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'te]emetry is; 1nvest1gated The. antenna cons1sts of ]ong w1res

*:I‘Jfg-" :
Sy N,

ABSTPACT

RN S

The use of a\]ong Beverage rece1v1ng antenna for w11d11fe

(O 8 m11es, spanned at several 1e1ghts above the ground, in both

doub1e wire and ground~return:conf1gurat1ons. Theoret1ca1 expressiqﬁs

are developed for losses along the antenna'and for the signa1 coupled

Jo

to the line from a sma11 rad1at1ng 1oop used to" s1mu]ate a radio-

\

tagged an1ma1. Exper1menta] measurements made at: frequenctes of 29 51_"

f.{

and 95 MHz on the Beverage antenna are compared both theoret1ca1]y and'

?exper1menta1}y with the s1gna1 rece1ved on an omn1d1rect1ona1 ground~

Ly

p]ane antenna for the same frequent1es and helghts of 8 22 and 38 -

ll

feet Good agreement between the theoretical and exper1menta1 resu]ts
is ach1eved It 1s shown that the Beverage antemna prov1des 1arger

signals out to a d1stance that is dependent on the heTght of both _

aniennas However, in many -low-power te]emetry app]lcat1ons th1s cross%
over pownt occurs wel] beyond the 11m1t1ng range of ‘the tower moun’edyp '
e Beverage antenna can s1gn1f1cant]y T

antenna and in such‘cases

increase the system‘s rarige.

A]though the s1gnaT coupi\d to the Beverage antenna decreases
rap1d1y with d1sta ce from the w1re, a grid of such w1{LE‘can provide
satlsfactory coverage Moreover, it is shown that the position of

the ]oop antenna can be accurate]y 1ocated w1th1n this grid by

_ measur1ng signals on the var1ous wires of the gr1d The wire- gr1d .
e

system is, however, on]y econom1ca1 when sma]] areas have to be

;\covered the 1ncreas1ng number of wires w11] rap1d1y outwe1gh the -
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1nvestment necessary to 1ocate a transm1tter us1ng tr1angu1atwon from
-

two or uore d1rect1ona1 tower mounted antennas
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CHAPTER I - .- " »for o B

-,}J - INTRODUGTION
i ' {..a 4] N
The use of rad1o te]emetry to obtain rnformat1on about

"3;;an1ma]s in their natura] state began in- ]957 w1th the monitoring of

'the temperature of a pengu1n egg [1]. ‘Since that t1me the tech-‘
n1ques used in the track1ng of toads, rabb1ts, eag]es, deer, wo]ves

gr1zz1y bears, etc have become common know]edge.,.However, 1mprove-

,(/,,
s .

ments regard1ng the re11ab171ty, cost, ]ocat1on techn]ques, and the

,,u.

monitoring: of certa1n bod11y funct1ons offer a wide area of poSs1b1e

involvement. - . _ _' Vo

One of the most critical 11nks ‘in the te]emeter1n§$pn6b1em
is the radio transm1tter carr1ed by the an1ma1 under observat1on “The
transm1tter haSBtO be constructed SO that the animal transport1ng“1t
is not@d1sturbed or restr1cted in its movements Usua]]y each spec1f1c
case requires spec1a1 equ1pment des1gned for a certa1n a551gnment and
'an1ma1 to obtain the des1?%d data. For pract1ca] battery we1ghts, the
range and ]1fet1me of the telemetry 11nk are usua]]y severe]y 11m1ted
'even when g transm1tter ]1fet1me has been 1ncreased by 1nterm1ttent

transm1ss1on of s1gna]s v', "‘

i R
The t;ansm1tt1ng antenna has to be des1gned for the spec1f1c

lan1ma] carry1ng 1t Short, - stra1ght w1re antennas have shown advantades_

for use in bird- track1ng, whereas, /ggvﬂntennas are mainly ut111zed

on mamma]s In the latter a co]]ar antenna with attached/tnansm1tter

pack'seems to be most‘practjcal [2 3, 4. The d1ameter o&\the 1oop T

deoends on the'kind offanima] but is norma]]y sma]] compared to a wave-_
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length. - When such a 1oop 1s mounted around the neck of an- an1ma1 '5.ﬂ§

the - rad1at1on eff1c1ency is usua]]y 1es& than one percent I$1s :
”» a ) ‘
'poor radiation eff1c1°ncy and battery -pagk we1ght restr1ct1ons severe]y

o

.5 4 c
11m1t the £fnge of the te]emetry 11nk a ‘ : X 4: ' R

Another factor aﬁfect1ngrﬁhe an1ma1 mon1tor1n9 system is : j
the nature of wave propagat1on ‘Wave prOpagat1pn can bé 1nf1uencedvby
) . .. - . - . R

the frequency used, the medium of transmissijon, and. the height of the
— ,}’\1"" ' .

- E 3 . I

receiving antenna.  Frequencies fram 100 KHz to 300 MHZ'have.been used

v
.

N

- ) _ ~ 3 . ) A . 4
in actua].field tests [1,7°2]. The observation of ‘an animafﬁhas to be

~

“done in 1ts natura1 habitat and whatever uncertainties ex1st due to

the spec1f1c environment, have to be. accepted in generaT‘,//‘

Rece1vers used for wildlife~ te]emetry usua]1y 1ncorporate
've?y limited bandwidth and Towfnoise preamp]ification in order to obtain
'acceptab1e signal to noisé‘ratiés‘. Although it has been found

o
,advantageous to use portab]e receivers with attached 1oop antennas for ;.~h.

' c]ose—range f1e]d work ‘the receiver 15 usua]]y 1n a f1xed 1ocat1on
withe rather e]aborate rece1v1ng antenna systems To compensate for the

‘1ow eff1c1ency of the rad1at1ng antenna 1t has been found necessary 1n1

s

" most cases to use e1evated rece1v1ng antennas Towers (50 to ]50

»

: feet high) are necessary just to obtain suff1c1ent s1gna1 for ranges
. «of the order of one m11e Typ1ca1$y a rece1v1ng antenma system w111-~

con51st of two or-more h1gh1y d1rect1ona1 antennas mounted on h1gh

u\
towers in such a way that they may be rotated from a remote 1ocathn

The transm1tter pos1t1on can then be obtained by tr1ang@1at1on3 It is

obv1ous that such antenna 1nsta11at1ons as shown in F1gure 1 can be.qu1te"

K

S . ~°»§-
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The present study investigates- the th%oret1ca1 and experi- .
'mental behavior of a long Beveraée antenna as anxalternat1ve to. the .
comp]ex tower 1nsta11at1ons The antenna 1nvest1gated consists of a
1ongahor1zonta1 wire term1nated in-its character1st1c 1mpedance The
“tran m1tter‘cons1sts of an 05c]]1ator feed1ng a smal] Toop antenna,

which induces a signal into the free-hanging wire as shown 1n'Figure'21
In Chapter'II theoretical exptesSions are developed for
]osses along the antenna and for the amant4af s1gna1 coup]ed to the-
]1ne from the sma]?*rad1at1ng loop. Experimental mﬁasurements made
at frequencies of 29, 571, and 95 MHz, and for several wire h ights,

“show good agreement with the theoretically predicted signal strength.

C . . : ) . e 7 .
- The experimental 1nvest1gat1on 1s described in deta11{1n Chapter ITI.

Although the s1gna1 coupled to the Beverage antenna de- «"
creases rap1d]y with d1stance from the antenna, a gr1d of such w1res
is shown to provide satisfactory coverage. Moreoyer, it 1s found that
.the r s‘tion of the radiating.ioop‘gan be»accurate1y located within

this rid by measuring signals on the various grid wires. .

In order to assess the mer]ts of the Beverage antenna system
re]attve to more convent10na1 antennas, a theoret1ca] study (supported
by exper1menta1 measurements) 1S made in. Chapter IV, of -an omn1d1rect1on-

»

a] antenna mounted on a tower " The relative performance of the two
systems is d1scussed in Chapten V. It is shbwn that the Beverage
antenna prov1des larger. s1gna1s out to some distance, wh1ch depends on

\ the height of both antennas Beyond this range the tower antenna
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provides greater signals. However, in many Tow DOW(‘ ty‘emetry :
applications th1s “crossover point occurs well beyond ﬂhe Fimiting
range of the tower antenna, and in.such cases the Bevekage antenna

" can s1gn1f1cant1y increase the’ system S ‘range.

i

Poss1b1e app11cat1ons are also d1scussed, and 1nc]ude
“monitoring ‘the act1v1ty of sma]] régents such as rabbits, ground
'squ1rreTs, mice and 1emm1ngs whose mob111ty is usually conf1ned

to a rather small “area.

)" | -
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Plate 2. Ground-Plane Antenna

for 51

MHz at 38.8 foot height



Plate 3..

N

Loop.Antenna on‘wooden Rails Transmitting to

Single-Wire Line (Beverage Antenna)

o)
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CHAPTER 11 T

THEORETICAL DEVELOPMENT OF THE BEVERAGE RECEIVING SYSTEM .
. . ‘_\) . E N .

!

The Wave or Beverage antenna was developed-as a receiving

antenna for transatlantic radio communication in the low and medium

frequency range. In its elementary form the wave antenna consists of"

a s1ng]e, stra1ght hor1zonta1 conouctor supported severa] feet above

the ground and in the order of one»wave length ]ong The wire is a11gned '

para]]e] to the d1rectlon of propagat1on of the incoming s1gna1 The

receiver ‘s ]ocated at the end farthest from’the sending station,:

~while the end nearest the send1ng stat1on 1s grounded through a resis-
.tance of a, va]ue such as to establish a travelling wave current d1s—

»tr1but1on along the wire. The first worl with sucf hor1zonta1 antennas g@

appears to have been dOne in the p1oneer days of rad10 by Marcon1

Braun and Secher [5]

?

-

As suggested 1n Chauttr I, 1t is proposed that the Beverage

antenna, used s1ngTy or as parL of. a gr1d, can be emp]oyed as-a’

rece1v1ng antenna for monitoring radio- tagged an1ma15 In such - I

_app11cat1ons the frequenc1es used w1]x genera]]y be much hlgher than

1sacommon for a Beverage antenna, which results in a greater'Overa]I
b o ’ - ) B o

length of neceiving'system'in terms of ‘wave length. Two possil le

" basic configurations are shown in Figures 3 and 4.

In th1s app11cat1on the Beverage antenna can be considered
to act 11ke a transm1ss1on Tine, 1oca11y exc1ted by the rad1at1ng loop

antenna. Indeed, when the recelver and the term1nat1ng res1stance

o .
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are hroper]y matched to the character1st1c impedance of the line,.
energy coupled from the loop will be conveyed without reflection to
the.recelver.‘ However, as the signal travels towards the receiver it~
4i11 be sign’ficantqy-attenuaEEd by the Jdhmic Joss in”the wire and
in.the ground. In additidn it can be expected that some energy will

be lost through reradiation trom the BeVerage antenna. The theoretica1
behavior of this réceiVing systeh‘can be treated tunvenientty by first
ca]culating‘the.magnitude of the'rece?ved voltage .n tne absence of
.iany loss along the line. The attendation factor ‘for the Beverage

antenna can be:obtained separately and the magnitude of the actual

- received voltage can be expressed with sufficient accUracy as

C o

. indicated in F1gures 35and 4

In Sect]on 2. 3, a s1mp1e expreSS1on for ]V ] 1s devé]oped
. XB ’i
using a quasi- stat1c approach that expresses the vo]tage in terms of
)

the mutual inductance between the 1oop and the antenna, the character-'f

Cistic 1mpedance of the line, and the power de11vered to the terminals®

of the transmitting loop. The expressions for the'character1st'r

12



impedance of ‘the single and double-wire Tines are derived separately
in Section 2.2. The decrease in received voltage with 1ncreas1ng

1atera1 distance, y, is investigated in Section 2. 4.
)

‘The problem of the aftenuation of a 1ong wire over ground
vcarrying a high—frequency signa] has "been discussed numerous times -
in the Titerature [5 to 20]. Theoretical and practical resu]ts*have
' been obta1ned with Suff1c1ent accuracy for eng1neer1ng des1gn ) Houever
with one except1on, the pub]]'hed results have not estab11shed the
functional dependence of '« on the ground constants -the frequency,
the he1ght of the wire above ground and the wire d1ameter The
attenuation factor must be eva1uateo\by ]engthy numerical 1ntegrat10ns
for specific examp1es On]y the work of,Kn1ght []1] has led to a
c]osed form expresslon for a. N
In Section 2.5 an ana]ogous?but~much simpler expression for
e s der1ved in an ent1re1y different manner. The approach is" based
on a d1rect)ca1cu1at1on of the power absorbed in the ground ‘and
appears valid up to frequenc1cs between 50 MHz and 100 MH;\ Va1ues“
- of . calcu]ated from th]s express1on agree c]ose]y with /n;ght S
results over a wide range of‘qround and antenna parameters The

A_power losses in the w1re 1tse1f and in the di e]ectv1c coating ‘on the

"w1re are a]so ca]cu]ated 1n Sectlon 2.5. . '“ . j'-J

[

In add1t1on the- method has been emp]oyed to calcu]ate °
forE%wo para]]e] wires supported above ground, and 1t 1s‘shown that
the attenuation is much less than-for the sing1e wire with a grOUnd

return.,

13



2.2 Tne Line Impedunce

For. the general case of a fransmission line with loss, the

TR
13
h

characteristic impedance is known to be

9 . B . , o
<§;?}es resistance per unit length I -

whef? R =
| G = .shunt conductance pér unit Jéngth
L = ‘djstributed inductance per unit 1eﬁgth '
C o= dfsfrjbuted cébaéitanCe pér unif 1engfh

= 2 - frequency ;
However, as will be seen from the experimental results invChapteY IlI, 
the power Toss per.uhit'lengthva1ong the Beverage antenna is small

in which case,

‘/’

¢

oLumvL ' : ' T - 5 o
2, - E . o - (2.3)

In the fo]]dwihg sections va]Qes of L, C, and Zo'for,both.thé_singje':
and‘thg_d0ubie;w1re lines will beldérived assumigg thé‘groyndiécts as
a pgrfécf;conducting ;Jane. Although somewﬁat empﬁrica], ii?wi]1 be:
Shéwh 1n.CHapter I1r, thét this treatment of the ground prodyceg
results whighvarerjn satisfaétory égreementﬂwith'the ekpeéimentg‘ 

' Actua11y;.a study ofbé1ectromagnefic>p]ane wéves~réf1ected from a
'gréunﬁtsuFféce'with }oss, shows.fhét oyér a wide'rangelof.ground"'

- .
©
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Lonstants the surface acts ‘much 1ike arperfect conductor at all
1frequenc1es‘[21] 0n1y for very-.dry rocky terrain w111 the perfect

B
conductor approx1mat1on be unacceptab]e However, even .in this

case the’ pprox1mat1on is valid at frequencies below a few megahertz;

‘5

: 2.2. e Single-Line Impedance

~ by the current in the wire and its 1mage g1ve r1se t0 a tota] magnet1c :

£ .

As seen in Figure 5 the wiré above grbund will producel~
_an 1mage be]ow the ground surface carry1ng a current of oppos1te
po]ar1ty The wire agd\\tﬁ 1mage together can now be treated as a

-transmission line with ,a gonductor spacing of twice the wire height.

.2

. Referfing'to Figure 5, the magnetic fields B and B. cauéed.

T . 5

'flux, Vi thread1ng the area A above the ground., wh1ch in turn equaJs
\the product of the current and the 1nductance per unit’ Tength. Thus,

;-

h

c i
a . S

: ' B B ) . .‘ : . /r -
LI =g =‘f (B +B.,) -nde .. (2.4

From thé Biot-Savart Law the‘cdmponentsfdf E& and iEd’ normal” to

the area A,  at a distance r from the wire become .

ol

B'C n-= ‘27H" ‘ (2'5)
and .
. .\\. _ uoI, - ’ , . N -

Bi.n T 7u(Zh-r ) o _ (26)
'where Mo 15 the permeability of free space. The resulting magnetic

flux due to current in the conductor is'

R .
’ . -~

15,
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Figure 5. Single Wire and Image ”
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A T - (e6e)
“and similarly for the image,
“h

uI

YT n(Zh-r) °0 0 S (2.60)

The 1ntegrated resu]t w111, dssum1ng the w1re “diameter to be negligible

P

compared to the wire he1ght yield the- te&a] flux of

w1
_ "o . 2h
T om T | | (2.7)
‘Thus, empioying eqUation‘(2t4),.it fol]ows that
S0 4, 2h
L = 5 ]h 3 - (2.8)

is'the 1irie inducténce per unit length'of the 1ihe;

In a s1m11ar manner it is poss1b1e to determ1ne the

'capac1tance of the assumed transm1551on T1ne

Consider q the charge of the 11ne per unit 1ength Then

. the e]ectr1c f1e1d around the wire is g1ven by Gauss's Law as
O S

'Er 2ng. r (’\(" ' ' B ‘ _(2'9) v
v 0 _ , , - SR -
~and is,direeted*radially away from the wire | £ is the permfttivity cL, ?

of free space. Hence:, the- potent1a1 d1fference between the conductor
/

and the ground due to th1s charge on’ the wire-can be’ expressed as
e : :

»



v =j_2—q~_ dr . . B (2.10a)
. -TThO )

- The 1mage charge also contr1butes to the potent1a1 d1fference betwaen

the conductor and the ground, w1th the resu]t/that

- f Z‘Y%TT Woer o (2.100)
h - ' , L

The voltage between the single wire and the ground is the
SUm)Qf the two.contributions of potential difference due to the

. .charge odvtﬁe wire and its image;

S
Emp1oy1ng the same 1ntegrat1on and. approx1mat1ons as used
"to obta1n equat1on (2.7), “ (
>
= 9 2h
2re 1” a (2.1m)
“"Since
q==0C-Vv (¢ ]2)
- W
it follows that
2.
= 0 T 2
c = R (2.13)
In —
a

is the transmission line capacitance per unit length.
. . } ’ e .
The required characteristit‘impedance,_ Zo;y‘of the singlc
wire Tine can therefore be eési]y:obtained by using equation (2.3),

-

which yields =

18
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Z, = 60 1n gﬁ- ) . . (2.14)

2.2.2 The Double-Line Impedance

l- .
For the case of the doub]e -wire antenna as shown in Figure

6, the der1vat10n of the character1st1c 11ne impedance 15 executed
in a snm11ar way as in the prev1ousrsect1on for the s1ng1e—w1re line.
However it can be seen that 1n this situation the geometr1ca1 con-

T f19urat1on consists of four current 11nes - two wires and two 1mages

The total magnetic f]gx, Tinking the:area A of uhit ‘\\
length, can be expressed as~the:sum'qfhthe f]uxes‘pkeduced 1hd1viaua1-
1y by each wire and 1ts essociated image. The appropr1ate f]uxes |
can be obtained, by analogy, from equat1ons (2 6a and (2.6b).» Thus,

on

) * “1" ’ \ I . . -
— o ) _ o d - - ,
"Tine 1 - Y ine2 ° ??_']n_ a (27]5a)
"\ .

’ The contributions of the Awo inlage currents are equal as well and are

given by
V.» il} ;\\ . w :_ .lAOI ]n \/Qh) + (Zd) ) (2 ]5b) L
7 image 1 7 image 2 . ?n ‘ 2h o :
The indhctance of‘the parallel wire pair, L]-Z 5 1S thus‘obtained i
aS ‘ . : : . ) I .
; ' ‘ RN a
< M2 T otal T e +-2ijagé1 - | (2.16)
- P /\ ‘ ‘ ¥4 i
Hence, . L /)/”f ) ,
oy : / '
— 2d. | 1 .
L 7 Ing ( d.2 ) g12:17)
L+ () ‘ A
, | g ‘,"
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The line capacitance per unﬁt_]ength'can be developed 1h
ah analogous manner.‘ Again, gq-. 1s the ﬁhafgé of the 1fne segment.af
unit ]ehgfh ahd.the electric field Sufrounding a wire is given b
equation (2.9). The cdntribution to the electrical potentiai
betWeen_wire bne-and fwo due to the charges on the two wires is, by

analogy to equations (2.10a) and.(Z.TObfg

-

- The images will produce a similar pair of equal contributionS-bf‘

potential given by

1 .3 4 Z'M;O S 2h

(2.18b)

Summing these contributions to find the total voltage and then using

equation (2.12), the Tline capacitance becomes

e

' _ ) . . } .

ISl PR T o C (2.19)
o s (g
- o 1+ (H) -
pertunit Tength of the double-wire 1ine.
\\\ o Hence, by eqUation‘(2.3),‘ ‘

7 =120 1 24 (~——]——) ' o - (2.20)

e . a dy 2 :
: o 1+ (ﬁ) g

for the double-wire line above grbUnd,

\



2.3 Loop to Wire.Coupling

" As pointed out in Chaptek I, the- transmitting antenna

, cons1sts of a 1oop of sma?] d1ameter The question arises, how much
-

signal power is coup1ed-from the, transmltter loop to the wire line

111ustrated in F1gures 3 and 4?7 The purpose of this sectwon is to

der1ve an expression for the vo]tage across the receiver in terms

 .of the power de11vered to the loop términals for the case where the-

transm1ss1on,11ne,1s ‘Without loss.

-

One way of dpphoach1ngbthe coup11ng problem is to treat
the 1oop and the Beverage antennc system in terms of the equ1va]ent
circuit shown in Figure 7. Terminal’ p]ane 0 represents tne input
to the receiver and terminal plane -1 - represents'the input to the
. wire at the']oop - wtreﬁc0un1ing point, while the terminal n]ane T
represents the 1nput to the transm1tt1ng loop antenna. It will be |
assumed in tne fo]]ow1ng der1vat1on that the receiver 1is° matched to
the transm1ss1on 11ne and that the terminating 1mpedance on the - ‘,

Beverage antenna equals the chbracteristic impedance of the line.

The first step in:the derivation will be.to find the

parameters?of the equivalent circuit. They may be - found in a straight

- forward wmanner by suitable open-circuit measurements at the receiver

l

and the Toop términd1 planes.

~The. paraneter Z]

Ny P

C0ns1der sett1ng IT =10. h Then, referring to Figure 7,

_ the equ1va1ent generator as IT is zero, and the impedance preSented"
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at the receiver terminals is simply that'of a seqpioh of transmission
LY ’ &

line of length 2z, terminated in-the impedance Z]." Thus

<

20(21 + j_ZO tan kz)

0 .
‘ (20 + ] Zy tan kz)  # o (?.21a)

Lo

.If =0

where, k = w/ L T, is the prqpagation constant for in\transmission
Tine without loss.

L'A]terhati\;«@:ﬁ_ly, it is possib]e_to ca1cu1ate the_ihput'
impedance of_th&ﬁBeQérage antenna direétly when the loop current 1is
zero. In this case, the small perturbing effect of the loop on the

transmission line can be ignored since the loop is smal],compared to

both aﬁdv h. Thus, on the actual antenna V0 and I0 represent
: \ _ . ,

the voltage and current.on a lossless transmission line terminated in

»

" its characteristic impedance. .In other words,

v

0 .
I 0
0. . :
=0

g

Equating:(Z.ZTa) and.(2f21b), it is appérent that

5y =1, o (2.22)

' The parameter b

Also, when I, = 0, it is possible to show that . the ratio of
the open-circuit yo}tagé-at the 100p'ﬁ0 the current at the receiving

s

L)

-7z . " o (2.21b)

24



terminal is given by

v b
IO

) Clo G
IT =0 RE ﬁ #

1S

o » AT e P YT U v o
However, in this case, the transmissior 11pe currents, I_ and Ii’d

. Y
}2Y

are rp]ated as

1.7, ' | | .
1= T, cos kz + § % sin kz F (2.23b)

0
(¢

with the result that .

Vp b7 I |
- L5 > : .o (2.23c)
o | o COs kz JZ] sin kz _ S , :
¥ IT =0 o ’ : '

.

Since, from equation (2.22), Zy = Zo’ this expression reduces to

<<

s
Io
IT =0

However, the open-circuit voltage induced in the loop by
currents in the Beverage antenna can easily be determined from

Faraday's Law as L - o
. ‘ ‘ ’ ' . ‘ N | @

Y-F = Jw o= Jw ‘M Ii . N | :’ » (2.24)

» is the magnetic flux ljnking the loop as the result of the current, -

“Ii’ f]owing.oﬁ the transmission line éﬁi@é&nﬁ to the 1oop; M  1s;thel

25

=p e K2 o | o | (2.23d)




A,

. mutual -inductance betweén the loop and the 1ine; (A similar result

for the vo]tage in a small 1oop has been used by Saha [22] to study

the rad1o 1nterference of overhead transm1ss1on 11nes ). The current

" 1., adjacent fo the loop, is re]ated tovthe receiving terminal current

i

1 as
-0

i o d e o (2.25)

if the perturbing effect of-.the open—circuited 1dop is ignored.

" Hence, equation (2.23d) may also be expressed as

<Z

- = jemed ke . L (2.26)
o k=0 o |
Equating (2.23d) and (2.26) the parameter, b/ becomes

b=jwM . AR S (eaen)

The parameter a

‘To determine a ', consider the vo1tage Vi (indicated in

hFigdre 7) when I,=0 and the 1oop is driven by a current I

/'Q) v . T
Since the open-circuited receiver terminals reflect an impedance of

- J Zjcat kz at terminal p]ané'v1 ', V. can be expressed as

( .
N5z

o cot kz'

i : Z] - J'Zo ;ot kz

Lo ' T - . "
L ﬁ..JM"— 7 Shat “’" Ny

26
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Recogniiing that Vj' is related to the open-circuit voltage at the

receiver terminals as

. | V. = V_cos k z

j o > o . (2.28b)
‘the ratio of open-circuit voltage to current in the loop can be
written as =
{
| ) jJZ_ cotkz - a .
0 _— o__ — - (2.2%a)
1 (Z, - j Z_ cot kz) cos kz
T . 1 0 ,
I =0
0
For 2y = 1, this fe]ationship becomes
Y e \ :
2 -aed kT o S (2.29)
IO,_ 0
E Now, the Retciprocity Theorem requires that
v v
21 - (2.29¢)
T o n. 0 - L
| R B
Hence,’ from equations (2.25) andv(2.295),' ‘ a .W .
Ca= juM ] (2.30)
'The parametef 22
i On the basis of the equivalent circuit of Figuré 7, 22 is

27
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.
O

xe

¢

the inpuf impedance of the 1oop“wheh the turreht.lj =0. In
practice Ii can be set to .zero byvbreaking the tranémission Tine
adjacent to the Toop. In this case, prqvided the loop is small compared

to A and h. , a Satisfactory appkoximation,for ZQ is simply

ZZ B z100p .(2‘3]X

. . -

z]oop is the input impedance of the loep in the absence of the wire.
During the course of the,experiméﬁta1 measurements, it was found that
. ¢ - ~ Lo X

the input impedance of the loop did not change significantly in the =

presence of the wire.
] .‘ .
It is now possible tdvca1cu1ate ~V6

" in terms of the power
delivered to the loop. Referring to Figure'7 the ]oob voTtage can be

e

written as

AN

28

17, 4 | R 2.32 -
tERS SRR E o - (2.32) )

Or using equations (2.27)-éhd>(2.31),

Vo = Ty Zyggn ij,Ii'ﬁ..~' I - (2.33)

‘When the réceiver is matched to the wire line; the voltage and-current

at the terminal planeé 1 are related as

-

v.<-1.2 . < \ e (2.38)

The negative sign arises from the assuﬁed positiy?/direction for 'Ii



W v‘p o
Thus, from Figure 7, , &
R InZy+ a_1T :. . : (2.35)
L ‘Makingzuse of equation (72.22) and 12.30), 9
) .‘ o ‘°
A - (2.36)
. p C . . ’N’ g . ,‘ v
Substituting for 1. in equation (2.33),
- ' . '3
—— (M1, ) | |
VT.* IT“Z]OOD ,+ —-2-7’*0—— . . , ;\/ ‘ (2.37)

Nowe multiply both;sjdes of this eqdétidn'by“fhejcgmp]éx conjugate

of Iy Thus, -~ . ‘
C & ' - - :
Ly EX '
‘ ‘g& B | 2 | A /?
oy - % AN L)) 02 C '
I = o | A { 2.38
ST T foep I T e (23e)
’ * o : . ) . : '
when T and - IT are expressed as rms- quantitieg, thé power delivered . -

'to the 1oop 15_

Prﬁbp_: Real [vT T] ;2.39)

' Hénce, from equations (2.38) and (2.39),

p Ik

100p§% 1oop
- where R]OOp; is. the reslst1Ve pQrtidn of.the 1oopfipput impeddncei
From equation«£2.36), e : . | n//f.
27 - . 9 : ‘{:,,’1 » \
Toop WM | “loop 27, J Pyl .

g

29
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Now since the receiver is matched to the line,

_ W T :

. 2 o o .
L=l = =~ . ~ T (242
0. .

