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Average charging voltage = 116'4 =122V
Average discharge voltage = L 11.62V
Efficiency =102 X 16 X 10 _ 5067 or86.7%

12.20 x 16 x 11

CHARGING PROCEDURE. British practice uses the ‘constant current’ method. This is
American practice but on the Continent the ‘constant voltage’ method is favoUred
this latter method the charging supply voltage is kept constant and is subs,ta,mal
higher than the battery e.m.f. for the discharged condition. The charging Curreng
high initially but falls as the back e.m.f. of the battery rises. This method gives 3 low
charging time than the ‘constant current’ method, but due to the violent chem;
action and heat generated in the battery there is danger of ‘buckling’ the plates, yp|
the battery is specially constructed!

For the ‘constant current’ method arrangements must be provided for increas;
the voltage applied to the battery as charging proceeds and the back em.f. rises, If
generator is used and / is the charging current, R, the internal resistance of the batte
and E_ the battery em.f. at start of charge, then the applied voltage must be V = E,
IR,... start of charge (1).

If E,, is the battery e.m f. at the end of charge, the applied voltage would have to be v,
E,+IR ... end of charge (2).

Thus subtracting (1) from (2) variation of voltage would be V,-V=E, —E, ortheapplied
voltage must be increased by an amount equal to the rise of the battery e.m.f,

If a constant supply voltage is used for charging, then a variable resistor is requir
to obtain the necessary current control, and its value will be reduced as chargin
proceeds.

Let V be the supply voltage, / the charging current, R, the internal resistance of th
battery, E, the battery e.m.f. at start of charge and R the control resistor. Then:

V=E, +IR, +IR ...start of charge (1)

If E,, is the battery em.f. at end of charge and R, the new value of the control resistok
Then:

V = E,+ IR, + IR, ...end of charge (2)
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(1) from (2) 0= E—E,+ IR —IRor (E, —E)=1(R-R,). Thus the control

in
ptracting st be reduced from Rto R, as the battery voltage rises from E toE, .

esistance ™

e 4.7. A 24V emergency battery is to be charged from the 110V ship’s mains

amP e.mf. per cell has fallen to a minimum value of 1.8V. The battery consists of

hen "h; s.eriesl has a capacity of 100A h at a 10h rate and the internal resistance is

s II. If charging continues until the voltage/cell rises to 2.2V, find the value of the
esistor needed to control the charging (1 significant figure,)

12 cell
0.03Q/C9
variable "

The charging current can be assumed to be equal to the maximum allowable discharge
current.

100 )
pischarge current = — == 10A = charging current

At start of charge, battery voltage =12 x 1.8 =21.6V

Battery internal resistance = 12 X 0.03 = 0.36Q)

Then 110=21.6+(10x 0.36) + (10X R)

_110-25.2 _ 8.48 — 8480

orR = ——————10 10
At end of charge, battery voltage = 12 x 2.2 = 26.4V
Then 110=26.4+ (10X 0.36) + (10X R )

_110-30 80 _

orR = =—=80Q
10 10

Thus the variable resistor should have a value of 8.48Q and be capable of being reduced
t0 8Q. In practice a unit of 90 would be used which would be reduced by adjusting
the sliding contact until the charging ammeter recorded the correct current. Further
adjustments will be made periodically as charging proceeds. It is important to note
that besides the ohmic value of the resistor, the wattage rating must be specified. For
the unit in the exarhple, a rating of PR = 102 x 9 = 900W is required. The control resistor
must be capable of dissipating up to this power as heat during the charging, although
this waste of power will decrease slightly as charging proceeds. For example, at the end
of the charge the power wasted in the resistor would be 10? x 8 = 800W,

The Mostimportant point to stress is the correct connection of the battery for charging,
!.e. tVve terminal of battery to +ve of mains; —ve terminal of battery to —ve of mains. It
i * ” » . N

S surprising how many times this requirement is overlooked through carelessness. For
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incorrect connection, no control of the current will be possible with the €qUipmg
provided and damage of the ammeter, control resistor or battery could result,

TheMeaningofpH

Introductoryionic theory dealt with electrolytic dissociation which, for a solution, resulg
in the formation of 2 separately charged ions (anions and cations). Such ionisation is
assisted by a liquid which has a high ‘dielectric constant’ and thus can separate ang
support unlike charges. Pure water, being a poor conductor, serves as a good dielecmc.
The cations of an electrolyte are derived from the metallic part of the molecule, having
+ve charge. Anions are from a non-metallic element or radical and have —ve chargg,
(A radical is a fundamental group of atoms, such as a sulphate (SO,), a nitrate (Noa)
or a carbonate (CO,) etc. that behave as individual entities and remain unchanged by
most chemical reactions.) All acids produce hydrogen ions (H*) and all alkalis produce
hydroxyl ions (OH"). Sulphuric acid (H,SO,) ionises to H,SO, = 2H" +S0;". Since
each hydrogen ion (H*) can carry only one +ve charge and as each H,SO, molecule js

electrically neutral, the sulphate ion must have 2 negative charges (SO;"). Similarly

sodium chloride or common salt (NaCl) splits into NaCl = Na* +CI". The double
arrows indicate the splitting up is not complete and only a percentage of the solution
is ionised; the amount depending on the physical conditions - strength of solution,
temperature, type of salt, etc. The deionised portion of the solution is assumed
to consist of neutral molecules. Caustic soda (NaOH) is an alkali and ionises thus:
NaOH = Na* + OH~. A hydroxyl ion (OH") is produced whereas the sulphuric acid
molecule produces 2 hydrogen ions 2H*. Note that hydroxyl ions (OH-) are in fact
radicals.

For an electrolyte, the percentage ionisation is extremely high. It is known that the
~ concentration of hydrogen ions present in the solution determines its properties.
The greater this concentration the more acid the solution. Conversely the smaller the
concentration the more alkaline the solution. Water is a special case since it ionises only
slightly to give both hydrogen and hydroxyl ions. For many modern industrial processes,
a knowledge of the acidity of the materials being used is most important. The pH value
of a substance or solution is a measure of its acidity or alkalinity. A Swedish scientist
Sorensen devised a scale to indicate the hydrogen ion content. It uses the pH symbol
which stands for minus the logarithm to the base 10, for the ion concentration. This
latter is expressed by [H*].
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!> I rter 'p cOMeS from the German potenz, meaning ‘a power; as the word is
e the ethematics. For example, 100 = 10? - ten to the power two. The hydrogen
e on of a solution is the number of gram-equivalents of hydrogen

F trati o
onc:jar-‘n 5 litre of the solution. The actual extent of the ionisation of water has
tained !

nt ined and for pure water the ion concentration (H") is 0.000 000 1 gram-
en deter™ ¢ litre or 107 normal. This power of 10 with the sign changed was taken
valents F:z provide a scale up to 14 - neutrality being given as 7 (pure water). Thus
g its hydrogen ion concentration, it is possible to show where a solution
Ikali scale. A strong acid will register near 1 while a strong alkali will

U

sorensen
n the acid/a
gister towards 14

ical method for determining the pH value of a solution involves measuring the
‘elecltgg e between 2 special electrode assemblies which when immersed in solution,
.I\;‘;n e.m.fs being produced by voltaic action. The electrode assemblies are known
uhe reference electrode and the measuring electrode. The former is constructed so a
stant potential is produced, irrespective of the pH of the solution under test. The
| casuring electrode assembly is constructed to allow its potential to vary with the
ution under test and since the reference electrode potential is constant, the resulting
ential variation between the 2 electrode assemblies is measured by a sensitive
Lillivoltmeter. Such an instrument, suitably calibrated, provides a direct indication of

e pH value of the sample or solution being tested.

ctrochemical Corrosion

The 2 main causes of electrochemical corrosion are due to (1) galvanic action and (2)
electrolytic action. In each case the electrolyte may be water with impurities or moist
earth. These corrosion causes are now considered separately.

(1) Galvanic action. This results in currents through the electrolyte from an anode, such
ds @ metal structure, to some adjacent cathode. Metal is lost from the structure which
€an be both costly and/or dangerous. In the case of a merchant ship or naval vessel
this results in rusting by oxidation of the hull when immersed in the conductive salt
Water environment. Galvanic action is caused by ‘local cells’ set up by slight differences
In the surface composition of the hull metal, pitting of the plating, welds, rivets and
Millscale (figure 4.10). The corrosion occurs at local anodic areas from which currents
flow through the sea to the local cathodic areas. The rate of corrosion is proportional to

t fiae: .
he Currents which in turn are affected by metal composition, electrolyte temperature
and even 3 ship’s speed. .
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A Figure 4.10

(2) Electrolytic action. This is caused by stray currents due to leakage from electricy
systems, such asa D.C. distribution network — examples being an electric dockside crape
rail or tramway track. Such corrosion was a severe hazard in the early days of electye
traction when the ‘live rail’ or cable followed a curve of the track and some conductg
such as a metal pipe or different cable run was situated within the bend. This conditig

could provide a leakage current path, so a current could leave the live conductor, ent
the pipe or adjacent cable sheath and then leave the latter at an appropriate point,
rejoin the live conductor. Where the current leaves the pipe or cable sheath, an anodeig
formed and as a result metal is dissolved at this point with possible serious results.

CATHODIC PROTECTION METHODS. In both the above cases, corrosion is preventeg
by introducing an anode adjacent to the structure, pipe or cable sheath. In this wa
current is forced to enter the original anode point so that this now becomes a cathode
This current being opposed to the original local currents neutralises or reverses the
For marine work 2 systems are in general use: (1) the ‘sacrificial’ anode method (2) t
cathodic protection or‘impressed current’ method. The latter is most favoured but botf
systems should be complementary to a good paint system.

(1) The sacrificial anode method. Counter currents are encouraged by galvanic actio
and the method is useful for protecting smaller structures or ships because the current
adjustment range is restricted by constant potential effect. Also, as the name implies, t
anodes waste away and require periodic replacement. Examples of materials which readily
corrode away are magnesium or zinc. Magnesium gives a potential of some 1.8V positiv
with respect to iron and provided the resistance of the electrolyte path is sufficiently smalk
current enters the cathode (structure or hull). This is shown in figure 4.11.

(2) The impressed current method. For a ship, this is achieved by forcing a curreft
through the hull, of a magnitude sufficient to nullify the effect of existing local cells
Such a current passes from the external anodes to the hull below the water-line so 8 to
make the latter wholly cathodic. The anodes are supplied from a direct current sourc
(generator or rectifier) and conduct the protective current into the water. The anodes’

sl
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are connected to the positive terminal of the supply through insulating feeder cables,
while the hullis connected to the negative terminal. For shore work, the structure to be
protected is connected to the negative terminal. The anodes are buried in the ground
and suitably sited to give the desired current distribution. For a ship, the current required
to give protection varies from 20 to 300 amperes, variation being dependent on paint
condition, ship speed, water temperature, etc. For shore work, variation depends mainly
on soil moisture content. The anode material for ship work may be a metal such as raw
lead or platinum plated titanium, whichis affected only a little by the discharge current.
Systems operate where some anode dissolving is inherent such as with the aluminium
wire system, where a wire is trailed from the ship's stern. It is suitably insulated from the
hull and the wastage-compensated at regular intervals by paying out a suitable amount
of wire. For shore work, anodes can be made of steel scrap, graphite or ferro-silicon.

If the protecting current is too high, electrolysis will cause excessive development of
alkali and hydrogen resulting in paint blistering. If the current is too low, corrosion
continues and in order to monitor and control protection at the correct value the
potential between the electrolyte (sea) and the hull is measured with a sensitive
Voltmeter and reference electrode. In actual practice, a measuring half-cell is used for

_CheCk"'\g purposes, silver-silver chloride or copper—copper sulphate cells. Unprotected
IFON has a neatantial ~f _n EEV anainct tha conner—copper sulphate measuring cell but,
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if reduced by the impressed current to —0.85V full protection is achieved. Com-roli
effected manually or automatically by altering the potential of the motor-generatq, o
transformer-rectifier unit. Modern automatic systems employ a hull-mounted referean
electrode and an electronic amplifier to adjust the cathodic potential of the impreSSed
protection current.

4.9

. An accumulator is charged at the rate of 6A for 18h and then discharged at the

rate of 3.5A for 28h. Find the ampere hour efficiency (1 decimal place). L 10

. The mass of the cathode of a copper voltameter before deposit was 14.529, ang
after a steady current was passed through the circuit for 50 min, its mass wag
19.34g. The reading of the ammeter was 5.1A. Find the % error of the ammetey,
taking the E.C.E. of copper as 330 x 10°kg/C (2 decimal places).

4.3. A 90V D.C. generator is used to charge a battery of 40 cells in series, each ce|
having an average e.m.f. of 1.9V and an internal resistance of 0.0025Q. If the
total resistance of the connecting leads is 10, calculate the value of the charging

current (2 decimal places).

4.4. Nickel is to be deposited on the curved surface of a shaft 100mm in diameter and
of length 150mm. The thickness of deposit is to be 0.5mm. If the process takes
8h, calculate the current that must flow. The E.C.E. of nickel is 302 x 10-°kg/C. The

density of nickel is 8600kg/m? (1 decimal place).

4.5. A nickel-alkaline battery is discharged at a constant current of 6A for 12h atan
average terminal voltage of 1.2V. A charging current of 4A for 22h, at an average
terminal voltage of 1.5V is required to recharge the battery completely. Calculate
the ampere hour and watt hour efficiencies (2 significant figures).

4.6. A battery of 80 lead-acid cells in series is to be charged at a constant rate of 5A
from a 230V, D.C. supply. If the voltage per cell varies from 1.8 to 2.4V during the
charge, calculate the maximum and minimum values of the required control
resistor. If the ampere hour capacity of the cells is 60, state the probable charging
time required, assuming that the cells were in a completely discharged condition

at the commencement of the charge (nearest hour).

4.7. A metal plate measuring 50mm by 150mm is to be copper plated in 30min:
Calculate the current required to deposit a thickness of 0.05mm on each side
(ignore the edges). The E.CE. of copper is 330 x 10°kg/C and its density is 8800kg/m’

(1 decimal nlace).
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A battery of 40 cells in series delivers a constant discharging current of 4A for
40h, the average PD. per cell being 1.93V during the process. The battery is then
mpletely recharged by a current of 8A flowing for 24h, the average P.D. per cell
C:mg 2.2V. Calculate the ampere hour and the watt hour % efficiencies for the
E attery (1 decimal place).
Thirty lead-acid accumulators are to be charged at a constant current of 10A,
from @ 200V D.C. supply, the em.f. per cell at the beginning and end of charge
peing 1.85V and 2.2V respectively. Calculate the values of the necessary external
resistor required at the beginning and end of charge, assuming the resistance of
the leads, connections, etc. to be 1Q and that the internal resistance is 0.01Q per
cell (2 decimal places).
When a current of 3.5A was passed through a solution of copper sulphate,
4.2g of copper were deposited. If the E.C.E. of copper is 330 x 10°%kg/C and the
chemical equivalent of copper is 31.8, find the time for which the current was
passed through the solution (nearest second) and also the mass of hydrogen in
grammes liberated (4 decimal places).




Gilbert shall live, till Load-stones cease to draw,

Or British Fleets the boundless Ocean awe.

John Dryden

Natural magnets

From ancient times it was known to civilisations such as the Greeks and Chinese, tha
certain types of iron ore have magnetic properties. Pieces of iron ore are able to attrad
and repel other such pieces but can also pass on their magnetism. Another property
of this ore, called magnetite or lodestone, is that if it is freely suspended, as showd
(figure 5.1), it will come to rest in a roughly geographical North-South direction.
end pointing north is called a north-seeking or North (N) Pole, while the other end s
South (S) Pole. The ore is a natural magnet and if brought into contact with a quantity
of iron filings, the filings will stick mainly to its ends or poles.

Further investigations made with pieces of the magnetic ore show that, if 2 sucht
magnets are each suspended as described above and their polarities determined an®

marlad whan tha M nnla Af Ana ciicnanded mannet ic hraninht near tha N nole Ofth :

q E;ijgure 5.1
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other suspended magnet, repulsion of poles results. Two S poles brought near each
other will behave in a similar manner while, a S pole brought near the N pole of the
other magnet produces an attractive effect. Thus every magnet is seen to have 2 poles
of unlike polarity and that like poles repel while unlike poles attract.

tificial magnets

A piece of iron can be converted into a magnet and exhibit properties similar to that of
theiron ore. Such a piece of iron is then an artificial magnet and is said to be magnetised.
A simple method of magnetising iron is to stroke it in one direction from end to end
with one pole of an existing magnet. However, the most effective method is by use of
electromagnetism.

