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Skin effect

From Wikipedia, the free encyclopedia
"Skin depth" redirects here. For the depth (layers) of bipdal/organic skin, see skin.

Skin effect is the tendency of an alternating electric current (AC) todmee distributed within a conductor such
that the current density is largest near the surface of thdwior, and decreases with greater depths in the

conductor. The electric current flows mainly at the "skifitlee conductor, between the outer surface and a level

called theskin depth. The skin effect causes the effective resistance of theugindto increase at higher
frequencies where the skin depth is smaller, thus redubia@ffective cross-section of the conductor. The skin
effect is due to opposing eddy currents induced by the chgngiagnetic field resulting from the alternating
current. At 60 Hz in copper, the skin depth is about 8.5 mmhigh frequencies the skin depth becomes much
smaller. Increased AC resistance due to the skin effect eanitigated by using specially woven litz wire.
Because the interior of a large conductor carries so liftkh® current, tubular conductors such as pipe can be
used to save weight and cost.
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Distribution of current flow

in a cylindrical conductor,
shown in cross section. For
alternating current, most
(63%) of the electric current
flows between the surface
and the skin depth, which
depends on the frequency of
the current and the electrical
and magnetic properties of
the conductor.

The 3-wire bundles in this
power transmission
installation act as a single

Conductors, typically in the form of wires, may be used tasrait electrical energy or signals using an alternatingconductor. A single wire
current flowing through that conductor. The charge casre@nstituting that current, usually electrons, are driven ysing the same amount of

by an electric field due to the source of electrical energy.aiternating current in a conductor produces an

metal per kilometer would

alternating magnetic field in and around the conductor. ivhe intensity of current in a conductor changes, the haye higher losses due to the
magnetic field also changes. The change in the magnetit;, fieturn, creates an electric field which opposes the gyin, effect.

change in current intensity. This opposing electric fisldalled “counter-electromotive force” (back EMF). The
back EMF is strongest at the center of the conductor, an@$dite conducting electrons to the outside of the

conductor, as shown in the diagram on the rié]ﬂt.

An alternating current may also lreducedin a conductor due to an alternating magnetic field accgrtbrthe
law of induction. An electromagnetic wave impinging on aaoctor will therefore generally produce such a
current; this explains the reflection of electromagnetaves from metals.

Regardless of the driving force, the current density is tbtmbe greatest at the conductor's surface, with a
reduced magnitude deeper in the conductor. That declineriemt density is known as trekin effectand theskin
depthis a measure of the depth at which the current density fallsef its value near the surface. Over 98% of
the current will flow within a layer 4 times the skin depthiinghe surface. This behavior is distinct from that of
direct current which usually will be distributed evenly otiee cross-section of the wire.

The effect was first described in a paper by Horace Lamb irB¥88the case of spherical conductors, and was

generalised to conductors of any shape by Oliver Heavisid885. The skin effect has practical consequences in

the analysis and design of radio-frequency and microwaegits, transmission lines (or waveguides), and
antennas. It is also important at mains frequencies (56tz0n AC electrical power transmission and
distribution systems. Although the term "skin effect” isshoften associated with applications involving

transmission of electric currents, the skin depth alsoriless the exponential decay of the electric and magnetic

fields, as well as the density of induced currents, insidalk imaterial when a plane wave impinges on it at
normal incidence.

https://en.wikipedia.org/wiki/Skin_effect

Skin depth is due to the
circulating eddy currents
(arising from a changing H
field) cancelling the current
flow in the center of a
conductor and reinforcing it
in the skin.
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Formula

The AC current density in a conductor decreases exponentially from its value astiniacelg according to the deptti from the surface, as
follows:

J=Jge

whered is called theskin depth The skin depth is thus defined as the depth below the sudfatte conductor at which the current density has
fallen to 1/e (about 0.37) afs. The general formula for the skin depth[%g?]