Thus; equation (2.41) becomes

S ST P +(—“Dj PR (2.43)

Toop oM ]oor“ 22 oo ! : "

' -ana]1y,

Is [

~

Vol = 5 \/ o, | e

R]oop - 27

where VO is the rms voltage across the wire line at the repeiver

end.

Usually it is,necessafy to transform the actual receiver
D 8 - .
'_impedance in order to matchvthe line, fn which. case the actual volt-
~ - _—
age measured on the receiver w11] d1ffer from VO . . Indeed, when

-~

the 11ne is matched the measured vo]tage, @V' 75

0 ¢

¢_ S L e

where Z is the 1nput 1mpedance of the receiver. Then equation (2.44)

" hecomes

ae a-ove derivation ié’equa11y\va]id for single and

- M \/ R Proop - . T (2.46) <
-2 - 7 , ‘ : _
o ) R. + mM) . o o

30"
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doub]e-wife'Beverage antennas proVided the appropriate values of 7
v N ' 0
and M are used. -

2;3.1 The'Mutual Inductance betweén Loop and Sing]e—Wﬁre‘Line

Referring to Figure '8, when the loop is small compared to

h and X -, the magnetic field, produced by a current ‘I in'he wire,

‘can be assumed to be uniform across the loop area and of magnitude

Equa1 to the field strength at the ground surface.

v It follows from the‘Biot—Sévart Law:that the tomponeq} of

"~ the magneticvfjé1d normal  to the~1oop’and.ﬁence tangent to the ground

1s

u, 1 cos o , o
"B, = ———r . o _ S (2.47)
GRS KR . . :

In this case.the magnetic.flux thréading‘the 1oopiis approkimate]y

g = B~ (ahéa of the loop)

<

Lo 1h

= 5 l(area of sfie loop) - (2.48)
. m{(h™+y"™) - o S e )
since 3 _ - L e
cosy = 2h'2 T iv (2.49)
(h®+y?)* P -

'
o

From 'y = M. ,'the mutué] 1nﬂuctahce between the-]oop‘and’the wire
becomes- - ‘

.

3
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Note that with the above approximations, the value of the mutual

f'ihductance is independent of the shape of the loop. For the

" circular-loop antenna used in this work ,

2

: u - hd
M= 0 loop
4 ()

L]

2.3;2 The Mutual Inductance between Loop and Double-Wire Line

For the example of the double-wire line, the magnetic

4 .

(2.51)

field hay,be visualized as in Figure 9. From the Biot-Savart Law |

and the geometry shown, the magnetic fields caused by line 1 and

~image 1 are additive. They produce together at point Y a value of

~. _ o .
By = Ry cos ¢

Similar]y, line 2 and 1mége»2 give rise to a magnetic field of

opposite sign, namely,

B = - cos i,

- Substituting for R] I RZ Gy

normal to the loop, 1is

by 41dh y
B, = 5 ‘ 2.2 . 2
Yo alhS o+ (y - d)FINE + (y +d)]

Ik

(2.52a)

. the tolal field at v,

(2.53)

" Assuming again that the magnetic field is uniform over the small

loop area Qh the ground, so that.
YDw-T DM

: . L

My, - I = By (area of_the'1oop)‘,

:} (2.54)

(2.520)
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b4

the.mutuaT inductance becomes

2
loop
DW

e ugdhyd
=";'v 2
U+ (v~ P10+ (v + )]

(2.55)

e )

S

fdf'the dohb{e-ﬁife line.

2.4 Signal Dependence on Orientation and. Lateral Displacement’

" Equations .(2.46), (2.51); and (2.55) describe how the iqop-‘
wikevcouplihé'chaﬁgesvaé thé'loOp is positioned at'Yarﬁousbdistances
and orientétfons from‘the'overheéd wire line. When uM<<' 2 Z_ :,
the induced vo]fége i};the Qire‘can bs'seén, from equétion (2.46), to
be directiy prqpoftional to M . .This ineqﬁality is true for the
1oob dimenstns ahd frequencies used in this study.'lfhus;the rate
_ét which the coupledbsigna] decreasesbwith %ncreasing lateral

§

displacement of the 16op can be expressed as

vV (y) i o o
= o Mly) 1 | -
‘VO y=0) M(_y"—'O)‘ 1+ y )2 . - , , (2.56)

For the double-wire Tine it jsvconvehieht to take tﬁz,ratio as

) mgyy oy el IhP s g o]

v
o = =
U] " =D T o (ymafPan? e

A

‘Experimental verification of equations (2.56) and (2.57) will be

- presented in Chapter II1.

2.5 Attenuation é]ong'the Wire Line

Although the Beverage antenna, seen as a tranSmissidh Tine,

35



ﬁ”ig_cqnsjdered of low loss, certain attenuation factors cannot be

negTegtediand shall be described in the following.

“As a first approximation, the major effect of small but
-finite .losses is to introduce an exponentiallmu1tip1ier to the express-
ions for voltage and current in tne lossless case [23]. Thus, in the

presence-ofl1oss, the 1iné‘vo1tége and current are given by

S LN
L . 2% Al

S V= e e K2 (2.58)

-and

1= 1. e4uZJe~JkZ

; s (2.59)

where Vi and Ii are as defined in ?1gure-7 and Figure 10.

z s the distance along the line from the Toop antenna towards the

receiver. o 1is the attenuation factor in nepers per meter.. :‘;i
The average power transferred?along>the TjﬁéJﬁs thus

= Real V-1 =e™? :

P = “Z Real Ve oI (2.60a)
orl .‘m S ‘ C’ )
P qrdlr, e,  (2.600)

since the wire line is matched.

The rate of decrease of this average power with distance

along the line must correspond to the average power Joss in the line

per unit Tength, P, . “Thus, ,
P _ 5 =2uz 12 o '
-0 = PL =2 ue Lli| ZO | o ' (2,6])

36
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. ;
/
and
b f . - | :
o=k Bz (2.62)
- Ve
Since PL will depend on z ., as e—2uz sthis express1on w111 be
' } L.

independent of 2z . The problem of f1nd1ng o thuS;reduces to

finding the power Tosses per ‘unit Tength at’any distance z along

the line. . The most s1gn1f1cant contribution to the attenuat1on factor
arises from the losses re]ated to the 1nduced ground currents beTow ’

the line. In add1t1on mater1aTs ut111zed in the 1nsu1ated Wire. T1ne
“will contr1bute conductor and d1e]ectr1c Tosses The radiation loss
~ from the wire has been shown. to be negT1g1bTe compared to the other

losses [7 to 10].

.

The power TOSses per un1t Tength from each of these sources
are. additwve w1th the resu]t that the attenuat1on factor can be evaTuated
- as
vzu - t « : +tow. o . | (263)

-+ “total . “ground conductor * “dielectric

\.

2.5;T Ground Loss a]ong the w1re tine‘
‘As prev1ousTy pointed out, the ground behaves much Tike a |,
good conductor over a-wide range of ground’ constants and frequenc1es
In such cases, the magnet1c field tangent1a] to the surface of the
| ground is nearTy the same as the field that woqu exist if the ground
.:were perfect]y conductlng The smaTT component of e]ectr1c field
tangent1a1 to the ground wh1ch would be 1dent1ca11y zero for a per-

fect conductor, can then be est1mated from. th1s 1dea1 va]ue of the

magnetic f]er as [24] | L ,_u" 2 k

38



Etang N ng‘Htang ’ (2.64)

~ where H s obtained from equations (2.47) for the single-

tang
wire 1ine or from equation (2.53) for the double-wire line. The

chaﬁacteristic,impedance of the g?ound, n is given by

g’
Jwu, A ‘ '
] 0 |
Hg - Og + J w E'(g ’ ) (2.65)

where ggf is the permittivity of the ground and o is the conductiv~

b

'ity of the ground. It has 3150 been assumed that the ground is non- -

 magnetic¢ and hence that po = ”gF“' Equation (2.64) is valid provided.
[24] . 3 ‘ '.}I?. .
— e (2.66)
i + j _L s
- £s ey

" This inedua]ity is satisfied for most ground conditions at all fre-
vquencfes, and for rcoky o sandy soils at frequencies below a few',

megacycles [21]. | - | S -

Uéing Poynting's Theorem it is'nbw possible to estjmate -

the"power lost to the shadéd grouﬁd area per dnit length, shpwh'in‘

Figure 10, as

w0

Pﬂ = Rea]v, J[ (Etang XAHténg}‘ dy , | 4(2.67) »
where Eil and . Htang“are taken tg be :rms phgsors. Thus from

equation (2)64),



b
P~ = Real jﬁ no IH 12 dy . #. .‘ A(2.68) -
L g teng’ : '
~ For a éingTévwire aiong a perfg;f]y conducting éf;uhd,“;“' o
Htang can be obtained from‘equatioh (2.47) as
fy = Htang;?;i—r]’g‘?‘)' . S (2.69)

where "1 s now interpreted as the current.in tne wire line at the
position z . Thus, 1in terms of the current Ii the field is written

as

Ii o~z e—sz h

H =
tang - v (

h™+y")

in equation (2.68) will

Substjtut1ng this value of\ Htang

result in

s 11,12 he een?

P .= Real 1 L dy . 27
LTS g. T2 (y? s i

Changing the variables will yield, with the aid of Figure 8,

y = h tdn‘_‘ 4
and '3“32
_ hds T
',dy_-‘ 2 ’

oS

also
. o

cOosS ti o= o
v 2. 2

INE - o (2.70)
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a1

and , R — '
: ‘ R, S %

cos4 6 = _h o

’ 2,242 MY

(h +.y ) o “'}_ )
Hence, equatioh (2 71) becomes
. . )
II_] |2'e"2(tZ 2 ) ) .
PL_= Real g ezh J( eos_e do (2.72)
. -

which may be integrated to yield 20

’ |I "20.2 .~ . . )

PL= e Real o (2
Thhs, from-equations (2.62) and (2173); the contribution to the
attenuation'from the ground losses fbr the single wire becomes

' o o
llg - (2'74)
It is 1nterest1ng to note that Kn1ght [11], us1ng a
..J
oenera11zat1on of the Compensatlon Theorem, states that to f1rst
~ order,
4= Real [J"J"'TL‘_()‘_O—~(] -] 9 ) L ; . ,f:,ﬁ_'j,’f-‘:
' o 2 v h ZO Wk gF o

which reduces to exactiy equation'(2~74) when

8

fs

9 | .. ST
2 wh Z] - w ‘_UO!'O )

_Equatibh (2. 74) aﬂsQ agrees'we11 with the numerical results.of

- Kikuchi [15, 16]. Only a pa9t1a1.eomparisoh'1s poséfb1e’beeause‘of.the’.



Indeed 1t seems that prov1ded- E;A/4_ , the transm1ss1on 11ne mode

 very similar‘td the previous derivation However the va]ue of H,

42

AN

]ack of data prov1ded Kikuchi p]ots attenuation aga1nst frequency for
)

a w1re he1ght of 5 ‘meters. for the case % = 0.01 mhos/meter and -

g~ 10 £g - ‘The radius of the wire 15'given as a = 2.5'mm . This |
graph is reproduced in Figure 11 alohg with a curvé}of’attenuation
versus frequency calculated from.equation (2.74). There is close

agreement at 1ower frequencies but between 10 MHz and 200 MHz.

~ Kikuchi pred1cts a drop in attenuat1on, while equat1on (2.74) 1ndicates

a cont1nued increase. K1kuch1 demonstrates that thlS reduct1on in the

attenuat1on 45 assoc1ated with a grddua] trans1t10n from a transm1ss1on

- Tine mode of propagation along the wire to a surface wave, dissociated

from thejground, and guwded by the wire. The behaviour of the attenuation

for this surface anescan be determined by the theory of Sommerfeldt -

- Gobéu. .The respective curve, in Fidure 11, was adopted from-Kikuchi's

work. Y1kuch1 s results also 1nd1cate that the trans1t1on takes place

at 1ncreas1ng1y h1gher frequenc1es as the wire height is decreased

“dominates and equation (2.74) can be expected to yield safisfactory

results for the attenuaiion along the line. For the wire heights used
in the experimental study in Cﬁqgter III; equdtion (2.74) should be
Th

valid up to about 50 MKHz. xper1menta1 results in Chapter 111 are

- consistent W1th K1kuch1 S predlcted decrease 1n attenuati..  at

A4

suff1c1ent1y_h1gh frequencies. ' . f%:, ‘ %
. . . ‘ N V"‘ @ ) ._I |
- The method of the evaluation of- 4q for the double line is

tang
is obtained from equation (2.53) and is subst1tuted into equat1on (2.68),
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'so that
‘v ) ‘
2 ' <]
: ' . 1.} : 2 -2az - :
‘ P, = Real n. —5— h°d“16 Jf dy .
Lo e B T ) e y-a) e () 0E

(2.75)
Thus,  om equations (2.62) and (2.75),

| . e ' /2 o
& = Real »/;f:;gg ]Gh i 5 2 57
o g g g [h+yd)][h+(+d)] B

\ | | i . . (2.76)h

for the attenuation factor caused by the ground 1os§>under the double-
‘~w1re 11ne No cTosed form solution was found for this 1ntegra? andv

the express1on is eva]uated numerically for compar1son w1th the

,$1menta1 resu]ts 1n Chapter III.
.7‘1 ‘

R . : D
ol Conductor Loss a]ongﬁthe dire Line o

. . Q:-::_a
Tfi The ohm1c 1oss in the conductor 1tse1f a]sagcontrwbutes to

the attenuat1on of the s1gna1 a]ong the Beverage antenna This |

Y

1055 1S g1ven swmply as

(2.77)
where R is

is the res:stance of the Tine per unit lerigth and 1

~the current at some distance z along the line.
. v ) N - : 4

‘PL'_may be written as

Ci ‘ ‘

p .=w11112R.e‘2“? (2.78)

. From equation (2.59), .
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v Thus, using equation- (2}62)u the cqntfibution tq‘the attenuation

o

from conductor Tosses becomes

)

For good conductors the f1ow of current is conf1ned to within
approximately the f1rst skin depth, where in terms of Oo > the

conduct1v1ty of the’conductor, the skin depth is

o,
R

Rhovidihg s7-a .,_the resistancehper_unit length of the round
conductor is given approximately by :

R Y

f“: ) oo o - ’ .b :
R 2r a & o - 2na - 23 . . . (2.81)
: / : . .C. C _ v

. S . '. - i
Using equations (g.]g) and .(2.81),

¢ Tmaz Vo oL - (es)

For the doub]e -wire 11ne, there are two such conductors

7o

::, and the resu1t1ng attenuat1on will be doub]e the va]ue g1ven by

equat1on.(2.82)- Qf cow in th1s$1atter-case the value of Z,

must be tdken as that »” Je.doubTG-Wire Tine.

2 2.5.3 Dielectrichoés a]onQ;jhe.Wire,Line s S ; e h @

" Far the 1nsu1ated W1re 1Jne, 1csses occur w1th1n the

d1e]ectr1c 1nsu1at1on of the wire. The los:z per un1t 1ehgth can’ be
o G .

Two (2.79)

= ,_ o (2.80)-
o %¢ | . ' .
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calculated.as

D : b S o e _
P =0y f_IE| v o - (2.83)

where 'od is the conductivity of the dielectric and E is the
electric field in the dielectric surrounding the wire. The ntegrat-

ion is taken over the volume of the_dfe]ectric per unit length.

A thin coating of dielectric will have little affect on
’ the<potent1é1 between the signa1—wirem11ne and'the ground. Thus,
- from equation (2.11), the potehtial.at'a distance z along the line

is

V=9 9y 2 | 2
; 0 . 'v " (3 . .

However, from Gauss 's Law .the.total e]ectr]c f1e1d close to the

:conductor and within the dielectric coat1ng 1S approx1mate1y
v
N S ‘ o - ‘
’ :—.J_—_ . : . A:‘
EY‘ 2 7 gq ¥ ’ : v . ' (2'84)

o v S .
which ﬁs,d?fected radia]]y-away from the wire. £q is the permittivity

of the dielectric coat:ng Then, usingvéqUationé,(2.11)"(2r58) and

(2.88), S B %

AR
( ) k'e—hz e-JKZ )
r 1n -—_ ' o

.The power 1055 per un1t 1ength thus becomes

, w2 b .
: ( €6 2 IV 20z " '
P.=o, | 2 - —dr d¢ o
L T e (1n— J .




- .C\
' and further
. v, | o
_ 0 —_ZGZ E . )
- _ df (1n =) : . ,
: whefgﬂ”bhvié¢thelouter radius of the coated wire. Then, since
. Z ; A \ ‘
vi1° - L2s o, (2.87)
" the dielectric attenuation”factor‘oﬁ thé'single—wire line becomgs,
using equations (2.62) and (2. 86Q
w, =60 o, | -2 ]” a . - (2.88)
“d d - a8
1n _— SRR :
'USe has .been made of the_fact,that for the single-wire line
. .o .
L . 2‘-}14 .
ZO = 60 jn 3 -(2f14)

*

S1m11ar1y, the d1e1ectr1c attenuation factor for the

doub]e wire may b”fca1cu1ated For thin coating the potent1a1 1s

approx1mate1y th€ same as obta1ned from equation< (?2.18a) and (2.18b).

A M
/ Thus, at some,d1stancev z a]ong the 11ne &
oA _—]—d—_z_ S e
- ; P a 1 + (F) e ) . , .
.. fo % he doub]e -wire line.  Agaip,equation (2:84) is valid for the
e]ectr1c f1e1d near the w1res(;3ch may be expressed, using équation
. : ‘ R ) o _\\ o
7 (2.89) as ‘ - - - T
- -z ~jkz ‘
c Er - ?9- Vi eZd - 1 S\t (2.90)
o d 21" 1n5——( N )~
ol o TR
T =
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since there aré two wires.

Z

ud‘

5'60. T o

T

)

" The power. Toss per unit length this becomes

T'Z“d(

A
A

. £
[
i

As before, using

075‘1‘20 n &£

r .

.&,2

£d

Ty . o : S

> . ?,:.

2 =2az
|V-;‘[',e > 211

, o b :
, —-dr d¢
afin & ( —1 212 f
1 B , 0 a .

. (291)

At

~Or,. S R 7

2d

N

e 2.
j‘)
g In

o O

(2.92)

1 SR o
'1--+,-"(d)2-)~" S "(2'?-9)-

h

§

the dielectric attenuation for the'doubﬁejwire line can be Wr?tten as

- - (2:93)

Id B

A



CHAPTER 111

EXPERIMENTAL INVESTTGATION OF THE BEVERAGE RECEIVING SX@TEM

3.7 Introduction

1

To test the va]idfty of the theoretical derivations
developed in Chapter 11, a 4250-foot 1long Beverage antenna was
. constructed. For th%s'pﬁrppée a relatively level Tocation was
selected at the University of Alberta Farm, Ellerslie, Alberta.
‘The area was cchparatively free of sﬁrroundihg obstructions, such as’
bui]dings,_Wiré fences and‘nEarby roads: with heavy caf traffic. |
Thus, unwanted reflections as.We1? as electrica]linterferénce were :

minimal. .

N
" The operéfjng fréquencies wérefthoseﬁ to be 29,:51, anéi;
95 MHz. .These va]ueé were selected in order:to.ﬁausé neg]igib]e

' 1nﬁerferénce W1th commercially used frequencies, and at‘tHefsame ‘
time to provide a spread of values around frequencies é]ready in'gée.v‘
in actual bio-telemetric tracking experiments cOngdcted by theL A

'Department of Electrical Engineering at the University of Alberta. -

©  The noise fnterferénce within the p1anhed'band of fre-
“quencies depehds.on the location and the time of day, andjmay be the
resu1t of atmospheric Static,_man—hade noise, cosmic noise'or-circ01t
nbise. } | | |
The'man—made noise T§ causedlpkimariTy by fhe:operation.Of
electrical switches, as for eXamp1e 1gniti9n.nof§e; and 1is usua11yb

the‘cbntr0111ng factor at frequencieskbetwéen_10 and 400 MHz in uFban

#



é&éés Radio transmission 1n this.frequency range is primariiy
tropdspher1§§§nd man-made no1se is re]at1ve1y un1mportant beyond 10

to 20 m11es from the source. Thus, interference from the nearby city

of Edmonton was not an 1mportant factor

-

In rora1 areas, such as the farm, the contr011ing factor

ean either be circuit noise}or cosmic noise. Cosmic and soler noﬁse

4represent therma] 1nterference of extraterrestr1a1 origin. Its e

pract1ca1 1mp0rtance as a 11m1tat1on on commun1cat1on c1rcu1ts seems
-

to be in the 20 to 80 MHz range, and hence is of s1gn1f1cance for

this experiment [25]

" The external noise Tevel and the bandwidth of the ea]ibraped
se]eotive voltmeter, used for measuring.the repeived power Levels,
determined the required'tgansmittdng power. [Tovkeep the.receiyed
s1gna1 above the noise -at'a]] fimes; and yet'to 1Tm1t the radidted&
f1e1dﬁ&to the v1c1n1ty of the farm, the transm1tter power was set to

approx1mate1y 1 Watt.

¥

F]gure 12 shows the system as used in the actua] experwment :

The construct1on of the wwre antenn@ consisted of a stra1ght spanned
wire (#18 GA multi- strand, copper, PVC insulated), supported at 50
*.fooi 1nterva1s by 2“ by | 2" wooden poles. The 11ne 1ength Was 11m1ted
'{to 4250 feet. PrOV1s1on was made to-adjust. the he1ght of the w1re
between,O and 6 feet; For the doub1e—w1re 11ne, a second wmre_was

set up at 6 feet distance paré]]él to the first line.

The wire line was connected at one end to_a'heceiving
system'(Brﬁel énd.Kjaer Heterodyne Vo]tmeter Type 2006)vby means--of

- 50
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‘10§ses due to refTections.

r@} : * - 52-

“an impedance matching network. The transformagion'of the wire
4

'\). fo ’ ' .‘ . ' . . . .

impedance to the 50 ohms of the measurirg instrument avoids signal )

It was p]anned to conduct tests attgggganCes of. 500 to 4000

_feet from the rece1v1ng end of ttw?vnr%e Jhus, a movable trang-

m1tt1ng apparatus was required. Foy th1s purpose, two 12 volt 70 AH

=
'

1ead acid batter1es were used to power a so]1d state inverter . (Terado '

Mark II Mode] 50-132), which in turn prov1dedv]15‘vo1t at 60 Hz to -

a tunab]e h1gh frequency power amp11f1er (Hew1ett—Packatd 230 A,

S]gna1 Generator Power Amp11g%§h). The 1atter amp]1f1ed the s1gn11
generated by a 12 vo]t crysta] osc111ator whose amplitude wasjadjust—

. o
able" over a w1de range. v . : j& : I ,

A var1ab]e attenuator (We1nsche1 Enq1neer1ng Mode] 905,

.0 -10 dB) allowed for a fine adJustment of the power,. and finally

the»use of a feedthrough power'meter (Philco - Sierra,1648, Bi-

. directiona]fPower4monitor) permitted theiobserVatjon;of the signa.

' was moved by a Cat to the required locdtions along the wfre line. The

strength,was well as the amount of the reflected powenf ‘The power
fed into thelama11 1oop-antenna was kept con%tant during the course of .
the eXperiment The 1oop antenna itself, represent1ng the trans-

mtttxng an1ma], was matched again to the’ 1nst@ymentat1on 1mpedance

level of 50 ohms.

For the actual tests thc'complete transmitting equipment
M
1oop antenna then was connected to the h1gh frequency sdurce and :
lined up under the wire for maximum coupling 1nto the ]1ne The‘use

of a SOXieot 1ong coax1a1 cab]e for the above connect]on a11owed the



receiving stations.

od.
vl

P
s

poweh‘amp13f1er anﬁﬁtheuéﬁhig

from th@aw1re Tine that effectslofi'}lf”g' é u;f; e =t‘ ref]ect-‘f

M
-

ing car»body-were ﬁgg11g1b1e.

S
T

Two or three single measurements were .taken at each point

“and recorded at the receiving“end of the line. A two—way'hadio‘trans—

mitter allowed for constant consultation between transmitt{ng and

3.2 The Loop Antenna g L LN

3.2.1 The Des{ﬁ

In order to match the loop antenna to the transm1tter out-

:put impedance of 50 ohms, it was necessary to determ1ne the dr1y1ng-
' point impedance of the Toop. :This impedance is also required for the

' theoretical determination of the signal coupled to the line which

. v , N :
Was determined jn Section 2.3 of Chapter II. The Jloop impedanﬁe has

in general both resdistive and reactive parts. The reactivefpart arises
! . ;“\m‘.

from‘the'surrounding_indhction fields, beeadﬁefthese fie]dsggive rise

to a reactive energy storage in the region surrounding the4§htenna.
The'resistive part of the input impedance has Contfibhtibhs'from all
phys1ca1 mechan1sms that glve cause to. a 1oss of energy from ‘the

antenna. The radlated power is the des1red loss mechan1sm but other:

. 1osses, for example ohmic losses are una~01dab1e

. The radiation resistahce"of the'antenna is a fictitiousu

res1stance wh1ch when subst1tuted for the an;enna, w111 consume the

' same amount of power that is actua]]y rad1ated The;radlat1oh;ne-

s1stance for g ba]anced—]oop antenna in free space is given as [26]

r
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“where . - 1s the Tircumference of thea1oop._

‘short-circuited transmission line [28] as

Y SR w

| ALYE oy -
R = 31200 ( 7) S R )

where AL *ds the area of the Toop. Since the current along the

Toop is d1stv1buted ?1nu501da]1y with peak oppos1te the feed ‘
3
terminals . [27];. the rad1at1on resis ta hce referred to the 1oop 1nput

terminals. becomes

&

e

The reactance of the loop is appro 1%;;23‘5}\an/eguiva1ent

J Xloop =] 120 1In 3 tan ks 7 o » . (3.3)

where a is the radius of the tubing used to conétruct the’]oop

and r  is the radius of the Toop 1tse1f.

g
14

R ' - . “
Both equations (3.2) and (3.3) are valid only with the

restriction that the loop diameter is smaller than x/10. In additieﬁf

1t‘may be'noted that for an antenna right,abdve the ground, as p]anned

for the experiment, the. 1nput impedance must be mu1t1p11ed by a factor

| - ]

of two to account for the 1mage of the. antenna . |

1osses, showed a nng1g1b1e res1stanc% compared to the value of‘tHe .

