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1. Production of enamel. covered wire 

In the machine;;; and instrument,;; of the electrical industry and of the 

electronics the insulation of the wires used may be different: one or more 
layers of textile, enamel cover, or a combination of the two. The advantages 
of enamelled ,,-ire against other insulated wires are its low production cost, 
relatively high heat resistance and its small space requirement. 

The basic material of the enamelled wire is generally copper, sometimes 
aluminium. In an apparatus, at a given power and temperature, the cross
section of the aluminium wire must be greater because of its lower conductiv
ity. If the insulation can stand higher temperature then aluminium wire of 
the same cross-section as copper can be used and this could be important in 
the question of price and weight reduction. 

Some time before, solely oleo-resinous enamel was used for enamelling. 
The fundamental material for this is the China wood oiL The development in 
the production of the synthetic materials has brought about important changes 
also in the enamels used for enamelling wires. Several different enamels of 
excellent quality have been developed, which could more or les;;; be included 
in one of the following groups of plastici3 : 

polyurethane 
polyvinylformale 
polyesther 
copolymer of vinylchloride vinylacetate 
carbamide resin 
polyamide (perlon) 

These enamels have a much higher resistance against heat and chemicals, 
have higher mechanical strength etc., than those of oleo resinous ones. There 
is even now such an enamel which melts at the temperature of soldering and 
desoxidates the wire. This is especially advantageous in a multiterminal 
transformer, because the wire can be soldered to its place without preliminary 
.cleaning. 
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The requirementE' for enamelled wires are different, depending on whether 
they are used in electrical or electronic engineering. The high number of 
turns common in electronic equipments demand that the thickness of the 
layer does not exceed the E'tandard specificatiom. The continuity of the 
layer is also important, whereas by great dielectric E'trength is not, because 
of the small turn-to-turn voltage. Low dielectric 105s is required of wires u5ed 

in high frequency coils. 
In the machines and equipments of electrical engineering more important 

points are high dielectric and mechanical 5trength of the inE'ulation and its 
resistance agaimt heat and oil. The trend towardE' the specified load emphasize 
these factors all the more. 

The enamel layer must Hick fa5t to the wire, thi5 can be achieved by 
producing clean surfaces by using the proper enamel quality. The enamel layer 
must be flexible enough not to crack or split while spooling, because of the 
pulling and bending stress. The layer even under impregnation must be so 
hard that no 5hort circuit should occur when two cr05sing turns cut into each 

other. 
The method of enamelling is based on putting more and more thin 

enamel layers - the thickness of which iE' of the order of micron5 - on the 
wire, burning it in on an electric heated oven, then winding the finiE'hed enamel
led wire on spoo}". The use of more than one layer iE' neceE'E'ary, because the 
clissolvent must easily evaporate from the enamel-film. Should the layer be 
too thick, the dissolvent would evaporate with a bur5t and damage the smooth 
surface of the layer. 

The proper temperature for burning in i5 secured by automatic temper
ature regulating of the oven. The colour and glossine8s of the enamel layer 
indicates the proper stage of the stoving. 

The thickness of the enamel layer is regulated by 8tandard specifications. 
It is in the interest of the producing firm to E'top the production of wires not 

fulfilling these specifications or to modify the thickne55 of the layer properly, 
even in the case of small deviation. 

Wires thicker than 0,5 mm move relath-ely slowly between the stoYe 
and the winding spool and there iE' time enough for E'omeone to check the 
diameter with a micrometer by 510wly walking along the moving wire. 

On the other hand, -wire5 0,05-0,5 mm in diameter are made by other 
types of machines, the speed of which are much greater. The greatest trouble 
in the micrometer measuring method is the necessity of again and again 
tearing the wire for measuring, until the enamelling is properly set. Moreoyer, 
the layer-thicknes5 once adjusted doeE' not remain conE'tant either. As at a 
spool only once is there an opportunity to check the diameter - when taking 
the spool off - the thickneE'E' of the enamel layer cannot always be kept , .. ithin 
the prescribed limit5. 
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2. Continuous measuring of the layer-thickness 

Continuous measuring can be achieved by capacitive method [1]. If 
the wire pas8e8 through a vessel filled with mercury, a cylindrical condenser 

Fig. 1. :yreasurement of layer-thickness by capacitiyr method 

is formed, one electrode of which is the wire itself, the dielectric is the insulat
ing layer, while the other electrode is the mercury (Fig. 1). 