5=\/j:i \/\f1+(pwe)2+pwe

where

P = resistivity of the conductor

w = angular frequency of current X frequency

I = relative magnetic permeability of the conductor
1o = the permeability of free space

H = Hrfto

€ = relative permittivity of the material

€0 = the permittivity of free space

€ = €€

At frequencies much belol/pe the quantity inside the large radical is close to unity ardftirmula is more usually given as:

7
5= 2.
Wit

This formula is valid away from strong atomic or moleculasaeances (wherewould have a large imaginary part) and at frequencies whieh a
much below both the material's plasma frequency (deperatetite density of free electrons in the material) and theprecal of the mean time
between collisions involving the conduction electronsg@od conductors such as metals all of those conditions a@ed at least up to
microwave frequencies, justifying this formula's valdiFor example, in the case of copper, this would be true fgdencies much below

108 Hz.

However in very poor conductors, at sufficiently high frequies, the factor under the large radical increases. ftirecies much higher than
1/pe it can be shown that the skin depth, rather than continuintptwease, approaches an asymptotic value:

€

This departure from the usual formula only applies for matsiof rather low conductivity and at frequencies wherewaeuum wavelength is not
much larger than the skin depth itself. For instance, buikasi (undoped) is a poor conductor and has a skin depth aftatibmeters at 100 kHz
(A =3000 m). However as the frequency is increased well irdkatiegahertz range, its skin depth never falls below the a®yimpalue of 11
meters. The conclusion is that in poor solid conductors siscindoped silicon, the skin effect doesn't need to be tatermccount in most
practical situations: any current is equally distributebtighout the material's cross-section regardless aofatgiency.

Resistance

The effective resistance due to a current confined nearutface of a large conductor (much thicker thrcan be solved as if the current flowed
uniformly through a layer of thicknegsbased on the DC resistivity of that material. The effectir@ss-sectional area is approximately equal to
times the conductor's circumference. Thus a long cylimdigonductor such as a wire, having a diam&darge compared t, has a resistance
approximatelthat of a hollow tube with wall thicknesscarrying direct current. The AC resistance of a wire of lérigand resistivity? is:

Lp _ Lp
(D—6)5  wD$

R~
T

The final approximation above assunD > 4.

A convenient formula (attributed to F.E. Terman) for thenogierD,,, of a wire of circular cross-section whose resistance wiltéase by 10% at
frequencyf is:[4]
200 mm

/F/Hz

The increase in AC resistance described above is accurigtéoomn isolated wire. For a wire close to other wires, engaicable or a coil, the ac
resistance is also affected by proximity effect, which oftauses a much more severe increase in ac resistance.

DW:
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Material effect on skin depth

In a good conductor, skin depth is proportional to squarée abthe resistivity. This means that better conductors Fakeduced skin depth. The
overall resistance of the better conductor remains lowenenith the reduced skin depth. However the better condudgtbshow a higher ratio
between its AC and DC resistance, when compared with a céodoichigher resistivity. For example, at 60 Hz, a 2000 MCMQ0 square
millimetre) copper conductor has 23% more resistance thawoeis at DC. The same size conductor in aluminum has only 168é resistance

with 60 Hz AC than it does with DE!

Skin depth also varies as the inverse square root of the pduilitg of the conductor. In the case of iron, its condudsivs about 1/7 that of
copper. However being ferromagnetic its permeability istdld 0,000 times greater. This reduces the skin depth fortd@bout 1/38 that of
copper, about 220 micrometres at 60 Hz. Iron wire is thutegsdor A.C. power lines (except to add mechanical strebgterving as a core to a
non ferromagnetic conductor like aluminum). The skin eftdso reduces the effective thickness of laminations inggavansformers, increasing
their losses.

Iron rods work well for direct-current (DC) welding but itiimpossible to use them at frequencies much higher than 6@tHz few kilohertz, the
welding rod will glow red hot as current flows through the aftg increased A.C. resistance resulting from the skinatffgith relatively little
power remaining for the arc itself. Only non-magnetic rods be used for high-frequency welding.

