theoretical



&

.and 15 oftenwperfused uith a cryoprotectivem.

Lvariety of cryoprotective agents can be

case. A , ) . ‘ . L

; infancy and s0 dielectric properties 1 asured under the

[N
conditions pertaining to cryopreserved tiss e are only jugt

o

beginning to appear in the 1iterdture (22).
¥

&
include tissue uhich can he in a. uiﬁe rangeqof telperatures

1
i

difficult to estilate the degree of perquionﬂf r any given

! .

There is sone evidence to suggeSt that the dielectric
properties of tissue are governed by the properties ~of the

1ntercellular fluids for freguencies in the licrouave regio}

!

(19) . Purther. there 1is %an iuterest in' the dielectric o

properties of aqueous solutions of the cryoprotective agent,._

! .

DHSO, for a wide range of telperatures. On these grounds, it

vas decided to lake the dielectric property leasurelents on

hese conditions ‘

gent. &’ vide

sza andlit is

DMSO . for the conditions nentioned, and then, in conjunction

;
¢

- with literature-data for-appropriate frozen foods, to obtain

estimates for thebdielectric proporties'of perfused»tissues.

These'properties are required for the nunerical 'uicrouaveA,-

available ip the literature (22), and this is used to aid in

laking the estilate!; .w*se~ : }.,u‘~

\ ‘\.

Although they are not useddnin this vork’ therlal

'Aproperties are also inportanipaud a detailed exanination of

kd

!

N

: neating model. Some. data for_ perfused kidney tissue is



,cryonlqlegy. : ) \ 8

!

nicrouave heating shquld cons1der the specific and latent

l

heats and the ftonductiVLty of the naterxal. Specific heat
and conduct;vxty are also temperature dependent properties,
but there 1s llttle data regarding thflr behavxour for the
materials of 1nterest 1n cryoblology. ¢ressler (23),‘Avberry
(24), chkerson (25) , Ohlsson (26) and 8111 (27) have lade )
lea§nrenents on the spe01fic and latent heats. and'

conductiv1t1es ‘of various neats and other fpodstuffs,f and

some conclusions regardlng the~behav1our of frozen organs

can be drawn from these neasurené;ts.

[

!

It is recognlsed that conplex naterlals llke blologlcal

tissues do not freeze or thau at a single well—defined

temperature, but. rather over a range. of temperatures.

_Therefore;‘ to' nnke heat_ ‘transfer calculations more

' mapageable, Dickerson (25) -ha54 suggested " the use of'the

enthelpy of the'-aterials of 1nterest.‘ The ‘existence of
tahleék of enthalpy for various bxo-laterlals under various

condztlons uould be a great, asset to microvave heating in

!
, H

Dielectric and therlal propertles are thns» avpre—

. ) ’
requ151te for optlnul desxgn of llcrouave heatlng apparatns.

Iin- addxtlon, reasonably accurate data regardlng these

}~propert1es are espec1a11y 1lportant vhen’ nunerlcal lodelllng

tecnnlques.are elployed.

i
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(1.5) The Ilgoggange'of\Nglg:ical Modelling.: : - ®

Numerical modelling techniques have the advantage of .
beiﬁg eésy' tov apply when 'nany'-d;ffétent .variables are
involved. In the case of heatingwstﬁAies,:the effects ofA
changes‘;g dielectric andAtﬁﬁrnal brope;iiesvéan quickly be. -
| assessed,i'ang ‘possible solutions to problems of heating
unifo:lit} can be ASsessed In  many | situgtiohs;. the
neashfenents requiréd 'té characterisg~sy§ten'behaviéqr are

difficqlt.to perfors, and;the use of numerical modelling is.
v : .{‘ . N ,' .

the only remaining recourse. - ' :

P

'For  instance, there are considerable  difficulties
 involved in making temperature measurements om microvave-.
heated nmaterials. These 'difficulties are compounded if

»

tenperaturé'distributions are'requitqu as is tPe case if '
- heating uniforli;y is of importance.’ Furthérlore, “the -,
existence of numerous variables such as the coapositigﬁ‘bof
the qrypptotectivé’ agen;,lthe heatihg rate adopted and tﬁe 
;'ppssibilityl of .a céhbinqtiqn of the;lﬁl a@d ~ii¢rouave
heating_ iean' that .ghe direct experilentgl aéproach; if af
all possible, would require many repiications. |

The use of a numerical modelling' techniques 'in this
situation would allow the interdependence'of the different
variables to be gxalinéd,‘and could lead to new. techniques

for controlling .uniformity. One 'bpssihility would be ﬁhe

[

e i A R R IR



“inhrodud%ion of liquids with carefully chosen dielectric

properties to specific afeas of the sample being heated. A

sinilar.approach using metal baLls'rather,than li;¥ids has

been- employed in. the literature (1). Another possibility is

!
the simultaneous use of l1crovave and conductlon heating, or

of lultifrequency heating (7). The evaluation of these’ ana“"‘

other approaches could certainly be 51lple1ed by the use of

?

Anodelllng techniques.

In the past, theoretzcal microvave heatlng stndies have -

been perforled~ on gedmetrically 51np1e‘ shapesv such as
'_cyllndrlcal 'roasts' (28) and infinite slab 'halburgers'
: ‘ N !

(29) . If 1nhonogeneous dielectric pfoperties vere, considered

at all; they vere usually arranged in a geonetrically silple

fash}on. For these‘ :easons, the bulk propertles of the

‘materials " of interest were- usually suffxcxent. In the

'pfesent work, .a nunetical‘lodel which is able to account for

relatively' small (1'5|i) structural inhonogenéities is

enployed, and so the propertles ~of?7the‘ 1n&1vidna1 tlssne'

types uith and vvlthout _ petfnsion evet a range"ef

i
[

te-peratures  are required. More detailed “  models -

investigating other microwave effects have appeared in the

1iterature (30 31 32), but bodyv tenperature properties

(i10°C) .of norlal, tissue 've:e usually reguired in_ these

cases. .

1

The model adopéed'in the present wvork considers plane'

J8

\

N



vave iliuninatibn of a canine kidney;'Though some situations
justify‘the use of a plene vave, the ;odel is not testricted
to this " type of illuminationm.. It isyéossible to simulaté
different types of incident wavefront, and even to iodel‘
_heating; within a cevityt 'The laie 1illtations are memory .

capacity and processing time. =
(1.6) Nethodology.

Chapters 2 and 3 deal Ulth the developlent of a ,syetep
to | measure dlelectrlc propertleSA,over a wvide- range of -

t erature . Some of the -problems. e ountere he
emper s £ pro IS nc /ifrgf,jlth”f'

measurements are discuSSed in Chapter 3.

|
' .

- In  cChapter 4, ‘the results of the dielectric

Wneasurelents are presented, ‘and some of the theoret1cal aﬁq

I.

blologlcal 1np11cat10ns -of these-tesults4are d1scussed In

- -particular,, the beha71our of the water-DMSO systea iﬂ\
relatien. to itsA phase: diagrai is exalined; In addition, |
’ >j' V'Changes in the dielectric properties as a function of
telpe;atufej are dischssed int relation to thelr effect on

microvave heating.

K]

Chapter S -deals !ltgwthe,c:eatton~uf‘a nunetlcal model

_’/

““*~—-destgﬁe6 to study microwvave heatlng effects. Appllcgtlon of

It

thls lodel to the canine kldney is descrlbed in Chapter 6,

where the results _obtained vith 'the,,lodeli'a:efvngO'

i
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discussed. ; v : , ' }

' The two sections of'Chapter'7 deal respebiively with
. suggested furthe; research on the measurement oftdielectticf'
‘and thermal ﬁropertiés, and the use of the numerical model.

. - .
f .
f !



to the following criteria:

Chapt rement of Diele Properties_
e 4 ‘ ; : _

(2.1) Beview of Dieleciric Meaguprement Igghn;gue

1
i

There are a great nany different lethods of laking

'd1e1ectric leasurelents, and 1t 1s not the present purpose

v

to exhaustively review these technigues. The subject of

dielectric measurements in general is adequately treated in

.'the‘literature, for exalple, Bussey (33) and Altschuler

(3“) . _‘_:'. BN o » ‘

. .. b |
Broadly speaﬁihg, there are three geneﬂal classes of

®dielectric _leasurenent technlgue for use ‘et licroyave
frequencies. These are (a) Stand1ng vave. :nethods, (b) -
Perturbatlon lethods and (c) Tlne donaln technigues. For, a

!
given appllcatlon, ind171dual lethods are judged accordlng

t
A

(1). Accuracy and precision of the method.
A, AEeRre
.(2) Sample size and configuration.

. S
(3) Frequency ranqe'vhereithe method is applicable. -
4) Aveilable.and:reqnired apparatus. o o ) . |

(5) Base of telperature'control.'

i

! _ Becaase the d1electr1c constant of b1010g1c 1 -aterlals'
) ‘ :

L
_.even varies for salples fron the same piece. of tissue,;

<

accuracy and preclsion are hot of priiary 1lportance..

r?urther-ore, becanse the‘lain concern in this work is with

13. o ! f
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importance.

i

nicrov&ve heating;-énd because much of this heating is done

in fhe ISN (Industtia1,~5cientific and Medical) band at 2450

-uhz, thenfreqnency range from 2 to 3 Ghz is of speciai'

{ . .{
' What is iipbrt&hfmin bioid@i&éi leasurdﬁentsﬂ hovever,
is sample size.and configuration, and ease of temperature

control. The:;lethod vas therefore selected with these
\ ] >
: 1
particular requireaments in mind.

f
!

. . | ] ,
In géheral, standing wave nmethods require qarefuliy
shaped samples of rather large volume and accurdtely kno¥n

dilenéions, because the samples ‘are required to fit

P 1

appropri~te uhveguidg"structures. At the ftéquencies of
. . f .

-

interest, the apparatus would be bulky agdﬁ‘ﬁifficdlt to

. - / ’ )
incorporate into a suitable temperature control systea. On

‘the othe: hénd, time ‘domain techniques,  that bf Iskander and.

v S . ) ! ' ' o .
'Stuchly (35) being a §ood example, require only ssmall -

saiplés and could easily bé’incorporated into a telperatute

control Sysgeia The disadvantage of-this technique is -that AV

‘sampling oscilloscope 'and an appropriate facility. fdr'

'Pourier Amalysis are required. A time domain reflectometer

with good\épecttal;aenSity at frequehcies to 3 Ghz is aléo_
, ] _ e | - _ :
necessary. Because these facilities vere not available, the

[

‘cavity perturbation technique wids chosen. This method

, adeqq;tely’fnlfﬁls above criteria..

!
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Of tye many perturbation techniques availéblé, three in
parcticular vere ‘examined. The first of these was developed
p&uRueggepberg (362; the samples under étudy need Aot";

necessérii} be  small as usually demanded by pertirbatibm .

—

theory. Furthépnoté, samples of arbitrary shape can be

N ¥}
neasured, although Calibration samples of identical shape

9
and kb own dielectric propertles are required. This method 1s

-

potentlally useful for measurements of vhole organs. The

- second nethod is due to Rzepecka (37);“its chief advantage

is that the cav1ty enployed is a-sectlon of vavequide, with
. . o
attgndant "ease of fabrlcatlon;* Specxal agrangenehtS'for

‘tenperatuge control invphis\ method are also' a desirable

‘vfeathre; but measurements on hlgh loss materials do requlre
very small sanples. The third nethod exanlned, and thg one

flnally chosen, _was that “of Rlsnaq and Bengtsson (38) ,
: e T

des;rlbed below. SR ' . ) (

&

(2:2) Advaitages of the Method Used -

- The . principal ahvéntaées df the cav1ty perturbatlon.'
-~
icthod developed by Rlsnan are enumerated belov--

2

(1), Thé cavity employed -iSq,reasonably . small and“can

easiif be placed .ié;}de a te!pefathre controlled
Vs : o e . ! . H

ég:ifgntgnt;’ perlitting control of sample

) tepperature. Coaxlal cable feed to the cavlty helps
'.Q

1n thls respect.: ' xy-\

4 . IV AR
g

(2) The samples themselves .are contained_in.g§SSS‘or.“

[ N R Q ‘

.

R

— . . .
]



®)
(4)

(3)

(6)

(7)

R

,
. . 16
/

tefion tubes which hold about 2ml of liquid. Coring

techniques could easily be used for solid samples, '
as described by Bengtsson (39). The .use of .teflon

[

tubes is necessary when freezing water, in'order to

' prevent tube breakage.

Careful caﬁity désién miniaises thé existence ' of
spﬁrious resonances; vhich ;eddces the possiﬁi%ity
of making incorréct measurements. |

The measurements thenselveé are based.on a'sefies of
easily obtained calibration liquids, thus ensdting
<+5% accuracy thfoughogt the, range of €' and e".

In addition to the cavity, onlly a variable frequency
. R . t

source, some. means of frequency
dbout, 18hz at 2450 Mhz) and some nmeans of ugasuring'

cavity attenuation are required. Absolute frequency
. . . :
measureaents are not necessary since it ¥s.the - :

fréquency shift‘which is importamt, and so, . few

i

requireaments are placed on the frequency measuring

‘equipment. In this particular-case, use wvas léde of

thq/vsweep-reférehce output of the sourcde. This
oatput provides a voltage which is proportional +to
frequency, " and it proved possible to use it, rather

than,afidfé'ditectnjethod‘of frequenCy'neésurepent.'

Actual ledéurquhts are :véfj’““easy“ to  make,
; g ’ -

consisting of an,adjustlént for resonance followed

by a frequency and attenuation measurement. °

Simple graphicai teéhnigues_couid,be used td—,obtain

\
| A h N

e .

. g 3 o
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the values of €' and €" from the neasurenénts of
frequency shift and attenuation, though these wouid
be tedious for the‘nany~neasurenents contemplated.
However, conputer techniques vere used here. |
(8) A cav1ty d951gned and built in Sveden by Risman and

his ~associates was available. This reduced local

manufacture of a cavity to a siaple copying process.

/

(2.3) Theoretical pDescription of the ue;god. .

The cavity chosen was cylindrical of diameter 96 mm and

height 178 nna, and vas operated'in the TH012 mode. Samples

of up to Sum. in -diameter fere.alloved.“The.dianeter;to

height ratio was chosen to avoid other resonances.. For the
sane reason, vertical slots vere nade 1n the cav1ty walls

and the cavity was dlvlded into three sectlons, éach section

-'belng electrically 1nsulated fron the others. Insulatlng :

:

;. discs and a teflon cone axially supported the sample Ulthln

the cavity. The cone autonatlcally centred the salple within

the cavity. The inner surfaces of the Acav1ty vere gold-

«

plated. A relovable top fac111tated salple 1nsertlon. The

physical afrangenentlof-the cavity is shovn in figure 2.1.
Fiqure 2.2 shows the field conflguratlon vithin the cavity.
The E-field is parallel to the salple and vanlshes at its
ends. Because the tangential conponent of the E-field is

 continuous at the ﬂoundary between the air and the sanmple,

N

. ; : ; PR R
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i

there is good field penetration into the sample,
! ’ .
i
P . : : . ‘
The coupling loops are arranged as shown in‘figure‘z.l.

Investigations {have indicated-that.coupling varies vith e?
‘ . |
"in the @most favourable way, since cavity transmission

) ’ . i R

increases with €' for fixed e" of the sample.- This glves

good resolution for a wide range of €' because €" is often
_iov wvhen €' is low. Cavity perturbatlon methods are,_iﬁ
pﬂacticg, not absolute lethods, and s0 ca}ibpat16n~
pfocedures -ﬁst- generally be used. Using a nuamber of well
~defingd reference substances, Risman (38)1 establishéd ghe
. following F:elatiopsbips betveen €', e";'fhe frequenc; shift

and the attenuation.

€= Arb'r'of“; Fa {e'_|};ﬂ.......(z.z)

!
I

vhere F, and F;.Are'funbtioﬁs of thé.indiéated:variables.

' o
According to first ofdér pertﬁrbaéion theofy,‘ . is a
constant and the factor (AT)'”'° can be derived assuming
veak coupllng and Q(unloaded) >> Q(loaded). ryplcal curvess'
obtained " using these assnlptions are shovn in f;gnres 2.3
and 2L2. ‘Detﬁils regardlng the 1liquids- used in tﬁe'

callbration procedure are covered ‘in chapter 3.

\ . . N

. S ‘ . . : ' l .
The accuracy of ‘the wmethod is hard to estimate, but
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neaSgrelents on ‘'vater over a wide tenperature range

éo:feigteé better than #5% vlth von Hlppel's data (40) vhen
~correct for frequency (see flgutes 4.1 and 4.2 in Chapter

u).;.ror ther liquids, espec1a11y those'vith‘the higher

_values of,?' and E", ‘inaccuracy. is,:aboutl.t10$,“becbning-»w

about - £20% at p01nts far renoved froa callbratlon p01nts.

,The precision or reftoduc1b111ty of the nethod is good,: the

spread belng on €he\jrder of 1-2% for llgulds at the_sale.
. ‘,‘ . N S . .

L]

temperature. -
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Chapter 3. Dielectric_Measurement Technique .

(3.1) Description of Apparatus.

‘ [

.Pigure 3.1 is a block dlagran of the measuring

equlpnent. The cavity is the one dlscussed 1n Chapter 2.

o . ) ) )

A eignal ‘at the resonant frequency of the cavity

containing the sauple (2500 -3000 uhz) ie fed - through"the

isolator and cavity and detected on‘a'pover meter. The use

!

of a‘power'peter is preferred over the use of a crystal

detector because linearity is' easier to achieve over the
. [ [ i "v

vide dynamic range required. ‘A voltage 'proportional to

_frequency d,iS " fed- from the signal generator to a

potentloleter c1rcu1t as shown dem f1gure"3 1.m When thé

yoltage derxved froa the reference voltage and the 10-turn

pot is- egual to that derxved fron the sxgnal generator, :the

-readlng on the neter is reduced to zeroh.At any other p01nt,

the neter reads full scale..Tests using a frequency counter
)

confrrned that thls circuit , is consrstently capable of

x»

than 1 th, uhich‘is more than adequate'for the dielectric

g;vxng' frequency shift readings ‘to an'accuracy of better>

neasurenents. Pigure 3.2 is a plot of the readlng on the 10- '

‘,turn pot vs. the output frequency of the generator as

’,

'neasured on a freguency counter. Because the source is a_

‘voltage-tuned backvard vave osc111ator, any fluctuatlons 1n

4

the sveep reference voltage vlll also apgear as changes in '

PN
N

. ” 22
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frequenéy. Therefore, long-term fluctuations in measurements
e
of frequency shift by use of the sweep- reference voltage are
|

1

expected to beNSI&ll, and this is indeed the case.
The cavity and its coaxial glr-ilne feed cables are o

““contalned in’ a Delta—De51gn tenperature controlled oven. Air

11ne is used here because of its ability to u1thstand vide

variations in temperature. ghll Vpat;Arhterconnections,are'

kept as short as po"ssible‘ to -l:educc)los:ses tlo a li:nillll. The ‘
".operating telperature'of the‘ erQ cauA'be. controlled to

vithin zt1°C overf the' temperature range  -80° to +500°C.

:L1qu1d carbon ledee is used to achieve those -tenperatures

’ vhere coollng is necessary. Heating is by- means of an

do : - o - Y
electrlc element. R,
T DR .»mix{m
. . R Rty X,
. Lo “l v . . R . s ' o ' » o Mv“-
"(3.2) Temperature Measurement and. Control. o

Salpie temperature is determined by' a. te-perature¥

'nucontrolled oven.~~ﬂouever,. because the salple is contalned

e T

Hlthln a brass cav1ty vith rather restrlcted alrflou,vlt is
| found that up to an hour is requlred -for the salple;,
[ : _
'telperature to reach the telperature of the oven, a time

’Vhlch vas unacceptahly long considerlng the hulber of

. measureméents that ' vere to be .made. Also, the 1loag

" require 1a€§fL,¥*””’

I

tenperatuse\;\gguilibration € -
’quantities of expensive coolaut_for_teaperatures below roonm
:tenperature, and wvould -resultrin excessive evaporation at

; _ - .



the hlgher teuperaturesr Inp addition, neasurénents in the
Av;crnltr of  the freezrng point of a nlxture of 11gu1ds are
dlfflcult because. in splte of 'constant tenperature, the
dlelectrlc constant changes slowly. This phenomenon .is
‘thought to be due to ice-crystal-forlation~ causing changes

%n the proportions of frozen and liquid materials.

o

A | Because of -the .above problens, .a dynanlc nethod 1s'.
regulréﬁ vhereby constant coollng or heatlng are nalntained

uhlle naklng leasurelents of dlelectrlc constant at

appropriate telperatures. Unfortunately it, 15 1lpossxble to

.make srlultaneous telperature - and dielectric leasureuentsf

W

because of the perturbing effect oOf. the - B erature

leasurlng dev1ce. It is therefore :necessary to usethe

.
T - !

1 follourng steps to obtaln the requlred data: (a) & coolingf
and heatlng procedure. vhlch g1ves the desired range of
- tenperatures"is established. (b)‘ 051ng this procedure,

neasurelents of tenperature VS. tile are lade\ (c) Usrng an
N :
1dent1cal procedure, leasurelents of dlelectrlc constant vs.

P : .
time are lade. (d) Removing ' time fr i Wo sets of

~

measurements, curves of dielectric constant vs. temperature.

i

{

are plotted. : e R ‘
. "“‘ \__d_—;///
— Although three replicatlons of temperature VS ttine

' neasurelents, and six replicatjons of drelectrlc constant

‘ VS.: tlne ueasurelents are’ performed, for each K. uple,m oaly -

-

‘\, about half the true As reguired for thlS echnigue as’
N ‘



compared to the point-by-point method. The repeatability of
the.]nelperatnre VS. tiie_-neasurenents indicates thaf the
heating.and cooling rates for given oven settings are within
3%, thus‘justiﬁying.this'telperature seasurement procedure.
- ' . ;

‘Separate teaperature vs. time curves for each sample
: 5 " o o : : |
are. necessary because the specific heat, latent heat and

freezing point of different sanples varies conSiderably. .!
+ This is »only so in the range -60° to +23°cC. Tests revealed \y

that fdr the higher telperatures, differences are less, than g

tS% a&d ouly one ‘set of temperature vs. time curves are used _/

,for all sanp}es.
L" : ‘,\ - . . ’

2

Ty T Tel perat ure leasnrelent‘s ‘are ‘perfo‘rl-ed' brmsing a

thernocouple through one of the slots in the cav1ty and_

1nner51ng 1t halfuay into the sanple. For neasureneiis belov”

q ‘nl-'

room telperature, the oven is set at -809C-and telperatnre

readings are takenfevery linute for 11 aminutes as the sanple

T

cools down froa rooa tenpernture. Afggg,ljininnteST’tﬁédoven

1 _ | ’ = . ‘
-3 > C and readings are again taken<every minute \

i

for a further 23.l1nutes. These times are chosen to give a
‘nininnn salple telperature of about -60°C and a maximum ok';
about +300°cC. Eqnilibration at the low tenperature is not_

attenpted 1n order to.. conserve‘ coolant. <for neasurenents
\ BTN

l : -, ) '4 R

above roon telperatnre, readings are ;aken every linute for

16 minutes vith an oven setting of'+200°c. . -
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Identical prbcedufes are, adopted during the dielectric

measurements,

with thermocouple

'cross~correlation of the telperatnre and dxelecttic data

removed froa the sa-ple.

is

-achieved by the use of foags of the type -shown in table 3. 1.

Except 'fot ‘the region around the freezing point, vhere
different degrees of super-cooling sonetines occurred,

K overall temperature measurement accuracy is +5%. .

11 . . ' .“

tor r ‘ l' n § 1

i i _ | i | |
| Substance | Temp.°C | -€%': 1. em |
1 o [ . l l {
'l A | 4 ]
L § . ) R K A ] .
| : - I [ I
i (1)_distilled vater’ I 20 | 78.0\f11:0 |
l ] | . o S
| (2)~40$wvater,vGOSMIeLhanolhmw A 20 ] 46.0 |17.0 |
. \ ' | - | |
i (3) Iethanol - ] ¢ 20 1 22.0 §113.0 |
| - | . I o i
I (&) 10% acetone, 20% lethanol | . 20 1 7.3 1 1.6 '|
| i i [ -
| / ; 79§~gggggye | | b |

WJ-’”l“TE’”E/’ﬂ'f;" 1, 94% b ' 3 2 9al I
i ) aet ano. L 4 enzen 2 I 2.98} 0.18 |
N */%r o - |
| (6) lonochlorobenzene . J 23 1 5.54; 0.67 |
1 I { (. |
I (7) ethyl acetate e 23 | 6.8 ] 0.38]]
I l ‘ | | t
' o \

TABLE 3.2 The Calibration Ligquids

*

I

In

solutions vere

-

»
made

' (3.3) Calibration Procedyre.

(38) .

»

@

These solutions

order to calibrate the éavity,‘a namber of standard
{ .

and’ . ﬁ%ei:

R

AY

-

a.-)
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féiéleatrigwgroperties are detailed in table 3.1.
*Using  these values and théf‘geaggfed tvalues -of

abtenuatibn~and'fpeQuency shift, as read on the po;éf\\mgzsf;
and the: 10—tﬁfn poteng%qmeter;na set of;calcﬁlation graphs
are conSéructed (38). Pigure 3.3 shovs € 'vs. frequency
shift, aﬁd is cbnstructea by sinply piotting the apbfopriate.
values. Figﬁre 3.4 and 3.5 are constructed in conjunction

with one another. Measured values of attenuation are first

values

plotted on figure 3.5 along with their corrgspbn

of €n, A -refe;éncei line of slope m=(1bg100—log16)/(30—

dravn for each plotted point in figure 3.5, and its

'equivaieqt'value,at:an attenuation of 25 dB (i.e. €™ (25)) -is
found. This value is transferred to fi@ﬁre 3.4 where it is
plotted against log(€'-1). Using the values of €"(25) for

any desired €', the other sloping lines of ~figure 3.5 3can‘,

Q

now be .drawn parallel to the reference line Gﬁéphical
deternina;ion of €' and €" f:on.neasuréd values of frequency

.shi

and attenuation then coamprises the following steps: -
r‘ﬁ . ' ' . . .

) R
A =

»

(1) Using. the fréquency shift, enter figure 3.3

and obtain €°.

. ‘ o

1Q) With thi§ value of-é', the éorrespondind er (25) -
is found from figure 3.4.

(3) Using €%"(25) and the measured “attenuation, €"

-m

-
'rq‘«/

is then found using figure 3.3;
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| [ ‘ ) o
This procedure is very tedious.- in view of‘the fact that

these operatlons have to be repeated three’ times for each

point to be plotted in order to give values for the mean and
]

standard deviation. To facilitate the calculations for the

neny_points required, computer programs to perform the above

operations were therefore written. These ‘are ‘described in

|

detail in section 3.9.

i

(¥.4) Corrections for cavi;z\e;pan§ion and eont;action.

-

The resonant frequency of a cauitx is ‘primarily’

- dependent on its dimensions, and, being made -of metal, the

[y

cavity diuensidns are subject to‘variationywith,changes of

_ l _ - T
teaperature. In a situation wvhere the parameter’ being

neasured is frequency shift, the telperature at uhich the

1oaded and unloaded resonant frequency is measured is not
inportant,l pqov1ded it 1s the same in both cases.! However, .

in. the present application, situations “arisé where the

. : _ o
unloaded measurements are made at room temperature, vhile

the 1oaded measurements. are uade at 'tenperaiutés in the
range -609C to 7106°C{ - To coﬁgensate I for the resulting
dimensional changes, appropriate éorrections ' as \sueun in
figure 3.6 are epplied. This Curve‘is{obtained‘by°ueasuriug
unloaded frequeucyv asi tead on the teu-turn' pot _while
‘subjeeting " the :caéity to the heating and.cooling procedure

of . section 3.2. Because sanple and cavity telperature

Ty

differ, cooling or heatlng t;-e is agaln used as the conlon.

|

ps )



! , Co - ’
element to correlate correction values with measurenents.