The capacitance can be calculated from the equation 

C = 0,55 e·l· 
1 

[pF] (1) 

where I:: is the dielectric constant of the enamel, 1 the length of wire in cm 
merged in the mercury, d1 the diameter of the base wire and d2 the diameter 
of the insulated ",lire - these last two quantities should be substituted as the 
same unit otherwise any arbitrary measuring can be used. 

The dielectric constants of the enamels mentioned above are between 
2,8 and 4,0 at 800 c/s. The dielectric constant of an unknown enamel can be 
determined by 'way of the mercury filled measuring vessel, if we know the 
geometry of the wire. 

Since the Standards in most cases contain the diameter of the copper 
and the layer-thickness, it is advisable to eliminate d2 from the equation and 
have the layer-thickness (v) as the new variable. So since d2 - ~ = 2 v 

cl C = 0,55 --------
. ? 

1nl 1 + ~d:l 
[pF] 

For the conversion of Standards [2]- [5] or rather to make quick estima
tions, the equation above is not easy to handle. If we consider the fact that
according to most of the Standards - between 0,05 and 0,5 mm nominal 
diameters the minimum diameter gro,v-th is not less than 5% of the copper 
diameter, the maximum diameter growth is not bigger than 50%, we get a good 
appro:ximation , ... ith the relation: 
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C = 0,55 e·l [~l. + 0,48j [pF]. 
2v 

(2) 

At the mentioned limits the value of the amount in brackets is 20,48 
and 2,48 ; the absolute value of the deviation from the exact relation never 
exceeds 0,015 (see Appendix). So the capacitance as function of the layer-thick
ness almost hyperbolically varies. 

The Standard for enamelled 'vires gives the mean layer-thickness for 
every copper diameter and that tolerance range, inside which the thickness 
of the layer is acceptable. From these data one can calculate the minimum, 
mean and maximum capacitance belonging to the maximum, mean and mini
mum layer-thickness. The character of the relation between the copper diame
ter and the capacitances is shown in Fig. 2. One must note the heavy fIuctua-

! 
Cl 

I 

Fig. 2. Relation between the nominal diameter of standard wire and its layer capacity 

tion of the curves and besides, the two capacitance differences: Ck-Cm and 
CM-Ck are not equal. The reason of the fluctuation is due to the fact that 
the Standard supposes mechanical measuring device (micrometer) and, 

therefore, it prescribes the maximum, mean and minimum thickness of the 
layer - often arbitrarily - in whole numbers of microns. The discrepancy 
of the two capacitance difference, on the other hand, arises, because the thick
ness tolerance is symmetrical to the centre, but the capacitance is not a linear 
function of the thickness. In the capacitive layer-thickness measuring devices 
now in use, it was easy to realize the asymmetrical measuring range, but in
stead of the zig-zagging tolerance limit, a narrower limit had to be used (dash

and-dot lines in Fig. 2) since it would have been much more complicated to 
set in the exact limits on the apparatus. 

From equation (2) one can calculate the capacitance variation correspond

ing '"ith the minimum and maximum layer-thickness : 

(3) 
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(4) 

where CM is the maximum capacitance belonging to V m , the minimum layer
thickness; Ck is the mean capacitance belonging to Vk, the mean layer-thick
ness; and Cm is the minimum capacitance belonging to v M, the maximum layer
thickness. The whole capacitance variation is 

(5) 

and the asymmetry 

1 1 

LlCl I'm V" (6) 
LlC2 

1 1 

V" 1''''1 

If the thickness tolerance is symmetricaL and so 

(i) 

we get a simple relation for the asymmetry: 

(8) 

If the measuring is made according to the CapaCltIve method, it would 
be preferable to have the value of (5) and (8) constant. The latter is fulfilled 
in the well-known Standards but the first condition can be realized only if, 
according to : 

dl dl _ d l l" VM I") ----- -- ---
2vm 2vM 2VM Vm . 

