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ABSTRACT

Bridges in Florida are exposed to high amounts of humi@t(H WR WKH VWDWHY{V .
This excess moisture results in a high incidence of corroeiegh WKH EULGJHTV VWHHO V
Also, the inclusion of ineffective waterproofing has resulted in additional corrosion. As this
corrosion increases, the steel cables, responsible for maintaining bridge integrity, deteriorate and
eventually break. If enough of these cables break, the bridge will experience a catastrophic
failure resulting in collapse. Repairing and replacing these cables is very expensive and only
increases with further damage. As each of the cables is steel, they have strong conductive
properties. By inducing a current along each group of cables and measuring its dissipation over
distance, a picture of structural integrity can be determined. The purpose of this thesis is to
prove the effectiveness of using electromagnetic techniques to determine cable integrity. B
comparing known conductive values (determined in a lab setting) to actual bridge values, the
tester will be able to determine the location and severity of any damage, if present.



CHAPTER 1

INTRODUCTION
1.1Background

Concrete bridges are frequently used to cross bodies of water and span long distances. These
bridges are designed to have lasting stability and high reliabitigwever, in areas with high
humidity, such as Florida, issues have ariskluisture is introduced within bridge components
as a result of the failure of various mechanisms. Continued, high level exposure to moisture
causes corrosive damage to both internal and external bridge elements. The severity of damage
incurred by the bridge is dependent upon the length, degree, and nature of exposure. Typically
concrete bridges last around 120 years [1]. Corrosive damage can require attention within a
matter of years.

The Niles Channel Bridge, Florida Keys, Florida is one such example. The Niles Bridge was
constructed in 1983 and spans 7 miles. Within 16 years corrosive damage had occurred severe
enough to require repair.

Another, more extreme, example is the Bob Graham Sunshine Skyway Bridge in Tampa,
Florida. The Skyway Bridge was constructed in 198his concrete, post-tensioned bridge
spans 4 mileard required repair after only 8 years [2].

Currently over 80 bridges in Florida suffer some degree of corrosidre cost of bridge
repair is extensive and proportionaldamage. As damage occurs over time, early detection of
corrosion, results in a marked reduction of total repair cost. Current methods of detection are
expensive and destructive. This paper will investigate the feasibility of creating &otetec
system which, using electromagnetic techniques, will allow a timely, non-destructive location of

corroded elements.

1.2Bridge Construction

Concrete bridges use a combination of compression and tension techniques to secure
overall sturdiness [3]. There are two ways to apply tensioning force: pre-tensioning and post-
tensioning. Pre-tensioning is achieved by forming concrete around cables which have been

drawn to a desired tightness. After the concrete has reached a desired solidity, the cables are cut



leaving the concrete section strengthened. The bridge is then constructed combining each
section to complete the design [4]. Post-tensioning, alteehat establishes stability by
compressing individual, precast bridge segments by applying tension to cables which run along
the length of the bridge through preplaced ducting as seen in Figure 1.1. After the bridge is
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Individual Segment Internal Ducting

Embedded Ducting
Figure 1.1 Bridge Side View, with Ducting Placement.
constructed, cables are run through these ducts, from one end of the bridge to the other. The

cables are hydraulically tightened and anchored to hold bridge compréSkioihis paper
explores the effect of corrosion on post-tensioning bridges.
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Figure 1.2 Segment End View, with Tendon Placement.
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Cables consist of individual steel strands wrapped together. Multiple cables are bundled
together and run within plastic sheathing, along the length of the bridge [6]. These bundles are
known as tendons. Cable number and thickness vary depending upon tension requirements and
bridge design. These tendons extend throughout the bridge, both within the concrete cast and
inside the center of the bridg®]. Tendons secured inside the concrete segment walls will be
referred to as embedded tendons while tendons running through segment centers will be referred

to as internal tendons, as seen in Figure in 1.2.



1.3 Tendon Exposure
%ULGJHV LQ )ORULGD H[SHULHQFH H[WUHPH H[SRVXUH W
This humidity results in the corrosion of all exposed, corrodible elements. All tendons,
embedded and internal, experience the corrosive effects of this humidity. In order to prevent

damage, the ducting encasing each tendon is filled with a waterproofing cementitiousggrout, a

seen in Figure 1.3 [7]. This grout is prepared and pumped into one end of the duct, completely

Cable

Duct

Grout

Figure 1.3 Tendon End View.

filling its entire volume. Grout suffuses the length of each duct then hardens, encasing a given
tendon in cement [4]. This grout was designed to act as a barrier between external aruisture
steel tendons, preventing exposure to corrosive elements for multiple aisture, however,
is able to enter the system when grout separates or fails to fill each cavity, leaving voids.
Cementitious grout is difficult to properly mix and apply. An exact combination of
materials must occur while not allowing the mixture to harden before the injection process is
complete [8]. An incorrect grout mixture can lead to element separation [3]. Separation occurs
in a non-uniform manner, dependent on the method of mixture and injection. Resulting grout
consistency can range from solid, effective grout, to liquid, completely separated grout. Due to
differences in component densities, layers of separation develop. As seen in Figure 1.4, these
layers generajidivide into three distinct levels: grout, puttylike combination of grout and water,

and water. The introduction of this moisture begins the corrosion process.



Water

Combination

Grout

Figure 1.4 Grout Separation Layering.

In addition to separation, moisture enters each tendon via cracks in sheathing. Once
inside the sheathing, moisture passes through voids in grout coverage to reach steel cabling and
begin the corrosion process. As mentioned, cemneusi grout is difficult to effectively apply.

Should the mix be applied too slowly, hardened areas will prevent complete grout infusion,
thereby creating voids [4]. Voids are also created when bleed water is drained from each tendon.
All cements weep liquid when initially applied. To remove this liquid from each tendon, bleed
holes are bored. Removing this excess moisture leaves a void. Also, bleed holes provide a

possible entry point for additional moisture.

1.4 Corrosion

As mentioned, corrosion occurs within the ducts, along the steel tendon, due to incorrect
application of grout [6]. When grout separation occurs, or sections of tendon remain unprotected
due to incorrect application, humid air is introduced into the tendon. Upon introducing water
and oxygen, a chemical reaction begins as seen in Figure 1.5. Electrons are draanefrom
section of the steel tendon, creating iron ions, to combine with water and oxygen forming
hydroxide. The hydroxide combines with the previously generated iron ions to form rust [9].
This process continues, slowly breaking down cabling, over many years. As previously stated,
the rate of deterioration is dependent upon the length and extent of exposure to moisture. Each

tendon is under extreme tension. As damage occurs, individual strands, cables and eventually



entire tendons are compromised. Should enough tendons be lost, the bridge can experience

catastrophic failure.

Figure 1.5 Tendon Corrosion.

Currently, the only means for detecting an exposed or compromised area is to cut into
each tendon. Due to the non-uniform nature in which exposure presents along the length of the
tendon, this method is very expensive and time consuming [10]. In addition, intrusion weakens
tendons and potentially creates additional exposure points. Thus, there is a unique opportunity to

develop a non-destructive means of detecting issues more proficiently.