Though sample temperatures at these times are different for
;' different solutions, the effect o&” the samples on cévity

temperature is negligible, and thé same correction curve
; !

applies to all measurements.

(3.5) Measupement Proceduge.

' _ = . . !
There are three different experimental procedures.
. / o

These are: : - T

............................ s

to -60°C. . - | }
(2) Jarying‘tenperature neasqrelent; fron roén‘télperatu;e
~ to +100°C. \ g |
I (3) Varying_ copcéntration.'leaSurenents at seﬁetal fixed:

temperatures.

The eipeqinental‘ procedure for each iypelis'siighqu
] ., b . "l R .

i different, and will be described below.
‘ - | _ , - ;o ; B

(3.6) Varying temperature measurempents. (-60°C to +20°C) .-

. ‘ i ‘ o ; | - L '

*

/ i

."For each differeht t solution, . three temperature
calibration runs are performed in the manner described in

section 3.2. Teflon sample tubes are used for distilled

t

il
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wvater and 1% DMSO, and gquartz glass tubes are used in all

other cases. Each run uses a different, newly mixed, sample.

The mean  temperatures obtained are ‘entered in  the

apptoﬁriate column of a table like that shown in table'3.1.
. S

Appropriate correction values for frequency shift are also -

entered in the table. With the thernocoupié renbved from the

B / . \‘ _' . . . l \-,‘- . - ’ '

cavity, and with an empty sample tube in place, the signal
" ' R -

source is adjusted for wmaximum transmission through the

cavity.' The signal 1level is then adjhsted to dgive a

| .

convenient reading on the poief.léter (usually ;10dBn),' and

. : / .
the zero set control on the frequeancy deviation meter is

adjusted for balance with the Ho-tu:ﬁ’potfget to zero. 'With
a neul;.iixed sample in plaéé,'the‘11 minute cdqling and 26
ninéte héatipg qycle is started. At one-minute inigr;als;
the'l.signal ‘éoqrce frequency is a&jgsted for ldxiiun
transnissién and ‘the yﬁlués o: frequenqy  shift l‘and
atteﬁuation"are recorded on the-tahle. To'enSu:e re§dings
eiactiy on the nminute, frequency adjuétlent ié started
shortly befo;e the aminute, with the reading being tﬁken at

the appropriate moment. Because rates of change are slbi,
. : !

‘the -etror attributable to this source is negligible. The

proceddte~is repeated 'for 6 different net1y¥iiied.osaiples;-

The salples” are newly mixed to fe&uce the poésibility of
evaporation, vhicﬁ vould ciuse an increase fih the. DﬂSO
qonéentration,’ the latfer bein§ less volatile than qateé.
Sets of 6 leasurenenfs afe chosen'as a .Eonp;onise ‘bptwéen

obtaining reasonable values of standard deviation aad




available time.

(3.7) gggzing ﬁenge;g;u;e meagﬁ;egggts (+20°C_to_+100°C).
. - . . . \

The measurements above room temperature ~are perforledﬁ.

in the same vay as 1n sectlon 3. 6, except that only one set

of tenperature vs. time mReasurements are’ nade. leferences
betveen the behavxour of dlfferent llqulds is negllglble as
confirmed by tenperature leasurelents on dlfferent sanples.

+

)
in“the relatlvely short neasurelent time 1nvolved, the

'expansion of the llguld, vhich in any case rules out the

p0551b111ty of a cover, is nore 1nportant. The overflow of

the expanded llquld collected 1n ‘the conical tube support,

and it was thought that. thls llght lead to inaccgratef
reSults} However, tests reiealed thatdthiseigfhct the case,

probably because the electric field‘at‘the-ends of the tubes

]

'is very small. 51111ar1y, removal of small alownts of llquld

o

from the tubes dld not affect the geasured dlelectrlc

constant. ~The‘ densiﬁy. cﬁénge caused by iiqnid exﬁansion

. alwvays occurs for heated liﬁuids so* dpes not affect .the

I

_ results.

!
Bl

(3.8) Yarying concentration measu elenigg"v ' ‘
: i o ':

Varying concentration measurements at roos temperature -

!

At these higher telperatures, some evaporatlon occurs, but .
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(23°C) only regdiré obtaining‘balancé uith‘thé ten-turn pot
‘'with and wvithout a sample. In the case of ;ﬁe 5°;land‘50°c
neasuremnents, - hdvevér,' a‘ set of 11 tubes containiqg
solutions 'of 0-100% in  10% steps are placed in the oven
along uiih the civity. After an éguilibratioh tilé_ofi_aboqt;
1 hour at the desired_tenpérature, the equipment is baianced
in thé usdal manner, the oven opened, ahd the enpty'tﬁbe'
subétituted for one of the 11 sahpigskjgfier a further 10 to

15 minutes equilibration time, the appropriate measurelents
. (‘v/ e

-are made,” and then the process is. reppated for the second

sample. After one leasurelent on each sqlple, the equipnent

is again balanced, and a second neasﬁrenent nade on.each
sample. At this . pint, a. new set of sanples is prepared,’ and
the procgss repeated. In ‘this vay, six nﬁasurelents are

- obtained at each percentage concentration. In the case of

the 50°C measurements, the tubes are sealed |with tape to
| = 3 \ ,

. reduce evaporation during the four hour peri d\iﬁvthe oven. .
To allow for expansion, the tubes were not com 1F£e1y fillead

o ] o | b .
at room temperature. There was no observed evaporation .at.

soc. SR ' S o ‘ |
A ; _ . o : | : L J
(3.9) Data'nedgction&. A , P

s
Conputer prograls ‘were vritten in §FORTBAN for data
!

i
R

proces51ng. these are listed in appendix A and only briefly

~described™ here. rhree prograas are used in the data

reduction process. Tvo progranS‘are for data gnaljéis and

' . L me
' ! T et 3
' . M \

A

S
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one is a plottlng progran which graphs the values of €', €n

and loss tangent vs. temperature. The plottlng routlne is a

simple nodlflcatlon of a llbrary prograa.

!

The two analytlcal programs. are a. callbratlon routlne

and a routlne to convert the measured values of frequency

......

j shift and attenuation to values of e'vand €". Their function‘

)

is described below.

'

(1) Calibration‘ routine: This prograa is calledeALCOBPF,‘”b

its-purpose being to calculate the reéression coefficients_

for the' curves of flgures 3.3 and 3.4. In order to achieve

!

'thls, the prograa takes the m@measured vqlues qf ,frequency

Shlft and ‘atteuuatlon, six of each in this case,‘and

t

fcalculates a nean,nanyupperbound and a lowerbound. Conbining

these values with the known calibration values of € and e"

~

'»‘results in 3 sets .0of coeff1c1ents -for the curves of €' vs.

frequency 'shift and another 3 sets for the curves of log(E'—

f1) vs. 1096"(25)-(The coeff1c1ents.. are 'obtalued u51ng fa

bicubic spline fit of the leasureﬁ data. Figures 3.7 and 3. 8

conpare the neasured data Hlth tVe curves calculated fro-

" the spllne flt for each of the tvo bases. These regress1on

coefflc1euts 'apply to the frequency shift data as obtaiued”

: . R . R AN - .
vith the measuring systeama of figqure 3.1. They can be used

3vith any frequency measuring system by relating data from-

such a system to figure 3.2, althbugh this would only .abply

to the particular cavity used here.
!'. .
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(2) Calculation of dieledtrac values: This prograa is called
CALCULATE and . its purpose is to obtain values of e' and €%
from measureuents of frequency shlft and attenuation on
-unknown liquids. Although the tenperature and concentratlon
at uhlch the leasurenents are made does not  enter dlrectly
into the calculatlons, these values are also carried by the
progral to enable the aqgropr1ate prlntouts to be made.

The program CALCULATE executes the following steps:

(a) Read the tenperature or comcentration  with. ' the

~-~—-Gor:espnnd1ng<t;*gggggx_shlft and attenuatlon. In thls case,

— i
!

6 values are read each tlle.

= (b) stng\\ihese values and‘ tne three sets of‘regression

.coefficients for figure 3.7, three values of‘ e are
calculated at each: ’valne of tenperatu e or concentration.

) These values represent the mean and upper and lover bounds

¢
i

e of €' for thatgp01nt.
(c) Using the calculated values of €, and the fedressidn
coefficients' of figure 3.8, three values of €" are obtained.

Again, these values represent the gean, _upper _andrilover
: nounds; | N ' ! |
"~ (d) The 'nean, 'npper and louef'jbonnds' ofr'é* afe . now
calculated from: o |
v -~

'

en = a]_.og(A'T/.20}+1'og€."‘(2_5)-1.’25) L reees(3.1)



i
) .

;uhere AT is the attenuation. This équation is a mathematical

)

representation of figure 3.3.>‘\

o :\'ﬁ

(e) Por each temperature or concentration, print:’ out “the

three values of €' and the three values of €".

The  progranm is wvritten so that it will acconipdateieny

specifiedf number of ‘éifferent \ tenperat#&es or
cdncéntrations, iand"any gpécifiedAnuiser,(tﬁoor mbre) ot
repeated measurements. The‘aécuracy of the algorithm was
éhecked"by obtaining values for seiécfed pointéihsing thé

j .

grdphiéal technique, and comparing these values. with the

, N . o : . . . '.
2% variation, which is easily attributable to  the
inaccuracies of the graphical technigque and the spline fit.

1

\

i

-

-coriésponding computed ia;ues. There was nefEf;iUfe*tﬁaa*4:;\‘ﬁ‘N~_
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Chapter d,vgesglgg_og the Dielectric Measurements.

(4.1) Presentation:
In the course’.ef the dielectric nmeasurements, - a

considerable alount of data was obtained‘ and @& brief
- |

discussion concernlng data presentat1on follous.-

O
{

| Curves of e' and €" are presented for distilled water .
and for 1“, 5%, 10%, 20%, 70% and 100% DMSO. These conpriSe

- figures 4.1 to 4. 14. All the curves in this group are dravn

with the same axes to facilitate conparisoa. Parts. of tye

————

—~_curves for distilled water are shovn dotted on those f&:

m——

each of theASEEEE“soiutiQ\\4to further help conparisens of

T—

~— ’ !

the behav1our of the dlfferent 11qu1ds.*"m\m

[

-

In each case, the error bars represeut one standard

<
i

dev1at10n as conputed on the basxs of 6 separately qeasnted
\

\

alues. Some error bars have been omitted, particularly‘.

those in the vicinity of the freezing po1nt.-The reason fdr
thi.se is that the rapid changes ehcountered ;n this region

- cause small uncertainties in teiperat&re to -becone 1ar§e
{

uncertazntles : dlelectric properties, resulting in larqe

and conf051ng error bars. In addltlon, super—coollng effects
result in erratic and unpredlctable behaviour in the

] . ¢ ' N " h : . . L v» .
freezing zone. = b : .

v | | {

42
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A‘\furiher prohlel encountered uas-that the curves for
- .
dielectric n‘propex:t.l.es ‘obtalned durlng coollng dlffered
somewhat fronm thosP obtalned durlng heatlng. The reason for

]

this is:that, a; t&e freezlng poxnt is' approached fron"
.tenperatures either above or belou, reasonable honogenelty
is maintained in the sample. Houever, after ‘pas51ng Jthe
free11ng poxut, a mlxture of saligd! and 11qu1d 1s establlshed
-because the liquid does nor 1nstantanéously freeze '
.Lthroughout,pdue ;o‘latent hea£ requirements. The d1e1ectr1c -
properties of this llxture of phases are 111 deflned and

certalnly dlfferent to those”‘of the homogenous ~ naterlal. |

. , . :
Therefore, to avoid conf951on on the graphs, only Qoiftg

obtaingg_ﬂu;ing the apppoach to the _change of phase _;e
R . . i ) T
plotted (i.e. points- above the freezing point durlng

~ -

cooling, - and points below the freezing point durlng
'~ heating). In some 1nstances vhere super-coollng is 1nvolved,

thls -pollcy necessitated .lnterpolatlon betwveen adjacent

values in order to obtaln a value right at the freezing .
.¥‘p01nt for éhe coollng curve.lThls p01nt is then connected to
vthe value forr the salﬁ tenperature as ob!ained during
heatlng. Errors in he ed te vicinity of the _phase
%?gnqe. are of the_ _order \~of _$50%, _and géggign Bust be
e;e;ci§§g_in intgrg;egigg the dielgg;;;c behgviogr at_this

point. . Por the rest of the curves, the error is lesS'than'

i

w 108,

“ The second group of-curies shovws the behaviour "of the

o

N ’ S



§.

dielectric properties of vater and‘a 5% (w/w) solution o?
1
dextran. These conprlse flgures ‘4,15 and 4, 1u. The axes in

this case ' are dlfferent to flgures 4.1 to 4.14, hence therﬁ
e gy . 1
repeate&rves for vater as a standard of conparlson. A

‘maximua wﬁelperature of 40°C is used here'because dextran ds.‘
prilariiyAused in applicatiods at tenperatures below this
value. 'The comments made above with eegard to the first
group also apply.- N , !
. '-\‘,“‘-.‘ . .
) The third group of curves comprise dielectrie values
for ~10% DASO and solutlons of 10% DMsSO 'lth 0.1% NacCcl, 1.0}

o e
Nacl and 5% dextran (v/u). These are flgures 4.17 and 6.18,1

Agaln, the axes are dlfferent fron those of the" {;tst group,y

Se—

and so 10% DHSO is repeated for comparison purposes.

o

Previous.comments vlth regard to maximuma temperature also .

apply here.
o : c ;

The foqrth and final greup of curves, figuree.4.19-
4. 21, compriges , measurements sade  ‘for  different
conéentgatiods-‘of‘ DNSO at - varlous fixed telperatures: In’
iﬁhis‘inetande, ielueS”of the loss-tangent are also plotted
for reasons made clear‘in sectfbnza.z; Losértangent values

Lfﬁege‘not considered.necessary in-the first three grbnps;

:(“‘2"92!BQIL§°ﬂl'i Lite re for Qistiiled vater.

-~
-
.

" In ordei to ascertai . the‘aceuraey of the ‘measurement



. ! P .
' technique, and also for purposes of comparison, dielectric
measurements on distilled vater in the temperature range

. |
from =-60°C to +100°C were wmade. The results of thése

-

measurements alcng with those of . von Hippel (40) are
presented in figure; 4.1 and/u.z.“Fpr both € and en, +1%
agreement is indicated except at high temperatures for e
and in the immediate vicinity of the freezing point for €",
vhere the deviation is approximately +10%. This suggests
“that the technique elployed in the present vork provides
iresults thCh are consistent Hlth those in the llterature.~
In this context, 1t ‘'should be p01nted out that for very lov
loss naterlale sucn as 1ce from distilled water, the values
of e"‘are not expected to be accurate unless the calibration
curves are‘ adjusted for the presence of the sanple holdlng.
tube. The . values presented in appendix D "for ice are
therefore not accurate, but represent the ainimum resolutlon
~of the calibration curves as obtalned in Chapter 3. The
'dielectric loss for ice is too small ﬁto» appear in. flgure
u.2,, and” in the’case of the other mixtures, losses inrthié
reglon are hlgher, and an accuracy ‘of better .than 1i0$_ is.
expected.J_In' addition, very hlgh loss_ uaterlals (loss

tangent>3) introduce considerable attenuatxon and this leads.

to\neasurenent d1ff1cult1es hecause the attenuation readlngs-

are close to the n01se level, and accurate tuning for cavzty'\
resonance is difflcult. This explaxns the larger- error - in.

the vicinity of the freezing point.
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(4.3) Heasuream ments on_Various Concentrations.

Hd#ing now to the results obtained for the first grdup

of measurements, it is seen éhat the behaviour above the
‘ !

freezing point of €' for all solutions except those.ofﬂ70$'

‘ _ ' ! _ : )
and 100% DMSO is very similar to that of vater. The freezing

po;nt for any DMSO solution can be established by reference

to the phase diagram of figure 4. 22 (41). In the case of €",
: / ‘

the behaviour is again simildr but with generally higher

losses for the DMSO solutions. For all solutions excepting

- 70% DMSO, the values of both €' and. e® decreaSg with

lncreaSLnF temperature above the free21ng point. In the case

of €' for 70%, and 100% DHSO, there is a considerable

’

Vériétion fron the corresponding, values for water, although
the behaviour Hlth telperature is similar. €" for 70X DMSO

shovs a broad peak around 23°C, a fact which vill be

. d}scussed in mote detail below. For thé solutions von which

measurements vere iadé,‘-the maximun 1oss occurred in the
] .
case of 20%, DMSO at a telperature just above the fregzxng

goxnt. This can 'be explained‘by considération of the fact

'that llgnlds have what llght ‘be consxdered an instantaneous

structure (42) conprising, in. the present case, hjdrogén'5

bonded molecules. The proportion~of‘bonded'nolecn1es at any

instant ihcréases'as the télpératuré is lovered towards the

freezing point, and so the loleéular forces iipediug the.

dipole orientatibnk dominate, and the dipoles become less

T . . 1

able to follov the changes in applied electric field. ﬂence,‘

’

R T Y TR, R CIYO T VA, S TR R

e
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l

an lincreasing phase-lag between the field and ! the dipole

‘orientation develops, and losses (i.e. G"),increaSe. oo

. o
y y
In all cases, except for 70% nuso, a fairly abrupt

change in both e and €™ is ev1dent at the freezlng point.

‘This " may also heA the_case for 70% Duso, butwthe freezing

telperature of -720C was below the neasurenenf'range. These~

\

abrupt changes are associated with the phase change at which

the continuously changing instantaneous structure of the
. aeeneH A - b

.1iquid becomes a rigid solid. The effect. of this’ is to

g o
ance, the Cole-Cole

o

reduce the relaxatﬁon frequency. Por in:
plot _ for ice (43) (figure 4.23) shows that thexrelaration'
frequency of this later1a1 is' about 3.0 Khz as conpared to-

18 GMz for vater (figure 4, 2a)(u3). At freguenc1es around 3

Ghz, as used in the present neasurelents, eﬁ for'ice is very

" small and €'r3.2 and shows. very : lirtle tenperature

dependencedfor_the”range of tenperatures consxdered here. In
thf case of tﬁz Dusd nlxtures,_ hovever, 1losses are

con51derably increased over those of ice, even in the case
o ’ ‘

of 1% Duso. In addltion; the 'chenge in the dlelectrlc

propertles as the freezing p01nt 1s approaphed fron below 1s

rrelatlvely gradual These phenonena suggest that hydrogen

1
thereby redugzng the relaxatlon fteguency of the bound

bondlng begveen the Iuater and’ the DHSO 1S taklng place, I

vater,. and ,pmergfore 1ncreas1ng en, This also occurs in.

'1other sxtuatlongf for in%fadce, vhere vater wmolecules forl

‘

B X
.&' Sl . %1 ', -~ ’
. L o o Ua v
0 ﬁ PR A
/ o o i
.. )

‘bonds Ato tke{wqei}u}o$e~ ink‘vdod (MQ).,The qryobiological

Y

I



‘the ;elaxatiou frequeucy, decreases in both

iﬂ;‘ cetions of these results vill be discussed in section

P2 ‘ 1 /

“13. ‘! ‘. ) . . ]‘l B h; w7

1

/

(4.4) comparigon of Cole-Cole Plots for Water and DMNSO.

vThe fact that ev decreases wvith increasing temperature

above the fréezing;'point suggests that the . ueasuring

1

frequency is below the relaxation .frequency for all the"

' concentrations considered in this group, except for 70% DMSO

!

(figure 4.12). Por the liguid phase, this can_Jbe explained

by reference to figure 4.24 which is a Cole-Cole plot for

‘vatpr and for Duso‘dravn on the baSis of Jiterature data

(16,17,43), and  some _of the_ present measurements. It is

evident from this figure that the relexation frequency "for

uater LS in the v1c1nity of 18 Ghz, and that for buso is in

the v1c1n1ty of 9 Ghz. For neasurelents at frequenc1es belou
-

' and  e" . wvith
increasing temperature would therefore | expected. This

correSponds'td moving froam curve‘A,to curve B. :

- o .. '1\

L

Thié point is iurther clarified by refereuce to 'figure

v

4.25 (49). Here it can be seen that the relaxation freguency

J

increases\ with increaSing telperature. Cousidering 'a

ueasurelent at frequeucy £, helou'the relaxation. frequency,

itv is clear that a‘drop in value'fron €My, to €",; -would be

expected for a telperature increase from T, to Tz. On - the
]

other hand, for a. teasureldnt " well above the- relaxation

S s .
B S

4

/[’—



W
%,
RV

L, v
DR

| ) 1

frequency, such as fa, an increase from €%"g1  to €"ar is

expected - for an increase. in tenperature._‘rron' this

dlscussion, it is apparent that a peak in the value of €% as

the telperature is varied would suggest that the neasurlng

I

' frequency was in fact -the relaxation frequency at the

temperature dfiqgthe peak. ‘ ;
‘ ; y )
(4:5) Relagatijon inm. a 70% Solution of DMSO in Wateér.
' R R

!
¢

{

1ncrea51ng ~the DAHSO concentratlon up to 70! 1s analagous to

anreaSLng' the measurement frequency or nreduclng ‘the

relaxatxon frequency .'of the. ‘solution. Increasing the -

concentrat;on frq& 70% to 1005 has, the same effect as

.
e

‘lncrea51ng tehperature, and fro wﬂhe abOVe discu551on; this

g

has the effect of increasxng the relaxation freQnency of the

. solution. It wog;d ;he;efo;e be xgected tha t a 70% llx;uge

of -DuSO guogl g ghe ! g;gg relaxa glon f;egnengx gf an1
.ggueou; S0 lg;;pn og pNSO.

A . 1
’ 1

Ih1§_1221£2§.222£.Ih__h!QEQQ&B.QQEQL.S..E&___Q_&h. nn
sng.&he___xsz_!glgsnls§.xsss£2§ a_;ezlzn..fgr__&_g .n;*ggig

113&222_11;2;_322295131£_11.191.2ﬁ§ﬂl; Szmant (14§ has noted

several other effects that occur for the eutect4c lixt@?i

and he indicates that the addztion of DASO to vater

increases the organlzation of vater up to. concentrations of

1

Further consideration of fignre 4.24 suggests that

0. 33 mole fractlon Dnso (i.e. 66%).,The conposition of the



liquid is then DMSO.2H,0.' o
; %w Referring to flgure 4, 12, a definlée peak in the
telperature curve of e" occurs in the vicinlty of 23°cC. Thls
leads to’ the conclusmon that the relaxutlon frequency for
70% DHSO 'at 239C " is ,at  the fregueycy at -which this
/';easureuent"asruade (i.e;:2750 Mhz) . Be@ause of™ the large
-error-bars ~in \the .v1cinxxy of the éeak‘(due to a large \
attenuation through the cav1ty), the exaét position of the
peak is 111 deflned. In addltlon, the fre ezzng poznt of 1001'
‘Duso ‘is at 18°£, only .59C below this tenperéturg, and so he
values ‘at tenperatures beléw the laxlnul may be due tol;cne .
part1al free21ng phehonenon in the llguxd. Tﬁe even Jlarger
error-bars, ln t&;s‘reglon'tend to support this posslbility
because psrtially frozen. solutions are‘_characteristically
gill—defiued as to'tueiriconposltion. On the other hand, the
féct'thdt €" for other COncentratiéns continues.to 'increase

rlght dovn .to the freezing poxnt reinforces the conclusiog;{

"that the 70% solution _does’ exhlbxt a minimum relaxatioi

1 0

freguency, .

(4.6) ‘5% Dextran Solutides - R
Plgures 4,15 and 4. 16 _are plots of the tenperature
behavxour of a 5% (w/v) solution of dextran. ﬁextran is one _

!of a class of hlgh lolecular welght cryoprotectlve agents.

The results suou that the effects ,of dextran-'on the -

° .
E *
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dielectric constant are Vlininzig“&it/ .Qh the solution is
.sllghtly more 1ossy than vater above the freez ng polnt, and
 the transition below the freezing poxnt is got guite as -
' abrupt. Below this trans;tion.region, the solution'behaves
very éinilar&y to  pure water, suggesting that. the
macromolecules heve little effect on -the ice strecture,
Because of ‘the large size of the_llolecules, eit is likbly
that . lore isignificant effects - uouldgbe_apparent at 1over{

frequencies, as has been indicated on’_broteins-aand other

biomolecules (43). . v '

(4.7) 1.9.5_2;%_3.9,..9 nd_Varjouys Additives.
: . | ' o ) )
" Figures 4.17 ‘and 4. 18 are the tesults of leasurelents_k
.bn solutions of 10% ﬁ&so end lixtures, of 10% DHSO vitht
either 0.1! Nacl, 1.0% ¥aCl or. l"dextran (u/v). Most
biological solutlons contain ionic conponents and . so the
;Naél was added to give ‘some indjcation of the effect of an:
© 2onic conponent on the dielectric“propefties.rAs can be seen"
" fromt the resuits, \the only siqnxficfkt effect f@sf the
add;tlon of 1% necl‘to the 10% Duso, and 1t is only an above
'the.fteezing point that is affected in this case. 1! NacCl is
-,close to the uidely used physiologxcal saline solntion of.
- 0.9% uac1; and vas chosen for this Teason. the increase in

conductivity resulting fron the eddition of the uacl

accounts for. the 1ncreese in e~ as. observed in figure u 18
’
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'(4.8) Behavjour of €' with Concentratiop.

Y . . . ) :

vThe final group of curves conprises figures 4.19, 4.20

.and 4\;1. In these, the dielectric properties, including the
"loss tangent, are plotted against the DMSO coﬁbentration for "o

three different tenppratures. Figure‘ 4.19 showe that the

behavior of €' at 23;C and 50°C is as one would .exgect} on

the basis of linear‘llixing, that is, with the .values
i . ' = N

:r‘wﬂecreaSLng linearly fron‘thoseq.¥ uater to those " of- pure
DMSO. The curve for 50c (figure 4.19), howeier, has at

’ |
- mRinimum value at 705 DHSOL This is consistent with the curve

of figure 4.11. The abrupt change at about 90% DMSO is due;
f ’ 8 . : .
ﬁo“hlgher ‘concentrations having freezing points above 50C’. \

The reason for the minimum in the value of e'»at 50C can be-

| A

.exglained' by reference to figure 3.26, uhich is a.typidal;

‘g’._ Debye curve of ~the behaviour -of a dielectric. Previous "

AR T a

results indicated that Dusdﬁat a. concentration of “70% has a*
linilul relaxation frequency,. £l Therefore, at 70!, ‘,
leasurenents’ are being lade in the vicinity of point £ »ot!“

figure 4.26, v}th a resultant value of ea,. Por “any other Ea

- S "'r &S

concentration,\ hovever,- the relaxation freguegcy is hiqﬁef.
‘ vhich is analagous to being in the region to the left o: fQ.

such that f<£). For any point.- in this region,’gﬁh value of .

-u&

lge' will be greater than €% and s0 one vould ,expect 8'3- to
1

be  the minimum value. The fact that this is so for“all th%- ::"
* concentrations in figure a.19, except those belo:t the
freezing point, confirms the earlier results that a 70% DHSQ -
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(4.9) Behavioyr of €" with Copgentration.
S T
T T : :

_ A .- AT Ty '
qu;ning‘ nou‘“.to f‘ \ﬁ‘e 4.20, we see that «€?' goes' th';:ough

o Y Q

a na;uul dt abput - so, for a’ tenperature of 5°C, but

and at . about’ sox\ for 509c.

