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DESIGN AND CONSTRUCTION OF EDDY-CURRENT
COOLANT-CHANNEL SPACING PROBES

C. V. Dodd

ABSTRACT

The coolant-channel spacing between two flat fuel plates
may be measured using an eddy-current induction coil. The
range and sensitivity of these spacing measurements are
functions of the coll geometry, the material surrounding
the coll, and the operating frequency. Experimental curves
are glven showing how the coil impedance varies as a function
of geometry, frequency, and the material surrounding the coil.
A design problem 1s solved showing the compromises made
between range and sensitivity which determine the coil geom~
etry. The wire size and hence the proper number of turns
are selected to match the coll to an alternating current
tridge.

Probe constructlon technigues are given to help the
uger construct both the coll and the apparatus to position
the coil in the coolant channel. This report provides the
necessary data for the design of spacing probes for many

gimilar problems.



INTRODUCTION

Tne fuel elements in today's reactors are freguently constructed by
stacking fuel-bearing plates with spaces between plates for coolant flow.
The plate spacing, which may vary from several mils to several hundred
mils, greatly affects the plate temperature and reactor efficiency., This
plate spacing must be maintained within close tolerances to insure high
efficiency without plate failure. One prerequisite to controlling this
spacing 1s being able to measure it. It has been demonstrated that it is
possible to measure this spacing satisfactorily using eddy-current tech-
niques.l The coil design and operating frequency play a major part in
the range and sensitlvity of this type of measurement. The purpose of
this paper is to help optimize the colil design and frequency of operation

for any particular inspection problem using empirical curves,
TECHNIQUE OF MEASUREMENT

When an alternating current is applied to a coll of wire, the coil
will produce an alternating magnetic field which determines the coll
impedance, The Introduction of a metal into this alternating field
changes the field and hence the coil impedance, The properties affecting
the coll impedance are coill geometry; frequency of the alternating current;
conductivity, permeability, and shape and orientation of the metal; and
distance frowm the coil to the metal (1ift-off). TFigure 1 shows how the
normalized impedance varies as a function of some of these variables. The
impedance is normalized to the impedance of the coil in air by subtracting

the resistance of the coil in air and dividing both coordinates by the

1¢. V. Dodd and R. W. McClung, Fuel FElement Coolant Channel and Other
Spacing Measurements Using Hidy-Current Techniques, ORNI~TM 129 (March 20,
1962).
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Fig. 1. Normalized Impedance of a Coil Above a Conductor.



magnitude of the coil reactance in air. It may be seen from Fig., 1 that
lift-off (coil-to-specimen spacing) has a pronounced effect on the coll
impedance., This effect is used to make indirect measurements of spacing
between fuel plates as shown in Fig. 2. The coil is placed on a conducting
piece of metal directly beneath a spring. The travel of the spring is
limited by the upper fuel plate, and the spring action keeps the metal
beneath the coil snugly against the bottom plate. The coil impedance is

a function of the coil-to-spring spacing and thus a function of the coolant-
channel spacing. By choosing this configuration, several geometrical vari-
ables are eliminated. The other variables can be optimized by proper de-

sign of the probe coll and choice of cperating frequency.
IMPEDANCE STUDIES

An experimental study was performed to determine empirically the
impedance associated with various test conditions, A family of 13 coils
of various dimensions was used to generate curves of normalized impedance
by placing the coils on one plane and varying the distance to another
plane for different frequencies. Thus, the probe geometry (shown in
Fig. 2) was simulated, All the dimensions are expressed in terme of mean
coll diameter (the average of inside diameter and outside diameter). Fig-
ure 3 shows how the relative amplitude of the normalized impedance varies
with spacing for a number of colils at different frequencies. Differences
between the curves may be due to experimental errors. Since the impedance
is approximately the same nonlinear function of spacing, the only two
values of normalized impedance necessary tc be given are those for zero

and infinite spacing. Figure 4 shows the variatlon in impedance with
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eight different coll geametries for various frequencies with infinite
gpacing between the coil and spring. Figure 5 shows the variation for
zero spacing (i.e., the conducting planes were in contact with either

side of the coil)., In both cases, the conductor was 2024 aluminum with

b, (relative permeability) = 1. Figure 6 shows the variations with
infinite spacing from tool steel (relative permeability = 200), Figure 7
ghows the same variations with zero spacing, The total impedance change
for any given set of conditions may be obtained by vector subtraction of
the impedance for zero spacing from the impedance Tor infinite spacing,
The impedance difference should be large in order to make sensitive mea-
surements., Factors peculiar to an inspection problem, such as the desired
span and accuracy and the entry accessibility, will limit the choice of
coll geometry., However, some general observations may be made Ifrom Figs.
3 through 7. The range (span) is directly proportional to the coil
diameter, and the sensitivity 1s inversely proportionsl to the coil diam-
eter, The sensitivity increases with a high permeability material with
short and thick coils. The sensitivity decreases slightly with increasing
fregquency, but with higher frequencies, there is less effect from changes
in the air resistive component due to variation in coil and metal
temperature.