R . :
inductance. Nevertheless, the values permitted the estimation of a .

first approximat*on of the required caﬁécitances to tune out the in-

ductance of the actual antenna, and at;tne'same time, to:matCh.the
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.loop to a 50 ohm line ac shown in Finge 13. The series capacttor
at the top ofkthe loop ‘consisted of a 25 pf adJustab]e air capacitor.
A 550 pf adjustable capacitor with p]astic insu]ation was shunted

- across the feeding terminals, of the antenna..

o

Initial tuning was accomp]isheg with the aid of a vector
impedance meter (Hewlett-— Packard Model 4815A) The 1oop antenna
;proVed to have © high Q , and the final tun1ng had to be done on
the ground under conditions approx1mate1y the same as those on the
Un1vers1ty'Fann. The capac1tors used proved to be quite unstable in

their set adJustment wh1ch resu]ted in frequency detuning.of the Toop.
‘As a result, the var1ab1e capac1tors were rep]aced by a small coax1a1
cable (RG 174/Y Type 50) of 50 ohm 1mpedance cut to a specific
length, in para]]e] with a fixed- va]ue mica capacutor The tun1ng
of the loop cou]d be accomp11shed easily by the trimming of the
coax1a1 cable. F1na1 tuning of the loop-was conducted with the a1d '

of an in-line wattmeter capable of measur1nq both 1nc1dent and re-

f]ected power. A signal-of the requ1red frequency was fed to the ]oop :

and the mdtch1ng capac1tors wh11e the reflected power was adjus ted
to.a minimum by chang1ng the capacitances in value. Care had to be |
taken, since: tr1mm1ng the cable too short meant repeating the entire

tun1ng process. In the actua] exper1ment the reflected power could

be dropped to about 1% of the 1nc1dent power N

Three separate 1oops of ‘the same d1mens1ons as. shown in -
- %

'F1gure 14, were constructed and were tuned for 29, 51 and 95 MHz.

)

The loops were found 'to rema1n matched forfthe durationAof the
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experinent, though placing the loop 3t.different locations on the
ground occasiona11y'jncreased the reflected power by up to three .
oercent. An increase of the power delivered towards the loop by an

equal amount resulted ‘in effectively a constant-radiated'p0wer.

3.2.2 The Efficiency

3
An important parameter‘of“the'loop antenna, which on—
fortunately cannot be calculated with sufficient accuracy because of
4 ground losses, is the radiation efficiency. In:order to calculate

this effiCiency, which is defined as

B v
R o , | e
| Prad = 'R*+AR“_‘ 100 in %, ' (3.4) -

in v A loss

N

- the fo]1ow1ng exper1ment was conducted RA represents the‘radiation'
resjstance of the 1oop in the p?esence of‘the ground, referred to the
antenna terminals R]ossj is _the sum of- the conductor and gr0und
1osses referred to the antenna term1na]s

Threeedifferent antennas were set up aeishonnvin Fiodre 15, -

"The loop antenna (#1.4n nguké'15) consjsted,of the antenna discussed
above and Was'positioned-with the direction of maximum-gain'towardé
the traneﬁttting‘ground-plane anteria. The receivﬁng ground p1ane
antenna (“2 in Figure 15) is further d1scussed in Chapter Iv, “and for

vthe present d1scusswon it is on]y of 1mportance that its he1ght was
set to- 8 ]2 feet F]nally, the transm1tt1ng antenna cons1sted of a

ground p]ane antenna 1ocated dﬂrect]y on-the ground (#3 1in FWQure 15).

While the latter antenna was only tuned in an approx1mate wayzwboth
{ : S
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 to the t{insmitted power of two antennas as . R Y

» L "/ .t
n% o~ | ‘“,.
K-
rece1v1ng antenfias’ were’tr1mmed by a match1ng n@%@owk tot 50 ohms ”z

the input 1mpedance of the tuned receiving vo1tmete ,,f‘ ‘
; 9 ' R :,i‘”“»’
By send1ng a s1gna1 from antenna (#3) and keep1ng the power

~

Tevel constant, a compar150n ‘of the rece1ved s1gna1 strength between

“the e]evated ground p]ane antenna (?2) and the Toop antenna (#1)

Y

-could be obta1ned;' S1nce the grbund p]ane antenna (#2) and the

assoc1ated match1ng network ~can be apprqx1mated with an eff1c1ency of
c]ose to 100%, an est1mat1on of the rad1at1on eff1c1ency of the 1oop
antenna . (#1) was possible. It shoul&ibe pointed ot that the above

efficiency prediction,for.the ground plane- antenna will be‘justified in

¥

Chapter-1V.

For. the evaluation of the efficiency, results fhom.Appendix_

A will be employed. Equation (A.51) gives the ratjokof»the'rece1Ved‘

where a]] e]ements of the equat1on age exp1a1ned in det941 1n

' Append1x A - Equation (3. 5) is va11d when one antenna is at ground

v

_Jevel wh1]e the other is e]evated In. Append1x A it was assumed thatbj
=

“the antenna labelled w1th a subscrlpt ‘“2“ was e]evated at a he1ght

h2 . If both antennas are at gr0und 1eve] that is, h2 O equatwon

v

(3.5) can st111 be‘app11ed.

on transm1551on cases may be d1scussed f1rst1y, grOund—

2

‘plane antenna (#B)Qto ground—p]ane_antenna.(#2); and second]yg ground—

@

e
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- plane antenna (#3) to Toop antéﬁmhﬁ #1). It is possible to form the
_ratio of the power received by the loop antenna (#1) to the.power

received by the ground-plamre antenna (#2].

A1l variables associated witn the transmitting antenna
_(#3), as well as the tranSm{ttingvdigtance will cancel out, 1eév1ng

the result as

~ | 2 2 ' .
Prx Toop . 91 " Ryg Rt [(hyhg=d A1 ° (3.6)
Prx grdpl 92 "2 Rat Rop ((non -3 he)12 ST

20 0

. where the_sUhscFipts now hefervtb the antennas as labelled in Figure 15.

. The following approximate values may he used:

Gain- ‘ : i | 9],;~92£= 1.5
Efficiency 3 = 1

E R R _
Impedance ratio T ﬁgg = 1 and A1 =-%,.

The ground-plane antenna (#2) is Tlocated sufjicieht]y far. above gronnd
that the effect of the ground on the 1nput 1nhedance is negligibte.
The Toop antenna however, rests d1rect1y on the ground and the

resu1t1ng 1mage current in the ground has the effect of doubling the

radiation res1stance. i

* Physical height - : hy =0

Thy = 8112 feet

Making use of the above: designations results in !/

| e
pe o s o
rx loop _ 2 .M 0! (3.7)
P TN 7 :
CPrxograpt s 2 (hy-3 h)l



The recéiweglsignal yo]tage.ratio N was measu¥ed in the actual
experiment, and so oo the power efficiency, can be approximated

from

P 2
. |
ho(hZ J ho)l

" | o .2] . : S
| i S | (3.8)

2 N

8] =
1 lho

It can be shown that‘the‘law of reciprocity may be_appiied
for receiving and transmitting from the .same antenna'at the same
'frequency. The more eff1c1ent the antenna is for transm1tt1ng, the

N

more effective it w111 also be for recewvang D1rect1v1ty and ga1n

| properties will be the same " for both cases A]so, 1mpedance w111 Tike-.

‘a ‘
wise be 1dentrca] whether the energy is fed dlrect]y to an anoenna

from the transm1tter or whether 1t‘1s chked up from pass1ng waves: of
 the same frequency Th15 property of reC]pr0c1tyaw111 perm1t the use
of equat1on (3 8) to: ca]cu]ate the transm1tt1ng eff1c1ency of the 1oop

:

even though equat1on (3 8) was deveJOped as fhe rece1v1ng eff1c1ency

95.MHz  N°

-e .For the three emp]oyed,freduenc1es, the exper1menta1 values
of 1% were determ1neﬁ asJi;.’nf’h; __5§ ;_( - i
29 Mz KO = Qiorest o L
51 MHz N = 040259 o o
- 5.0169 . |

Using va]ues of e;'ih15 and o " 0.008 mhos/m, the_va]ues of h0

at 29 Miz, 51 MHz and 95 MHz —Tay%be calculated from equation (A.9),/

(A.12) and (A.28) in Appendix A. Substituting the resulting values/

“of ho into equation {3.8) gives i . o e
‘ n _A .

. . . ' /
i , . . . ] /
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it 280 MHz = 0.024

hpo9t e B : _ o \
7 at 51 MHz = 0.068
ny a£ 95 MHz = 0.081

\

’»gggl I% 1S now poss1b1e to determine the approx1mate res1stance

- s e

I'of*the Io%ﬁ antenna, which w111 be requ1red in the est1mat1on of the
%_;Nr- . ¢

1oop to w1re s1gna1 coup11ng in equation (2.46). From eguat;on (3.4),

‘ S, = A ) o Co . (3.9)
e 1 RAT * loss 1 S ﬁ%@» o

However, RA] + R1oss 1 is on]y the reswst1ve portion of the’ dr1v1ng-

point 1mpedance of the 1oop antenna ' 1oop 1 - . Thus, from equat1on
(3.9), -y
g
R .
o AT 1 (3.10)
SR L /! ' ‘
Since RA} 2 R]1M , the Toop nes1stance may be written as
s2000- [ "%
R. :v"_;___;_ ._.j —_— (3.11)
]00p C052 EQ '.XZ'LJ n] '
. 2. .
Witn the‘previous]y ca]eqjated values of 'n]',the approximate valuess
of the Toop resistance become e . _ o
A . . §
~R]Qop.f0r 29 MHz loop ~ '0‘235 ohms
e R]oop for 51 MHz Toop = 0.84 ohms '
R]odp for_k95 MHz loop = 1]a6 ohms e s -
~
-4
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3.3 The Signal Generation

For thé experimentyan unmodu]ated frequency was<transmitted.

The source of the signal consisted of a crystal oscillator. Ajtunabie
37
power amp11f1er was available (Hew1ett - Packard 230 A ﬂSignaT

‘Generator Power Amp11f1er) w1th a fixed gain of about 20 to 30 dB

and -a 50 ohm output impedance. Provisions were made to limit the

. oscillator output to about 2 mW into a 50 ohm Toad, and to allow

for a rough signal amplitude adjustment.

1Three.djfferent oscillators for . 29, 51,and;95‘MHz re-,

‘.spective1y were built for the tests. Since the oécf]]etors were

A

eXCé]]ent with respeet to drift and amp]itude varﬁations, a mfnimum

of retuning of the heterodyne vo]tmeter at the rece1v1ng stat1on was -

requ1red. A]though the 12 volt solid- state power 1nverter, prov1d1ng

‘*‘115'V01tvatv60 Hz, created a supp]y vo]tage'more 17ke_a square ‘wave,

"there was no problem with noise.’

Because signa1 1osses occurred in tne:SObeot feedingﬁline

to the antenna, the feed- through power metér (Ph11co - S1exra 164 B

r

b1:;.d1rectjona1 Power.Mon1tor) Was statloned directly before U
radiating loop antenna and preceded- byia varwablefattenuator,

(Weinichel Engitering Model 905, 0 - 10°dB). It was posiible o

'set the powerv1eve]‘fo} the radiating Toop antenna very accurate]y by

keep1ng tne d1fference between the’ power delivered to “the 1oop and

’the reflected power at some constant level. Depend1ng on the ground-

4

: cond1t1on, the’ ref]ected power varied between zero and 37 at_most;

To a]}ow for possible power variatians, the'one—watt scale

o " e
- , NN - L3

Y.
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of the meter was used and the transm1tted power to the 1oop amtennasl'

was set to wO 7 watts Th1s va]ue represented on]y atrelat1ve read1ng. ‘

» a8 € N

because the sca]e of the power meter must be mu1t1pg1ed b% a correctuon

3«"“!7 ~

w. ,an

factor that depends on the frequency Power meterkca]1brat1on curves :;?“;2--'
L 5y o 7 e S "’ . v Y ' ,‘.-." e
were obta1ned for a]] frequenc1es used. - T - ”f%7u”]*.&( fl, W ~£?J '
| “ . . . . ‘ _,/ p - - . . “ c\. ,c‘ ;:‘ ;‘:" '.\,;%;:V_ B .
3.4 The Wire Line - LT e S 1." R i S
The constructed w1re 11ne cons1sted of one or two copper
. ‘% . . )
- wires (18 GA mu1t1strand PVC 1nsu1aiedl_runnjng_para11e1 to a R
i v
Q%iﬂ O foot 1ong prev1ous]y surveyed line. The he1ght of the w1re ‘could

be adJusted up to 6 feet and the w1re was supported by 2“ by 2“
wooden poles. To obta1n a good ground referewce connect1on,~ore:6— :

foot ground rod was 1nsta11ed at each end of the line: Both the -

- '

. single and the doub]e w1re lines are 111ustrated 1n Flgures ]6 and 17

‘ ConS1der1ng the single wire f1rst 1t may be shown from
N v
-equatiOn (2 ]4) thaf the line 1mpedance is approx1mate1y SLZ»omns
The wire ]1ne is of finite ]ength and an. abrupt end1ng of 1t w1]1
g1ve rise to stand1ng waves along the‘w1re-1tse1f Coup11ng to the
11nevw111 then'be-a function of_distance‘along the ]1ne‘ahd_1Osses

at the receiving station wiJT'result."]7'_x

‘Procedures to avoid these ref]éttions’were considerediand~

an experwmenta] method was deve]oped to measure, and eventuallj to
a1d in the reductlon of the stand1ng waves. For thxs purpose a

s1gna1 of the des1red frequency was” fed to the term1na1s of what was

to be the rece1v1ng end of the ]1ne At the far end the tenn1nat1on

end of the wtre,k@rovisions.were made ﬁoﬁ)loadwng the111ne‘w1th_ ST

.L‘J_. i o r
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v(hu&'—uatt resistors. At 4600 feet, (250 feet from the termin-
% 1atched 1oop antenna was p]aced d1rect1y under: the 11ne in
-max1mum c upﬁ1ng position and connected by a 50 foot coaxial cable to
"a tuned voltmeter (Bruel and KJaer'Heterodyne Voltmeter Type 2006) .
Moving the loop antenna sﬂowly a]ong -the Tine, keep1ng its orient-
ation the same, the rece1ved signal varied through maximum and
minimum values. The standing wave ratio'(SWR) on the line:was .thus
determwned and the effect of various term1nat1on 1oads was 1mmed1ate]y

~

ant ad3ust1ng the load for a SWR of

" apparent. To match the lin

. unity. To re ; t 1ties in the SWR caused by uneven'gyound,

Tthe 1o0p ; ( d on wpoden rails ptaced under the wire at ground /
1eve]?v The wire line was kept parallel-to thése rails with extra

supportin@ poles. ’P]éte 3 shows the loop antenna on wooden rails in

transmitting position to the single-wire line,

Direct termirfation of'the wireblineAin a se]ectiﬁh‘of re—ii
sistances did not result .in-the desired matching. It was found that
a vertical wire connecting the'1ine to- the ground rod through the
“termination- presented a d1scont1nu1ty that could not be matched by a
single resistor. It was not poss1b1e to arrive at a SWR of less than
2.5 .. The next step.was to avoid the discontinuity of the wire line
by taper1ng the wire. over a length of 50 feét.from a 6- ﬁgft he]ght

to about 3 1nches, as suggested by. F1gure 16. Now the resu]ts were

nore prom151ng and it was poss1b1e to obtain SNR s down to 1.0 -

-

Next, an SWR measurement was made at 2000 feet.“lt showed
however that the Wire']ine was of'such 1ossy character that the apparent
" SWR of about 1. 15 was 1ndependent of the terminations at the far end

“as for example, short or open circuit. ‘Indeed, whenever a measurement
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Ywas made at distances greater than about 1000 fee from the end

&

of the wire, the ﬁeasured'SNR‘Wés jndépendent of" % termination.
The fact that at thése reﬁote locations the appér~ SWR was higher
than when measured near the terminating res}stor is*attributed to
©_ irregularities introduced by wire sag and heaVy‘vegetation under the }
éi;/W%{é 1£se]f. In p]dces growth up to 3 feet.high.has found. 'Ié was o
further observed that‘thé maximum and mipimu% values of the received
signal did not occur at the same }bcatioh at all times. This result

is'also c]eér]y an indication that changing, complex loads a]ohg the

wire line were present. , SO

To reduce the SHWR near,the(termination to between 1.02
and 1.06 required load.resistances of ééo to 330 ohms to. be placed
acréss the end‘of thé,tapered section. Note that the valué,of.zo fbr
the single-wire 1ine at a height,o? 3 inches is given by équation (5.14)

to be 332 ohms.

Determination of’the far-end resistive load solved the :
problem, in princip]e; of the’receiying-ghd termination. A tapered
section was a]soAinserted the recéiving eqd;._Matching netwarks
tﬁen were fequired which transfqnned'thevreSfétances of the wire line

to the 50 ohm input impedance of the tuned-voltmeter receiver.
V.Nﬁth;the aid of a Smith Chart, three matching networks were
‘désigned,f Figure 18 shows the final circuitry. I? may be noted that
 the series inductance of the~netWohk was made s]ith]y_]érger than re-
quired to allow for the addition'of capacitor C]Qﬂ The tuning of the

device}Cou]d then be accomp]ished‘by,sﬁmply trimm%gg the variable

. . ;{j“é‘ N
. . o ~ .



C2 ' “£:'~ 220 - 330

50 ohm -
e—
(system) Z ohm
( 1ine )~
Frequency v,' L c1 . - C2
29 MHz 0.686 LH 110 pf .+ 15 pf
(0 - 150 pF) (0 - 50 pF)
57 Mz 0.390 uH 25 pF* 3 pF
(0 - 10 pF) (0 < 50 pF)
95 MHz 0.209 .H 40 pF /2 pF
' (0 - 50 pF) * (0 - 8 pF)
¢ X }
’

Figure 18. Wire-Line Matching Network



(

‘ capacitors. Further, it may be seen from the circuit that since air
capac1tors were used, the greatest Toss in the network occurs 1n the

coil. Th1s loss, however, is so sma11 that it may- be neglec: ed

]

Thevactua] tuning of the device was cdnducted by the powe~-
method. 'That‘is a signal at the required frequency was fed to the
Tine by means of ‘the match1ng network. Tr1mm1ng the capac1tors for
‘a minimum reflected power from the match1ng network proved to be
-Surpr1s1ng1y s1mp1e Reduction of ref]ect10ns to less than about 1”

of the input. power was possible.

The same network was useful for all w1re heights without the
necess1ty of 51gn1f1cantrretun1ng The tapered Tine compensated ;
for a]] changes in the line 1mpedance that depended on - the wire he1ght
“and the character1st1c 1mpedance of the 11ne at the end of the taper

rema]ned constant

Hav1ng solved the problem of line- match1ng for the single -
w1re the’ doubhihj1ne did not present any new d1ff1cu1t1es In fact,
1t was found that using the conf1gurat10n of F1gure 17 the rece1v1ng-
J end matching network could be used w1th only a sma]] retun1ng “On]y
: the far end of the 11ne had to be equipped w1th a d1fferent res1st1ve
‘va]ue The method of finding it was: ‘the same as emp]oyed for the
. s1ng]e line and resu]ted for
51 Mz ‘in 1750 ohms.. .

The SWR‘with this value was 1.13. ; - .
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"3.5 Results for the Single-Wire Line

ExperimentaT'data.werelobtained as described in the previous

“sections, and as mentibned earlier, it was necessary to create

ca11brat1on curves for the b1 d1rect1ona] power meter As a result,

l

" it was discovered that the fo]]ow1ng power 1eve]s were actua]]y de]1vered

to the antenna loops

PR
/

wBefore the dlfterent s1gna1s are compared it 1s essentiafrth't'the

experimental results be normalized to .a comhdn transmjtter pofver.
k - ’ . . u . .
: , . y

Equation (2. 46) clearly shows that the ‘received po.er is

5d1rect]y proport1ona1 to the power de11vered to the 1oop
,15 not d1ff1cu1t to br1ng/the resu]ts at the,d1fferent fre uenc1es to

‘a common denom1nator of 1 watt.
. R . " S

The norma112ed received vo1tages for the?Sing1é wire are
presented for the three frequenc1es in. F1gures 19 20 and- 21 respect—
ively. The ‘same graphs also show lines representtng the results

emp]oy1ng the theory of Chapter IT.

The coup]1ng between loop and w1re presented in equat]on
(2 46) and the attenuation of the trave1]1ng s1gna1 a]ong the wire

11ne, as given by equat1ons (2.63), (2.74), (2.82) and»(2.88), were

©

used in pnepar1ng~the theOretica1 Curve. In each case, the 1oop was

-,

‘pos1t1oned d1rect1y under the wire and oriented for max1mum coup]1ng

to the Tine.

b
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. Figure 1. Results for 6-foot,
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Received .signal in volts
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ttj_A. S1nce these)resu]ts were dependent on L;i * 1t was poss1b1e to &~

restlmate the»ﬁalﬁe of“th1s parameﬁer that repnesented a sat1sfactor«

"'w1re 11ne propagat1on It shou]d be noted. that these Va]ues of h:Q ahd

< . .
k]
¢ ' O

For the calculations the following parameters were chosen:

A

- - Ground : og = 0.008 mhos/meter -
./ T s b
~ MWire : multistrand # 18! GA. ) '
- P 5 He1ght above gro%?d/ ; } X
average ;v5 feet - Lo

at coupling points =5.75 feet -

Diameter§b(outside);Q'

‘ cdﬁper d 1.2.mm

1%éd1ation 2 2.2 mm

The cho1ce of these va]ues needs some Just1f1eat10n The

ground conduct1v1ty was est1Mated from data proﬁ?ded by the.Department__ ,,f

- of Agr1cu]ture ‘at the Un1vers1ty of Alberta for the farm at Etlers11e

- N ! .

The valug- of ér‘ was obta1ned on .a somewhat’ tr1a] and eiror basis.-
] . .

The }oop to e]evated tower exper1menta1 resu]ts to be d15cu5sed 1n

)

‘.ﬁ Chapter IV were compared wwth the theoret1ca}%pned1ct1ons of Append1x

‘_;agreement w1th the experﬁmental data The va]ue of 5'157 obtawned .

it 4 P

g ~ q\ . . X ~ ,.‘/

51n th1s manner wa&¢the& used 1n the theoret1ca1 ca]culat1ons of the™

v . . ( .

v - R}

are essentiajly the same as;those~given by fReference'Datatfor

Radio Engineers! {29],-for,the type«of farmland used in thié experiment.

v

Dur1ng the course of the exper ments (summer 19/1 and 1Qo¢

frequent . ra1nfalls as we]] as dry per1od% were common. AS 4 Ttdllt

%

U j . ] »

Yoo
'.\\‘f . :
Vid o T
-59{ .
o

= S p h S
. -y
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}

the farm land showed changing plant growth. To give‘more specific
; Ve : . -
values for twe'abiie mentioned constants wou]d not be meaningful. . Of

course, ©t was als® not possqb]e to 11m1t the exper1ments to t1mes,.

) P .
when the climate and- growth cond1t10nsowere approx1mate1y the &me aver

~short pericods of t1me The amount of phys1ca1~work 1nvo1ved thetfﬁv
unpre@ctabﬂmy of the ne1emen" and the sqheduhng of work- so as not’

to interfere with the work at the Un1vers1ty farm - all these factors

‘1\..

comb1ned severe]y 11m1ted the ava11ab]e exper1menta1 t1me

. The differencesujn the wire heights used for the calculations

\. A AR _ . , 7

have to be justjfied. uAt the points where the 1oop antenna was &~ . -,
5t . p 4

postt1oned to coup]e s1gna1 to the w1re lines, the ground was . c]eared

of al] p]ant growth andvthe w1re was supported with add1t1ona1 poles,

i- .

such that an average. w1re height of about 6 75 feet above the ground
-4cou1d be ma1nta1ned At the po1nts»a]ong the 11ne where the wire was -

/supported every 50 feet a wire’ sag of about 6. 1nches cou]d not be avowded. h
On. the other s1de, a11 ?Jong and below- the w1re, a dense growth of

- v ¥ . ¢

..vegetatton was present Though 1oose in its appearance, it effectwvel

“, represented an e]evated ground 1eveT Another 6 1nche< was Jallowed - _.f

R efor the 1nf1uence ofﬂtﬁﬁs vegetat1qn, resu1t1ng ﬂn an effect1ve e
k el .2 [ R : .

\e1ght of 5 feet &-~'?' L e

L,f\igj,approximatiOns,‘of course, ‘will have their effects on

Sam =
' .
al

the. ca]cu]ated results and a]]owances must be made when comparing: theory

and pract1ca1 exper1ment Rt

LA .
‘\

, .
' Compar1ng the results for 29 Mz aqd 51 NHz, 1t 15, dp\dIO'

-

that the theoret1ca] pred1ct1ons are tons1stcntl/ high by atrout d‘du<;A



1nput res1stance

B

',decrease 1n.attenuat1on w111 a]so resu]t as the ‘end of tht 11ne IS

J : : N
v 7 4 : ’ I
o
P

to 6 dB for ranges 1ess\than 2500 feet. st probable cause

for this dwscrepancy is in the determi "t1on -0 e eff1c1ency of tne<:ﬂ

Toop antenna, and from it, the der1vat1on of the value of the loop 2

, as descr1bed in Sect1on 3. 2 Undoubted]

ol

wou]d have .led to more accurate va]ues

1oop

a- d1rect measurement of = R
4

loop

o and thus, probably to a c]oser agreement between theory and experiment.

HoweVer, such a measurement would have been difficult to obtain under. *
ok . ,
Tany re11a6111ty-and it was decided that

‘; 3'Sect10n 3 2 wou]d be suff1c1ent to demonstrate
0

the genera] va11d1ty of he theory Beyond 2500 feet the exper1menta1 b

s1gna] does not drop off as rapidly as predwcted As will ‘be seen in

d1scuss1ng theemesu1ts for a wire at a hewght of 3 feet the atteruation

\1""

can be expectedﬂto decrease to a value of 12 dB pen pctave, at o

o d1stances 1arge enough that the tota] attenuat1on of the slgnal a]ong,“

the 11ne 1s greater than the attenuat1on of the s1gna] d1rect1y

‘y~rad|ated from the Iooﬁif&*the d1stant rece1ver Moreéver, an a[narent

i ]
s

approached because of an 1ncrcase in the coup]1ng "g 5 : ft
h - [ : { L. -
o Ubscrv1ng now- that the pread df thc exper1mental va'uts
M var1eJ uD to 7 5 dB the theorrt1ca1 resu1ts c]ear]y prov1dc a ?"ca-'
E*ﬁ, T

catis factory descr1pt1on of propagatlon along the wite at 24 Mz ¢nd “L'

Lo

.‘}- i

. R . w‘ . . N . . ’ »
Figure 21 ShOws the result for the 95 Mz transmiSsiun.‘,£n~
Lhapter. 1] 1t was po1nted out that it 1s to be expected ftO the wnrl

£

.of Vikuch1 [15 6] that the theor/ presented here 11 uoi ho]d tru

"
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~ seem to, agree quwte we11 for ranéés ]ess than 1000 feet, although

at higher frequencies. Indeed, Figure Zl'shows that at 95 MHz thel

attenuation is considerably 1ess'than e&pected '1eading'to the
ccnc1u51on that the wave is propagat1ng in some hybr1d mode that s’
part]y of a surface wave natare and part]y of a transm1ss1on 11ne

nature “As expected for such a situatiop, the attenuat1on311es

between the two extremes pred1cted on the ne hand By the Sommerfeldt-

Gobau theory [30], and on the other hand by
Figure 22 shows the case of a 51 MHz s1gna] transm1tted

along a wire e]evated 3 feet above ground oor for reasons stated

ear]1er, at an effective he1ght of 2 feet Both theory and experwment
£

~

- once- aga1n, the theoret1ca1 coup11ng appears to be somewhat h1gh

Beyond ]OOO feet the. attenu311on rap1d]y approaches a va]ue of 12 db

per octave This value. is what wou1d be expected for the attenuat1on
between two. w1de1y separated antenna systems whose he1ghts above groun

are much _ less than ‘the d1stance between them (Append1x A) In other
\-( .o ’

'words beyond 1000 feet the tota] line attenuat1on is so severe that

. more s1gna1 1S coup]ed to the rece1ver dwrect]y from the rad1ated f

Bt e \

of the 1oop antenna than 15 coup]et via the overhead line. As a  eck

<«

] on th1s suggest1on, the w1re 11ne was re%?ved except for a 50- foot

section of 6- foot he1ght d1rect1yv1n froht of the rece1ver ihis .

