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Abstract 

New parameter named eddy current (EC) efficiency coefficient for estimation of EC coils was proposed and 

investigated. This parameter can be determined as ratio of reflected by nonmagnetic media inductance of the coil 

(or imaginary component of impedance) to the inductance (or imaginary component of impedance) of the coil 

situated in free space in condition when generalized parameter (combined of the operational frequency, 

conductivity and coil radius) go to infinity. Reflected inductance can be determined as the difference between the 

inductance of the coil situated in free space and the inductance of the coil situated on the nonmagnetic 

conductive media. 

The EC coil efficiency coefficient was demonstrated by calculation of inductance for two opposite types 

(cylindrical and spiral) single-layer EC coils with different number of turns.  

Air cored EC probe coils with the same geometry but different number of turns were investigated also. From 

these calculations the invariant property of proposed parameter relatively to number of turns was shown.   

Air cored EC probe coils with different size but with the same relations of geometrical parameters also were 

investigated. The invariant feature of proposed parameter relatively to the coil size in condition, when relations 

of coil sizes (external and internal radius, length) are the same also was shown. 

The influence of ferrite parameters to EC efficiency coefficient for ferrite-core EC probe coils was investigated. 

Proposed parameter can be applied for comparative estimation of constructional efficiency of EC probes and as 

scale factor.  

Presented parameter can be discussed as new parameter possible to be applied in normative documents for EC 

probes parameters characterization.   

 

Keywords: Eddy current (EC) efficiency coefficient, EC coil, invariant, operational frequency, generalized 

parameter, inductance, impedance components  

 

1.  Introduction 
 

Sensitivity of EC probes is dependant on many inspection parameters (such as operational 

frequency, material conductivity and so on) and the design of EC probe coils. The EC probe 

performance and particularities of its interaction with inspected object are analyzed by 

hodographs in complex plane which represents the changes of introduced by inspected 

material impedance components (or EC coil resistance and inductance) due to influence of 

various parameters and were investigated in many publications [1-4]. It was noted that 

hodographs for different type of EC probes are similar [4]. 

Generally, the optimizations of EC inspection procedures are limited by possibility to choice 

the operational frequency and EC probe design. In most cases the choice of operational 

frequency is solved experimentally by application of reference standards which represents the 

inspection problem [5-6]. Less studied is the problem of EC probe coil design parameters 

selection. Experience shows that the most important factors that influence to the efficiency of 

the EC probes include geometric parameters of the coils (especially height (length), width and 

the operational distance from the inspected surface) and the parameters of ferrite core, when it 

is presented.  

Formulated in this paper task is to find the parameter of EC probe coil possible to estimate its 

performance efficiency regardless of inspected material electrophysical properties, operational 

frequency and possible to be determined by relatively simple procedures. 

Different ways of EC probes performance evaluation were proposed by T. Capobianco from 

USA National Bureau of Standards [7, 8]. The author discusses the various approaches and 

procedures for estimation of the characteristics of one-coil type EC probes to be perspective 
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for their application in appropriate standards. It was proposed the method for estimation the 

EC coil efficiency by determining their electrical characteristics. According to proposed 

method the impedance 0Z  of the EC coil, when it is placed far enough from conductive 

objects (in free space) was measured at the beginning. Then EC coil impedance mZ  for coil 

situated on the surface of aluminum reference standard was measured. The difference of 

impedances mZZZ −=∆ 0  was accepted as the EC probe characteristic. The disadvantage of 

this characteristic is its dependence on the selected operational frequency and resonance 

frequency of the EC coils. In addition, the impedance difference in this case is dependant on 

the number of EC coil turns and don’t can estimate the constructional efficiency of the EC 

probes. 

 

2. New parameter for the EC probe efficiency estimation 
 

To discuss the parameter possible to be a criterion for the EC probe efficiency estimation let 

us consider the equivalent scheme of EC circuit in conductive nonferrous material with active 

eR  and reactive ee LX ω=  impedance components as simplest model of EC coil interaction 

with nonmagnetic inspected medium. This EC circuit have inductive coupling with EC coil 

with initial active 0R  and reactive 00 LX ω=  impedance components when it was located far 

from conductive media (in “free space”) [1, 3]. After interaction of EC probe coil with EC 

circuit in conductive media the impedance components are changed in accordance with the 

next expressions: 
 

          )( 2222
eeeref XRRМR += ω   і  )( 2222

eeerefref XRXМLX +−== ωω ,          (1) 
 

 

where: 0RRR mref −= ; 0LLL mref −= , mR  and mL  - resistance and inductance of the 

coil situated on the conductive nonmagnetic media; fπω 2=  – circular frequency; 

ec LLKM 0= – mutual inductance between the EC coil and the equivalent circuit of eddy 

currents; cK  – coefficient of coupling which characterize the degree of magnetic coupling of 

circuits which in our case describes the portion of EC coil magnetic flux linked with EC 

circuit in the conductive material [2,9,10]. 