Certain materials such as copper, aluminium, lead, brass, wood, glass, rubber, etc. cannot
be magnetised. Thus all materials can be classified under the heading of magnetic or
Non-magnetic substances. A few metals such as nickel, cobalt and magnesium exhibit

slight magnetic properties, but when alloyed with iron very strong magnetic properties
result.

An artificial magnet is usually made in bar or horse-shoe form. When tested, the tips
:;ea:‘oklllnd to constitute poles of opposite polarity and, if suspended, a bar magnet will
K., :ol:‘)n an approximate N-S line. The magnetic compass makes use of this principle

Ists of a short highly magnetised bar magnet which is pivoted at its centre. A

Card i : ; s : :
o, calibrated in degrees and/or geographic points, is mounted below and is used
With the maanat +m Alenin ~ oot s :

e fm tmmim m kit bem wmmlian Sl nt sl d A € dlhmabla



Magnetism - Electromagnetism - 113
112 - Basic Electrotechnology g gnetism - 11

ng with a compass needle is done as follows. Place the magnet on a sheet of

tti
Field plo draw its outline. Set the compass needle against the N pole of the magnet

indicated by such a compass is not exactly geographic N and S. The angle between ¢
er and

lines of magnetic and geographic N-S, is called the ‘variation’ and varies aroung

t ap il mark a dot at the point in line with and adjacent to the N pole of the
world. If the magnetic compass is used, due allowance must be made for the Variatih d with 2 pencil, m P T 4 I T——— ) ith th
before a map can be properly orientated and used correctly. . ann-’,pass needle. Move the compass until the S pole of the needle coincides with the

originf“l "

Itis helpful to explain why a compass needle lies in the N-S direction. The earth tse| w point in line with and adjacent to the N pole of the needle. Repeat this
ne ’

behaves as though it contains a magnet having its S pole in the region of the geograph ark the il the S pole of the magnetis reached. Join the dots together to give a line
north and its N pole near the geographic south. A compass needle placed on the earty rocedure UI’?UI t ;;7 )r()WhiCh et o tr.,e peaich, e chasen gl
surface will lie so that its N pole is attracted to the magnetic S (geographic N) pole offorce or a line of il '

oint in magnetic field, shows the direction of the magnetic force at that point.
a compass needle the field can be mapped for a considerable distance around a
t and the following deductions made:

the earth and its S pole will be attracted to the magnetic N (geographic S). Summarising
the facts so far about natural and artificial magnets, every magnet has 2 poles of unlikg
polarity and like poles repel while unlike poles attract.

any P
ysing
magné
4] Lines of flux never cross.

The magnetic field , ' i (2) Lines of flux are always continuous.

- ' ' ' o h | ious magnetic field arrangements are plotted as shown (figure 5.4) then other
This is the space around a magnet where its magnetic effects are felt. If a bar magnet vor'
is covered by a sheet of paper and iron filings sprinkled onto paper, after tapping the
latter, the filings will align as shown (figure 5.2). The filings form a pattern which, if
examined closely, shows that lines may be traced from the magnet’s N pole to the S
pole through the space outside and from the S to N poles inside the magnet.

conclusions can be deduced.

(3) Lines of flux are like stretched ‘elastic bands’ and will be as short as possible. This
explains the attractive effect between 2 unlike magnetic poles, which if free to do
so will move into contact, thereby reducing the length of the flux lines.

))@{ APZE =N
We— e

The field can also be plotted using a small compass needle as shown (figure 5.3).

Paths of lines of flux traced
out by iron filings

A Figuresi J \'\\t\ ) ) :(//// N :
. Ty e
'y R =

\ S SN . s

A Figure 5.3
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(4) Lines of flux which are parallel and in the same directions repel each Othey, o
example, when 2 magnets are brought together, with like poles adjacent to -
other. There is a force of repulsion between the magnets and if the field is Plotte
between 2 like poles a neutral point is found where the effects of the 2 repulgj,
forces balance each other and the total effect is as shown by the absence of C°ntr
on a compass needle placed at this neutral point.

The strength of the magnetic field around a magnet varies from point to point,
before this can be measured and methods devised for making such measurements, '
system of magnetic units and terms must be introduced. Faraday conceived the jgq
of the line of flux, and further suggested the use of these lines to depict the strengtf, 42
the magnetic field.

If a unit area at right angles to the lines of flux is considered definitions and terms ¢y
be made.

A number of lines of flux collectively are said to constitute the magnetic Flux (symbgf
® - Greek letter phi) which is passing through the area studied.

Another unit of importance is Flux Density — and the value, at any point, is obtained
from the expression:

Fl
Flux density i
Area

Figure 5.5 illustrates the SI unit of flux or the Weber. For example, if 50 lines of flu
are shown passing through an area of 1 square metre, for the plane considered, the
magnetic flux will be 50 Webers. The symbol for flux density is B and the unit is the Tesla
Thus for any point P in the plane considered, the flux density is 50 teslas.

Note. The tesla is a name introduced for the Sl system after Nikola Tesla (1856-1943),
an ethnic Serb. His revolutionary developments in the late nineteenth and earl
twentieth-century electromagnetism formed the basis of wireless communication ane
radio. The original unit was the weber per square metre, i.e. Wh/m?

We now have Flux = Flux density x Area
or @ (Webers) = B (teslas) x A (square metres).

This relationship will be used throughout our study of electromagnetism and
magnetic circuits and should be considered a basic and important formula. It is usef

to emphasise that flux lines do not exist but the properties of magnets and magnett
fialdc ran ha accacced hv acciiminag their existence and their havina definite DhVSical
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properties. It must be remembered that the field of a magnet exists in all directions and
is not confined to one plane.

A molecule is defined as the smallest particle of a substance that can exist separately
and in any magnetic material every molecule is thought to be a complete magnet. In
a piece of unmagnetised magnetic material the molecules are considered to arrange
themselves in closed magnetic chains or circuits as shown (figure 5.6). Under this
assumption it is considered that each molecular magnet is neutralised by adjacent
molecular magnets so that no magnetism is apparent in the material. The process
of magnetising a material is thought to be achieved by arranging the molecular
magnets so their axes point in the direction of the magnetising force. The proof
of this hypothesis is supported by the following observations. (1) There is a limit
to the amount of magnetism that can be imparted to any material sample. This is
explained by the supposition that, once all the molecules ‘lined up, no amount of
Extra magnetising force can increase the magnet’s strength. (2) When a magnet is
broken, the ends of the molecular magnets are exposed and the broken pieces are
found to be magnets themselves. (3) If heated to about 100°C and allowed to cool a
Magnet is weakened. If the magnet is heated until ‘red hot; the magnetic properties
:t'for:°mp|9tely. lost. Similarly if a magnetic material like hard steel, is cooled in a

9 magnetic field then it will set as a permanent magnet. It is considered that

duri ; .
b 'ng heating, energy is transferred to the magnet which causes oscillations of the
Olecular maanets which tend ta hreak the ‘linina un’ and raciilte in thace maanete
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taking up random directions. Similarly in the cooling process, as energy is Passeq
from the hot material, the oscillations decrease in magnitude and the Molecyly,
magnets settle in the direction of the magnetising field.

A modern theory of magnetism is based on electron theory and the concept of the
atom such that an electron, the smallest known —ve charge, when rotating in an
elliptical path, constitutes a circular current which sets up a magnetic force along
the axis of gyration. In a molecule the magnetic effects of the electrons of the atomg
may neutralise each other giving little resultant effect. A spinning electron also sets
up a magnetic field along its spin axis. If the fields due to the effects of spin balance
out, due to electrons spinning in opposite directions, the material is non-magnetic,
A magnetic material is the result of the fields not balancing out, but to explain the
overall apparent effect, it is thought that rather than single atoms or molecules being
concerned, it is a group of molecules which act together. Such a group is called a
‘domain’ and is considered to function like the more molecular magnet already
described.

' Earlier theory has referred to an association between magnetism and electricity and this
was more specifically mentioned in Chapter 2 when electrical units were defined. The
discovery of a relation between an electric current and magnetism was made in 1820
by the Danish scientist Oersted (1777-1851), when he noticed that a wire arranged
above and parallel to a compass needle caused deflection of the latter when a current
was passed through the wire. Reversal of the current caused reversal of the deflection:
Further experiments on the shape, direction and strength of magnetic fields associated
with current-carrying conductors arranged in the form of loops and solenoids were the
subject of much work by famous scientists such as Faraday, Maxwell and Gilbert. The
result of their discoveries led to the deduction of certain fundamental ralationships
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now part of accepted basic theory. The shape of the magnetic fields due to
ts of current-carrying conductors will now be considered.

re
jch @
mple arrangemen

3 Jue to long straight current-carrying conductor

id associated with such a conductor may be determined with iron filings or
The fie s needle as described earlier in the magnetism section - figures 5.2 and
compél:ning the current is kept constant during such a test, a field consisting of
P Asstl:ic lines of flux is confirmed. Figure 5.7 shows a vertical wire passing through a
¢ cardboard. The directions of the current and lines should be noted as this is a

| relationship.

concen
sheet O
fundamenta
Further tests show that if the current is reversed, the field will reverse and if the strength
of the field is measured with a sensitive instrument, the results will give a graph as
i||ustrated (figure 5.8a), which shows flux density (B) plotted to a distance (s) from the

centre of the conductor.

It is seen that inside the circular conductor, the strength of field or flux density varies
from zero at the centre to a maximum on the circumference. Outside the wire flux
density varies inversely as the distance from it.

Figures 5.8a and 5.8b, use the conventional method of indicating current direction.
Consider an arrow, i.e. current entering the surface of the paper and receding from
the viewer, with the feathered end seen as a cross. Similarly current flow towards the
viewer is shown with the tip of the arrow, i.e. a point or dot. The relation between the
direction of the lines of flux and the current is summarised by Maxwell’s Right-Hand

Current
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Screw Rule. This depicts that if current flows in the direction in which a right-handg
screw moves forward when turned clockwise, then the resulting field will be in ¢
direction of turning the screw. If the current is reversed, the screw will unscrew and¢ ‘
field reversed, or the direction of turning the screw is reversed, i.e. anticlockwise,

(CaxD)

S

(Caxd)

Field due to a current-carrying conductor bent to form a single loop

The diagrams (figures 5.9a and 5.9b) show the loop, the current and the lines of
encircling the conductor as deduced from condition (1) above. The resulting fie
can be plotted by locating the loop in a sheet of cardboard as shown. The result
considered as the field taken through section XY of the loop and the similarity witht
field of a short bar magnet will be noted. The loop is considered to set up a magneti
polarity determined from first principles.

*

\d
Ejgure 5.10

field is investigated by plotting with a compass, it is found to be as in the diagram
(figure 5.10). All the turns tend to produce a magnetic field in the same direction, so
that this can be deduced by considering the field of a single turn or loop. The turns
unite to send a straight field up the centre which comes out at the ends, opens and
SPreads out to return at the other end, giving the same distribution of lines of flux as
obtained from a bar magnet.

Field due to a current-carrying conductor wound as a solenoid

The next step in electromagnetic field investigations is for a coil of wire, which is
collection of several loops. A solenoid is a form of a multi-turn coil where the axial lengtt
is much greater than its diameter. Turns of wire are wound in an open spiral or placé
close together so that they touch, provided insulated wire is used. The insulation Mo
commonly used is either a synthetic enamel or a fibrous material such as cotton @
silk in the form of thread, tape or braid. The turns of a solenoid are arranged in sevé
lavers orovided the current travels throuah the turns in the same direction. When the

Again a definite polarity is attributed to the solenoid when carrying current. Polarity is
determined by finding the direction of the lines for any one turn by applying the right-
:Z:dT:‘C.fe.W rule but additional aids are useful, the easiest of which is the right-hand

* NI Is explained as follows, and is shown in the diagram (figure 5.11). Place the

fi At N A :
9ht hand on the coil with the fingers pointing in the direction in which current flows.
BN the thumb will naint in tha Aivartinn Af tha M anls
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Direction

: gnets are preferred to permanent magnets in industry for 2 main reasons.
a
of current glectro™

e made more powerful than permanent magnets by providing the desired
wThE)’.a. force, i.e. solenoid coils with sufficient turns and energising current. (2)
net'smg.sm is controlled, i.e. it can be switched on and off or varied gradually by
magne:Le current. In summary permanent magnets are made of hard steel because

ial retains its magnetism and the material is said to have a high ‘retentivity"

s mater nets have a core of soft iron which is more readily magnetised but loses its

tro@agroperties more quickly. The material is said to have a high ‘susceptibility’and
ne:‘lCisF’more susceptible than steel.

ntfomng

¢ Right hand

softiro

A Figure5.11

';{;':'on a current-carrying conductor in a magnetic field

|ntr0dUCt|0 n Ofan | rOn Core 5 . oersted’s experiment with a compass needle and current-carrying wire show that, a force
e is prodUCEd when a current is switched on, bringing about a deflection of the needle.
similarly if a needle was fixed and the wire sufficiently flexible, wire movement will be
notedwhena current is switched on. Further investigations led to an accepted rule — that
aforce acts upona conductor when it is carrying current and situated in a magnetic field
provided it is at right angles to the lines of flux. Let us now consider the electromagnetic

effects which allow the ampere to be defined as a fundamental unit of the Sl system.

The iron core of a solenoid, strengthens the field by concentrating flux and better definjng
the poles. A magnetic core allows the passage of flux more readily than air. Experimeng
shows that the best flux path is where the whole of the magnetic circuit is formed from
magnetic material. Where this is not practical the air gaps or air paths are kept as shop
as possible and good examples are found in the electromagnetic paths for the fluxin the

electric bell and the electric motor or generator (figures 5.12a and 5.12b). In Chapter 2, the phenomena leading to definition of the ampere were mentioned and

the points made previously are revisited here in the light of electromagnetic theory.
If a circuit is supplied through 2 wires laid together side by side, then if the current is
large and the wire flexible, a mechanical effect is noted, especially when the current is
switched on and off, as the wires will be seen to move. This action is explained with our
knowledge of the field associated with a long straight conductor.

Consider the diagram (figure 5.13), which shows 2 conductors carrying current as
shown. When the current in both conductors is in the same direction the resultant
magnetic field is such as to enclose both conductors. If the current in each conductor
s of the same magnjtude then, by Maxwell’s right-hand screw rule, the fields between

Neutral Concentration
area area

. F— <« F
m{im: 1n
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the wires will cancel and the outside lines of flux unite to make a field which engj

; . . . e,
both conductors. If flux lines are likened to elastic threads then the lines of ﬂuxc
stretched and forces act to move the conductors together. .

Lines of force through air will keep to the shortest possible paths. Figure 5,13 sh
O

currents in opposite directions in the 2 parallel conductors. Here the resultant fly

concentrated between the conductors, forcing them apart. X

Thé ampere

This is defined in accordance with the electromagnetic effects described ang is ¢
accepted definition for the unit of current. Thus the ampere is that value of ¢y
which, when flowing in each of 2 infinitely long parallel conductors, situateq in
vacuum and spaced 1 metre between centres, causes each conductor to have actjps
on it a force of 2 X 107 newton per metre length of conductor.

Magnitude of force (on a current-carrying conductor in a magnetic ﬁeldj

Figure 5.14 shows a conductor situated in and at right angles to a magneticfield. Assy
that the conductor carries current in the direction shown and that the arrangemep
is illustrated (a) and (b). There is a magnetic field due to the current which interacts
with the main field, which distorts it so that a strong field exists on one side of th
conductor and a weak field on the other. Lines of flux first appear to stretch and ther
return to their shortest length, while a force is exerted on the conductor pushing it
out of the way. This action forms the basis of operation of the electric motor and the

¥
Strengthening
'
72N @5
% N DI Z ; N s
i
(a) Weakening (b) F

A Figure 5.14
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uld pay attention to the points made here. It can be shown that the force
i he conductor varies directly with (1) the strength of the magnetic field,
gth of the current in the conductor and (3) the length of the conductor in

ader s
ont

e
she magnetc el
ising: Force strength of field x Current in conductor X length of conductor
mmaf;gneﬁc field or F oc BI£ where F is the force on the conductor in newtons, B is
em

in th density in teslas, | is the current in amperes, € is the length of the conductor in
he flux

the field in metres.
pove relationship is converted to the expression F = BI¢ if the correct unit of flux

The a hosen for this equality. This unit is the tesla and is defined below, giving the

density is ¢
mportant formula:

F (newtons) = B(teslas)x I(amperes) x £(metres).

It is noted from now on that the expression flux density will be used in preference to
the strength of magnetic field. This is because if lines of flux depict a magnetic field,
the magnetic field strength is represented by the density of the lines. Lines well spaced
apart create a weak field, while a strong field is represented by lines closely packed
together. Field strength is measured by the density of these lines or by the flux density

defined in S units.