At 1 megahertz the skin effect depth in wet soil is about )& seawater it's about 0.25(fh,
Mitigation

A type of cable called litz wire (from the Germauitzendraht braided wire) is used to mitigate the skin effect for frengies of a few kilohertz to
about one megahertz. It consists of a number of insulatesl stiands woven together in a carefully designed pattertihegdhe overall magnetic
field acts equally on all the wires and causes the total atiteebe distributed equally among them. With the skin effemnting little effect on each
of the thin strands, the bundle does not suffer the samedserim AC resistance that a solid conductor of the same sexgtfonal area would due

to the skin effect’)

Litz wire is often used in the windings of high-frequencynséormers to increase their efficiency by mitigating bdtmsffect and proximity
effect. Large power transformers are wound with strandedlgctors of similar construction to litz wire, but emplogia larger cross-section

corresponding to the larger skin depth at mains frequerﬁ%iémnductive threads composed of carbon nanoftbiesve been demonstrated as
conductors for antennas from medium wave to microwave #agqies. Unlike standard antenna conductors, the nanotubasuch smaller than
the skin depth, allowing full utilization of the thread'ss-section resulting in an extremely light antenna.

High-voltage, high-current overhead power lines oftenalaeninum cable with a steel reinforcing core; the higheistasce of the steel core is
of no consequence since it is located far below the skin deptire essentially no AC current flows.

In applications where high currents (up to thousands of aeg)dlow, solid conductors are usually replaced by tubesyaetely eliminating the
inner portion of the conductor where little current flow$ig hardly affects the AC resistance, but considerablyceduhe weight of the
conductor. The high strength but low weight of tubes sulistiynincreases span capability. Tubular conductors yoeeél in electric power
switchyards where the distance between supporting irmslatay be several meters. Long spans generally exhibifqiygag but this does not
affect electrical performance. To avoid losses, the cotidtycof the tube material must be high.

In high current situations where conductors (round or flegb@ar) may be between 5 and 50 mm thick the skin effect alsars@t sharp bends
where the metal is compressed inside the bend and stretcitsidenthe bend. The shorter path at the inner surface séawdtlower resistance,
which causes most of the current to be concentrated clobe tater bend surface. This will cause an increase in terhperase in that region
compared with the straight (unbent) area of the same coaduesimilar skin effect occurs at the corners of rectangotaductors (viewed in
cross-section), where the magnetic field is more conctatrat the corners than in the sides. This results in supgeidormance (i.e. higher
current with lower temperature rise) from wide thin condust- e.g. "ribbon" conductors, where the effects from cweeffectively eliminated.

It follows that a transformer with a round core will be moréi@ént than an equivalent-rated transformer having a sgjoarectangular core of
the same material.

Solid or tubular conductors may be silver-plated to takeaatlge of silver's higher conductivity. This techniqueasticularly used at VHF to
microwave frequencies where the small skin depth requingsavery thin layer of silver, making the improvement in daitivity very cost
effective. Silver plating is similarly used on the surfadevaveguides used for transmission of microwaves. Thisecedattenuation of the
propagating wave due to resistive losses affecting therapanying eddy currents; the skin effect confines such eddents to a very thin
surface layer of the waveguide structure. The skin effgetfiisn't actually combatted in these cases, but the ldigtan of currents near the
conductor's surface makes the use of precious metals thavower resistivity) practical. Although it has a lower doctivity than copper and
silver, gold plating is also used, because unlike copperséwelr, it does not corrode. A thin corroded layer of coppesitver would have a low
conductivity, and so would cause large power losses as tharitgaf the current would still flow through this layer.

NOTE: The heat-dependent manufacturing process for wire gesutixidation of the surface in the finished product. Therefthe conductivity
of the skin is significantly less than the underlying unaésédl base metal. It is to be expected that unless the oxidisdace material is removed,
some loss of performance from the theoretical model wiluocc
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Examples

We can derive a practical formula for skin depth as follows:

2p P
P ~503, -
(27 f) (optr) o f

where

§ = the skin depth in meters
Ir = the relative permeability of the medium
£ = the resistivity of the medium if- m, also equal to the reciprocal of its conductivity:

p=1/0 (for copperp = 1.68 x 108 Q-m)
f =the frequency of the current in Hz

Gold is a good conductor with a resistivity of 2.44 X 8@-m and is essentially nonmagnetic:
Ir =1, so its skin depth at a frequency of 50 Hz is given by

{244 -10-8

Lead, in contrast, is a relatively poor conductor (amongafsgivith a resistivity of

2.2 x107 Q-m, about 9 times that of gold. Its skin depth at 50 Hz is lisewound to be about
33 mm, or/9 = 3 times that of gold.