For our task it is interesting to analyze the behavior of reactive component refX . For 

nonmagnetic media reactive component refX  is negative. This effect can be physically 

explained by a decrease in intensity of the electromagnetic field in the area of the coil due to 

electromagnetic field created by eddy currents. The value of reactive component refX  

increases with frequency ω  or conductivity σ  constantly and reaches a maximal value. 

Neglecting in the expression (1) with active impedance component eR  for high frequencies 

and high values of conductivity σ  for the maximal value of reflected reactance 
max
refX  can 

be obtained 

                      0
222maxmax LKXМLX cerefref ωωω −=−== .                         (2) 

 Thus, the maximum value of inductive reactance 
max
refX  or inductance 

max
refL  

introduced by nonferrous inspected media is achieved in conditions, when generalized 



parameter 0ωσµβ r=  ( r – equivalent radius of EC coil; 
7

0 104 −= πµ  H/m – magnetic 

constant; σ  – material conductivity) go to infinity ( ∞→β ). 

To estimate the efficiency of EC probe coil independently of the absolute value of the coil 

impedance it is proposed to apply as EC probe efficiency criterion the relative parameter ξ  

defined as the ratio of the absolute values of the reflected EC coil inductance )( ∞→βrefL  or 

reactance )( ∞→βrefX  for coil situated on the conductive nonferrous object in the condition 

∞→β  to inductance 0L  or reactance 00 LX ω=  for coil situated in “free space” in 

accordance with the next relations [10-12]: 
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Proposed parameter ξ  can be termed as “eddy current efficiency coefficient”. In accordance 

with (2) and (3) the EC efficiency coefficient is dependant on the coefficient of coupling in 

accordance with relation 
2
cК=ξ . So, parameter ξ   is corresponded by physical nature with 

coefficient of coupling known from the theory of coupled circuits [9]. However, the direct 

application of the coefficient of coupling for estimation of the EC probe coil efficiency is not 

convenient. The proposed definition of parameter ξ  for estimation the efficiency of EC probe 

coil is more intrinsic to the theory of EC method because the changes of normalized values of 

active 0LRR refref ω=′  and reactive 00 LLXXX refrefref ==′  components of the EC coil 

impedance are traditionally analyzed in many EC investigations. Proposed parameter ξ  is 

easily understandable for the specialists in the field of EC because this parameter represents 

the ultimate value of reflected EC coil reactance or inductance, and which corresponds with 

the point in which known in EC method theory hodographs (with changing of generalized 

parameter ∞→β ) are intersected with the reactance axis [10]. EC efficiency factor by 

definition can not be greater than unity ( 1≤ξ ) and can be applied as a scale factor for 

comparing of the EC probes. And larger values of the coefficient ξ  are associated with the 

best efficiency of EC probe. The important feature of such coefficient is its invariance in  the 

relation to the operational frequency (frequency invariance), because parameter ξ  is defined 

in conditions ( ∞→β ) when the operational frequency is big enough and don’t influences the 

reflected reactance of the EC coil. 

It is understandable that it is impossible to achieve the infinite value of the generalized 

parameter ( ∞→β ) during the research because it is limited by the conductivity of copper 

(constructional nonferrous alloy with highest conductivity) and maximum frequency of 

measuring equipments and EC devices (up to 6-10 MHz). At the same time, we know that the 

value of EC coil reactance or inductance with conductivity or frequency increasing above a 

certain values is changed nonessential [1-3]. Therefore, to achieve the desired accuracy in EC 

efficiency coefficient ξ  determination it is enough to provide appropriate value of the 

generalized parameters β . The conditions of the experiment or numerical calculation (EC 

coil diameter, material conductivity and operational frequency selection) required to achieve a 

given error of coefficient ξ  determination were investigated [10]. For example, to estimate 



the factor ξ  with accuracy better than 1% the conditions of experiments or calculations must 

be selected in accordance with condition 300 ≥= ωσµβ r . The extrapolation algorithms 

also can be applied. 

 

3. Influence of the coil height and width to the EC efficiency coefficient  
 

To analyze the influence of the length and the width to the EC coil efficiency let us consider 

two hypothetical groups of EC coils which represents two contrary variants of single-layer 

coil arrangement. The first cylindrical EC coils consists of turns of the same diameter situated 

one above the other. In this case, number of turns increasing results to an increase of the coil 

length with constant diameter. Spiral EC coils consists of different diameter turns which are 

closely adjacent each other. In this case, with number of turns increasing the coil height 

remains constant and is equal to the diameter of the wire and only the outer and average 

diameters of EC coil are increased.  