CHAPTER 2

ELECTROMAGNETIC THEORY
210D[ZHOOTV (TXDWLRQV

James ClerkOD[ZHOOYV HTXDWLRQV DUH XVHtGele®s @HMWFULEH L
varying fields. Four main terms are used to represénD [ Z H @qu8itons: Electric Field

Intensity, '&(—;), Electric Flux Density,&&(%‘), Magnetic Field Intensity,*&(é) and Magnetic

Flux Density, $T) [11].
2.1.1 Term ldentification

Electric and magnetic field intensities are a linear representation of voltage and amperage
over distance, respectively. An electric field can be generated in both a static and dynamic
environment. Magnetic fields, however, are only generated in dynamic environments. Electric
and magnetic flux density are a measure of produced field effect by a chargele.partics
effect is equivalent to the number of field lines through any enclosed area [11]. Electric field
intensity and magnetic flux density combine to yield the force on a moving charge through an
external field(2.1) [12).

&L M &E R&&T $ (2.1)

Electric flux density is directly proportional to the electric field intensity and is related by
permittivity, Y(é), as seen in (2.2). Permittivity is the resistance experienced, in a medium,

when forming an electric field [13].
&L Y& (2.2)

Similarly, magnetic flux density is directly proportional to magnetic field intensity and is
related by permeabilitya(é\), as seen in (2.3)Permeability is the ability of a medium to form

magnetic fields within itself [13].



L a& (2.3)

Both permittivity and permeability are material dependent. Each value is calculated by

multiplying a material value by the free space constant, as seen in (2.4) and (2.5), where

%ML zzwHs?5% and g L ve Hr7i[12].

YL ¥ (2.4)

a L 8 (2.5)

OD[ZHOOYV (TXDWLRQV

OD[ZHOOTV ILUVW HTXDWLRQ LQ fLEeMidsidi®@efiRWIA LV *D

(2.6), whereérepresents charge densi%l. *D XV V fawlrélaies/electric flux to the volume

of charge [12].
0 (2.6)
» @5+ e@i

$SSO\LQJ WKH 'LYHUJHQFH 7KHRUHP *DXVVY /DZ RI (OHI

differential form, as seen in (2.[12].

e& é (2.7
OD[ZHOOYV VHFRQG HTXDWLRQ LQ LQWHJUDO IRUP LV ’
(28). *DXVVY VHFRQG ODZ VWDWHVY QHW PDJRYWLF IOX[ WKURX

N & 5 (2.8)



$SSO\LQJ WKH 'LYHUJHQFH 7K Hdr&tishi cart beXréprdsene@ inR1 0D

differential form, as seen in (2.9) [12].

| @& r (2.9)
OD[ZHOOTV WKLUG HTXDWLRQ LQ LQWHJUDR2IRUP LV $PSHUF

» *&® @ Hj_|' &5 (2.10)

O I

$SSO\LQJ 6WRNHVY 7KHRUHP $P S Hftgrdrffia! foiinZ ad seliH SUHV H
(2.1). $PSHUHYY ODZ UHODWHY PDJQHWLF ILHOG LQWHQVLW\ W

generates. &a—) represents current density [12].

5 2.11
T H &L &Eof& 1D
oP

OD[ZHOOfV IRXUWK HTXDWLRQ LQ LQWHJUDO IRUP LV
Induction, defined in (2.12) [12].)DUDGD\YV OcbhahgibgHapnatiel ffux to motional

electromotive force oA | B(V).

@ ] (2.12)
» & %
® @HF@T? &

5

$SSO\LQJ WKH 'LYHUJHQFH 7KHRUHP )DUDGDtgVWeDZ RI (

represented in differential form, as seen in (2.13) [12].

) o) (2.13)
| H &L l‘—@
oP



2.2 Induction

Induction is the generation of electromotive force in a closed circuit by varying magnetic
flux through the circuit. Inductance generated withigircuit is known as self inductance
whereaasinductance generated in one circuit by a nearby circuit is known as mutual inductance

[12]. Each will be discussed in detail in the following sections.

2.2.1 Self Inductance

Self inductancel (H), occurs when the flux generated from a given circuit induces a

current which opposes the primary current [14], as seen in Figure 2.1.

/—_
/""‘Q
/‘—.—-...‘\
.‘._--, -.
\'--.____-’,
N e
N
\_-/

Figure 2.1 Self Inductance.

Self inductance is defined in integral foim(2.14) [13. A double integral is used to
calculate the inductance between two turns within a given coil. One point, arbitrarily chosen, on
a given turn is evaluated at each point of the opposing turn over distance. All points of the first
turn are then evaluated in the same manner. Total self inductance is found by multiplying the

value obtained by the number of turns squared, thereby accounting for the entire coil.

8y @%_r@@ H (2.14)

.L—» »
Veo o 4



Integral inductance calculations are often tedious and time consuming. In order to
streamline calculations, estimations have been made, through careful testing, to represent
common coil designs and parameters. Nagaoka, in equation (2.15), models a coil after a thin
cylindrical conductive sheeK represents an end effect factor correction accounting for the non-
infinite length of each coilK is a table value found by calculating the ratio of coil radius (a) to

coil length (b). N represents the turn number [15].

t=
. L rrérté6:l—>p F- @7+ (2.15)

While a thin sheet is a close coil approximation, certain adjustments must be made. The
sheet model assumes zero wire thicknéeBhis fails to account for the true dimension of each
winding, thereby returning an estimation which is incorrééuation (2.16) accounts for these
differences usings, a ratio of wire diameter to coil density, ahl] a coil correction value

determined by turn number [15].
. L rave=0:) E *; (2.16)
2.2.2 Mutual Inductance
Mutual inductanceM (H), occurs when the flux generated from one circuit passes

through an alternate circuit, as seen in Figure 2.2, causing current to flow aAd Bio be

generated.

Figure 2.2 Mutual Inductance.

10



Mutual inductance for two coils is defined in (2.17). As with self induction, all points on

each circle are related over distance to one anothgr [12

8 cte @ - (2.17)
/L —» » —
Ve ss5 06 4

An alternate equation is shown in (2.18). Mutual inductance is related to the self
inductances of the primary and secondary coils by the coupling coefficient k. Maximum

coupling occurs wherG L §12].
I L &.5.6 (2.18)

As seen in (2.19), the mutual inductance experienced by a given circuit, as a result of an
alternate circuit, is equal to the mutual inductance experienced by the alternatexsiecogsult

of the initial circuit.

As with self inductance, estimations have been made to calculate mutual induction.
Evaluations are made using coil dimensions, as seen in Figur8 &fresents distance between
coil centers whilel 5 and | ¢ represent coil radii one and two, respectivefdditional values

are defined below [15].

Coil 1 . Coil 2

x4 A

*x2

Figure 2.3 Coil Division.
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Equation (2.20) unifies coil dimension by measuring distance between the ends of one

coil and the ends of the other coil [15].

T L5EIsE Igéa
T,L5EIsF lga

TL5FIsF lga (2.20)
TLL5FIE lga

Equation (2.21) represents four diagonals corresponding to the calculatidn ofy
values account for relation between coil dimensions.
NL ¥8E J°a
NL ¥#6E goa
NL ¥#6E Jo4 (2.21)
NL ¥# E Joa

Equation (2.22) represents the parameter equations necessary to locate appropriate

estimated table value&.

#6 (2.22)
61
L L N
U LT#

Mutual inductance, Groveis defined in equation (2.23)Js and Jg represent coil 1 and

2 winding densities, respectively, and are defined in (2.24), whgrepresents turn number.

'L arte®=bJ;0sN$sE s E M E %57 (2.23)

04 (2.24)

12



2.2.3 Electromotive Force

Emfis the induced voltage generated when magnetic flux flows through a system causing
current to flow; this effect can be seen in Figure 2.4.

YA &7 RER N N
7 \V\\ )

Figure 2.4 Induced emf.

$XJPHQWLQJ )DUDGD\TV /DZ RI (@EcEambtRePi@cEQsHidfingd , Q G X F

in (2.25) [12]. Flux density through any given surface is related over time to the voltage created.