T

iﬁﬁefetence‘ ﬂ appendix D shows that the hlgh Iosses in the

: 'tenggratﬁntes» plotted, it s ovs Jaxina 1 »;9

od S

v1c1n1ty of - the n%a...of these curves 'fe’sults in latge

.standard devj.ntlons anq so the exact Qggcatlons of. the lra‘k:Lla

%

' (4.10) Biological I

o

are hard to deternne. méveti vhere éonpaﬂ%@’ﬁs postzble
il RN N (k p'; “‘I&'V 1 -

4
Bd

e
»

| =~

n

nth t.hee; earlier cq:ves, the Jdata 1s con‘sxstentx'm tr&mi m
' $ a _vd/\ Q r"‘ "

tovards 1ncreasing losses vith decrqpsing, telpergtﬁm‘(

,.Iw

'-‘-.v._'-xncreasing DHSO concentrat?lon . is lain ned gth;oaighght

Rn"‘

-._'_',excetgtgin the vic:.n:.ty of 70% Duso where 'thé beha.viour- 1s

. *
consistnnt uith a dispersmn reglon. *%igm:e w 21°is a plot

of the« loss ““tangent vs concentration, "fgg'".'-:fe:_" aM.

a £ At

loss tan@nt (G"/E').‘Pigure 5 26 shous that e"/e'l COulrff')gof

""7' cinity of ‘705_

. DM SO. This c(a? be’ explain'ed by cons:.derin 'e' definition of

through a lanlnl in the vixc.tnity of £y, though; this yould.'il.

depend on: the behavi:oqr of € in thJ.s regioa. e

s . . -

~
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1of niﬁkounve,henting of biological materials containing the

solutions as cryoprotecfive agents. As the results have
indicnted, the dielectric 'loss of frozen naterinls is
considernbly less than it uonld be at roon tenpernture. This

is generally true ef all frozen nnterials contnining vater,

i 4

are initially in

K nnd, specifically. of biologicnl tissnezgfn cryobiological

npplicatiOns, the hionnterinls to be heat

the frozen stnte, and so the expected " dielectric loss is

2

. small. This is in direct conflict Ulth the regnirenents of

o]

rapid heating, and any means of increas1ng the dielectric

loss nt lov tenperatures is nseful. Froa figures 4.3 to

a.12 it is clear that the addition of Dnso increases the_

losses Cat 1ou telperntures. Inf~general, the higher the

-~ pe;ag%tage of nnso. the higher the increase in the losses.

v,’// B v . . e - ; ' .J' %
» » ! - T
v -
ot 8 . . ) o ) Y
. T . o

One of the. inportant arens of cnrrent cryobigiogicnl

es
vh.o.

\ P S
research uis in establishing the . most  effective

cryoprotective agent. Hith | regard . to.f Duso. - vnrious
cgncentrntions have been: elployed, nsually in the rnnge 1-
10!. However,, Pegg (45) has nsed \nppnptin§~ in . vhich the

concentrntion 'is increﬂsed up to 70% ns cooling proceeds.
!

Aside from the. cryoprotective properties,. ‘the qnestion of

LN

toxicity nrises, and cqncentrntions ahove nhont 15—205 are’

usnnlly considered to he toxic (15). Hdvever,' reducing the

' !
the technique of Pegg (45) is ncceptable. |

/ . o . . ) R

©

vy

e tenperature allovs the use of higher concentrntions. hence

;'
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vdigndynntngé;

' |
Referring again to figures 4, 3 to 4. 12, ig appears thnt

“would occur

naxinul i)hancenent o£ qpu ﬁé&%ﬁrnture hantini}

" e »v;’ ' . . ..' : 1
~ Ased with decronsing ‘temperature, and so for the

pore usualwnpplicntion where a single concentration is used,

“a liniﬁﬁng concentration of 101 is indicated. Rensonablekv

enhancement of the dielectriC» f20ss does occur at this
concentration.

-3

AS nas'been‘poinged out earlier; the critical range  imn . -

,tiésue-%fréézing nndznnecovery is bétueen’-60°c ant;010°Ca

Therefote,-it is in this range‘thatnthe possibility o rapid

heating “is - most 1inporxnnt, and so the low losses ‘at

temperatures below -60°C do ln-

t consti_fte ‘ serious
/ y )

lnother 1nportant question in, nicrovave heaiing' in

cryoblology is" t~hnt qf heating nnitqn’lu.oﬁnd the

_,dlelectric nensnrelent ;esults are now examined - i this _
.“light. Consider a honogenons_ body vhich is nt the eﬁleg'
telperatnte throughont. The bhdy is placed 1n a licrovave -'
field nnd heating iggbegnn. It is inevitnble tﬂfi some non-v
unifornity of field distrhnntion vill nxist. and \khis vill.y

-cause’ different areas tolheat at ditferent rates. rton the

J3-ncentration g




the varaer tﬁ& laterial, tho highet the loss hnd . therefore

he more energy it will: nbsorb This vill'tend to increase
';?71ftnp‘non-uniforn1ty of temperature distribution., perhaps, to

tho extent that telberature gradiénts are able to cause .

LY

ddlagq,, Tnis veffecﬁ becones more pronounced for- thbso

solutlons in vhxch the change in\dieléctric QOnstnnt is ldre.

| Yo ‘\ .
“ o V8
abrupt. Heat conduction effects are of conrse a noderatlng ¢

\'f‘ ,Lnfluence but non-uniforlities vill st111 arise. ”.}“, ) ‘
J ’ ‘ | ‘ ' * ¥ o ’ .
e , . 9

. ¥ ! Koy

’ Tho dielectnic properties of . perfused"&!iological | ,
| lnﬁerinlé nre heavily dependent “on ‘the pr}d&‘be of the

-
\'J

P ) perfusate if this-is DHSO (22). leans th@;&' )
; behavlougnw;lll certainly be\Intlnanced by tho Pni;;injﬂ
- 'Q the DHSO solntions. It isnreasonnble to suppose thaéfk
: "w soluthnS Qghibiting the. lost abrupt changas in. dielectric e
_ﬁ:? ,properties vould"cause the~ greatost non-uniférlity ) \‘;

fhoating. In this ¢ategory are vater and the 15 solutéom of ‘ '; 

Duso; Although not directly .;plated to ¢ the E present

e discusssion, the solution ciit&ining dexttan.also exhibits ?
* b .

an abrupt chaqge vhich suggests thnt ‘cryoprotectivo ‘agents . <,

f.-p L ’ Lo
f‘}~:¢ﬁu of thta type,Lro 1035 suitable thnn nuso based agents frol'-*

Sabg
.t - ,,% . [
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(4.11) Goncluding Bemarks.

In . conclusion, thea, DMSO solutions up to a

"concentration"of about‘ 70$ .(eutectic lixture), exhibit

relaxation frequencies vhich fall fron approxilately 18 Ghz"
for pure vwater to about 3 "Ghz for 70% vuso;'-,s the

concentration- is increased ahove 701, the relaxation

)

freguency increases to about 9 Ghz for. pure' DHSO. ,Of the .
solutions neesured the‘-lost lossy vas a QOS solution et,; L e .
50¢C, en in this casge being approxinately 3a.. Of the other o

additives tested, only 15 Nacl had any appregqahle effect,‘\

£ ] .
and then only on e" at telperatureS' aboveg%gue freezing S

1
P R ™

i\e ‘9 ' . - . ] D . v ,
' . R R . E . ﬂ‘ Coe .'V‘b s
: . \f . ‘ - X

Pronna biolgical viewpoint, cons:.derations of licrovave, ‘\\ _
heating rate and unifornity dictatewthe use- of the highest |
possible concentretion of’ Duso perlitted by >consid2ratioas"o'_\. 1\
of cryoprotective action and - toxicity. The technigue of Pegg_i‘ A

(u5) ‘1here the DHSQ °concentration at lon tenperatures isf‘_ -cjlé

_ high is certainly attractive fron a heating standpoint.. The IR

I .
ilplicetions‘ of the results of the dielectric leesurelents ‘

on buso solutions underline the ilportance of a knovledge offu S

l

the dielectric properties of cryoprotective egents vhenf5

. . .
lll.

«iicroueve heating: is used. : _4"-~{,':. ‘71§~ c p',‘ Y
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_ The tecent 'ptoliferation of high power naicrowave .

'dev1ces has aggravated "the 'bnoblens dﬁ‘fEIectronagneticli

4 : ,

:3 / 1l ' 'pol]gxt:.on' but has ‘also made new’ heating techniglxes* ‘

- e J |

S ; awailable +to the bio-adic\fll engineer. '.l'he ‘ effects '.4.9»f it
, Cd o _

. /nxcrovaves on 11v1ng tise/s/ﬁnv hus becone a- question of

- .
|

some ilportance. and the accuta e' deterlination“of the :

“
;"h—' . A

) A’ . N
elec%rogagnatic fields within arbiﬂcary-sh&ped inhonogeneqps

s .'dxelec€t£? scatterets ‘is l pnobﬁgn which- is basic to this
S 8 ror g

 the’ solutlon of this probleli”VThese are"f( ) dlrecﬁb or

: & .
'3_q“eSt%;%§ Broadly speaking, tvo &pproachés are,avail

~.;1nditect e genent' of~-éie »fields and (b) natﬁelatical

9.

eguathps. AR BT ..‘w*j*; o e S
@ e s ® ’% N - R Pee . . .. s . : s

f - ® R X \ = . A . e - . - "A‘ ' < 3 - co-

. o 'k B L L W‘ .’4‘3, e ) 4‘1.,1 ' ',, g LN . ’

e, '-'1

*

N :;‘,ffwdeterllnatioz' the fields bised on solutlons to !axwell's“ -

,,,;4,

Sbne ~of the nethods Ehat hAVe been used in the firsti.-

’,_ [ 1

LR

. i : . R
s . \ ) o L

~<

use :of' probes . Or( ”loops j ;o { neasure f'the

agnevic fields at° paztiaular points. Because tlé,gj
. ‘ f presence of a letallic.probe Uould\cdnsiderahly pettnnb the-f
o . fxelds, non-netallic probes usiug li;;id cnystals to-neasnse :

\nhe heating effect} of the field have bean developed (u?).f?"f'
e jInfornation 18 trinsferred fro- the probe to the -easnringrw

' "4 9 23 -
= i T equxpnbnt using optic<Iibres to linilise field perturb&tion. '

Ty ; " v " ,83 .1 T - ? - .--‘fh?.
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(2) The use of thinl.sheets of lossy naterial vith vhich

1iguid crystals are in therlal contactt COlour photographs

of the sheets aﬂter . a period of’ heating can then be’

ﬂ:fd 1nterpreted as eléctronagnetic field distributions (¢8).

wl f 4

_ "gl'. (3) observatlon of the re-radiation fron a. diode ilplanted~.-=uv7'
o@ ' .

i - in the scatterer, which is in an electronagnetithield (ﬂ9).'/

"(4) The .use of colour - thernoviSion on sectioned phanton

‘sc&%terers to deteraine the ‘eating distribution, from, uhgch

. : the field distribution can be inferred (50 51). ' s
' ‘ ' . 9 o, : L ! \ ' .
e B SR 9 f}» : ) _ e
ST Ot Though  sonme offixnise _lefhods have proved\> very
L , yfg‘ efféctin,”theyﬂare t as. flexible Aas natbelatical nethods ;l
DU L bécause y of harduare requirelents,‘ ~and because ‘-°f“‘
Ce T ‘ i o & . G

difficulties involved vhen leasurenents are to be -made on

biological tissues.. For these reasons, it .ues deq!ded to %i
I

apopt a lathenaéfcal approach@tovards noderliJ% the heatinq

,5 of frozen organs in a licrovgve fieldr

A ! - ’ :Q)
");_w' . & L
\ R - N TN

R N T

-

- In the ‘past. several yeare, “a- considerable nunber\ of

'12hreeic1asses'of'nodel exist. These até- @J

A O
* ) .. N - I
/ s . . [N L \ o R AR
ST h N \ L . ; . O AN
T i ; T . . ol S TN ) Wty

‘mathelatical field ﬁodelling techniques have oppeared./and
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j}) Transaission Rodels:\ In ‘these, assolptions. about the
reflection and refractiokrof the impinging vav%s are made,‘
and the amount of energy absorbed in finite elelents of the
scatterer is - calculated .as' the electronagnetic uave
propagates towards the interior of the scatterer. The shape'¢
0f the scatterer is limited to fairly simple cases, but
different dielectric’ properties can be assigned to different
regions. Typical of this type of model 1s_ that of Nykv1st
(28". whicy nodels the heating‘ of a meat roast in. a

[y

microwave oven, ﬁhere\lenergy is apbroachihg from many

different directions. ) ' \

- {2) Prequency Domain Models: Most of the -odels appearing:in
the lliterature fall into this class, and the methods are
based on the assulption of an exp (j27ft) time dependence in o
the fundanental Haxuell' equations. A- set of linear,
ueguations"or either» field vaxiables or field expansion
coefficients is_ derived and then solved vith a suitable
natrir inﬁersion schene. Representative lodels of this type
'are those Adue to Shapiro (53) and Durney (54) . In these
Rodels, the scatterers are restricted ip shape and apply to

a multi- layered Sphere and a2 prolate spheroid respectively."
The solution of a set of 1ntegral eguations, 4s presented by
Livesay (55) also falls into this category, but it is
applicable to arbitrary-shaped bodies. The disadvantage of
this method is that it vould reguire the 1nver51on of a very
large natrix if it wvere applied to a large scatterer Vlth\
fine structural details, as ig the case in lany biological

~

<>
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applications;

(3) Time-domain Methods: These letheds treet the irraddation
of the scatterer as an initial value ”proulel, 'considering'
Propagation of waves‘ from a source which  is turned ou d§
time t=0. A-solutrou of a finite-difference analog of the
tlle-dependent lHaxuell's equations is obtained on a lattlce.

of poxnts {ycludlng the scatterer. A good exaample of this

‘technique vas’ presented by Yee_(56); being later extended to

- . L I S
biological materials’ by Taflove (31,57).  This method
appeared to be the most suitable and vas the one flnqlly

chosen for the heating studies perfor-ed in the present
e i
\\\\ |

e

(5-2) Reasoms for choice of the Meth hod_Used.

wvork.

For reasons, outlined in Chapter 6, it was _decided. to%

investigate licrovave heating of canine kidneys under

!

condxt;ons of plane vave 111u11nat10n.vThese organs haver'e
conplex structure with many fine detulls, and so the lethod 
chosen would have to be able to model these detalls v1th
reasonable accuracy. .In the model finally adopted, detalls’
dovn to A,/Zo‘uere 1ncorporated {(Am=minimun wavelength).
?ﬁe ;poss@bility of _approxilating the kiduej toyverious

régular shapesl such as .spheres, cylinders and "oblate

-spheroids vas cousldered, 'but the resulting internal

structure could not have had thls degree of detail and still =

maintain the regu;erity and syametry demanded by the aodels
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" intended for efhese shapes. rhe- inc%nsion og/ the small
details in the model thus ruled'out the first cetegory and, .
fexceptiné Livesay's' eedel (55), the 4second category N
discussed above. Several factOrs influenced the choice of .
; Taflove's model over that of Livesay. rhey are:
(1) The accuracy of Livesay's model depends on-the size of
the scatterer in relation to the wavelength, vhich is ”qot
the case with Taflove's lodel.
(2) To implement Livesay's mnodel, the scatterer would have
.to be sub-divided into N sub-volunes and three coefficients
vould have to be calcmlated‘&or each snb—volule. A nulerical'
integration technigue would probably be necessary for eact
of these calculetlons. The resulting 3¥x3¥ matrix would then
have to be inverted to obtain the required solution. On; the
basis of data presented in chapter 6, and assullng a laxilnn
'-bsy‘rvolu-e_ size of one quarter of the minimua wavelength'
'“encountered,\approxilately 100 sub-volumes are required.t
L Thus, a- 3001300 latrlx vould have to be inverted. Although
| 'not ptohlb1t11¢ thls is a- prohiel of some lagnitude ‘and

vould have nL' advantage over qulove's “method 1n"thism

. »
regqrd, : , y
. N t \.

.t3) A possible‘future extension-of Iaflove's method to non-

plane wvave irradiatidh of a scatterer surrounded ‘byv'

conducting valls (i.e. a microvave oven) appears' to be ‘av
\\\reisonable possibllity (see chapter 7). Thls vonld allow

even more realistic lodelllng of llcrovave-heated laterlals.

Fa _ v
. . A)



“(5.9) The ee Maorithe. o

/ /

(5.3) Description o; _the ﬂefhod~choseg&
\ o

As mentioned abqve, the iethod e;osen‘is a time-domain
approach which treees the.irradiation of the scatteren.as an
initial vvalue pnoplen; At tfﬁe .t=0, a ‘pldne vave of
frequency f is assumed to be turned on. The propagation of
vaves frqa- this source  is. sinnlated by solvxng a f1nite>
difference analog of the time dependent uaxxell's equations
on a lettiCe' of- peints .including 'ihe{ scatterer. Time '
stepping ds continued nntil the s;nuse;dal eteady-stete is
acnieved at each point. The' field envelope, or naxinun
absolute value during the final half-vave cycde of time-

stepping is taken as the naqnxtude of the phasor of the

steady state f1e1d The follov1ng descrlption is based on

_that presented by xee (56) and extended by Taflove (31 57).

. . : . !
‘- . . N

In the °ux§»systel, uith/u, € and o time iggepggggpg p
uaxiel;'s equaiions in the .reciandulat 'co?ordinate Syétem
(x,y,;)vcanlhe :epresented as follows:

I . co . ' v . ;

’?':1‘-... i ( ey _ ?s*_;s) - ..-v.v.‘.?. ‘5.-.;

\;--;\\.:\ : o 20 - (}_Ei L;) S b |
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At thie- point; a .set of tinite‘difference,eduatidns~

| following 7Yee's (13) notation are 'introdnced;'_n space"

lattice point is denoted as;

S ¢ j.k) = (15,35, kS) ‘7‘...,.(§.2)

TN

and any function of space and tine as:
- \ )
. S Ph (i, 9, k) = r(is,js kS,nSt) .'.....(5 3)

uhere S*Sx 8y=$z is the space incresent - and St is the time
. |

increlent. Yée uses finite difference expressions for the<

‘space and tiﬁe derivatives that are both simply progralned

and second orde accurate in § ana §t. They are:

)r"u.;.n Fn \m.; M-sw LR L G (g2) e sS4
| ¥Ix. F & T
JF gttmh): Fm:u,;.h; o F"’*Lt.h“) N o(st‘)
/ . ) : t,\— | o . } \

all the space derivatives of 5.1a - S.1f, the conponents of

—

E' and H are pOSitioned about a uqit cell of the lattice as

shovn in fignre S. 1. To achieve the accuracy of 5 5. B and R, .

G

In order to achieve the accnracy of 5. u, and to realise =

@

E o and .
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.equations for 5.1a - 5.1f (56) :

| ‘ Hmi(t \la—;) H ‘(5“41 ko‘&,)

" . v

are evaluated _gt' alternate half-time. steps. These

assumptions lead to the following set of finite difference

.
-~

\

»

5*:.» | ‘ EQ (l. 44 ku) (t +‘l k) ‘l |
Y J 3, E‘ J ¥ :
((« } ’5_ k‘;)s { Ea ("))h"'i) En(‘,a’.}-l h"’%,) " Sea

HW ltf{ ),h+£) Hg (L*{ y,h+£)

—~

‘ * = - {.E% L““:))k*&) Ez(b)»k*z)+ 5.;. ﬂ’
/A(iﬁi/}’k-ot)s EQ (L&L,),h) E*(:.w;_ J)k") © L

"'t(ut,ga-s R) = H;"Lua )41, R) .

;+.' &g o {EQLH{,H%&)—E;(H{CLth' e
| /u(w,,pi,k)s sq‘gc,;ﬂ,.x)-ggLa.,p{,k)' e
e, i v (c+;,},h) St | ,
S St ' {Hst(v’%')*"'k) H%i(tf'l,s &. ..)'f |
elir "!:"h)s H\"t(u{,hh i) Ht’ (Hz BYLID
e™ nk ,_o-tJ:ik)St
% ()) ) { é(g)+ h) 5 }+{ k) 5‘<",

e A' .&t ’ i Ml(\. ). kf;) H“{(C af‘t k'li)
€(c,jed,R)S zb*-u-i,v&,h) W3 ima m n)

EMN (i}, kRed) = el rek) Bt
5 biReR) ;{‘ €, §,Red) { Ealt "’b‘*") 5‘*

| | nel (-t iR {)+
¢ Hyt t Lu»,, },b.fi) Ht‘ -3, i, Re
\ + G(t,a,hﬁk)s { aet (%, 3-1, hf’:‘.)" \‘\M{(‘:)*k Rei)

i



T S T T R

R The. assulptlon that bt‘p(1,j,k)& is ¢onstant ‘for \éll
i.j,k of th lattice is now made, ihd “the follouiqg
¢onstants are definedé | Q}

R = st/;n 5:7, _ o -

"Ra= ot/ (5‘/u° ) ..;Eijb

Ry = St/C/Q. - 57c | S {f

Calm)= Vo - Ro(m)/e,cm) oo 87d

Cb'(m"):: Ra Z7€p(m) -..... 57¢

: / \ _ o .
vhere a is a tissue type integer (simply an integer assigned

to a given type of éissue)g The proportional electric field

i - . . .
vector is defined as: ‘ , : N

E = RbE -..}.-.7,\8 :

. . ‘ ) : ‘ ~
/and- so equations .5.7a '-5.7e and 5.8 allow 5.6a to be re- - /

_vritten as foliovs:.
o H:: (L,é"& h...._) = “x (o, ‘-}-‘ k-b;_)*E\’(L !f k\ﬂ)_.
CEG G e R+ BN R D~ ED (ot Re L) e Saa ~%
" 5.6b.and 5.6c can be written in a siiilar Qayf In.lghe same

vay, 5.6d can be written as follows:

m = media (ivd,§,R) o Suoa
| |
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“‘r\ﬂ

Ex (‘--hz,).,k) Cq(m) E (el ),R) + Cb('ﬂ)[" (u. rg_ k)
a(Ltis i, k)’Hﬁ (Lt;)) R-%)- H% (Li¢)‘h§‘)J

e Slob

S-6e and 5.6f can be writtenm in a similar way. ix
A JLP)QM&MML tion Comditionms.

A basic problel vith any finite difference solutlon of
 Maxwell's equations is the treatnent of the,-field uector
components at the. 1attice. truncation. Because.of linited
computer storage, the 1atticegcannot cover a 'sufficiently
iarge portion of suaceﬂ 50 that the scattered wave at the
‘llfattice' ;truncation'iu-ight be closely fapproxiuated.
Necessarily, the 1attice maust terminate close to lth
scatterer in a region vhere the nature of the scattered vave
"is unknovn. : | o |
<L ‘ oo - i L : ¢
Proper truncation of‘ the lattice requires that 'any
'.outgoing vave .disapéear"ut‘ the 1lattice boundary.vitnggé
reflection during the continuous tile-stepping of the
algorithu. ruprOper truncation results in error for all time
’steps after the boundary vave ‘reflections return to the

- I

Vicinity of the scatterer. One pos51b1e truncation condition

is to set the field couponents at each truncation point to-

zero for all tiqe steps. This situation is silzlar to that
resulting if‘a conductor vere present at that ,p01nt,o and

vould result in reflections. This is known as a "hara"

I




truncation condition.

AN
In the free-space situatlon being lodelled heté the
‘nd?‘nf“"soft"

Y
N

hard truncation condlﬁlon, is inadeguate,
truncatlon has been developed. One p0551b11 f " fOF. a soft
values of/

absorbing

x.\._:\

e .
the out901ng uave. For snall ré;%ection,f %ever, this wvould

require absorption over appgoxina%ply 19uavelength, vhxch is

1ntoler§ble fro- the p01nt of vieu of conputer storage. In

H

addltion, vavefront dlstortion for vaves propagating

parallel to the lattice boundary vould be undesirable.

. ( / .
.- To overcome this problem, a soft lattice truncation

vhicb relates the field'values at the lattice boundaries‘ to‘

‘those 1§ or 2¢ within the boundary was developed An"exact

]

cond1t1on is avallable for a one-dxnensional lattice, since

all’ vaies would arrive ‘perpendicularly at the lattxce

.boundary. However, in the 2- or 3- dilensioual case; one or

'éeveral waves at ~d1ffering- angles of incidence could be

arr1vxng 51lu1taneously, and no exact condition is available \
for thls sxtnatlon. Taflove (57) dxscusses this at length'
for the 1- and 2-dinensl¥na1 cafes, and only the 3-

dinenslonal'case willrbe dealt with here.

A typical lattice is shown in figure 5.2. This lattice’ -

vas used to test th;‘;rqg:i:(on a sphere, as described in"



!

section 5.9. From the  basic giae step relation of the

» algoritha: ‘ . . - a o .

"I ' - _ 2¢%t = S 5;" Ao

I .
- . . .
3

Thaf/ LS,.it takes tvo txle steps for a vave 1n a1r to cross .

between two adjacent lattice points. The integer cons;:;;;”
/. ¢ ‘ " o ' |

Cim) = 22(1)/d3(m)  oeenes 511

is def;ned as tha number of tile steps required to propagate

between adjacent lattice boihts-in tissue type 'a. () is

the aya%elength in air;:;nd (s) is the wavelength in tissue

type a. Purther, the stored field vectors :

‘l ‘.1' REaTS
. " “" 2 A

& E = "E'l'\ Q(m)() 3 R) ..o 8a%a
§ = AR-EUM (g k) o S

are defiaeq. Por the lattice plane x=1/2 ?%ée figure 5.2),
the ttuncation is given by: ) |
/

H.,(a ),kﬁ;) [H,(;,,,hq)»,u,(.,,,,hn)
T Hy (13, h+a)J 73 '-'1,"‘-“"“’

-

vhich in effect takes the mean of the H~fie1d values at the‘

- point, and its two adjacent lattice points as exxsted 1 time -
steps .before, aad ass%gns that value to the _ 1att1ce.
truncation Vpoint. S;ail%rly, the other lattice truncat1on-
coaditions are: o

For plane x=1/2 . 5  “ \

hyu,m R) = [u,,(i,p, k~.§+u5c§ P41, h)\
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L

+“3(‘1§_)}.',i)h+\)1 /5 ....... Sthb
For plane y=0. ' o -
nd P
E (L‘YI,O R) = Exl(bf1,|, h) e S4¢c ‘
~n . . N .‘ 1 . .
Ej (1,2, Red) = B3 ({,38,Ra{) ..o S.ud
For plane y=39 . s
Ex (ied, 2, k)= & (Cod,38,k) oo swe o
) A
.‘.Eik\mh01)= E;(u‘bs R-tz) ..... ’5|q-§

- . -

_For planme z=0.

li

E (H—;}O) LEx(L ;,),l)+§ (b-l'z,)’l) |
: ‘.§§;.Lb§x)),\)] /3 .qu?ms

ExLL )+; 0) = lEs*(t ' )-b; W+ E\;Lt i)
~ e G, L~+l,,)+i ) /3 - Setah

(5.6) 2hs.§1122&21.§9211&122§;
L ! | Ny : . . ) . . e
\ If even sylletty of the seattetef about one or . tvo
pianes can be assuned, an 1lportant savzng in conputer tine
and menmory space can be realised. In-the case pf the .canlne
. kldney, sylletry about two planes is assumed (see Chaptet
6) . An 1nc1dent plane vave hav1ng conponents E and H is
-‘.assuled: anq so the follonlng. sylletry cqndltioné\cah'be,
defined. | o |
u; (1%, j,Red) = Wy (173,544 R) =0 -;;A..'....