'hort Beverage antenna was . term1nated in the same manner as the o

'-_ or1g1na1 400 foot, antenna Measurements of the recewVed vo1tage vere
- \

esults of Chapter I1.
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_ 1000 feet, the d1rect rad1at1on s more 1mportant than the amount
of » s1gna1 that can be propagated a]ong the 3-foot h1gh w1re‘11ne N
As the wire hewght is 1ncreased thus decreasing the 11ne at: enuat1on,
. the d1rect]y (oup]ed s1gna1 will not be. important until the range 1s
cons1derab1y increased. Fg@ example, Figures 19 and 20 show that
for the 6-foot wire, d1rect§§ad1at1on lﬁ San1f1cant oh]y beyond

“3:
ranges of about 3000 feet. ke //

]

3.6 Results for the Doub]e%Wire Line

In principTe; all remarks regardﬁhg the assumptions and

-dimensiohs are valid also for the doub]ee 2 line. Figure 23 shows

2.46); (2.63), (2.76).
(#.82) and (2 93) for the. coup11ng and‘theﬁthenuat1on a]ong
ﬂ the 11ne, and the exper1menta] va]ues nonna11zed to one watt R

Measurements were taken on]y at 51 MHz

. "~'~1 ",';,-,-'(‘;,_ . P
Aga1n the s1gna] coup]ed into the 11ne 1s be]ow the |

theoret1ca1ly pred1cted va1ue by about 4 dB More 1mportant the

wave apparent]y attenuates somewhat more rapqdly than 1s- theoretﬂpa]Ty

pred1cted This dlfference in attenuat1on, of c0urse leads ‘to in-
Ketfarat1on between theo vy and practice as tht range is in- -’, .

creased

.creae d. . F the mOft pant th}s erron gan be. traced to’ therassumptton ‘
lagnet1c f1e1d at the earth s surface 15 tht Same-as,
though the - ground were a perfect eonductor In the single- wwvr tast,

A}

this a1mp11f1cat1on led to qu1te accurate pr(d]Ct.on> for the

i attenuat1on However, in the d0ub1e wlre case the en tra oo andfjts,
- §\31agqe yive riseé to a magnetic field thaf is ncarly cqual oo oppusite
to the field produced by the first wire amd ite girege ot point.

»
-

! . ' O
i ! .
i . : .
[ - X . \
i . . o
! - - - ’
: , .

o

~



Received signal-in volts.
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atong the ground surface. . Thus,. the net field when the ground is

perféct]y condudéting is quiﬁe small. For a practical earth, this self-

'

fcanée]]atibn between the ffe]ds of the two wires is;pot as éomp]ete
ahd the reSu]tihg magnetic f1e1dfis sigﬁffi;ant]y higher - leading to
jncreasgg attenuat%onai Even with thesevdiscrepénciés, the t?eoretica1
results still proviagvéAsatisfacfory description of the wire-]iné
propagation; It is important to note tha& with the double-wire line,

the " e attenuatioh'ié significantly reduced with respect to the

7
s

" single-wire line.” Expressing the attenuation factor in decibels per

100 feet, the result for the double-wire line 1s appkoximateWy 0.93 db

5

per 100 feet at 51 MHz. The cqrreépondiﬁg single-wire aticnuation

for the same wire height and fréquehcy 1s-approiimate1y 2.75 dB_ber'

100 féet; an increase of a factor 3 compared to:the double-wire 1ire’

3.7 Lateral Loop Displacement

/

“meéasurements of reccived voltage were made at a fixed range as the

As a check on' the general nature of the coupling mechanisn,
Toup was-moved dway from the wire line at right angles. The
experimental results were then normalized as described in Section
“ard compared to theé thewretical Qﬁ1ués*gk§§n Ly equations (7 L, apd
(2.57)." Figure 24 shows the results for the single-wire 1ine
29 Mz, o 51 MHz and 9% MHz.  Figure 205 shows tho reaulbtys for the
e T _ 1/' o e, Y. . ‘ . Cagys ‘.“F PN .
double=-wire Tine at ST Mifz. 1t ds obvious that in buth Caver the

!

s : . 4. . i 0
corvespondence between theory and practice is quitd good.  Hoewesg oo

. . - b
Gaperimental results for the single-wive Jigo op 20w A
Cexvlicelbly high by about ¢ di. :
. -
¢ v
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3.8 The Wire Grid o

e

r

From F1gures 24 and 25, one may observe that the SLgnal

at a Tlateral d1sp1acement of 10 feet has dropped off to about one-

fourth of its original va]ue, and at the Samegt1me, e rate of change

of the signal starts to.decrease signiticant1y.
I K . i
* It is now possible to imagine the case of several wires

SirUng;jn parallel, each being terminated in the‘same way as the

sing]e—wire'1ine Placing a rad]at1ng Toop between wires and observ—_

ing the rece1ved ‘voltage on each of them shou1d give an 1nd1catgon

o

of the relative distance of the loop to.any of the wires. The loop

'.’0r1entat1on itself w111 not 1nf]uence the overall p]cture The

:pr1nc1ple is. 111ustrated in Figure 26 It is easy to expand this

-~

- tdea to a. rectangu]ar network of w1res as shown 1n Figure "7. This

ffgr1d was- constructed with the d1mens1ons 1nd1cated and is shown on
Plate 4, Each s1ng1e wire was term1nated.on one end in .its character- )

S istic 1ine"1mpedance and the other end was left open-cirtuited. A

four-foot copper gtound rod wa% placed at the ends of every line.

The wires themselves were séeparated vertically bys6 inches at the
crossovervpodhts to reduce the coupling between the two sets of -

v
-

orthogonal wires.

f\ﬁﬁ order to test the.effectiveness of the grid network in_

oredictinq the locat1on of the transmitting loop, it was Necessary

£}

‘LO constrU(t d sna]] battery -operated portable osc111atow that: could’

;pddq]j Be moved fxom QR0 ]U('tl(h to dn( her Aocircuit oreviously

“used hy i Jochrun g3]\4dS'LCTGCLGd and i shown in Figure 78,

-

86"
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S1nce no. abso]ute measurements of signal. strength were )

hrequ1red in this e\,ﬂr1ment, no effort was made to astablish any ‘
part1cu]arvoutput power*]eve}, The on]y requmrement was that of -

" cbtaining a.cohstant output}. This oscillating loop was then'olaced
within the 100 BY000-foot wire grid, illustrated in Figure 27. The

”> Heterodyne VoTtmeter breceded' by a matching network, was connected‘ AR
hto all ]O wire . 11nes in success1on and the rece1ved 51gna1 recorded)

‘ Thase mea5urements were repeated for atl poss1b]e 1ocat1ons and
s

or1entat1ons of the 1oop Some character1st1c s1gna] pos1t1on ' >

L3N

recordings are d1sp]ayed.1n F1gure 29.°
%t ds easi]yﬂseen-that it was possible to 1nd5cate in

. hearly all cases the pos1t1bn of the radiating loop. w1th1n the w1re

gr1d by not1ng which two orthogonal wires carr1ed the ]argest s1gnals 8

This method Timits, howeJEr the determ1nat1on of the exact pos1t19n

of the 1oop to.a square of 25 by 25 feet only. Thus the accuracy |

of the system in 10cat1ng the transm1tter depends on the mesh

S o

d1mens1ons chosen for the gr]d.

On]y.one amb1gous reading was obta1ned, ngmely the one
1resu1t1ng from a. transm1tter Tocated exact]y 1n he center of‘one;‘
- mesh with the Toop pos1t1oned para]]e] to one/wire d1rect1on . The
coupllng into the two w1res para]]e] to the 1oop was exce11ent The,
coup11ng into the perpend1cu1ar wires prov1ded no gu1de to p1npo1nt
' the transm1tter Indeed the theory deve]oped 1n Chapter IT showed. that |
under these 1atter cond1t1ons, no s1gna1s shou]d be present 1n those

wires. This amb1gu1ty 1s not a ser1ous pract1ca1 drawback since on]y
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rarely wou]d a radio-tagged animal assume one’unfavourab]e position.

It can be ant1c1pated that in certa1n c1rcumstances a

wire-grid system Caﬂ prov1de pos1t1ona1 1nformat1on on a rad1o—

tagged ;hwma] in a simpler and cheaper way than the conventlona]

trwangu]at1on techn1que us1ng h1gh -gain antennas Often, only bearing
: AN

1nformat1on is requ1red, such as 1n the current study of the cotton—

/4¥aﬂ1 rabb1t present]y underway at the Rochester W1]d]1fe Centre

in north- céntral A]berta In th1s 1nstance,‘the requ1red data could .

be read11y obta1ned from a s1mp1e system of rad1a] w1res

Lo
T

Q
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| coax1a1;cab]e was used to connect the matching network Tocated direct]y

e

The ground-

i-planevantenna’was tested under exactly the same physicaI c0nditiqns

as the'Beverage antenna to allow for a_valid comparisbn.

“g " : : A - ’ Co

" The test system %s shown in Flgure 12.. As in the case 0fe

'the Beverage anten\; a match1ng:bétwork s requ1red to br1ng the

‘antenna 1mpedance to the 50 ohms of the rece1ver A 50-foot

Rt e

below the ground p]ane antenna to the rece1v1ng 1nstrument the
: Heterodyne Vo]tmeter. The transm1tt1ng equ1pment was exact]y the

same as the one used in the Beverage antenna case. .The antenna

tower was extendab]e, so that he1ghts of about 8, 22 and 38 ﬁeet

could be ut1llzed

93



» . PN
& =

R ﬁ 4.2‘Theoretica1 Ana]ysis

¥
o

The t?ansm1ss1on between two antennas is treated theoret1ca1]y
y"yf._ dn Append1x A. Equat1on (A.51) glves the rat1o of the power rece1ved

to the power transmitted when antenna (1) is Tocated at ground 1eve]

and antenna (2) 1s Tocated at a helgnt h2 . In the present case

Tl ¥ v
, ﬁ“& ‘ antenna:(Z).1s the ground -plane aotenna mounted on the tower, while

‘17*antenna;(1) is ‘the transmitting 1oop antenna. |

and the

‘\.When*the.power de11vered to the antenna 1s P100p

‘ 1nput 1mpedance to the rece1v1ng system is 50 ohms the expected rms

”ﬁhi 91gna1 vo]taqe across the receiver may be expressed as
IR

4}

e e Ry R l(hzho 3 )|
= (Proop 50 97 9, ”1.”2 Rag Faz | 2 (4.7)

_\ '

Vo
Ve

A%i used variables are exp1a1ned in deta11 1n Appendix A . The
N, .

following &ﬁ%¢5x1mate va]ues for these var1ab]es may be used:

F

‘ Gain , S «QIT;I]LS
- ‘ 9y = 1.5,
Efficiency . E nz =1 J .
; ny = 0.024 for 29 MMz
£ = 0.068 for .51 Mz,
FE SRR e . =0.081 for 91 MHZ . ..
I Imhedance ratic i R11‘='] Egg =I]‘ |
-, Physical height ' :  h = g_gfﬁ/22.4”and”38.8 feet
L, TR o ' ) .
4.3 Experimental Measurements S o

. . . \ -
The ground-plane antenna design, shown in nguke 30

; : L
[ ‘- ¥

R
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3

Figure 30. Ground-Plane sppfenna
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_antenna core w1th conductor Tengths tuned to. 95 MHz, the shortest

’3waveTength 1n th1s experlment The antennas for. the other frequencies,’

liexpect that the input 1mpedance for. the constructed antenna w1TT T1e i)

The groundepTanJVWtseTf cons1sts of four rad]a] conduct1ng arms of

). o

.one-quarter waveTength hence it no Tonger repre%ents an 1dea1 ’ o N
' N

Jinfindte conduct1ng pTane The finite size of the ground pTane causes  °

br1ng the maximum radiation back towards the hor1zontaT plane where-
thedibop'antenna would be Tocated, the antenna is modi'fitd by bendfngt

the four grOund—pTanerarms at an angle of 45 degrees with Eespect-to

“the hor1zontaT [26] The construction of the antéﬂQaBrepresents an

,\

51 and 95 MHz were Created by s1mp]y extend1ng the ground pTane

d R
arms to the' requ1red quarter waveTength For this purpose the-ends

of the antenna-rod é;ct1ons were equ1pped with a; thread on the outside -

and J7ﬁned by a sho pipe connector with 1ns1de thread
. \/

Where the 1nput 1mpedance of a one- nalf waveTength d1p01e
]

’ antenna may be found- 0" be 73 t ] 42 5 ohms [21] the 1nput
'1mpedance of a monopo]e antenna over perfect ground 1s guven as one-

R .:han of the above. that 1s 36 5 + J 21 ohms 1t 1s reasonab]e to Ui

somewhere 1n between these two g1ven T1m1t1ng values.

It s further 1nd1cated in the reTevant T1terature that f{

- for d1poTe and monopoTe antennas, the 1nput 1mpedance can be varied b

"fbchanglng the Tength of the conductors [21] By-shorten1ng the-conduct1ng

rods from one- quarter wave]ength a s1gn1f1cant reduction of thet

96

]

a t11t1ng of the rad1at1on field upward and away from the ground To SR

. N
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1nductance and a s]1ght reduct1on of the res1st1ve va]ue can be

obta1ned Emp]oy1ng this know]edge for the construct1on of td(

- )
,.antenna, the aftua] 1nput tmpedarce, us1ng a 5% reduct]on of the con-

'%..
ductor length, was found to be as fo]]ows:

219.3 +j.12.2  ohms at 29 MHz

, Z&n = 29.6 + J; 4l? ohms at '51VMHZ Es 'ﬁh
h "/} Lin = 3[/9/% Jr16.2 ohms at 95 MHz ..

The ]ower1ng of " the 1nductance promf%ed to stmp]1fy the

match1ng network circuitry, since now ma1n1y resust1ve values had to
x4

‘be transformed Though the value obta]ned for the 95,MH2 antenna

shows a resistive—capac1t1ve resu]t, the reactance was certainly less-

»

"ened.

. o /s
_ The match1ng networks of the ground plane antennyfﬁere\
pos1t1oned directly at the antenna terminals™ as shown in Figure 30’
AL -¢C twd{;j\d1fferent for each frequency as: shown in F1gure 31,
"~ﬁwas uSedv <:Q |

ain, as in the case of the. match1ng network .for the

Beverage antenna “the. requ1red 1nductors were. each set 1n ser1es w1th

1

, a@icwtor and .the tun1ngato 50 ohms was accomp11shed using

-,' If the- a1r capac1tors and the f1red value mica capac1tors
;are con51dered to be 1oss1ess ‘the on]y ]osses occur in the h1gh fre-
ouency aurface res1stance of the 1nduct1ve a1r 00115 It 1s poss1b1e
vto show that this vaTue lS neg11g1b1e compared to the res1st1ve
port10n of the actua] antenna 1nput‘1mpedance -
Jhe overa]]‘antennabefficiehcy isjdefined as

S

.
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uhere no~ gvound or other losses are expected from an elevated ground~.

p]ane antenna It can thus be shown that the eff1c1ency of the . \J’ : %éf
® e .® e
matched ground plane antenna is approxzimately unity. . k

~ ‘ )
-

The actua1 ground—p]ane antenna was now elevated on.an

hextendab]e metal tower and could be positioned at.8.1,.22.4 and 38.8 .

feet he1ghtx “Two of the cases are shown on Plate 1 and Plate 2. At

eACh he]ght, 51gna1 transm15510n measurements were conducted w1tt

" 500 1000 2000 and 4000 Yeet distance between Toop "and receiving

receivingTinstrument. The correct1on was N .

) . . : o - T . ’ e '
. S e “ 7 .v ) o ) . . ) . . S :\ N 2 ‘
" g = d L o R ‘.. e s LS ’ R
g - - N -
R .. . N -~ PO . . ) ., o R . e @ . b

1S

ground—p]ane antenna. The Toop, antenna was d1re5ted at all times

-

for max]mum s1qna1 at the rece1v1ng stat1on To e]1m1nate any

possible errors in the 1nstrumentat1on, each measurement was repeated TR
' .

two to three times, w1th the “loop antenna moved about two or threew

~

feet from its prev10us test po1nt This method ver1f1ed the obta1ned

/ Ky

transm1tted s1gna] voltages and repeatability cou]d c]ear]y be

aff1rmed N o o ‘ N

'

F1gures 32 33 and 34 d1sp]ay the rece1ved s1gnal vaTues *
for the 8 foot .and the 38 foot elevated ground p1ane antenna ~In all-

111ustrated cases the actua] rece1ved vo]tages at the Heterodyne '

o

_-Vo]tmeter were corrected for the loss which had occurred in the 50- -

13

foot coax1a] cab]e cognect1ng the.antenna match1ng network and the o “;
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Figure 32.  Received Voltage from Elevated Ground-Plane
— ‘ -Antenna at 29 MHz - o
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Transmitter distance in feet

Figure 33, Received Voltage from Elevated Ground-Plane

Antenna at 51 MHz
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_theory, equat10n (4.1) was employed. Thevyar1ab1es h2 and s were

103

fort 29 MHz a factor of 1.125,
 for 51 Mizsa factor of 1.336
| ang for 95 MHz a tactor of '1.514 o
Thus, 1in effect; the experjmentaT values tn Figure 32,,33,aﬁd’34
rgoresent\the received Voltages at the antenna termina1s f?ﬁ'a-power of

1»wattlde1ivered~to the transmitting-ﬂoop antenna.

To compare the exper1menta]1y rece1ved s1gnals w1th the

evaluated for the.appropriate elevations ‘and jfansmission distances.
- v , ' O

- The ground constants, 9 = 07008 mhos/meter

3 and  e-=15 | |
were previously used and justified in Section 3.5.

-

‘Figures 32.to 34 a]so show the'theoretTCally expected signal
vo1tages at 8 and 38-foot he1ght, at the antenna ‘terminals. The .

v
dev1at1ons occurr1ng between theory and exper1ment may be est 1ated to o

hY

- be around 6 dB at. most On the who]e, however, the agreement is w1th1n

3 dB for ‘the maJor1ty of. the measurements taken

: Considering n0w;on]y the theoretica] curves of the -three

f1gures, it is c]ear]y seen that the 1ower the frequency, the h1gher o

' the rece1ved vo]tage, and on the other hand the 1ess the change of
- signal w1th increase in receiving tower height. 'In genera1 “the

theory- pred1ct> that %5 the transmission d1stance is douQ]ed the rat1o

between rece1ved and transmltted power w111 decrease by 12 dB Onul B
the other hand, when hZ >> h doub11ng the antenna height W111
prov1de an add1t1ona] ga1n of 6 .dB. j If h2 ho' » the received

signal is 1ndependen(jof h, . In short, theve1evationvofban

: .



antenna below the value of h ©is of effect1ve1y no benef1t w0 the
transmiSsionid In the case of the antenna he1ghts and frequenc1es
used, a complex over]app1ng of the ‘above effects is preoscent. However,
the pred1cted trends are clear1y~estab11shed by the =xperimental
resu]ts: At 95 MHi where"hO has 1ts smallest value (ln‘these
experiments), there i the 1argest 1ncrease in s1gna1 w1th in-
Creasiné tower height. Indeed the measured: 1mprovement 1§~aBprox—
imately 12 dB between 8. 1 and 38.8 feet Ignor1ng h s the
theoret1ca1 va]ue would be 13.5 dB. As expected, the .results at 29 .
MHz 1nd1cate much- 1ess 1mprovement w1th 1ncreas1ng height - Tess
than 6 dB in mov1ng the antenna from 8.1 to 38.8 feet. " In this case,
“lhol = 22.1 feet which is comparab]euto the antenna e]evations |

_themse]ves In all cases, " the attenuat1on w1th d1stance agrees very

c1ose1y w1th the theoret1ca1 va]ue of 12 dB per octave.

-~
R

" ) . In short the exper1menta] results ver1fy the approx1mate

e

theory deve]oped in Append1x A.

. 0 N . B -
< . . [



‘5.1 Introduction

CHAPTER V R

v " SUMMARY AND.CONCLUSIONS

/ -

.

.‘It was~dembnstrated-a4 the preceed1ng chapters that the

o devi}opeo theorles closely co1nc1de with the obtained test resu1ts

Therefore, 1t is justifiable to employ the’ der1ved theoret1ca1
formu]at1ons for the pred1ct1on of the re]at1ve performance of the

Beverage and the tower- antenna systems

e -

F1gure 35 shows the theoret1ca]1y expected received

s1gna1 for var1ous wire and tower antenna conf1gurat1ons The =

A

fre ency of 51 MHz used in th1s figure was chosen s1nce most of

uaT_tests were conducted,w1th thJs frequency o o M\

lt 1s d1ff1cu]t to determ1ne the most effect1ve method |

of s1gn 1 tra sm1ss1on from F1gure 35 w1thout first considering

- the the retical dependenc1es and the exper1menta1 parameters used.
g

-Exam1nat1on

‘of the cou 1ed s1gna1 along the w1re to the rece1ver . EQUations (2-5]),-‘

f the theory of the Beverage antenna 1nd1cates that

a trade off must be made, concern1ng 1ts d]mens1ons between the

vo]tage co p]ed to Jthe ant%nna from a. loop antenna and the attenuation

show the dependency of the mutuatl 1nductance M- on the

‘W1re he1 ht used -Equat1on (2. 46), in turn, 1]]ustrates the

|-
depende cy of the coupled voltage on M and hence the fact that

\

as the wire height decreaSes the s1gna] coup]ed to the wire w11]

‘1ncrease. Moreover, as the lateral position of the 1oop to the w1re‘

5 + . . :
77is reduced, M , and therefore t@e coup]ed signa], wi]] become_near1y

105
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1nvers1y proport1ona1 to the heicht of the spanned w1re. 'ThisA

1nterpretat1on of equat1on (2. 46) neg]ects the fact that Z ~also /'

'1s a variable of'the wire he1ght h . However, th1s effect is

-

only.small because the re]atlon of Z to h s ]ogar1thm1c as

seen from eguations-KZ ;4) and.(Z 20)’ The dependency of the éoup]ed
s1gna1 on khe wire height wou]d clearly suggest the use of a 1ow—

wire 11ne, if the attenuat1on of the coupled s1gna1 trave111ng

towards the rece1ver wou]d‘n\t also have to be considered. The
attenuatton ma1n1y‘depends, from equat1on (2.74) or:(2.76)-on ZO and

. _ .
h, where 'ZO > as earlier stated, is a function of h N As " the

wire he1ght is decreased the s1gna1 trave]11ng along the wire will
become more rap1d1y attenuated. Thus, except for propagat1on over ¢ 2"'

' very short distances it is advantageous to . 1ncrease the wire: he]ght

as the length.,of the w1re ]1ne is extended Though- the coup]ed
9 ' )

signal to the wire wr]] become sma]]er the ffna] value of the

rece1ved s1gna] will be ]arger as a compar1son of s1gna] strengths

for the 3~foot, 6- foot and 12 foot ‘wire lines (F1gure 35) c]ear]y stows
. R p

As a re]at1ve numer1ca1 example for the exper1menta1

'system used, it is “interesting to note that the slgna1 coup1ed to

~the s1ng1e wire Tine will decrease- from 400 mv. té 1?0 mv- as the

wire he1ght is changed from 6 feet to 12 feet, as seen 1n F1gure 35

At the same time the ground attenuation from equat1on (2 74) w111

.decrease from 13.8 dB/]OO feet to 4 6 dB/]OO feet. As- a drop of the :

w1re he1ght from 6 feet to 3 feet is cons1dered the coup]ed s1gna1

Will r1se from 400 mV to 860 mV, but the attenuat1on w111 be so '

. severe thay beyond about 1000 feet the system becomes 1mpract1ca1 and

¥
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the initial high signal advantage.is rapidly lost.

As relatively high wires are favoired for_ large system

“nges, h will increase towards i . Once the heighttis of the Y, g

order ofi'k "tﬁ% deve]oped theory for o, the attenuation factor,
1s not str1ct]y va]1d However;~1n this'case, Kikuchi [15'~16] has
1nd1cated that even greater reduct1ons in the attentat1on can be

‘expected than pred1cted here as the mode of propagation of the s1gna1
changes to a -surface wave These'resu1t1ng benef1ts of 1ncreased wire

LN

height w1]1, of course, be Timited byvpractica1 considerations concern-

i

ing constructien of\the antenna. I o i

It is nowajnteresting to see how the 8-foot and the 38-foot
tower‘antennas cbmbaéé to the Beverage antennas of dtfferent,wire'
.heights In short, for ranges less than the respect1ve crossover
potnts’- 1nd1cated in Figure 35, the w1re.]1ne de11vers more rece1ved
~ signal. Beyond these points the tower antennas will be the better
choice Whether or not the Targer tower s;gnal beyond the crossover
- results in an increase of effect1ve systems range, will depend on
the transm1tted power and hence, on the received noise 1eve1 This

‘ ‘subJect_1s exp]alned in more deta11 in  Section 5.3yof this chapter.

A 1ast(and 1nteres/nng compar1son wrth1n the d1fferent
antenna systems s, the’ result of the 6- foot doub]e—w1re antenna
v Th1s system 1s much better regard1ng the attenuat1on a]ong the wire
t11ne than the system w1th only one wire, ¥ In fact the 6- foot doub]e- |
Wire system is. comparab1e to a s1ng1e -wire of about 2= foot he1ght

The 1n1t1a1 low signal coup]1ng to the doub]e wtre%doeswnothessen -

i



e

-

the apparent advantage regard1nq the Tine attenuation in the overal]

v

picture. Of course, it is obv1ous thdt the stringing of two wires

,w111 certa1n1y affect the- economy of a track1ng system?

Moreoveri the doub]e—wire,]ine provjdes orders of magnitude

¢ - o .
more s1gna1 than the tower—mounted antenna. In the present case it can

be shown, us1ng the approach out11ned in Appendix A that at a range
of 3000 feet the s1gna1 rece1ved on the tower antenna can never exceed

' approx1mate1y 3 kv regardless of the tower height. This value at 3000

feet is at least 6 dB 1ower than the rece1ved vo]tage on the double-

=N
2

i

wire ]1ne : - ' - / ;
. . _v . ) . ‘v . . o . &
5.2 Scaling the Results = » o : 36*'*
It has been demonstrated that the theory and exper1ment$@’
of th1s report match each other w1th sufficient accuracy The t%%ory_
prov1ded in prev1ous chapters will, therefore, pred1ct the reﬁ ;ved ,
system,: neg]ect1ng d1e]ectr1c and conductor ]osses
’ ‘ - J'wuox
v i< M/ZR Ploop BN VAT T
: . a*loop 2 ZO :
r ’ L (5.1)
and for the transmission to the‘ground4p1ane antenna mounted on a tower;
i v - - 2 . _
R . I(h,h - )
. ?1 22 \} 2.0 : :
|Vpl = (P 50 g, g, ry 7 ) (4:1)
.;R.. Joop *7. %1 .2 1 2 Ra1 Rao ‘ .52 :
r . . '

B
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These equations may now be used to scale the present results to

other power levels and frequencies, to different wire-or tower hejghté
A . : ;

and to more realistic loop diameters. It should, however, be

3membered that some of'the varfablegknecessary for the'computation,

such as RToop and the antenna eff1c1ency T, wene;§;tjmated from
measured data. In other words, R]oop- and n cannot be scaled directly

-

" becalse their fungt1ona1 dependence on the parameters is not known.