With these general observations, a compromice may be made between
range, sensitivity, and difficulty of fabrication. Once a compromise has
been reached and a coil geometry and frequency have been determined for a
particular inspection problem, the number of turns of wire (and thus the
wire size) may be adjusted to match impedance with the bridge circuit used

1o measure the impedance,
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COIL DESIGN

A sample design problem will be solved for the coil in the probe
used to measure coolant channel spacing in the Advanced Test Reactor fuel
elements, The following nomenclature will be used to define the various

coil dimensions (see Fig. & for sketch).

d = mean coil dismeter

thickness

£

i

length

Carbon steel was chosen for the probe material due to its good mechanical
properties and high permeability., High permeability material increases
the total impedance change and acts as a good electrical shield for the
coil. ‘'The spacing range was from 68 to 88 mils, and the desired accuracy
wvas * 0,5 mil, The coil diameter may he approximately chosen with help
from Fig. 3. The range is small for normalized spacing values (spacing/
meen coil diameter) between 0,01 and 0.1, and the sensitivity is low
above about 0,2; therefore, coil diameters corresponding to the 0.1 to

0.2 values are used, The recommended spacing range would be from 0.1 to
0.2 mean coil diameters thus giving a span of 0,1 times the mean coil
diameter., Thus, for a spacing range of 20 mils a mean coll diameter of
200 mils would be required. However, a mean diameter of 250 mils was
chosen in order to extend the range to 25 mils to allow for better quanti-
tatlve results beyond the tolerances and because 1t was easier to construct,
The sensitivity increases with increasing thickness and decreasing length,
The maximum thickness to mean diameter ratio would be 1, but this would
not leave room for a form on which the coil could be wound and would make

the outside diameter of the coil equal to 1/2 in. The 1/2-in. coil outside
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diameter would require a 3/4-in.-wide probe head since the head should
extend approximately one coll radius on either side of the coill for proper
shielding, As a compromise, the thickness was chosen to be half the mean
dlameter. The length of the coil should be short as reasonable for high
sensitivity and to fit into the minimum probe spacing. The length is a
hard dimension to control in the winding process, and extremely thin coils
show large variations in sensitivity for small length variations., The
length was chosen to be one-tenth (or 0.025 in.) the mean coil diameter,
A frequency of 100 kc was chosen because it placed the zero~to-infinite
spacing iwmpedance change on a falrly sensitive portlon of the normalized
impedance curves, and it was readily avallable in commerical instruments.
The relative position (value of coil impedance) in the impedance
plane in Figs, 1, 4, 5, 6, and 7 is partly determined by the relation
d./we , where d = mean coil diameter, w = angular frequency,
u = permeability, and ¢ = conductivity.
For the Advanced Test Reactor probe,

d

It

0.250 in, = 0.00636 mn,

W

il

2nf = 21 X 10° = 6,28 X 107,

o= 200 pg = 200(1.26 X 10°8) h = 2.52 x 1074 h,

il

P

a /wpo

L 15 %1078 wem = 15 x 1078 wm, and
G /2

(6.28 x 10°)(2.52 X 10“4)]
1.5 X 1077

it

6.36 X 107 ? m [ ~ 213 ,

The factor dxﬂﬁjg for carbon steel may be calculated more easily by
the relationship: dwﬂﬁi;fc 856~/f, where 4 is now the diameter in inches
and T is the frequency in kilocycles, The normalized impedance for
infinite spacing may now be estimated from the curves in Fig., 6. The

curve of d./wps = 213 would fall between the 98,8 and 221 curves, being
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very close to the 221 curve. There is no curve for t/d = 0.5 and z/d = 0.1,
but this curve would be near t/d = 1/6 and £/d = 1/12. These curves would
intersect at approximately 0.2 + 1.4 j; from Fig. 7 (curves for zero
spzeing) the impedance is likewise estiuated to be 0.9 + 2.1 j, The

total impedance change from zero-to-infinite spacing is 0.7 + 0.7 J. From
Fig, 3, this would give a change of approximately 0.2(0.7 + 0.7 J) or

(0.4 + 0,14 j) over the 25-mil spacing range or approximately

0,14 + 0,14 J
50

Fig. 3 the impedance for nominal spacing (78 mils or 0.15 coil diameters)

= 00,0028 + 0,0028-3 impedance change per 0.5 mil., From

may be approximated by subtracting the fractional impedance change
0.6(0.7 and 0.7 j) from the impedance for zero spaclng., This glves a
nominal impedance (normalized) of 0,5 + 1.7 j. A +0,5-mil variation
(+10.0028 + 0.0028 3| = £0.004) represents a variation in the absolute
value of the nominal impedance (lO.5 +1.75 | = 1.77) of approximately
0.22%. This is a rather large percentage deviation and ig easily measured
by almost any impedance bridge, The nominsl coll impedance should be made
to match the bridge impedance for maximum sensitivity., This may be
expressed: 7 bridge = 7 nominal, where 7 bridge is the impedance needed
to balance the bridge, Unfortunately, the nominal impedance cannot Dbe
calculated directly from normalized impedance curves. However, multiplying
Z air

the right side of the equation by Carer glves: 7 bridge = 7 air (

Z nominal)
air

2 alr

Z nominal : : .
"“?TEEE"") may be obtained from the normalized impedance
(S

. . r - - Z air
curves, Solving for Z alr gives: la air] = |Z bzldge[ (T7JEBEIH$ET . The

absolute value signs are used since only the magnitude of the alr impedance

and the ratio of (

is needed, Since |Z airl = w L air, the alr inductance may be expressed:

|z bridge] 7 air|
r = s s »
w |7 nominal|

L oai The commercial instrument which was
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used required an inductance of 175 ph in its bridge, so the desired alr