@it of flux density

This unit is defined in accordance with the relationship F = BIf because the units for F,/and €
are known. Thus B is defined in terms of the other 3 factors and the unit of flux density or
the tesla is the density of magnetic field such that a conductor carrying 1ampere at right
angles to the field experiences a force of 1 newton/metre length acting on it.

The terms flux and flux density were introduced earlier with flux density determined by
dividing the total flux by the area through which it passed. So:

Flux density = g

Area

:‘Ence Flux = Flux density x Area. Using our definition for flux density, it follows that
€Weber is the unit of flux and it is the flux within an area of 1 sauare metre where the
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flux density has a value of 1 tesla. A more complex definition of the weber wijj| follg
Chapter 6, emphasising the importance of this unit in the study of electromagne,ti
Sm

For the correct use of @ (webers) = B (teslas) X A (square metres) see the examplg bel ’

Example 5.1. If the flux density inside a solenoid coil is measured to be 140my R
the inside diameter of a solenoid is 40mm, find the value of the total flux Prodye
(4 significant figures). -

Note.The main purpose of this exampleis to stress the importance of correct substituﬁ
in the formula, with attention given to the correct numerical magnitude. Thys 140
is 140 milli teslas, or 140 x 10°T. Similarly 40mm must be converted to metres bef
substitution.

2 2 —6
Thusa= T _ 314 x 40 x 10
4 4

=1256 X 10*m?
D=140%x10°x 1256 x 10

=175.8%x10°Wb
or ®=175.8uWhb.

Example 5.2. Find the force exerted on a conductor 160mm long when carrying 125
and placed at right angles to the lines of flux of a magnetic field of flux density 4 x 10
teslas (2 decimal places).

Substituting in F = BI€ we have F (newtons) =4 x 103 x 125 x 160 x 1073
=0.08N

The force will be 0.08 newtons or 0.08N.

The Magnetic Circuit

Magnetising force, magnetic field strength or magnetic field intensity

As a magnetic field is produced by a coil of wire carrying a current, we must deducé
a relationship which correlates the flux density at any point with the electromagneti€

effort required to produce it. To allow this derivation, the electromagnetic effort 5

defined as the magnetising force, magnetic field strength or magnetic field intensity

leximilial LN and mascirad tn tarmae af thin Factare nendiistna i thia siivvant andd nonaiiil

:Wa"ty'

' Amagn
~roduce
ﬁ'le flux path
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bol IN) of the coil acting over 1 metre length of the flux path and is
e a flux density of B teslas. IN/€ ampere-turns/metre length of the
measure of H, but in Sl units, it is considered that the same value
ent of IN amperes passing through 1 turn so the numerical
ere-turns may be replaced with a current A as an alternative to At. Thus H
a in At/m or in A/m. In this book the original and common method is used,
asufed : _turns, for example, appear as 200At rather than 200A. In line with this
amper:etising; force value should be read as ampere-turns per metre although
:Zliizn as amperes per metre. Summarising:

_tufns (Sym
ered to caus
ircuit is @

4 e ofamp

itmay °

M - .Iﬂ (ampere-turns/metre or amperes/metre)
H (magnetising force) = 7 D o |

etic circuit is taken as the complete length of the path through which the flux
d by the coil passes. We are concerned, in practical engineering or physics, with
of machines and electromagnetic devices, so let us take a simple path for

thesimple 2-pole generator or motor shown in figure 5.12b.

. We treat the field coils as the energising ampere-turns, spread over the poles of the

machineand wound to produce a continuous solenoid effect. This practical arrangement

gives a more symmetrical layout. Each coil has 2000 turns of thin wire and a coil current

of 1.5 amperes. The total magnetising force producing the flux for this machine will be

(2000 2) turns X 1.5 amperes or 6000 ampere-turns. By symmetry the flux through the
poles and armature splits (figure 5.12b) and returns through both halves of the yoke of

the machine.

So far it is noted that we consider a flux density to exist at a point by virtue of
the magnetising force producing it. An analogy can be made with the electrical
circuit and allows a clearer understanding of the magnetic circuit and associated
problems.

Enetomotive force or m.m.f.

Acomplete path is followed by a group of lines of magnetic flux and this path is the
Magnetic circuit. In an electric circuit current is due to an emJf. and in a magnetic
drcuit, flux is thought to be due to a magnetomotive force (m.m.f) (symbol F) caused
by current flowing through a coil of wire. Thus the m.m.f. is the total magnetising force
Z:’n‘i:cec' by a' s:olenoid coil and measured in ampere-turns (IN). From now on, the
i tht;‘’f“aQnetIS|ng force, magnetic field strength or magnetic ﬁeld intensity are used
o Orce or m.m.f. actina over 1 metre lenath of a circuit and'that the total force for
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The passage of flux through a magnetic circuit is restricted by the circuit's reluctg
Reluctance (symbol S) is comparable with the resistance in an electrical Circuit
proportional to the length of the magnetic circuit, and inversely proportiong| t

area and the absolute permeability (symbol ).

Magnetism - Electromagnetism « 127

eability

nsay thata magnetising force (H) produces a flux density (B), the magnitude

¢ Wwe noW ca bty depends upon the type of material in the magnetic circuit (e.g. air,
nd of this ﬂux' n, etc.). For any material the ratio of flux density to magnetising force is
ot steel So:t l:;SIOMe permeability (u) and measured in Henries or Henrys per metre
ca'/'ren‘)i ;a?ned after Joseph Henry (1797-1878).
(Him)

Thus: u = E

Table 5.1

Electric Circuit | Magnetic Circult 7
Quantity Unit Quantity Unit
e.mf. (E) Volt m.m.f. (F) Ampere-turn
Current (/) Ampere Flux (®) Weber
Resistance (R) Ohm Reluctance ()

Amp-turn/ Webey .“

|n vacuum and most non-magnetic materials the ratio between B and H is a constant.

i This can be shown by considering a long straight current-carrying conductor in a
Ao A yacuum. Consider the diagram (figure 5.15) with a conductor of infinite length carrying
E F a current of 1A.
/ ) (D =< . .
R g The conductor forming thereturn path to the supply sourceis considered to beaninfinite
Other Compatisons are: distance away so its current will not affect the magnetic field near the conductor.
ol | The conductor arrangement constitutes a single turn and the m.m.f. F is then 1 turn x
& A S:;Z | amperes or F = | ampere-turns. Consider any point on a line of flux distant r metres
from the centre of the conductor. The magnetising force H at this point will be the
Electric force (E) Volts/metre Magnetising force (H) | Amp-turns/metre E F
m.m.f./metre length of fluxor H=—=—— ¢
y £ € 2mr
T d ¢
Current density (J) Ampere/metre? Flux density (B) Tesla
-]
N K quit
A A L <

Theabove conceptofamagnetic circuitallows formulae to be found, for the magnetising
force in the fields of various current-carrying conductor arrangements, such as the lond
straight conductor, single loop and multi-turn coils like solenoids and toroids.

A Figure 5.15



128 - Basic Electrotechnology Magnetism - Electromagnetism - 129

t produce a flux of 0.018Wb across an air gap 2.54mm long with

5.3. We mus ;
? 3mz2, Find the ampere-turns required (3 significant figures).

= ampere-turns/metre or amperes/metre, where € is the circumferean f ple 4% 10
y ;

2mr five area

radius r. Area of gap = 24 x 102 square metres

0.018

This result helps us to find the flux density for a certain magnetising force . Required flux density B = YR =0.75T
X

permeability (u) of the medium in which the field is established.

Consider figure 5.16, the plan view of our previous diagram. Also H = B = 0.75
o  Axmx1077
The conductor, in vacuum, is represented by A carrying a current of 1 ampere flowin

away from the observer. The magnetising force, at any point P 1 metre from A is given {:‘ =59.7 X 10°At/m

: The length of the air gap = 2.54mm = 0.254 x 102m.

H = — ampere-turns/metre as both / and r are unity in the formula derived earligy

o 5o total ampere-turns needed = 59.7 x 10%x 0.254 X 102 = 1515At.

Next assume the flux density at point P is B tesla. Then (1) the force on a metre lengh
conductor placed at P, parallel to A and carrying a current of 1 ampere will be 2 x 194
newtons. This is known from the definition of the ampere. Also (2) the force on a metre
length of this conductor is given by BIf newtons, or is '

mple 5.4. A wooden ring with a mean diameter of 200mm and a cross-sectional area
oommz is wound uniformly with a coil of 300 turns. If the current passed through
the coil is 5A calculate the value of flux produced in the coil (2 significant figures). The

mmf. of the coil =5 x 300 = 1500At.
b fastong 06 L ABFUIEELE | mmina= ESinemiarics ' The mean circumference =7 D = 7 X 200 = 628mm = 0.628m

Thus equating expressions (1) and (2) for the force on the conductor we see that th;
value of B for the condition considered will be 2 x 107 newtons.

1
The magnetising force H = At/m = 5%(:)2% = 2380 At/m

Hence: The flux density B = u H

FluxdensityatpointP B 2 x 107 =4 x 7 x 107 x 2380

= oo ——=—= S =4 x1077
Magnetising force at pointP  H /2%

=0.003T

In this case we consider a vacuum as the medium in which the field is established so: Total flux ® = BA

Permeability of free space = 47 X 10”Henry/metre or u, = 47 X 107 H/m. =0.003 x 400 x 10°Wb

= 1.2uWb.

Example 5.5, The magnet system of a moving-coil instrument provides a flux density in

the air gap of 0.25T. The moving coil, of 120 turns, is carried on a former of (active side)

l;ﬂgth 25mm and width 18mm (between air-gap centres). If the coil carries a current of
MA, calculate the turning moment on it (2 significant figures).

'
[}

A @ B Tesla
7
W H-

F=BI¢ newtons

A Figure 5.16 =025%2x10%%x120x2x25% 1073
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=3x 103N electric motor the armature has 800 conductors each carrying a current
In a: The average flux density of the magnetic field is 0.6T. The armature core
of 8A:

Torque = F X radius of coil
ffective length of 250mm and all conductors may be taken as lying

ne ;
=3x10°% 9% 103 has an effective diameter of 200mm. Determine the torque and mechanical
- nv:ef developed when the armature is revolving at 1000 rev/min (4 significant
= IJ m. pO
ﬁgurGS).
SR o Twolong straight parallel bus bars have their centres 25mm apart. If each carries
B e 250A, calculate the mutual force/metre run (1 decimal place).
Practice Example gurrent of

5.1. A conductor carrying a current of 100A is situated in and lying at right anglas g
magnetic field having a flux density of 0.25T. Calculate the force in Newtons/me;
length exerted on the conductor (2 significant figures).

5.2. Acoil of 250 turns is wound uniformly over a wooden ring of mean circumferen
500mm and uniform cross-sectional area of 400mm?. If the current passed throy,
the coil is 4A find (a) the magnetising force (1 significant figure) and (b) the tq
flux (3 decimal places). .

5.3. Acurrentof 1Ais passed through a solenoid coil, wound with 3200 turns of wira
the dimensions of the air core are length 800mm, diameter 20mm, find the vaj
of the flux produced inside the coil (exactly in Webers).

5.4. Two long parallel bus bars, each carry 2000A and are spaced 0.8m apart be
centres. Calculate the force per metre acting on the conductors (1 significant figu

5.5. Amoving-coil permanent-magnet instrument has a resistance of 10Q and thefi|
density in the gap is 0.1T. The coil has 100 turns of wire, is of mean width 30m
and the axial length of the magnetic field is 25mm. If a PD. of 50mV is requiredf
f.s.d., calculate the controlling torque exerted by the spring (3 significant figure

5.6. An air gap of length 3mm is cut in the iron magnetic circuit of a measuring devie
If a flux of 0.05Wb is required in the air gap, which has an area of 650mm? findt
ampere-turns required for the air gap to produce the necessary flux (4 significa
figures).

5.7. A straight horizontal wire carries a steady current of 150A and is situated '
a uniform magnetic field of 0.6T acting vertically downwards. Determine t#
magnitude of the force per metre length and the direction in which it acts!
significant figure).

5.8. Anarmature conductor has an effective length of 400mm and carries a currenté
25A. Assuming that the average flux density in the air gap under the poles is 0!
calculate the force in newtons exerted on the conductor (1 significant figure):
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3 depends upon the dimensions of the magnetic circuit and its

.j ability:

ie.S= A At/Wb.
MA

: f the magnetic flux @ in a given area A:
.+ Bis a measure 0
ux density

B= 9 Tesla.
A

tising force (magnetic field strength) is a measure of the m.m.f. per metre
gnetic circuit required to maintain flux inthat circuit:

magné
of ma

H= ﬂ At/m.
¥4

Something is as little explained ... as the attraction between iron and magneg
explained by means of the name magnetism.

sability is the ratio of flux density to the magnetising force producing it:
Jacob Schleldg

B
: =—H/m.
k=4

For air, vacuum and most magnetic materials we use the permeability of free space
with a constant value:

In Chapter 5 the fundamental concepts, terminology and relationships of
electromagnetic circuit were introduced and developed. Before proceeding to considi
further the effects of ferromagnetic materials it is useful to revise some of these bas
relationships.

o = 4w x107 H/m,

1 B
which for air u, = 5 such that Boc H.

The m.m.f. F is the force which causes magnetic flux ® to be created in a magnet

circuit with reluctance S:
Ifvalues of B against H are plotted for air a straight-line graph is obtained (figure 6.1). If

Measurements of flux density B are made, at a point outside, but near to, a long straight

ie.®= £ Whb. e )
S fent-carrying conductor, for various values of magnetising force H, by changing the

current (noting that H — El- where r is the radius from the point to the centre of the
r

The m.m.f. is usually created by passing a current through a number of coil turns:
onductor), then the straight-line B/H relationship will be confirmed.

i.e. F =IN ampere-turns.
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Magnetising force due to a long, straight current-carrying conductor
The magnetising force outside, and near to, a current-carrying conductor, is given b

1 ; ; ;
H= o This expression was deduced in Chapter 5 and it should be rememberee
wr
that, H is the m.m.f./metre length. M.m.f,, F is measured in ampere-turns and the total

m.m.f. for any magnetic circuit outside the conductor is found from F = He. E: : :
gnetising force inside a toroid

Figure 6.3 shows a simple electromagnetic arrangement. It consists of a solenoid bent
back upon itself so that the lines of flux are confined inside the coil. We consider a non-
magnetic ring (or toroid) wound uniformly with a coil of N turns, carrying a current of €
amperes. The mean circumference is € metres and as the flux is confined inside and the
path is uniform, the magnetising force or m.m.f. per unit length is given by:

Magnetising force inside a solenoid

If a parallel field of flux lines is assumed inside a solenoid as illustrated (figure 6.2),1
length can be taken as € metres, the number of turns on the coil as N and the curre
passed as £ amperes. Lines of flux will spread out at the ends and for their return path
they also spread out into space. This external return path has negligible magnetic
reluctance and the whole m.m.f. of the coil ‘sets up’ the field inside the solenoid. Thus
the m.m.f. per unit length is, by definition, H - the magnetising force.

H= !%I- ampere-turns per metre.

Bxample 6.1. A wooden ring with a mean circumference of 300mm and a uniform
S10ss-sectional area of 400mm? is wound uniformly with 300 turns of insulated wire.
ifthe current is 3A, calcylate (a) the magnetising force (1 significant figure), (b) the
'ﬂUX density inside the toroid (4 significant figures) and (c) the total flux produced
,(2 Significant fiqures). '

Thus H= % = % ampere-turns per metre.
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(a) The total m.m.f. produced F = 3 x 300 = 900At — — E_
M= Mg H
The mean circumference is 300mm = 0.3 metres
.. The magnetising force H = £ = 08 o B=popu, H
¢ 03
= 3000At/m

(b) The flux density is given by B=p1_H s such asiron, nickel, cobalt, etc., u_can be between 1000 and 2000 or even
—Fo

= 47 x 107 X 3000 = 3.768 x 10°T me special electrical steels.
=3.768mT
(c) The total flux produced ® =B x A

=3.768 x 103 x 400 x 10 Wb

pigher 0" *° o
_Hor Magnetisation Curve

—_ -6 . P
=1o% 10 Wh cimen of magnetic material is made into a ring and wound with an energising
If a P&

urements of flux density for various values of magnetising force can be made

coil '.nea.'s on a secondary coil and using the principle of transformer action. This is an

wmd:jnigdustrial method for determining the magnetic properties of various materials.

acmpt:;eerved that if flux density B is plotted against magnetising force H for air, a straight
. :;:?5 obtained, but for magnetic materials, typical curves result (figure 6.4).

or®=1.5uWb

| Ferromagnetism
Atfirst all the graphs are approximately straight lines, with B proportional to H. Then the

curves begin to flatten out forming a ‘knee’ and finally become horizontal, exhibiting
Jittle increase in B for a large increase in H. In this state, the material is said to‘saturate’

Whenironis used as the core of an electromagnet, the field is intensified so that a greate
flux than expected results from the magnetising ampere-turns of the energising coj

As the only change in the relation ® :g is due to the reluctance S, if the dimension:

Mild steel
of the core / and A are kept the same as for the air path, it follows that the permeabili j
of iron must be much greater than that of air. Thus we can refer to the permeability of ;
e
magnetic material, termed the relative permeability. Knee Cast 2
o
P ™
Relative permeability (i) \ b
i R % Cast iron
This is the ratio of the flux density produced in a magnetic material to the flux density %:
produced in air by the same m.m.f. i

Absolute permeability

.. Relative permeability = —
Permeability of free space

7’
Wa

Magnetising force - H (At/m)

M=
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He

A Figure6.5

If permeability () is plotted against B, a curve (figure 6.5) will result. The permeabil;
curve has a peak corresponding close to the ‘knee’ on the B~H curve where the tangen
goes through the origin. Beyond this peak, permeability drops off fairly rapidly.