Consider rewriting‘equation‘(3.]0) as ‘ LAt
s Al o . . . - .
" = —_— -t z“"_ ; . (5-2)
] R]oosh] ’ ' . S g

~ Since the measured va]ues of efficiency were sma]] at all frequenc1es

it s apparent that R]oop ] RA] . Hence,; -
anoop 17 a1 * Rygss 1% Ryoss ] : “ (5.3)
The 1oss resistancey 1oss 1 'actounts for‘copper losses in the

vantenna as we]] as for 'the 1oss in the conduct]ng ground in the
v1c1n1ty of the 1oop For sma]] 1oops close to the ground the ground
loss is always orders of maegﬂtude 1arger than the copper loss, and

hence R and R

~1o$s ] can be expected to be relatively in- f"

loop T
dependent of the loop diameter. Thus, assuming - o and eg'-are<un¥’
'changed the results at 29, 5] “and 95 MHz can be'scaled to smaT}er

loop. diameters by us1ng the existing values of R]oop . ~and by

calculating the eff1c1ency from equat1on (5.2) using the theoretical



P

. expression; RAl = ZR}] ~The functional depeiidence of R]] on

the ]oop d1ameter is given by equat1on (3.2). _ ‘ «

' In order\to scale the,resu]t G different'frequencies it
is des1rab1e to first measure gh at the new requency prever
t »
-between 29 and 95 MHz f1rst order est1mates of s for an 8-
lnch'd1ameter loop, can be made s1mp]y by 1nterpo]at1ng between the 4
'; values measured in this study, assuming g and £ are unchanged

R]oop ‘at, the new frequency can then be determined as descr1bed in

Chapter ITI.

,5ﬁ3 Re1ative Systems Range . E - T~

. Qs>the results of a var1ety of ca]cu]at1ons baSed on -
~ |

4.]5 and (5. 1) of Section 5. Z'are eva]uated, it becomes

quite clear that it is 1mposswb1e to selecL one of the two antenna

—

equations

.systems as a1ways be1ng super1or to the other More spec1f1c re-
qu1rements such as the system S range and sens1t1v1ty are also of
1mportance ' To illustrate the re]at1ve transm1ss1on propert1es of the

system the fo11ow1ng examp]e will be he]pfu]

Let the power de11vered to a loop antenna of 1 inCh
o aeter be 10—3 watts. at a frequency of 5] MHz ‘These. data
'represents rea]1st1ca]]y the case of - a sma]] rad1o tagged rodent
The 1oop antenna eff1c1ency of th1s system can be ca]cu]ated as described
‘1n Sect1on 5 2 to be - | |

Tedx 107y T o o

.‘b’

This valle is cbnsistent with an empirica11y'estinated efficiency given

AN
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by Cochran [4]. FOF a loop anterna surrounding flesh, he gives

o A . S

W= 0.65 1074 (freqHHl

R o AR N
'\ wheére d is the toop diamelcr ir inchies. In the present case,'the:

P

. L L. . ) ".I <IN
\~dbove;express1on will yield
o B ‘
\ " ) ’ . '-' .
-t “'3 o ’ ‘
2.02 x 10 e ‘ -

It must be notedjthat the efficiency of ", 1. 24 10 3 ~results from

-

~a loop antennd'whjch does not surround flesh. However, as an

experimental result, the two values compare satisfactor11y.’ SN
. . \¢ ,

Figure 36 shows. ‘the cal cu]ated recetved vo]tages for a 38-

foot tower- -mounted ground plane gntenna ane a b foot high s1nq]e w1re

’

Beverade antenna, using- the cariier pecr.ned vay1abJes. It s eas11y

hN

s@en that there ex1sts a cr1txr1]}transm1ss1on dlstance, wherc at a

“oignal of- both systems possess the- same

‘

i The system S no1se ;exe] will set a limit up to whwch a

spec1f1c signal Can c]ear]y be (1>t1ngu1shed L@t the noise ]evel for
the chosen system be 3 X 10;?¢ VJTts, a ﬁéﬂue hh1Ch is qu1te typ1ca]

for é'receiving system operatin v in this frequency fange \Wfth this

1ﬁm1tdt1on on. the s1gna] strengt., tnevtr1t1ca] transm1tt1ng d1stancv

+E . s .‘

is obv1ous1y extended by us1ng the Peverage antenna.
Cons1der1ng a noise ]evel be]ow tne stgndl strength at the
crossover po1nt will certaxnly ;avour\kbe use of the tower- mounted
- [-N
receiving antenn . .Atnthe crussaver po1nt, the slope of the Sjbmu]
A .o : . R ) N

. 0>;§}§ 3§'//, | o %;4)"

N
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- Received signal in vo}ts
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’ strength curve for the tower antenna show « s1gn1f1cant]y less
attenuat1on per transm1tt1ng d1stance than the one of the Beverage
antenna The poss1b1e 1n1t1a] advantage of the Beverage aritenna is

lost. ' CLS

It should be rea]1zed that se]ect1ng the 1dea1 antenna system

for a]] app11cat1ons is- not possible. However the theor1es deve]oped
here For th® tower 1oop and Beverage antenna will perm1t a re]at1%§1y

"s1mp]e systems compar1son - one of the goa]s of this work

5 4 N1re Grid System versus D1rect1ona1 Antenna

Cons1der the prob]em of f1nd1ng the’ d1rect10n from wh1ch a
transm1tt1ng source rad1ates In. a convent1ona] system th1s is done
by mount1ng a highly. d1rect1ona1 antenna on a tower of suff1c1ent
he1ght to prov1de the des1red range Prov1s1on is made to remote]y
rotate this antenna to’obtafn omni- d1rect1ona] coverage. 1In add1t1on
contro]11ng and 1nd1cat1ng dev1ces are necessary to prov1de cont1nuous

readout of the antenna or1entat1on

/

A]ternat1ve1y severa] Beverage antennas may be arranged‘as'
in F1gure 37. Depend1ng @n the surrounding. area, support1ng po]es or.
ex1st1ng trees may be used to keep- the w1res in place. At.th?agenter;
'po1nt, a mu]t1p1e sw1tch can be used to 1ocate the s1gna1 -carrying o

: antenna w1re. L » !

The cost of the number of Beverage antennas part1c1pat1ng
Q1n this star conftgurat1on can be 111ustrated by the fo]]owwng examp]e

'For a one- mile recept1on rad1us, a]]ow1ng at 0.5 m11es rad1us a

v '? ' Q
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separat1on of the Beverage antennas of about 100 feet, a tota]“of

about 166 s1ngle w1res would be: requ1red An est1mat1on of the w1re
costs, neg]ect1ng even the 1nsta11at1on, resuTts 1n a price of about
$15 per/1000 feet for a tota] of about $13 000. This sum is at. Teast

five tj@es the 1nvestment necessary for a tower-antenna system of

- similar capab1]1t1es T ' v

Using the BeVerage anteana for a sma]]er sized area will

- \,‘.

reduce the “involved 1nvestment drast1ca1]y, whereas the costs of a f

- tower-antenna system Wil stay approx1mate1y the’ same- as before

This character1st1c will makegrt poss1b1e to f1nd some point at wh1ch

the wire- -antenna system w111 be th ost econom1ca1 one.. The resu]t

to short ranges when area coverage is reqlired.

- This restriction does not app]y for special app]1cat1ons
—_—
where on]y a few wires have to be 1nsta11ed One use this’ k1nd

. of systqujs the mon1tor1ng of ‘a small area, as for ex mp]e a salt

.
lick or a water hole. As po1nted out prev1ous]y, such. an app]1cat1on

3wou1& 1nvo]ve a sma]] overhead gr1d attached to.a Tong Beverage.

antenna 1ead1ng back to some. conven1ent mon1tor1ng ]ocat1on

Often the exact ]ocat1on of an animal is requ1red In this

case severa] d1rect10na1 tower—mounted antenna systems are usua]]y

'used to tr1angu1ate on the an1ma1 However when sma]L/&reas are to

:be covered the w1re gr1d systems 1]1ustrated in ngures 23 and 38 are

not on]y more econom1ca] but they can prov*de a more accurate

3

determ1nat1on of position. As seen 1n Chapter ITI, the gr1d spac1ng

A
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- determines the Tocation acCuracy. Spacings as sma11 as 5 feet Hy

5 feet are def%nite]y practica1 On the other hand d1rect1ona]
antennas suitable for th1s app11cat1on rare]y have angu]ar resolutions
of. better than + 5 degrees. At” a range of 500 feet the resu1t1ng un—.

certalnty in the pos1t1on of the transmitter is- greater than + 80 feet

‘The author be]1eves that a system ]1ke that shown in Figure 38
- represents- one of the best uses for the Beverage antenna in b1o- :
te]emetry For this small system low cost, accurate results, easy
construct1on and usef as well as independence of loop orientations

~.are the re’ it se meri}s.

5.5 Concjusions : -»‘ - , | , | : | : \
The prev1ous chapters and sections shou the deve]o%ment ot a

theory by wh1ch means it is poss1b1e to evaluate the advantages ot ‘the

Beverage antenna system re1at1ve to a-tower- mounted antenna system,

. In genera], 1t was found that ne1ther of the systems was super1or to

-the other in all cases.  The tower mounted antenna seems to be better

"For large-range telemetry “The Beverage antenna and the wire- grid

,,conf1gurat1ons der1ved frém it -offer better performance for sma]] area

- coverage. - ¢

A w1de range of. uses- for the wire- gr1d method is poss1b1e
“The author est1mates, that as 1ong as the grid area 1s within the size -
of up. to about 500 by 500 feet, the constructlon cost wi]] stay within
tto]erab]e limits. This restriction does not exclude the poss1b111ty
that severa] small gr1d areas of spec1a] 1nterest, such as salt ]1cks

or water ho]es, might be connected by a single- wire 11ne to a 1arger

. E
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system over distances of more than SOO'feet - Such a scheme wou]d permit’.
the use’ -of very Tow power 1ong ~life transm1tter packages on the an1ma1s
Then only when they used the area wou]d a s1gna1 be coup]ed to ‘the line.
. Further, by using somewhat Tower frequenc1es, it is to‘pe expected that :b
. -the grid system will prove va]uab]e for the tracking of" burrow1ng
;angma]s be]ow the’ ground surface. The first app11cat1on of the presented
“‘k.theory is a]ready in progress with the construct1on of a wire-grid

rivsystem for the observat1on of . red backed vo]es.;n the Northwest

- Territgries of Canada.

%H1th the or1entat1on of man towards the exp]prat1on, protect-
ion and restoration of ‘the environment, the Beverage antenna system //

w111 undoubted]y find further app11cat1ons 1n the future.



10.
1T.

12.
13,

14.

Adams, L., and Smith, w C.

REFERENCES

"W11d11fe Te]emetry", National
Te]emeterwng Conference Proceed1nqs, p. 2-3,

- 1964.

Cra1ghead F.C. Jr.

Mackay, R.S.,
% I

Slater; L.E.,

Beverage, H.
* EckersTey, T,L.
Manneback, C.,

Manneback., C.

and Craighead J'J "Tracking Grizzly
Bears“, Bio-Science, vol. 15, p. 88, Feb 1965,

Bio-Medical Te]emetry, p. 57 J W11ey and Sons,‘

Inc., 1970.°

H., Rice, C.Wa

A.I.E.E.a vol.

vol.

“vyol.

Dec.

]923

Storer J.E., and King, R

Jenssen, M.,

“Knight, P.,

Wise, w.H.,

Wa1msiey, T.

Carsom, J.R.,

Wire L1ne“, Proc.
1951.

“Nov.

Bio-Telemetry, p.

149, The Macmillan Co;, 1963.

; Kellog, E.W., "The Wave Antenna

42, p. 258 March 1923

» "The BeVerage~Aer1a1"‘ The E]ectr1¢1an,
92, p. 39, Jan. 11, 1924,

"Radiation from Transm1ss1on L1nes", Jour A.1.E.E.,
42, p. 95, Feb. 1923.

”

"Radiatian from Transm1ss1on L1nes - Continued
Discussions’,

Jour. A.I.E.E., vol. 42, p. 1362,

e

, 'Radiation Resistance of ahﬁwo—

-

I.R.E., vol. 39, p. 1408,

"On Radiation from Overhead Transmission Lines",

Proc.

I.E.E., vol.

97, part IIL, p. 166, May 1950.,

“Propagation Coefficient of the Beverage Aerial;

Proc. I.E.E., vol.

19, p. 821, July 1972.

"Propagation. of H}gh'FreqUency Currents in Ground
‘Return Circuits", Proc I.R.E., vol. 22, p. 522,

April 1934.

, "Distribution of Radiation Resistance in Open
. Wire Radio Transmission Lines", Phil. Magazine

and Jour. of Science, vol. 12, p. 392.

“Wave Propagation in Overhead Wires with Ground

Return", Bell Tech. Jour., vol. 5, p. 539,

Oct

]926

120



5.
16.
7.
18,

19.-

20.

21.

22,

23,

25,
26.
27.

Kikuchi, H., “Electromagnetic Fields on an Infinite Wire

A

R

above a Plane Earth at High Frequencies",
Bull. Electrotech. Lab. (Tokyo), vol. 21. no. 6.
P. 439, June 1957. - In Japanése - .

.Kikuchi, H., "Wave Propagation along an Infinite Wire abové'b

the Ground in the -High-Frequency Region",
Bull. Electrotech. Lab. (Tokyo), vol. 21,
no. 1, p. 49, Jan."1957. = In English -

Pollaczek, F.,."Ueber die Felder der Wechselstromleitung mit
Erde und der Horizontalanténne", Electrische
Nachrichteri Technik Berlin, vol. 4, p. 295, -
July 1927 and p. 515,'Dg$. 1927. .

Pollaczek, F., "Ueber das Feld einer ufiendlich langen . '
~ wechselstromdurchflossenen Einfachleitung", =
. . Electrische Nachrichten Technik BerTin, vol. 3,
o p. 339, Sept. 1926. S S

Harrison, C;W., Jr., "The Reébonse of a Terminated Two-Wire

‘Line Suspended in Air Above a Semi-Infinite
Dissipative Medium and Excited by a Plane-
MWave RF Field Generated in ‘Free Space",
- Transact. I.E.E.E., vol. EMC -- 1T, p. 149,
Nov. 1969. @ S

.l N . J - Q.-4,.,..,.,v,, .
Wait, J.R., "On the Impedance of Long Wire Suspended Over
' the Ground", Proc. I.R.E., vol. 49, p. 1576, -
Oct. 1961. .

Jor&an, E.C., Balmain, K.G., Electromagnetic Waves and
' Radiating Systems, Prentice Hall, Inc., 1968.

Saha, J.N., "The Radjo interference Field of an Overhead .
, /// -~ Transmission Line", Transact. I.E.F.E.,
vol. EMC - 13, p. 38, Nov. 1971.

Ramo, S., Whinnery, J.R:, Van Duzer, T., "Fields and Waves
‘ in Communication Electronics", John Wiley & Sons,
Inc., 1965. .- : :

Tyras;, G., Radiation and.Propagation of Electromagnetic Waves,
: - Academic Press, 1969. . :

Jasik, H., Antenna Engineering Handbook, McGraw-HiTl, 1961.

vKraus, J.D., Antennas, McGraW-Hi]],_]QSO.

. Schelkunoff, S:A., Friis,‘H.T., Antennas, Theory and Practice, _

John Wiley & Sons, Inc., 1952. -

— .
' b



28.
o9,

30.
31,
32..

33

H.W. Sams.&vCo "Inc., Reference Data for Rad1o Ehg{ﬁﬁér

‘Reich, H.J., Ordung, P.R.,Kraus, H.L., sﬁé’mﬁf;d.e.","‘ A

Libby, L.L., "Special Aspects of Balanced Sh1e1ded loppéﬂ};ﬂ
: Proc. I.R.E., vol.34 , p. 641, S@pt‘d %

1969

1y Microwave Theory and Technigques, D. Van
f ° Nostrand Company, Inc s 1953 4

'Bu]ﬁington, K., "Radio Propagat1on at Frequenc1es Above 30

Megacycles", Proc. I.R.E., vol. 35, p. 1122,
Oct. 1947. o

1Bdrﬁows, C.R., "Radio Propagatibn Ovéc Plane Earth - Field

Strength Curves", Bell System Tech. Journa]
vol. 16, p. 45 Jan. 1937.

Norton, K.A., “The Propagation of Rad1o Waves over the
S Surface of the Earth.and in the Upper Atmosphere“ :
Proc. I.R.E., vol. 24, p. 1367 Oct 1936, vol.
ZS,Fp. 1203, Sept. 1937. SRR '

Lo ) ' ' &



€

APPENDIX A" : o,

POWER_TRANSFER BETWEEN THO ANTENNAS

-

r It is the 1ntent1on of this append1x to deve]op a theory for
{%he power transfer between two elevated antennas 1nc]ud1ng the ground

& ¥
effects on the radio wave propagat1on

The principal effect of the plane earth on the propagation

' o a0, : :
- of radio waves is indicated by the following equation [31, 32, 33]:
v;, . o : - » -~ e , o

2

E=E D+redt s (1-ryFedty (A1)

The three terms represent the d1rect, reflected and the\::kface wave

pa

respect1ve1y. Eév is the e]ectr1c field of the part1cu1ar antenna

used, as- 1t wou]d be in: free space but with the same terminal current

as in the actua] s1tuat1on R descr1bes the ground reflection coefficient

. and, F oy the surface -wave attenuat1on factor.  a 1s the phase vt

&

d1fference due to wave’ path 1nequa11t1es as exp1a1ned on the fo11ow1ng

pages. L

o L | .
Additioha] terms could be added to the equation, account1ng

for 1nduct1on f1e1ds and secondary effects of the gr0und

e a tual-

fields, however, are expected to vary by u\\to several.

N
exper1menta1 errors and nonideal cond1t1ons in any case.

S1nce the above equat1on is deve]oped ma1n1y for tte purpose

Byt

of re]at1ng 1t to expertmenta] resu]ts, one may neg1ect these second—

order terms.

)

o

T 3



~fields.

"_f1ect1on coeff1c1ent,x R ,.1s g1ven by

?igurér39 shoWs how the direc% wave, réf]ected WaVe and

surface .wave -are propagated in a two medjum space of air and earth.

Both antennas are cons1dered as hav1ng vert1ca11y po]ar1zed electric

B

-

For the ground with ]oss, tre 1ntr1ns1c impedance and the

———

,propagat1on constant are respect1ve1y,

=v"w C » )
g T \lggliszgg o . | | (A.2)

3

and.

=
it

v\/wz F‘eg'- Ju og .. "’a R \ - (A.3)

For the air sp¥ce,

M
= 9

,”a’“ = (A.4)

and “ |
| ko= Vol o e s

a 0 0 : S
For all practial purposes the ground is non-magnetic and so

T g . o | ° S (5-6)

- Figure 40 shows the vert1ca1]y po]ar1zed E- f1e1d at the

ground 1eve1, as hx 1s transmltted 1nto the ground and ref]ected back

into space It 1s p0551b1e to show for th1s case, that the ground re-'

124
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. H nA sind, - n_'sind, T
R= L2 1 9 t . 0 (A.7a)
- H-i N ’ v

N4 sinei + ”g sinet:

. : Y
and S y
e (Er'JX)S1noi - V(EE~JX)—COS 8. , . (A.7b)
: (e -iX)sine, + v(’ -iX)-cos2s. . ™% -
R SRS r i '
‘ t ¢
whefe o
e §
= _9_ N
v Er 60' (A 8)
,1' -
and i ,
- = (_j_g_
weo.
K . . . “'
Referring to Figure 39, when .h] + h2<<s R
/ o - ’ -
sine, = 6y o - S (a0)
. and . ‘ : .' R .‘ . » . J.
2. _ 1. 0 " ' e ’ \
o coste. =1 - . (A.1T)
; i L - o
»\» N * /_\ \ . . . . ‘ ) -
f'This-assumption proves to be accurate for the final result within’
one percent. . : | ) o ’ | >
By defihiﬁg, o
. V(er—1)~--jx._ | . _ g
Z ST e e N | A (A.]Z)v v
r o o
8

©and using thé’abcvé'approximations,‘équatiqﬁ (A.2b) can be written as



ﬁ’% _

6, ~Z -
R= oo . | ~ (A.13)

E,C. Jordan ang\K.G; Ba]main-[Zl] state the surface wave °

»atﬁenuat?on'fuhction as i
F‘:.,i -3 e e™ ;.efffc (3% ) o (A.14)
for a veriiéa1 poiériéedvE—fie1d, where
h-—‘jka_‘r2 uz(l - u2 605281) ‘sinﬁii 5

w = 5 : [ 1:4+

1",
uV]—uzcosaaj }

é = v , ,
. o _' |  (A.15)
u = —Lr‘—_—j—x- , . . . . (A.]6)
and - S o ; . w S : -
o 2 R | (A17) -
erfc (j/w ) =5— [ e dv . . i :
. </T? ’4‘(-“ ; ' . .. - .
Using the previous approximations, equation (A.15) yields
‘ . 74.52 ' . . '._ . CAT ”'J
C okt | o
w i D K
. : X . ' . : :;,ie': ; o
The erﬁor-function;'equatgon (A.17), can be'eXpres§ed%by
its’asymptotfc expansion, | | R
.; 2 o . o
ey et ] ‘
_erfc(kx)es (1 - 5+ ) (A19)
o e x 2 :

£7
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third and higher order terms of the expansion may be neglected.
Inc]ud1ng these terms affects the final express1ons for the pOWer'
transfer by an amount sma11er than the exper1menta1 errors 1nherent

in such a compar1son

 Equation (A.14) thus becomes, using equation (A.18) and

(R.19),
A . . -' -
F==-3j > . _ (A.20)
.2'11 Y‘2 u . - ’ ‘
.2 ‘
Or, when. ag >> €, J]ttws_ u =7 , and so
S . N | . , _
F = -3 . C o, (A.Z])
. ,7Y‘2 Zé . , - } o

fReferr1ng to Figure 39, t1e phase d1fference resu1t1ng from

the 1nequal1ty of the propagat1on paths is defined as.

a=k(r, - r])": oo ~ (A.22)

. For the purpose of this tepokt, on]y the s1gna] transmiss1on from -an

!

antenna d1rect1y at ground 1eve] has to be considered, wh1ch will

: resu1t in

E N T (A.23)

L / .
and consequently,



Equat1on (A.1) may now be rewritten with the aid of

equat1ons (A. 13), (A.20" and (A.24) as

.24)

130

N and

r
A Rl N S Y N © o (A25)
a- o1 6.+ 7 Mo, + 7 J 2 - :
SR i A .
But, for the range‘of the expérimenta1'va1ues, . MW
. ] . L
0, << Z : o — (A.26)
pEs | | e

Thus; with the introduction of -the minimum effective antenna height

as

A

U onZ . v o A (A ‘
equation (A.25) will change to
T 24 B .
Ea'® Eo AS [h2 ho K hQ ]4' ' ; (A
Use has been made of the fact that when h],+ h2<<s,’
g. = h]+h2 =i]..2_' . ' . ' (A
i s ‘s R . o :
when h] =0
It is now poss1b]e to ca]cu]ate the rece1ved power at
‘antenna (2) the rece1V1ng ahbenna, in terms of the power d@]1vered

ro S ..

( 28)

%) .
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\ ' o s
P g

antenna. (1), the transmitting antenna.

The power density in watts per-unit area,created'by
antenna (1) at the position of antenna‘(Z) is obtained'from_Poynting's

Theorem as

- a . ; . . . N . -7 - .
where the intrinsic ifpedance of free space’is
g =120 . F T ka3
: ' P ' L P '
Therefore, L s
T R =2 ,
_ lEolf -I£a! ; E | . s

;where pé .1s the power dens uJ that wou]d be produced by the antenna L

,)_,

Cif it were 51tuated in free space, carry1ng the same current as - 1n"K

»

the actua1 1ocat1on

-t

Now the_fneeéspace gain of “an antenna may_bevdetined.as’fé6] .
- 4ﬁf52 o ./_’. o L o | A ‘”,
Pe - | L .A : R

where Pr is the rad1ated power from the antenna, and p is the :
power dens1ty produced by the antenna at some spec1f1ed 1ocat1on, a :'

disténce s from the antenna J Thus, ..

1 g] P[ . ! ‘ ‘;. i -
Py = A (A.35)
4n s° .



[s9

and 9 ;T;

. 7P

rl is . the power rad1ated from antenna (1) assuming

1s:the gain of antenna (1) in the d1rect1on of the rece1v1ng
antenna‘(Z) .
1t is 1ocated in. free space, and

s ws the d1stance between the
transm1tt1ng and rece1v1ng antennas o

"

Th1s rad1ated power is given in terms of the rms .
term1na1 current as

antenna

where R

1s the radiation resistance of the ‘transmitting antenna
(1) in free space, referred to the antenna terminals

‘ Also, if Ptx .
is ‘the power delivered to the_antenna (1) in its actual location near
the‘ghodnd, |

-

§

(RA1 * Rigss 1 ) o . - (A7)
“where RA] - represents the radiation resistance of antenna (1) 1in

the presence of the ground, referred to the antenna terminals, and.
Ry

loss 1 1s the summat1on of conductor and grOund losses in antenna (1)
referred to the antenna term.na]s

b

Hen#e, us1ng_eQuatians (A.36) and (A.37)

P = P L L Co(ass)
s Toss 1 o '
which mayqbe subst1tuted 1nto equat1on (A. 333 w1th the a1d of equat1on
(A. 35), to g1ve L

w

» - (A.36)
L ST

L)’

i
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/
: T l2 I - . .
@9 BT Ry o (A.39
S p2 — PtX p— ‘R ﬂ] ’ ( . )
- 4r s 'EO’ - AT = :
O .. % . _ v
where nfl.jslthe actual radiation efficiency of antenna (1) and
is defineduas’
- _ o o
Al . ' : S
0 — L | (A.40)
b RA] ¥ Tloss 1 o %333 UL Co
. ot . “" <

Finally, the rece1ved power at, antenna (2) may be expressed

~ine terms of p2 Aas 1nd1cated in F1gure a1.

The equivalent ‘generator represents the open vb]tagelinduced
across- the terminals a - b of the receiving-antenna-by the incident

. electric field. The impedance 'Rtn “is the sum of the radiation

resistance of antenna (2) in the presence of the ground that is
AZ , and the conductor and ground loss res1stances referred to T .

. the terminals, so that

R'in '= RAZ * R]oss 2 " ) o . . ) _ (fA[”) R

The power rece1vedApy_a,matehed rece1v1ng system is given

e T

_wby‘j—”' N
e 2
P ’ = J_ IVOCI
rX 8

(A.42)

"o

Multiplying and diQiding by Po from equation (A;31)‘wiT],resu1t'tn.

o ey
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SRR o o |
. . i . B
However, (:i o ‘ A : L

IVOC‘12 clE” ()

i1

where C is a constant that depends on the type and or1entat1on of

the antenna Thus,

_ : o | S .
rx P27 Mg R e (A'45)
If Réé represents the radiation resista@ce of antenna (2) in free

space, referred to the antenna tevminals, it can be shown [26] that .

—
the quant]ty,
1. ¢ 9% R | ‘
T, 5— = . u o : . (A.46)
4 "a _»R22.. A s R | ‘
In this case 92 is the free space gain of antenna '1n the

1.