Loty = o {375 ph) |7 sir
. w 7 nominali *

is 1 on the normslized impedance plots and |7 nominal] is

inductance is

]Z air
[0.5 +1.7 3| = 1.77. Therefore, the air inductance of the coil (L air)
should be made eqgual to 175 ph 7&77 s~ 98 yh., With the coil gesometry

fixed, the number of turns may be calculated from Fig. 8.7 The value

of Kfor £4/d = 0.1 and t/d = 0.5 is 2.3 X 10" °. Solving for n,

[u <%T N/ ] L X 1079) (0. 02_)_J1/2 - 159 turme.,

K&§ X 1079)(0.250)

The wire size is then estimated from the following data.

Wire Size Number of Turns per 0.01 sqg in.
30 &7
32 20
34 150
36 260
38 310
40 598
42 1100
A 1550

The above information gives the number of turns of wire (wet with coil
dope) which will fill 0.0l-sg-in., cross section. For the ATR coil, the
cross section is 0.125 X 0.025 = 0,003125 sq in. Therefore, the desired

number of turns per 0.0l-sg-in. cross section is 435. Number 38 wire

°H. B. Dwight, "Self Inductance of Short Reactance Coils,"
Blectrical World, 1079 (May 25, 1918).
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wes chogen ag a compromise, The measured velue of induction was 119 ph
because the as-bullt coil dimensicns were greater than those calculated,
The coil still worked very well giving the desired range and sensitivity.
It is recognized that both calculations and curves are approximate, but

the results are reasonably accurate and quite useful,
PROBE CONSTRUCTION

Once the coil design has been determined, it must be built and
attached to a spring, wires, and handle to form a probe, The following
technique has been successfully used at the Osk Ridge National Iaboratory.
The coil may be wound by first building a removable Teflon form as shown
in Fig. 9a with the air dimensions of the form equal to the coil dimensions
needed. One lead is passed outside through the gap between the form and
lubricated rod, The coll is wound to £ill the space with the desired
pumber of turnsg of the proper size wire, As previously noted, the wire
size required fTor the desired number of turns to fill the desired space
may be estimated in the above tsbulation, Coll dope is continuously
applied to the wire during winding.

If the tension on the wire is too great as the coil is wound, it may
tend to deform the Teflon, When the coill has drled, the form is removed,
The coil iz then glued to the probe head beneath the spring. Several types
of probe heads have been constructed, one of which is shown in Fig. 9b,

The head width is generally equal to or greater than two coll diameters
so variationsg In the conductivity of the plate being measured will not be
detected. For best results, the combined thicknesses of probe head, coil,
and spring should be only slightly less than that of the minimum spacing.
The tip above and below the coil 1imit the spacing being measured to a

small area,
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The handle holding the probe head and carrying the coil leads back
to the instrument must satisfy three requirements: (1) it must position
the probe head properly; (2) it must provide electrical shielding for the
coil leads; and (3) it must be strong and flexible enough not to bresk
under repeated use in fuel elements. One type of handle has been con-
structed from rolled steel tublng containing lead wires or from rolled
thermocouple tubing as shown in Fig. 10a. The probe head may be glued or
otherwise attached to the handle. The handle may be soldered to a con=-
venient holder (Fig. 10b) and a plug attached to carry the leads to the
instrument used.

Several types of instruments may be used., One type i1s a balanced-
bridge amplitude-sensgitive instrument which will measure the differences
in magnitude of impedance, These instruments are simple, cheap, and
accurate enocugh for most uses, Commercial ones avallable include the
Dermitron® and the Magnatest FM~100 and FM-102.% Other instruments are
balanced-bridge amplitude~sensitive instruments which measure vector
differences in impedance. These are more expenslve but have a greater
inherent sensitivity. Commercial units include the RADAC® and the Heat
Check,? Other instruments capable of measuring the coll impedance can

probably be used 1f proper consideration is given to impedance matching.

2Unit Process Assemblies, 53-15 37th Avenue, Woodside 77, New York.
“Magnaflux Corporation, 7300 West Lawrence Avenue, Chicago 31, Illinois.

°Instruments Division, Budd Company, P. O. Box 245, Phoenixville, Pa,
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CONCLUSIONS

Coolant~channel spacing may be measured using eddy techniques., The

effects of the large number of variables which influence eddy-current
spacing measurements may be graphically presented. From these graphs,
optimm coll parameters may be chosen for particular applications., Using

these methods, successful sgpacing probes have been designed and constructed

at Cak Ridge for several applications.
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