. (2.25)
AIB L %gﬁ $® &5

Alternately,with the time component removed | B defined in (2.26), is related to frequency,

mutual inductance, and primary current][12
AlBsL fi/ % (2.26)

Theoretical current values were calculated using Equation (2.37and < represent

primary coil voltage and impedance, defined below, respectively.

(2.27)

8
[ —
t<5

13



2.2.4 Skin Depth

Skin depth, seen below in Figure 2.5 b, is a measure of the distancdfrdtfRQ G XFW R U
surface at which current is able to flow KH p6 N L Qs ¢huses By furrent induced within a
given conductor as a result of electromagnetic induction. As frequdédyz), is increased,
skin depth is reduced, preventing current from permeatifdfReQ G XFWR U YVhid e€ffa¢t UH DUH

can be modeled as a hollow cylinder, with cylinder thickness varying due to frequency. Skin

depth is defined in (2.28), whegrepresents conductivity‘f;q [12].

— (2.28)

Cross Sectional Area

a. DC b. AC

Figure 2.5 DC and AC Cross Sectional Area.

In a direct current system, current permeates a condli&oatire cross section. Direct
current resistance is equal to conductor resistance (per area) multiplied by conductor length, as
defined in equation (2.29)16]. The wire resistance coefficient is a table value found by

converting wire diameter and approximating gauge. Wire gauge was calculated to be 18 while

the wire resistance coefficient was found to be 6.3&1‘5}(5% [17]. DC area is seen above in

Figure 2.5 a. and defined in (2)30

&%WNAOEOP=J?AuzArSEN®A HAIJEPRQOKBEAAP  (2.29)

14



&%H#NA= L% e4 (2.30)

In an alternating current system, as explained above, current permeation is determined by
frequency and calculated using equation (2.28). As the area in which current can travel is
reduced, resistance increases. Equation (2.31) calculates the alternating current area. Equation

(2.32) relates the alternating current resistance to the direct current resistgncAClérea is

seen, above, in Figure 2.5 b.
#%#NA= LOE&E:M; 4 (2.31)
whereN L 4 F U

& %# N A= (2.32)
#%NAOEOP=J2Alpg %4AOEOP

DC andAC resistance represent the real portion of impedance. As the system under test

is time varying, the imaginary portion must also be consideiragedance: A js approximated

in Equation (2.33), where (2.33 a) represents impedance \Ax"dwerﬁ% and (2.33 b) represents

impedance wherJ C—E

4
&%4A0OEOP=J?AEFfi.a— (2.33 a)
< LA Z
#%4AOEOP=J?AEFfA.a— | (2.331)

15



CHAPTER 3
SIMULATION

3.1 Simulating Inductance in Free Space

This chapter will investigate the effect of a time varying magnetic field on the coils in the
proposed test apparatus, described below. Alternate frequencies will be briefly investigated to
determine potential effects on current and future research. All testing, however, will be
conducted at 6@1z. The nature of coil coupling in free space is a calculable quantity and will,
consequently, be used for modeling. Coupling outside of free space is beyond the scope of this
paper. An accurate theoretical model will be produced and used for comparison with

experimental results.

3.1.1 Coil Design

The test apparatus incorporates two cylindrical coils consisting of fifty turns, as seen in

Figure 3.1. Coil dimension data are represented in Table 3.1.

r
v

178 mm 66.9 mm

a. Coill

r
v

279 mm 64.1 mm
b. Coill

Figure 3.1 Coil Dimensions.
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Table 3.1 Coil Dimensions.

Primary Coll Secondary Coil
Turns 50 50
Length mm) 66.9 64.1
Internal Diameterrom) 25.7 25.7
External Diameter (1 ) 27.8 27.9
Winding Density % ® 0.7474 0.7800

3.1.2 Self Inductance

To create an accurate model of coil interaction, self induction or induction within a
circuit must first be calcO DWHG 1 DJR D N D j,WalsRusdIXt® 8pproximate the
inductance of each coiK is a table value attained from calculating each coil diameter to length
ratio. K is a correction term used to account for the curved edges of each coil. All additional
values were obtained from Table 3.1.5 and . ¢ represent primary and secondary coil self

inductances, respectively.

s Lttauar

o Ltuditar

As mentioned above, Equation (2.15) models a coil as an infinitely thin conductive sheet.
This method fails to account for the true geometry of each solenoid, as each turn has a width and
height of Immwhich must be taken iInt®@ FFRXQW  *URY Hjubfiah, 2RE) LheEcBuNtE RQ H
for these differences.G and H are previously calculated correction vedudetermined for
common coil dimensions.G is found by calculating the ratio of wire diameter to winding
density. H is referenced using turn numbeg, 5 and ¢ . represent the correction in primary

and secondary coil inductances, respectively.

¢ 5L Fréra*
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i el Frasa*

Correction values were subtracted from initial calculations. Adjusted values are listed
below. The corrections represent a fractiomldf Depending on the desired level of accuracy

this factor may be calculated or ignored.

s L tt&ua*

.6 L tu&ua*

As expected, the inductance generated is small due to the limited size of each coil. Coil 1
is observed to have 3.5 % less inductance than coil 2. Primary and secondary coils have nearly
identical diameters and an equal number of turns, yet differ in inductance. The difference can be
explained by observing respective winding densities. Coil 1 isrfG9vhile coil 2 is 64.Inm
The added length of coil 2 translates to a greater separation between turns. The increased

spacing results in flux leakage and a reduction in inductance.

3.1.3 Mutual Inductance

Next, the mutual induction generated between primary and secondary coils was
calculated. Mutual induction occurs when the magnetic flux from one circuit links with a nearby
circuit. Calculations were made usirid) R Y Hjuffists H2.20) through (2.24).$; values were
interpolated from Grove faldles using equation (2.22). Coils were assumed to be aligned along
the same axis with ends parallel. Due to apparatus design, each coil end was no less than 12.25
mmapart. To calculate multiple inductance values, coil spacing was increased fromirt®@5
59.75mm by 2.5 mm increments. Values, recorded in Table 3.2, were graphed against coil

separation spacing, as seen in Figure 3.2.
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X107 Theoretical Mutual Inductance in Free Space
8
T T I T I

Mutual Inductance (H)

| | | | | | | |
! 0.08 0.085 0.09 0.095 0.1 0.105 0.1 0.115 012 0.125

Spacing Between Coil Centers (m)

Figure 3.2 Mutual Inductance Modeling.

Table 3.2 Theoretical Mutual Inductance Values.

Distance Between | Mutual Inductance Distance Between Mutual Inductance

Coil Centersiim (a* Coil Centers (mm) (a%
77.75 0.7510 102.75 0.2188
80.25 0.6444 105.25 0.2028
82.75 0.5577 107.75 0.1850
85.25 0.4868 110.25 0.1694
87.75 0.4279 112.75 0.1556
90.25 0.3786 115.25 0.1435
92.75 0.3373 117.75 0.1327
95.25 0.3016 120.25 0.1232
97.75 0.2716 122.75 0.1146
100.25 0.2450 125.25 0.1067

By equation (2.17), mutual induction values were expected to be inversely proportional to
distance. As seen in Figure 3.2, values drop steadily as coil spacing is increaertance
values are dependent upon the magnetic flux passing through each coil. Any increase in distance

results in a reduction of flux linkage.
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By equation (2.18), the maximum possible mutual induction usit Q * This value
occurs when coils are intertwined or concentr® (L).s The modeled coils, however, are
aligned end to end and separated by an increasing distance. The inductance is, therefore,
expected to be below than the maximum value. Values are seen to be significantly lower in all
cases with a maximum apparatus coupling coefficlent,0326.