,d1rect1on of antenna (1) Hence, equat1on'(A,45) becomes

2 .
LI ' % R22 R - (A.47)
rX 2 Ar R-'I—n— : | - - ' T

Defining the receiving eff5ciency of antenna‘(Z)‘aS
. o | o ‘ | .
~ A2 S - -
Lo n = E . : . ’ ) (A.48)
_(- 2 RAZ ¥ R]oSs 2 ' o j . D

equation (A.47) may be written as
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,
A g R ) - . ) :
_ e 22 , :
Prx P T RD o™ : ' (A.49)

A2

Fina1]y;_the use of equation (A.39) permits the expression of the -

ﬁower transfeﬁ:bet&een the two-antennas . in the fofmi. ’ :',/f
. - b ey | . \
I ‘ _ .2
e it YX' L ;0 Mg 2. 11 22 a :
T R (2% g 0 —— . (A.50)
i o _ _
Thus, from equation (A.29),
/ o '
< e 0 o -
P L -~ "R,. R - -
rx ._ 1 S N 11 722 242
P @d 9 0y, g == |(hoh - § hS) (A.51)
P | gg% 2" "2 Ry Ry, 2o I Mgl _
'_" l-,l,).‘ - ‘ E}
f ) .
. “ / -
.‘) ’ .
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ABSTRACT

< o . .
Fluid flow‘of both Newtonian and'Viscoelastic'

flulo was studled in a model porous medlum composed of a

matrlx of .small glass cyllndgrs. Local ve1061ty proflles and

flow dlstrlbutlon were determlned by a streak photomlcro—

graphy technlquc Measurements were obtalned for average

‘1nterst1t1al veloc1tlcs of the bed ranglng from V/¢ = .0.0568

cm/Sec to 0 568:cm/sec . The major effect focused on was the

'varlatlon in flow betwéen pores owing to small lnhomoqeneltaes

"in the. bed.

‘

Qompared;to the Newtonian fluid, the effect of

'viscoelastic‘fluid v 5 found to be a.SUPPIESSlon of the

2

veloC1ty and. also flow dlstrlbutlon varlatlons w1th pore’

L)

‘openlng The effect of elast1c1ty on flow dlstrlbutlon das

observed to occur before its 1nfluence 1n pressure dzop

measurement. -
.ih

e f Qualltatlve v1sual observatlons also revealed that -

'“the number of dead zones, or nearly dead zones and recircul-

.,ationFQEbions for viscoelastic'fluid_were reduced relative_

to the‘Newtonian;caSe..

.
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;NOMEN?LATURE

) Cross—sectioﬁal area of the bed, cm2

Area under the-dimensionléss velocity

t profile, cm.
Area.ﬁﬁdef'tﬁe vélocity préfiles,‘cmz/seé.'
Constant,";m., | |

- Solute cqncehtrationlﬁgr/ém3_ - e

Constafits
‘Dispersion. coefficient, cm /sec. ) SR
Miqimum opening between two adjacent cylinders

of the same.row, cm. ’

" Minimum -opening petween two adjatent cylinders

of the same~row, in. ._ -
.Digmeter'bfvthe congﬁrictipn, cm.
piamgﬁér of the biatényicm.
_Diamétéftof-the éYiindérs, cm.
QDiameter:of-Ehe particleé;'ém.
COrrected fractiona. W‘fafi, dimensionlésé.‘
Friction factor defined by Eq. .’(B—6’) o |

dimensionless.

_'Friction factor defined by Eqg. (II-38),

/“‘,

dimensionless. S
. o R . .

" Normal. force, dyne . , }
Function of. - 1_’ I S,

L L xiv
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H

bk
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Acceleration of gravity, cm/se'c2

-~ Viscosity parameter defined by Equaticn

' . -n -2
(I-5), grcm sec . “.

Effective permeability, cm?

e “onstant, defined by Equation B-3, o

dimensionless.
ot

Torsion bar constant, dyne/micron
Exgg;éa length of the cylinders, cm.

Length of the!bed, cm
Tortuous length of particle path, cm.
Mobility ratib, dimensionless .

o -1 - n-2
Power-law parameter, gr cm sec .

R o '
Power-law parameter, dimensionless.

Number of major restrictions encountered -

e

~in flow thrqugh the bank.

_.mensionless.

~!

»Deborah“number-defined by Equationi(l—lZ),'

Number of the minimum openings in one row.

Reynolds number defined by Equation (II-40),

dimensionless.

c

“Total number, of eylinders, dimensionless.

Weissenberg number.defined'bvaquation‘(I—ll),

N

dimensionless.

’ ’ . ‘ \,”
Pressure, dyne/cm2 : .

Pitch ratio, dimensionless.

Primary normal stress difference, dyne/cm’2
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At

dimensionless.

Wetted surfaqe:gér volume of bed, cm

v

¢
N !

To{al volumetric flow7raté, cm3/sec;

volumetric flow rate passing through cach
opening, cm”/sec.
One half the gap between two parallel

plates, cm.

Reynolds number “defined by Equation (V-9),

dimensionless.

Reyndldi*number defined by Eguation (B-4),

A -

Gas constaﬁt, gr,cmz/secz'gfmole 2K
Hydraulié radiué[ cm. j
Raéﬁus of'thglpiateh, ém;
Revolug}dns per minute.

leﬁgth of the_sgfeaks? ém.

Length of the streaks, in.

‘Sensitivity of the torqgue transducer,

._~micron/volt.

K

‘Sensitivity of the normal’force. transducer,

gr/volt. .

Minimum free flow area, cm

Longitudinal pitch, cm. - .

' ce ‘ -1
Specific surface, cm .

Transverse pitch, .cm.
.. W . .

5 l'

D:}EEion of one revolution, second/rev

Movementrof-torsion head transducer, volt.
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: g Angular‘rotation of Ve 1 agen,’rad./sec.
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S Volumétric.porosity, dimonsidnlbss.
S Surface porosiyf, dimensionless.
o .
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Average nominal shear rate, sec .
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e ‘et elagtic
G Glycerol )
N o) nil :
S Separan
W water ‘
W\ wall L ‘
'-‘\_w‘ s . : .
£ modified for the porous bed.
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CHAPTER T
hd v .
INTRODUCTION ‘AND BACKGROUND
- ) \"

1.1 General

v . ‘L a

Increasiny demnands for petroldum supply and ghe &

2

limited number of the oil reservoirs make 1t -imevitedsto-not

“a

'dnly to use tho proauced oil. e£+1c1entl\ but also toVincrease

»

. thevultlmate recovery of reservoirs. Inves*lgatlon of the

»

”many‘fields revealed (1) that,more than 50 per cent and 'in”

the case Of heavy oil re”erv01r, even 80 per cent of the

] . :
ocriginal o1l 1n the reservolr remalned unrecovered after

-

prlmary re COV@IY: i.e., when the productlon rate bocama T

so low as to mahe econom1cal operatlon 1mpract£\ab]c.'

0il projuetlon requlres energy to expcll the oil

trapped in the iAterstices of the porous rock into the pro-

duction well. [This energy may be ‘available in the reservoir

initially in different forms. The major forms of natural

energy in.th ail reserVOlrS'are:

f%. Comp e551on energy of the oil or wat?i within the .

field, or CO}nguOUS to the 011 bearlng rock



reservoir. e - . . : .«
. ‘: : » 4. . . . . . - A
N If no natural energy is available in the reservoir ;-

L X . . TR
or.if the existlng energyﬁls not sufficient, the external

energy should be applied to exceed the economical rate of’

production:. Even in the case of - high pressure reservoirs,

the initial content of .energy would be depleted after a long

period of production and, therefore;:external energy would
be-requiredr‘: ,' - ;: e - g
Eluid injection»as‘an external enerqgy supply/tor
"the‘reservofr’mayjbe applied.for'two differentrpurppses;
(a) during the period of the operation offthe well to com-. .
pensate for the pressure decllne created due to the o1l

withdrawals from the space v01dage.._The fludd 1njectlon

- will help to keep the‘rate of productlon almost constant

N
and above the llmlt of economlcal ﬁate, (b) after the.Q\r_

SN -

'ductlon well reaches a state of substantlally complete L
deplet;on_of 1ts_1n1t1aljcontent~of energy. 'In‘reservoir.
h engineering'terminology the former7ls called’"Pressure'
dﬁaintenance" or "Pressure RegulatiOn”‘and the latterr

"SeCondary Recovery. | In secondary recovery operatlons the:

pressure requlred for the fluld 1njectlon is often lowerj
! . .
than that whlch would be requlred for lnlectlon under

primary’ pr.essure malntenance.‘

'fFluid-injection'as a method of oil recovery is’

‘1ndeed\more than one century old The'firSt‘accidental'or
' perhaps lntentlonal water™ floodlng occurred 1n 1865 in the

'Plthole City (f Pennsylvanla (2) Slnce then a great varlety

-




’

of fluids such as gas, liquids,'even slurries, dnd also

~

different addltlves to the - flulds to achleve better per—

b

formance have been trled . C7

Of .the dlﬁferent methods of’the secondary 011

. recovery, water floodlng 1s the most advanced method

Gas—-injedtion operatlons, usually termed : gas repres-.
suring," are less . common than water flooding:

Secondary recovery by water flooding has'been carried on,

- as .a common'practice, in,regular patterns; HistoriCally;

the first type of regular network was the alternatlng line-

LY

‘drive pattern(3). Next followed the flve spot pattern which

is most commonly employed " The mechanlsms of the éEUld

i

dlsplacement for various patterns of 1njectlon and. produc—A
c

" tion‘*wells have . been extens1vely lnvestlgated %4 12) The

lnjected water pushes the 011 in a somehow plston-llke

Y

behav1or from the v101n1ty OE the 1njectlon wells and ahead\‘

" . of the advanc1ng water, a zone of hlgh oil saturatlon 154

formed whlch moves toward the produc1ng well. The clean
f

>'01l 1s produced untll the 011 wé%er bank reaches the produc1ng'

|-well at’ which point breakthrough dccurs. After‘breakthrough,

- breakthrough takeshplaceufrOm'the start,‘ The -ate of the

‘increasing amounts of water are proauced with the oil.

‘Development'of the oil bank and its stability
goVernsvthe success of the‘operation. In some prOjects'

the high oil saturation zone does not develop,atlall and

production of water may reach7a limit such tkat the production



N v Ld N
of 0il becomes too -low to support_continued operation.

It is intuitively understood that if the conditions
at the start of the flood are such that the water can move'

’

more readily than oil, the dlsplacement front ylll spread
'1nto§the 0il and early breakthrough occurs. Watﬂkpintru51on

1nto,the frontal 011 bank 1sstermed "flngerlng

* I. 2 Mobility. Ratio Concept

- A

Whether or not a stable oil bank develops depends
largely on the relatlve permeablllty characteristics of ?‘
formatlon, on the v1sc051ty of the dlspla01ng andbdrsplazgg
'fiuids,~on the saturatlons of water and 011 at th ime the
water injection is started and also on the 1nhomojgneities
of the rook’itself.- The flrst two condltlons can be regrouped

in mobility ratio (13) which is deflned as the ratio between

the mObllltleS of the dlsplac1ng and dlsplaced flulds, where
m = }\_W_ I. : ‘ ' | (I—l)
o . '

m represents mobility”ratio‘and Aw‘and Ao'are‘mobilities of
water and 0il respectively.
' Deflnltlon of the moblllty 'is better understood by

studylng Darcy's law. The theory of flow through porous
‘medla orlglnated by Darcy 5 experlment in 1856 (l4a) ' Darcy
found that -the flow rate ‘is proportlonal to ‘the pressure

drop along the bed, or rn terms of-superf1c1al Veloc1ty, §; b



(I-2), one obtains,

'meter, a factor which accounts for . thc addltlonalgfeptndence

, \ .
s C | . ’ 'b.‘ﬁ/ | 5 ’;‘

L K . . . (1-2)

where V 1is superficial velocity, AP, pressure drop, L,

length of - the porous medium and X,'constant which by defini-

tion is the mobility of the fluid. Later, in 1930, Nutting

elugidated (l4a) the physical significance of » and stated

that,

’ o . w3y

"wheré . is the viscosity of the fluid and K the specitic

E ) : : i .
permeability of the porous medium. Substituting (I-3) into

. K . A'*'P . ) o .- _ ,‘:'v'. . .
Vo= = - | Sy SN EEE I

“L,‘f

- Eguation' {I-4) is known as Darcy s law’ whlch hdﬁds for. thc

Oyv

laminar flow of Newtonlan flulds through hom@@&nqoub poxous

-.l:-‘{’

media."

Darcy's law wés,modified by Chrigigéhcr;zcttal. (15)
for the f@ghgh:pordus.media..
Using a modified Blaké—KoZeny qugi*f%”ﬁ“ .

thy‘obtaincd,
1/n X
v o= ) ’

K "H L

where n is ‘power-law parameter and H, viScosity level para—

%

e ..

Ahbf 'V on K and por051ty due to non- Newtonlan behav101

The flrst theoret1cal attempt to show the role of

hthe moblllty ratlo in fluld dlsplacement was’ carrled on by

'Leverett, who published hlsvfractlonal-flow formula in,l940.

On neglecting capillary pressure gradient and gravity effeéts

s



| e 6 -

his cquation'takegfon the following simple form (l6a)

. , s
a . N .

W B ' f | - ) (I—é)

K u
w O

€ FATN

), o r .

Fw. T T : (1-7)

A l + O - Q
. . w ¢
where,
fg= w0 S -8
4 \

qw + qo, LA , NN ,

. . . ‘ R ’
'qw and qo are volumetric flow rates of water and oil respec-’
a . 1’1) ‘ .

tive;g; ‘In an attempt tohcalcuiate'the‘oil recovery,'WelQén_
(17), Aronofsky (4,5) éndvbthe;'investiéato:s (8,12,185-al§0
recogniZed that throuéh décreagéd_mébility~ratio an iﬁpfové;

’ ;menﬁ in aisplécemenfyeffiCiency cou?F:be obtained. Mﬁnéan*(lé)
amongst othérs shoWed qualitatively the conditions of stability
'ét a displacément,front in ‘a simplified;modei.‘ He considerzd
fhe'incompgessible'horiantal linea§'displacémént of oii by
water'in a pistéhFLike manner,aﬁd neglectédvcapillary é%fects,'
 Iﬁ.é\system of 1éﬁgth i the-displécement front is at:position;A
X whére'xbf’L;-‘&?}ting’DarCY'sﬂlaQ for the positioné filléd,‘v

v with watérgégd oil,

9.:;_ P, - P_ . | o .fv . ‘ _
AT A i X . : | _‘(I 8)

fq;= : v - - . o
5= Thg X L K ‘ N LI 9) 
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‘inating P_ between Equations (I-8, 9),

For the case when N /A <l, i.e. A_<A
i Tol Tw o)

- which leads‘eventually‘tQicomplete'breakthrough.

X ; o ) .
: o 11 By 7

where q is volumetric flow rate, A, cross-sectional area,

G velocity of the displacement front, Pi’ Px' PL{:pressure

'aé\inlet, displacement front and out1et’respéctively.f Elim-

o Ve

>

_ /P, P - . -
R N (3-10)
. , 1 w ~ o W ‘

-

The Equation (I-10) shows, qualitatively, the iole of the

HQ

: A . v
mobiliéX;ratio in stability of 01l sweeping. When AO/XW>1,
= ~. ‘ - h

i.e. AO>XW, for any increment -increase of-x, say dx, which

. physically is indicated by forming a tiny finger or kink of

v _ ~ o
water into the oil~filled segment the velocity of displace-

ment front, i.e. q/A, will decrease. Theréfdre, the fiﬁgér
or kink ‘of water can not proceed into the oilffilled segment;
That is thé tendency for early breakthrough‘will’be_suppressedu‘

W' any incremental increase

of x will increase the velocity of the displacement front

Slobod, et al/(lO,,ll)~studied.fingéring in“mis;iblef
phase displacement by an X-ray shadowgraph'teChnique.‘”Their

photographs Showed'thét_ét high flow rate (i.e. 29 ft/day)

-, a large number of very thin,fihgers'was develdped; wheréas,u‘~

the slow flowrate (i.e. 1.6 ft/day) showed a gradual blending

-of fluids with no fingering. Both had an unfavorébie mobility.

ratio of 3. 'Phoﬁographs taken for mobilit§ ratio of unity"

A



.. to note that the overall viscog

s .

-large '

3

rc ealed no fingerrng; One interesting effect wae thel
‘ . g . . e o
complete elimination of fingering when they used a continuous

gradation .in viscosity cfjfloodingfgiuid. "It is worthwhile

. B : .
ty ratio had the unfavoragie

e in support of Mungag;e

Since the moblllty of the. 01l is a fixed parameter—-

;degendlng on the’ klnd of reservoir and 01}1;the only p0351—

blllty to malntaln Stablllty 1n water floodlng is to reduce

i

1

the water mobrllty

An 1mproved moblllty ratlo would also increase

\recovery efficiency by(correctrng permeablllty,dlstrlbution

‘problems as discussed by Stiles (21), Dyskstra,.et al.. .(22),

and Pyei(23);
, , T o ) R .
Mobility reduction may be achieved by one or a.

combination of the'follow}ng two ways:
1. ”Permeability'reduction of the porous media.

2. Increa51dg the viscosity of the lnjected waterr

Materlals such as Glyéerol ‘sugar, starch, etc, have been

'used to- inerease the water v1sc051ty However,idue to the

ount of the materials to be used, the-method'is not

econdm”cally feasible.;vThe coﬁCept of using'natural high.

\

molecular welght polymers to 1ncrease the water v1sc031ty is

not new. The flrst patent appeared in 1944 by Dettlng (Shell

'vDevelOpment'Co.); .The»BEader is referred to %7‘d1fferent

\

'patents medtiOned;in reference (1). These patents were

N
v

A



granted during 1944 .to 1961.

- I. 3 Polymer Floodlng e . | ' ’
////(/ - 7 The use of synthetlc polymers in the 1njected water

'& of the water flood, as compared to the former mentloned addi-

. tives, is?a falrlydnew technique. Polyacrylamide was first

‘introducedﬂin‘l964 by Pye (23) and Sandiford (1). Their

Qo

'experiments‘showed that the presence of this kind of polymer

"pln ddlute concentratlons decreases the water moblllty 5 to

e \/
J20 times more than ‘would be expected from measurement ‘of the

solutlon v1scoS1ty. Slnce then it has become of 1ncrea51ng o

- -

_1nterest to study and 1nvest1gate the flow behav1or and
mechanlsm of polymer " floodlng and recovery (20, 24 28) In
'addltlon to. the laboratory experlments' the polymer water

flood has also been successful in the majorlty of the small \\\

P

or even large scale field progec s where 1t has been employed j

T-

(29- 33) /.

- ’: In polymer water floodlng a water soluble high

molecular welght polymer which is partlally hydrolyzed 1s

') .

»de51rable The polymer solutlons, at the concentratlons,j

a

generally used in polymer f&oods, are non- Newtonlan and show
pseudoplastlc behaV1or in v15c051ty measurement and elastlc‘-

' veffects 1n normal force measurement The pseudoplast1c1ty .

ﬁ}ﬁ suppressed greatly 1n the - presence of the strong electyo-
lytes (2Q,'24~-,"34)_,‘“' : L .

t

The main préference of the-polymer water flooding'
-overlthe'conventional method is that a greater fraction of

N . N . . . . ] Qe N -
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'the reservoir volume may‘be-swept at water breakthrough. In
other words, the sweepnefficiency increases by introducing a
small amount_ofupolymer into thefinjected‘water.“ In addition

' to the increased'macroscqplc sweep efficiency; lmproved micro-.

scopic displacement at a given amount of fluid injected has

P . ' : o ’ oo
‘also beeh observed, (1), i.e. the residual oil saturation would

be'less ln swept‘areas compared with that 5f conventional

flooding _The- surprlslng ablllty of the polymer to lower the
Vanblllty of floodlng water may ‘be attributed. to the adsorptlonv
, of the polymer molecules on the pore surface, to the plugglng

_of the;very fine poresyby-polymers,~to.the,v1scoelast1c
effect of the po” ymer solution, or to a combination of "all
aofAthese;ﬁi;.ra o ' .7v*5ﬂ;_ - L S

i”h'Lee,'et al. f(275‘studied‘the gehavior of the polymer
‘r -solutlon in- 01l recovery by looklng at pseudoplast1c1ty effect.
' They concluded that prov1ded the polymer concentratlon in the:

fflood water IS such that the average moblllty ratlo is favor—

able or(unfavorable, the 0il- Water contact may exhlblt a

stable or unstable situation durlng the course of the flood.

24

Thelr v1sua1 study on a Hele Shaw model verlfled thelr

~qualltat1ve predlctlon of the flngerlng based on pseudo—

vo .—\-

plastlclty effect.. However, there 1s cons1derable«ev1dence

° hd

: to doubt that the power law model is’ suff1c1ent to predlct

-the flow behav10r of polymer solutlon in real porous medla
’_6 under all. condltlons of 1nterest. 7-; ”d“ﬁ‘df"ﬁ 5y';- RIS
@ v DR s R

-Bur01k (35 38) attrlbuted the moblllty control of

'
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the polymer~solution not only to the viscosityéimprovement‘
* . .

,but also to the reduction of the effective permeability A

due to adsorption‘of polymer molecules on the surface.of

pores. He observed dilatant behav1or of polymer solution

flow through a disc of Berea Sandstone which presumably,“ g
was a result of ‘the bound polymer moleculns Within thc pore
structure reduc1ng the effective permeability. To distinguish-
this behaVior from true dilatapcy, the author suggested that

the phenomenon observed be deSignated as pSeudo—dilatancy.

- \

yPlugging effects, as well ‘as adsorption have also been noticed

by‘other-investigators (20, 24) 28, 29, 3l).van another

1

paper, Burcik ahd Walrond'(39) proposed that small particles K

of microgel might be primarily respon81ble for the perme— )

ability reduction; however, Lynch and MacWilliams (40)

responSe to Burcik‘s claim showed that gel particles need

<

not be present to have polymer units of the order of one
micron and 51ngle polymer molecules of. that Sl;e can be
‘reasonably expected in the ranges of 3. million molecular
‘weight rPatton etal (41) revealed that the polymers with
less adsorption affinity on the pore surface are more effec—
tive at the flood front and,also on the101l recovery.  They
ﬂfound that.the ‘quantity of‘adsorption‘varied widely from ong
polymer to another. For'one specific hind of polymer“the
liadsorption varied from one type Of mineral surface to another
and 1ncreased w1th salt concentration (28) ' Reduction_inﬁ

relative_permeability observed‘by Patton,et al. (41) Was.

attribuﬁbdblargely to the tight connate water-saturated



”_Factor." -Both

different situations

| 12
pores. These colloidal particles could physically block |
the smallerrcépillaries aﬁdrrnhibit the displacement of the
connate water.p | | \
-Tﬁe(relative permeebility beoomes insensitive to

the concentratlon of the polymer solution above a mlnlmum

Fi

value of concentratlonr. The dependency of the relative
permeability on the_polymer ‘concentration has been discussed
by Jenoings, et ai. (34i. | . | ‘ _

At thisestage it is‘felt'frﬁrtfui to define two
factors namely "Resistaqce Factor" and “Residual-ReSistance'

e descriptive of polymer behavior but in

¥ : , .

Resistance factor, as defined by
T o o g

Pye (23), is the'ratio\of the brine mobility to the polymer

solution mebility.' R¢slistance factor is indeed a measure

of adsbrption together with éntrapmeht of the~large mole-

cules in the small size pore ‘and also elasticifty which

mOEtly.has'been i@nored. Jenpnings, et al. .(34) showed that

resistance factor decreases/as K/¢ increases; where K is

perﬁeability and"e,_the porosity of bed. Res}aual Resietance
Factor called "Permeabiiitf Reduction® by Smith (28)visf
defined as the ratio of‘the:brine mobility in a rock,“not
prepiously’contacted by'polymer, to the prine.mob;li;; in

the same rock after belng swept by polymer . solu€}on. Smlth
_~

1 (28) p01nted out that permeablllty reductlon is Aue to the

ﬂlmmoblle polymer retalned within the porous medlum. It 1s

’9}7'," .

greater in less permeable rocks and increases with the

o . . ’ . N
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polymer molecular weight and also with the flow rate.
According to Jewett; et al. (32), ' the oil recovery increases
with both factors which is ineonsistent with Patton, et al.
(41) . |
In flows whichvare non;steadf from a Lagrangian

point of.view,"the flow behavior of polymer solutions is §
'often surprisingly different from that of Newtonian fluids
and is very dependent upon exact details of veloc1ty field;
e.g. flow ground submerged objects or flow in converglng—'
dlverqlng channelé{ Ultman, et al. (42), studled the flow

of polymer solutlon around " submerged 51ngle cyllnder and

sphere u51ng Polyacrylamlde and high molecular welght

& 'y

Cellulose Gum ‘as polymers.- They introduced Welssenberg .
numher andvstudied the effect of the magnitude of the
Weissenberg numher on the effect of viscoelasticlty.
WeiSSenberg nunbe¥ was defined (42) as,

. e U |

N = =5 : | . o (1-11)

. R o

; i
gwhere O is the llmlt of relaxatlon tlme at low shear rate,

, \

U, the approach veloc1ty, and D, dlameter of the cyllnder
or sphere.‘ They noticed a significant difference in the

shape of-the streamlines. For instance the streamlines of

'the “low of visco lasticpfluid‘across,a Submerged,cylinder

«,responded to the,p esencenof'the cylindemﬁearlier"than those

N

S and returned HO the undlsturbed

v

motlon sooner.\ The p051tlon of the separatlon p01nt at the

3

aft - portlon of the cyllnder was notlced to be dependent upon

=

N T . : . o Ly
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the magnitude of the Weissenberg.number ' ' ’ h

| The effects of elast1c1ty ofﬁpolymer solutlons in
lporous media. have been completely or partlallyllgnored in
a great number of.papers published 1n.th1s.f1eid. Some
authors such as Jennings, et al. (34), Smith (38), and
Harvey KQB) believed that the effect of elasticity of the'
low polym‘r\ooncentrations of polymer solutions in porous
media is insdgnificant Sadowski andeird (44)) to jUStlfy

their caplllary hydraullc radius. model based on three-
parameter Ellls moéel which suffered from lack of the tlme— :
dependent elastlc ;henomena, reasoned that no 51gn1f1cant\
efastic effect would,be observed provided . the fluid relaxation
‘timebisvsmall'With respect‘to the‘transit;time. ,
By theé same reasoning one can conclude that the
effect of elast1c1ty could be significant_if’the geometry
of the media is such that the trahsit time.of.the-fluid'flowA
through a,contraot}on/orbexpansdon in»a tortuous chanhel:is‘

comparable with'the'rjlaiation time of the fluid: "This

expectatlon has been heoretlcally shown .and experlmentally

+

verlfled by Marshall and\Metzner (45). They gave a correlatlon
of the effect w1th Deborah number for Polylsobutylene and_
partlally hydrolyzed Polyacrylamlde solutlons Deborah

_ énumber was deflned as,-

. 0, : - '
_ £ AP . [T

NDeb = = . e | K | fI 12)

“Pr.

where Of is_the rela%atiOn time of the fluid, and 6! the

“brt
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duratlon of a process which represents either the duratlon
of a glven deformatlon state or,,equlvalently, the rec1procal
of the ‘rate at which the deformatlon process changes (46, 47).
In their analysls,;Marshall and Metzner (45) used the convected

‘ -4
Mangll model to approx1mate “the behav1or of the v1scoelast1c

‘fLU1d and thus could estlmate the fluid relaxation tlme from

I

steady shear flow measurements of the normal stresses. By

assuming the porous media tq,be_a series of converging

»sectlons in the flow direction 7, they showed thatvthe

-»approprlate measure .of the process tlme in a packed bed of

spheres is the rec1procal of the deformatlon or stretch rate
au
-1

" in the flow dlrectlon, L..e. (—— ) whlch in turn 1is approx1—

3.2
mately'DP/um wher'evum is average 1nter‘Tan:dr%%dQQ;ty_and .

DP-the particle diameter.‘ Wlth thlS ch01ce of 8 ! Equation
(1-12) becomes,
: : Buz 6 _m . .
Npep = ‘ez Tt Pe o

€

The. quantity um/D Fay also’be.viewed as ‘a measure offthe’

- deformation rate or so called elongatlon rate . in the flow

‘

dlrectlon.’ In pure steady elongatlon flows, the Maxwell

.

- model they used predlcts 1nf1n1te stresses must occur when

w

the N, deflned by (I- 13), approaches 1/4 Intuitively

De b’
then,»they suggested that the pressure drop required to

&pump a v1scoelast1c fluid through porous ‘medium’ would rlse.