These simple and opposite (in cumulative and average proximity of coil turns to the inspected 

surface) EC coils were chosen to validate the proposed EC efficiency coefficient ξ . Each 

turn of the spiral EC coil tightly adjoins to the inspected surface with high interaction with 

eddy currents. Therefore, this variant can be considered as most optimal and efficient from th 

point of the better EC coil interaction with eddy currents. Other important parameters of EC 

coil, such as spatial resolution, are not considered here. In cylindrical EC coil, however, next 

turns are moved away from the inspected surface and its interaction with eddy currents is 

diminished.  

Parameter ξ  was calculated for 12 coils with different number of turns from 1 to 100 

according to the expression (3). To determine this parameters inductances of coils situated 

away from inspected object and when putted on a copper half-space with conductivity σ  = 

58.0 mS /m at the operational frequency 10.0 MHz were calculated. For both EC coil variants 

the first turn is corresponded with one turn of wire with diameter 0.1 mm and with average 

radius of 1.0 mm. The calculations were carried out by volume integral method (VIC-3D) 

[13]. 
 

 
 

Figure 1. Dependences of EC efficiency coefficient ξ  on the number of turns w  

for spiral (■) and cylindrical (∆) coils 

 



Presented results (fig. 1) show the opposite effect of the EC coil height and width to the EC 

coil efficiency. When the number of turns and the width of the spiral EC coil is increased the 

EC efficiency coefficient ξ  also increases from 0.69 for one turn to 0.98 for w = 100. In this 

case, the last value of coefficient ξ  is very close to maximal. Increasing of the number of 

turns and consequently the length of the cylindrical EC coils leads to significant (more than 

10 times) reduction of the EC coils efficiency coefficient ξ  (from 0.69 to 0.042).  

 

4. Invariant properties of the EC efficiency coefficient for air-core coils 
 

As the result of preliminary analysis, it was assumed that the proposed EC efficiency 

coefficient depends on the geometrical shape of the EC coil and doesn’t depends on the 

number of turns and its size in condition when geometrical form of the coils is the same 

[3,10,11]. 

 

4.1 Invariant property in relation of coil number of turns 

 

The EC efficiency coefficient ξ  for the EC coils of the same size but filled with different 

number of turns were calculated to check its invariant property. The calculations were carried 

out for the coils with the height 0l = 2 mm with inner and outer diameters of the coil intr = 1.0 

mm and extr = 3.0 mm respectively. The cross section of the coil 2 × 2 mm was filled with 

different number of turns (see table 1) by changing the wire diameters and number of turns.  

Investigations of the EC coils with different number of turns were performed by placing it in 

free space and on the surface of the copper half-space with conductivity σ  = 58 mS/m at 

operational frequency 10 MHz. The results of calculations and relevant parameters are 

presented in table 1, where the values of coil inductance and reactance in free space and the 

reactance CuX  of the coils placed on the copper half-space are presented also. Thus, some 

EC coils with large number of turns are hypothetical, because can’t be implemented in 

practice due the absence of wire with proper diameter. However, they were also calculated to 

generalize obtained results.  
 

Table 1. Results of the coefficient ξ  calculations for the EC coils with the same size but 

different number of turns w . 
 
 

 

№  

EC coil 

Number 

of turns  

w  

0L , 

µ H 

0X , 

Ohm 
CuX , 

Ohm 

 

ξ  

1 4 0,024 1,50 0,95 0,36877 

2 16 0,38 24,1 15,2 0,36877 

3 64 6,1 385,4 243,3 0,36877 

4 400 240 15055,5 9503,4 0,36877 

5 1600 3834 24089 15206 0,36877 

6 6400 6,3·104 3,85·106 2,43·106 0,36877 

 

Presented results (table 1) show that EC coils with the same geometrical parameters have the 

same values of the EC efficiency coefficient ξ  in spite of the large differences in the number 

of turns and respectively large differences in coil inductances and reactance. So, proposed EC 

efficiency coefficient ξ  can be characterized by invariant property respectively to the number 

of turns when EC coil geometric parameters are the same. 



4.1 Invariant property in relation to the coil size 
 

Let us increase all geometric parameters of EC coil 2 times and calculate the parameters of 

EC coil with the inner intr  and outer extr  diameters of 2.0 and 6.0 mm, respectively, and 

length 0l  = 4.0 mm (note its number 2*). Calculations were carried out for coil with 16 turns, 

as well as for coil 2 in table 2. Two operational frequencies 10.0 and 2.5 MHz were applied. 

Calculations at the operational frequency 2.5 MHz were performed also to maintain the same 

generalized parameter ( 0ωσµµβ R= ) value with increasing of the coil radius. 