As mentioned, the calculations above assume parallel end orientation along the same
axis. Coils not precisely fixed may cause a reduction in inductance as misalignment will
increase with coil separation. The calculations also assume tightly wound coils result in no flux
leakage. In the previous section, flux leakage has already been obsEneedetical values are
believed to be an overestimation of values to be observed in the laboratory environment.

3.1.4 Electromotive Force

In order to accurately model the test environment, inductance values must be converted to
emfvalues, as voltage measurements will be recorded during testing. This is accomplished using
equation (2.26). Unlike inductancemfis dependent upon both current and frequenty.
compute primary currenprimary coil resistance and impedance must first be calculated.

Equation (2.29) represenBC wire resistance. Each o0ifWing includes 50 loops,
along with positive and negative leads, which are soldered to BNC connégtivesdiameter, 1
mm was divided by 25.4 to convert to inches and then multiplied by 1000 to covert to mils. The

value calculated was 39.37 mils. The closest wire approximation was 40.30 which regresent

an 18 gauge wire, with a resistance coefficient of 6.%@[17]. The total wire length was

multiplied by this coefficient to determing DC resistanceR | fof the primary coil.
While the approximation is reasonable, the adjustment equates to a slightly larger resistance
coefficient and will result in a marginally higher current. In addition, resistance calculations are
based solely upon the coil. The total resistance will include all wiring and the BNC connector.
This increase in resistance will result in a lower current and work to negate the effects of the
gauge approximation. By equation (2.33 a.) impedance was calculated t@rte{tbE Fa rrzw
Y. Current, by equation (2.27), was calculated to be 28.82

To attain a more complete picture of system dynamics, alternate frequencies will be

briefly investigated. Skin depth, equation (2.28), for thart copper wiring at 6(Hz is 8.42
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mm When frequency increases sufficiently enoughcause, U % skin depth becomes

relevant andC resistance must be replacedA§ resistance, equation (2.31AC resistance is

plotted against frequency, below, in Figure 3AC resistance increases rapidly with increasing
frequency. A IMHz increase in frequency results in nearlya0Y LQFUHDVH IAQ UHVLVYV
resistance only becomes relevant at very high frequencies. As all testing will be completed at 60

Hz, skin depth will be neglected for test system modeling.

x10° AC Resistance vs. Frequency (Free Space)
10 T T T T 1

Frequency (Hz)
o
T

L | | |
-8.1 0 0.1 0.2 0.3 04 05 0.6 07 08
AC Resistance (Ohms)

Figure 3.3 AC Resistance vs. Frequency.

As mentioned, during testing the skin effect will be ignored. As a resuitwas

calculated using equations (2.26) and (2.33 a.). Impedance and current values were calculated

x10 3 Theoretical Secondary Coil Induced emf (Free Space)
T T T T T T

Induced emf (V)

| | | | L
0.08 0.085 0.08 0.095 0.1 0.105 0.11 0.115 0.12 0.125
Spacing Between Coil Centers (m)

Figure 3.4 Theoretical Induced emf.
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using theDC resistance. Figure 3.4 represents secondary indungulotted against coill
spacing.

Values generated follow the expected forremf values are calculated using mutual
inductance. Graph values are, therefore, expected to reduce with an increase inredibsepa
Figure 3.4 shows this to be true. A greater distance between coils results in less flux linkage,

less current generation, and therefore less induced voltage. Plot points are listed in Table 3.3.

Table 3.3 Theoretical Induced emf Values.

Distance Between AlB Distance Between AlB

Coil Centersiim V) Coil Centers (mm) V)
77.75 0.0059 102.75 0.0017
80.25 0.0051 105.25 0.0016
82.75 0.0044 107.75 0.0015
85.25 0.0038 110.25 0.0013
87.75 0.0034 112.75 0.0012
90.25 0.0030 115.25 0.0011
92.75 0.0026 117.75 0.0010
95.25 0.0024 120.25 0.0010
97.75 0.0021 122.75 0.0009
100.25 0.0019 125.25 0.0008

As discussed, increasing frequency increases wire resistance. This increase also
translates temf Figure 3.5 represents theoretieatfvalues at different frequencies. Table 3.4
lists relevant plot data.

Skin depth and current were found to reduce exponentially with an increase in frequency,
as expected. As skin depth is reduced, the area current can travel in lessens, thereby increasing
resistance and reducing current. The copper wiring used in the test apparatus will not be affected
by the skin effect until frequency reaches several thousandVith respect to impedance, both
real and imaginary components increase exponentially. The imaginary component, however,
increases more rapidly and will, at large enough frequency, dominate impedrantiger study

must be completed to model the effect of increased frequenamnafiggneration.
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Induced emf at Multiple Frequencies (Free Space)
T T T T T T
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Figure 3.5 Theoretical Induced emf at Varied Frequency.

Table 3.4 Alternate Frequency Values.

f (Hz) U(m) =Y | (A)
60 8.42m .0899 +j.0085 20.82
1K 2.06m .0899 +j.142 2.60
M 6.5 7127 +j142.2 0.0312

3.2 Summary

This section investigated the development of a model to be used for comparison with
experimental values. The test apparatus will be operated in free spacdiat @xuations,
listed above, were used to calculate self and mutual inductance, impedance, and current. Due to
the proposed operating frequency, skin depth calculations were deemed irrelevant. Therefore
impedance was calculated usiD@ resistance Emfwas evaluated using previous estimates. As
emfmeasurements will be recorded from the apparatus, the aforementioned values will be used

for direct comparison.
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CHAPTER 4
EXPERIMENTATION

4.1 Experimental Apparatus

This section will investigate the testing of the corrosion detection sysfEhe test
apparatus can be seen, below, in Figure 4.1.

;.

Oscilloscope

Transformer

Nonconductive

/ / Plastic Tube / /

Wl T

Primary Coil Secondary Coil

Figure 4.1 Apparatus Diagram.

A transformer was used to generate current in the primary coil. The transformer provided
standard 120V/6®iz AC voltage via a standard wall outlet. All testing was completed using a
frequency of 6(Hz. The transformer was chosen in order to create a low, steady frequency and
to limit the amount of current in the primary coil, thereby creating a safe testing environment.
As seen in the figure, wiring was wrapped around one side of the transformer with each turn
providing 0.7V. Three turns were used increasing primary voltage t& 21188V under load).

The wiring was then run to the primary coil and attached via a BNC connector. The test
apparatus consists of two coils. Each coil, dimension listed in Table 3.1, was created by

wrapping fifty turns of 18 gauge copper wire around a hollow, non-conducting plastic form.
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Coil wiring was soldered to a BNC connector which was inserted into the esatiaiorm. A

hollow, nonconductive plastic tube was inserted into the center of each coil, thereby orienting

each coil along the same axis in an attempt to ensure maximum flux linkage. A cable was run
from the secondary coil, via a BNC connector, to an oscilloscope. The oscilloscope was used to

measure the inducesnfof the secondary coil.

Figure 4.2 Test Apparatus.