‘to 1nf1n1ty as’ ND b deflned by (I f@) approaches a value of

'11/4,' ‘The experlmental pressure “drop measurements presented

by Marshall and Metzner 1nd1cated that apprec1able 1nfluences

-

—
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of the fluid elasticity were fe : Deb fined b

ﬁquation'(l 13), was approxlmately 0.05-0.06 and at the very
low values of the Deborah number the effect of elast1c1ty
were negligible. It is worthwhlle to mentlon that some
investigators‘(ls, 48) have failed. to see the v1scoelastio

dev1atlon 1n friction factor——Reynolds number plot even at

higher values of Deborah number than that from Marshal and

Metzner Q45)‘or’Sadowski (44).
-Elaeticity‘has no effeotvon flow behavior in.
Lagrangian steady flows. ,Therefore, “the 1ncreaae in. prcssure
drop due to elasthLty can only be observgd in an elongatlonal
flow experlment;vl.e. a converglng—dlyerglng_strata whlch is.
v;ry much likely to appear ih-porous media;- The failure of”

-

the: caplllary tube model of porous media to predlct ‘this L

\ -

—

phenomeqon 1s, therefore, ev1dentv B : . , v

Pye (23) seems to be the firét one who observed the

‘increase 1in resistance factor with advance rate which appeared’

to1bevnoticeable only in tortuous passages not straight
capillariés.- Similar observations and statements have been

brought up by Gogarty (24), Dauben and Menzie (25), Smith

.(28) Jennlngs, et-al.,(34f anh Harrington, et al.. (49). It

Cis interesting to mention that Jones and Maddock  (50) observed

vthis'behavior of viscoelastic fluid in porous.media,‘but they

con51dered it dlsadvantageous rather than advantageous for

”Qll dlsplacement;

The effect of elasticity of the viscoelastic fluids, "

~

- v- . . o \n
. o : o ’

contrary to what Jennings, et al. (34) stated, need not,
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e
necessarlly, be expected to happen only‘ggﬁhigbeﬁlow»~*"“’“

-

rates. Jennlngs, et al.: (34) tried to include the relaxatlon
time into the flow resistance correlation. They considered :
the total pressure drop, P, aoross a system to be the sum

~of the viscous, kihetic energy, and an elastic term,

AP, i.e.
e s : ) )
. R . ‘ 2 ) 5 )

A = . £ . -

LP » Cl H L um f C2 p um + xPe( ;r 14)

Where'Ci and C2 are const%nts and p, density. They made a R
further assumptlon that ﬁhe ‘elastic pressure’ drop be pro—

ol

portlonal to the normal stress difference. The final

¢ z & :

correlation appeared to be, - -

/R : - ' ™~
4P o O A
T Ll uLo+ C2 Q\um + C, U0 ~—— | (I-15)

where, Cj is constant and dé,‘tﬁefdiameter of the constric-

tion. They plotted'f—lE v.s. u for two different moleculatr
- . m . : -
weight polymer scfiutions passing through a core specimen of

‘rock and noticed a significant difference in the slope. which

_ was presumed to be due to the sensitivity of 6f--not visco- -
sity——with'mo ecular weight, and“quantitative‘justification

. F] D ‘ .

was avoided.

‘_To conclude, this entire section can be summarized -
o et a CE 4 ¢ : _ - .
as_follows,- Addition of polymers to water ‘has been shown to-

~-

be effective in enhancing behavior of water floods in porous
media. The mechanism and therefore controlling factors, -

however, are poorly understood In a'number of‘experiments,.

'1ncreases in pressure drop, much above what would be- expected-

-

(3% By . ’ ) . - v N ‘ -0
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from a con51deratlon -of v1scos1ty,0have‘been observed

ox ,”,

. Iy :rf{g&
'tlon'and v1scoelast1c1ty. In thehbwse'oﬁ v1scoelast1C1

g;,
T

theoretlcal con51deratlons, "althousy -seml quantltatlug

suggest 81gn1flcant changes can occur“ '@@ﬁow dlstrlbutlon C

and in pressyre drop. It is slgnlflcant that the predlctlons
and. resultant dimensionless groups are ve;y dependent on.the .\.}
uelocity field of the fluid. As pointed out ‘invsteadnylow |
:in.a.oapillary tube, elastlcity has n&thing to do. w1th elther
‘pressure drop or veloc1ty dlstrlbutlon.

| Since experimental'data and an analysis afe avaiiable
for!flow.a:ound_a single cylinder; it was deoided aporopriate
'tolstudy thQﬁftowgof.a viscoelastiC‘fluid:in a porous‘b%d )
~ composed of“closely'spaced cylinders. The scaie of the
experiments is such that any effeots of blockage,teto; can
'be safely 1gnored and attentlon can be focused on any changes ‘

in flow fleld that mlght occur as a result of contlnuum pro~

_perties of the-polymer.
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“flow using hydrauli¢ radius of the medj

" CHAPTER II

. THEORY

IT. 1 Introduction \

N\

~ Solving the equations Of chgbge to_prediCt the

velocity field and pressure drop with the exagt boundary

conditdons of the present model would be extremely tedious—f“
if at all possible. ‘Howevir,vas a first approximation,

for slow flow: the opening between two parallel cyllnders——
espec1ally when the gap between is small compared to the-
dlameter——can be simulated by two parallel plates with an

unknown equlvalent length The unknown equlvalent length for

“the entlre ‘bed can be obtalned experlmentally by experlmentsi

~with a: Newtonlan fluid. The procedure would beé the same as

| .for the caplllary tube model commonly used in porous media.

Ed

‘The caplllary tube model in splte‘ofllts lack of
ablllty to portray tlme dependency, has been successfully
L
applled in jporous medla to predlct the pressure drop or

. friction factor——Reynolds number relation of purely visewus

B

: A )
flow (15, 51). The model is based on cylindrical Poiseuille

‘ipstead of radius

of the cylinder. Then, a correction faatOr}due to the‘ , N
7\ : o : N _ @%

‘tortuousity of the'bed is considered. Atsimllar approach

'but w1th parallel plates approx1mat1ng the caplllary pores

)

will be followed for the present bed. It is worthwg!ge tpfpgj

RS N . . [

-,

°:\ﬁ**‘,aﬁﬁﬁﬂ19,x'
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mentlon that the pores of the present bed are actually
rectangular channels w1th d1m3551ons d and % 'Where'd-ls'
the'opening between two rods and £, the exposed length of v

rods. However, since & >> d the channel can be fairly taken

D
T

as a two. infinite parallel plates.
" To achleve a more comprehenaﬁve feellng concerning
the above approach con51der the plane perpendlcular to the
. paper along the line A-A in Flgure (II-1). The space between
the‘glass ‘rods along the llne A—A are.51mulated as parallel
plates and at the reag side of the rods, say along the line
SB B the plates are dlscontlnued Since the gaps are very
small most of the pressure drop will result from the flow
between‘adjacent cylinders@in a given rowvrather than ﬁlow
afromaohe row'to“the next.
The shape of the 1nterst1c1al veloc1ty proFlles of
“the assumed model is the same as that of flow through parallel
. plates The equations of the veloc1ty proflles“for the flow
of Newtonlan and power-law model flulds through parallel |
plates, which can be. found elsewhere~%52a, 53) and are
‘presented in Appendlx D, w1ll not bewdiscussed in thlspl

chapter.

II. 2 Parallel—Plates Capillary Model——Pressure Drop

Con51der the flow of a fluld through two parallel
‘ plates in -the z—dlrectlon as shown in Flgure (II-2).. = Ae

can wrlte,ﬁl ,
S N ‘, | |
Fﬁ,%;Z fzx) uz_dypdx, v S (11-1) -

B
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Flow Direction .

FIGURE Il 1 PARALLEL PLATE
SR | CAPILLARY MODEL
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FIGURE 1I-2 ‘QECT-%{NEAR FLOW. THROUGH -
i | PARALLEL PLATES '

)
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‘where,-qi is vblumetrid flow rate, uZQHvelocity invthe :
é—directioh, Q, the length of the channel in" transvetse
dlrectlon and R, half: the gaﬁﬁbetween the plates,‘l e

' R=d/2. - (11~ 2;>
Since flow is assumed -rec¢tilinear, u;-is'a’fuhE§ioh of x
_only, i.e. L . s
' ‘ . ] : - AU ) ’ o .4;;
dj :R . o o xS -
75 —vﬂ) u, dx. - SR (I1-3)
‘Integrating Equation (II-3) by parts, '
. R. . —: . R'_ R . .~ — i
&) u, dx =u, §6 | %Adx duz. | (I¥ﬁ4}.
| | 0 o “ .
" Assuming no slip at the wall, ’

[Eo

K
-y .

RS

x/R =
0

u,
ﬁFrom‘Equetion'(II—4) and‘(iI~5), Equatiqn

written,

% ‘ |
94i _ R -
70,7 Ty X dug. e
or, )
Co o . | . ( |
93 R Uy o R . 7,&
_ ‘2—5 = “fo X(d_‘-‘x ) dx. : . - ( )

The equation of motion'(52b) forfrhe lamlnar flow of Flgure '
N -

(II1-2) takes

N AN ) s aIee)

where P is pressurve and'r, streSS‘hensor.‘vIntegrating_

"Equation (}I—8)_for the present case,



-wherewim is average veloc1ty and du

i x %1Effg‘d N ¢+ 08

1 represents rxz: From Equation'(IIfQX.the wall~sheaf

stress, tﬁ’ is obtalned, S e el T

L " AP
T

= a2 (11-10)

"bividing Equatidn.(IIt9)‘by'(II;lO);and'solying for X,

R

gy = R—dti. - e ol o (1T-l2)

If ve substitute (II-11, 12) imto (II-7), we get, -
i SN ar, e o 0 o (HIELE
T p 2 s xR e

or,

du 3 '~‘::~'-

S

o .2__2}—{ ) m ‘T‘ 2
; B P . w ,'.,»> o _.‘ ; ,:;‘._‘. ) ‘/

dX@lS shear rate and
w1ll bedde51gnated by o, so that,.{{-} -

. y , . R R ".\

f Wro dT ' /m{ . N '(lI'Iiv-v;l'ST)

RN
-

. T
L W :
For the assumed steady flow a%funetion only of 7. =~ For

Newtonlan flulds,

SII-iay
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T .‘ " V‘ - ) .

O‘f - i’f IR : | | (II-16)

“and for a ﬁluid'approximated by the power-law model,

T = mllo[_'n,'ﬂ ‘ N (I1I-17)

1

'hwhere lo| is the absolute value of o, ml and n are rheologt al

parameters. By deflnlng F as - an average nomlnal Shear rate,
L= B, S ar-1e)

Equation‘(II—lS):oan be written in the followihg form, -

o '-I T | : N . -
r= 22— SWrgart. = ' .. (I1-19)
20 ST S |

.Tonmodlfy Equatlon (Ii—l9)'for thé multicylinder

‘box,'it is suff1c1ent to 1ntroduce V/e ‘in place of um} i.e.

,.: ‘ . n"h N S : (I1-20Y)
_ { o o . . (' )

e =Y
f\\g u ~.€

'Whefe.es is. surfaék por051ty - surface porosity is'oalculated'fﬁ

‘as follows,.'

s T Td ¥ ZD f;”-1L IR f-~(II 2lh
} , . A _ !
. :Therefore; Equatlons (II 18) and (II l9) become, v i
i Ty o T - S . -
"v'rg-é E—ﬁ‘; - e 2'%' _T‘O d T” _ .(11—22)

b S . E

';where the subscrlpt £ 1nd1cates that the equatlon has been
‘modlfled for the porous ‘bed. Also, Equatlon (II,lO)“can be
'modlfledafor the porous bed as fOllOWS,

N_where'LTiis'written instead of L, the length of the bed,
to. include tortuousity, i.e. . :
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L' =c, L. . A R (11—24)
‘C4 1s qeomctrlc constant whlch accounts for tortuou31ty of

'the pat of the fluid partlcles The magnltude of. C4 is

estimated from Figure (II—l)vto be approximately equal to,

o= (IB/2) N _ o | .(Ii—zs)

4~ "L .
where (rD/2) 1is half the c1rcumference of the cylinder

'and N' the number of rows. A more actcurate value of.C4 which
will_be:preseﬁted later, should be'determined expérimentaliy.

‘Substituting (II-24) into (II-23),
1= 82 g0 U, (TI-26)

_ For a.Newtonian fldid) Equation SXQ—ZZ) by using EQuationl
~ (fI¥l6) becomes,’ ' S ‘_ , “, i
r =_=%t - I - (I1-27)
€ 3y _ . o ‘ * ’ v

Solving for i,

T

,m

(II-28)"

3

= 3 .
“expfessionifound for uis definedAas Dércy'syviSCosity.
Substituting (II-22, 26)t£nto (11-28),

(I1-29)

By comparing Equation’ (II-29) with DarcY's‘law,“Equatien
(I;4), the expre551on for the permeablllty of a Newtonlan
' fluld in the parallel ‘Plates: caplllary deel bed 1s obtalned -

/ .
as,

k=-S5, 3 L (11-30)
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in which C4;‘as‘statea earlier, has to be evaluated

experimentallys

IT. 3 Power—Law Mbdel
N '7*

Assumlng fluld flow 1s purely v1scous, the poWer—

law model can be\dSed to approx1mate the propertles of the -
polymer solutiqp., Solv1ng for o from Eguatlon (II—lZ),

)1/“, (II-31)

=l

o = = (:
ot

'where the mlnus/51gn 1s chosen because of the ch01ce of

,coordlnatesgv,Subst;tutlng (II 3%) 1nto (II—22)‘an - inte-

W

‘grating,

o |
, _ n . e.1/n 4 v 5
Te = l+2n‘(ml‘ S - (I1=32)
or, lnB : S ‘ Sy 0
S 1Q+'2 N R W
L= ‘ ______3 R ,i . ’ . . B -
o Tﬁ . ml[ 5 Fe] - } PR (II 33)
Further, we write Tcland,FE-in terms ¢ K ahd C4vusing

Equations (II-22, 26, 30),

) L T m Cu e T N
~ S : R N o :
~ g T =V//3C,Ke_ .. T T (11-35)

If we scbstitute (11‘34ﬁ_351 intc‘(il—33)fand sclve;fcr v,

3 €, : - o
v = (3K/CyhEg) (3C4K _ bp oY (1I-36)
' l+n n v L - , v e
ml( 5 ,

Comparlng Equatlon (II- 36) w1th the modlfled Darcy S law,

b Equat;cn_\; 5) “H can be obtalned,



—

- xruns are‘calculated.
1\' /} N .

—

M 1+2n.n

(

L (1-n)/2
3 n ) .f?¢4K&s) :

H =

(11-37)

From (II-37),” it is'évfdéht that H=m = § when n = 1 as-

. Y
II. 4 Modified Friction Factor and .

Reynolds Number

.28

- e ) o '
If we use Ergun's deflnltlop ©of the friction factor

. o ) 4
(54), we obtain, : . ‘
. 2 uéz AP o o -
K . S _ AR (I1-38)
oo vino N |
‘The Reynolds number is arbitrariiy defined sb'that,
: ol e A pald
fK = l/NRef : B | K _ (I1-39)

After straight forward algebraic maﬁipulatiqn, it follows

T

from Equations (II-2, 30, 38) and (I1-5),

2-n

\ _ Q d v ‘ . ’ K . -

For a Newtonian fluid, we set n = 1 and therefore,

_pav o T (1I-41)
RQ ]x2 4 C4 ES u. ‘ o '

II. 5 Application of Theory

"~'The'pérmedbility,'K,»of the bed can be determined

~ from Eqguation (I4if,by aZNeWtonian fluid flow experiment.

- )

a0

Thén; from Equation (II-30) the Eortuousity factor,'C4,‘can

be predicted. Therefor®, H from Equation’ (II-37), and con-

sequeﬁtly,3AP:from;Equatibﬁ'(I—5) for the polymer solution

k)
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'quQ?tion (I-5). prediets that a plot of AP v.s. V
~on loé—leg’scale is a straigbt‘line withfslope n in the
: absence’bf inertia and‘elastic effects. Upward dev1atlon of
‘ﬂeAperlmental p01nts from this stralght line mlght be due to
the inertia effect .elastlc effect or both Effect of
_ elast1c1ty'would be conflrmed by show1ng the absence of
lneltla effect wlth a Newtonlan fluid of 51mllar viscosity.
An equlvalent verlflcatlon can ‘be’ obtalned by plotting frlc—
‘tlon factor’v S. Reynolds number whlch accordlng to (II-39)

'»\

would give a -straight llne with slope —l on log-log scale.



CHAPTER III

~

. y v . ) . ’
« . EXPERIMENTAL EQUIPMENT AND PROCEDURE

IIT. 1  Multi-Cylinder Matrix

To simulate flow in porous media_a'regulatly,spaced
matrix of 6mm diameter glass rods in a-triangular arrangemént
“was used., Figure (III-1) illustrates a unit cell of trian;

_gular pitch. The cylinders were containad .in a rectangular

Wil

channel of inside cross section 5.2 cm x 6.5 cm--Figure

(III-2). The top and side Wallé of the channel were made

4

of 1/2" Plexiglass sheets and the bottom: inlet ‘and outlet,

‘of staiﬁless steel. On the bottom plate a lmmlbrass sheet

was set to‘keeé the cylinders fixed_in'their poSitions; Tﬁe

ihside éurgace of the feaf‘sidé yall»was painted’black by

"Wroﬁght Iron Black" paint to eliminage'refléction.':The - R

front side 6E the box -(i.e. the sidéﬁfacing»ﬁhellight soufce)‘

was covered wi;h a:black5hafd'paper which had an'apprbxi—v

mately lmm horizon£al siit at the middlenfo provide a‘pargow

slit of light from the broader slit coming frém ghé light — - -
. . /)‘ -

source.
o . = 4 _ - e
. To minimize the inlet and outlet disturbances, two

.diétribufprs, 26 cm apart, were used; one before.the first

" row and the-other‘after.thé.k - irow. The distance between
the distributors and the inlet/outlet plates was 1.5 cm.
rows of of cylinders, each

N

' The length-of the model was’ 40

ST 30.
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] filled with water, then the volume of the Water, V _, was
g measured._vKngwing the total volume of the bdx, VT' porosity
- I'“"_"‘J.w i : ‘ ; ) v ‘
) was. obtained by, ) ‘ :
VV Vw ' , ' . s
i £ g T g : R A(ITII-1)
{ T T
| ) "“ " . . . d
| Void volume can  also beé approximated by,
. 5 = — . - '_ . . - . - _,)
' PR ~VV VT VC o : . : . (II; 2)
) S}?& ST _ , ’ .
wheteﬂvc is the volume occupied by cylinders and is equal
) oy - 1D 2 N%", (TI1I-3)

)

- performed by measuring the void volumes,AVV. The hox was

homogeneous bed, but it was- found. that some

‘té 0.787mm——excluding the opening

A [ ; . h - . : (

32
.row alternatively 9‘or‘lO cylindérs across: The»minimum
and‘maximum pore openings,'shown as d and b in_Figure fII—l,
‘we:e,AppréximatelQ O.Siand‘lmm, respectively. The volumetric

porosity; ¢, of the,bed‘wés 0;357. -Measurement of t¢‘was

ab ‘ ‘ C 4

fwﬁe:q N_., is the total'nlmbcr'cf'cylindersfv“ - =

‘A similar model with c¢cylinders of shorter length

diameter was chosennfor the present study to achieve larger

elongétional rates (i.e._auz/az in Equation V-3) which 1is

rejuired to observe any significant elastic effect.
LI . ’ o =
The model was cdnstrudtqdvto represe;ﬁ a uniform

.nhomogeneity
in'the microgéopic'scale exisﬁed. Specificéliy} the,minimum
'oébﬁing,thich;w;s nbminally to be OLSmm;;Va#ied between 0.46
| ? next téfthe walls. These

t

a@d_larger diameter was used by Kyle, ct al. #53). A smaller -

PR aal
"3
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'openings are giVen in Table (Celj for three rows. And
Athe"diameter of rods which were nominally 6mm circﬁiaf‘
ciossfgection varied from 5.9 to. 6.2mm. The cylinders Qere
4n5t perfectly circular and tﬁe maximum to minimum diameter
ratio was as lafgevas 1.03f

The twentieth, twenty first and twéhty second rows--
’nuﬁbered from‘the inlet--were chQsen to rcepresent the béd.
The‘positions'qre‘numbered from 1_to 32 as}éhown, schemati-
.caliy, ianigﬁré (III~3)f A complete ﬁap of these rows,
measdred at a totai'magn&fication 100 w?g érepared to define
the spacings;of the cylinders.v This was performed by pro-
‘jecting‘the ?icturesifaken of tﬁevdifferqnt poéitions which

covered the whole area of interest.

An attempt was made to'obtaiﬁ velocity profiles |-
aﬁ_the'mipimum openings;zihere the‘maxiﬁum éressure drop
and the maximum deformation rates occur. These poéitions
are along;thexlihe A-A in Figure (III-3). waever/ due to
therdiffiéultiesfinvolved in photography¥—e.g.'not having
enough light at soﬁe center ling:positiéns——it was nét
poséiblé to have phbtqggéphs of usable quality at‘£he§e
positions for all the 32 bpépingé. As a result of‘this
‘the:COmpleFe distribution.offthe flow ac;ossva roWw had to‘behy
deﬁermined ,indireétly. Thﬁs_ some of the pictures hadr
to‘ be taken from the positions' below. or‘abOQe‘ the
.ling ‘A—A, »séy B-B. The center line oéeﬁings
(i;é.,‘thé openings 'along the " 1line A-A such las_

_ I ¢ , . S
SR S - L o | 3
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CD in Flgure III-3 are de51gnated by d; and‘the openlngs
above or below A ~A are called NCL,.lmplylng‘"Not Center Llne
The relative magnitude of NCL with respect to d is an 1nd1c—
“ation of the relatlve p051tlon of the line B-B with. respect
to the line A-A. In the case of NCL, the orthogonal component
of the streaks length was taken; but for the center llne(
- openings this need not be considered, because. all the\streaks
. are perpendlcular to A—A. For the p051tlons l, 11, 22\ and -
3 2 the "Not Center Llne,“ NCL, was takey even . farther than

B B say C -C, and tnose streamllnes, crossing C- C, which
7/

passed through these p051tlons were chosen. . m)

~— /~

Every alternate row of the matrlx had two”large

S

openlngs next to walls. These openlngs were in the order

~

nltude of the radlus of cyllnders,,l e. 3mm,‘wh11e the‘
'ﬁmlnlmum openlngs between two cyllnders as .was already men—
'-tloned were de51gned to be 0. 5mm ;‘These large openlngs
"caused by pass channels near the walls. " That is a larger

fractlon of fluld passed from the" openlngs next to walls.

IAThe by—pass area 1s.shOWn in Flgure (III 3)- by '"dashed- llne.

L

III. 2 Experlmental Flulé

A partially” hydrollzed Polyacrylamlde product of
Dow Chemical Co., trade name SEPARAN AP- z73 was used as
'upolymer. ThlS whlte granular powder is soluble in water
and has ‘a molecular welght of approx1mately three mllllon.
CIts solutlon in water shows. effects of elast1c1ty and the

rheologlcal propertres of 0.2% (by welght) solutlon, whlch

D
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‘was used for the entire experiment, are given in Appendix

A. Domestic tapvwater was used for preparation of polymer .
, :
solutions and care was taken to av01d mechanical degredation

~

of the polymer molecules by stirring the solution very gently
during preparation. The solutions were protected -from
bacterial degredation by approximately lcc of Sodium Benzoate
powder in 106cc solution. The specific.grayityvof the polymerﬂ
Solutions, determined for every new. solution, was 0. 9965 gr/cc.

To provide a Wide_range of“iriction~factor Reynolds

number for Newtonian fluids, Glycerol solutions ranging from

" 96 to 58% Glycerol by volume in tap water were used.

\j Aluminum metal dust manufactured by J. T Baker
i
qhemical Co., Lot No. 2347, .was used to visualize the flow

pattern. The volumetric concentration'of Aluminum dust was

approximately 2cc of the bulk dust in lQ6cc solution. .

ITI. 3 Pumping

Fluid flow. at a desiredvrate was obtained by a

ZENITH gear pump dyiven by a variable speed transmission..

For low flow rates (i.e. 0.685 to'6;85 cc/sec)ﬁone'pumpowas

used but for higher flow rates, Which were required‘to'
. - ‘ . R - W .
increase the range of flow rate for pressure drop measurement,.

two.pumps were used. = The pumps were calibrated by.Weighing

the polymer solution“collectedoover‘a known period of time.

Since the Glycerol solutions (iie 'more than 85% Glycerol by

-

volume) are hlghly hygroscopic a complete closed recycle

"system’was used. For the polymer solution, to avoid

’ . AEREN . . )

.. Y ) N

: . .
. N L A R
\ e . . - R .
.. o - X - >
.o . | - L
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degradation.

.TTI- 4 Streah Photography Technique\'

| 'Streak photography not only gives the streamlines‘
but also the veloc1ty proflle can be establlshed by measurlng;
the length of the streaks of known duratlon. -TheSe were pro-
vided. by plac1ng a chopplng dlsk perpendlcular to the llght,
beam to 1nterrupt the llght for known duratlon of tlme. In
the present work the streak photography using a photomicro—»b
graphy technlque was applled to obtaln the local velocity

proflle.;

ixﬁIrﬁ%ﬁhwaw@thlcal System o o v o

Rhts 'r'
ég@J ’.maln features of the optlcal system(aréﬂshown in

Flgure (III 4) which aﬁs brlefly rev1eWed below

Y

a. Light Source o - S -h;—“~,"hb v f%'
The" llght source used in the present study was the'
same as the one . useaVb Rollin (56) and Catanla (57) It was

-a CHRISTIE Xenon arc- - which operated from a three phase
CHRISTIE transformer of D.C. maximum output of 3300 Watts
at 100 amps. The necessary optlcal allgnment and adjust—

<= ments of the lamphouse No. BSF 50 were made to- achleve the

max1mum brlghtness and llght unlformlty.‘ Immedlatelyﬁln»."

‘front of the lamphouse lens ‘an adjustable’horizontal slit;;

then a converging lens were placed. Therefore a narrow beam .
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i..pulley’Z 7:l- ‘In order to 1ntéﬁrupt the llght and provide

~

39
. :

to avthickness-of)'approximat%ly,‘me. less‘thanAthe slits:on
the chopper disk.bﬁt broader than'the slitAon.the box was - = .
produced. The llght slit was, set horlzontal so that the L
plane of llght beam was perpendlcula; to the rods.

b. Chopper DlSk

‘ Two transparen@leCite disks were assembled on a

variable Speed transmiSsion throngh a pﬁlley connection

with a ratlo of diameter of dlSk pulley to transm1551on d

' streaks of known duratlon, a paper wheel w1th 8 equal radlal

' sllts and spokes was plaCedpbetween the lu01te dlSkS and

Yooy

fastened together. The chopper dlSk was’ placed perpendlcular'
to the llght beam with the axis of rotatLon in the plane of

~the light slit. ‘ e T

F PP
\ - . C

The rotational speed of the motor was set in order

[

: to obtaln reasonable length of streaks. In an acceleratlng

——

2

flow long streaks)are not representatlve of. the local .velocity;

on the other hand uncertalnty in the length measurementnof“
. - t : . .
very short streaks is more than that of longer ones. It is
«“\‘?ﬁ a
=~
ev1dent that hlgher flow rates requlre hlgher rotatlonal

‘speed. The rotational. speed of the,chopper above lOO RPM
P ¢ ) K lnk“ﬂ b .
- was ﬁeasured_by a—StrobosCope@%ype-lS3l—A STROBQ' ﬁ; Below

oty

». . N . . @
lOO RPM, speed'was determined-using a stop watch.

f

After the experlment was flnished a dlsagreement

L

was notlced between the actual and experlmental total flow

ratesa The actual total flow rate was measured@by the

formerly.calibrated:pump, whllebtheﬂexperimentalﬁflow rate
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was calculated from the area under the velocity profiles.