(9) 

~ ~ or as it comes from above, is constant. According to the Standards, 
2vM 2 v" 
though, along with the increase of diameter the relative layer-thickness decreas-
es. That is the reason why it is necessary in the already working instruments 
to use a special setting for the adjustment of the mean capacitance - that 
is : of the nominal wire diameter. 

7 Periodica Polytechnica El II/4. 
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3. Constrncting the ideal Standard 

It is advisable to choose the ratio of the layer-thickness and the diameter, 
so that the electric load of the '\tire of different diameters 

2U 
E=------

should be constant. With this solution it could easily be secured to have the 
outstanding layer-thicknesses eliminated, that is the over- and under-rated 
insulations. 

The Standards [2]-[5] presently in use are - as mentioned before -
accomodated to possibilities given by the mechanical measuring devices 
(micrometer). The layer-thickness is given in whole numbers of microns. It is 
to be noted that the relative layer-thickness decreases '"ith the increase of 
the nominal diameter. As the steps of the layer-thickness are chosen from 
different aspects (easy to memorize, symmetrical tolerance range, etc.), the 
relative layer-thickness as function of the diameter, shows strong fluctuations 
instead of the desired steady character. 

In order to realize a simple plant measuring method, it is more advisable 
to have such a Standard, in which the steps of diameter values are more or less 
smoothed to the capacitance curve. When forming the standard let us make 
the following conditions: 

1. The difference of the maximum and minimum capacitance should 
be constant. 

2. The ratio of the deviations from the mean capacitance should be 
constant. 

3. The relative layer-thickness should decrease \\'ith the diameter, so 
that the electrical load should remain nearly constant. 

All three conditions can be fulfilled only if we abandon the symmetrical 
thickness tolerance. The minimum, mean and maximum layer-thickness can 
be determined from the follo\\'ing equations: 

from the 1st condition: 

(10) 

from the 2nd condition: 

(11) 
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From the combination of (10) and (11) 

1 + k2 
(12) 

and 

d1 I ~k2 =--,---. 
2 Vm 2 v" 1 + k2 

(13) 

d 
The value of~ can be given, either by taking the 3rd condition, or by the 

'" v" 
conventional Standards so far used. 

Fig. 3 shows the relation between capacitance and layer-thickness, 
according to the Hungarian Standard MSZ 1569. In the lower part of the 
figure a stepped diagram shows the layer-thickness as function of the diameter. 

CpF 

300
1 

250j 

I 

::I~ 
fOO .1-1 _~ __ -:-:-_____ ~ __ _ 

m ~ ~ ~ ~~~ 

Fig. 3, Relation between layer thickness and capacity according to Hungarian Standard 
:M:SZ 1569 

The curves in Fig. 4 were plotted in the follo'Ning way: we prepared 
d 

the function _1_ osculatory to the middle curve in Fig. 3 ; then we determined 
2v" 

the value of k1 and k2 from the positions of the exterior curves 

7* 

L1C 
~=--=5,49 

0,55 si 

L1C1 ko = -- = 1,62 . 
~ L1C

2 
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The values of'l:}\.1 and Vm from (12) and (13), rounded to whole microns, 
give the exterior curves of Fig. 4 and the stepped diagram, in which we can 

Gp! d 
lv 

300 15 

250 

200 

f50 

100 
DJ 0,2 0,5. dfmm 

Fig. 4. Relation between layer-thickness and capacity according to ideal Standard 

see, that we can design a standard very close to the ideal one, if we introduce 
a small change in the tolerance range. 

4: The principle structure of the measuring apparatus 

The main outlines of the measuring apparatus are sho 'wn in Fig. 5 
The measuring is based on bridge-method: an oscillator , .. ith the approximate 
frequency of 1 Kc f" feeds the primary winding" of a differential transformer. 