O R e N R R




(5-7), The mhe__!!is_&.go rce_Condition. ) o :

4
Y

The simulation of a continnous sinusoidal p e ueVe

source is. now considered. One possibility vould be to vary

the electric field along.the points of one endface ,i-!, the

s
o

appropriate manner, but‘“this vould - represent. a "hard",

o

)

-truncation condithon for any scattered vtves, end S0 'ceuse_.
undesirable reflections. | Alternatxvely, 'af s;nuéoidal;:

: varietgoe.can be‘Sﬁoeriiposed on ‘the exist;ng.field er.mthgﬁ
points in a. plane-iibedded 2 or 3'.into the lattice fro-i

i+ one endface. Thls allovs reflections to- ﬁkss throngh. the
source end be truncated in the manner described above. This\

'\~ '3 'condition simulates a plane ‘wave orzginating'at infxnzty and
s f a reflected ‘vavef Yetnrndng to 1n£inity vithout furtherlﬁ,.‘
'interaction. the appropriate-egnation defining thisfbype of |

source :Ls- - : Q : ne | ,‘.3
o ': , (., 3, Re§) <« looo Rbs«n(z -if\St)-t- E%Lgsk»,) sie

o This‘defines an impinging field vlth'an E gdﬁéii being.r__ .

‘developed at' plane 38.’

(5.8) Stability criterion. LT E
. Te e S B

Taflove ,(57) derives the stability criterion for the

algorithm, and arrives et'the“foilovingbreSult: SRR

‘“qu St ‘ (s ’ .’1 + "l_%t) ciee .. 5.7 ‘
, i : B ) S
I uhere v“‘ is the laxliul phase velocxty expected v1th1n theV
v !
» : ,




mnodel. Por a 3-di‘ensional lattice this reduces to:

St ¢ & = 0-517 % s'ng

- . Cﬁ
!
' . |

This criterion applies for an infinite lattice, and so
it is - not strictly correct when lattice tguncation
conditions are included. In efféct, thls llllts the\ nulber

for which’ the progral can be run before the

of ‘tile‘ st

presence the Lnstabllltles becomes apparent., Por-

‘convenien e; a choice of t-ﬁ/Zc vas made, in the progranm,

-

and no i stabilltles vereaencountered for ap to three ;nput

:oxllately 1.5 cycles are sufficient to establishl

1

‘'steady state ditions, as vas verified by printouts at 1,2

and 3 ¢ycléb.. o

.

(?.Sr ggnpu;ei Proqram.

A computer program based on the solutlon of equations
\

5 9 to 5.16 vas obtalned froa Taflove, and was re-wr1tten to
allov it to be elployed for the present problel. A 11st1ng
of the nev progral is glven in appendix B. Input data to the
| prog:al ilgcludes a’ llstlng of the dlelectrlc propertles
~encountered at each point in a lattxce of points conta1n1ng
the scatterer.r The means by vh1ch thls is done is detailed

in Chapter 6.

-t I

Before running the progranm viﬁhmkidney data,'it'vas run
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for a dielectric séhere for wvhich an alternate solution,
using ihe sunled—series ‘technique of Stratton (32)} vas
available. Figure 5.2 details the lattice into ihich'r/u of
a sphere was incorporatéd,‘and the parangfers for which the
progran Qas run vere €° = 4.0, 0= 0, magnitude of incident_“
Eq =
envelope observation was for 460'5 n < 500, where n is the

= 1000, £ = 2.5 Ghz, 8 = MAw/20 = 0.3 cm, 6t = 5 psec and

nunbgr of tlle steps. For a three dlmen51onal program, there
is addltlonal flexlblllty in spec;fylng‘ the dieleqprici
parameters in the free spgge.region outside the scatterer.
The finite difference eguation for Ey (equation S.10d)7 ///
requires that &k1)=q, vhere o(1) is the conductivity of the |
surfounding mediunm. This ésshres ‘that" thefg is no
attenuation of the incident vave. For the finite difference E
ﬁ.eguaéionﬁ of Ex and E, (equations 5. 10b and 5. 10c), however,

a small value of 0O(1) -can' be assuled for the x and y
dlrectlons vithout affecting the prdpagatlon of the incident:
vave; or the dlffracted Vave vithin the scatterer. Thi;
assujption results _in the attenuatiqn >0f 'the E, and E&
components of the exterlot dlffracted vave, and thus reduces
oz -directed wave tqﬁlectlons at the lattice truncations. This
further aid to stability was 1lp1elented.by settlng 0(1)=0.]L;
hho/nlfor egﬁation %.104 anad 5.10¢, and setting o(1)=0 f&r
equation 5:104. The techniqué could also be applled by

!

creating an H fleld loss to be used in equatlons 5. 9a, S 9b

‘and 5 9c. Jud1c1ous use of this type of anlsotropy prov1des

t
4

addltlonal control over progtal stability.
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'(5.10) Comparison of “Exact" and_ Tisecdomais Solutions:

/
!’ -
\

those obtained by the exact summed series technique. It is

Figure 5.3 compares the results of ' the program with

noted that the computed solutioh locatés the positons of the

peaks and nulls of the electric field with a wmaximum error

K 4

of +9%, or -about t3% of\the didietervdf‘the.scatterer. The

- magnitude of each peak is determined with a maximum error ot

+10%. This leads to the conclusion that the accuracy should

be sufficiént ~to gliov the useful solution of the fields

vithin most biological scatterers.

/

(5.11) ng..’ n.of Absorbed Po bed over.

sidce\the proyram generates a large ‘amount of data,
lodificagéons- to bprovide results Printed out in the same
forn as the lattice data were .made to facilitate point-by-
point 'conpafison._ Of primary importance ih a microwvave

heating étudy is the amount of power depoSitedvatveqch point

A

in the scatterer. Because of uncertainties in the dielectric

* parameters, and to allow a compact printouat, _it‘ was felt

|

that a heating iﬁdgx in the tangéﬂb~9 would provide adequate
informatioa at this stage.  The poueri absorbed in a

_ _ ' ) A
dielectric mediuam is given by:

a !
P - %ﬁ(lE\\ W/m3d ... 8509 .
For calculhtion purposes, the program assumes an incident

.
Y ‘
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' nedia lattice. The progranm .also ‘prints out the value of

electric field, Binc ¢ of 1000 v/m. Normalisin

dissipated'pahe: to a unit incident electric field,

1 ~

following is obtained:

°

\El 1 . ‘. : .
a W/ 5 el
(IEmcl) , '/m B ‘S‘?.o

\ . :
The who;e lattice is now scanned for the maximum value
ﬁy-ox.of Pye and a‘heagidg indéx such that‘\P&qu_= 9 is

defined as’ follows:

I
\

HI= M a Lllsa

PN MQX - L

This valne is printed out in the sale form .as the dlélectr1c

'

v

.Puﬁum that',ihé powver di'ss-ipated at any 'point\ can be
calculated from: - o
‘ | HL. Pumanc o . . _
PD = . q' ‘ « 2 qg ?lm w/ms '. esees §:20 ‘ )
vhere 'P‘nc is the 1ncident pover density in H/n2 and  is
“the 1-pedance of free space. E'“‘ |

: o Ly i o L .
. . N .
. Lo . .
R . - »
, | . \\'
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distribution\based on the energy absorbed at each point. The:

Chapter 6. The kiduey model

3

(6-1) Modelling of Heating Processes.

!

Numerical modelling of microwave heating can be Aivided

N

into two problems. The first of these is calculating the

fields - within the body at’ each point, and thé_second is

) . : !
solving the .heat  diffusion: eguatioqs for temperature

solution to thé first problem depends‘dn the dielectric

propéfties of the body at each space point. These properiies

depend on the temperature at these points. PFor the second

problén, a kqowledae of the thermal piopertiés at each point

of the body is\neéeésary.ﬂln a situation wvhere the range of

‘temperatures is small, ‘temperature invariance of  the

dielectric‘.and'.the:lai prOperties' can be assumed, and a

final steady state temperature distribution ¢an be

calculated by ;solving bbth problels.'Houéver,'when]a vide

| range. of temperatures is involved, changes in the dielectric

and thermal proﬁerties.have to be considered. The problem is

.further coaplicated by changes of 'state.

{

In the present study,;iicroﬁave heating of a canine

kidney is eidnidedl and teiperatures betvéen <20° and +20°C .
- are considered. Large changes in dielectric -prqperties.‘aSZ

well as a change of state are encountered in this range. One

possible. solution would be to divide this range into a
_: ‘ . : '1\". o -.\ ’ | | ‘
103 ‘ '
'[.

-l



number of steps 'of, say, 10°Ci3 all propertles mbeing

-considered lnvarlant throughout g%e step.' Considerlng a
#

lodel vith a hologeneous telperatur distribu;ion ~at  the

lovest ‘temperature, heating coul icontioue' until the
had - been raised by

istrlbutlon, a second .

derlved and the process

\
1

any point, a negative' he ting tern could be 1ntroduced to

'peated. At the{change of state of

account for the latent eat of fusion. I

Tio 'probless Varise ~With thls approach. The f1rst is
that the second and subseguent lodels vould be dlffereut for
each new set of paraneters belng tested. A systen vhere the
nev model  is. autonatlcally» der;ved could no doubt 'be'

devised, but the processing:tioe, _vhich is already qulte'

,long Just for solv1ng the field distributlon problel, would

becone qulte unreasonable. In v1ev of these. con51derat10ns,
I o
it is decided to 1limit - the .calculations to finding the

!

. ) : ’ ‘ |
heating function for -~ vandous ‘hologeneodsly distrithated

- temperatures. ﬁotuithstanding these lilitatiOns, several

| i
valuahle conclusxons arlse, as descrlbeq xn sectlon 6.4,

(6. ) Reasojps go; Choice_of the Canine'xidnez:

| = |

There are several reasons vhy it vas decided to model

heatlng of the canipe kidney. These are-‘
!

i
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(1) Because | kxdneys are one of the more commonly
transplanted organs there is consxdeFable 1nterest in their
long-ternm stur&/é. This has led to substant1a1 research on

theé préservation of this partlcular organ, . much of the
' {

teported work being on canlne kidneys. In partlcular, the
vork of Rajotte (11)}on the licrovave revarming of canlne
kidneys provides a valuable sourcé:of data for comparison

vith the model. : . .

|
(2) Froa a lodelling point of v1ew, the physical size of the

-

caaine kidmey is attractive because a fairly detailed model

e : is possible without excessive computer storagelrequire!en;s.
o r ' ] ' . ‘ “
(see section 6.3). o , : : :
1‘ N .

ter ~.serves to

;
aN

(3) Unlike! some ‘organs, the kidney  contains several
' |

differenék\tissue types, and - this be%

demonstrate the\flexibility of the lbdel chosen . In additior

reasonable est1nates 435//fhe; dlelectrlc propertles of the

v .various ‘tissue types cdn be made froa data available in the

llterature.
S ) (6.3) Modelling the Kidngx. o .> : o f
The first step in producing a reasonable model of the

kidney vas to establish ‘dppropriaté - planes of syametry.

e

- Pigure 6.1 shows ~doFsal and transverse views of a camine
kidney, with typical dimensions of the organ. There are two

' planes of symmetry, these 'beiﬁg _theﬂ dorsal and the
‘transverse planes. By considering radiation along the axis
}v . ' ) i { :
‘ M
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indicated on the diagral‘it is possible to divide the kidney
into 4 symmetrical pieces, thus effecting a four times

'

.saving in computer storage. The internal structure .of the

kidney is"élso approximately symmetrical about the above
J o ' [

‘Planes and so this configuration was.the one selected. An

additional advantage of this choice of symmetry is that

radiation from above constitutes a different case from. that

\

of radiation from below, and so the same model can easily be
o , ‘

used to examine radiation from the two directions.

I

Having‘ estab]ished the planes of symmetry, the next
step is to superimpose a lattice . of po;nts on the /seatteter
(kidney). Bxperlence vith the test prograi for a spherical!
scatterer, as .described in Chapter . 5,: suggested that

approxilately 1“000 1atti¢e p01nts would be reaéonable fron

'(

‘both CPU time and storage space. con51deratlons. Typ1cal CcPU

}tll% for this number of points was about 4.5 minutes with

about 800 Kbytes of storage belng used. Although 3 ubytes of
storage was avallable, t’p cost of each run of the program
vas very sensitive to this factor, and 1t was decided to
liiit‘the nulber_og lattice poznts at thls stage.ﬂ Accordlng

to the stability criteria discussed id Chapter 5, the

spacing of the lattice points lust satisfy the follov1ng

.relatxonship 1f algorxthl stabllxty is to be anured--

il ). ORI
20 ™Y 22

% ¢

N
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vhere A, is the free space uavelength,.kn,is the minimua
vavelength in the scatterer and €'m is  the maximum
dielectric constant encountered within the scatterer.
Ideally, the model should hold for : the highest dielectric
constant which would be éncodntered, in this caée, probably

that of vater (280). This gives a © (at 2.5 Ghz) of:

Cénsidering the dimensions of figures 6.1 and 6.2, the

following nulﬂer of points results (all dilensions in mm):

N= -‘—§ x_é: x-@_’ .'\- So0,000 A .‘.;.'é;S' 1
¢ o0&l Ol ow] v S7o°° prs. -

This would require ‘considerably more funds ' thén vere
available, and 50 the maxinua value;usedvforVE' will have to
be restrictéd. In pract%ce, th?s leaﬁsbfﬁatfthe lodelb will
have to be resﬁricted to lpverjtepperatnres, vhere thé\ya;ue
of €' is lower. Hevertheless,'valuabléyinforlatién can still
be obtained. A consideration of-the requited lengths of the
_ g&arious axes as dictated by.the“dilensiohs of’the scatterer

 leads to the fdllouing for the nulber of points along each

1

- axis: o e : . A |
N, =13 ‘...3_‘....{,-«. . 2 extra lattice .s;acés are
- B 8; - | "a}loved at the edges of the
Ny = ?5"5 ¢S scatterer. . -
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5 extra spaces are allowed at

NQ’\&*'G’ e »

the end for wave launchiné.
.-
This allows calculation of the total number of pdints,
and since it was decided to liait these t9 abproxilate%j _

| 15000,‘the>i§ttice spaéiné can be found: h .

o

§etting X =1/6, and dividing through by 10002 .
R34+ 41 k" + 'i-,l';'\i, - 830 % 0 S &8

i.e. k 8 and $%1.25 nmn.

Téié‘Allovs a naiilun €' of 23 at 2.5 Ghz, or values o%n €

up to .éo;io a ffhéuency‘of appro;ilhtély 1.3 Ghz. Assunming

AN ' .
that ® = 1.25as, the following distribution of lattice

points is obti{hqd:

\\

' Por prdqra-ling convenience, ah extta.point ias\alotted
to Ieach_ of u;;aqd.li'fog a total o 15232'poinfs.Aalthough
somevhat higher than 14000, this fi;uge vaé Acceptablé.-
Figure 6.2 shﬁ's‘ how bthe lhtticgvié argangeﬁ around the
scatterer. The conpongnts of the ilpinginé'plaﬂe véve which.

) is'géierated at,plﬁne J = 3 are also sﬁoqn; o,

Having established the arfangelent of the kidney within
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i

the lattice, it is now necessary to stablish the internal
details. To minimise the number of pageg of data' prfntontl,“
it was decided to construct 15 planes (K = 1 to K,= 15) of

27x34 (IxJ) points. fthis necessitated visunlising the kidney

structure at each plane. To aid in this procedure, figures

6.3, and 6. u vere ' obtained fron standard texts of canine

\

anatoay (58, 59). USing these dravings, and designating the

different tissue types as indicated below, the set of planes
of»fighre‘655(1) to 6.5(15) were dravn};The bracketed nuamber
a b

© /
refers to the plane number. The tissue types are:

e
' .
¥ [
L}
~

\ L ~ \
1 - medium external to scatterer,.in‘this case, 4ir._

’ ’ ' ~UJ.

cortex : ¢

N
|

3 - medulla.
4 - renal sinus (fat).

5 - renal pelvis (connected to ureter). .

’
» A - : .

‘Although  figures 6.3 and 6.4 do not- lake the diSpOSition of ,

‘the. remal sinus/ clear, Evans (58) describes it as

"surrounding the renal - pelvis®, and fhiS‘.iS hov it'is

»

considered~here. uany details are too small to -appear on the

1.25an .lattice.» This includes the vascular .structnre,

comprising, among other things, the artery and vein leading‘
e

to the kidney. Although these are in the same¢ size range as
- ~

r the ureter, the lafter becomes the relatively large renal

s

. pelvis vithin the kidney, vhile ‘the ‘vascular structure

becones progreSSively snaller as it evolves into the,
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N

- , o  FIGURE 6.5(1-15)

The 15 planes of the dielectric media lattice. The media -

v _ . :
are: - ‘ L K
- ' (1) Air‘ L . .
_;- f - | ,(2) Cortex .
‘- ' (3) Medulla o |

) - (4) Renal Sinus
ksr Renal Pelvis

a Y
&a .

' .. - R W .
Note; The labelling of the I planes is sonevéat unusual

and is as"fbllows;'

On figures . 123 eeiennaiii 411 eennnnnnn. 222 2
; e 012 56 7
- Corresponds to 123 ........ 10 11 12 .....,. 25 26 27 .
™
» H
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capillary system. Because of the‘imﬁortance:of the vascular
structure‘ in the perfusion of‘kidneyé during the freezing
process, it is hoped that some means will be found to
‘incorporate this structure intb‘the model. The'liuitatioh
imposed by tﬁe exclusion of this structure is  that
altefnative means must be found to account for ‘the presence
of the perfusate within the'étﬂer parts of the kidney. This
is done by'appropria£e choice of dielectric properties.
: .
| - S

" (6.4) The Dieleétric Properties of the Model.

In order to make use of the model, it is necessary to
assigntdielectric values to ‘the' various 'iediad'\Thé_ only'
known soufce of data for the properties of DASO-perfused
 kidney. are the data of Foster et al (22), and this data
aéplies ~only to nediav 2 and 3 at 1 Ghz. In addition, the
degréé of perfusion of,tpebvarious media is not definitely
established. Tﬁerefore, _estimﬁtes based on ,thé.existing
literatnfe data dnd' assulptiqns regardfng' the degree of
perfusion of  £ﬁe various ;edia must be made in ?rder to
assign sﬁit;ble valhes for the lodel; At thié stage, the
nodél can be .uSeﬂ ‘to‘ lake predxctlons in tvo important
areas. These are (a) in establlshlng the anount of enengy
| absorbed by the kldney at low tenperatures, thereby allowlng
some estllates of poss1b1e heating rates, and (b) the effect

'

 of dlfferent paraneters on heatlng unlforllty.

f
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It was deC1ded to examine the two above areas in the
light of four dlfferent paraneters. These are:
(1) Illunination frequency: The two ISM bands primarily used
for microwave heating are at 915 nhz "and at 2450 Mhz.
Illunination 'frequencies of 1000 and 2500 Mhz were used in
the nodel'because much of the eiisting data pertains to
these frequencies.

(2) Cryoproteétlve Solut10n5° Host reported studies of the .

cryopreservation of kidmey tlssue have used 10% DMSO. For

purposes of comparison, it is interestin§ to examine the
effect of a 1% DMSO perfusate as well.
(3)‘Tenperatnre of nodelz For reasons outlined earlier, it

is " difficult to model a continuous heat1ng process, and so.

.1t is necessary to choose a partlcular tenperature at which

the nodel is to be tested;. At 2500 uhz,' the laxilun
/

'tenperature at which the lodel can be used is 11n1ted by the

naxllul d1electrlc constant encountered. To give some idea
: {

+

of how heating patterns would change wlth tenperature, it is

interesting ' to examine the lodel at different temperatures.

“The choice of -209C and -10°C wvas nost reasonable at 2500

_ uhz. At 1000 uhz, there is 1o tenperature 11n1tat10n, and - -

so; in addition to ' the choices of f20°C and -10°C, a
. ! . ) N . . !

telperature of +20°C was also selected. The use of the model:

at ‘temperatures below -20°C was precluded by lack of data.

(4) The' kldney state: 4 dlfferent kidney states are deflned
f

'-in this case. Poster's“leasnrenents (?2) and the releyant

neasurenents based on frozen fOods and other data, as

f
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presented in tables'6;1,‘6.2 and 6.3 were used to 'obtaln
appropriate estlnates of the dlelectrlc properties Of the
~various media. Table 6.4 shows the propertres \used in the
model as estimated on, the basis of the dlscussion belou.!The.
four Xidney states are: | |
(aj.'No 'perfusiou5‘ This state was chosen for purposes of
couparison, and is also useful for exallnlng the effect of
the perfusate on the heating rate. o T -
(b) Selective perfusion: Host Perfusion studies suggest that
the cortex band -medulla, uhlch have an exten51ve vascular
system, are well perfused. The pelvis, vhich contains urine,

| .
would certaluly undergo soame perfusion by virtue of the

A

penetrative properties of DMso. The,.reual sinus, on the

other hand, is comprised of‘fat,'a mredium in. thCh perfusion

appeérs to be liniual.,Por the present vork a well per fused

!

cortex aud“nedulla, \@ Ppartially perfused pelvis and an

unperrused sinus vere selected.
(c) Pelv1s completely filled with . perfusate° This is an
unreallstlc assulpt1on from a phy51ologlcal p01nt of v1ev,

but because of the uncertainties of the dielectric

prbperties~of,urine; it was decided to assume that 'thegsbd
pelvis was conpletely filled Hlth the perfusate, and vould
therefore be more lossy than assuled in (b). Because sone of

.,the tubular structure‘of the pelvis appears in the lodel
; . =5

this condltlon would also serve to give an 1nd1cat10n of the

beha71our of the vascular System, which norlally also -

3
i

contains perfusate. As ' previously _explained, the vascular
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structure does not appear on the model.

‘If all possible combinations of the above paralefers
vere to be nodeiled, the progran‘wbuid hane to be run _56
tlnes, and even 1f approprlate -funds ‘vere ayailable,
neanlngful analy51s of the data wouid be an genornous task.
Thereforef a datnn set of parameters was serected,fronvthe
above possibilities, and'selecnea changes from the datum
vene made in \order to exaline the effect of 'the other
para-eters. The follovlng set of condltlons vere chosen as
the datun because thew represent the situation most likely

to be encountered in the real 'world. The conditions are:

(a) . Illumination at 2500 Mhz.

'(b) 10% DMSO perfusate. Realistically the perfusate voald

also contain _some ionic co-ponents, such as ﬁaCL,zbut

reference to flgures 6.17 and 6.18 suggest that these have

i
little effect on the dielectrlc propertles. ¢

(c) A tenperature of 20°C This Mould be the case with the
‘lowest loss and. vould be most representative of the 1low
tenperature heatnng rate. " ’ N |

(d) The partiallf. perfused model. This is mdst consistent

vith the measurements reported in the literature.

i

Table,6.u'sn9ws the 8 different sets of parameters to

vhich the model was applied. ,The -dielectric properties

assigned\to,the media in the table vere calculated ion the
b

|
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basis of the following assunbtién§§

1 N N
Y i

(1) The frequency degendeqce of the cortex’ and medulla gas ®

r T L g T ' T T 1
| Material |€*']| Freq. | =-20°C | -<10°9C | +20°C |Ref.|
| ' lo i HhZ-l | ‘ i i l. !
L d '] y hn A A A
L g R L g LS R ) R ¥ R ]
| “ oot |€'r 900 | 4.8 * | 6.2 * |58.0 * | 46 }
ﬁ | | Beef 10 ] { 0.046 | 0.103 | 1.226 | ~ |
' ' LT s | S e | !
I 10| i 0. I 0. i 1. I |
L ¥ | d o | y | —d ¥ |
L 8 R} q R L R Ry hJ
| 1€*] 1000 | 2.0 = | 3.3 * }60.0%*x § |
‘{Unperfusedjo | * 1 0.002 | 0.008 | 1.250 | 22 |
| Kidney [€'| 2500 | 2.0 | 3.3 150.0 - | |
i x jo |- I 0.003 | 0.017 | 1.900 | |
F - —4+—4 - +— 4— 4 4 -4
n 1% l€'L 1000 | 2.1 I 3.5 |60.0 | |
| Perfused (0 | ' ] 0.003 | 0.011 | 1220 | [
| Kidney (€'} 2500 | 2.1 | 3.5 150.0. | |
i g joy | 0.004 | 0.023 | 1.86 | 1
k +—+ + 4 e {|
\ [ 10% I€*1" 1000 | 3.0 * | 5.0 * ]60.0 * | |
| Perfused |0 | | 0.009 | 0.0351 1.000 | 22} -
| Kidney (€' 2500 | 3.0 { 5.0 150.0 -, | R}
1 lol | 0.015 ] 0.074 | 1.520 | | =
' A 1 : - | . 4 ' L ¥ ]

Notes: (1) Values larked *'are froa the llterature, )
‘ and all others are calculated.
(2) Values larked ** are similar to- Schwan s

SR .
TABLE §;1 Dieleéiric Data for Beef and’Kidgey
- : : [ ' o : _
'assuned to be the: same as that of raw beef, for which data
at both 1000 uhz and 2500 Mhz vaere avallable, as. spown- in
table 6.1. Inm add}tlon, the frequgncy and \denperaturé
dependence of perfusedi>and,.unperfused kidney .tissue ﬂvas)
assumed to  be the i;ale for'the"SIéll'tenperature'ranges
qqnsidefed; The effect éf;;;he' perqua&el'on the tissue |
properties was aséuned to be l}neér ﬂith concentratioq; The

! ! 1
: | _ ?