Highly magnetic materials have a reduced skin depth owitlgew large permeabilit{t- as was

pointed out above for the case of iron, despite its pooredactivity. A practical consequence is
seen by users of induction cookers, where some types ofestaisteel cookware are unusable

because they are not ferromagn&f@.
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Skin depth vs. frequency for some materials,
red vertical line denotes 50 Hz frequency:
Mn-Zn - magnetically soft ferrite
Al - metallic aluminum
Cu - metallic copper
steel 410 - magnetic stainless steel
Fe-Si - grain-oriented electrical steel
Fe-Ni - high-permeability permalloy (80%
Ni-20%Fe)

At very high frequencies the skin depth for good conductesomes tiny. For instance, the skin depths of some commaalsradta frequency of

10 GHz (microwave region) are less than a micrometer:

Conductor | Skin depth (um)

Aluminum 0.80
Copper 0.65
Gold 0.79
Silver 0.64

Thus at microwave frequencies, most of the current flowsniextremely thin region near the surface. Ohmic losses ofgaides at microwave
frequencies are therefore only dependent on the surfadimgad the material. A layer of silver @m thick evaporated on a piece of glass is thus

an excellent conductor at such frequencies.

In copper, the skin depth can be seen to fall according todbars root of frequency:

Frequency Skin depth (um)
60 Hz 8470

10 kHz 660
100 kHz | 210
1 MHz 66
10MHz 21
100MHz 6.6

In Engineering Electromagneticklayt points out that in a power station a busbar for altémgaturrent at 60 Hz with a radius larger than one-
third of an inch (8 mm) is a waste of copper, and in practice imrs for heavy AC current are rarely more than half an in@mngfn) thick except

for mechanical reasons.

Skin effect reduction of the salf inductance of a conductor

Refer to the diagram below showing the inner and outer caodsiof a coaxial cable. Since the skin effect causes a duatdnigh frequencies to
flow mainly at the surface of a conductor, it can be seen tiiatill reduce the magnetic fielaisidethe wire, that is, beneath the depth at which

the bulk of the current flows. It can be shown that this wilvba minor effect on the self-inductance of the wire itsedie §ki|lind11] or Hay'@lz]

for a mathematical treatment of this phenomenon.

https://en.wikipedia.org/wiki/Skin_effect
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Note that the inductance considered in this context refers taa danductor, not the inductance of a coil used as a ciroaiheht. The
inductance of a coil is dominated by the mutual inductande/éen the turns of the coil which increases its inductanceraling to the square of
the number of turns. However when only a single wire is inedl\then in addition to the "external inductance" involvinggnetic fields outside
of the wire (due to the total current in the wire) as seen invthie region of the figure below, there is also a much smaitenponent of "internal
inductance” due to the magnetic field inside the wire it green region in figure B. In a single wire the internaliotance becomes of little
significance when the wire is much much longer than its diemd&he presence of a second conductor in the case of a tissismline requires a
different treatment as is discussed below.

Due to the skin effect, at high frequencies the internal ataice of a wire vanishes, as can be seen in the case of adeéephisted pair, below.
In normal cases the effect of internal inductance is ignametie design of coils or calculating the properties of mitrips.