An examination of the B-H and p-B curves shows how the properties of vario
magnetic materials differ. For machine design, lower working B values necessitate large
section and therefore greater mass to obtain a required flux value as @ = B x A. The effe
of high permeability materials is also apparent and the shape of the B-H curve with
the saturation effect shows the limits of machine field systems. Magnetic properties
depend on the actual composition, for example, manganese-steel is practically non
magnetic, but small quantities of carbon or silicon when added to steel vary the shap
of the B-H curve. Sheets of commercial steel marketed under trade names like Stalloy
or Lohys (a transformer iron) are available to suit different design requirements.

Reluctance (symbol S)

This term is likened to the resistance of an electrical circuit. As flux is proportional to the
m.m.f. and is restricted by the reluctance, further investigation shows that reluctanc
is proportional to the length € of the magnetic circuit and inversely proportional &
its area A. Furthermore it is inverselv proportional to permeability, as the greater @

mparable relationship of ® =
<Y

- fxam

Electromagnetic Circuits - 139

; s permeability the greater its flux and hence the smaller its reluctance. We thus
terid

,E/ and with absolute permeability (4 =pom,)S=
pA
ations On magnetic circuits with magnetic materials are now possible, but unlike

b e,sﬁ ,‘LOMrA'

calcu! . v .
| circuit calculations which use /=—, it is not always necessary to use the
"ectﬂca R
F . ;
T The solution of most problems associated with a

netic circuit can be made without determining the reluctance, and experience will
2 : . ; e
hoi/ the best solution method. The following typical examples indicate the alternative

: - of treating simple problems.

ple 6.2. A solenoid is made up from a coil of 2000 turns, carries a current of 0.25A

and s 1m long. An iron rod of diameter 20mm forms the core for the solenoid and is

. 4lso 1m long. Calculate the total flux produced if the iron has a relative permeability of

1000 (4 significant figures).

Coil mm.f. is given by F = Hl = Lg’- x€=IN.

=0.25 x 2000 = 500At

! -6
Area of iron = wd _ 3.14 x 400 x 10
4 4
=3.14x10" m?
Reluctance of iron, S = L __ ¢
A o A

1
4xmx1077 x1000 % 3.14 x10™*

orS =

=2.533x10° At/Wb

Flux (I):.'L: :__5_0_0_
S 2533x10°

= 1973 %107 — 197 3uWh
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Alternative solution

m.m.f. of coil, F = H¢ so magnetising force H = -g

IN _ 0.25x2000

Thus H= 7" ; = 500At/m

Also B=puH =p pu H=4xmx10"7 x1000x 500

=0.628T
Total ® = BA
=0.628 x 3.14 x 10™* webers

=197.3x107° =197.3pWb.

Example 6.3. A cast-steel ring has a cross-section of 400mm? and a mean diameter o

240mm. It is wound with a coil having 200 turns. What current is required to produce
flux of 400uWhb, if the relative permeability of the steel is 1000?

Area of steel =400 x 108 m?

—6
gD _400x10

A a00x10% e

Also B = p,pu,H=14xm %1077 x 1000 x H
B=4xmx10™xH

B _1x10*
4xmx107* 4 xar

SoH=B/(pu,p,)=H= At/m

4

mm.f. of ring F = H¢ = ‘:O X x240%x107°

Xar

or F = 600At

jve solution

¢
lu‘ol”l‘rA

Reluctance of ring § =

mx240 %1072
4% x107 x 1000 x 400 x 10~°

orS=

=15x10° At/Wb

then required mm.f. = ®S =400 x 107° x 1.5 x 10°

= 600At

600
Required current | = — = 3A.

200

“omposite MagneticRing

ries arrangement

Consider a magnetic circuit built up as shown (figure 6.6). It is obvious that the toroid

sections are in series with each other and that the same flux passes through them all.
The total m.m.f. = m.mf. across section 1+ m.m.f. across section 2,

Ifthe total flux is ® then ®S = @S, + @S, where § is the reluctance of the composite
circuit. Thus:

S=5+5,.

Summarising:Total reluctance = the sum of the individual reluctances of the sections
''a series arrangement.
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®

1 D, =2

But®, =

Wl

andsince® =@, 4+ @, +,

P
. S‘I SZ 3

et elll.“l.l.
‘]’ 23

: 1 1 1
V F 1 1 1 L
: LeFlmd—+=| or —=—+—+
A Figure 6.6 : F[S1 N Lig ) 1 —
" f a magnetic circuit and the above is summarised by
" 1 s referred to as the permeance o g
, sz [ ing that the reluctance of a divided magnetic circuit (sections in parallel) is found
R . i f the permeances of the individual
i t its permeance is equal to the sum of the p
o,y @, 3\ wkr?owmg thatits p
circuits.
Example 6.4. An iron ring has a mean diameter of 200mm and a cross-section of
T 300mm? An air gap of 0.4mm is made by a radial saw-cut across the ring. Assuming a

relative permeability of 3000 for the iron, find the current needed to produce a flux of
250uWb, if the energising coil is wound with 600 turns (3 decimal places).

A Figure 6.7 |

(7 x 200 x 107)—(04 x107°)
4xwx107 x3000x3%x107*

Reluctance of iron S, =
The parallel arrangement

_107%(628—04)

Such a magnetic circuit is not often encountered but is considered here, as it| C 4xmx9x107°

complementary to the series circuit. The arrangement is shown (figure 6.7).

If the different paths of the magnetic circuit are in parallel, then the m.m f. is that whid
will produce the required flux in each part of the circuit separately. Let F = the m.
required to produce fluxes @, ®,, @,, etc. F also produces the total flux ®.

6276
"~ 36mx107°

F — 555.2 x 10° ampere-turns/weber

So® = —
Total reluctance of circuit

i
3
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04x107°

Reluctance of airgap S, =
9oP 4xmx107 x3x10™*

0.833 0.833

= At/m
ok, AXT X107 x3x10°

=10615 x 10° ampere-turns/weber

= 221066At/m
Total reluctance S =S, + S, =(555.2 + 1061.5) x 10°

th of iron path = (628 — 0.4)107°
=1616.7 x 10° At/Wb Now leng p ( )

Total mm.f. F=®S =25x%x 10" x1616.7 x 10° =627.6 x 10 >metre

=H015At Ampere-turns foriron = 221.066 x 0.6276 = 138.74At

404.19

Current = = 0.674A.

Total ampere-turns = 265.28 + 138.74 = 404.02At

404.02

Alternative solution Current = = 0.673A.

25%x10™*

Since ® =250 x 107° weber thenB = -
3x10™

For the previous examples, alternative solutions were given in which the reluctances
for the various sections of the magnetic circuit considered were not found. This
alternative solution method is used when the relevant B and H data for a magnetic
material is given in tabular or graphical form. The relative permeability is not given as
a specific value and must be found before the reluctance is calculated. Obviously any
such solution is tedious and the following example is recommended to the reader on
how to solve this type of problem!

=0.833T

Now H for air is given by:

0833 0833

H - 7
Mo 4 xax10”

A

Example 6.5. An iron ring of square cross-section has an external diameter of 140mm,
and an internal diameter of 100mm. A radial saw-cut through the cross-section
of the ring forms an air gap of Tmm. If the ring is uniformly wound with 500 turns
of wire, calculate the current required to produce a flux of 0.35mWb in the gap (1

decimal place). Magnetic data of the material of the ring is given (figure 6.8). Take i, as
47X 107 H/m.

= 663.2 x 10> At/m
Length of air gap = 0.4 x 10~ metre
Ampere-turns for air = 663.2 x 10° x 0.4 x 10~

Solution uses the graph (figure 6.9) obtained from the above data.
= 265.28At
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Table 6.1
Flux density (T) 0.65 0.89 1.06
Magnetising force 200 300 400

(At/m)

I.- tH:

20
- o 1>
-
20mm——’/
A
@ Crossing
gap 0.35mWp
A Figure 6.8
/‘/
1.0
0.875
F_l_J_L_T - - . 1
i
) i
8 [
|_ 1
aQ !
2 ;
[77] |
5 i
© 0.5 .
b 1
=2 t
w 1
1
N
[l
]
T
|
|
1
[l
|
1 290
0 100 200 300 400 500

Magnetising force - H (At/m)
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_ (wx120%107°) = (1x 107) metre
_ 3758 x107° metre

—3
| ngth of air gap = 1x 107 Mewe

® 035x107

i d air — = .. B=0.875T
for iron an A 210

density

E m graph for the iron H = 290At/m when B = 0.875T

e {

S foriron, m.m.f. Fip= 290 X 375.8x 107 = 108.88At

B 0.875
For air, since H = - e yeseTrT =) At/m

0.875 3
+ mmf.F, = ————x1x 107 =696.7At
and for air, M.M.T. Fap 22107

Total m.m.f. F__ +F, =108.9 + 696.7 = 805.6At

IRON AR

Current is deducted from F/N= %é =16112A

2. Energising current = 1.6A (1 decimal place).

MAGNETIC FRINGING. Figure 6.10 illustrates how magnetic flux bridges an air gap,
eéspecially if the gap is comparatively large.

Due to spreading flux in air occupies a larger area than that of the iron, and the flux
density is thus reduced. An allowance can be made for this effect in problems when

*€quired, but unless told otherwise the area of the air gap is taken as the area of the
iron, '
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Flux in pole = Useful flux x Leakage coefficient

Fringing

[ T T U
\/flux

A Figu.r'e 6.10

MAGNETIC LEAKAGE. For some magnetic circuits, due to the shape of the iron core 3
placing of the energising coil, a small amount of flux leakage may occur (figure 6,19

200 300 400 600 800 1000 1200

Some flux lines are not confined to the iron and complete their paths through air.
practical purposes, a factor called the leakage coefficient is added which increases th
required working flux value sufficiently to allow for this leakage.

0.8 0.98 1.08 1.22 13 1.36 14

Thus: the required total flux = the useful or working flux x leakage coefficient, !
leakage coefficient is typically between 1.1 and 1.3. This leakage flux will result
reduced efficiency and increased energy losses.

Example 6.6. (a) A magnetic circuit has an iron path of length 500mm and an air gap
of length 0.5mm, having uniform square cross-section, 1000mm? in area. Calculate th
number of ampere-turns needed to produce a total flux of TmWhb in the air gap. Ignore
fringing, and assume a leakage coefficient of 1.3. The B-H curve for the iron is given by
the following (table 6.2):

1.5

B (Tesla)

~ (a) A conductor is passed through the air gap at a speed of 100m/s. If the length o 9

the conductor is greater than the length of the side of the gap, calculate the emf
induced.

N

The solution uses the graph, obtained from the above data, as shown in figure 6.12.

Area of iron and air gap = 1000 X 10 = 103 m?

2 500 1000

Length of iron =500 x 10 =0.5m H (At/m)
1x107°
Flux density (B) for air = e T

&?éu’m 6.12
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~3
Flux density (8) in iron — /X190 x1.3

o =137

¥ .esis IOOP
B

For air, since H = — = ———1——— At/m

i . ——
) “ i iron sample is increased from zero to its maxi
Mo  4xmx1077 etising force appliedtoaniro P
n

way as when making the test for a B-H curve, and is then
e SaTn?ef und that the new B-H curve, for decreasing values of H, lies
P :::,:in(; curve, and that when H is zero Bis left .at some ,new valu.e;
the origina as ding curve being above the ascending one is called hysteresis,
e deSCe‘n d those for the corresponding H strength when increasing. The
values 120 behl;:om the Greek meaning ‘to lag’ Figure 6.13 shows these effects.

t
and mm.f, F, = P g
mf. F, =

Z‘q‘r_"l—q x05%x107° = 398.8At ‘ ~d to zero agai

x10

From graph for iron, H= 800At/m for a B value of 1.3T

_the B
and m.m.f, F, =800 x 0.5 = 400At sth

g hysteresis COMEs
wO!

i disameasureofthe residual magnetism
: | Hiszeroistheremanencean
Total ampere-turns required for iron = 398.8 + 400 = 798.8At . va|ueowah€“

pr rder to demagnetise the iron and remove the residuall magnetism ‘it
distanc® - ly a negative magnetising force known as the coercive force. If H is
L b ytive direction to its previous maximum value, the curve will reach
| }Wreased iy n:ga revious maximum B and if H is next gradually reduced up to zero,
: e - ;ot:) i(tesrgriginal maximum, a closed loop is traced. This is a hysteresis loop
?n:ni;nac:::ure of part of the iron loss.

(b) Induced e.m.f. given by E = Bév volts

Since the area of the air gap is that of a square, the side of the

“'r‘“ square is 4/1000x10~° =+/10x10~*

= 3.162x 107 m?

tin
take the iron through the various stages represented by the loop, an alternating
To
Thus E=1x3.162x 102 x 102

tising force is applied. One method of achieving this is to connect the energising
magnetl
= 3.162 volts

B+
Note. In the above B=1 tesla. £ = 3.162 x 102 m and v = 100m/s.

Residual D_
magnetism or \j——
remanence v /0

Coercive
force
a magnetic material is taken through cyclic magnetisation. This loss is the [ron

Loss and is made up of 2 component losses: (1) the Hysteresis Loss and (2) the
Eddy-Current Loss.

T - i
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coil to an A.C. supply, when the iron continues to go through the same series of cha
or magnetic cycles. To confirm energy is being expended, it is found that the ironn
registers a temperature rise. The area of the loop is a measure of the power loss dy

hysteresis. The energy absorbed per cubic metre per cycle, due to hysteresis, giv:
joules by the area of the loop, provided the scales used for the graph are in appmpriat:
units. The energy stored in the magnetic field in figure 6.13 can be representeq by thes ,.
OABCDO infigure 6.14.When the field collapses, energy is returned to the supply Which
represented by the area DBCB. The area of the loop OABDO represents the energy logg,
heat through hysteresis and is the difference between the energy put into the Magne
circuit when setting up the field and that recovered when the field decays. '

If the iron sample was non-magnetic, i.e. air, then the B-H curve will be a straight line
shown (figure 6.14), and the energy stored in the field when it is set up, is "ePl‘esent'»

s of hysteresis loop, as obtained from various magnetic materials, can be
by the area of the triangle OBC, will be recovered when the field collapses.

e
Er lasses as shown (figure 6.15).

grouped into 3¢
For air, the area of the right angle triangle OBC = %height X base = -;— OCxCB= % B, xH |  op 1is for hard steel. The large value of the coercive force indicates that the material

B suitable for permanent magnets. The area however is large, showing that hard steel

where B_ is the maximum flux density value, attained for the H value which Was - cuitable for rapid reversals of magnetism.

impressed.

1 B, .
As B = p H. Therefore the area of the triangle = 5 x B, x B = 2’" and as the are;

Mo Mo
of the triangle represents the energy stored in air per cubic metre (in joules), it follow
that:

' Loop 2 rises sharply showing a high pand a good retentivity (large intercept on B
I WS) The loop is typical of cast-steel and wrought iron, which are suitable materials for
electromagnet cores and electrical machine yokes.

" Loop3hasasmall area and a relatively high u. The material (mainly alloyed sheet-steels)

. B i magnetism and is used for armatures, transformer-
For air: Energy stored per cubic metre = ' joules. Is suitable for rapid reversals of mag

2,

cores, etc.