< 
05ciliator Indicator 

Measured wire 

Fig. 5. Schematic block of measuring apparatus 

The mercury of the measuring vessel is connected to one end of the centre
tapped secondary coil, that is the outer plate of the capacitance (C~) to be 
measured. The other plate of the capacitance is the copper , .. ire, which is 
grounded. A variable capacitance is also connected to these same points. 
The other end of the secondary coil is connected to a fixed capacitance. 
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The dial of the variable capacitance is calibrated to the values of the 
mean layer-thickness (Vk), so that when measuring a wire of the diameter d1, 
we balance the bridge by setting the value of the capacity 

C" = C - Co = 0.55 C l\' ')d~ - ...:.. 0,481 [pF] 
~ lk 

(14) 

which comes from equation (2). 
The capacity of the measuring vessel, if the diameter of the merging '\vire 

is ~, and its layer-thickness v, 

Cl = 0.55 C 'l~.1., 
2e 

(15) 

The output voltage of the differential-bridge between the centre tap 
of the transformer and the ground is, by using equation (14) : 

LlC 

U2 = Ul 1 

1= 
1 C (16) U 

2 C --;- Cl + C, C 2 2 -L LlC 1 
I C 

Finally, equation (3) gives the connection between the capacity variation 
JC, and the deviation of the layer-thickness. 

The phase of the voltage may be the same, or the reverse in respect to 
the bridge supply voltage, depending on whether the layer thickness is greater 

-fO -5 

/ 

-, 

-2 

/ 
/. 

h 

Fig, 6, The output yoltage of the bridge plotted agaimt the capacity yariation 

or smaller than the mean value. The relation between the voltage and the 
capacity variation is plotted in Fig. 6. 

We can indicate the output voltage of the bridge by a vacuum tube volt
meter. The disadvantage of using a common type vacuum tube voltmeter is, 
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that it only indicates the amplitude of the voltage (Fig. 7.), but does not give 
information on its phase. That is the reason why we have to use a phase-sensi
tive voltmeter. 

We can get the reference voltage needed for the phase sensitive voltmeter 
from the same source, where 'we get the bridge supply voltage from. In this 

2 

5 !leo, fO 
CIa--

-(0 

Fig. 7. The~ absolute value of the output voltage of the bridge, plotted against the capacity 
variation 

way the polarity of the output DC voltage corresponds to the dil:ection of the 
layer-thickness deviation, while its value is proportional to the greatness of the 
deviation. The indicating miliammeter of the phase sensitive voltmeter is 
fitted with specially shaped pole-shoes (Fig. 8a) in order to equalize the non-

-,-
a 

Fig. 8. ]\Iiliammeter vvith specially shaped pole-shoes a) outline, b) sensitivity character 

linearity existing between the layer-thickness and the bridge voltage. So it 
has an asy-mmetrical sensitivity character (Fig. 8b). 

In this way it can be achieved that the indication of the meter is an almost 
linear function of the deviation of the layer-thickness from its mean value. 

5. Plant measuring eqnipments 

The block diagram of the first plant measuring equipment, of this kind. 
is sho".-n in Fig. 9. 

A 6AU6 miniature pentode generates an A. C. voltage of 800 cls, as a 
phase-shift oscillator. This is amplified by a 6AQ5 pO'wer pentode tube. A trans
former, in its plate circuit, supplies the differential transformer and gives the 
reference voltage for the phase detector using a 6AL5 twin diode (Fig. 10) [6]. 
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In one arm of the differential bridge is a fixed capacitance, in the other a 
variable one, the sum of the capacity to be ,measured and the other adjusting 
capacitances together have exactly the same value, as the former fi.xed capa
citance. In place of the capacity to be measured any of the 8 measuring chan-

Osctiiator 

.---'---, Phase a'elector 
POtver 
SUPply 

6x4 
220'/ 
AC 

Fig. 9. Block-scheme of plant measuring apparatus 

nels of the 8 simultaneous enamelling channels can be switched, one after the 
other. The output voltage of the bridge is directly connected to the input 

terminals of a two-stage amplifier in the case of double layer. If, however, 
the wire is covered by a simple layer, a voltage divider is used. The amplified 

Sljmmetrlj 

n·~11 
DeflectiOn 
sensitIVIty 
rIght fer! 

~E~ 
§; 

rwl 
Reference 
vOiloqe 

Fig. 10. Phase-sensitive detector 

error signal goes on to the phase detector, which circuit can be seen in Fig. 10. 
In this version the linearity of the scale is not secured with specially shaped 
pole-shoes as mentioned above, but by a shunt crystal diode. The supply 
voltage needed for the instrument is taken from a mains-rectifier stage using 
a 6X4 miniature vacuum tube. In the Enamelled Wire Works (Albertfalva) 
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instruments of this kind have been already used for several years and they 
made it possible to produce more enamelled ·wire of better quality. 