The apparatus, seen in Figure 4.2, was designed to model a device which could be used in
the field to test bridge tendons. As mentioned, bridge tendons exposed to moisture experience
corrosion. This corrosion occurs in a non-uniform manner. In order to find corroded areas, all
sections of exposed tendons must be tested. This testing would include looping primary and
secondary coils around a given section of tendon. The primary coil would then be excited by
applying voltage. The application of voltage would induce a current in the primary coil. The
alternating current would then generate a magnetic field and magnetic flux whose intensity
would be multiplied as a result of the steel rods within the tendon. The flux would travel along
the steel rods and induce a current, and therefore voltage, in the secondary coil. The voltage
induced in the secondary coil would, when compared to known values, reveal the condition of
the steel rods within.

In order to accomplish modeling, three separate environments were considered: free
space, corrosion free, and mmgion present. The effect of coupling in free space is known. Free
space measurements were taken to test the validity of the system and to genesaliaeafba
theoretical comparison. Uncorroded measurements were taken to simulate tendons which have

not experienced corrosion. Corroded measurements were taken to simulate tendons which have
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been exposed to moisture and undergone corrositre. effect of coupling with a steel core is

beyond the scope of this paper.

4.2 Experimentation

To test each environment primary and secondary coils were placed end to end. Due to
the nature of the apparatus, coil ends were no closer than mh25An attempt was made to
align coils along the same axis to maximize coupling. Ahvoltage was used to excite the
primary coil and aemf measurement was taken across the secondary coil. Coil separation was
increased by 2.5nmand an additional measurement was recorded. This process was repeated
until a desired number of measurements were obtaiter completing one measurement
group, all measurements were retaken. Voltage measurements were acquired in the same

manner for all environments.

4.2.1 Free Space

This test was performed to determine natural coupling between the coils. In this portion
of testing,inducedemfvalues were recorded with no conductive elements added to the system,
seen previously in Figure 4.2The hollow non-conductive tube, on which the coils were
positioned, remained empty. Ten measurements were taken, twice, and are plotted against coil

spacing in Figure 4.3. Plot points are listed in Table 4rinasalues.

x10° Experimental Secondary Coil Induced emf (Free Space)
T T

—Measurement 1
~——Measurement 2

Induced emf (V)
N
T

o o |- o S |- S —
0.08 0.085 0.09 0.085 01
Horizontal Distance Between Coil Centers (m)

Figure 4.3 Induced emf in Free Space.
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Table 4.1 Induced emf Measurements (rms), Free Space.

Distance Between AlBV) AlBYV)

Coil Centers (mm)| Measurement 1 Measurement 2
77.75 0.0028 0.0029
80.25 0.0026 0.0027
82.75 0.0022 0.0022
85.25 0.0019 0.0019
87.75 0.0017 0.0016
90.25 0.0014 0.0014
92.75 0.0012 0.0012
95.25 0.0011 0.0011
97.75 0.0011 0.0011
100.25 0.0010 0.0010

Recorded values were found to be very similar in each trial. Slight variations can be
attributed to coil separation inaccuracies and voltage reading discrepancies. Valuatsavere

found to follow the form predicted in Chapter 3. As coil separation was increased, induced

voltage was reduced.

Induced emf (V)
w
[

w

Theoretical vs. Experimental Secondary Coil Induced emf (Free Space)

T

T

T

* Theoretical
O Experimental

0.085

0.09
Spacing Between Coil Centers (m)

Figure 4.4 Theoretical vs. Average Measured emf .
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Measuredcemftrials were averaged and plotted with theoretezafvalues calculated in
Chapter 3, as seen in Figure 4.4. Measured values were found to be nelripw8r than
theoretical values.This was predicted, although not to this degree, in Chapter 3. Theoretical
mutual induction calculations failed to account for any flux leakage. Any separation between
turns will contribute to a reduction in flux linkage. As seen in self inducteaicelations, flux
leakage is occurring in the test system. In addition, coil alignment, if not perfectly set, could
reduce total flux linkage and therefore measwed In addition, theDC resistance calculated
was representative of the coil resistance only. The apparatus includes additional wiring and a
BNC connector which would increase total resistance. A significant increase in system
resistance would decrease primary coil current and therefore significantly decrease @mifuced

In Figure 4.4, the plot of measured values appears to be approaching the calculated plot
as coil spacing increases. Due to the design of the apparatus, only ten measurements could be
taken. As seen, coupling values were small and dropped off quickly in free space. Ending
measurements changed slightly and were difficult to accurately acdilse.any misalignment
in coils would be increased with distance. The perceived approach is a result of the test system
limitations and the difference between theoretical and experimental resistance. The apparatus

performed successfully in free space.

4.2.2 Uncorroded

Figure 4.5 Test Apparatus, Uncorroded.

Uncorroded test measurements were recorded to determine the coupling between coils

with no corrosion. This test was designed to model coupling in an uncorroded tendon within a
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bridge. Values recorded will provide a baseline for comparison when testing for corrosive
effects.

A 58.2mmsteel rod, with a 6.Bamdiameter, was inserted into the non-conducting tube
inside each coil, as seen in Figure 4Fe steel rod was undamaged and extended beyond the
ends of each coil for all testing, thereby modeling steel cabling inside a tendon.

The complete effect, on mutual inductance and coupling, of inserting a steel rod into coill
centers is beyond the scope of this paper. The purpose of this section is to test the system to
determine in what mannemf output measurements are affected as compared to free space
values recorded in 4.2.1n this portion of testing, 20 inducesnfvalues were recorded and are
plotted against coil separation distances, in Figure 4kt points valuesrfns) are listed in
Table 4.2.

Figure 4.6 Induced emf, Uncorroded .

Table 4.2 Induced emf Measurements (rms), Uncorroded.

Distance Between Al BYV) Al BYV)

Coil Centers (mm)| Measurement 1 Measurement 2
77.75 0.3111 0.3111
80.25 0.3076 0.3041
82.75 0.3041 0.3005
85.25 0.2899 0.2899
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Table 4.2 - Continued

Distance Between AlBV) AlBV)

Coil Centers (mm)| Measurement 1 Measurement 2
87.75 0.2758 0.2828
90.25 0.2687 0.2758
92.75 0.2616 0.2652
95.25 0.2546 0.2581
97.75 0.2475 0.2510
100.25 0.2404 0.2440
102.75 0.2333 0.2369
105.25 0.2263 0.2298
107.75 0.2192 0.2263
110.25 0.2121 0.2192
115.25 0.2015 0.2086
117.75 0.1980 0.2015
120.25 0.1909 0.1945
122.75 0.1874 0.1909
125.25 0.1838 0.1874

Measurements from each trial were found to be nearly identical. Slight variations can be
attributed to coil separation inaccuracies and voltage reading discrepancies. Uncorroded
measurement values increased more than one hundred ten times as compared to free space
measurements. This result is important for the realistic use of the corrosion detection system.
An increase iremfvalues would make detection easier by allowing for greater distance between
coils and a reduction in required input voltage, thereby saving time when testing. The output
increase will also result in a higher sensitivity, thereby increasing accuracy.

The emfreduction over distance was considerably more linear than observed with free
space measurements. The steel rod serves to increase flux linkage, as well as intensify the
magnetic field. While the complete effect of coil interaction is unknown, the test apparatus has
been shown to increasenfoutput considerably.
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4.2.3 Corroded

Figure 4.7 Test Apparatus, Corroded.

Corroded test measurements were recorded to determine the coupling between coils when
corrosion has taken place. This test was designed to model coupling in a corroded tendon within
a bridge. Values recorded will provide a basis for determining the severity of damage when
testing for corrosive effects.