. Iv Jmmwmmﬁ‘“‘ﬁm*""‘”’ .:..’». "‘Y‘ w:“ “.;-\l,.-.q"«’,
. . . .
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values marked v1th an asterlsk in table 6 1 are the

neasured by the investigators indicated in'the reference
.colpnn, and - the other values were derived from these.’
Referring to table 6.1, note the large difference between

the values quoted in the llterature for the conduct1v1ty of

beef and kldney at low tenperatures.
view of the s;nllarlty of thelr properties at +200cC.
4
1

! \

T 1
|

Thls is surprlslng in

f L§ T N T LR 1 4
| Materialje? | Preq. |-20°C |- |+209C | +370°C | Ref.
I lo. i Mhz. | ‘ | 1 | PR | |
— +—4— 4 4 — —4 4 Y
| Lard (€' 2500 | i (2.4 * 2.5 *J 12.6 % | B |
[(Plg ‘fat) jo | A 10.006 (0.013 10.018 39
1 ‘ 1 L 4 N A L i I
L8 ) ) T T L T M |
I PFatty ‘€'| 1000 2.5 t4-5 12.5 i | i
| Tissue  |¢ 10.008 }0.016 10.832 | | ]
j - 1 4 'l ) - L '} '} '}
4 - T 1 L | ] T T T 4
| FPatty |e*| 3[000 12.5 (2.5 12.5 i i |
I Tlssue N N B 10.006 (0.012 10.024 | |
(s 4 A a i 1 i J
(1) Values marked # are |

Notes: measured or llterature

“values, the.othets,are calculated.

o : “
. o IABLE 6.2 Dielectric Data»foerat
| o o | '

{2) therature data for fat varies- con51derably,, and there

is. not luch data avallable for low tenperatures. ﬂom&rer:,l

Fur wmg'

values

assullng that the telperature and frequency dependence of‘5

dlfferent fats 1s * the sale, the values in table 6.2 were

-estlnated on the assulptlon thaq they uould behave in the

same and using the literature values indicated

vay as lard,

| Y ]

vith.an asterisk.
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. ) i
| p—— N L T ¥ T L T L
! | Material |€'| Preq. [-20°C 4-109C |+20°C |Ref.|
I . lo | Mhz. | [ [ | |
1 \ L. : 3 4 4 4 d
! L B Ll L . ¥ RS L Bl R
I i \ I€'1 1000 | 3.2 | 3.2 * |79.0 * | {
,l ‘Water 1o { P o) 0.001 0.001 | 0.280 | 43 |
' I€') 2500 (. 3.2 | 3.2 * [78.0 * | 1
| \ to | 1.0.001 | 0.001 | 1.530 | |
L 4 A 'l " A 1 I 1 d
g Y T L SN 1 " R T T 1
| ‘ €'} 1000 | 2.9 i 3.8 175.0 | A
| 1% || | 0.040 | 0.059' | 0.290 | |
| DMSO  |€'| 2700° | 2.9 * | 3.8 * |73.5% | Ch.|
| o | | 0.040 | 0.059 | 1.558 | 6 |
L A | 4 : i [ | .z ¥
8 i RS M R ki Ll L 1 .
1 j€'} 1000 |} 7.5 118.5 174.0 | | "
| 10% 1o { | 0.652 | 1.830 | 0.380 | 1 - :
| - DMSO. (€e*} 2700 | 7.5 * |18.5 % |73.0* | Ch.|
L A A 1 re 4 N 4 I
: i ] :
Notes: (1) Values marked * are measured or literature ‘
; values, the others are calculated.
TABLE 6.3 Dielectric Data for Water and DHSO 5
| _ o
(3} The values of table 6.3 are derived ' on ﬁhe. assuamaption
b . that the behaviour of DNSO solutiodsvf0t|low_concentrationc
, is similar to that of water, both as regards frequency .ad
temperature. rhis =is Jjustified by the results obtained in C e

Cﬁapter 4. Assuming 10$'of'the volume of the urine in the .
7 . : . o P k
pelvis is displaced by perfusate, and assuming linear]
' “ T i o
mixing, the values for ghe pelvis are calculated and _shown " '~
. ' ]

in table 6.4, It is assuned,th‘t the properties of water are
similar to those o{h urine for temperatures of —10?C and

'-20°C.‘Again, this is justifiéd by the results of fiqures

6.17 and 6.18 where an iomic component has little effect on
the low telber&ture dielectric constant. In any céise, most

of the losses are»pue‘to the DHSO.
; ‘ o ]
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(4) The parﬁlcular choxce of the assuled conduct1v1ty of air
ls to keep losses in the air to a Rinimum.in conparlson with
those of the kldney, and yet to ensure algorithm stablllty.
The values chosen appear 1n table 6. 4.

4ot |

(6.5) Besults Obtained with the Model. '

'The eight sets of conditions fot which ‘the model was
run generated 120 pages of data prlntout and 1t is obviously
1npract1cal to .present allﬁ of these. It was therefore

dec1ded to consxdet each set of condltxdns separately and to

pr@sent only those planes vhich showed 1lportaat results.

Where appropriate, co-parlsons between the dlfferent sets of
conditions ’are “drawn. General conclu51ons and - conparlsons
v1th the experimental data of Rajotte {11) are presented in
a coqcludlng section. ' o /-

]

\

As explained earlier, the prxntout is arranged 1n

-exactly the same manner as the ledxa lattlce 1nput. A dlglt

in the range 0-9: is printed out, and this reptesents the

heatlng index at each lattice point. The’ scallng factor to

obtain the actual value of pover absorbed in W/m3 at each

point is 1nd1cated in each case. This /value is for unlt‘

1nc1dent electrlc f1eld and can be used to obtaln the powver

./

ahsorbed for any incident power density by leans.of equation -

. . .
7.220 . A . A ! .

-
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‘ Por ail the”cases vhere the incident frequeﬁcy vas 2500
uhé,'the prograi of appendix B was run for 480 steps ’vith
printout“at 400 and 480 ‘steps to enable a stability cﬁeck to r
be made. No instabilities appeared for any case and only the
results obtalned after 480 steps are presented here. As a
result,»the-progren was run 600 steps in t;e 1000 nhzf case ~

with onlj one gtintout (at 600 steps).

For' each case, the dieiectric properties are presented
!

in table 6.4. The conditions under which the dielectric -
properties were obtained are also shown there and will only
be repeated uhere necessary. In labelllng the prlntouts, one
figure number at the, beginning of each set will be used to
represent all the planes within that set, with a bracketed
addition to refer to a particular Plane within the set, as
was done'earlier. For instance,‘the 10th plane in figure 6.6
§ will be referred to as figure 6.6 (10). o '
: i
j (6 6) Condlt;on__&__he Datg godel.
| (Pigure 6.6(8-11,13,15)

e ihis- figure is the printeut obtained‘with the datunm
model. Plane 8 shows that the dlss1pat10n in the medulla and'
-cortex is nlnruaig ‘and plaﬂes 3 to 7, vhich are ‘not shown,
support this observation. The laxi-ul index encogntered'in
any. of -these planes is 3. In:plene 9, an interesting effect

v becomes evident. Here it is clear that the tubular structure
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EIGURE 6.6(8-11,13,15) Datum Model

\ ‘ i
\.
Set #1: nax. d1551pated power = 0.0273 H/IJ

uax. d1551pat10n at plane K = 9.3

Frequency = 2500 Mhgz.
Perfusate = 10% paso.

hd ¢
Temperature = -200c. ‘ e ’

-Partial Perfusion.

>
ot
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EX AT TINE STEP 480

- NORMALISED HEATING'IND

"9
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FORMALISED HEATING:INDEX AT TINME STEP 480

 PLANE K = 10
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NORMALISED HEATING INDEX AT TINE STEP 480
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of the ureter is. dissipating strongly in contrast to the

: Surrounding fat layer in which no power. is bedng absorbed. -

This implies that this tybular structure is likely to_suffer

dauaqe due__to heat stress and mechapical stress caused by

_;;_e;egtlal heating. Beferrlng to planes 10,11,13 and 15,

it is clear that this effect becomes gradually less

|
pronounced as the tubular structure becomes larger. Hovever,

in none of the planes does the fat absorb 519n1f1¢ant pouer,

and the fat-pelvis ;nte;face\ *;s __always subject __to

considerable differential heating.
. . . \

. ‘ , :
Further reference to plqnes 10-15 indicates that most )

of the energy is absorbed by the perfused urine in the
i

;pe1v1s, in spite of the supposedly good perfus;on in the
cortex' and medulla. The hest heating . in the cortex and
nedulla occurs on the 51de avway froa the 1np1nging wvave. The

«effect of the snall loss 1ntroduced into the air is seen to | ©

be negliglble in thls case.
3 |

6.7). Q.nslmgn_z_,._zﬂ__t_gursgmsh

(Figure 6. 7(8 11,13,15))

A T : i
The first effect observed in changing the frequency

‘fron 2500 Mhz to 1000-5%2-15 d'drop in the maxisum absorhedlj
H . ’ - - ¢ L
pover from 0.02731to 0.0117 W/n3. Again, ,planes 3-P (only "8

is shown) in the off axis region of the cortex and ledulla
show little dissipation. Some loss in the air is evident at
. S \
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i

BIGURE_§.718411.13Li5)‘Frequency effect

\

|

Set #Zzwuax..dissipated power = 0.017 W/m3.

. Max. dissipation at pl%ne X,= 11.

Frequency = 10Q0 Mhz.

([

Perfusate 10% DMSO.
Temperature = -209C. | . 1

’ Partial Perfusion.

i
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this freguenbx but this is due to the artificial 1loss

J

introduced for stagﬁl\ty and only those regldns within the

kidney should be considered ‘here.

.

Planes 9,10 and 11 1ndicate a similar tubule heatlng
effect as was observed for condition 1. Planes 11:]3 and 15
:shou that éhe pelvic region is again strongly heated with
even less heating in the medulla and cortex. Rt this

temperature, the higher frequency (2500 Mhz) appears to give

slightly better‘ unlfornxty and appro§inately doubles the

naxlnun dlSSlp&ted power.

»

. (6. 8) gg;g on 3, Ef;g f Reducrng __§ Concent;ag; g,
(Flgure 6-@(5 8 9,10, 12 15)) - ' .

6\‘ 7 ’Q
i .
. ,,-;'., , .
ERENANS (N B . . o
. aty . . . . [ad

Again, it is immediately evident that the naxilnl
dissipated‘ poner is. reduced, - in this case -by 'a factor of
nore than 6. This beqrs out the predzctlon made in Chapter a
vith' regard to the loss factor® of 1% and’ 10% DHNSO. With

I

regard, o the heating in the medullla and co§tex in this

" case, it is apparent that a much higher proportion of “the

' energy is absorbed in this ,regxon. Planes 3-8 all shov

\ . | o , 153

reasonably hlgh absorption, Hlth a naxllun heat!ng .index 'of .

'h‘;9 in plane S. Only planes=5 and 8 of this- grqpp are shown

here. Becanse it’ vas necessary to set the air loss‘

relatlvely h;ghe in this case, 1t.£} fear that some, energy

is being dissipated in the a1r, aﬂ! so, as before, only the

\‘
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PIGURE 6.8(5,8-10,12,) -Perfusate effect

e

Set 83:"uax: dissipated”pbv9r =.010033'H/m3.

Max. digsipation at plane K = 5.

2500 Mhz.™

" Frequency

1% DHSO.

U

Perfusate
“Temperature = &200°c.

Partial'Perfusgen.

\
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losses within the kidney should be considered.

" S S, ' ' |
Although plane 9 does xndicate/ some dlfferential

‘”'ﬁ» N heatlng, 1t is the fat layer which is wmore d1551papive in
this case. Further, although -the highest dissibation is\

still in the pelvic region, dissipation in the cortex and

medulla, as 1nd1cated by planes 10,12 and 15, is a much

hlghlf percentage of the maximum. A_redyction_ _in _the DMSO
‘ J

cgncent;gtlon of‘tﬁg;g ;:usate th 1u5_appears to_have improved
agg;;_;.;;x, although it shogld be_remen ;ed that _;h1§ 1s‘a§
pggggcgla; teaperature _only. The 'relatlvely"s-all

,varlatlons in qodductlvlty in this case suggest,fshat lore‘e‘

. |
unlforl petfu51on at’ any concentration, thereby resulting in

}nore homogeneous dlelectrlc - properties, would certalnly

ehhapce heht;ng unfforllty;

(6 9) Conh_;;gn ,_Ielgeratuge E gecg.
(Flgute 6.9 (5, 8-11 13, 15))

Lw _(', . . ' . - ol
\ ' ; - _ z 9

P . In. iécreasipg the kidney tempetature from -20°C to

\ ' . .
-109C, an increase in maximum dissipated power of more than

e

three times fron_0.0273‘t6“0 0920 9/13 is observed. Planes

3-8;~ of whichgﬁ§ﬁ agd ‘8 ;. are repte§entat1ve, suggest that

Lo 'soneuhat improved heatlng in the cortex and ledulLa has been

obtalned. Again, the tubular effect at plane-9 is evident,
i : L ' .

1

- but pianes 19-15{ suggest that dissipation in the pelvic

'region is relatively lower and overall uniformity is better.

T L R
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i
g;ghRE 6.915,8-11,13li5)‘Tenperature effect

|

Set #4: Max. dissipated power = 0.0920 W/m3.
L . Max. dissipation at plane K = 10. >

2500 Mhz.

Frequency

Perfusate = 10% DHSOJ

Telperature = -10°¢.

Partial Perfusion. : -
s S T~ Vo,
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aximum dis#ipation occurs in a tubule in plane 10.
I - ";“ 4
$H; ’

. Altho gh dbnclusions are 'difficult because heating

\e f:oﬁ’a uniforl temperature in the real case, it
& . \‘, u\

w K
: the tenperature 1nateases. Hovever d1351patibn in the fat
f .

" S

nger is still llnlgpl. »

. ' ‘\ . ,.‘\. . ' 4 L. . . ) ’ “-. ".y : '>\
@ | ' “saw

(6 10) g_gggggg §_ xg gg;gggg g go Pe;ﬁg§ion.

(Plgure 6q10(5 8, 9 11, 13b15&e , i,”?: a N
, . ; . . ) - ' . «: J‘f 9-6._, ) . N
y a i - ey - y.“
) ¢ - K & ) .‘)y,; v i ' 3 \
N . . As llqht be anttblpated ua; dissipatﬁo is
5 ) - R

.  consxdgfably reduced, to approx, e 'same. level s.for

,. ‘ g
. o 1% Duso. Dlssfpation

" ’ ; Q
RS o planes 5 andAQWaQe repx Sentat ve, 1s relatively a_fan
B —‘-) g L ? ‘
- the tuE&;ar, effect at pLgne 9 iSa teverapd in that the“
oo e

~ ‘ ™ -

L™

y%q “’.._‘ o \

rep:ﬁsentatlve planes 1, 13 and 4S\that no dissipgxion is

<

ﬁ~occurr1ng in the pelvis. In view of‘tzg sensitivity of the
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increased to a value repressntative of'total displacelant of
thg.urine by the DﬂSOﬁpsrfusate;‘rhis is intergsting for two
reasons.g,The first is that it further indjcates__ _the
§gg§;tigitz _of  _the model to ghg_p;gpggt;es of the_ pe lxic‘
g_g;gg‘ and the second is that it suggests uhat might happen

(

9

to the vascular systen, 81nce this 1s lxkely to contain"a-——\\\-\

very high percentage of perfusate, perfusion being through

-

the vascular systea. .

Plane 9 is the“first plane to indicate any dis

vhatsoever, and the value here is very hxgh,vand is in the

9

tubular structure. Haxllul dissipation is 0. 25Q H/l3 a

factor of more tban 9 times that of the datua nodel. At this> |

! AN
plane, there is no absorbtion anyvhere else. Planes 10 11,13

[

and 15 " are representative of the rest of the kldney, and

>shov that all the power is absorbed in the pelvic reglon.

Froa - these_ results, it is clear that a h_g__gon:en; of
B.Iiﬂ&Q&__...§!éll.&!9ﬂl_£.§&£2££2£_§_ i&..lie!ls._to -Cause
ugm_.mua.ﬁgr__mﬁ.s_.rgud_..h% §t§uc§uges. with
po;en;__;;x g maging_re §g;§ < This suggests the p0551b111ty

of . a fxnal perfusxon step vlth an appropriate ligquid chosenﬁ

~

to minimise this effect. c . . - - .

<4 . .

(6. IZ/ .Q_nglgn 1. QQO ghz Bga;; g_g; 20°§=

(Plgure 6.12(5,8, 9 11 13,15))

run is
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FIGURE 6.12(5,8,9,11,13,15) Temperature effect (i000 Mhz.) -

!

Set #7: uqx; dissipated'pover’4“0.115-B/.3. En

‘_uax;\ﬂissipiiion.af plane K = 10.

Frequency = A000 Bhzi' =~ ' -
Perfusafé = 10% D@;of\

Tenperatqfe = ¢#20°. - -~ 7 |
Partial Perfusion.:
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fhat the--ari-ql dissipat#on under tﬂeSe conditions‘}s on}x

(K% |

slightly more than that entained at} 110°C and 2500° uhz
(0- 1150 h/n’ 2s conpargd vith 0. 0920 H/nl) _gig_sgggg;gg

ea;lie; _gpsg;vatign that ;_;g_ene;gz g;gg pated - at 2500
Hhz. and _;Lrgigxe_hss&i]_ teig 1i ,
the ;ggg; f;eguencz. Planes 3 8, of vhxch planes 5 and 8

are representatave indxcate reasonaﬁle \ahsorptlon in the

qff-axls planes of the cortex and ledulla. Plane 9 ;ndicates

that thete 'is no heat1ng 1h the tubules or in the fat layer

surround1ng then. Planes 11 13 and 15 are representative of

119

yd :
the ‘axially located planes, and they suggest that very

11tt1e energy is dlSSlpated in this reglon, with none at‘all
belng dissipated in the pelvis and sinus. This is in

contrast to the sxtuation'existlng;in nost‘oéégrznodels.'

No figures are presented :for this condition,» but

\
results shoved that there vas little dlfference ink the
!

behav;our of the nodel for thls conditxon ds conpared to the

datunm ondel. This may not necessarlly be true for hxgher

El

- loss conditions; but it does suggest: that :there is no

,, 5

partzcular sensitivity to orlentation.

| . . ’ : ) . \ , . . ) N . N
- (6.14) Comparigon with Experimental Besults. ! '
| R o 2 ¥

\Rajotte (1) . perfbrned a nunber of niprovaveAheatiné



\ p—

experiments utilising cnnine kidneys. n;prief snnnary!of-his
exoerinental conditions amnd results~follovs-

(a) rree21ng. After rinsing in Baxter's solution, nusol vas
added in a tuo step perfu31on process at exther 49C or 25°C.
In ‘the first step, 10% DMSO fnfnlnger!s solution vas added,
and fn tne second, 20% in the“Sane_nilnent. Cooling was ;by
_liquid bnitrogen - cooled fluorocarbon“‘perfused tnrough the -
‘vascular systea. The cooling rate was controlled by thei”
different1a1 tenperature betveen the ureter and the cortex.

- (b) Thavlng. Thaulng vas in a lult1pode cav1ty at 2&50 uhz.
The kldney wis 1n|ersed in a teflon contalner of
fluorocarbon, vhich,' like teflon, _has very -low loss atl
’-icrowave frequencies..After-thaving, 1nternal telperatnre
grad‘ents y;;e"nensured vith 1& thernocquple..probe. rHo
gradients vere found in the cortex,‘nbnt' cold spots vere

found in the medulla and pelv1c reglon. Aneguate‘perfusion
'resulted in tenperatnre gradlents of t10°c but inadequate
perquLQn gave luch larger gradlents, Urlne.relaining.xn the
pelvic rcausedda_large telperqture'gradient; Hnén'the kidney
vas cut in half, follovinglthaving,-it vas clearly seen that
‘areas of imcomplete perfusion vere still frozen. o ;o

< . A \ '

) birect conparison betveen the'experinental results and
i_bhose of the nodel cannot’ be made due to/fie entirely :
dlfferent 111nn1natlon condit10n$.< Horever,\ somé general

cohparlsons can be nade. In thei'first.oiace, the model

confirns'that gradients are to be expecteo‘if‘nrine ‘remains

]
i

¢
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: ‘ Y oo ' o
in: ‘the pelvis. A compidrison of cpdditions 1, 3 and 6

v

. suggests that aalossy pelvic regjon would strongly doninate"
the overall diSSipatiou pattern,‘(and it is obviously
."aduantageous to have a . fairly low loss laterial in the.

pelvic region:_ This uould also aid in reduCing the tnbnlar'

i

differential heating uhich vas observed 1n -ost cases. It is.

ossible tha _cage u adjust nt gg_tgg_;g SS LQ his ;ggig
g; B;Q_ide ontrol of ovg;g ; unigo;!;tz Qpnditions

1.3 and 5 suggest that there lay_ ‘be an OptlluluDHSO

concentration (up to JTOX) for:.alugiyen telperature,.'ggg-

\

}‘tec niques ereby oncéntrat 3 aried 4 heat;ng .

. mpay’‘al Q;OVidg a leans of contgg} ; gﬂgnigg; i;z o
PR - i ." ‘ p- R " . ) . ’ f" ' ‘

The_lodel,confirps'that gradients in  the cortex are

minimal, altheugh it suggests tha heating in this region is
: . b 4 _ , P S
not very strong. Rajotte's‘(11)

‘bear this out, but the fact that heating in this case was im

an oven, where\radiation ilpinges fron lany directions, and‘

'”ﬁas' also at telperatures up to 20°C, could explain this‘

i@erileutal'iesults~do:no&,

discrepancy. vadence of the effect of telperatnre iS"&

I
provxded by conditigp 7 uhere good beating of the cortex and-”ti

,ledulla were obtained Ulth little diSSipation in the pelviCﬂ>“

‘region. Though the frequency 1s different, this behaviour" 1s

51lllar to that found by Rajotte (BB).--

Further conSLderation of condition 7 shovs that: there
vas - little absorption 1n the pelvic region and tubules for

\ . . . t

R X 2
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: : : o ]
_this rumn, in spite of the - relatively high value of

conductivit!. These fiudlngs agree with Rajotte (11) vhose

experimeatal resuits;indicated cold spotsV in the pelvic

region after heatingQ\The\lodel assumed poor perfusion for
. ~{ ~

the pelvic region(and so it sSEES\gecessary to ensure better
"perfu510n if adeguate pelv1c heatlng\\s\to bé obtained. Thls
also supports Rajotte, “who concluded that the pe1v1c region

- e 5 Sl

wvas often poorly perfused. L . \‘g

The experllental vleasurenents of'tenperature'gradfent

o .

vere rather coarse, and iny took place agter the kldney h d
been thaued It is therefore very -unllkely that théﬂ
gradients_ at the fat-pelvis layer would have been observed.\
Other investlgators (53) have found sinilar gradients in

other 51tuat10ns wvhich suggests that those observed 1n the

kidney model do indeed exist.

(6.15) Concluding Remarks.
) ‘ !

in ~conclusion, the lodel has revealed several important

aspects of microwvave heatlng of perfused canine kidney. 1In

the flrst place, addition of DAMS _gs pezfusate increases the-

maxlnun dlS§ngted 129ver, and this would certalnly lead to

\
1ncreased heatlng rates at low telperatures. In thPs ‘case,

more energy was absorbed at 2500 Mhz than at ~$00Q0 Bhz,

Secondly, it i clear that uniform _perfysion is
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‘ o ‘
essential if uyniform heatlngf is_to__be _achieved. Th%s

requirement is in confllct with -<the pfesent'nethods of
> .

perfusion whereby almost pure perfusate is likely to reside

i . {
in the vascular- structure. This results in highly non-

uniform heating, 'especially in those regions which are

ad jacent to ‘a “fatty layer. This: comndition is further

aggravated by the' thermal insulation properties of fat (23),

which would tend to reduce heat conduction .awéy from the

strongly heated areas. )

A. third important factor that emerges is that overall

uniformity is quite dependent on__the properties _of the -

: Qelvic region, and appropriate choice of propertles in this

reglon may provﬁﬂe a means of controlllng 'unlforllty. The

model also suggests that maximum uniformity at a given
. v : Y

temperature could be obtained by appropriate choice'of DMSO

concentration. Unfortunately, adjustment = of DMSO
. / L

conceptration in the tissue is difficult, but it“could also

provide a peahs of uniformity control. DMSO perfusate for

best uniformity at each temperature, and continuous control

of concentration may also provide a means of uniformity

Pinally, the: nodel assumed that there vas no- perfqglon

in the sinus, and as a result, allost all of the dlfferent

cqndifions modelled indicated: sharp gradlgnts 1n'thls area.

Actual nea§u;eqents of ﬁge ge;fusion into thé sinus_would be
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useful in 'checking this ~result, apd _means _to_ improve
perfusion in this region shog;d_gg_inve§§;gagedL if | inheed

it is found to‘be lacking.

!

Regérding accuracy, the résqlts obtained with the model
would certginly. be improved if more accutﬁteAestinate;’of
the diéleétric Propertiés Af the various média vere
available. Hoveier, the conclusions which can be drawn at

this. stage already demonstrate ﬁhg utilitf of the modelling

~

technique. Other inprovenentsv-which wvould expand the
usefulness'of the model are discussed in Chaﬁte;/4fya



Ghegter 7. Suggested Further Regearch.

(7.1) Qieleétrig and ermal Property Measurements.

s\

The application of the numerical model of Chapters  5

and 6 indicated a lack of ‘appropriate data for use iﬁ

numerical modelling of nmicrowvave heatiqg in cryobiology.\

Extension‘ of thé model to considefafions of heat conduction

vill also be ha;pered by'the lack of suitable déta for the

|

therlal propertles of tlssue. In viev of the large alount of

L}
data reguired, automated techniques for making thermal and
dielectric property measurements are | "therefore very
desirable,

The technique for measuring dielectric’ constant as

1

~employed in Chapter 4 is amenable toé?giflqtioh. The.use’ of

a microprocessor is ppéaling. Th processor could adjust .

N\

\\

the fréquency of the‘§5€;;e for maximunm transmission through L

| b . :
the cavity, calculate the frequencx shift, note the

>

&

attenuation, and then, ‘after . applying appropriate

corrections,. calculate the dielectric constant. In

conjunctlon with the temperature callbratlon curve, the data
* cotld - llﬁiglately be plotted on (an x-y plotter give
dielectric'consfant vS. temperature curves. thénsi of the
model to other frequenc1es vould require an expansi;n of the
dlelectrlc leasurelent fac111ty. Because most of /the cher

fneguencles of interest fron *a heating polnt‘of viewv ‘are

!

198
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\effect}ve combination coqld be determined.

- . | .
(7.2) !ﬂ!gzlgli%gea;ing Model. _’7“}

199

fouer than 1 Ghz, the use of the tiledeIAin. method of
[ .
k

Iskander and tuchly (35) 1is attractive. Using this

1
\

technlque, a single leasurelqnt suffices to give data for a

wide range of fraquencies.

i
! I
v . - :

1

'gegarding therial properties, experience with frozen

‘foods (23) h suggested that the best approach is to -‘use

" the: enthalpy of the various tlssue-types.}rhls vowld prov1de

N
sure of the total eneréyn required to raise the

.-

temper ure of a. particular tissqéqby a given anount. Hhen

used g?p conjunctlon vith thegmal condnct1v1ty data obtained

uvader dEntlcal condltlons enthalpy data'vould thus allow

v

calculatlon ‘'of . the tenperature dfstributionpvithih a body

’subject*to licrovave7or conductive. heating. In adgition; if

em1551v1ty data vere avallable, thé'effects of conductivé

. and raﬂ;at;‘e heatlng could also be modelled," and the most

°

‘. . ‘5
9 N
N,

\ s
' \\ - : S

: . \\ , . N \

‘The  model described in Chapters 3 and\ﬁ\represents a

A

- first attenpt at lodelllng microvave heating processes in

cryoblology. In- the present vork, onlx a heating index for
different ' model tparaaeters vas calculated,; and general

conclusioas as\ to. the effect of plane vave radlatlon vere

draun. In an actual heatlng 51tuat10n, hovever,* it is the
‘\

- resultant tenperaturev dlstr;butlon after heating through‘a

9

!
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range of,tenperatures that is important. In addition, plane
vave heating is rarely encountered in pracgice, and

application of the model to heating in a. microwvave -oven

vould be desirableL-Incféasiné the,resolutibn of the kidney

&

lattice to allow iﬁcdrporatipn- of the  vascular structure
vould also be _an important improveament in . the model.

Finally, extension of the model to an' ‘examination of the
' stresses involved in the heating process is 'a further
- . o o ' . » " ) 7
possibility. = . .

N
} [ :

»

There are many difficulties involved in mpdellinb a

contiﬂuous, heating process to obtain v'ﬁélpérhturen

infornatidh._?}rst it wvould - be necéssafy to develop a-

- prograa to solve the thernélAconductng problem on' the same

!

lattice of ' points as "the scaite;er, _vith 'appropriate,

‘temperature dependent ‘thermal properties at each point.

Using  the results of this program, a. new dielecttic‘vdata

lattice would have to be célCulatgd, . followed by a new
lattice of thermal properties, béforelthe‘proqess could be

repedted for the next telperafure §tep. As'e;plained before,

computer time and storage ispace are the main limitationmns to

this technique. Other pathematical models could no doubt be

developed, but the,resultingsset of differentialvequations

'

with variable coefficients would ©still be difficult to

solve.

!

Discussioqs vith the originmator (60) "of the modelling

!

= _ .

i

.
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'technlgde used- 1n this work suggested that exten51on tg oven

. ’ { U

heatlng is fea51b1e. Introducrng a conductive bogndary at

—

" the edges of thg- lattice contalnxng the gcatterer, or

o

providihg'approprlate 1att1ce vtruncdtlon conditiohs vould
Siiulate a scatterer vlbhxn a conductlng cavlty. Different
types of.wave 1aunch1ng structnr 5 could alSo be simulated-
by a551gn1ng appnoprlate dielectr-c propertles to the poihts
of the scatterer in the v1c1ﬁhty of the coupling area.
Agaln, computer storage is the nost\ serlous lllltatlon to

appllcatlon of thls -odel to heatlﬂg u1th1n a. llcrovave oven

of reasonable size.