Bt 1. HYSTERESIS LOSS. Since this is a function of loop area, the effect of varying B on

the area must be considered. When the value of H is increased, for example, doubled,
Bis not doubled and thus the ratio of the loop area also is not quadrupled. It is found
to increase about 3.1 times. If the Area of Loop is actually proportional to B _* with x
somewhere between 1 and 2 - where B_ is the maximum value to which flux density
has been taken.

o
P ——

2. EDDY-CURRENT LOSS. When an armature rotates in a magnetic field, an em.f. is
induced in the conductors. Since the conductors are let into slots, the armature teeth
aré considered as conductors with em.fs. induced across them. Moreover, as the
electrical circuit is complete for these e.m.f, currents will flow from one end of a tooth
through the armature end-plate, along the shaft and back to the other end of the tooth

through the opposite armature end-plate. Such ‘eddy currents; produce a power loss,
2

; E
due to the resistance of the iron circuit, which is o I’R or R

A Figure 6.14
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Eddy-current loss depends on several factors, with every reasonable attemp ¢

minimise such losses. The principal methods by which this is achieved are (1) |ama.

the iron circuit and insulating the laminations from each other by varnish, Ce“ull 1
Q¢

e a small distance x (metres) against the force F, so the work done is

ov )
e os or joules. The volume of the magnetic field will increase by Ax cubic
qewton Mt 2

X Ax joules. This is equal

— : : ; : ; d in the field is increased b
paper, (2) using iron with a high specific resistance and (3) keeping the frequen - and the energy store y m
magnetic alternations or cycles to a minimum. a8 . 5
; : 7 i I Fx = AxorF= newtons,
Since a generated voltage is proportional to flux and speed, then E « gy Or Eop Pine work done in separating the poles so that Fx 2, 200

where B_ is the maximum flux density and fis the frequency of alternation,

2

i metres and B in teslas.
Again since power loss o % we can write: is in square

where A

e 6.7. An electromagnet is wound with 500 turns. The air gap has a length of
e 6.7

m ; . .
Power loss oc B 2f* or B. = K_B,2f* watts per cubic metre, where K_ is an eddy-cy E mand a cross-sectional area of 1000mm? Assuming the reluctance of the iron to
coefficient which is dependent upon the type of material used, its thickness ang 4 :‘: negligible compared with that of the air gap, and neglecting magnetic leakage and

dimensions. |culate the magnetic pull when the current is 3A.

fringing: ¢

yum of coll F= N x | =500 3= 1500A¢

This m.m.f. is used to pass the flux through the air gap, since the reluctance of the iron
I Jdlhede

Pull of an Electromagn
e e is negligible-

The magnetising force for the air, is given by ‘the ampere-turns per metre’ or

2

The energy stored in a magnetic field in air is given by joules per cubic met

0

where B is in teslas. Consider 2 poles arranged as shown (figure 6.16). _F_ 1500
L 2x10°°
Each has an area A square metres and let F be the force of attraction (in newton
between the poles. Also the flux density in air is B where:
B=p,H

B_4><'n-><10‘7 x 1500

T tesla
X

s ). X metres = 0.942T

i 0.942? x 1000 x10°°
Now the pull F = &4 = —— newtons
21, 2x4x7x10

Area of
poles = Am?

, Thus F =353.3N.
A Figure 6.16
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Example 6.8. A4-pole D.C. generator has a cast-steel yoke and poles and has 3 lam
steel armature. The dimensions of the component parts of the magnetic circuit
follows in table 6.3:

ina E
dre

Length of magnetic

Table 6.3 path under
consideration
Yoke. Total mean circumference = 3.04m CSA =0.04m2
Pole. Total mean length = 0.24m CSA = 0.065m2
Air gap. Total mean length =2mm CSA = 0.065m2
Armature. Total mean path between poles = 0.4m CSA =0.025m2

The magnetisation curves are given in table 6.4.

Table 6.4
H(At/m) | 400 | 800 | 1200 | 1600 | 2000 | 240
Cast steel B(T) 0.45 1 1.2 13 1.37 143
Laminated B(T) 1 134 148 155 16 163
steel ‘
Calculate the ampere-turns per pole, for a flux per pole of 0.08Wb in the air gap. Figy
6.17 illustrates the problem and the appropriate magnetic characteristics are shown
the graphs for the diagram (figure 6.18). 20
AIR GAP ) -
' mineted S
Length2x 107 m 15 i 2 0 -
= o Cost 881
D r =
Area 0.065 = 6.5x 107 m’ £ -
= 4
D00 B, = o me ] 25T
65x1072 65 N
123 123 e
H, = = —————— ampere-turns/metre
My  4xmx10
Total ampere-turns or m.m.f. for air gap is given by: 0 500 1000 1500 2000 2400
H (AYm)

1.23

, = ————————— X 2 X 10" ampere-turns
4x3.14x10

ﬁ?ﬁsure 6.18

r ANArFFAL
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POLE (Cast steel)

Length 24x107*m
Area 0.065 = 6.5 x10"*m?

B _._® 008
®=008Wb=8,=—=——"—""__—123T

A 65x107
From graph, H, = 1370At/m or

Total f, =1370 x 24 x107* = 330At

YOKE (Cast steel)

3.04
Length i 0.76 =76 =x10">m (between poles) or 0.38 magnetic length
Area =2x0.04 = 0.08 m* but Area = 8 x 1072 m?

(Note the doubling of area since full pole area is taken for the flux)

0.08
8x1072

®=0.08Wb B, = 1T

From graph H, = 800At/m
Total F, for yoke 800 x 38 x 107> = 304At
~ ARMATURE (Laminates)
0.4 5
Length 5 = 20 X 107 metre (magnetic Iength)

Area =2x0.025=0.05=5x%102 m>

®=0.08Wb B - 008 T

5x1072

A

& - m

An electromagnetic ¢
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— 2000 % 20 X 107

= 400At
pole = 1955 + 330 + 304 + 400

= 2989At.

rafmature

m.f. per

od of cross-section 1000mm? isformed into a closed ring of mean diameter
t is wound uniformly with a coil of 500 turns. If a magnetising current of
n the coil, calculate (a) the magnetising force (4 significant figures), (b)
(2 significant figures) and (c) the total flux (2 significant figures).

ontactor has a magnetic circuit of length 250mm and a
uniform cross-sectional area of 400mm?. Calculate the number of ampere-turns
required to produce a flux of 500uWb, given that the relative permeability of the
material under these conditions is 2500. Also y, = 4 X 10”7 H/m (nearest whole

Abrass’
300mm. |
sA flows i
the flux density

ampere—turns).

In a certain magnetic circuit having a length of 1m and a uniform cross-section
of 500mm?, a magnetising force of 500 ampere-turns produces a magnetic flux
of 400pWhb. Calculate (a) the relative permeability of the material (4 significant
figures) and (b) the reluctance of the magnetic circuit, g, = 47 x 107 H/m 3

significant figures).

_ An iron ring having a mean circumference of 1.25m and a cross-sectional area of

1500mm? is wound with 400 turns of wire. An exciting current of 2.5A produces
a flux of 0.75mWb in the iron ring. Calculate (a) the permeability (relative) of the
iron (1 decimal place), (b) the reluctance of the iron (3 significant figures) and (c)
the m.m.f. of the exciting winding (1 significant figure).

. A U-shaped electromagnet has an armature separated from each pole by an air

gap of 2mm. The cross-sectional area of both the electromagnet and the armature
is 1200mm? and the total length of the iron path is 0.6m. Determine the ampere-
turns necessary to produce a total flux in each air gap of 1.13mWhb neglecting
magnetic leakage and fringing (4 significant figures).

The magnetisation curve for the iron is given by:

B(T) 0.5 0.6 0.7 0.8 0.9 l 1.0 1.1

H (At/m) 520 585 660 740 820 t 910 1030
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6.6. A circular ring of iron of mean diameter 0.2m and cross-sectional ares 60
has a radial air gap of 2mm. It is magnetised by a coil having 500 N 0;) -
Neglecting magnetic leakage, and fringing, estimate the flux density iN the
gap, when a current of 3A flows through the coil. Use the magnetic Character_e
as given by the graph of Q6.5 (4 significant figures). l

6.7. A built-up magnetic circuit without an air gap, consists of 2 cores ang 2yo
Each core is cylindrical, 50mm diameter and 160mm long. Each yoke is of 5 d
cross-section 47 x 47mm and is 180mm long. The distance between the cen
of the cores is 130mm. Calculate the ampere-turns necessary to obtain 5 o
density of 1.2T in the cores (3 decimal places). Neglect magnetic leakage, T
magnetic characteristics of the material are given: 4

B(T) 0.9 1.0 1.05 1.1 1.15 12
H (At/m) 200 260 310 380 470 650
b 6.8. Aniron rod 15mm diameter, is bent into a semicircle of 50mm inside radius ang sir Humphry Davy’s greatest discovery was Michael Faraday.

wound uniformly with 480 turns of wire so as to form a horse-shoe electromag

The poles are faced so as to make good magnetic contact with an iron armat SN EHGRRE A

15 x 15mm cross-section and 130mm long. (a) Calculate the current required hemistry was the first branch of science to play a full part in electrical
produce a pull of 196.2N between the armature and pole-faces. Neglect magne! estigations of the early nineteenth century. At that time electricity research was of
leakage (3 decimal places). (b) Calculate the ampere-turns necessary to obtain to scientists only and could not be put to use for real engineering processes.
flux density of 1.15T in the air gap, if the armature is fixed so as to leave unifol emical cells as they were then known were unable to produce sufficient energy or
air gaps 0.5mm wide at each pole-face. Neglect leakage and fringing. Use t £ for practical purposes, nor had any electromagnetic devices been invented for
magnetic characteristics as given by the graph of Q6.7 (2 decimal places). neering applications. As mentioned in Chapter 5, it was only after the relation
6.9. Two coaxial magnetic poles each 100mm diameter are separated by an air gape sween current and magnetism was discovered that this was to change. These |
2.5mm and the flux crossing the air gap is 0.004Wb. Neglecting fringing calcula eries revealed the related phenomena of electromagnetic induction and led !
(a) the energy in joules stored in the air gap (1 significant figure) and (b) the p ) the development of machines which enabled engineers to produce electrical and 3
in newtons between the poles (3 significant figures). nechanical energy.
6.10. tc:;::I::\Zi:ee Z‘;Zlez':‘gzs‘. rizrc:?rli sjélrlifr?;:/:/?tdhf:{xg;uiIf:ug:(a; :)hoe;/\; r;/a;:l ‘ first electrome?gnetic induction experiments were attributed to Michael Faraday
having given: Effective area of air gap 60 000mm?, Mean length of a.ir gap 5m ?791-?867) wl’.\o R bl tad witen m.agnetic Y ke ity e et
Effective area of pole 40 000mm? Mean length of pole 250mm. Effective area ' lthls i 0. an e s induced in the circuit. This em. Jasts only whi!e the
esth 25 OGP Bt et of teethdBimm Uisignificant ﬁg.ures) rhm: ange takes place and the faster the change the greater the em.f. Michael
* ay proposed the first laws concerning induced e.m.f,, winding the wires of the
Magnetic leakage coefficient = 1.2. Magnetic characteristics of the materials arés World's first electric generator himself and building the first ever transformer induction
fing to change the voltage of an electric current (1831). These original devices are
B(J) 13 14 1.5 16 18 20 today on permanent display at the Royal Institute in London. Variation of both these
H (AUm) b - 5000 . — 54000 . :i\:::utionary electric machines are now used in almost every power station: water,
+9as or nuclear powered around the alobe. '
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The magnetic flux linked with a circuit, usually a coil of insulated wire is
: . * 1S
change in several different ways. Thus: 9
(1) A magnet could move near a coil of wire. This principle is used for the AC, gen ‘
or alternator. 12

(2) A coil of wire could move near a magnet. This principle is used for the D.C dyns
or generator.

(3) The flux could change by varying the current in the energising coil of Wire
ampere-turns are varied and the flux produced varies accordingly. This prin'
is essential to the operation of the transformer and familiar spark-coil of a
engine ignition system. For these 3 methods of e.m.f. generation, it is seen
cases (1) and (2) involve relative physical movement between magnet and ¢
Case (3) however, involves no such movement and the generated em . js achiey
in a stationary coil with which only the linked flux changes. Thus there are 2 gj

"\

forms of e.m.f. generation or induction referred to under 2 basic headings.u

Dynamic Induction, and (2) Static Induction.

Before these 2 methods are considered let us look at what is meant by flux-linkages,

FLUX-LINKAGES. Earlier studies on magnetism showed that a magnet’s field ¢

be represented by lines of flux emanating from its poles. The strength of the flux
represented by the number of lines and is measured in webers, while flux density
measured in teslas. The flux lines make complete loops and the associated conducly

or coil of wire in which the e.mf. is induced is considered to consist of many turns.|

the number of lines of flux associated with the turns are referred to as flux-linkages,
magnet with poles of flux strength 3.4uWb linked with a coil of 500 turns will result|

3.4 x 107 x 500 = 0.0017 weber-turns. Figure 7.1 shows the basic concept.

T

==

A Current Current

i

A

A Figure 7.1

This identifies a p
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ises the known relationship deduced for generation of em.f. by
ar nduction and is stated: the magnitude of the emf. produced,
a change of flux linked with a circuit, is proportional to the rate of

R summar ="
ctromagnetic !

eofﬂux-“nkages'

henomenon noted for e.m.f. produced by induction. The law is stated

the direction of the current due to the induced e.m f. always set up an effect tending
as

to oppose the change causing it.

Thus if flux-linkages increase, the field produced by the induced curr.ent resulti.ng
from the induced e.m.f. tends to oppose this effect, i.e. it opposes ﬂux—!mk?ge build-
up. Similarly, if the flux-linkages reduce, as when the current in a coil is switched off,
then the induced e.m.f will induce a current which, if allowed to flow, will keep up the
flux-linkages to their original value. The action of the induced current will not be able
to prevent the change, but it will try to do so during the period the change occur's.
Faraday’s law can be expressed in mathematical form and formulae deduced for static
and dynamic electromagnetic induction, which will be considered separately.

tic Induction

Consider a coil connected to a D.C. power supply. At the instant of switch-on the current
produces flux which grows from the centre of the coil outwards, but this flux‘cuts'the coil
turns and induces an e.m.f. which opposes the current growth (Lenz’s law). Such a circuit
inwhich a change of current causes a change of flux and therefore produces an induced
&m-f.is said to be inductive or to possess self-inductance. There is a ‘resistance’or ‘inertia’
of the circuit to change taking place. A circuit has an inductance of 1 Henry if an e.m.f. of
1Voltis induced in a circuit when current changes at a rate of 1 a'mp/second.
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ent produces a change of flux-linkages, the e.m.f. induced can be
r

nge of curof the number of coil turns and the rate of change of flux.

Self-inductance " dinterms

From this definition if a circuit has an inductance of L Henries and current Changes

! tol, amperes in tseconds, as shown in figure 7.2, then the average induceq e-m.f; D.C. current passes through an iron-cored coil of 2000 turns a
“ _mple 7-2: Whegr:Wl; i; produced. The supply switch is opened and the current falls
Eav = LG, -1 volts “ gnetic flux ‘:: n 0.12s leaving a residual flux of 2mWhb. Find the average value of
t 0 zer:da;“rzj“ decimal place).
or Eav = —| xrate of increase of | = —L % Barpee —N(<I>3[—<I>1)

Note: The negative sign indicates that the direction of induced e.m.f. Opposes that of .
current increase. ' _ —2000(2—-30)x10

0.12

Example 7.1. The current through a coil having an inductance of 0.5H is reduced fro :

5A to 2Ain 0.05s. Calculate the average e.m.f. induced in the coil (2 significant figuree Eav — -+466.6 volts

L, —1,)
Eav=—2—Lvyolts . o
t Note. Again the +ve sign indicates that the induced e.m.f. tries to maintain the current
W.
—0.5(2—5) flo
=——-——volts fope
0.05 From these equations:
—L(, =k
Eav = ————
.". Eav =430 volts. t
|
Note. The positive sign indicates that the induced e.m f. tries to maintain the curren and Eav = _N________(q)Z ~®) I
flow. t

and setting these 2 equations equal:

L, 1) —N@, - @)
Current Iy 2 = :
|
| N(@®, —®) Nd®
I | i . Inductance L = = m—
| |
L_t_,! Time

ND
: orInductanceLz—l—
A Figure 7.2
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Hence Inductance L = Flux-linkages/current.

In Chapter 6 flux was expressed in terms of m.m.f. (F) and reluctance

IN

F=®S or IN=®S and <I>=—S—
ThusL= -I!x ﬂ
/I S

N2
.. Inductance L = ? Henries

E.m.f. due to static i nd"UCtion'

Consider the diagram (figure 7.3) which shows 2 coils A and B of insulated cop
wire. Coil A can be connected to a battery through a switch, while B is wound oye
adjacent to coil A and connected to a sensitive centre-zero voltmeter. This instrumg
is used because, as the pointer is positioned at the centre of the scale, deflection to
left or right depends on the polarity of the supply.