  

Table 2. Results of the coefficient ξ  calculations for the EC coils with the same proportion of 

geometrical parameters and number of turns. 
 

 

 

EC 
coil 

 

intr ; extr ; 0l , 

mm 

 

Operational 

frequency, 
MHz 

 

0X , 

Оhm 

 

CuX , 

Ohm 

 

ξ  

№ 2  1,0; 3,0; 2,0  10,0 24,09 15,2 0,36877 

№ 2* 2,0; 6,0; 4,0 10,0 48,18 30,3 0,37199 

№ 2* 2,0; 6,0; 4,0 2,5 12,04 7,6 0,36878 
  

 

Presented results (table 2) show that EC efficiency coefficient ξ  for coils № 2 and № 2* 

calculated at the operational frequency 10,0 MHz are very similar but little different. This 

result can be explained by different values of the generalized parameter β , which is increased 

with increasing the coil diameter. To equal the conditions in generalized parameter β  for EC 

coil № 2* the calculations on operational frequency 2,5 MHz also were done. In this case we 

can see that values of factor for EC coil № 2 and № 2* are practically the same.  

So, proposed EC efficiency coefficient ξ  for air-core EC coils can be characterized by 

invariant property with respect to the coil size in conditions when all proportions in 

geometrical parameters are the same. 

 

5. Efficiency of the EC coils with ferrite cores 

 

In the majority of EC probes all coils are installed on the ferrite cores to improve the 

sensitivity and the spatial resolution [1,10,14]. In spite of the ferrite core EC probes 

prevalence, such probes are not enough investigated due to the problems of theoretical 

analysis. To simulate ferrite-core EC probes rough assumptions very often are applied not 

possible to be effective for practical usage [1]. It is considered that greater ferrite-core EC coil 

sensitivity is caused by better coupling of coil turns (especially remote from the inspected 

surface) with EC circuit in inspected material. The ferrite core EC coil design parameters 

(such as length fl , diameter fD  and material of he core initial permeability µ ), coil 

geometry (such as for the air-core coils) and coil location on the ferrite core (coil length in 

relation to ferrite length and offset ofl  of the coil from bottom of the operational end of the 

core) can significantly influence the ferrite-core EC probe sensitivity. 

Influence of the ferrite core to the EC probe efficiency was investigated by single-layer 

cylindrical EC coils with different number of turns (from 1 to 100). The same EC coils 

without core were discussed in section 4 (fig. 1). It was calculated dependence of the EC 

efficiency coefficient ξ  on the number of turns when coil turns are wounded directly on the 

core with the length 10.0 mm and material initial permeability µ = 100, 600, 1200 and 2000 



without offset ( 0=ofl ). The calculations were carried out for the operational frequency 10.0 

MHz. 

The dependences obtained (fig. 2) show that the efficiency of single-layer coil installed on the 

ferrite core increases by several times depending on the number of turns and consequently the 

length of the coil. With increasing of the coil EC length the efficiency coefficient ξ  is 

reduced. The dependences of the coefficient ξ  obtained for permeability µ = 100 and µ = 

600 are close enough. The dependencies of the coefficient ξ  on number of turns (or coil 

length) for µ = 600, 1200 and 2000 are practically identical and merged into a single curve. 

This can be explained by demagnetization factor influence which is particularly strong when 

coils are placed at the core end. Results obtained show the unreasonableness of the application 

of ferrite cores with high (more than 600) values of permeability for EC probe creation.   
 

 

Figure 2. Dependences of the EC efficiency coefficient ξ  on the number of turns w  for the coils 

without core (■) and with ferrite core with permeability 100 (○) і 600 (1200 and 2000) (∆) 

 

Presented results were applied for optimizing of the one-coil probes for self-generator type 

flaw detector and double differential type EC probes which are successfully applies to solve 

many difficult  inspection problems [10, 15-17]. 

 

6. Conclusions 
 

1) New parameter named EC efficiency coefficient for EC probe efficiency estimation is 

proposed.  

2) Invariant features of proposed parameter for air-core EC probes in relation to the 

operational frequency, EC coil number of turns and size in conditions, when geometrical 

proportion are the same are shown. 

3) Possibility of proposed EC efficiency coefficient application for optimizing of the probes 

with ferrite core also is presented. The influences of core parameters to EC probe efficiency 

were investigated.  

4) Presented EC efficiency coefficient can be applied in EC method theory for comparative 

estimation of EC probes constructional efficiency. Proposed EC efficiency coefficient also 

can be applied as the scale coefficient.   

5) Presented EC coil efficiency coefficient can be discussed as possible to be applied in the 

normative documents for EC probes parameters characterization.   
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