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SUMMARY
This thesis contains a sEudy of high speed eddy-current couplings and
dynamometers. |
After.a short introductory chapter, which includes a description of the
various types of coupling and an appraisal of existing coupling literature, the

work is divided into two parts:

i) The derivation and verification of a general temperature theory
for assessing the effects of loss member temperature on the performance and
design of eddy-current couplings.

ii) Comprehensive testing of a new water cooled high speed eddy-
current dynamometer and investigation whether existing coupling theory was
valid at high frequencies.

There are no publications dealing specifically with either of these

topics. This thesis therefore fills two gaps in eddy-current coupling literature.
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CHAPTER 1

INTRODUCTION




1.0 Introduction

1.1 Background and Objectives of this Thesis

Recent literature on eddy-current couplings stresses their use as variable
speed drives.lz‘ But, calibrated, stalled eddy-current couplings are also used as
dynamometers and the main purpose of this work was to investigate the performance
and design of high speed eddy-current dynamometers; more specifically a 75 kW,
14,000 rev/min dynamometer.

Basically an eddy-current dynamometer consists of a rotor, stationary
member and a means to measure torque and speed. The power dissipated is
proportional to the relative speed between the two members, which means that
large amounts of power have to be removed at high input speeds. This power
is usually dissipated in a cooled solid iron loss member and it is this c;:)ollng
that is usually the major design problem for most eddy-current dynamometers.
Tor high speed machines, other major problems exist, e.g. mechanical design
and optimum electro-magnetic design, which are related.

As far as the author’is aware there is no published work on high speed
couplings nor on the effects of loss member temperature on the performance of
couplings or their cooling system design,

The objectives of this thesis can be summarised as:.

~a) To determine the most suitable types of coupling for use in high
specd eddy -current dynamometers.

b) To investigate the effccts of 1oss member temperature on the

performance of couplings and also establish foundations for their cooling system

design.
c) To design and build an experimental machine which can be used to

determine whether existing coupling theory is applicable to high speed couplings
and to study their behaviour.



1:2 Qutline of Thesis

The remainder of this chapter contains a brief description of the existing

types of eddy~-current coupling and a review of the most important coupling

literature.

Chapter 2 contains a theory for predicting loss member surface temperatures

and thermal time constants. The effects of these temperatures on coupling perfor-

mance are analysed in detail, Cooling system design is also considered.
To verify the basic temperature theory an air cooled drum coupling with

and without endrings was used; chapter 3 gives the results of the tests and the

theoretical correlations,

The arttngenensinstrumentation and testing of a new water cooled, high speed,

eddy-currcent dynamometer are discussed in chapters 4 and 5.

ber 5

Davies gencralized .-
8 ch :
coupling theory 1is used extensively throughout;for comparisons with the expertmental

curves. The temperature theory is also applied to the water cooled loss member.

In the last part of chapter 5, the transient performance of the new machi.ne is

studied. ]

1.3 The eddy-current coupling

1.3.1 Basic principle of operation

An eddy-current coupling consists of a loss memeber and, usually, an

clectromagnet ficld member. The two members are mechanically separated

from each other by a small airgap and either one or both are frce to rotate.

When the two members rotate relative to each other, eddy-currents are
induced in the loss member, The field set up by these eddy-currents rcacts
with the inducing airgap flux and a retarding torque is produced which is a

function ' ~ of slip speed, ficld current and machine parameters.

* Commonly referred to as the armature reaction ﬁeld3 since it changes the

flux density distribution across a pole and also reduces, by Lenz's law, the total

flux from the pole.
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Power losses are associated with the eddy-currents and these must be

supplied by the input. The general power balance equation is given by

2xNT = 2xNT (1-s) + (slip power)

where N = input speed in rev/s )
T = torque in Nm

and s = (input speed - output speed)/input speed.

So the eddy-current loss or slip power is given by 2xNTs.
When a coupling is used as a dynamometer or brake, s = 1 and all the
input power is dissipated in the loss member, whence it must be removed by

efficient cooling.