. N w
One p0551b1e approach tovards estllat;ng the stresses

'1nvolved 1n the heeting process is to use "the technlgues of

‘Lln (61) vho has conpared some of fhe p0551ble nechanlsls of

microwave audltory ef ects, _as obseryed by Prey (62).

According to Lin's calc lations, therlair 'effects and

strictive forces are the rimary causes of the auditory

effect, and it is reasonable to uppose that these forces
‘ o

\‘u111 be present &hrlng -llcrowave heatlng,' uhere higher -

povers, and therefore hlgher fleld strengths, are-: enployed.

Using the heatmng model and the' approprlate therlal

prbperties, it should be p0551b1e to calculate the forces-

exerted in ¢ifferent parts of the body. It may theh be
feasible to relave these forces to a, threshold 'for tissue
danige, which would in turn set an upper lilit‘to the field

strength permissible in a giied,application.

!

Vo
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The results of this work’indicate one possible approach

+tq the problem of cdntrolded 'iictovdvé ﬂeating. A syStén

-cabdble “of naintaining/ a cénstant; heaging,frate within
prescribed limits is described and some of the resul€5v~
obtained with the system are presented. Var%ous limitations
of the 'system and sone.pdssible improvements Afe discussed.

\

i

: 1 .
-ueasuréientsfon the dielectric properties of - solutions

' ~

of wvater and DMSO are described, and ﬁhe results obtained

are presented. A minimum relaxation frequency of 3 Ghz is
! : -

fqgfd for' a 70% DAMSO solution, the relaxation frequency °

increasing to 9 Ghz for 100$'DHSO,and to 18 Ghz for water.
The 70% concentratioﬁ.correqunds‘to the eutectic point of

the mixture. The minimum relaxatidn,frequency encountered at
4 I ’ -~

s [

this conéenttatidh is apparedtl} due -to the 'oqurrence' of .
-maximua hydrogen - bonding between the water and DNSO

nyiecg}es. In addition, the presence of DMSO at ié-peratures\'

,

below the freezing point is found to increase the losses of
 the"solution, and  to reduCe the rate of change of €" with
teiberature. The cryobiological ilplications .of these

i - . '
results are discussed.

A l'
. - : v e
.

Ly ) i

A numerical model to silulate,licrowaye heating of the
canine kidney is developed and the ‘@model 'is employed to.

examine the effect of various parameters on héating rate and:

202. -
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uniformity. It is found thaf the addit®on of DMSO to the

~perfusate enhanées'the heating rate. The heating uniformity

i
is also sensitive to the Duso concentration, and it appears

that control of the DHSO concentratlon during heatlng could
| \

provide some ‘measure of\control of heating uniforlity. In
! . e

" the vicinity of the renal sinus, which absorbs 1little

energY. considefable electric field gradients are found.

This is due to the lou‘perfdsion assumed 'for this reglon,

and suggests that wvays should be fQund to improve perfu51on
in the sinus. The composition of the fluids residing in the

renal 'pelvis is also found to have con51derab1e effect on

the heatlng unlforllty. ua11lun heating uniformity is ‘found

‘. to correspond to maximum uniformity of perfnsion. Another

phenonenon whlch the model revealed is that of strong

~ heating -of the tubules'leading off from the fendl pelvis.
- Although .the vascular structure is not represented ‘on the

model, it is supposed that similar effects will occur there.

P e T DN UL P LT ey
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Appendix A

As explained in Chaptér S, tvo computer programs were
used to analyse the raw data obtained from the dielectric
measurements. A brief description of the fupction of . each

prograa is given below, followved by FORTRAeristings of the

progranms.

v

~

calibration Program_(CALCOEFF) . /

This program takes the values of €' and é" for the 5

. | ! . :
standaigquplutions, and, using measured values of frequency

4

. shift and attenuation, performs a'bicubic spline fit of the U
data. 'Tyé spline cbefficiénts are stored for hse in the
'seCond?progran;'Thtee'gepardté'splihé fits are performed,
reéreéenting 'the’nean and the upper and lower bou?ds of the

~ standard deviation. o
Calculation program (CALCULATE) : .

Using the values of the coefficients obtained in the
_ : -~ _

CALCOEFF prbgral, this.pfogban calcﬁlates €' and €" from the
freqﬁéncy .shift and .atten&atiqn‘ data obtained {frOl‘
measurements on the unknown solutipns. Again, tgree‘ valqés
- are cglcqlated in éach c;sé, “thése being Athé iéaﬁéand

standard deviation Qghnds.
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PROGRAN CALCO§F

THIS PROGRAM CALCULATES THE VALUES OF E' AND E" FOR
UNKNOWN SUBSTANCES. FOR EACH TENPERATURE, THE MEAN
AND STANDARD DEVIATION OF NDATA VALUES OF FREQUENCY
SHIFT. AND. ATTENUATION ARE FOUND, GIVING DATAL, DATAM
AND DATAU AS THE ERROR BOUNDS. IN EACH CASE THE
~ SUBSCRIPTS ARE USED AS FOLLOWS;
«eeeo(I,1)=TEMPERATURE
«eee.(I,2) =FREQUENCY SHIFT
eeees (I,3)=ATTENUATION

nahnocOhnNnAana

DIMENSION DATA (100,3),DATAL (3) ,DATAM (3) ,DATAU (3)
DIMENSION COEFFL(4),COEFFN(4) ,COEPFU (4) )
DIMENSION GOEPPL (4),COEPPN (4) ,COEPPU (4) AN 3
DIMENSION EPL (100), EPH(100),EPU(100)

DIMENSION EPPL{100),EPPM (100),EPPU(100)
LOGICAL*1 ITYPE(4),STRING (16),TITLE (50) , EQUC,
BUFFER (60) ‘

THE COEFFICIENT DATA, AS CALCULATED BY "CALQOEF%", Is
READ FROM "COEFFICIENTS".
- DO 4567 1=1,5 : : (
4567 CALL uOVEC(12, Burrzn(((x 1)*12)+1))
, READ (5,3456) ITLEN,(TITLE(I) I=1,50)
3456 FORMAT(I2,1X,50A1)
ISTART=(60-ITLEN) /2
. CALL MOVEC (ITLEN,TITLE(1), BUPPER(ISTART))
-URITE(6 5678) (BUFFER(I),I=1,60) -
5678 FORMAT('1',60A1) , .
READ (5,2121) ITYPE -
2121 ronuAr(uan) o
IF (EQUC(ITYPE,'TENP')) GOTO 2323
CALL MOVEC(16,' % CONCENTRATION',STRING)
. GOTO 2324 : :
2323 CALL MOVEC (16, TEMPERATURE *,STRING)
2324 WRITE(6,1000) (STRING (I),I=1,16)
READ (8,1003) (COEFFL (I),I=1, a)
-READ (8, 1003) (COEFFN (I),I=1,4)
READ (8,1003) (COEFFU(I),I=1,4) °
READ (8,1003) (COEPPL(I),I=1,4)
READ (8,1003) (COEPPM(I),I=1,4)
READ (8, 1003)(c03990(1) I=1,4)

2 NeNe!

THE DATA FOR NTEMP DIFFERENT TEHPERATURES (IN ORDER
OF INCREASING TB!PEBATURE) IS NOW READ IN. THERE ARE
NDATA FREQUENCY SHIFTS AND ATTENUATIONS PQR EACH:

TEMPERATURE. .
‘MEANS AND STANDARD DEVIATIONS ARE THEN CALCULATED

POR EACH TEHPERATURE

Sa0nNonacoa

READ (5,1002) NDLTL,NTBHP
DO 130 L=1,NTENP

SUNF=0
' 3



- 100

110

120

C

130

'SUMA=0 ' )

.. EPM(L) =0
'EPU(L)=0

SUM2P=0

SUM2A=0 » o
DO 100 I=1,NDATA )
READ (5, 1004) (DATA (L,J) ,J=1,3)

, SUMF=DATA (L,2) +SUMF
'SUMA=DATA (L, 3) +SUMA e :

SUH2F=DATA(L,Z)?*2A+SUH2F
SUM2A=DATA (L, 3) **2_ +SUNM2A

CONTINUE - ,

AK=SUMFP*SUMF/NDATA

BK=(ABS (SUM2P-AK) ) / (NDATA-1) \
SDF=SQRT (BK) o ‘

. AA=SUMA*SUMA/NDATA '

BB=(ABS (SUM2A~AA) ) / (NDATA-1)
SDA=SQRT (BB) ,

DATAL (2) =SUMF/NDATA-SDF
DATAL (3) =SUMA/NDATA-SDA
DATAN (2) =SUMF/NDATA

DATAK (3) =SUMA/NDATA

DATAU (2) =SUMP/NDATA+SDF

':DATAU(3)=SUHA/NDATA+SDA‘

VALUES OF E* AND E® AND THEIR LOWER AND UPPER
BOUNDS ARE NOW CALCULATED FOR EACH TEMPERATURE.
K1=K-1 DT

EPL(L)=0 -

EPPL (L) =0

EPPH (L) =0

EPPU (L) =0

po 110 I=1,4 - - S

EPL (L) =EPL (L) +COEFFL (I) *DATAL (2) ** (I-1)

' EPH(L)=EPH(L)+COEPPH(I)*DATAH(Z)**(1-1)

EPU(L)=EPU(L)tCOBPPU(I)*DATAU(Z)**(I-1)'
DO 120 I=1,4 l ’ e c
EPPL(L)=BPPL(L)*qOEPPL(I)*ALOG10(EPL(L-I)**(I‘1)

EPP!(L)=BPP!(L)*COEPP!(I)*ALOG10(EPH(L-])**(I-]IZ

EPPU (L) =EPPU (L) +COEPPU (I) *ALOG 10 (EPU (L- 1) #* (I-1)
EPPL (L) =10. %% (DATAL (3) /20+EPPL (L- 1. 25) :
EPPM (L) =10.**(DATAN (3) /20+EPPH (L- 1. 25)

EPPU (L) =10. ** (DATAU (3) /20+EPPU (L- 1. 25)
TANL=EPPL (L) /JEPG (L) =« C

TANM=EPPHM (L) /EPH (L) : :

- TANU=EPPU (L) /EPL (1)

PRINT 1005,EPL (L) ,EPPL (L), TANL :
PRINT 1006,DATA(L,1),EPH (L) , EPPH (L) , TANN
PRINT 1007,EPU (L) ,EPPU (L) , TANU .

WRITE DATA POR PLOT ROUTINE '

WRITE (3, 2000) DATA (L, 1) /EPL (L) ,EPM(L) , EPU (L) ;

- WRITE(4,2000) DATA(L,T), EPPL(L), EPPA(L), EPPU (L)

'CONTINOE = -

214
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FORMAT (*0', T8, 16A1,T27,'EP', T4 1, EPP*,T53,'LOSS TAN')
PORMAT (* ',2F7.2) N
FPORMAT (I1, Iu) R v
PORMAT {1X,6E15.4) ' - ‘
FORMAT (3F8.1)
FORMAT('0',T25,F5.2,T40,FS5.2,T54,F6.3)
PORMAT(* *,T12,F6.1,T25,F5.2,T40,F5.2,T54,F6.3)
PORMAT (' ',T25,F5.2, Tuo FS 2,T54,F6. 3)

K

'FORMAT (* *,3P8.1)

FORMAT (4F6.2)
STOP S
END - CT !
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PROGRAM CALCULATE

THIS PROGRAM CALCULATES THE COEFFICLENTS FOR A LEAST *
SQUARES '‘FIT OF FREQUENCY SHIFT DATA (FS) TO E* (EP).

3 DISTINCT CURVES (MEAN, MEAN+S.DEVIATION AND .
MEAN-S. DEVIATION FOR N SEPARATE READINGS) ARE POUWD,
ENABLING THE STANDARD DEVIATION OF ANY

HELSUBE!ENT ON UNKNOWN SUBSTANCES TO BE ESTIMATED.

DIMENSION EP(7),qPP(7),FS(7 10),4T(7,10)
DIMENSION FU(7),FL(7),FN(7) _ .

. DIMENSION AL(7),AM(7),AU(7) |
DIMENSION COEFFL (4),COEFFM (4) ,COEFFU (4)
DIMENSION C(6),S(6),A(3),B(3),X(7)
DIMENSION EP1(7),EPP25L(7), Eppibu(7) EPP2SU(7)
DOUBLE PRECISION P (14),T(16) .

c ' N, (MAX. 20) THE NUMBER OF READINGS FOR EACH
c' CALIBRATION LYQUID AND NCL (MAX. 10) IS ‘THE NUMBER
C or éALIBRATIon\LIQuIDs. y - o

N=6 , i )
NCL=7 ' ‘
BEAD 1001, (EP(I),I=1,NCL)
- —READ 1001, (EPP (I),I=1,lCL)
DO 100 I= 1 NCL
READ 1002, (PS(I,Jd),Jd=1,H)
" READ 1002, (AT(I,J),J=1,N)
" 100° GONTINUE B
' PO 120" I=1,NCL
PS1=0
PS2=0
AT1=0 ro 4 ~ ,
AT2=0 - VoL - .

PR

" CALCULATE THE MEANS AHD STANDARD DEVIATIONS OF THE - -
INPUT DATA AND PLACE THEM IN THE APPROPRIATE o -,
COEFFICIENT MATRIX. - '

fnonna

* DO 110 J=1,N S A
- PSI=FS1+4PS(1,J) ‘
y PS2=FS2¢PS(I,J)**2, :
AT1=AT1+AT (I, J) / 1
AT2=AT2+AT (I, J)**Z. -
110 . CONTINOE : : )
°  AK=FS1*PS1/N ‘ : T
BK=(FS2+~AK) /(N-1) L ‘ L
' SDF=SQRT (BK) : ' SRR
_AA=AT1*AT1/N ° ' R .
BB= (AT2-AR)/ (N-1) | ) o
, SDA=SQRT(BB) - |
P PO(I) =FSt/N+#SDF - . .. . .
FM(I)=FS1/N CoY o a T . ‘ ,
3 PL(I)=FS1/N-SDF . o . S



AU (I) =AT1/N+SDA L - ,
AM(I)=ATI/N | . ' . ST
AL (I) =AT1/N-SDA ' ' .

120  CONTINUE - .- \~_ - i . ; ¥
p0-260 J=1,3 . - . T 0 - .
IF (3-2)130,150,170 o _ e

130 DO 140 I=1,NCL T e -

140 .« X(I)=PU(I) & ‘ S S L
.60 To 190 = .’ L R

150 DO 160 I=1,NCL - . A, o

160 X (I)=PN(I) ] oL e

R GO TO 190 : - : ST

170 DO 180 I=1,NCL . : - L

=180 X (I)=FL (X)
190 . CONTINUE - ‘
,“ CALL BLFOTH (X,EP, NCL 100.,3,1D,P, c,s,A,B IER)
'CALL RLDOPM (C,ID,A,B,T) L
KD=ID+1 : . ‘ .
‘ IF (3~ 2) 200,220,240 e oo r
1200 WRITE (6, 1oou)(C(I) I= 1 +KD) ' : : :
- " GO TO 260 - ‘ :
220 ' WRITE (6, 100a)(C(I) I= 1 xD) . o
‘ GO TO 260 oL ' f
240 - WRITE (6, 1oou)(C(r) I=1, KD)" . o - .
260 CONTINUE . )

o

C

c’ ESTABLISH VECTORS: OF LOG(E'-J),(EP1) AND LOG(E")

C. AT 25 DB (EPP25). : . /

c 4 ’ ' L S
EP1(I) ALOG10(EP(I 1) ‘ AL T
EPP25L (L) =ALOG10 (EPP (I) -AU (I) /20+1.25 .

EPP25K (I) =ALOG 10 (EPP (I) ~AN(I) /20+1.25
EPP250 (1) =ALOG 10 (EPP (I) - AL(I)/20+1 25

270 CONTINUE .

c ' T

C .CALCULATE THE LEAST SQUARES COEPPICIENTS FOR THE ABOVE

C VECTORS FOR THE THREE CASES, MEAN-SD, MEAN AND MEAN+SD

c . COEPPL,COEPPM AND COEPPU ARE THE COEFFICIENT VECTORS

C . POR THE CURVES REPRESENTING THE HEAN-SD, MEAN AND

C MEAN+SD OF EP-1 VS. EPP25 . :

(o |

DO 280 I=1,NCL - o o

¥ 280 . X{(I)=EP1(I) «

: - CALL RLFOTH (X,EPP25L,NCL,100.,3,ID,P,C,S,A,B,IER)
CALL RLDOPM (C,ID,A,B,T) ‘
KD=ID+1 _

PRINT 1004, (C(I),I=1,KD)
" DO 290 I=1,NCL
290 X(I)= 391(1), P
CALL BRLFOTH (X,EPP25K, ucn 100.,3 1D0,P, c, s A,B,IEB)
\CALL RLDOPM (C,ID,A,B,T)
KD=ID+1
PRIHT 1oou,(C(I),I 1, xn)

<
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DO 300 I=1,NCL

X (I) EP1(I) :

CALL RLFOTH (X,EPP250, NCL,IOO.,3 ip,P,C, s A,B 1ER)
CALL RLDOPX (C,ID,A,B,T)

_KD=ID+1 ¢

'PRINT 1004, (C(I),I=1,KD)

FORMAT (I1)

FORMAT (F5-2,1X,F5.2,1X, ‘F5. 2 1X,F5.2,1X,F5.2,1X,
CPF5.2,1X,P5.2) .

FORMAT (F5.2,1X,F5.2, 1X,F5. 2 1X,F5. 2 1X, P5. 2,1x F5.2)
FORMAT (* o' 'IER -',13)‘

FQRMAT (' ',6E15.4) A T 9
POBHAT(‘O',!VALUES OF EP',7F6.2) '
FORMAT(*0','VALUES OF EPP',7F6.2) _
'FORMAT('0','VALUES OF FS!') ' e
‘PORMAT('0',6F6.1) oy g
FORMAT(*0*',*VALUES OF AT') ‘
PORMAT(*0*,'PO(*,I1,')=",F5.1, sx,'yu(',11,') 1,
C5X,'FL(*, I1,')=',PS5.1) .

PORMAT(*0°*,*AU(',I1,")=" ,r5.1,5x,'au(',11,'y- «F5.1,°°

CS5X,*AL(*, I1,')=',P5.1)

STOP
~ END



o

Agéendix,g
As explained in Chapter 8, a program to calculate the
heating "index of a plarie incident microvave field on an

anpitrary shaped body was written based on a similar program’

:due_to'raflove (T3). This program is called SCAT.KID.2 and a

FORTBAN listing is given below. . | A

Input to the prograd includes the frequency, the - total

nulber of éteps for which  the progral is to be run, the

E nulber of steps for Uthh the envelope is to be scanned and

'thg step at Uhlch scannlng is to begin. Also included are

the number of media and thelr dielectric propertles, ”hnd a

P nedla' lagﬁlce ‘descrlblng the dlstrlbut;on of the various

v

i

media. Output from the program is ‘an index from. 0-9

representing the amount of energy dissipated at each point

‘_‘/—\_\ ‘< N * . . . . R
viﬁhiq';he lattice. The maximum dissipated power in W/am3,

correspdndin§,to an index of 9, iséalso retutned,

'

‘ -, - 219 - S
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- THE MEDIA LATTICE AND THE ENVELOPE PRINTOUT

Vs . . \o. 220

T,KID,2 | _ N
PROGRAM SCAT.KID.2 ' . | S

STEADY TEM IRRADIATION OF A CANINE KIDNEY

INCIDENT WAVE HAS THE- COMPONENTS EZ,HX,KY

S5 DIFFERENT DIELECTRIGS ARE DEFINED -~ = i
27 X 34 X 15 CELL YEE LATTICE IS USED . S :
UNIT CELL DIAMETER = 0. OS*LAHBDA(HIN) =DX

EVEN SYMMETRY ABOUT PLAMNES X=27.5%DX AND Z=15 O*DX

IS ASSUMED AND ADAPTIVE SOFT LATTICE TRUNCATIONS

ARE USED.

ARE TIED TQ UNIT 6. S
CONTROL INPYT IS ON ONIT 5, DATA INPUT ou 8. ‘ )

~-
REAL HUZ . - ;
COMPLEX JKAY, CMPLX, CSQRT o .
INTEGER IPR(27),N(27),IVF(9) _ ’ 5
REAL: EXO0(15,27), B20(15,27), EXT1F(15,27), :
EXT2F(15,27), EYT(34,14,27), ENY(34,15,27),
EZT1P (15,27), BZT2F(15,27), EXT(34,14,27), - .. ,
HYT (34,14,15) , HZT(34,14,15), ENX(38,15,27), R
ENZ (34,15,27), EX(34,16,28), EY(34,16,28), '
HX (34,16,28), HY (34,16,28), HZ(34,16,28),
BZ(34,16,28) , MEDIA(34,15,27), EPS(9),
EXTR(14,15,27), EZTR(14,15, 27) ’
SIG (9) . A(9) CB (9)

wev..I. PROBLEN PARAMETERS. - ... N
READ (5,1100) FREQ

PORMAT (E6. 1) g Vol / : . .
PRINT 1102, FREQ 3 o !
PORMAT (* 1*,*THE rnzouzucx IS *,E9.2,' HZ')
DX=1.5E-3 ( N , : ’

~

 MAXDT IS THE TOTAL NG OF STBPS REQUIRED.

MINDT IS THE TIME.AT WHICH ENVELOPE SCANNING BEGINS.‘ . s
MIDDT IS THE NUMBER OF STEPS FOR WHICH "THE ENVELOPE

IS SCANNED. : . . .
READ (5, 1110)-uaxnr,.urnnr, MIDDT S ;-
PORMAT (I3,1X,I3,1X,I3) L sl

PRINT 1103, MAXDT,MINDT,MIDDT - . RN

- PORMAT (' * 'HAIDT = *,13,/,"MINDT = v, 13, ' P

1

/*MIDDT = *,12) o | ' .

-c...II-_ DIBLECTRIC quIA..-.-‘ N
MPR=5 . L

BEAD (5,1101) (EPS (I),I=1,HER)

READ (5,1101) (SIG(I).,I=1,4PR) |
FORHAT(9(FS 241X)) )
DO 1104 I1=1,MPR O

110“ PRINT 1105 I,EPS(I),I, SIG(I

X



PR N 2 o ‘
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noonnan

(ol gKg!

1105

 MUZ=4.0%PI*1.0E-7 .

ann

3010

3011

22

KL

FORMAT (* ','EP’,IL ') = *,P5.2,5X,
19516 (*,I1,') = ', F5.2)

EQUATE TS AND FORTRAN LOGICAL UNITS
CALL FT HD('EQULTB 9=9',10)

.....01I. BASIC AND DERIVED ‘CONSTANTS.....
PI=3.1415927 -
EPSZ=8.854E-12
OMEGA=2.0%PI*FREQ :
DT=DX/5;995g§ﬁ+8 ,
MDT=MINDT+NIDDT -~ e

R=DT/EPSZ -

‘RA—DT*DT/DX/DX/!UZ/EPSZ

RB=DT/DX/MUZ
'RC=HMUZ*EPSZL*OMEGA +2 ' N
RD=MUZ*OMEGA ,
'RE=5.99585E+8/0MEGA
‘RP=1000.'0*RB

RG=OMEGA*DT °

RH=2.0%RP**2’ ‘
FMPR= PLOAT(HPR) ' o
NTEST=0.

Do 1, IAA=1;2
N(IAA) =IAA -

V4
.

DO =1,MPR ,
JEKAY=CHKPLX (0.0, 1. O)tcsoar(cupLx‘FPS(Is)3Rc, : =
1.5IG(IB) *RD))

IVP(IB)=AMIN1(RE*AINAG (JKAY-0.5,13.5)

CA (IB) =1.0-B¥SIG (IB) /EPS (IB)

CB (IB) =RA/ PS(IB) :

N

o8 ®ow e VT

LOAD THE STORAGE VECTOR. . 37 ,
eeecasA. O INITIAL FIELDS (raonﬁinzxn);..... ,
DO 3 ICA=1,27 o _ B
‘DO 3 IC=1, 15 B :

EXO(IC,ICA)=0.0 o 1

BEZ0(IC,ICA)=0.0 . ! S

DO 3010 ICA=1,27
DO 3010 ICc=1,15
"EXT1F (IC,ICA) =0.0
BZT1F (IC,ICA)=0.0
DO 3011 ICA=1,27 o ,
DO 3011 IC=1,15 A o - .
"EXT2F (IC, ICA) =0. o L ' . , :
BZT2F (IC,ICA)=0.0" - o , .

po 301 1CB=1,27 . ‘

DO 301 1cn=1,15 : : L

po 301 ICc=t1,14 . . R B 5

~ EXTR (IC,ICA,ICB)=0.0 o : , L



Ly

Cc
C

C
C

. C
C

1

301 EZTR(IC ICA ICB) =0.0 .. '

oee-.B. TYPE OF DIELECTRIC MEDIUA.....
DO 4 IK=1,15 . .
PO 4 ID=1,34 , . ‘ .
IB=16-IK e :
. READ (S, 1fﬁ3)(uzDIA(ID 1E,IEA), IEA= 1,27) y
1113 FORMAT (27F1.0) .
" 4 CONTINUE ' L RPN

«3...C. ZERO INITIAL FIELDS (CENTRE)....u
DO 402 IC=1,27 ' o
DO 402 IB=1,14 .
DO 402 IA=1,34 . '
EXT(IA,IB,IC)=0.0

402 BYT(IA,IB,IC)=0.0 - : _
DO 4020 I1C=1,15 . . “
DO QOZQ?IB=1,ﬂu\ S RS
DO 4020 IA=1,34 .o .
HYT(IA,IB,IC)=0.0

4020 HZT(IA,IB,IC)=0.0 - AR IR

,DO 403 IC=1,27 ~ , ,
DO 403 1IB=1,15 ' . : '
DO\ 403 IA=1,34 ,

. ENX(IA,IB,IC)=0.0 C. B

ENY(IA,IB,IC)=0.0 |

222

'403. ENZ(IA,IB,IC)=0.0 ; . o -

DO 4030 ICc=1,28"
DO 4030 IB=1,16
. DO:4030 IA=1,34 T o )
 EX(IA,IB,IC)=0.0 S D
.. +BY(IA,IB,IC)=0.0 . .
4030 EZ (IA,IB,IC)=0.0 : . o
-DO 4031 Ic=1}28
DQ 4031 IB=1,¥6 . g T
‘ 4031 Ia=1,34 O _ =
. HX(IA,IB,IC)=0.0 £ . :
HY (I4,IB,IC)=0.0." L : ‘o

Ce

u031 HZ(IK’IB IC)=0.0 .