To model corrosion, a steel rod was cut in two, as seen in Figure 4.7, and then taped
together. The damage incurred will simulate the reduced coupling experienced when corrosion
has deteriorated portions of a given tendon. Rods sections one and two weren@0ahd
32.10mmin length, respectively, with a 6rBmdiameter. The rods were rejoined using paper
tape. Paper tape was chosen in order to prevent interference with coil coupling. The rod was
inserted into the non-conducting tube inside each c®d.obtain a measurement, the broken
portion of the rod was moved laterally back and forth, along the coil axis and between coil ends,
until a minimum was visible. The steel rod extended beyond the ends of each coll for all testing
thereby modeling steel cabling inside a tendon.

As with uncorroded tendon measurements, the complete effect, on mutual inductance and
coupling, of inserting a steel rod into coil centers, is beyond the scope of this paper. The purpose
of this section is to test the system to determine in what manner, as compared to uncorroded
tendon values recorded in 4.2etfoutput measurements are affected. In this portion of testing,

20 inducedcemfvalues were recorded and are plotted against coil separation distances, in Figure
4.8. Plot points valuesn(s) are listed in Table 4.3.
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Figure 4.8 Induced emf, Corroded.

Table 4.3 Induced emf Measurements (rms), Corroded.

Distance Between Al BYV) Al BYV)

Coil Centers (mm) (Centered) (Centered)
77.75 0.2404 0.2404
80.25 0.2333 0.2298
82.75 0.2263 0.2263
85.25 0.2192 0.2192
87.75 0.2157 0.2121
90.25 0.2086 0.2121
92.75 0.2015 0.2051
95.25 0.1980 0.1980
97.75 0.1909 0.1909
100.25 0.1874 0.1874
102.75 0.1803 0.1803
105.25 0.1768 0.1768
107.75 0.1697 0.1697
110.25 0.1662 0.1662
112.75 0.1591 0.1626
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Table 4.3 - Continued

Distance Between AlBV) AlBV)

Coil Centers (mm) (Centered) (Centered)
115.25 0.1556 0.1556
117.75 0.1520 0.1485
120.25 0.1485 0.1450
122.75 0.1414 0.1414
125.25 0.1379 0.1379

Measurements from each trial were found to be nearly identical. Slight variations can be

attributed to coil separation inaccuracies and voltage reading discrepancies. Valuiesimere

in the manner described above. As the break in the rod approached the center point between coll

ends,emfoutput values declined steadily. When the break passed the center point, values began

to increase. This can be expkghas a result of linkage. When the break is centered, flux

linkage is at a minimum. As the break is moved toward the primary coil, additional linkage

occurs between the primary coil and the rightmost portion of the rod, thereby inducing additional

voltage in the secondary coil. Reversing direction has a similar effect.

As the break moves

across the center point toward the secondary coil, additiokage occurs between the leftmost

portion of the rod and the secondary coil, thereby inducing additional voltage in the secondary

col. 7TKH FRQWLQXHG GURS FRXOG rdiHddédrade \asivejl 2D aidirLtel 1 R |

location of a specific area of damage.

As with previous measurements, obtained in 4.218f reduction over distance was

considerably more linear than observed with free space measurements. The steel rod serves to

increase flux linkage, as well as, intensify the magnetic field. While the completecéftal

interaction is unknown the test apparatus has been shown to inengfasgput considerably.

Both uncorroded and corroded measurements, listed in Table 4.2 and Table 4.3

respectively, are shown to decrease in a considerably more linearly manner than those recorded

in free space, as seen in Figure 4.9. The steel cable works to greatly increasg.cduplher

study is necessary to define the nature of this coupling.
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Figure 4.9 Induced emf, Uncorroded vs. Corroded.

Corrosion measurement values decreased nearly 23 % as compared to uncorroded
measurements. A noticeable drop in induced output proves the detection system is able to
perceive large scale tendon damage. This result is important for the realistic use of the corrosion
detection system. By comparing known values to those recorded in the field bridge, testers
should be able to detect and locate damage, as well as, predict, within reason, the extent of

damage.
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CHAPTER 5

CONCLUSION
5.1 Summary

Current corrosion detection methods are crude, involving random, expensive cuts into
bridge tendons to check for moisture. Due to this, a need has arisen to develop an alternate, less
intrusive method of detection. This research paper investigates the feasibility of a detection
method using electromagnetic theory and techniques.

A focus was made on the electromagnetic interaction between coils in a time varying
system, specifically if flux linkage generated between two coils wrapped around ankbrsfid a
tendons could be used to accomplish the aforementioned tasks. Parameters were accepted in
order to simplify the system and begin testing. Testing frequency was selat &bils were
assumed to be spaced equally and oriented along the same axis. Also, flux leakage between coils
was initially assumed to be zero. This assumes each coll is tightly packed with surrounding
coils.

Corrosion detection and bridge components being tested are metallic and therefore highly
susceptible to electromagnetic fields. Due to thiPHV OD[ZHOOfV HTXDWLRQV
model the detection systemVSHFLILFDOO\ )DUDGD\{¥ In@uztior.] \l@ualF WU R P D
and self inductance calculations were used for theoretical development. Plots were generated
using theory previously mentioned. The plot was based on coupling in free space and showed
the effect of increasing distance on inductancikductance was shown to decrease with
increasing distance as expecteA. theoretical model was built upon free space calculations
because mutual inductance in free space is a known quantity.

When testing a bridge, two possible scenarios for a given section of tendon arise: 1) it
could be completely uncorroded, or 2) it could suffer some degree of corrosion. An apparatus
was constructed to model the bridge testing environméntluced emf measurements were
recorded from the secondary coil. Coupling was shown to have occurred, with varying intensity,
in all test cases.

Results show, as test coils move from uncorroded to corroded sections of tendon, there is

a noticeableemf drop. Uncorroded tendon sections were found to hemé measurements
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significantly higher (fifty-two times) than those recorded in free space. This appreciable increase
reveals the effect of coupling with a steel cored solenoid. Corroded tendons recordéa a 23
reduction in measuredm{ when compared to uncorroded sectioride resultant values are
significant. As the experimental apparatus encountesesection of damaged tendon, the
measurecemf continued to drop. The effect was most visible when the corroded portion of
tendon was centered in the gap between coils. This effect will allow the location of corroded
sections. By comparing measured values to known values, the level of damage could be
estimated.

5.2 Conclusions

The goal of this thesis was to determine the feasibility of using electromagnetic
techniques to detect and locate, within reason, areas of corrosion on tendons found within
concrete post-tensioned bridges.

A model of coupling in free space was developed to compare to results measured during
testing. When compared to lab results, the model was found to be accurate. By comparing free
space readings to uncorroded readings, the effect of coupling was shown. There was a
significant increase in recordednf Sections of corroded tendons, those inside the gap between
coils, recorded a large drop emf The recorded values continued to drop until the damaged
area was centered between coils. This effect will provide the means for detectirg diautinee
bridge environment. The tester will notice a marked drop in indeodés corroded areas are
encountered.The level of damage will be determined, within reason, by comparing measured
values to lab standard values. The method of testing was proven to be feasible in both locating

corroded areas and in determining levels of corrosion.
5.3 Future Research
This research could be greatly furthered by continued study, both in increasing result
accuracy and developing a device for tendon testi@grtain parameters, such as operating

frequency and coil alignment, were accepted in order to simplify the system being testéd.

is discussed below.
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An increase in frequency would serve to increase the inductance generated in the system.
A range of frequencies should be tested to determine at which frequency the test apparatus would
be most sensitive and able to detect corrosive damage.

Eddy currents should also be considered. Eddy currents develop as a result of
electromagnetic interaction within a material. These currents result in the creation of the skin
effect and system power loss. As the system frequency is increased, the eddy cecent eff
becomes more prevalent causing a greater reduction in output power. This effect counteracts the
increase previously mentioned. Research should be completed at multiple frequencies in order to
determine the optimal test frequency range.