At the instant of switching on the current in coil A, flux is imagined to grow outa
cut the turns of coil B. The initial growth is shown by the dotted flux lines becomi
fuller until the final condition (full lines) is reached. The cutting of coil B by the flux
A results in an induced e.m.f,, its magnitude and direction governed by Faraday’s a
Lenz’s laws. The flux-linkages, i.e. flux linking with the turns (N,) of coil B increase and
the linking flux grows to a value of @ webers from its original zero value, then the
of change of flux-linkages will be the flux-linkages divided by the time (t,) taken!
- them to grow, i.e. the time taken for the current to reach its final value.

flux-linkages —N,®
- 985 _ 7% volts.
time t,

Thus e.m.f. induced in coil B=

For this equation N, = turns of coil B, @ is the flux in webers linking with itand , 15 V
time taken for the energising current to reach its final value /. It might be assumé
that value / is reached immediately the switch is closed, because the electricity 'l_
is considered to be instantaneous, but the current takes an appreciable time to réa
its full value - due to the circuit ‘inertia’ or inductance. It is seen that when the swit€

Jeft, P

econdary flux,

Electromagnetic Induction « 167

—1 X
Ay A WA
gazash

[\
w

N

— -

wing an e m . is induced in coil B - the secondary circuit. The value of em.f.
3 ;

—Ne® nd the voltmeter will show the polarity of coil B to be such that the
e~

E;; t,

g through the instrument, is in a direction through the coil as tosetup a
opposite to the original flux @ and will try to stop it growing. Although
the voltmeter pointer is seen, it returns to the zero position even though
current in coil Ais allowed to flow indefinitely. Thus an e.m.f. is induced only during the
time when the flux-linkages change. Further experiments with coil B show that if the
number of turns of wire were doubled, then the induced e.m.f. will be twice as large,
even though the flux @ of coil A is the same. The flux-linkages have increased and the

induced e.m.f. rises proportionately.

Consider next the instant of switching off the current in coil A. The voltmeter kicks to
the right this time, showing an induced e.m.f. of reversed polarity. The flow of current
—N,®
2
where t, is the time taken for ‘switching off! It is noted here that t, need not equal t..
If the switch is opened quickly, the current of A will be interrupted quickly and E; can
be larger at switching off than at switching on, i.e. the rate of growth of the flux is
controlled by the inductance and resistance R of the circuit.

incoil Bis such as to try and maintain the flux to its original value @ and again E; =

Up to now we have only considered the induced em.f. in coil B and this is said to be
due to Mutual Induction, i.e. the mutual action of coil A on B. We now turn our attention
10 Self-Induction, i.e. the conditions within coil A itself. At the instant of switching on,
the flux grows outwards and in so doing cuts the turns of coil A - the primary circuit.

. N, ®
Anem f.is induced givenby E, = tA

) .
flux and t, the time taken for the current to reach its full value. As before, the direction

Of the self-indiicad a m ¢ F will he such as to cause a current to flow in the opposite

.Here N, is the turns of coil A, @ is the linked
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Change in flux linkages on secondary
Change in current in primary

direction through the battery to produce a flux opposing the build-up of flx O\, al inductance =

now see the reason for the opposition to the growth of current in coil A at thej
of switching on and why the current / takes a little time to reach its full valye. As be 1
when the switch is opened, flux collapses and in doing so, again cuts the tUrns of o
A, inducing a voltage of reversed polarity, which tries to keep the current flowing

So mutu

self-induction). A coil of 800 turns is wound on a wooden former and a
- Ve : ! f5A s passed through it to produce a magnetic flux of 200uWb. Calculate the
self-induced e.m.f. at ‘switching off’ can be extremely large in some instanceg Whe ent 0 e of em. induced in the coil when the current is (a) switched off in 0.08
irges ewnbser-of fums ofan srarglg winclag e ASSRIbE Wik strng Magne oo V1a significant figure) and (b) reversed in 0.2 seconds (1 decimal place).

flux. For example, the opening of the field circuit of a large alternator or D.C, 95‘nerai s nds (
Special arrangements help to limit the e.m.f. to a safe value and prevent‘breakdgy, '_ '
insulation by large induced voltages. i

|e 73- (

_N@,—®) _ —800x(0—200x10"°)
(a) E&¥ = o 0.08

Mutual inductance gav = 2V

:_’YQZ_:_—(D‘) here ®, = ®,numerically but is in the reverse direction, or ®, = —®,

Two coils have a mutual inductance of 1 Henry when a change of current at the rate ) Eav=
i t

1 ampere/second in 1 coil produces an em.f. of 1 volt in the other.

Consider once again figure 7.3. If coils A and B have a mutual inductance of M Henyje

IN®,  2x800x200x10™°
and the current in coil A increases from |, to |, amperes in t seconds then =

This Eav =
0.2

—M(, —1,) Eav =16V
t

Average em.f. induced inB =
‘Example 7.4. (Mutual induction). If the coil of the above example has a secondary coil of
2000 turns wound onto it, find the em.f. induced in this second coil when the current
of 5A is switched off in 0.08 seconds (1 significant figure.). It can be assumed that all the
flux of 200uWb created by the 5A current in the primary links with the secondary coil.

= —M x Rate of increase of current in coil A

The e.m.f.induced into coil B can be expressed in terms of flux-linkages in the same

as was applied to self-inductance.
m=Nel@ ) _ gy
(,-1)

Let the flux change from @, to ®, Webers in t seconds due to a change of current fro
I, to |, amperes in the primary, and let coil B have N, turns.

Thus average e.m.f. induced is: Note.The e.m.f. of the secondary is %: 2.5 timestheinduced e.m.f.inthe primaryandis

E, ..B= M:-ﬂ Proportional to the turns ratio 350%0: 2.5. Thisis the basic principle of the transformer
andtheignition system spark-coil. It shows howa large voltage isinduced in a secondary

Hence = —Md, —1) = —Ne(, —P) €Il by the flux associated with a low-voltage primary coil. For a petrol-engine ignition
t t system, the em.f. in the secondary may be close to 8000V compared with 12V applied

N (@, — @) ::the'primary coil. This is achieved by using a coil of appropriate turns ratio between
=——2—"= 5V € Primary and secondary coils, by providing an iron magnetic circuit to concentrate

(I, —1)
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the flux for maximum linkage and by interrupting the primary circuit
engine-driven cam-operated switch.

; ThusM? =L, x Ly
Quickjy,

- . ) . _ :

Example 7.5. The ignition coil of a petrol engine has an inductance of 4.5 ang orM La Ls
e ; . ¢

currentof 4A.If, when the distributor points close, the circuit current colls Pses un-a :

to zero in 2ms, find the average e.m.f. induced in the coil (1 decimal place)

aximum value of mutual inductance available between the 2 coils, but
is the mlt to achieve due to magnetic leakage and fringing effects. The magnetic
cu

—L({, —1.) ﬁﬁs is difﬁbetween the coils is also affected by their separation and the angular
2 1

s = t coupling nt between them. In general, mutual inductance is given by:
( e
displace
i ling factor, where for perfect coupling k= 1.
_ —4.5(0—-4) - k‘/m: where kis the coupling
T 2x107°

ucta

Eav = 9000V = 9kV nce of 2 coils in series

of mutual inductance, we have only considered the effect of 2 magnetically
t electrically separated coils. However, the effects of mutual- and self-
be applied to electrically connected coils. Consider first the effects of
e same current, and wound so that their magnetic fields assists one

In our study
coupled bu
inductance can
7 coils carrying th
another (figure 7.4a).

Coupling factor

There is a relationship between the mutual induction of 2 coupled coils and the
individual self-inductances, depending upon the magnetic coupling between the

From our previous work on mutually coupled coils, we saw that a coil has an emf.
The mutual inductance of the 2 coils is expressed as the change in flux-linkages of ¢

ced into it due to (1) the self-inductance of the coil and (2) the mutual inductance

, . indu
coil to the change in current in the other. of the other coil.
ad . d® di dl di
M=N,— M=N, — : — Ll —M—| = —(L M) —
M, M=ty ie. EA-—[—LA dt] T [ Mdt] b+ W) 5
do do
Hence: M? =N, — xN, — dl di )
. — sl S —\— S L M =
“a, M d, andEB_[ Ladt]+[ Mdt] (La+ M) —
and rearranging so, M
M2 =N, 22N, L2 > ——aac——a 8=
d, j{ * * 1{ * *
do do <2 —
ButaslL, :NBIand LB:NBEE - Ex Eg
E

L, and L; will give thesame product M gf‘ﬁgure 7.4a
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D
C——)-“

A Figure 7.4b
However, E, and E, are in series assisting each other

L E=E, +E

dl

E=|-(L —
l (A+M)dt

} + [—(LB +M)%]

dl
E=—(L,+Ls+ 2M)E 1tis worth considering the magnetic energy stored within the inductance component
'vthe circuit, or its inertia’ If we assume that at time t = 0 a coil of inductance L Henries

dl 4 resistance R is connected across the terminals of a battery of em.f. V. The circuit
So that E=—L— Where L is the total inductance. L ' y
dt equation will be:

dl

. L = L, +L; +2M Henries (for coils assisting) Vool o s =1
dt

Similarly we may consider 2 coils wound in opposition (figure 7.4b).

In this case the induced e.m.f. due to mutual inductance opposes that due to se
inductance. Hence, by similar proof to that shown for coils assisting, it is shown
when the coils oppose each other:

dl
Orrephrasedas: V= La—t— + Rl (1

Ifthe total power output of the battery is VI then the total work done by the battery in

i aisin i ircuit from zero at time t=0to |_at a later time t=Tis:
L =1L, +L, — 2M Henries. faising the current in the circu .

Example 7.6. Two coils of inductances 10mH and 15mH respectively have a coupli
factor of 0.8 between them.What is their combined inductance when they are conne
in series (a) assisting and (3 significant figures) (b) opposing (2 significant figures)?

= (2)
W_f0 VI di.

Putting equation (1) into equation (2).

_ - T
M = kyL,L, =08+10%15 mH W=LfTI%dt+RL 1dt,
0

— D Owmall
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giving the result

k-
2

W=

1
%

L1 +RfoT/2dt.

4
i
H

'y~

Yy~

N
S
8

L

The first term is the amount of energy stored in the inductor at time T, whijle the ea.
term represents the irreversible conversion of electrical energy into heat in the re
The energy stored in the inductor can be recovered after the inductor is discon "
from the battery. For example, the energy in an inductance of 3 Henries/m “:
current of 2A is given by:

/_/

T

v
N
D
y
S

W = l><I2 =-;-><3><2><2:6J

2 T

AAA

The magnitude of the induced e.m.f. varies with the speed of .cutthtlg the ﬁeld.or rate
of change of flux-linkages. Hence E o« v. Again, if the field cut is varied by alterlng the
flux density, the em.f. will vary as B or E « B. Also, the longer the conduc‘tc.vr cutting a
feld, the greater will be the magnitude of the em.f. and E o L. Sumrr?arlsmg these 3
éonditions we see that E o« B€v, where £ is the length of the conductor in metres.

As mentioned earlier, this condition covers cases where there is relative movem
between a magnetic field and a conductor. Obviously this concerns either a statiop
conductor and a moving field or a stationary field and a moving conductor, o ey
both moving together but relatively! To avoid repetition of basic theory, the immedj

explanations and diagrams will refer to a fixed field and moving conductor. Case (d) of the diagram shows the conductor cutting the field at an angle 6. It is an

intermediate condition between cases (a) and (b) and is best treated by resolving v
into 2 component velocities at right angles to each other. Consider v cos 0 to be the
component velocity in the direction of the flux lines, then vsin 8 will be the component

of velocity at right angles to the field.

The magnetic diagrams (figure 7.5) show a field produced by 2 permanent magr
and a conductor moved so as to cut the field, thus altering the flux-linkages.

Three cases are shown.

In accordance with the reasoning for cases (a) and (b) we see that velocity v cos Ois
responsible for no induced e.m.f. while velocity v sin 8 is responsible the induced emf.
and E cc v sin 6.

For case (a) there is no change of flux-linkages, i.e. no cutting of the magnetic fi
The conductor moves at a velocity of v metres/second in the same direction of
lines of flux and no em.f. is recorded on the voltmeter. For case (b) the condud
moves at right angles to the field of flux density B teslas and the voltmeter show:
constant deflection. Flux-linkages are considered to change since the flux lines aré'@
as a conductor passes through. If the conductor is moved from left to right, a polat
is noted, which reverses if the conductor is moved from right to left. Alternativel
the field is reversed so that the flux lines pass from a bottom N pole to a S pole at®
top of the diagram, and the conductor moved left to right, a reversed polarity is @J
indicated. The investigation will show further deductions. Thus:

Ex Blvsin Bis a more general expression than that already deduced and will cover all
possible conditions.

Forinstance, for the condition of case (a) 9=0°and assin 0°=0 .. Bvsin0°=0orE=
0as stated,

Again for case (b), if 8 = 90° then sin 90° = 1 and BEv sin 90° = BEy giving E = BEv.
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Bléx ‘
B atts and if this appears as electrical power,
ical power expended - w - .

BlEx Béx
tts (e.mf. X current) or El ; and E —=olts

E.m.f. due to dynamic induction echan

As explained, the induced em.f. is proportional to B, £, v and the sine of the angle

by the direction of cutting and the field direction. The actual magnitude of s

f the cutting v then as before, E = B{v volts.
e.m.f. can be deduced in more definite terms thus:

uCh. ' xgvek)City 0

4 is (the flux density X area) or the flux @ cut by a conductor moving

Consider case (b) of figure 7.5. In 1 second, the area cut by a conductor of len . e t seconds, and since

metres and moving at a velocity of v metres/second is €v square metres, |f the '
density in this area is B teslas, then the flux cut per second by the conductoy <

. Blv Bxarea @ (]
webers. Using Faraday’s law, we see that B€v acts as a measure of the magnitudef E:—t— then E = : iy or E:T
induced e.m.f. in volts or induced e.m.f. E = Bfv volts.
If case (c) is considered the flux cut is proportional to the component of velocis
f)erpendmular to the field or the induced e.m . £ = BEv sin 6 volts. The above fory 1 volts) = Bwebers) and we have an alternative formula for the e.m.f. generated
is deduced as follows: figure 7.6 shows a conductor Q, carrying a current of ¢ ampere Thus E( t(seconds)

in the direction shown. As before the flux density of the field is taken as B teslag an
the length of the conductor is £ metres. A force is exerted on the current-car ]
conductor in a magnetic field so the conductor in the diagram experiences a force
newtons to the left. Accordingly a force of BI¢ newtons must be applied in the oppogj
direction to oppose movement of the conductor.

conductor cutting a magnetic field. It is similar to that deduced for the statically
ina

induced em.f. namely F = N® |\ here N is the number of turns of the coil and @ is the
t

change of flux.
Consider the conductor to move from position Q to position P x metres away. The wop

done by the conductor in moving from Q to P = Force X distance = BI{x hewton meti
or joules.

flux-linkages o
time
equal to @, there being only one conductor.

Thus the formula for £ = rE - as the flux-linkages are numerically
t

Let E volts be the e.m.f. induced in the conductor as a result of cutting the magneti
field and t seconds the time taken to do this work.

Important Note. o is FIU.X o

t time
now expressed as: ‘The e.m.f. generated in a conductor is proportional to the rate of
cutting lines of flux or is proportional to the flux cut/second. This form of Faraday’s
law is more applicable to dynamic induction and will be used in connection with the
generator, motor arid alternator.

and we have an alternative way of stating Faraday’s law,

i
40
152

P Q *H : ++ i Example 7.7. A conductor is moved to cut a magnetic field at right angles. Find the e f.
@ @ Hlrg? ¥ induced in it, if the average density of the field is 0.45 teslas, the length of conductor is
LI HT¥ + 1 [F 80mm and . d (2 decimal places)
YV V Yy e o b and the speed of cutting is 8.88 metres/second (2 decimal places).
S
4 B Inthe Formula E = By we have

A Figure 7.6 E = 045 x 0.08 x 8.88= 0.32V.
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An alternate solution could be:

Area swept by the conductor/second = 0.08 x 8.88 m2 The flux in this are, wa
® = 0.45 x 0.08 x 8.88 webers, and e.m.f. = flux cut per second

_0.45x0.08 x0.88

orE = 0.32V.

Example 7.8. A 4-pole generator has a flux of 12mWhb/pole. Calculate the valye of e,
generated in one of the armature conductors, if the armature is driven at 9g¢ re\,;

(2 decimal places).

In 1 revolution a conductor cuts 4 x 12 x 107 = 0.048Wb (4 poles at 12mWb per g

Time of 1 revolution of the armature = ——1—— minutes =—§—O— orls
900 900 15

Flux cut per revolution
time taken to complete a revolution

.'. Rate of cutting flux =

Thus E= 9—9;@ =0.048 x 15 = 0.72 volts/conductor.