.....VI, .PRINT? THE DIELECTRIC BEDIA LATTICE.....
. DO 8 IP=1,15 -~ P o
- PRINT 6,IF = - P :
6 PORHAT(1H1,////////,SSX,'DIELECTRIC MEDIA_LATTICE',
-1 //+62X,'PLANE K = ,12,//,38X,'INe//)
DO 67 IG=1,34 , l
. IH=35-1G - o ’
" DO 66 II=1,27 s '
IPR(1I)= HEDIA(IH i1F,II) -

IP (IPR(II).LT.1.0.0R. IPR(II) GT.PBPR)GO TO 70
. 66 CONTINUE .
67 'PRINT 7 Ia,(IpR(IJ) 1J=1,27) : ‘ﬁf L :)
EonnAr (371,12,ux 2712) ’ '
- 8 PRINT 9, (N(IK) IK= 1 9, (n(In) IL=1,9), eu(Iu);xu 1,7)

<

Tt

-
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9 FORMAT (///,uox,-11,2x,9ﬁ2,10(- 14),8(* 2%),/,

161x,* 0*',912,' 0*,712)

¢----VII. TIME STEPPING LOOP.....
DO 65 J=1,MAXDT '

«e...ESTABLISH LOOP AND FIELD PARAMETERS.....
TERM=RF*SIN (FLOAT (J) *RG) .
MAXY=NMINO (6+IFIX (FLOAT (J)/2.0) ,34)

eees.Ai E FIELD LOOP.....
DO 22 JA=1,MAXY : N
IF (JA.EQ.34)GO TO 14

eeeeel. EX ITERATION.....
IF (J.GE.MINDT)GO TO 111
DO .110 JCA=2,27
DO 110 JBA=2,15
NF=MEDIA (JA,JBA,JCA)

EX (JA,JBA,JCA) =CA (NF) *EX (JA,JBA, JCA) +CB (NF) *
1 _ - (HY (JA,JBA-1,JCA) - HY(JA,JBA,JCA)+
2 . HZ (JA+1,JBA,JCA-HZ(JA,JBA,JCA))
GO TO 112 ' :
DO 10 JC=2,27
DO 10 -JB=2,15. ,
' NF=MEDIA (JA,JB,JC) /
EX (JA,JB,JC) =CA.(NF) *EX (JA,JB, JC) +CB (NF) *
1 o (HY (JA,JB-1,JC) - HY (JA,JB,JC) +
2 BZ (JA+1,JB,JC-HZ (JA,JB,JC)) . -
ENX (JA,JdB,JC) =ANAX1 (ABS (EX (JA,JB,JC)), ENX(JA,JB Jc))

112 REX=EX (JA, 2, 10) /RB-

C , .
C
C
109
C i
C
C
g
110
111
10
C
C
11
3.5?_..:“
12
13
CcY
c

14

IF (ABS (REX) .GT.1.0E+4)GO TO 42
eeee<2: EX SOFT LATTICE TRUNCATION.....

EX (JA,1 2)-(EXT(JA 1,2)+EXT (JA,1,3)) /2.0
"BEX (JA,1,27)=(EXT (JA, 1 26)+EXT(JA 1, 27))/2 0
DO 1t JD=3,26

EX (JA,1 JD)-(EXT(JA,I JD-1) +EXT(JA, 1, JD)
1 0EXT(JA,1 JD+1))/3 0

D0113 JE=2,27 ‘

Ne= HEDIA(JA 1,JE) .

JP=IVF (NF) b
DO 12 .JG6=1,JF
ExT(JA,JG,JE)=ExT4JA,JG41,JE)
EXT(JA,JG+1,JE)=EX (JA,2,JE)

§;

)

.

eecee3. BY ITERATION.....
IF(J.GE.NINDT) GO TO 116
DO 115 JIA=1,27
DO 115 JHA=2,15
NP=MEDIA (JA,JHA,JIA) .
BY (JA, JﬂA,JIt)-CA(nr)*Ez(JA,JﬂA,JIA)+c3(nr)* s

o

1 A . "{BX{(JA,JHA,JIA-HX (JA,JHA-1,JIA)
2 ) . T +HZ (JA,JHA,JIX-HZ (JA,JHA,JIA+1))



- ' ' 224

115 CONTINUE
GO TO 117
116 DO 15 JI=\,27
DO 15 JH=2,15
NF=MEDIA (JA,JH,JI)
EY(JA JH, JI) =CA (NF) *EY (JA,JH, JI)+CB(NP)*
1 (HX (JA,JH,JI-HX (JA,JH-1,JI)
2 . +HZ (JA,JH,JI-HZ(JA,JH, JI+1))
15 ENY (JA,JH,JI) »HAX1(ABS(EY(JA,JB JI)),ENY(JA JH,JI))
117 REY=EY (JA,2,10)/RB
IF (ABS (REY) .GT-1.0E+4)GO TO 42

«eecol. EY SOPT LATTICE TRUNCATION......
EY (JA,1,1)= (EYT (JA,;1, 1) +EYT (JA,1,2)) /2.0
BY (JA,1,27)=(EYT (JA, 1 +26) +2.0*EYT (JA,1,27)) /3.0 ,
DO 16 JJ=2,26 :
16 EY (JA,1 JJ)—(EYT(JA,1 LJ3-1 1) +EYT (JA, 1,JJ)
1 - +EYT(JA,1 JJ+1))/3 0
DO 18 JK=1,27
NP=MEDIA (JA, 1, JK)
JP=IVF (NF)
DO 17 JL=1,JF
17 EYT(JA,JL,JK)=EYT(JA,JL+1,JK) °
18 EYT(JA,JL+1,JK)=EY (JA,2,JK)
IF (JA-EQ.34)GO TO 23

: -2...5. EZ ITERATION.....
. IF(J.GE.MINDT)GO TO 120
" DO 119 JNA=1,27
DO 119 JMA=1,15 | : -
NP= HEDIA(JA,JHA JNA)
‘ EZ (JA,JMA,JNA) =CA (NF) *EZ (JA,JNA, JNA) +CB (NF)
-1 ) *(HX (JA,JMA, JNA-HX (JA+1,J8A,JNA)
2 ~ +HY (JA,JNA,JNA+1-HY (JA,JNA,JNR)) °
119 CONTINUE : '
GO TO 12%
4120 DO 19 J¥=1,27 B ,
DO 19 JN=1,15 S
NP= HEDIA(JA JN,JN)
EZ(JA JM, JN) CA(NP)*BZ(JA,JH,JN)+CB(NF)*(HX(JA,JH Ju)
1 ~HX (JA+1,JM,JN) +HY (JA,JN, Ju+1)
2 ~HY (JA,JM,JN))
19 ENZ (JA,JN,JN) =AMAX 1 (ABS (EZ'(JA, JH,JN)), ENZ (JA, J8,JN))
121 REZ=EZ(JA, 1, 10) /RB
IF (ABS (REZ) .GT.1.0E+4) GO TO 42
IP (JA.EQ.1)GO TO 122 o
1, IP(JA-3)22,123,22

i

' «ee.+6. EX,EZ TRUNCATIONS AT FRONT LATTICE FACE.....
122 DO 1221 JzB=1,27 : . | '
DO 1221 JZA=1,15 |
EX0 (JZA,JZB) £EXT1F (JZA,JZB) ;. :
EXT1F (JZA,JZB) =EXT2F (J2ZA,JZB) ,
1221 EXT2F (JZA,J2B) =EX (1,J2A,JZB) :

&P

i



1222

123
20
21

23

230

24
25

27

DO 1222 JzB=1,27

DO 1222 JZA=1,15 .
EZ0(J2ZA,JZB) =EZT1F (JZA,JZB)
EZT1F (JZA,JZB) =BZT2F (JZA,JZB)
EZT2F (JZA,JZB) =EZ (1,JZA,JZB)
GO TO 21

eeeeel. SOFT TEH WAVE SOURCE CONDITION.....

DO 20 JP=1,27

DO 20 J0=1,15

EZ (JA,JO, JP) TERH+EZ(JA Jo, Jp)
CONTINUE :

CONTINUE

GO TO 27

CONTINUE

raeeee8. EX,EZ TRUNCATIONS AT REAR LATTICE FACE.....

DO 230 JsSA=1,27

DO 230 JRA=1,15 ‘

EX (34, JRA,JSA) =EXTR (1, JRA,JSA)
EZ (34,JRA,JSA) =EZTR(1, JRA,JSA)
DO 25 Js=1,27

DO 25 JR=1,15
ur=uEDIA(3a,Ja,JS)

JP=IVF (NF)

DO 24 JT=1,JdF

EXTR (JT,JR, JS)—EXTR(JT+1 JR,JS)
EZTR (JT,JR,JS) =EZTR (JT+1,JR,JS)
EXTR (JF+1,JR,JS)=EX(33,JR,JS)
EZTR (JF+1,JR,JS) = EZ(33 JR,JS)

..-..B. H FIELD LOOP.....
DO 40 K=1,MAXY
IF (K.GE. 2)co TO 28

GO TO 29 - [

28

_ 1
- 30
29

1
305

eeceaes1. HX ITERATION.....
DO 30 KB=1,27 o
DO 30 KA=1,15

ax(x KA,KB) =HX (K, KA, KB) +EY (K, KA+1,KB-ETY (K,KA, KB)
+EZ (K-1,KA,KB-EZ (K, KA,KB)

CONTINUE \
GOTO 306 ‘

DO 305 'KB%Z=1,27
DO 305 KAZ=1,15

HX (K,KAZ,KBZ) =HX (K,KAZ, KBZ)*EY(K KAZ+1, KBZ)
-EY(K,KAZ,KBZ) +EZ0 (KAZ, KBZ-EZ(K,KAZ KBZ)
. . I

CONTIHUE

306 CONTINUE

IP(K EQ. 3Q)GO TO 35

eeees2. HY ITEBATION.....
DO 31 KD=2,2% |
DO 31 KC=1,15

225



C
C

31 CONTINUE

1

Al

_ HY (K, KC, KD) = =HY (K, KC, KD) +EX (K, KC, KD~ EX (K, KC+ 1, KD)
+EZ (K, KC,KD-EZ (K, KC,KD-1)

r

sease3e HY SOFT LATTICE TRUNCATION.....
HY (K, 1, 1) = (HYT (K, 1,1) +HYT (K, 1, 2) ) /2.0
HY (K, 15, 1) = (HYT (K, 1 1u)+2 o*urr(x 1,15)) /3.0
DO 32 KE=2,14

32 HY (K,KE, 1)—(HYT(K 1,KE-1) +HYT (K, 1,KE)
1 R

33

3y

- +HYT(K,1, KE+1))/3 0
DO 34 KFP=1,15
NF=MEDIA (K,KF, 1)
KG=IVF (NF)
DO 33 KH=1,KG
HYT (K,KH, KF) =HYT (K, KH+1 ,KF)
HYT (K, KH# 1, KF) =HY (K, KF, 2)

eesssl. HZ ITERATION.....
IF(K.GE.2)GO TO 35 .
DO 341 KJ=2,27

DO 341 KI=2,15

341 HZ (K,KI,KJ)=HZ (K,KI,KJ) +EX (K, KI, KJ-EX0 (KI,KJ)
o1 '

+EY (K, KI,KJ- 1- Ez(x KI, KJ)
GO TO 351

35 DO 36, Kd=2,27

DO 36 KI=2,15

36 HZ (K,KI,KJ)=HZ (K,KI, KJ)#Ex(x,xI,KJ—Ex;K 1,KI,KJ)"

1

+EY (K, KI KJ-1-BY (K, KI KJ)

351 CONTINUE

i

«weee5. HZ SOPT LATTICE TRONCATION..... .
HZ (K, 2,1) = (HZT (K, 1,2) +H2T (K, 1,3) ) /2.0
BZ (K, 15, 1) = (HZT (K, 1, 14) +H2ZT (K, 1,15)) /2.0
DO 37 KK=3, 14

i

37 HZ(K KK, 1) = (HZT (K, 1, KK- 1)'+HZT (K, 1 ,KK)

38
39

. 40

41
42

43

1

+HZT (K, 1,KK+1)) /3.0
DO 39 KL= 2,15 ‘
NF=MEDIA (K,KL, 1)
KG=IVF (NF) '
DO 38 KM=1,KG

e g

RIS
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'HZT (K, KN, KL) =HZT (K, KN+1,KL) ) ‘ .

CONTINUE

HZT (K,KM+1,KL) =HZ (K, KL, 2)

<eee.C. PRINT-OUT ROUTIHE.....
DO 41 L=NMDT,MAXDT, HIDDT
IF (J.EQ.L)GO TO na
CONTINUE :
GO TO 64
NTEST=1

'«ee..1. PIND THE HOR!ALISING pxnauzrzn.....
EMAX=0.0 | , | ,
DO 45 LC=1,27 | | :



anana

62 EHZ(LT,LU,LV)=0.0‘

227

DO 45 LB=1,15 .
DO 45 LA=1,34 -
LD=MEDIA (LA, LB, LC)
ER= (ENX (LA, LB, LC) **2+ENY (LA,LB,LC) **2 ,
1+ENZ (LA, LB, LC) **2) *SIG (LD) /RH
'LF (ER-EMAX) 45, 45,44
44 EMAXFER
45 CONTINUE

PRINT 46, EMAX
46 FORMAT('1',°'THE MAXIMOM DISSIPATED POWER IS *,E10.3,
11X, ' WATTS/N**3 FOR UNIT INCIDENT ELECTRIC FIELD')
EMAX=EMAX/9
PRINT 47, ,EHAX 1
47 FORMAT (' ','THE NORBALISING FACTOR IS ',E10.3)
. . \
weee.2. CALCULATE THE DISSIPATED POWER AT EACH «.....
.~ POINT, NORMALISE IT TO AN INDEX IN THE
RANGE- 0-9, AND PRINT OUT THE INDEX IN
THE SAME FORM AS'IN THE MEDIA LATTICE.
DO 52 LP= 1,15 ‘ ‘ ,
PRINT 48, J, LF

48 PORHAT(1HI,////////,UGX,'NORHALISED HEATING INDEX AT',

1' TIME STEP ',I3,//,62X,'PLANE K = ,12,//,38x,'J',//)
DO 50 LH=1,34 ' _ - : N
LE=35-LH - : o _

DO 49 LG=1,27 o ' o

« LI= =MEDIA (LE,LF,LG) : :

49 IPR(LG)=(ENX (LE,LP,LG) **24ENY (LE,LF,LG) #%2

14ENZ (LE,LF, LG)**2)*SIG(LI)/(RH*BHAX) L

50 -PRINT S51,LE, (IPR(LJ),LJ=1,27) , :

-51 FORHAT(37X I12,4X,2712)

52 PRINT 53, (N (LK),LK=1,9), (N(LL) ,LL=1,9), (¥ (LN) ,LM=1,7)
53 ronuar(///,aox 'Iv,2X, 912,10(".1%).8(" 2'),/,61X,* o*,
1912, 0r,712) oo ,

.....5 DEPAULT OPTION.....
IP (NTEST.EQ.1)GO TO 70

. <eee..6. ENVELOPE RESET TO-ZERO.....
DO 62.LV=1,27 = o, - . S
DO 62 LU=1,15 o oS . . WS

DO 62 LT=1,34 : S T - o
ENX(LT,LU LV) =0.0 : . o .
ENY(LT,LU,LV)=0.0 : - S

.
. LIV
N

64 CONTINUE ,
65 CONTINUE -

70 STOP R

END

IENCHAP o , , B S

!
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|Vapour pressure at 20°C, am Hg

" ISpecific-heat at 25°C, cal/gqm = . -
ISpeqific heat of vaporization at b.p., cal/gnm

|Bolar Heat of vaporizatiom at b.p., kcal/mole.

| Entropy of vaporization at b.p., cals/deg.mole
IEnthalpy of vaporization at 25°c, k&l /mole

|ICoefficient of expansion, ml/gm.deg
ISpecific gravity at 25°C, g/ml

" |Melting point, 9C

ISpecific heat of fusion, cal/gm

IMolar heat of fusion, kcal/mole ' y
{Entropy of fusion, cal/deg.mole
|ISpecific heat of solid,at 18.45°C, cal/gm

lIHeat of formation, kcal/mole

|Heat of combustion, cal/gm .-

IPlash point, open vessel, ©°C !

IMolal f.p. depression, deg/mole/1000gm
| Refractive index (nD209) '

" |Refractive index (nD2s) '

|Molar refractivity, Ram
|Polarizability, cn3 S
|Dielectric constant at 20°C (€static)
IDielectric comstant at 259C (estatic)

" IDipole moment, 25°C, D

|Viscosity, 209¢c, cp I ¢
|Viscosity,. 25°C, cP : f
ISurface tension at 20°cC, dyne/ca
ISurface tension at 25°c, dyne/cn
|Specific conductance at 20°C,. ohm—ica-1
‘ ' B

L

\v

!

s

' 182.86

228
\
' Appendix C - .
, ' oo
Selected Physical Properties of DMSO

N e " - v . v
i Property i Value. |
— : ‘ 4 {
[Boiling Point at 760am Hg, ©°C. 1189.0 |
{

10.37,0.417
|.4698
1175
113.67
129.6
|12.64 -
10.00088
[1.096
118.55
138.8 ¢
13.43,3.03

[-47.7
16050

195

14.4,4.36
11.48783
11.47674
120.12
17.97x10-24,
j48.9
j46.4
f4.11
12.473
11.99
ju6.2

|
i
|
|
|
[
|
|
|
, : {
410.4,11.7 |
: |
|
|
|
[
|
|
|
!

13x10~e

i
|
|
|
R
{
-
|
l

L

. \ .
The above properties are obtained

froi (Su),;page 5.

This source lists the references in which the above data vas

published.

-



In order to make available the numerical data

'
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Appendix D

SNAAPIE RN RS Y 5 N N ARt R

-

obtained .

from the dielectric neasurelengs, the tables in this section

_are

are in order.

Fourteen different sets of peasureneﬁt parameters

: q#ed,
(1
)
(3)

)
(5)
(6)

presented.

Some

i

as 6utliped below:

Distilled vater

1% DHSO

5% DHSO

1oxrnuéo

20% DMSO -
70% ﬂuso

100X DMSO o k5

comments regarding their Présentation

vere

measurements in the
temperdture range

-60°9C to +100°C

- an - - — __.——..—— T e e e e - — - - - —— o — o om— - — = — -

'leasurenents in the

‘(13)

(14)

The

5% dextran

o.1x uac1 ¢ 10X DNSO

 1.0% NaCl + 10% DMSO

. 5% dextran + 10% DMSO.

DHSO at 590C
DMSO at 239C

DHSO at 50°C

t

229

Lt |

‘ temperature range

~60°C to +40°C

concentratlons in 10%

--steps from 0% to 100%

. at each temperature

&ata obfained in the neasureleqts’haé been reduced



230
to values of €', e, loss tangent and .conductiyity (nho) .
The standard dev1ation as a percentage of the value is
quoted in the case of €' and €, except'ror cases where this
exceeds 100% as in the vicinity of the fre321ng p01nt of
some mixtures. In these cases, the dev1ation is left blank.
Standard deviations are not quoted .for the derived
quantities, loss;tangent and conductivity,'because they\are
not‘leasured directly. The quoted value is calculated fron
the mean valuesxof €' and ed In the case of sets 1 11, the
fignres. quoted .for decrea51ng telperatures vere those
obtained during cooling, and the figures qnoted for
'_1ncrea51ng tenperatures were those obtained during heating.
‘The._differences are attributable to supercooling effects,
and to the existence of mixtures of. solid ~and liquid
material ~just beyond the state transxtion point. ?or
purposes of plotting the curves of chapter 6, some liherties

: “« _
were taken in these regions,;as,described in that chapter.



DIELECTRIC DATA FOR DISTILLED_HATBR

TENP.
DEG.C

. 24.5
T 21.5
16.5
10.5
1.5
-2.0
-2.0
~2.5
-3.5
-15.0
-30.5
-43.5
-50.5
~54.0

! -“7.5 i

-42.5
-36.0
-28.5
-21.0
-13.0
. -6.0
2.0
=1.
15
-1.5
'-1.0
-1.0
0.0
1.0
1.0
6.0

- 12.0 -

17.0
- 22.0

27.0 -

33.0
38.0.
43.0
49.0
55.0
- 61.0
67.0
C74.0
-80. 0
87.0
93.0
98.0

© 78.444-
774974~

EP
76.58+- 1.9% -
79.04+- 1.8%
80.20+- 2..0%
81.09+- 1.9%
81.23+- 1.8%
77.90+- 4.0%
65.72¢~ 7.2%

41.85+-13, 3%

18.56+-18. 2%
4.21+-29.7%

3.11+-10.9%
3.04+4-12.5%
3.06+-12.4%
2.924-12.7%
2.66+-14.3%

2.64+-13.6%
2.80+-14.3%
2.834-14. 5%
2.80+-16.1%

2.80+-16.1%

2.87+~-13.6%
4.39+-31.42%
8.99+-26.8%
15.46+~18.5%

122.76+-16.5%
'30.86+-16.9%
C41.01+-14, 3%
52.03+-11.4%'

63.12+- 9.1%
72.25+~
76.45+~
4.7

4.7

75.22+- 2.5%
73.69+- 2.8%
72.31+- 4,5%
71.38+~
70.65+-~
68.97+-
65.50+-
64.43+-
63.39+~
62.09+~
61.40+- 2.5%
60,30+~ 2.5%
59.21+- 3.0%

4. 2%
4.5%
2.5%

2.6%
2.7%

5.3%
5.6%

4.2%

2.3%

EPP
\:
11.48+- 8.9%
11.83+- 7.5%
13.06+- 7.3%
14.68+- 7.8%
18.26+- 8.8%
22.21+- 9.1%

21.91+4-14.5%
16.43+-17.9%
. 6.52+-33.1%

o. 28"’“ 00 0%
0.12+-16.7%
0.12+- 8.3%
0. 12+~ 8.3%

0.124-16.7%
0.11+~-18.2%
0.12+-16.7%
-0.11+-18.2%

" 0.12+-16.7%

0.12+-16.7%
0.12+-16 9%
0.12+-16.7%
0.12+-16.7%

0.30+-83.3%

1.36+-58.8%
3.91+-29.4%

6.81+-22.6% -

9.42+-22.1%

12.27+~20.0%

14.924-18. 1%
16.77+-15.9%
17.56+-13. 8%
17.21+-12.5%
16.614-14.6%

14.08+-13.7%
9.39+¢~ 9.9%.

8.81+- 9.2%
7.80+-10.8%
7.23+-10.8%
6.85+-11.8%

5.71+-12.6%
5.24+-11.8%
4.76+-11.8%
4.354-12.0%
'4.05+-10.9%
3.79+-10.3%
3.52+- 9.9%

L.TAN
(AVG)

0.150
0.150
~0.163
0.181
0.225
0.285
0.333
0.393
10.351

0.067"

- 0.039

0.039°

0.039
0.041
.0.041
0.043
0.042
0.043
0.042
0.043
0.043
‘0.042
0.068
0.151

0.253

- 0.305
0.299
0.287
0.266
0.243
0.225

.0.212

0.125
0.114
0.108
0.101
0.097
0.094

. 0.087.

0.081
0.075
- 0.070
0.066
© 0.063
' 0.059

0.181 .

COND.
MHO

1.784

1.841

2.029
2.281
2.840
3.456

‘3.405
2.557 -

1.012

"0.084
0.019

0.019

10.01%
0.019

0.017
0.019
0.017
0.019
0.019
0.019
0.019
0.019
0.047
0.212
0.608
1.062
1.464
1.910
2.319
2.608

2.733

2.677

2.193

1.458
1.307
1.213
1.125

1.005

- 0.886

0.817
0.741
0.679
0.628
0.589

" 0.587

231
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DIELECTRIC DATA FOR 1% DMSO IN WATER

L

- )

TENP.
DEG.C

-_-OCOC 20N W
[ ]

. 10. 4

25.0

38.0

, The 264

EP

75.02¢- 1.8%

74,45+~ 3.0%

75.354- 3.3%
5.0%
60.56+- 6.9%
43.53+-22.0%
23.414-31.5%

9.38+-29.6%

3. 444-16. 9%

3.02+- B.6%
2.85+- 8.4%
2.69¢- 8.2%

2.37+-11. 0%
2.544-10.2%
2.47+-12.6%
2.764-12.7%
2.95+-13.9%
3.76+-15.7%
5.56+-21.4%
8.99+-23.9%
13.98+-24.7%,
20.794-36.5%
29.72+-35. 3%
41.154-28.1%
53.03+-19.6%
64.88++17.4%
71.57+-13.3%

76.65¢+- 1.5% .
76.19+~ 2.0%
©75.73+- 2.3%
73.50+- 2.7% -
74.13+- 2.3%
73.50+- 2.0%
72.434- 2.5%
71.57+- 2. 1%
67.33+~- 5.3%
65.39+- 3.4%
64.32¢- 2.8%
63.50+- 2.8%
62.04¢~- 2.9%
61.29+~ 3.1%
60.19+- 2.9%
3.0%

59. 114~

-

EPP

11.24+- 7.7%
12.81+-11.2%
15.35+-13.3%
18.22+-15.6%

- 16.84+-13.8%

13.80+-29.4%
7.05+-50.2%
1.60+-60.6%
0.33+-36.4%
0.19+-26.3%
0.14+-21.4%
'0.124-16.7%
0.12+-25.0%
0.14+-21.4%
0.16+-18.8%
0.224-22.7%
0.28+-21.4%

1 0.38+-18.4%

0.61+-27.9%
©1.204+-01.7%
2.474-45.7%
4,63+-56.2%
7.64+-51.6%
10.80+-33.9%
13.69+-30.3%

'16.13+-26.8%

15.06+-35, 6’
4,164+-16.0%
13.08+-14.1%
12.32+-11.7%

10.02+-10.5% "

10.32+4- 9.3%

9c2“""10.0$

8.50+- 8.0%
7.39+-11.8%
6.60¢-12.7%
6.08¢+-14.1%
5.394-11.5%
5.07+-12.0%

o “.5“4“'12.15

4.21+-11.9%

L.TAN
(AVG)

0.150

0.172
0.204

0.245

0.278
0.317
0.301
0.171
0.096
0.063
0.049
0.045
0.051

"0.055

0.065

0.080

0.095

0.101

0.110
0.133
0.177
0.223
0.257
0.262
0.258
0.249
0.210

0.185

0.172
0.163
0.136
0.151
0.140
0.128
0.119

0.110 -

0.101

0.095 -
0.085

0.082

0.070

0.066

COND.
MHO

- 1.747

1.992
2.388
2.834
2.620
2.149
1.100,
0.249
0.051
0.030
0.022
0.019
0.019
0.022,
0.025
0.034
0.044
0.059
0.095
0.187
0.384

0.723

1.188
1.678
2.130
2.507

2.344°

2.205

2.036°

1.916
1.558
1.740

-1.602

1.439

"1.319

1.150

1.028 .

0.949
0.836

0.792

0.704

' 0,653

0.603

. 232/



\;> DIELECTRIC DATA FOR 5% DNSO IN WATER

TENMP.
DEG.C

2328
14.5
7.0
-2.5
-8.0
-6.0
-9.
-17.
-30.
-42.(5
-52.

~51.0
-45.5
-38.5
-31.5
-24.5
. =18.5
=13.5

=9.5.

! -7.5

—‘6.

' ‘5-0
-9.0

-1.5
3.5
9.0

( 13.5

18.0

21.5

26.0

31.0

38.0
43.0

49.0

55.0

61.0

67,0

74.0

. 80.0
87.0
93.0
98.0

63.77+-

© 58.254-

EP
74.90+- 2.0%
74.38+~ 2.9%

75. 48+~ 3. 2%

SU.27+-12.7%

- 33.564-22.1%

17.20+-29.3%

T.724-24.4% .~

4.97+-34,0%
3.78+4~15.1%
3.67+-12.3%
3.62+-13.5%
3.69+-14.1%
4.10+-14,1%
4.504~-16. 2%
5.794-16. 4%

7.97+-15. 3%

10.63*‘13.0‘
15.53+-20.9%

20.98+-20.1%
1 27.72+-21.1%

36.39+-24_.4%
59.16+-14, 0%

’ 75.28‘-

2.5%
2.0%
1.62%
1.9%
2.3%

75.48+-
75.22+~
74.77+-
74.38+~
73.43+-
T72.74+-
71.944~
71.08+~
67.044+-
64.71+-

2.4%
2.3%
2.3%
5.9%
2.8%
2.9%
62.68+-
61.45+-
60.66+-
59.52+-

3.0%
2.9%
2.8%
2.7%

! .