Developing a detection device would require further testing. The applicable theory was
proven by the work done in this paper. In addition, this method of testing has been shown to be a
much less intrusive means for identifying corrosion. In order to develop a device usable in the
field, however, additional lab testing and bridge testing would be requiFbd.test apparatus
should be altered to include corroded rod tested at multiple frequencies to determine the
sensitivity of the device. Multiple rods should also be used to more closely model the bridge
environment. Further testing should be undertaken on bridge tendons with and without corrosion
to determine standard levels to be used for comparison in the field.

To maximize efficiency, extreme care should be taken to ensure coils are parallel, thus
allowing for maximum flux linkage. Also, coils should be tightly wound, leaving no space
between turs, to limit flux leakage. Ultimately, any device developed should be tested in the

field, in a realistic test environment, to adjust and determine effectiveness.
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APPENDIX A
MATLAB CODE

Modeling:

%%%% %% %% % %% % % %% % % %% % % %% % % %% % % %% %
% %

% Resistance (Impedance) %

% Source Current %

% emf %

% %

% (Free Space) %

% %

%%%%%%0%% % %% % %% % %% % %% %% %% %% %% % %% %

wd = .10; %Wire diameter (cm)
w = 2*pi*60; %0Omega at 60 Hz
Dist = 3.345 + 3.205 + [1.225:.25:3.4750]; %Distance between coil centers

len = length(Dist);

N1 = 50;
dl =2.675; %Coil 1 diameter (cm)
L1 =22.3702e -6;

N2 = 50;
d2 = 2.68; %Coil 1 diameter (cm)
L2 =23.2635e - 6;

M=

[0.7452,0.6387,0.5522,0.4815,0.4228,0.3736,0.3324,0.2969,0.2670,0.2405]*10"(

6); %Calculated from Grover

Vs = 1.88; %Measured input voltage (V)

emf2_Measuredl = (107( - 3))*[8,7.25,6.25,5.5,4.75,4,3.5,3.25,3,2.75]/2/1.414;
%Lab values 1

emf2_Measured2 = (10”\( - 3))*[8.25,7.5,6.25,5.5,4.5,4,3.5,3.25,3,2.75]/2
%Lab values 2

emf2 = (emf2_Measuredl + emf2_Measured?2)/2;

%Average lab values

WireLengthl = N1*d1*pi + 9.16; %Turns multiplied by turn
%diameter + return wire (cm)
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WireLength2 = N2*d2*pi + 9.48; %Turns multiplied by turn
%diameter + return wire (cm)
DiameterConversion = (wd/2.54)*1000; %Conversion to mils

%Table approximation 40.30 = 18 Gauge, 6.385(Ohms/1000ft)

WireResistance = (6.385/1000)/30.48; %Resistance (Ohms/cm)
ResistancelDC = WireResistance*WireLength1; %Total dc resistance of coil 1
Z1 = (ResistancelDC + j*w*L1); %Colil 1 Impedance at 60 Hz
11 = Vs/abs(Z1); %Current through coil 1
count = 1:len;

emf2_Calculated = w*M(count)*I1;

%Theoretical vs Average Measured emf induced in coil 2
%Figure plotted over distance between coil centers

figure(1)

plot(Dist/100,emf2, 'x' ,Dist/100,emf2_Calculated, *)

title ( "Theoretical vs. Measured Induced emf (Free Space) ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel(  'Induced emf (V)' )

%Measured emf values induced in coil 2
%Figure plotted over distance between coil centers

figure(2)
plot(Dist/100,emf2_Measured1,Dist/100,emf2_Measured?)

title ( 'Secondary  Coil Induced emf (Free Space) ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel(  ‘Induced emf (V)' )
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%9%%%%% %% %% %% %% %% % %% %% %% %% %%
% %

%  Self Indutance %

% (with correction) %

% %
% (Grover) %
% %

%%%%% %% %% %% %% % %% %% %% %% % %% %%

N = 50; %Caoall 2 turns
wd = .10; %Wire diameter (cm)

%Coil 1 Calculation

al = 2.675/2; %Coail 2 radius (cm)

bl =6.69; %Caoail 2 length (cm)

K1Ratio = 2*al/bl; %Ratio used to obtain K value from table
K1 = .849853; %K value long, single - layer coil

%Self inductance of conducting sheet (microH)

L1 = (.002*(pir2)*(al)*(2*al/bl)*(NA2)*K1);

%Coil correction

pl = bl/N; %Coil 2 pitch winding

G1Ratio = wd/(2*p1); %Ratio used to obtain G value from table
Gl= -.4374; %G value correction term

H1=.3182; %H value correction term, N dependent

%Coil adjustment (microH)

delL1 = .004*pi*(2*al)*N*(G1 + H1);

%Self inductance (microH)
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LiwithCorrection = L1 - delL1

%Coil 1 Calculation

a2 = 2.68/2; %Coil 2 radius (cm)

b2 =6.41; %Coll 2 length (cm)

K2Ratio = 2*a2/b2; %Ratio used to obtain K value from table
K2 =.843335; %K value long, single - layer coil

%Self inductance of conducting sheet (microH)

L2 = (.002*(pir2)*(a2)*(2*a2/b2)*(N"2)*K2);

%Caoil correction (microH)

p2 = b2/N; %Caoail 2 pitch winding

G2Ratio = wd/(2*p2); %Ratio used to obtain G value from table
G2 = -.3847; %G value correction term

H2 =.3182; %H value correction term, N dependent

%Coil adjustment (microH)

delL2 = .004*pi*(2*a2)*N*(G2 + H2);

%Self inductance (microH)

L2withCorrection = L2 - delL2
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%0%%%%%0%0% %% %% %% %% %% %%
% %

% Mutual %

% Inductance %

% %

% (Grover) %

% %
%0%%%%%%0% %% %% %% %% %% %%

a0 =2.57;
al =2.78;
a= (a0 + al)/4;
dl =6.69;

AO = 2.57;
Al =279;
d2 =6.41;
A = (A0 + Al)/4;

%Interpolated values from Grover table

Bl =

%inner radius of coil 1 (cm)
%outer radius of coil 1 (cm)
%ocoil 1 radius (cm)
%coil 1 length (cm)

%inner radius of coil 2 (cm)
%outer radius of coil 2 (cm)
%coil 2 length (cm)
%ocoil 2 radius (cm)

[0.99994606,0.99994792,0.99994978,0.99995164,0.99995288,0.99995474,0.99995598
,0.99995722,0.99995846,0.9999597,0.99996094,0.99996218,0.99996342,0.99996404,
0.99996528,0.9999659,0.99996714,0.99996776,0.999969,0.99996962];

B2 =

[0.99982702,0.99983756,0.99984686,0.99985492,0.99986298,0.99987042,0.99987662
,0.99988282,0.99988902,0.99989398,0.99989894,0.9999039,0.99990824,0.99991196,
0.99991568,0.9999194,0.9999225,0.9999256,0.9999287,0.99993118];

B3 =

[0.99981462,0.99982578,0.99983632,0.99984562,0.9998543,0.99986236,0.99986918,
0.999876,0.9998822,0.9998884,0.99989336,0.99989832,0.99990328,0.99990762,0.99
991134,0.99991506,0.99991878,0.99992188,0.9999256,0.99992622];