Inductance per length in a coaxial cable

Let the dimensions, b, andc be the inner conductor radius, the shield (outer conduatsidle radius and the shield outer radius respectively, as
seen in the crossection of figure A below.

o

~

mmmm—
=T

A B
Four stages of skin effect in a coax showing the effect on inductddiegrams show a cross-section of the
coaxial cable. Color code: black=overall insulating sheath, tan=atodwhite=dielectric, green=current
into the diagram, blue=current coming out of the diagram, dashed hfeeskwith arrowheads=magnetic flux
(B). The width of the dashed black lines is intended to show relative strefgjtie onagnetic field integrated
over the circumference at that radius. The four stage8, C, andD are non-energized, low frequency,
middle frequency and high frequency respectively. There are teggens that may contain induced magnetic
fields: the center conductor, the dielectric and the outer conductor.de Btacurrent covers the conductors
uniformly and there is a significant magnetic field in all three regions. Adrdmguency is increased and the
skin effect takes hold@ andD) the magnetic field in the dielectric region is unchanged as it is proportional
to the total current flowing in the center conductor.Gnhowever, there is a reduced magnetic field in the
deeper sections of the inner conductor and the outer sections of the (ghitdd conductor). Thus there is
less energy stored in the magnetic field given the same total currergéspording to a reduced inductance.
At an even higher frequenc, the skin depth is tiny: all current is confined to the surface of the
conductors. The only magnetic field is in the regions between the conduotdy the "external inductance'
remains.

For a given current, the total energy stored in the magnietids must be the same as the calculated electrical endrgyused to that current
flowing through the inductance of the coax; that energy @pprtional to the cable's measured inductance.

The magnetic field inside a coaxial cable can be dividedtintee regions, each of which will therefore contribute ® éhectrical inductance
seen by a length of cabl&l

The inductanciL.., is associated with the magnetic field in the region with uar < a, the region inside the center conductor.

The inductanciL., is associated with the magnetic field in the rega < r < b, the region between the two conductors (containing a diétec
possibly air).

The inductanciLgq is associated with the magnetic field in the regh < r < ¢, the region inside the shield conductor.
The net electrical inductance is due to all three contrimsti
Ltotal = Loen + Lshd + Lext

L. is not changed by the skin effect and is given by the frequeitiéd formula for inductanck per lengthD of a coaxial cable:
o b
L/D=—FIn|-
/ 27 " (a.)
At low frequencies, all three inductances are fully presenthatLpc = Leen + Lsnd + Lext.

At high frequencies, only the dielectric region has magriétix, so thalL., = Lex.
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Most discussions of coaxial transmission lines assumewtliege used for radio frequencies, so equations are supgleresponding only to the
latter case.

As the skin effect increases, the currents are concentretadthe outside of the inner conductord) and the inside of the shield%£b). Since
there is essentially no current deeper in the inner conduttere is no magnetic field beneath the surface of the inaeductor. Since the current
in the inner conductor is balanced by the opposite currentifig on the inside of the outer conductor, there is no remgimagnetic field in the
outer conductor itself whetb < r < ¢. Only L contributes to the electrical inductance at these higtegpufencies.

Although the geometry is different, a twisted pair used lagbone lines is similarly affected: at higher frequendhesinductance decreases by
more than 20% as can be seen in the following table.

Characteristics of telephone cable as a function of frequency
Representative parameter data for 24 gauge PIC telephbfeata21 °C (70 °F).

Frequency (Hz) R (/km) L (mH/km)| G (uSkm) C (nF/km)

1 172.24 0.6129 0.000 51.57
1k 172.28 0.6125 0.072 51.57
10k 172.70 0.6099 0.531 51.57
100k 191.63 0.5807 3.327 51.57
1M 463.59 0.5062 29.111 51.57
2M 643.14 0.4862 53.205 51.57
5M 999.41 0.4675 118.074  51.57

More extensive tables and tables for other gauges, tempesatnd types are available in Re& Chert® gives the same data in a
parameterized form that he states is usable up to 50 MHz.

Chentdl gives an equation of this form for telephone twisted pair:

‘EO+‘EOO(£)D
S A }f_f)b
See also

= Proximity effect (electromagnetism)
= Penetration depth

= Eddy currents

= Litz wire

= Transformer

= Induction Cooking

= Induction heating

= Magnetic Reynolds number
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McGraw-Hill. p. 2-50. ISBN 0-07-022005-0. 10. If the permeability is low, the skin depth is so large that the resistance
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