1.9%6

2.8%

\

EPP

¥

L.TAN
(AVG)

11.98+-13.0% ' 0.160

12.48+-10.3%
14.78+-10.1%
17.58+-13.4%
21.05+-18.0%
19.80+-27.4%
14.25+-34.0%

8.13+-34.4%

3.244-44,.8%

1.314-71.8%

,0058+-60¢3x
0.32+-43.7% .

0.42+-33.3%

0.55+-34.5% -

0.171
0.199
0.233
0.292
0.365
0.425

0.473.

0.420
0.264

0.153

0.81+-33.3% .

1.27+-34.6%
2.10*‘3“.3’
3.47+-31.7%

5.25+-29.1% '

7.63+-37.1%

9.91+-31.6%

12.09+-30.8%

14.643+-34_9% -

16.50+-31.1%

' 18.10+-23.6%.
18.33+-24.6%

17.4“*-13.6%

—

0.087
0.116
0.149
0.198
0.282

0.363

0.435
0.494
0.491

- 0.473

15.58+-11.9%

14.00+-10.2%
12.89#‘ 9;8’

12.17+-11.7%"

10.77+- 9.3%
9.98+-10.6%

9.30+-10.1%:

8.84+~- 9.7%
7.87+-13.9%
7.00+-10.4%
6.45+-10.5%

- 5.88"10-5*_
5.37+4-10.6%

4.72+-10.4%

4.35+-10.3%

0.172

0.436

0.397
0.354
0.306
0.266
0.232
0.206
0.186

0.164

" 04147
0-137'

0.129
0.124

0.117

0. 18

'0.101

.0.094
0.087
0.083.

0.079
0.075

COND.
MHO

1.866

1.942

2.300
2.733

3.274
3.079
2.218

1.263

0.504
0.2048

"~ 0.090

0.050
0.065
0.085
0.126

C0.197

0.327

- 0.540
: 00817

1.188
1.539
1.879
2.243
2.564

" 2.815

2.853

- 2.714

2.425

2.180°

2.004
1.891
1.678
1.552
1.445

1.376.

1.225

-1.087

1.005
0.917

0.836.

0.785
0.735
0.679
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p—

TENP.

DEG.C

23.0
15.5

8.0

-1.5
‘11.5

-6.5

—1100

EP

-73.56+- 2.9%
74,32+~ 2.4%
75.15+- 2.4%
75.67+- 2.0%
74.58+- 3.1%
49.71+-21.3%
26.4j+~-27.9%
12.66+-46.0%

6.18+-20.7%

5,0“"1“.3%‘

4.19+-12.6%
3.89+-12.3%
4.03+-13.2%
- 4.,08+-13.7%
4.53+-10.6%
5.12+~ 9.6%
6.37+-17.1%
8.48+-18.8%
12.58+-35.3%
22.05+-21.8%

.33.20*‘17,8’
46.93+-14, 0%

" 59.73+- 9.6%
70.77+- 5.5%
73-62" 2-3’
73.94+- 2.9%
73.94+~ 3.1%
72.18¢+~ 2. 1%
70.83+- "2.4%
71.69+~ 4.3%
67.21+- 2.2%
65.10+~ 2.3%
61.93+- 2.9%
1 59.26+- 3, 1%

/

DIELECTRIC DATA FOR 10% DMSO IN WATER .

" EPP.

¢ !

11.99+-14.0%
13.73+-14.2%
16.00+-13.4%
20.20+-14.8%
26.04+-15.9%
23.30+-36.4%
17.17+-39.4%

8.38+-44.6%

3.014-29.9%

1.35+4-27.4%

0068*—2605"

0.42+~19.0%
0.52+-19-a%

0.83+-19.3%

1.22+-18.9%
1.88+-17,6%
3.124-22.1%

- 5.104-21.0%-

8.30+-3n.5‘

13.87+-36.7%
17.85+-36.5%

20.56*‘30-8’
21.13+-24,3%
21.20+4-19, 1%

18.99+-15.1% '

17.03+-15, 2%
14,49+-14,7%
11.84+-13,0%
10.66+-13,.2%
9.07+-11,5%
7.07+- '7.8%
6,13+~ 9,.8%
5.13+- 8.2%
4.53+- 9.5%

L.TAN -
 (AVG) -

0.163

. 0.185

0.213

- 0.267

0.349
0.469
0.649

0.662

0.487
0.268
0.162
0.108
0.154
0.203
0.269
0.367
0.490
0.601

0.660 .

0.629
0.538

0.438

0.354
0.300
0.258
0.230
0.196
0.164
0.151
0.127
0.105

0.094 -
0.083

0.076

COND.
MHO

1.866
2.136
2. “88-

3.142

4.053
3-625

©2.670

1.301
0.468
0.210
0.106
0.065
0.096
0.129

:0‘190

0.292

0.485

0.792
1.288
2.155
2.777

3.198'

3.286

3.299

2.953

2.6520

2.256
1.841

"1.659
1.418

1.100
0.955-
0.798
0.704
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DIELECTRIC DATA FOR 20% DMSO IN WATER
ELEC ‘

TEMP.
DEG.C.

- 23.0

15.0
7.0
-3.0
-15.0

-25.0 ,

-19.0

-28.0

-36.5
-45.0
-53.5
-60.5
-53.5
-48.0
~-41.5
-33.5
-29.5
-23.5
-19.0

-11.5
~6.0
0.0
5.5
9.0
12.0
19.0
26.0
33.0
43.0
55.0
67.0
1 80.0

93.0

. 72.494-

: 6“0 32+-

[

‘EP

74.83¢-
73.“3*1
73.69+-
73,50+~

2.1%
2.7%
3.2%
4.6%
4.2%
67.50+- 8.0%
30.43+-64. 0%
8.97+-21.2%
5.92+-14,.9%
5.49+- 9,8%
5.01+- 9,.8%
4.55+- 7.0%
4.73+- 8.5%
4,88+~ 6.8%
5021“‘ 8. 3x
5.60+-10.5%
6.95+-18.1%
8.54+-17. 0%
10.05+-10.6%

53.90+-26.1%

66.81+4-15, 3%
72.99+-
755 “8"‘-
75.09+-
T74.51+~
7“. 51’*‘
73269+~
730 50\"—
72.314+-
66.3 %+~

3.2%
2.79%
2.3%
2.1%

2.48%
2.2%

2.51(
3.0% "
3.4%

6 l- 13'."'
58.65+~

7.4% -

2.1%
" 13.37+- 9.1%

2.1% .

.BPP

17.67+-11. 5%

20.32+-13.1%

26.06+-16.7%
33.704+-15.9%
40.07++-19.4%
23.93+-66. 0%
8.07+-25.8%
3.90+-23.8%
2.11+-20.9%
\1.19+-17.6$
0.71+-18.3%
1.014-27.7%
1.35+-30.4%
1.94+~-33.5%
2.88+-36.5%
4.58+-38.6%
6.87+-33.2%
B.43+-43.3%
10.67+-19.3%

"30.58+-47.5%

28.524-29.3%
26.19+-14.8%
23.67+- 9.0%
21.69+- 9.8%

11.48+-10.5%
" 8.86+~11.9%
7.60+-13.2%
6.24+-11.9%
5.“5"‘?11-7’

L.TAN

. (AVG)

0.213 .
0.241
0.276
0.355
0.465

0.594

10.786
0.900
0.659.
0.384

0.238
0.156
0.214

0.277

0.372

0.514

0.804
0.839

0..009
- 0.567

0.427
0.359
0.334

0.289

0.259
0.233

- 0.204

0.182

0.159.
0.133

0.118
0.102

10.093

COND. '
MHO

.2.482

2.746
3.160
4.053
5.240
6.233
3.720
1.257
0.606
0.328
0.185
0.111
0.157

0.210

0.302

0.448
0.710
1.068
1.313

1.659 .

4,756
4.436
4.072
3.682
3.374
3.003

2.702

2.337
2.080
1.788
1.376
1.181

0.968

ol84s8
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DIELECTRIC DATA FOR 70% DMSO IN WATER -

TENMP.
DEG.C

22.5
16.0
9.0
-1.0
-12.0
-22.0
-31.5
-40.0
-48.0
-54.0
-62.0
-52.0

-45.5

~=39.0
-32.0

-22.5
-15.0.

«7.0

[

N
EP

51.45¢- 5.4%

37.514+-20.2%
1 26.53+-27.9%
13.194- 7.5%

12.75+=12. 7%
12.13+-49,.7%
7.99+-21.7%
T.444+-10.1%

7.284+- 5.4%
7.20+- 5.6%
6.78+- 3.1%
6.83+~ 5.9%
7.20¢~ 4.9%

7.24+-18. 1%
" 7.11+4-22. 2%
9.63+~35, 2%
11.88+~ 8.7%
13.35+- 8.5%
21.47+-25. 9%
24.83+-40.9%
29.20+-43.7%

- 33.03+-53.9%
33.31+-55.8%

46.77+-18.9%

49.41+- 8.1%
52,21+~ 7. 1%
53.26+- 7.0%
52.71¢- 5.3%
53.21¢~ 4,3%
53.53+~ 4.2%
"53. 16+~ 4.0%
53.53¢- 6.4%
53.35+~ 4.6%
53.21+~ 4.2%
51.72¢~ 4,5%:
51.72+~- 4.1%
50.57+-~ 5.2%
50.36+~ '4.4%
iy

v

‘BPP

26.414-12.9%"
23.37+-34.1% .
19.04+4-37.4%
10.63+-16.9% _
9.05+-19.9%.

T .47+-44.2%
4.37+-20. 1%
3.05*-13. a’
2.23+-11.7%
1.69+-12.4%

1124~ 9.8%
2.104-12.9%
2.904- 9.7%

s 5. 134-20.9%

7.68+-33.7%
10. 114-17.5%
12.034-18. 4%

16.38+-42.2% '

17.74+-58.0%
19.474-56. 3%
20.724-72.0%
20.314-75.7%
24.79+-35.5%
23.85+-24.2%
23.18+-23.9%
22.124-23.3%

:22.99+-13.8%

20.91+-12.5%

17.48+~13.4%

15.86#-15.8%
14.50+-13.0%
13.14+-14.0%

11.63+-13.7%
10.69+-13.8%

9.70+-15.4%

'e.95+-1n.sx'

‘L. TAN

(AVG)

0.513

0.623

0.718

0.806
0.710
0.616
0.547
0.410

- 0.306
' 0.235
©0.165.

0.307
0.403
0.539

1 0.722
0.798

0.851

0.901.

0.763
0.714

0.667

0.627
0.610

. 0.530

0.483

- 0.444
0.415

0.393 -
"0.361

0.329

10.296

0.272
0.247
0.225

‘0207

0.192
0.178

COND.

MHO -

4.109
3.638

2.959

1.652

1.407.

1.162
0.679

0.474 .

b.342

0.263
0.118
0.327

- 0,451

0.606'
0.798
1.194

1872

-

24545

2.758
3.029
3.223

3.707
3.607

3.043

3.575

"3.255

3.003

‘\]2.721

2.469
2.258

2.042
1.810°

1.665

 9.508

1.395

- '3.160 -
©3.858.



DIELECTRIC DATA FOR 100% DXSO.,

TEMP.
DEG. C

23.0

19.5
12.5
14.0
“13:5
10.0
-4.0
-20.0
-33.0

"“3. 5.
'52.5’

-61.5
~52.0
-46.5
-39.5
-33.0

. 20.5
23.0
27.5
33.0
43.0
'55.0
67.0
80.0
.93.0

18.0

EP

f
BFY R

u6.a9*— 5.3%

46.69+~- 5.1% .
47.01+- 4,8%.

33.56+-10.8%
20.79+-14.1%
9.18+-16.8%
4.66+-13.5%
3.46+-13. 0%
3.32+-10.5%
3.18+-11.0%
3.04+-11.8%
2.97+-10.4%

3.04+-11.8%

3.06+-11. 1%
2.95+-11.2%
3.25+-12.9%

3.18+-14.2%

'3.64+~13.2%
4.084-12. 5%
4.84+-16. 1%
5.96+-16.4%
7.24+-16. 3%
8.46+-14.4%

12.24+-13, 0%
18.75+-14.2%
18.20+-14.5%
21.69+-12.9%

25.65+-14.0%

30.79+4-13.9%
35.93+-13.5%
41.504=11.4%
45.824~ 5.8%
46.33+= 5.0%
- 44.85+- 4.9%
43.86+~ 5.0%
42.94+- 6.7%
41.29+- 5.3%
39.444+4- 5,5%
" 37.93¢~ 5.7%

EPP

13.06+-1%.6%
13.73+-%1.4%
15.35+-10.9%
11.654-22.6%

' 6.38+4-69.4%

:1.92+-38051

 0.60+-26.7%
0.29+-27. 6%

0.20+-20.0%
0.16+-1878$
0.14+-14,3%

0.13+-15.4%.
0.15*-20-0x‘

0.16*-18-8%

0.26+- 0.0%.

0.21+-19.0%

0.34+-20.6%
0.86+-19.6% -
0.65+-26.2%

0.93+-28.0%
1.29+-30.2%
1.75+-28.0%
2.49+¢-24,.5%
3.53+4-25.2%
4.83+-22.2%

’ 60“1*‘21-2“

7.76+-18.7%

9.424-21.5%

11.15+-20.9%
12.53+-19.6%
13.624-21.1%

13.63+-16.2% °

12.32+-11.8%

-10.89+-13.9%

9.u48+-14,9%
8.00+>17.3%

6.79+-15.9%

5,72+-12.1%
5-03’-1307’

L.TAN.
(AVG)

1 0.281
0.294

0.327
0.347
. 307

10.209
" 0.129

0.084
0.060
0.050
0.046
0.0u44

0.049
0.052
0.088

0.065
0.079
0.093
0.113
0.134
0.156
0.178
0.207
0.246

- 0.288

0.327
0.352
0.358
0.367
0.362
0.349
0.328

0.297.

0.266
0.243
0.216

- 0.186
‘0.164

0.145

0.133

COND.

MHO

2.136

2.388

1.810
0.993

0.298"

0.094
0.045

- 0.031

10.025

0.022

0.020
0.023
0.025

0.040.

0.033
m0039

0.053 .

0.072
0.101

0.145 .

0.200

©0.272

0.387
“0.549
0.754
0.999
1.206
1.464
14734
1.948
2.117
2.117
1.916
1.696
1.477
1.244
1.056
0.892

- 0.785
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DIELECTRIC DATA FOR 5% DEXTRAN IN WATER

- TEMP.
" DEG.C

-O. 3.

. 75.41¢-

EP
T4.32+4~ 2.9%.
75. 15+° 5- 2%
75.414- 5,.7%
74,45+~ S5_0%

69.56+~-14.2%
43.57+-14.3%
24.96+-17.4%
11.24+-20.4%

3.67+-10.6%

3.06+- 8.8%
3.02+- 8.6%
2.97+- 6.7%
2.76+- 1.2%
2.714+-10.3%
2.87+-10.8%

2.78+-11.2%
2.90+-10.3%
3.04+-11.2%
3.09+-12.3%
3.62+-11.3%
5.43+-15.7%
8.91+-15.2%
14.45+-17.2%
21.30+-18.5%
31.89+-21. 1%

a1.22*-13. 1““
54.65+-11.9%

64.60+- 8.3%
75.67+- 9. 1%
77.31+~ 4.6%
©76.19+¢- 4.2%
75.80+- 4.1%
75.48+- 4.0%

4.1%

[

EPP ,

1]

14.134-14.9%

15.22+-22.1%
18.08+-17.9%
21.21+-14.9%
24.30+-30.1%
16.82+-20.9%
9.79+-28.8%
$2.214-72.4%
0.25+-36.0%
0.14+-14.3%
0.13+-15.4%
0.12+-16.7%
0.12+-16.7%
0.12+-16.7%
0.13+-15.4%
0.14+-21.4%
0.15+-20.0%

0.164-12.5% "

0.184-16.7%
0.33+-18.2%
0.71+-15.5%
1.42+-23.9%

6.18+-36.1%
10.40+-40.2%

13.25+r24.9%

18.73+-16.6%

‘19.86+-13.5%

17.82+-11.7%
16.67¢-11.1%
15:20+~ 9.7%
14.09+-12.6%

L.TAN

(AVG) -

0.190
0.203

0.240.

0.285
0.349
0.386
0.392
0.197

©.0.068

0.046
0.043
0.040
0.043
0.044
0.045
0.050
0.052
0.053
0.058

0.131
0.159
0.230
0.290
0.326
0.321

0.299:

0.290

0.281
0.257

0.234
0.220
0.201
0.187

" COND.

MHO

2.199
2.369
2.815
3.299
3.782
2.614
1.521
0.3u44

0.039

0.022

. 0.020

0.019
0.019
0.019

0.020

0.022
0.023

1 0.025

0.028

0.111

0.221
0.516
0.961
1.615

2.061

2.538
2.915

3.305

3.091

. 2.771

2.595

2.193.
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DIELECTRIC DATA FOR 0.1% NACL IN 10% DNMSO

TENP.

DEG.C.

s =-42,5

-36.5
-29.5
-R22.5

-16.5

"11.8
. -805

. l6.8

-5.3
-4.0
-1.3
6.3
11.8
15. 8
19.5

24.3
29.8

76.78+-~

¢

Ep .

5.7%

73.75+-~

76.98+- 3.5%

68.14+-17.2%

44.514-23. 0%
22.82+-24. 0%
10.10+-22. 4%
6.49+-13_3%

4.30+-17.2% -
3.64+- 9_9¢%
3.46+-10.4%
3,13+~ 9,9%
" 3.11+4- 9,.6%
'3.50+- 9.7%

3.64+-10.2%
4.41+- 9,1%
5.43+-13.4%
7.72+-18, 8%
11.724-250 7%
17.29+-35_5%

44.01+4-21.4%

690 870"100 8% g

T4.64+- 7.1%
74.90+- 3.5%
T4.324- 2.4%
74.58+- 3.1%
73.75¢~ 2.2%
72.99+- 1.8%

4.4%

EPP

t
14.32+-11.5%
15.79+¢-10.3%

21.77+-13.6%

23.91+-31.5%

19.24+-39, 2%
10.97+-30.5%

4.59+~26.1%
1.97+-21.8%
0.81+-24,.7%
0.40+-20.0%
0.29+4-20.7%

0.23+-21.7%

0.32+-25.0%

0.684+-27_ 3%

0.62+-27_4%
0.99+¢-29,3%
1.63+-33.7%

 2.90+-37.9%
5.01+-39.7%
7.87+-45.7%

12.91+-46.5%

16.91+-38.7%

19.40+-34.5% .

19.354-29.6%
18.63+-14.9%
15.88+-18.0%
14.54+-17,3%
13.18+-18.7%
12.02+-17.2%
11.15+-15.7%

L.TAN
(AVG)

0.194
0.207
0.240

" 0.283
0.351 .

0.432
0.481
0.454
0.304
0.188
0.110
0.084

0.073.

0.103
0.126
0.170
0.224
0.300
0.376
0.427
0.455
0.451
0.384
'0.328

. 0.277

0.250
0.212

0.196

0.177
0.163
0.153
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DIELECTRIC DATA FOR 1.0% NACL IN 10% DMs

TEMP.
. DEG.C

23. 1
16.0

8.9
'=0.2

" =6.3
-6.0
~-8.5
-14.0
-22.8
-33.1

-42. 4

~48.7
~-52.0
-46.5
-41.3
-35.6
-29.3
~22.6
-16.8

-12.5

-9. “
-7.3
-5.9

-4.9

-1.3
4.7
10. 4

17.1

21.5
26.6
30.6

EP
73.62+- 2.3%"
73.56+- 2.9%
73.624- 3.2%
72.06+- 4,.7%
.62.41+- 9, 4%

40.83+-14.9%
18.62+-20. 2%
10.57+-14.1%
7.36+-10.6%
4.66+-
3.85+-
3.76+-
3.444-
3.44+-
3.87+-
4,21+~ 5,0%
5:17+- 8.1%
T.16+-11.2%
9.99+-14_.7%

8.6%
6.1%
6.1%
8.1%
7.5%

18.65+-19. 0%
28.86+-18. 4%

41.78+-15.8%

60.71+- 9, 3%
69.81+- 6.8%
74.83+- 3.0%
74.51+¢- 2.7%
73.564+- 3,1%
73.12+- 2, 1%
72.81+~- 2,3%
72.68+-

2.3%

5.2%

EPP

{
1

21.00+- 7.3%
22.57+- 7.4%
25.07+-10.5%
25.99+-14.6%
20.24+-23, 8%
10.58+-23.8%

: 5.39"'21.0’

2.65+-23.4%
1. 1“’-‘15. 8’

T0.564-14,3%

0.36+-11.1%
0.30+-10.0%
0.424-14.3%
0.61¢+¢-14,.8%
0.98+-15_3%

1.66+-20.5%

3.27+-42,.5%
4.65+-18.,5%
6.48+-17.7%
10.28+—20.9$
14.92+-25.1%

25.07+-20.9%
25.93+-15.1%
24.72+-10.1%

- 23.01+- 8.9%
21.70+- 8.6%
21.08+- 6.5%
20.67+- 6.3%
20.83+- 7.2%

L.TAN

(AVG)

o |
0.2971
1 0.285
'0.307
0.348

0.416

0.496 .
0.568 -

0.510
0.360
0.245
0.145
0.096
0.087
0.122
0.158

1 0.233

0.321
0.457

" 0.465

0.528
0.551
0.517
0.465
0.413
0.371
0.330

04309

0.295"

0.288
0.284

0.287

Nel

o
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DIELECTRIC DATA FOR SX\DEXTRAN IN 10% DNSO

TENP.
'DEG.C

22.1
20.6

15.9

8.3
‘-0-2

-6.4

-9.6

-15.3
- -24.3

-34.8
C o441
-57.3
~51.1
-42.3
-37.'8
-30. 1
-23.8
-17.6
-12.9

-9.9

-7.7

-5. 9-

-3.8
-0.4
2.9

7.4

11.5 7
15.5“

20.9

25.6

29.1

- EP

67.44+~ 2,.8%
71.87+- 3.0%
72.06+- 3.2%
73.37+- 4.3%
73.37+- 4.5%
68.26+=12.6%
39.20+-36.4%
23.32+-35.7%
11.53+-44, 3%
7.07+-36.9%
4.59+-30. 3%
4.03+-14.6%
3.55+~-10. 1%

| 3.“6*- 9-0’v

3.78+- 7.4%
o 8o 014= 7.7%
4.774- 7.1%
5.90+-11.5%
8.44+-26.3%

11.81+-22.1%

16.64+-24,9%
25.91+-26.9%

39.64+-38.8%

50-10*‘22.“‘
63.28+-14.4%

67.““*‘ 7.1% ’

68.38+- 5.7%
68026*' 50“%
68.20+- awsx

" 68.32+- 5,.0%

68.03+- 4.7%

67.79+- 4.4%

EPP

i

13.064-12.5%
13-66+-1217%
14.73+-12.9%

" 17.86+-15.6%

21.39+-19.6%

22.61+-35.8% .
" 16.38+-75.3%

11.74+-46.9%
5.09+¢-77.6%
2.07+-76.8%
0.80+-57.5%

0.25*-2“.0’

- 0.27+-22.2%

0.46+-13.0%
0.66+-15,2%
1.07+-15.9%
"1.83+-18.0%
3.34+-30.8%
5.51+-25_0%

- 8.74+-25,.5%
12.93+-34.4%

17.35+-52.1%
19.554-38. 6%
21.53¢-29.7%
19.844-17.4%
18.09+-14. 3%

16.60+-11.8%

15.“5" 9.3’
13.71+-10.2%
12.2“*-12-“x

- 11.36+-14. 9%

L.TAN

(AVG)

0.194
0.190
0.204

- 0.'238

0.292

0.331-
0.418-

0.503
0.441
0.293
0.174
0.102
0.070
0.078
0.122
0.165

"0.224
. 0.310

0.396
0.467

- '0.525

0.499
0.438
0.390

0.340

0.294

0.265

0.243

0.227

0.201

0.180

0.168

,COND.

MHO

2.029
2.124

'2.293
2.7

3.324
3.519
2.545
1.828
0.792
0.322
0. 124
0.063
0.039
0.042
0.072
0.102
0.167
0.285

'0.520

0.855
-1.357
2.0M
2.695

3.041.

3.349
3.085
2.815

‘2. 582
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" DIELECTBIC DATA FOR DMSO IN WATER AT 5 C

CONC.
%

-

0.0

10- 0

. 20.0

30.0 .

40.0
y 50.0
60.0
70.0

.80.0

90.0
91.0

100.0

DIELECTRIC DATA FOR DMSO IN WATER AT

o CONC.
. <

0.0

10.0 -

20.0

30.0

40.0
1 50.0
. 60.0
70.0
80.0
90.0
100.0

- 76.58+~

EP

80.00+-2.8%

75.00+- 3.6%
73.46+- 3.3%
71.384+- 3.3%
62.47+- 2.9%

50-18‘—1006$

38.20+-13.5%
27.00+_ 8‘2%
32.50+- 9.3“

43.34+- S5.6% %

8.“2*“1&8‘
8.“2"‘1-8’

BP

1.9%
73.244- 2.0%

72-06*- 3.5%

70.53*‘ 2.6’
67.21+- 3.1%
65:22+- 2.8’

61.03+- 3.9%

57.95+~ 5.8%
55.60+- u.z‘
52.80¢- §.2%

’“7.50*‘ 5-7’

EPP

' 14.954- 8.4% .

18.774- 9.7%

 23.654- 7.6%
30.03+-10.1%.

34.09+- §.4%

32.944+-17.2%

28.004-19,1%

24.50+-16,7%

25.944+-12.6%
25.94+-12.6%

1.81+- 2.2’1

EPP

11.48+- 8.9%

S11.994- 8.4%

13.91+- 9.8%
17.31+- 8.8%
20.744~ 9.6%

24.97+-11.8%
27.63+-+13.2% .

28.“5*-1“.5’
25.93+-11.1%

. 20.u0+- 9.8%

13.482+-10.1%

-
A

L.TAN
(AVG)

0.187
0.250
0.328
0.322

0.546
i 0.656

0.733
0.772
0.754
0.598
0.599
0.215

23 C

L.TAN

(AVG)

©0.150
0.164
0.193
.0.245
0.309

0.383

0.453
0.491
" 0.466
10.386
0.283

" COND.

MHO

2.325

2.922

3.676

4.668

' 5.303
- 5.121-

4.355
3.239
3.813
4.034
0.281
0.281

COND.

MHO

1.782
1.862
2.161
2.689
3.223
3.883

4.423
3.034
3.173

12,086
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DIELECTRIC DATA FOR DMSO IN WATER AT 50 C
CONC. BEP EPP  L.TAN  COBD.
% o , (AVG) MHO

0.0 66.64+- 3.6% . 7.58+-12.1% 0.114 1.181
10.0 66.35+- 3.3% 8.79+-12.1% ' 0.132 1.370
20.0 - 65.89+- 3.4%  11.12+- 9.8% - 0.169 1.728 :
30.0 65.55+- 3,3% 13.04+-11.5% 0.199 2.029
40.0 64.55+- 3.3% 16.12+-17.9% 0.250 2.507
50.0 61.40+- 5.3% 19.41+-13.3%  0.316 3.016
60.0 55.03+- 5.4%  18.97+-11.1% . 0.345 2.953
70.0 S4.23+- 7.0% 18.35+-20.3% 0.338 2.853
80.0 52.44+- 5.2% 17.59+-12.4% 0.335 2.733
90.0 50, 14+- 4.8%  14.40+-12.2% 0.287 1 2.237
100.0  46.77+- 6.5% 10.70+-22.1% 0.229 ' 1.665

I