B4 =

[0.96640024,0.97694328,0.98392132,0.98863952,0.99182208,0.99399898,0.995562,0
.996602,0.9974312,0.9979474,0.9979503,0.998742,0.99895308,0.99911506,0.999255
68,0.99937672,0.99948174,0.9995743,0.99965618,0.99970302];

N =50; %coil count

ml =d1/2;
nl = N/(2*m1);
m2 = d2/2;
n2 = N/(2*m2);

%Coil 1 midpoint (cm)
%winding density coil 1
%Coil 2 midpoint (cm)
%winding density coil 2



S=ml+m2+[1.225:.25:5.975]; %Coil center separation (cm)

len = length(S);

alpha = a/A;

for i=21len

x1 = S(i) + (m1 + m2); %(distance between coil centers (cm)

x2 = S(i) + (m1 - m2); %coil 1 length + distance between coils (cm)
x3 = S(i) - (ml - m2); %coil 2 length + distance between coils (cm)
x4 = S(i) - (m1+m2); %minimum distance between coils (cm)

%four diagonal lengths (cm)

rl = sgrt(A"2 + (x1)"2);
r2 = sqrt(A"2 + (x2)"2);
r3 = sqrt(A"2 + (x3)"2);
r4 = sqrt(A"2 + (x4)"2);

%Bn constants

plsq(i) = (A"2)/r172;
p2sq(i) = (A"2)/r22;
p3sq(i) = (A"2)/r3"2;
p4sq(i) = (A"2)/r4"2;

M(i) = .002*(pi*2)*(107( - 6))*(@"2)*n1*n2*(r1*B1(i) - 1r2*B2(i)
r4*B4(i));
end

%Mutual Inductance (Free Space) plotted over coil center separation

figure(2);

plot(S/100,M, X' )

title ( 'Theoretical Mutual Inductance in Free Space ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel( 'Mutual Inductance (H)' )
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%9%%%%%% %% %% %% %% %% % %% %% %%
% %
%  Skin Depth %

% %
% AC Resistance %
% %

%69%%6%6%6%%%%%%%% %% %% %% % %% %%
function SkinDepth(frequency)

f = frequency;

g =[1:1e7:1e9];

h = length(g);
mu_0 =4e - 7*pi;

L =22.6291e -6;

cond = 5.96e7;
wd = .001;
Vs =1.88;

DCResistance = .0899;

for i=1:h

skindepth = sqrt(1/(g(i)*pi*mu_0*cond));
r=wd - skindepth;

DCAREA = pi*wd"2;
conditions (m)"2
a = DCAREA - pi*ri2;
ACResistance(i) = DCResistance*DCAREA/a;

end

plot(ACResistance,g)

title ( 'AC Resistance vs. Frequency (Free Space)

xlabel( 'AC Resistance (Ohms)' )
ylabel( 'Frequency (Hz)' )

end

44

%User input frequency

% (m*kg*s™ - 2*AN - 2) Permeability
%constant

%Elect. conductivity of copper
%Diameter of wire

%Measured input voltage (V)

%DC resistance calculated from
%PrimaryResistance (ohms)

%lInner radius (m)

%Wire area under DC

%Effective wire area (m)"2

%AC resistance (A)



%%%%% %% %% %% %% % %% %% %% %% %

% %

% Interpolation %
% %

% (Arora) %
% %

%%9%%%%% %% %% %% % %% %% %% %% %

function Interpolation(x1,x2,y1,y2,al)

InitalValue = ail; %Calculated value

InitialX = x1; %lnitial x value

FinalX = x2; %PFinal x value

InitialY = y1,; %Initial y value

FinalY =y2; %Final y value

FinalvValue = InitialY + (FinalY - InitialY)*(InitialValue - InitialX)/(FinalX
- InitialX);

end

Additional Plots:

%%%%%% %% % %% % %% % %% % %% %% % %% % %% % %% %

% %

% Induced emf %

% Measured %

% %
% (Uncorroded) %

% %

%%%%%% %% % %% % %% % %% % %% % %% %% % %% % %% %

Dist =.03345 + .03205 + [.01225:.0025:.05975]; %Distance between coil
centers (cm)

%Measured emf values 1 and 2 (mV), (converted from peak to peak to rms)

UNemf2_Measuredl =
[.88,.87,.86,.82,.78,.76,.74,.72,.70,.68,.66,.64,.62,.60,.58,.57,.56,.54,.53,
.52]/2/1.4142;
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UNemf2_Measured2 =
[.88,.86,.85,.82,.8,.78,.75,.73,.71,.69,.67,.65,.64,.62,.60,.59,.57,.55,.54,.
53]/2/1.4142;

UNemf2 = (UNemf2_Measuredl + UNemf2_Measured?2)/2;

figure(1)

plot(Dist,UNemf2_Measuredl,Dist, UNemf2_Measured?2)

title ( 'Secondary Coil Induced emf (Uncorroded) ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel( 'Induced emf (V)' )

%%9%%% %% %% %% %% % %% %% %% %% %% % %% %% %% %

% %

% Induced emf %

% Measured %

% %

% (Corroded) %

%  (Damaged Centered) %

% %

%0%%%%%% %% %% %% %% %% %% % %% %% %% %% %% % %

Dist =.03345 + .03205 + [.01225:.0025:.05975]; %Distance between coil

centers (cm)

%Measured emf values 1 and 2 (mV), (converted from peak to peak to rms)

CENTemf2_Measuredl =
[.68,.66,.64,.62,.61,.59,.57,.56,.54,.53,.51,.5,.48,.47,.45,.44,.43,.42,.4,.3
9]/2/1.4142;

CENTemf2_Measured2 =
[.68,.65,.64,.62,.6,.6,.58,.56,.54,.53,.51,.5,.48,.47,.46,.44,.42,.41,.4,.39]
12/1.4142;

CENTemf2 = (CENTemf2_Measuredl + CENTemf2_Measured?2)/2;

figure(1)

plot(Dist, CENTemf2_Measuredl,Dist, CENTemf2_Measured?2)

title ( 'Secondary Coil Induced emf (Corrosion Damage Centered) ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel( 'Induced emf (V)' )

figure(4)

plot(Dist,UNemf2, ' Dist, CENTemf2, "' )

title ( 'Secondary Coil Induced emf (Corrosion Damage Centered) ' )
xlabel( 'Spacing Between Coil Centers (m)' )

ylabel( 'Induced emf (V)' )
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%%%%% %% %% %% %% % %% %% %% %% %% % %% %% %% %

% %

% Induced emf %

% Calculated v. Measured %

% %
% (Free Space) %

% %

%%%%% %% %% %% %% % %% %% %% %% % %% %% %% %% %

Dist = 3.345 + 3.205 + [1.225:.25:3.4750]; %Distance between coil centers
(cm)

%Measured emf values 1 and 2 (mV), (converted from peak to peak to rms)

emf2_Measuredl = [8,7.25,6.25,5.5,4.75,4,3.5,3.25,3,2.75]/2/1.4142;
emf2_Measured2 = [8.25,7.5,6.25,5.5,4.5,4,3.5,3.25,3,2.75]/2/1.4142;

emf2 = (emf2_Measuredl + emf2_Measured?2)/2; %Averaged emf values (V)

%Calculated emf values (mV)

emf2_Calculated =
[5.8460,5.0106,4.3320,3.7773,3.3168,2.9309,2.6077,2.3292,2.0946,1.8867];

plot(Dist,emf2, 'x' ,Dist,emf2_Calculated, )
title ( 'Secondary Coil Induced emf (Free Space) ' )
xlabel( 'Horizontal Distance Between Coil Centers (cm)' )

ylabel( ‘Induced emf (mV)' )
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