15

THE WEBER. ‘The weber is that magnetic flux which, when cut by a conductor in on

second, generates in the conductor an em.f. of value equal to one volt.

Alternative ways of defining the weber or SI unit of flux are: ‘An em.f. of one volt]
generated when a conductor cuts flux at the rate of one weber/second; or ‘an em:
of one volt is generated when the flux linked with one turn changes at the rate of of

weber/second!

Direction of induced e.m.f. (hand rules)

The direction of the induced e.m.f. is deduced from first principles, with Lenz’s law of
application of a rule first enunciated by Professor T. A. Fleming and commonly know
as FLEMING'S RIGHT-HAND RULE. It is noted that there is also a left-hand rule and &

avoid confusion, the following is suggested for memorising the appropriate rule.

generator is studied before the motor and for the average person, use of the right han€

rator and

tw Amac 8

is preferred before the left. Hence use the right-hand rule for t

he gene

ulg
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conductors through electrodynamic induction. The right-hand rule is now
1turé

Jined-

HAND RULE (Fleming’s). Consider a conductor in a magnetic field as shown

Id is in the direction left to right and the conductor moves at right
T b upwards with a velocity of v metres/second. The e.m.f. across the ends of
angles ® ctor is as shown, i.e. the polarity is such that, if the ends of the conductor
the cc?nd;’ externally through an ammeter, current will flow as indicated. Its direction

e jo'n;nductof is seen and if attention is given to figure 7.7b, it is observed that
, Z \d due to the conductor current is clockwise, to strengthen the field at the top
nd W eaken the field at the bottom. According to Lenz’s law, opposition is offered to
ﬁe motion of the conductor as with field lines concentrating before the conductor. A
[ opposed to the direction of movement is apparent. The right hand can be drawn
and used to find the induced current direction and thus the induced polarity. This is

shown (figure 7.8).

e magnetic fie

To use the rule, place the thumb, index finger and second finger of the right hand at
' right angles to each other. Point the index finger in the direction of the flux lines and
i&ethumb in the direction of moving the conductor. The current in the conductor, due
to the induced e.m.f. will be in the direction indicated by the second finger. For the
example considered (figure 7.6), current will be into the paper. The flux lines/index
finger is to the right and the thumb/conductor up.

(a)

(b)
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Once the principles of electromagnetic induction were discovered, it was quick
realised that it was possible to construct a machine converting mechanical energyip
electrical energy and generate electricity as a result of being driven by a steam engj
or water turbine. The idea of making insulated conductors move through a station;
magnetic field presented no difficulties for a small machine and so the construct
of such a magneto-dynamo followed fundamental requirements. A typical machi
is illustrated (figure 7.9), and consists of permanent magnets to provide a field af
a simple coil mounted on, yet insulated from, a shaft which can be rotated. To alle
contact to be made with moving conductors, they are connected to slip-rings al
mounted on but insulated from the shaft. Fixed brushes in turn, contact slip-fings’
make sliding connections and allow an external circuit to be completed.

It is seen that the coil consists of 2 ‘active’ conductors: AB and CD, connected in sefi
by the connection BC (which, together with the front connections to the slip-rint
plays no part in the generation of e.m.f. but merely carry current to an external circul
The load resistance of the external circuit is shown concentrated in R, connected "
machine terminals: X and Y.

Consider the machine operation as follows:

As one conductor AB moves down through the field, the other CD moves up &
the induced e.m.fs will be such that A is +ve relative to B and C is +ve relative 0%
The induced current, if allowed to flow, will be as shown by the arrows and, as it

Electromagnetic Induction « 181

‘ ﬁure 7.9

from terminal Y to terminal X through the external circuit, Y is +ve with respect to X.
me student can check the right-hand rule for the polarity of the terminals in each
half revolution. It is noted that the right-hand rule as described, can be applied to
conductor AB, the condition being that AB is moving from the top vertical position
round past the centre of the magnet pole and then to the bottom vertical position,
moving anticlockwise. The position where it moves past the pole at right angles is of
firstimportance, being a condition of maximum em.tf.

After the coil has rotated a half revolution, conductor DC begins to move down
and conductor AB up. The polarity induced is the reverse of that for the first half
revolution, D being +ve relative to C and B is +ve relative to A. Terminal X is now the
+ve terminal and Y is the negative. An alternating e.m.f. is generated (figure 7.10),
which illustrates 4 positions of the coil viewed from the slip-ring end. For position 1,
A and D are moving horizontally along the field and no em.f. is being generated. A
similar condition exists for position 3, but for positions 2 and 4 maximum e.mf. is being
generated, as field-cutting at right angles is taking place. For intermediate positions of
€m.f. generation, as represented by E o Bev sin 6, is followed, as the conductors cut a
uniform field at an angle but move at a uniform velocity. Thus em.f. generated at any
Instant is not constant but varies and it is customary to use a small letter for what is
termed the instantaneous value. The expression e = BCv sin 6 volts gives the magnitude
of the voltage generated. If voltage is plotted against revolutions in degrees or radians,
aWaveform such as that illustrated is obtained.
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m

: i s and the conductors cut a stronger field. As the air gaps are now sma!l and
) |ncreaS€.dth the flux lines will cross them as shown and the field will be uniform
W-Iface's. Moving conductors thus pass from a small arc with Slfbs.tantially no
_netic flux into a large arc of constant flux density. Flux lines are radial in the g.aps
mg:ut at right angles for most of the distance under the pole. The e.m..f. waveform is as
L,mwn (figure 7.12), i.e. proportional to the flux density through which it passes.

gconstant

A Figure7.10 over the pole

COMMUTATION. To obtain a constant unidirectional e.m.f. or true D.C. generator, .the
next modifying step is to fit a form of automatic reversing switch'or commutator which,
even though the moving coil continues to generate an alterna'.cmg e.r.n.f., ensures that
a unidirectional or ‘rectified’ e.m f. appears at the machine terminals. Flgb.lre. 7.11 shows
how a commutator is fitted. It consists of a metal slip-ring which is split into 2 parts,
each insulated from the other and from the shaft. The ends of the coil are connected to
each half or segment of the commutator. The stationary brushes are adju.sted that' they
bridge the gap in the slip-rings at the instant when the em.f. induced in the coil has
zero value and is dug to reverse.

The simple magneto-dynamo machine, as described (figure 7.9), or electrical generato
asitis now called has a uniform field arranged to be cut by the conductors. It providesa
e.m.f. whose magnitude varies sinusoidally, that is, the e.m.f. polarity and value follo
a sine wave. A sinusoidal waveform is desired for A.C. working but for a D.C. generato
modifications are needed to achieve a near constant unidirectional voltage magnitudk
and polarity. It is apparent that a distinction is being made between the generatic
of D.C. and A.C. and from here on the division between the 2 methods of generating
transmitting and utilising electrical energy will become marked. In this book, both D£
and A.C. theory is discussed. The major portion of electrical theory is concerned with

A.C. circuits and machines and if later study difficulties are to be minimised, attention
must be given to A.C. theory at the start.

Figure 7.13 shows the side view of the commutatorand the reversing action of the switching
arrangement is seen more clearly. The diagrams are considered to be complementar-y to
those of figure 7.10 although only conditions for positions 2 and 4 are shown. The obvious
position for the brushes is on the’magnetic neutral axis’and that the brush Y will always be
the +ve and brush X the —ve terminal. The new shape of the waveform is shown.

The first of the modifications referred to for the D.C. machine involves introduction ofan
iron or magnetic material into the armature or moving-coil part of the assembly. The coll
made up from insulated wire is wound onto an iron armature carried on the shaft. The
magnet system is provided with iron pole-shoes or arc extensions as shown (figure 7.1k
As the length of the flux path through air is reduced to 2 small air gaps, the remainder

For position 2 it is seen that —ve end D of conductor CD is connected to the +ve brush
Yo while the + ve end A of AB is connected to the —ve brush X. For position 4 when the

Brm b -3 P N TR B UG D P |
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sh Xand end A of AB is now —ve and connected to the +ve brush Y. The
, Ve t?ru .« decided by the direction of current flow in the external circuit. Thus
Jarity 'Sm y (the +ve brush) to X (the —ve brush) and then to A onto B, etc. The
yof +ve end A being connected to a —ve brush and so on is explained.
ct of the commutating action is to produce a pulsating but overall
f at the terminals of the generator.

¢ flows fr©
entanomal
" esulting €ff
jrectional &

L REQUIREMENTS. To obtain a more uniform e.m.f, the 2-part commutator
- oil can be repeated to give an arrangement employing a great many

" cingle ¢ . . ) .
B e d a larger number of coils. Each coil consists of a number of turns to give

__ments an
4 - utput voltage.

o example shown in figure 7.14 is an armature with 2 coils at right angles. It follows
! for this arrangement when coil A develops maximum e.m.f, coil B generates no
A and when the armature rotates through a quarter of a revolution, the conditions
| be reversed, vice versa. The accompanying diagram (figure 7.15) shows the
eforms of the generated em.f.s. The generator terminal voltage never falls to zero
+ut 2 disadvantages are evident. First, all the conductors are not used to maximum
b ntage since only one coil at a time supplies the external circuit. Secondly, but of
b e importance is the new condition of commutation. As the brushes must be placed
position to contact the coil in which e.m.f. is being generated, it follows that if the
enerator is on load, i.e. supplying current, at the instant when the connected segments
save the brush, as an em.f. still exists and current is flowing, arcing can take place at
the brushes. If coil A is considered and figures 7.14 and 7.15 noted, at the instant when
the gap between segments is bridged by the brushes, coil A is still cutting the field and
B has only just entered the field. Thus coil A tends to be short-circuited by a coil in
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A B ___A _B_ BB
\ / \ f \ 7
E.M.F. due Vo Vo Vo E.M.F at
tzf;?gs “\ ‘:' \\\ ’:’ \\\ !,' ?:?n?i?etl?;r ing at the —ve brush on segment 1, current enter the armature frorT\ the externél
L L A d divides into 2 parallel paths. One path passes to A and flowing down this
" o . al’; the back to F, hence up across to segment 2 and then onto and down C
where it rises up and goes to the brush on segment 3. This would be the

se brush. The other current path is from segment 1 to conductors D, G, B, E and onto
ent 3 or the +ve brush. There are thus 2 circuits in parallel and it will also be
iced that, as a brush passes from one segment to the next, one coil is short-circuited
d the brush must be located so as to short the coil at the instant when its em.f.
d resultant current is zero. Such an instant is shown in figure 7.16b giving correct
mutation conditions for the short-circuited coils between segments 1 and 2 and

A Figure7.15

which the e.m.f. may not have risen to the required value and current will flow insteac
coil B. This current is diverted from the load current and adversely affects commutatie
If the number of coils is increased, we achieve a smoother output voltage but arcing

the brushes may persist. sen segments 3 and 4.

ple 7.9. A slow-speed D.C. generator has an armature of diameter 3.0m and active
uctors of length 510mm. The average strength of the field in the air gap is 0.8T and
the armature speed is 200 rev/min. If the armature has 144 conductors arranged in 8
varallel paths, find the e.m f. generated at the machine terminals (1 decimal place).

THE DRUM WINDING. Figure 7.16 shows the basic arrangement. This armature wind
arrangement is accepted as the modern method of connecting active conduct
together. The amount of ‘copper’ on the armature is used to maximum advantage
exceptforthe overhang atthe back of a coiland the front connections to the commuta
segments, the winding consists of copper conductors placed to cut magnetic fluxa
generate e.m.f. The basic winding uses several coils in series between brushes, arrang
~ atconstant angles to each other.The resultant e.m.f. is more uniform and largeras
coils in series are used. An example of a simple drum winding is given. In 1 second the armature revolves 200 or 139 times. Also in

Using the formula E = Bev volts so B = 0.8 teslas. £ = 510 X 10 *m and v is obtained thus:

A, B, C, D, etc. are insulated conductors fitted into slots cut into the iron of the armatul
There are also 4 commutator segments: Nos 1,2, 3 and 4. Conductors may be connect
to each other and to the segments in several ways and one possible arrangeme t
shown (figure 7.16a).

;llrevolution one conductor travels wd =3.14 x 3 = 9.42m

10
| 30in 1 second the conductor travels 9.42 x i 314m
With rotation as shown, the e.m.f. in B, C and D are from front to back, while for FGar
H the e.m.f. are from back to front. The full lines show connection to segments and

Em. _
dotted lines connections. which constitute the overhana of the coils. at the back. f-generated per conductor =0.8x510x107° x314m=12.8V -




188 - Basic Electrotechnology Electromagnetic Induction - 189

o of a 4-pole generator rotates at 600 rev/min. The area of each

a’furo oom? and the flux density in the air gap is 0.92T. Find the average
fece d in each conductor (3 decimal places). If the armature winding
induczf 210 single-turn coils connected so as to provide 4 parallel paths
) e brushes, find the generator terminal voltage (2 decimal places).

Now there are 144 conductors in 8 parallel paths with conductors in Serieg §
i

rm
parallel path F

een th .
d1.5mlong is wound uniformly with 400 turns and a small 50 turns coil

A soleno! diameter is placed inside and at the centre of the solenoid. The axes of
of 10mM ,Ij and the coil are coincident. Calculate () the flux in uW linked with

e il when the solenoid carries a current of 6A and (3 decimal places)
the small €0 ge em.f.inducedinmVin the small coil when the current in the

nd (b) the puera \ .
2 lenoid s reduced from 6A to zero in 50ms (3 decimal places).
solél

coils A and B having 1000 and 500 turns respectively are magnetically

‘ led. When a current of 2A is flowing in coil A it produces a flux of 18mWb, of
' cou'Ph 80% is linked with coil B. If the current of 2A is reversed uniformly in 0.1s,
:;:;Ct will be the average e.m.f.in each coil (3 significant figures)?

. " . 0. Two
7.1. Calculate the em.f.in mV generated in the axles of a railway train when trayalg ™

at 100km/h. The axles are 1.4m in length and the component of the cal
magnetic field density is 40uT (2 decimal places). !

7.2. Find the generated e.m.f./conductor of a 6-pole D.C. generator having a Magne
flux/pole of 64mWb and a speed of 1000 rev/min. If there are 468 condycte
connected in 6 parallel circuits, calculate the total generated e.m.f. of the ma .--'
(1 decimal places). Find also the total power developed by the armature whep
current in each conductor is 50A (5 significant figures).

7.3. An iron-cored coil of 2000 turns produced a magnetic flux of 30mWb whe
current of 10A is flowing from the D.C. supply. Find the average value of indue
e.m.f. if the time of opening the supply switch is 0.12s. The residual flux of the
is 2mWhb (1 decimal place).

7.4. A 1-turn armature coil has an axial length of 0.4m and a diameter of 0.2m, |
rotated at a speed of 500 rev/min in a field of uniform flux density of 1.2T. Calcul
the magnitude of the e.m.f. induced in the coil (3 decimal places).

7.5. When driven at 1000 rev/min with a flux pole of 20mWhb, a D.C. generator has
e.m.f. of 200V.f the speed is increased to 1100 rev/min and at the same time thefl
pole is reduced to 19mWhb, what is then the induced e.m.f. (3 significant figures)s

7.6. Acoilof200turnsisrotated at 1200 rev/min between the poles of an electromagn
The flux density of the field is 0.02T and the axis of rotation is at right angles tof
direction of the field. The effective length of the coil is 0.3m and the mean W :
0.2m. Assuming that the e.m.f. produced is sinusoidal, calculate (a) the maxif
value of e.m f. (b) the frequency (1 decimal place).

7.7. A coil of 1200 turns is wound on an iron core and with a certain value of cuf

flowing in the circuit, a flux of 4mWb is produced. When the circuit is opened, "‘:
flux falls to its residual value of 1.5mWb in 40ms. Calculate the average valué!

et R |



Have them make an ark of acacia wood - two and a half cubits long a cubit and g
wide, and a cubit and a half high. Overlay it with pure gold, both inside and out, _'
make a gold moulding around it.

Exodus 25.10-11 (New International Vers}

— E'ectrlc 'ﬁgjd‘ -

The term electric field has been used already when discussing the P.D. required
electron movement in a circuit. It will be given some attention here, as it is direc
associated with electron or current flow.