By using the performance data and by introducing a new phase sensitive 
circuit 8tage [7]-[8], a new type of measuring instrument has been madeJor 

[CH Bf Overail SerS!tLVlty [CH8f 

:0 cen/Diners 

C - oajJSrt':i8,",i 

fOOV DC 
Supply 

Fig. 11. Schematic diagram of new circuited plant measuring apparatus 

Fig. 12. Photo of new circuited plant measuring apparatus 
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export purposes, which contains only two vacuum tubes of the same type, 
besides the rectifier tube. The low number of tubes reduces the price of the 
instrument and greatly increases its reliability of service. The circuit diagram 
is sho"'"11 in Fig. n, while its photo can be seen in Fig. 12. Its working prin
ciple is as follows: 

The oscillating systems of two mi.xer tubes (ECH 81) work in a push
pull oscillator circuit, so the mixer grids receive volt ages of opposite phases. 
The transformer in the plate circuit of the oscillator supplies the previously 
discussed differential bridge. The output voltage of this controls the joined 
first grids of the mixer tubes. Multiple mixing takes place and the frequency 
difference results in direct current, which ,,,ill increase the DC current in one 
of the tubes and a decrease in the other, because of the opposite phases of 
the voltages connected to the oscillator gI·ids. A capacity deviation in the 
opposite direction will result in a plate current difference in the opposite 
direction. The plate circuits of both tubes form a DC vacuum tube voltmeter, 
a midposition miliammeter with specially shaped pole-shoes is connected to 
these points to indicate the unbalance. 

Appendix 

It is to be proved that equation (2) is a good approximation of equation 
(1) so 

1 1 
----- ;"0 - + 0,48 
In (1 + x) x 

if 0,05 < x < 0,5. Starting from equation (1) "we can get equation (2) in the 
following way: 

Let us expand in Taylor series the function In (1 + x) at the x = 0 place ~ 

x2 x 3 
In (1 -L x) = x--=--

. 2 3 

So 

1 1 1 

In (1 + x) 

By a binomial series expansion it can be vn:itten : 

1 
1 [1+~(I-~X+~X2- ... ) + 
x 2.. 3 4 In (1 + x) 
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Let us take only the first two members of the series in ], and to continue 
the neglection, let us regard constant as the so far unknown multiplier of xj2. 
In this way: 

-------- ~ 1 + A-1 1 [ x J 
In (1 + x) x 2 

The error of the approximative formulae is given by the 

1 A 
h (x) = .-L 

X I 2 
1 

In (1 + x) 

error function (Fig. 13). 

I 

hfx/ i 

Fi:z. 13. Error function 

The two functions smooth the best to each other, when the error integral 

x'! 

H (xl' x 2) = .f h (x) dx 
x, 

taken for the whole range is zero. This condition gh-es the zero place of the 
error, and the A multiplier, respectively 

'J": A dx 
') . ~ S

X' dx = 0 

In (1 + x) . 
x: 

To solve the first two integrals is not difficult, but the third one can only be 
calculated numerically. This latter one is the logarithmic-integral function, 
which can be found in tables of higher functions [9] ,,,ith the symbol: li (l+x). 
So 

.and at the given boundaries: 

Xl = 0,05 
X 2 = 0,5 

li (1,05) = -2,3935 
li (L5) 0,1251 
In 10 2,3026 
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So it comes that: 

0,1251 + 2,3935 - 2,3026 
A = 2 = 0,96. 

0,45 

The error is the greatest at the boundaries 
h(Xl) = - 0,01, 
h(X2) = + 0,015. 

369 

There is no error if x is equal to the root of the following transcendental 
equation 

1 A 1 - + - - ----- = O. 
x 2 In (1 x) 

Here x = 0,3. 

Summary 

Both the heavy-current and weak-current indnstry put up strong demands against 
th~ enamelled wires. The thickness of the enamel layer cannot be continuously checked, in 
production, with mechanical measuring devices. Th~ paper discusses a new niethod and a 
plant measuring apparatus, which measures the layer-thickness non-destructively in a capa
citive way. In connection with the new method a few questions of standardization are also 
discussed in this article. 
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