" This disagreement appcared only for.the two high flow rates

mwere-approxxmately lSwtog'

was’ 12X butlthe real magnlflcatlon on the film was 4X.

where the rotational speed of the chopper was above 100 RPM.

By checklng the stroboscope, it was found that the stroboscope

a

was not callbrated and the measured RPM's were/lO 4 per cent
- 1

ross than the aCtual RPM's which was 1ndeed equal to the’

v

1ncon51stency of the flow rates. ; _' T
" C, Photomlcrography Assembly

As-illustrated in‘Figure'(III 5\ "a Miranda 35mm

camera was p051tloned at the top of a phototube of a wild M5

‘mlcroscope. The phototube was perpendlcular to the llght and

the camera fllm parallel Magniflcatlon on the mlcroscope

kY
Thlrty—flve mm Trl X fllm w1th ASA speed of '400 was used.

o The exposure tlmes/ﬂere determined after a set of trlals and

i

O seconds. The exposure times

hwere dlfferent accordihg to the brlghtness of the p051tlon.

' For the po51tlons where the light was. not suff1c1e t _he

4’,4‘.4

-xposure tlme was eXtended even to one mlnute 1n order to

o0 .dnv

,1ncrease the pfobaglllty of hav1ng a brlght partlcle passing

3

,that p051tlow ;,. _-3, . T =

CITI. 4—2‘ Measurement of the Streak Length ' : ;QZ;' HR

“A-Bell & Howell prOJector was used to project the

negatlves on a large sheet of graph paper. Total magn1f1-

i

,catlon of the strtaks on. the graph paper was: lOO in all cases.
‘The dlstance between the prOJector and graph: paper was adjus—’
/’ “l.:. )

tedwso;as to obtalnnthe flnal'magnlfrcatlon-of lOOréwThe'graph

-
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paper had 0.1" lelSlonS and the length of the streaks

were read dlrectly from the graph paper at the total magnl—h
i\

flcatlon of 100. Therefore all the reported lengths in

Tables (E—l, 2) are in units of lO—3yinches. . s
. 4 : N
(y The system was cal;brated by prOJectlng photographs
of a prec131on steel ruler w1th 0. 5mm lelSlon., |

To ellmlnate the error due to the half- shaddw at
¥

“ the: beglnnlng and the end of every llght perlod of the
chopper S openlng, all measurements of streak length were
,performed on head to- head or tall -to- tall ba51s Thag- is .~

)

» the- length 'a' was measured_not 'b'.

 Some typlcal photographs are glven for Glycerol and Separan

in Flgures (IV 5, 6).

4

Two major sources of _error whlch caused the‘data, -
"points to be scattered in Flgures (IV-7 tole) or (IV ~-13) are
how accurately the streaks could be located w1th respect to
the edge}of the rods -and the hazy beglnnlng and end of the>
- I\‘*’{-; :

streaks. =~ = : » T ’

»

”By bbservingyseveral photographs,'points on the

-

'c1rcumference of the rods were. located and the cross sectlons

-of the rods were drawn ‘onto the graph paper. In plctures

which did- not prov1de sharp edges,vuncertalnty 1n.determ1n1ng

i

the' p01nts on the c1rcumference is in the range of a few

ttenths of an 1nch in the magnlfled scale. ThlS uncertalnty
. ‘ ‘ B

e



% I

”Qahazy beglnnlng and end of the streaks. ThlS could reach

’percentage of" the error in measurement is 50 per cent.

- P051t10n No. 13 of Glycerol in Figure IV- l3 is a good

.‘- s . ' ’ .A' . .
Y S | T e

is, ‘approximately, 10 per cent the nominal center ‘line

'opening,fduz°ﬁ;5mm, Notlng that the slope of the'

local velooity profiles near the walls is hlgh, the uncer -

kY

3 2 I~ . o S o :
tainty in the location of the'streaks causes signlflcant

:scattering For lnstance, the veloc1ty profllesof p051tlon

S

‘”fNo. l3'of Separan in Figure CIV~13)~1s a_good example. In '

this prdfile,utwo groups of data points'which belongedito two
ki

-dlfferent photographs are observed at the left 51de of the .

]

_ mld p01nt of the openlng By shlftlng the upper group 0.05mm

to the rlght the scatterlng could be mlnlmlzed SLgnrflcantly

ThlS effect is more severe near the cyllnders where the
[3¢3 '

-slope of the veloc1ty proflles 1s hlgh‘ but is zero at the

mld p01nt of the openlng where the slope is almost zero

The Sqrmerly mentloned second source of error is. the
0 s

.{measurement bf the length of the streaks whlch 1s due to the

)

two tenths of an 1nch in "the magnified scale for good plctures.

The peqcentage contrlbutlon of[thls error is negllglble for-

‘long streaks,'say 3 1nches 1n magnlfled scale, but is

»

s1gn1f1cant for the short ones which are near the cyllnders,

. e. g for a 0. 4 1nches long streak in magnlfled scale, the

-example'of thlS klnd of~scatter1ng. For the plctures of

poor quallty, the hazy part of streaks ‘was much larger than ‘,,'

what_was reported above. ThlS could reach to even half an -

. ~ . . . . i
(A ) ] . N e . ,
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inch in'magnified.scale} Some of the .data points of

W

pOSltlona No. 15 and 16 of Separan in Flgure (IV 13) belong

to this klnd of plcture
-4
The "Not Center'Line" p051tlons were chosen ={e) that

both of these two sources of error were mlnlmlzed That_ls,'"

they were chosen along a llne where sharp image of the

cylinder allowed_accurate positioning}and aiso‘where sharp

streaks images occurred. : l o :‘ - - v'\
2

- S ' RN
"III. 5 Pressure Drop Measurement" T

—

Mercury and also two colored manometer llqulds,
MERIAN No. D- 2883 and D- 8325 w1th spec1f1c grav1ty of 2.95

d-:u‘and l 75 nespectlvely, were used to measure the pressure e/

A

drop. Pressure taps were located on the rear 51de of the

w7

héxf 22 2 cm apart between row No. 3 and row.No. 38. -
- Pressure drop wasvmeasured for,pure, 96% (by volume), 81% (by
Jvolume),—SS% (by volume})- Glycerol tap water, and O 2% (by,

,Weight) Separan»solutiOns. The range ot flow rates for the

dlfferent fluids 1is given below, - .

S mobelovs e

Elgid . ' N Range of Flow Rateé
APure d%yCerol - o 0.431 342 cc/sech
" 96%.Glycerol © ¢ 0.835 }diylég oc/sec 4
. -'h' Cg1e Clyéerol‘ﬂk - '0,835’%p;6;76 '¢a/se; e
- : | 58% Glycefol’i - 2.13 - 34.35'“ac/5ec' ‘
tap.water - = f.' ‘10.76 %>34.3S'.cc/5ec

0.2% Separan . 0.431 - 34.35 ‘cc/sec




. CHAPTER IV ' J

RESULTS @ ,
’ - g a / - I
. o ) 3 . .
IV. 1 Pressure Drop . B
o _ 5 . o
Figudyre (IV-1) i% a plot of the measured pressure

_drop v.s. superficial velocity for the several Newtonian |

,fluids.u‘ln this plot the empirical correlation of Bergelin,
et al. (58) for the flow across- ks of cylindérs has ‘been
yshown. Thls emplrlcal correlation lS dlscussed in Appendlx

)
B. The data p01nts of-thls plot, together with the“calcpl—

‘rated permeability, are recorded in Table (B 1). The per— -3

'meablllty of the bed has been calculated for- 1nd1v1dual

N

runs u51ng_Darcy S law, i.e. Equatlon (I- 4) - The arlth—

metic'average permeability»of the runS'numberﬁl to 41 in
‘Table (B-1) has been chosen to.anproximate the permeability’

of the bed, i.e.

K=1.3 x 10°% cm? o © o (TV-1)

Figure (IV—é)tshows'the pressure drop measurement Vv.sS:
T ' B . ' ) " .' ' Q o : .
superficial velocity.for polymer solution. In'thlS‘plOt the

predicted. cﬁrve of pressure drop by Equation (I~ 5) based on

-

_the parallel plates caplllary model is presented 'The

emplrlcal'correlatlon of Bergelnn Wthh gave a good predlctlon
) ﬁ}‘)

for Glycerol solutlons was modlfled for the polymer solutlon
~N

E and the predlcted‘curve,ls also given in Flgure.(IV—Z).

~45.'
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b . S | N
Figure (IV-3) shows the beﬂgyior of frlction factor v.s!h
Reynolds number“for 'Glycerol and polymer solutions. The

. correlatlons used.an this plot are Equatlons (I1-38, 40,"

_ él). The Separan data points of thlS plot and also those

from Figure (IV-2) are recorded in Table (B-2). The Glycerol

data points of Figure (IV-3) are presented in Table (B-1).

‘IV. 2 Streamlines

2

Photogfaph'No"l in Figure (IV=-4) presents the
shape of the streamlines of 0, 2o polymer solutlon ‘across a

151ngle submerged‘cyllnder.ﬁ The dlameter of- the cyllnder
was 3mm and’the exposed length( 5. 2 cm The photograph
has been taken in-a plane perpendlcular to the cyllnder at

e

flts‘m;d p01nt The approach or free stream veloc1ty was

5

0. 437 cm/sec ,Bhotographs No. 2, 3, and 4 in Figure’ (IV-5),
t"c' S .
ken from pos %1on No. 25, present typical streamlines_of

—

pureuGlycerol through the hgnk ‘of glass rods . The flow rates

J

'were 0 685, 1. 717 and“3 42 cc/sec respectlvely Photographs‘

.
&;vao; 5, 6, and 7 1n Flgure (IV-6) have been" taken from the
b4 ‘

same positlon and the same flow rates as Glycerol but with

the 0.2% polymer solution.:

IV. 3 Local Velocity Profiles

o

Local velocity profiles have been studied for three
. rows, namely row numbers 20, 21 and 22, and were estab{;shed
for total flow rates of O. 685 1. 7l7 3.42 and 6.84 cc/ ec

"It was,notlced that the percentage of the total] flow rate

X
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. £1ow rate through the bed. Ih other wgrds, flow dlstrlbutlen

" remained the same for all sets of data. “This suggests that L
. , ) b . A
by. ch0051ng a proper factor, the four sets of local velocity\
‘Xf’ u i
proflles could be superlmposed The data points of different |

i

flow rates are”shown in the same plot Ln the Flgures (IV- 7)
(f6—12) by different symbols. -For the sake of brevmty,
this has been performed only-for one p051tion of each,row,' _v'

namely positions No. 2, 17, and 27, and tRe velocity profiles
= . : , ~

;N
N

, : , : : * . oo ,
of the other positions are not presented here. In these N

plots prOJected streak lepgth as measured dlrectly from

graph paper at the total/%agnlflcatlon of lOO are plotted

v.S. the p051tlon between two cyllnders 'However, the scale

’

given 1n_the‘plots has been chosen so that the profiles -

present the dimensionless interstitial velocity, i.e. u/V,

v.s. position. The procedure to obtain the scale factor is
T —

»@iscussed.in"Apﬁeﬁdik,C. . o | B

The.total data p01nts obtalned 1n7the present study

_was over 5000, but the complete_setgof data points are pre-
’sented=only for rowiNo. 21 and minimuﬁ ﬁlow:rate, i.e. g =
0.685 cc)seo and for one positio of each row, namely'
positions 2, 17, and'27. Again, r'the sakeﬂof_brevity,'
only soﬁe of the.data'points are presented forlthe\othtr

positions: and flow rates. “These data points are.recorded

~’L o | L “

: e The complete set of plotted local veloc1ty proflles )
is avallable from the Chemlcal Engineering Department,: Univer-":
sity of Alberta, Edmonton 7, Alberta, Canada. o I \

i

R ' ' '
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as the d's (i.e. center line openings) are given in Table

(C—l).' It is evident that the area under thehyelocity .
profile--in appropriate-units——multiblied by'the'length

of the cyllnder gives the portion of the flow passing

through that specific open;ng, no matter whe%her the .

veloc1ty profile 1% chosen at d or NCL. This flow‘rate . ke

w1ll be de51gnated by 9,

It should be noted from T, . (G~-1) th t.some of.
the values of d's—of Glygerol SO ution runs are different
'from those- of the/polymer solutlon runs, although they were
'from the same p051tlons. The reason 1s”that, after the runs
with polymer solutien were oompietedy the system was taken
apart and washedf Therefore, those glass rods whioh were

not perfectly tight in their positions did not return to

“the same place as before. Also, as was mentioned in Section
-\

5

(ITI-1), the glass rods were not perfectly unlform, therefore,'

J
their relative p051tlons could cause an,increase or decrease

in.d._oThis, of course, occurred only fér‘a few positions;
‘The maximum interstitiai.velocityﬁoccurs at the
mid- p01nt of d——assumxng symmetry in local ve1001ty proflle
whlch is not exactly so. Non~sym@etry‘1n experlmental
veloc1ty prOflles,vwhlch is evident. from Fig es (IV=-7) to
‘(IV~12), is;due.to.nonhomogeneityvof the b .h For the
positions that the center line local velocityvprofile co@ld

: o
not be obtained, the maximum velocities,were calculated by
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Equations (D—15,17)3 Thé calculated agd also ex; 2ri-
mental values aré presented. in Table (V;3).

In Figure (IV-13) theoretical parabolic - ~ocit§‘/
p?ofiies for the flow of Newtonian fluids thréugh parailel
giateS"are compar@ﬁ with experiméﬁtal data.péints for three
poSitioné.' To compare with egperiméntal data points df

polymer soluﬁion, the yelocity profiles predicted‘ffom floQ_
~of a‘powef—law flﬁid through parallel'plates:are also pre-
sented in Figure (IV-13). " The Equations of these profiles

. . . C
are derived in Appendix D. :



Legend:

o Pbsuioh NQJé(,
'5 Position NOJSI_f
- o Position No.16 )
—— Egquation D1M+. .//-
_ Equation D-16 -
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CHAPTER V
Cy '\\DISCUSSION OF THE, RESULTS I
A 4 : . . ,
i .‘;I N B X . ) . s

)
V. 1 Pressure Drdp

N

“r

: The linearity of the’preSsure drop with sdperficial'
velocity is evident from Figure (IV-1) which suggests the

' applicability of i il aw , i.e. Equation (I 4. Except

1for the water datag R-ical correlation of . Bergelin,

(\

et al. “(58) to_pr. pressuremdrop across ‘an ideal bank
of'fﬁbeeiis,in excellentwagreementvwith the data. The calcul—
.ations and use of this equation are given in detail in AppenQix
. e
B.J The water data are Significantly higher than the, predicte
line. Since this is Simply a Newtonian fluid 1t is expected
'inertial effects cause the discrepancy : Althquh the value
of Reynolds number at which inertial effects become important
cannot be uniquely defined for different porous media (l4b)
the particulan valué for a given media can be determined by
:experiments over a suffiCiently large range of flow rates.
Thus the Newtonian data as plotted on Figure IV-3. show: that
»inertial effects become Significant at a Reynolds number

N

‘(defined Zy Equation‘II~4l)_of»order qnity.
Ass

unming the flow of the polymer solution ‘is pure

visgous, Eguation (I-5) which is equivalent to (II-36) can be

'applied. That is the slope of AP v.s. V on log-log coordinates

is: equal to the power law parameter, n. The pressure drop

v 65

NS
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medlfled caplllary model dlscussed in Chapter II thenf the

66 .

@

"measurement v.s. flow rate for thc ymer soluejon in -

'Flgure IV 2 1nd1cates the pseudo lastlc nature of the polymer

solutlon However, the slope varied from approxlmately 0. 35

v 'S

yto O 92 over the/range of flow rates while the slope of the e

v e ot

v1scbmetr1c data ranges from 0.35 Lo/D 44 1n Flgure A 30 =

PR 1

‘Note 1n Flgure A 3 tht best.flt llnes have been taken over

~ &
— XY
b3

"two portlons of the curve to dtflne power - law parameters usod

‘e

- in the calculatlons ThlS is of little consequence in that

‘ . . . »

;calculated parameters, such as Reynolds number are not very w

sen51t1ve to the exact value of the slope.. The large slope
] B

at hlgh flow rates and the fact that the Reynolds number is

Slgnlflcantly below«that at whlch 1nert1al effects are expec—ﬂ

ted suggest elastlclty effefts are occurrlng\ Thus predlctlons

for the pressure drop ©Of the\polymer i%;utlon~need to be:

e llmlted o) the lower flow rates

leferent approac%es were trled to predlct the

* n .’

pressure drop of polymer solutlon in the bed . Flrst the

-

v'emplracalvcorrelatlon of Bergelln/’et al (5&x w1th apparent

VlSCOSlty wa's applled - For estlmatlon of appagent Vlscoslty’
- i <
P - {
EQuatlon (B—38) was assumed to deflne the sgear rate——refer

4 -

to Appendlx B. To predlct P from Eguatlon (I—S),‘one needs

to stlmate the v1sc051ty level parameter, H. “H for the -
present-model £§ given by,Equationt(II—lg) in.which C4 and: K -
must beé determined experimentally% by a Newtonian-fLuid,'-In

ci

Section.(IV l) K was reported to be eqhal to 1.3 x lO 4‘cm2



[y

i 67
and- surface por051ty for the present model is calculated
- ' -
from (II 21) to be, v : Coe T
¥l = 0-134. p SR | (V=1Y,

Ih' valﬁﬁigs_the arithmetic average of.twofconseCutive
ro s, one:withOut by-pass chanhel and;gﬁe otherﬂwith twa
by—pass channels near the7walls. The~values of‘k and‘ts
were-used'in Equation (II-30) to calculate‘C4, :f »

C, = 0.682. o ) 1 o (ve2p

a4

The,calculated pressure drop together with H are
<

»" ' Yecorded in Table (B—Z)'and the complete predicted curve. of

U@AP V. s.QV s shown in Flgure (IV 2)
In thlS appnpach the openlngs of parallel plates‘

- . are taken equal to the mlnlmﬁg center line openlngs,'d; 'Thii,
“ gives the highest possible value for a characteristic ‘shear’.
: . . : : o P

'rate, therefore, smallest value forVViscosity.j In viewtof
T _ , o -
Equatlon (Ih ),Iwhlch is equlvalent to (II 36), this gives
\ .
the lowest p0551ble value for AP - In fact, in the bed, there}“

- |~.'

is'a’range of values of v1sc051ty which occur‘and therefore,
\ e KN o ,w .

L)

the bed would have a somewhat hlgher value/of average vusﬁ'g.gmg

L ,,,~ L . i
cosrty, and consequently AP, tfﬁﬁ\theehlnlmum Wthh .COMES
’ E ¥ -
from;thehanély51s.‘ Thls pr@blem does not occur fo; Newton—
\“ p : .

ian; .because, U is constant In ttrms of f - NRe’ the lOW“
. . . // - .

value'df visco@ity-cauSes hlgher NR whlch-makes the data}

Newtonlan in Flgure (IV 3)

N

To further show the pOSSlblllty of elast1c1ty effectp‘
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‘“7 Deborah number_was calculated. Deborah number was deflned
'% ~ dn Section (I-3) and 1s rewrltten in the follow1ng fqrm,
e 4 - . _ . 7

) S ou_ - g

PR N s, o4 Tz . o
Deb = ZOf T | S (V=-3)

Referrlng to the geometry of the bed uu J‘z,dan be esélmated

via max1mum veloc1ty at center llne ogen‘ngs Accordlng to
’Flgure (v-1y), ‘
‘ ST . . T ' : N -,
auz Ymax ~ O Ymax s _—
bz T T Rz T Az S ‘ v=4)

. . : o _
bz is approximately 0}33 cm for the;present model ahd u max .

is the average value of the maximum veloc1t1es at center

A

' (-0 of — . ‘ \
1ime openings forxtﬁs\consecutlve rows.. To be on the I

conservatlve ;}de, ‘the s\\a dependent relahatlon time was

oo used fdr»Oﬁ,whlch’was;read from-Flgure (A-4) .- This reéﬁired
IR U T . . SR

shear‘ratekto estimateVOf The value of Shear rate occurrlng

- N - . S
at” the mlnlmum opénlng is'of the order of, . o B

S u o o2u - SR R
_m _ l - =\

: “ . . . o . . o .~ s e glw’ r . ;\' ',.f-v ‘;“.
IR PP T : R NG I s
QL{ Eherefore,‘ ) ‘ BT : : . . T -

-tr . . - 5 . . - -
- el - . I4 . PR -

O" — __;—_ ..'” . A A : : ‘ ‘(V_7 ). /’%
. Q/d | . a . | . . . - -{_ 7 A ‘ ..
: r X S ‘ . - T v L
Recorded values of ¢ in Table (V-1) are the arithmatic ‘ e
: - a 9 | .
average value df~two consecutive.rows. That is q {d at:

a’ given flow. in thc bed ‘has bccn averaged for. cpe”ang ‘in

]
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>‘(42)'1n the flow past a submerged cyl&ndeﬁ?ls obVLOusly

f

the two rows. - v =
i - N

Lalculated Deborah numbers arc présented in Table
(v-1). Accordlng to Marshall and Metzno Jéd), the magnltude_,
of Deborah number rs.hrgh enough to expect significant .
elastlcity effect. As'mentioned in Seotion (I- 3), Marshall
and Metzner revealed thab\lpprec1ablc lnfluences of the fluid
elastlclty were observed when Deborah number, deflned(by\\
Equatlon (I 13), reached O 05-0.06 or, defuned_by Equation

(V-3), reached 0.2-0.24. ﬂlt is noted that Deborah number

',fdefined‘by Equation (V-3) 1is four times as large as that of

Equation (1-133. - , ,
v ~ In Flgure (v-2), fﬁNR: wasdplotted‘v s Deborah

number for polymer solution. The upward deVlatlon of the

data p01nts a% hlgh flow rates, lS similar ‘to “that observed
e C g

»i by Marshall and Metznér (45), although the analy51s 15 not'

&«
suff}01ent to irdicate when this mlght occur (in the'flgure.

R

V. 2 Streamlines

~—
[N

. The elastL01ty effhgt predlcted by Ultmaﬁ) et al ;

L% A . w . “q

~

present in photograph ‘No- l in Flgur< (IV 4). . The eardy

N

bulge of the upstream streamllnes, the‘earller return to
undlsturbed flow dOWnstream of the rod and the non- -symmetry #

of the flow are characterlst&e behav1or of viscoelastic flu1d

(e ) . .

flow pa¥t a submerged cyllnder. The approach velocity Wthh

s

‘was talculated from the length of streahiﬁwaslu=0.437 cm/sec.\;;,

DN

*
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Reynolds/number iswdefined as, ] ¢
Rec = oD | S weey

‘where density,\g = D;= O 326 cm, and

Hy = 42 poise is the llmlt of §§5c051ty at'low shear rate.
Thereforef ;;//ﬂ
. Re_ ' = 0.00339. / - (V-10)

.. S - » i .
also,'Welssenberg numbér is calculated by uation (I-11)

3

"3.126 sec was estimated from Bueche S th i.e. Equation.

A

(A-6) . Therefore, -

| Nw€<;_4.19. | . | o . (V-11)

To compare the s;tuatlon prevalllng in the sﬁbmerqed bank
of rods with that of 51ngle submerged rod, the follow1ng
justlflcatlon 18 made. The average veloclty at the centel

llne openlnq ls/aaken as the approach vcioc1

- B ¢ -, . . . B
U = = i - {Vv=-12)
l‘“ Ag - i . N
-~ ke , R (> . -
The flow ratcs studleq VdrlLd from 0. 683 “to, 6.85 cc/scc,
‘.therefore, appxoach veroc1tles varle& from.U = 0.151 cm/Seb
to 1.51 cm/scc.  The other parameterS'remained the same.

. ’ - . \
Therefore, - . '

-~ Re_ = 0.0921G to 0.021¢, | | VAT
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By comparlng ghe Reynolds and Welssehberg numbers of bank

.‘) ‘;

of glass rods with those/of/égngle rod, it was felt that the

range of flow rates etgdied was broad encugh thcover any

elasticity effects observable in the shape of the streamlines.

e

N
t;

The initial goal of photographlc snudy was to seek

lf the bulge effect for the polymer solutlon would ‘be 1ntenw

sified by the presence of the other ro@s. The behavior coqld
be; hopefuilly, releted to the inoreased midroscOpio sweep
efflclency ln polymer flooding. Ho&eVer, on obsetvation
of streamllnes in the bed it was a;pqrent that 51mple
determinetion.of‘the;streamllnee would not clearly“show_
the.major differehces in flow.field of'the two fluids.

s . 2 : W @ .
Therefore, the direction of’ study was changed and focused

A

L ) |
on local velocity profiles and flow distribution.

V. 3- Visual Observations.

Visual observations were limited to the positions
o R oo . N e S s

.along rows. 19 to.2;‘fot élyoe;ol and Separan The flovf~
tatee'ZZodied;Wete g‘=10.685, l.7l7 3 42 and 6.85 co/sec
The obsetyationsyat poiﬁts Qhete'the‘flow was anOmalogs
\'.reyealed some.sighiflcant differehtee Bethen Newtonlon aho_“
'polymer solutioh. iThe.positions where anomolthjbohavior
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occurred with the description of the pechliérity are

’

given in Figures (V-3, 4). These positions are where no

~

flow exists, i.e. dead zoneé, flow is slow compared to the

" normal neighborhood openings; or the flow is in the opposite

v

direction of the normal Frpw direction. It is noticed from

Figures (V-3, 4) that the numbeér of anomalous points for

-

Newtonian.fluid are 15 while those from polymer solﬁtion

“are only 5. The observed differencé,ﬁespecially the number

[}

of dead zones or nearly dead zones, mighé‘bera good quali-
tative explanation of the increased microscopic sweep:
. . RS

efficiency in.polymer flooding.. These points were usually
near the walls where by-pass flow existed, ho@ever, this

situation 1s not unexpectable  in the 0il reservoir fields.-

The above observed distinguished difference imply

that the streamlines are not the same for GlyceroL and
. :

Separan:solutions; This is also revealed in sectibn_(V. 4)

by observing the differencg in flow distribution.
SO ER L :

y - R

. V. 4:.Local Velocity Profiles and . %& S ~f

Flow Distribution 5

It 1is cle?fly observed from Figures (IV-7) to
(IV-12) that the local velocity profiles were TOt the
. ) 1
, 1 o :
the different openings. That is the small

Y

v -

e
Ty,
-
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OF AMNONMALOUS BLHAVIOR

’

Very small *low in the opposite @lrc;_lon ‘of thé normal
flow directicn at. g=0. 683, 1.717, -xmz, and 6.85 cc/scc.

>

Very small flow at q=0 685, cc/séc.,

Same as (4). Y = o ,3?%1_»

€8]
(WA

most no flaw at g=0.9 , 1.717*cc/sec. and‘-same as (1)
4 .
‘ e } .

all four flow rates.

Same @s (27. ‘

) , ) e 4
Same as (1}. ¢
Same . as 10y . o

. R
Same as 1) :
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DESCRIPTION OF ANOMALOUS BEHAVIOR:

v : )

-

1. A}most no flow at q—O 685 cc/sec aﬁd very‘small'flow at
q 1. 717 3. 42¥?and 6.85 cc/sec. : .

ery:small flow in the opp051te dlrectlon of the normal
Low direction at g=0.685, 1.717, 3.42 and 6.85 cc/sec.

'i‘lmost no flow at g=0.685, 1.717 cc/sec. -and very small,
B 1ow at q~3 42, 6.85 cc/sec

sma11 flow at g=0.685, 1.717, 3.42,-aﬁdv6.85 ?c/éed.

.no flow a{ g=0.685; 1.717, and 3.42 cc/sec. and
gsmall:ﬁlow dt g=6.85 cc/sec. .

3