Elements, such as metals, have the same electrical properties as their atoms. If th
atoms are charged and become ions (either through removal of electrons making the
+ve, or through an excess of electrons making them —ve), the body of which they
part, will be either +ve or —ve. Since atoms seek to remain neutral, ions will try to
or lose electrons through exchange with neighbouring atoms. The same propét
exists for charged bodies and if a +ve charged body (deficient in electrons) is plac
in contact with a —ve charged body (with excess electrons), electron flow will oc@
from the -ve body to the +ve body (with current flowing in the opposite directi
until both have the same degree of charge. Before bodies are placed in contact i

each other, a force will be detected between them and the adjacent space will Sh
AE tliie faverm Tha smsss, s tihaiin waiaisk thie farma mas bha Aatactad ~ranfainst

PP
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pD. is said to exist between charged bodies, resulting in an elect.ric
LA k;o;:lies are placed in contact, an equalising of charges takes place with
? nt that a P.D. must exist between 2 points before a current flows.
jcreauire™ d that an appropriate electrical device, for example, a battery or
o Showse by developing an e.mf, resulting in a PD. between its terminals

_neratol functh;‘ bodies. If an em.f. or PD.is maintained continually with a battery,
nd petween h= current will flow. The main subject of this book deals with dynamic
en contim{ousffects However, an em.f. or P.D. is only maintained until the current
ricity and ':,sdethen f'aIIs to zero, as the charges on both bodies equalise, then static

) ow a . ;
sta tf;;‘or electrostatics will be the subject of this chapter.
ricl

mencing electrostatics, students are reminded that the unit of charge
P ron is too small for practical purposes. Experiment shows the —ve
n = 16 x 107 coulombs, where 1 coulomb = 6.25 X 108 electron
sage of charges constitutes a current and the practical current unit is the

- e Pa:, ed in terms of the coulomb and the time taken for this to pass. Thus if a
e A nulomb takes 1 second to pass through a point in a circuit, the rate of flow

. eof 1co i
ff'ae:gctricity is 1 coulomb per second and the current is 1 ampere.

field
en th

B stud

ore C
_rried by the elect
a Jrge of an electro

Thus 1 ampere (1A) = 1 coulomb/second.

| Both the coulomb and the ampere are used as practical engineering units and defined
earlier. The properties of conductors and insulators were also described earlier and

explained in terms of electron theory where:

A conductor is a material like metal, carbon and certain liquids, which contains
mobile electrons that move under the influence of an applied PD. and allow free

passage of current.

An insulator is a material with few free electrons, such as rubber, glass, mica and
most oils, in which electrons are bound strongly to a nucleus. As little electron
movement occurs, current flow is negligible.

Mention has already been made of static charges known from ancient times because of
their attractive and repulsive effects. The Greeks knew that rubbed amber attracted light
bodies such as cork and fibrous material. Amber is said to be ‘charged’ with electricity
and the phenomena discussed here deals with the presence of electric charges at rest,

2
L8 alartvmmtas: -
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ted metal and the leaves, which having the same charges, r %}E 5 nc;glixierge -
If an ebonite rod, —ve charged from rubbing with fur, is b % t "'??%E_;'Shﬁ'

po. the leaves converge. The explanation is that the +ve c g@s:é?rl the

> r0sCoPe re attracted by the —ve charged rod and rise up to concentrat %

ele roscopeha charge on the leaves thus diminishes and the repulsion force between

¢ the disC- Tt:e same way, a +ve charged glass rod brought near the instrument causes

1 '.  mfa'l"‘s' Lr; diverge further as the +ve charges present are repelled down towards the

| heleaV

Charge density in this region increases and increased divergence is observed.
negative (-ve), and that like charges repel while unlike charges attract, AIIocatiOHi g vc?S- trument, is not used outside a laboratory, but is useful for demonstrations.
charge type, +ve charge to the glass and —ve charge to the ebonite, is arbitrary, but | the ins
uncharged bodies consist of +ve and —ve charges which neutralise each Other, If thae i - — -

tial difference (P.D.)

Experimen_ts show that the easiest method of generating static electricity is by o
or friction. Thus a glass rod rubbed with silk is electrified to attract pieces of pa

ifa simila;ly treated glass rod is suspended by a thread, and brought near the orir,
charged glass rod, a repulsive effect is noted. An ebonite rod rubbed with furg :
becomes charged and, if brought near a suspended charged glass rod, att,.acti°
now noted. n

Summarising, glass and ebonite acquire charges are of 2 types: positive (+ve)

charges are separated by an applied force, their presence is detectable and if they ‘ 1 (n
from one body to another their movement is explained by the passage of curtent, ¢ 3

noted that these assumptions agree with electron theory and it is apparent that 3 -,
charged body has an excess of electrons and a +ve charged body a lack of electrong,
the uncharged state, atoms of a material are neutral, i.e. charges due to electrons 5 ’
protons exactly balance.

' n 2 bodies charged as described are brought into contact, a small current flows
- en them while the charges equalise, during which a PD. exists between them. For
I' l’et‘::,,:idies to maintain their charges they must be insulated from earth, i.e. mounted on
tl::mating rods. With the electroscope charge is given to it is with respect to earth; the
gold leaves, rod and disc being one body and the mass of earth being the other: ernce
| |eaves are charged +ve to earth if a +ve charge is given to the electroscope. Slmllarl.y
i, |a-vecharge given to the electroscope makes the leaves —ve with respect to earth. Itis
f seen that if 2 bodies are charged +ve and —ve, they are at a potential to each other, i.e.
12 PD. exists between them and they are also at a potential to earth. One body is +ve to
earth and the other —ve to earth, the earth mass considered to be at zero potential.

Elrostatic charging

Frictional effects have been mentioned and in practical engineering, it is the most
dangerous cause of electric charging. Build-up of charges must be considered and
precautions taken in the artificial silk, paper, rubber, cable-making and associated
industries to discharge coils of material after processing. Such processes involve
kneading, rolling, drawing, etc. and friction may generate large voltages, which could
be dangerous to those handling the material. The electrostatic charging of aircraft and
motor-vehicles is a well-known hazard. In the case of the former, because of the large
Voltage levels, a means of earthing is needed before people can even leave aircraft.
Electrically conducting rubber tyres have been developed to this end. For motor-cars
the problem is notasimportant, as the resulting charges are small. However, precautions
af€ needed for special load-carrying road vehicles such as petrol-tankers, which must
be'earthed’before loading or unloading of fuel commences. The action of thelightning

o THE ELECTROSCOPE. Deductions made from experiments in electrostatics are key t
theory, and for demonstrations a simple charge detector is needed. Such a detecto
the gold-leaf electroscope, is often used for investigations, consisting of 2 leaves ¢
gold foil attached to a metal rod, which is held in a glass jar from which it is insulatee
(figure 8.1). A metal disc may be fitted to the rod and the container may be a m
box-like frame with glass sides. Electroscope leaves hang down when no charges
present, but if charge is imparted to the instrument the leaves diverge.

Assume a +ve charge is given to the electroscope by stroking the disc with a glas
rod charged by rubbing with silk. The +ve charge imparted to the disc spreads ove

Metal disc

+ + + + Insulated top

: >

e Metal frame

H Gold
++ + leaves |-Glass sides

L

A Figure 8.1
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conductor’ will be mentioned shortly, but its use is concerned with the +ve

charging of clouds, arising from atmospheric activity. and

CHARGING BY INDUCTION. Imagine an electroscope to be unchargeq an
charged body brought near to the disc. Mobile metal electrons are attracy

is touched with the charged rod (figure 8.2b), electrons from the main earth ma
ssf]

up and neutralise ions or +ve charges so the leaves collapse or converge. If thep b
is taken off and the adjacent +ve charged body removed, leaves diverge slightly (ﬁe '

i retation

inve
day  such

. ed tq
disc and +ve charged atoms or ions are displaced to the leaves (figure 8.2a) Ifctlhto :
M the g
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near a charged electroscope, movement of the leaves with the appropriate
enables conclusions to be made. The following are deductions resulting

stigations (figure 8.3).

ught

llow pody only charges on the outside. So a proof plane contacted with the
A hOr surface and presented to a charged electroscope, shows a deflection. If

te . . s
ou oacted with the inside, it shows no deflection.
con

s charged, charge spreads uniformly over its surface and the surface

If a sphere i
ty is uniform. If a charged body is non-spherical, charge concentration

charge dens ;

8.2¢). The —ve charges, previously held by the adjacent +ve charged body, SPread ou.

the electroscope and charges of the same polarity spread down to the leaves he region where the radius of curvature is the smallest. Figure .

th the charge distribution or surface charge density represented by

is greatest int
depicts this, wi
5 dotted envelope.

g it charged body has a sharp point, charge concentrates at the point and surface
density may be so great that dust or particles in the air coming in contact with the
pody are charged and repel. On moving away, each particle takes a small portion of
the original charge and the effect of a point on a charged body is to discharge the

body.

Let us NOW consider the action of a lightning conductor. Take a +ve charged cloud
near a high building fitted with a lightning conductor, consisting of a copper rod and
4 well-earthed conductor. The building and rod acquire a —ve charge by induction,
with air particles becoming -ve by contact which move towards the cloud seeking to
neutralise it. Alternatively, the space between the cloud and building being charged by
the —ve particles has its insulating effect lowered until a breakdown occurs and a spark
(lightning discharge) passes between the cloud and earth. A current flows during the
discharge as electrons pass from earth to the cloud which is discharged safely. Current
will select the path of least resistance, and so is conducted along the most suitable
path, the lightning rod, and damage is avoided.

A Figure 8.2

Charging by induction produces a charge of opposite polarity, for example, the inducin
charge was +ve so a —ve charge results on the instrument. If a —ve inducing charge
used, a +ve charge results instead.

Distribution of charge -

The statements set out below are the results of experiments with a charged electroscop
and a proof plane - a small metal disc fitted with an insulated handle. A proof plane
placed in contact with the body being investigated and electrified to the same polarif!

A Figure 8.3
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_Electrostatic fields of force

e

When 2 bodies are charged, a force of attraction or repulsion is produced depep ding
the charges’ polarities. The size of this force relative to the charges can be invest
if the existence of lines of flux are assumed. A force is exerted on a small 4ve Cha
body placed near a large +ve charged body. An electric field of force exists in the -
around a large charged body. If a small body is small enough to constitute a POINt vy
+ve charge then, if free to move, it will travel in a fixed direction in the electric field »
the path traced by it will represent a line of flux. Thus the large +ve charged body
have many lines of flux passing out from it. The similarity with the representation ¢
for magnetic fields is noted. For electrostatic fields (figure 8.5), one key fact is observ
Each flux line terminates at the surface of a charged body and doesn't pass throyq
the body to form a closed path, as is the case for magnetic flux lines. The megj )
through which the electric flux lines pass is called the dielectric and lines terminate 4
the surface of another body where balancing charges of opposite polarity appear, Thy
figure 8.5a shows a +ve charged metal sphere in the centre of a room. Lines leave '
surface perpendicularly, in all directions and planes, terminating on earthed walls, flg

’

\ \
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/7
A Figure 8.5a
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| ﬁf‘gm 8.5d

d ceiling the earth mass being -ve to the charged body. Figure 8.5b shows the field
andC 4

gement associated with 2 bodies when charged in opposition, and figure 8.5¢
arran

shows the field with like charges on the bodies. Figure 8.5d, shows the arrangement

hen an uncharged body is placed in the field and how induced polarities r'esult. As for
;.eemagnetic field, flux lines are imagined to behave like elastic threads which contract

if permitted.

actrostatic flux

As for the magnetic field we also introduce a term called ‘flux’ for the electric ﬁeld.Thc;
symbol ¥ (Greek letter psi) and the number of electrostatic lines of flux passing throu.g
a medium is called the flux. As the practical charge unit is the coulomb, to establish
an electrostatic unit we consider one line of flux to originate from 1 coulomb. S? a
charge of 10 coulombs produces 10 lines of flux, or ¥=10 coulombs. As mo§t practical
electrostatic work uses capacitors made from flat plate-like conductors, adjacent and

i i ric carries the
parallel to each other, and as the medium between the plates or dielect i)

; . Hh D = —
flux, it is convenient to introduce the term electric flux density — symbol D, with A

v Q
- = — of — b per
Where A is the area of the dielectricin square metres.Then D A or 2 coulomb p

Square metre,
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~ Electric potential -

The basic idea of electric potential was introduced earlier. If 2 bodies are chafged
connected then as a current flowed while the charges equalise, there MUSt hayg o
a difference of potential between them. Darth mass is taken to be at zerg pot enti
if a body charged with Q coulombs of electricity is connected to earth, a current flay
Current will be from the body to earth if it has +ve charge, and from earth t0 the hoge
it has a —ve charge. Work is done in this process, so if we consider 1 joule of WOrk o
while 1 coulomb is passed, the PD. of the body’s electric potential will be 1 volt,
voltage measures the PD. between the body and earth.

. | references have already been made to the electrical capacitor (or condenser
- called). In its simplest form, it consists of 2 metal plates separated from each
- an air gap. As will be seen, the plates’ area, separation and type of dielectric
- t-)y medium, all affect capacitor’s performance, but the key fact learned from
inSUIéltlnzrimen‘cs is that capacitors store electricity. Thus if the plates are connected to
o e);psource through a sensitive milliammeter, a current will pass at the instant the
; S:S: Zloses. The current quickly falls to zero, as the P.D. between the plates rises, as
is::;icated by a voltmeter. The form of current fall-off is a topic itself, but a capacitor will
attain a ‘charged’ state. If the supply is disconnected and the plates shorted together,
a discharge current flows in the opposite direction, and although initially large, soon
decays to zero. The initial voltage, although showing the value of the charging supply,

will also decay to zero.

In a practical capacitor, plates are charged with respect to each other. If 3 +Ve ur
charge is placed in the field between charged capacitor plates, a force will push the 4
charge towards the —ve plate and is a measure of the intensity or strength of the fiak
The symbol for electric field strength or field intensity is £ and the force is Measured
newtons. So a charge of Q coulombs placed in an electric field £ will experience a fore

of F = QF newtons or £ :g— newtons per coulomb.

Alternatively field strength is the electric force or electrical potential gradient, measure

Experimentswitha simple capacitor establish a basic relationship between the quantity
in volts per metre.

of electricity Q that can be stored and the charging voltage V. The former is proportional
to the latter or Q < V. As this is directly proportional, a constant is introduced to give

V i 4
Thus, E= 7 where dis the distance between the plates in metres. Qi pression

Q=Cv
Both expressions for electric field intensity and potential gradient or electric force
numerically equal. If practical units are substituted, the same amount of work done
1 newton of force acting through 1 metre distance between the plates as done by
coulomb conveyed by a pressure of 1 volt.

C is termed the capacitance and is a unit defined in terms of unit quantity and unit
voltage. The unit of capacitance is the farad and a capacitor has a capacitance of 1 farad
if 1 coulomb of electricity is stored when 1 volt is applied across the plates.

Example 8.1. Find how many electrons are displaced when a P.D. of 500V exists between

the plates of a 4pF capacitor (3 significant figures).

Thus, since E :—F— orZ then :Z =orfd=VQ
Q d d

F
Q
SinceQ=CV

Note. then Q=4 x 10 x 500 =2 x 102 coulombs, but 1 coulomb = 6.3 x 108 electrons

1 joule =1 volt x 1 coulomb, or 1 joule = 1 newton x 1metre.
.. No of electrons = 12.6 x 10",
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Capacitor systems

Capacitors can be connected in series or parallel and the student should Compa '
the expressions giving equivalent capacitance values with those giving €qUivale !

resistance values, for comparable arrangements.

SERIES CONNECTION. The arrangement is shown in figure 8.6.

Let capacitors have values: C,, C, and C, farads respectively, and the applied voltage

dropped as shown.

ThenasV=V,+V,+V,and,

Q Q Q
Since =—V,=—"and V, ==
k (o ’ s : C

we can write:
C1 2 Ca

If Cis taken to be the equivalent capacitance of the arrangement then:

¥ 2
C

Q_.%.9% .0
T e

1 2 3

but the same current flows through each capacitor for the same time. . Q=Q,=Q,=

Q, and the above can be simplified to:

(———V1—-).4;V2__)|(—V3__)
e 1

Gy

1 C2

4 =

A Figure 8.6
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l—l%—i—kletc
c ¢ C ¢

EL CONNECTION. The arrangement is shown in figure 8.7 with the same voltage

LL .
?AR';‘ed to each capacitor.
apP &
C2
C3

eV

) e
%igure 8.7

Then for each capacitor Q =C\V Q,= CVandQ,=CV
If the total quantity of charge = Q then,

Q=CV+CV+CV=VC +(+C)

orgz G +6¢G +G

If Cis the equivalent capacitance of the arrangement, then
Q=CVorCV=WC,+C,+C)
SuchthatC=C +C,+C,

Example 8.2. If 2 capacitors of values 100uF and 50uF respectively are connected (a)
in series (4 significant figures) and (b) in parallel (3 significant figures) across a steady
applied voltage of 1000V, calculate the joint capacitance.

(@) Series. Joint capacitance Cis given by:

LI . N
C 100 50
c:lgq=33.33 WF.

(b) Parallel, Joint capacitance is given by C= 100 + 50 or C= 150.pF.