More comprehensive details of coupling operation can be found in references

2 and 3.

1.3.2 Types of eddy-current coupling

There are two general groups of eddy-current coupling; drum and disc
types. Tigurc 1.1 shows the basic constructional differences between them,
Both will operate with any field arrangement that producés z;. changing pattern of
airgap flux density., The most common ficld arrangements are:

i) Wound synchronous machine poleslo

1)  Lundell or fully interdigitated poles>’

iii) Iriductor or homopolar 1.ypesz’ 3
iv) Semi-Lundell or partially interdigitated poleslo

The loss member has two functions; it carrics the main flux from pole to

pole (so it must be ferromagnetic) and it must allow eddy-currents to be generated

freely within it (so it should also have a low resistivity). Hence, for maximum

clectro-magnetic cfficiency, the material must have a high );./9 ratioB. DPure
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iron is usually used for this purpose since it has the most suitable combination

of these properties, but this also has a low tensile strength. It is not possible

therefore to use all the above combinations of couplings and field arrangements

for high speed dynamometers.

Consider drum couplings; the field member obviously cannot be rotated at

high speeds due to the winding(s). Only the drum can rotate and because it must

be made from a highly permeable, but mechanically weak, material and because

the yield strength of iron and steel reduces with temperaturesl, ﬁe inside diameter,
D, is seriously limited. It can be shown8 that torque increases as thLD. where
LD is the axial length of the drum. If D is restricted to a small value then, to
produce a specific torque, LD may have to be excessively large and whirling speeds
rr.uly have to be considered. (Torque production is not normally a probiem in

large couplings say, greater than 75kW but cooling may be since cooling area

only increases as D.LD.)

Parasitic airgap machines are also possible and figure 1.2 shows two such

couplings with interdigitated and inductor (homopolar) fieid z;rrangemcnts. However,
these tend to have complex ge;)metry and weak scections on the rotor, as indicated.
It is possible to strengthen this type of rotor by changing ite; geometry; it could
then be rotated at high speeds, but as it still has to carry flux, it must be magnetic
and so the problem of tensile strength remains, Nevertheless, this consideration
is not as critical as for the loss drum since there is no heat produced in the rotor
of parasitic types, except under transient conditions,

There aro of course other variations of drum couplings, but all have a

magnetic rotating member. Drum couplings were therefore rejected as unsuitable

for high spced dynamometers of 75 kW and above.,
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Figure 1.3 shows two disc- loss member couplings with salient pole field
arrangements. As far as the author is aware there is only one publication13
dealing with this type of coupling. There is no published data on disc inductor
couplings, thus a design for such a machine was developed; its operatlon_and
constructional features are discussed in Appendix 4.,

It was argued that both disc salient pole and disc inductor couplings were
suitable for high speed applications. The advantages and disadvantages of
both types are considered in chapter four and the disc inductor coupling was
chosen as the most appropriate for use in a 75 kW, 14,000 rev/min dynamometer.

The design of the prototype high speed machine is also discussed in chapter 4.

1.4 Survey of literature

]:.4. 1 Introduction

In most coupling literature the main objectives are to obtain expressions
relating torque, slip speed, machine parameters and exciting current, Derivation
of these expressions involves analysis of the electro-magnetic fields in and on the
surface of the loss member. The 1.~,1'cublems10 encountefed in a theoretical treat-
ment of these fields arc the cﬁmmon ones mect in any analysis of the electro-magnetic
field in or near a conducting medium in which eddy-currenté are present; the
analysis only becomes particular 1.:0 the coupling when the airgap geometry is taken
into account, !

In all theories the starting point is Maxwell's equations, and these apply to
any conducting medium, magnetically lincar or not, and they can be expanded in

any co-ordinate system. Major complications arise when dealing with magnetically

non-linear iron.



1.4.2 Publications

One of the first theoretical treatments of the coupling was given by
I{udenburgl in 1906, He develops an elegant linear theory based on a homogeneous

semi-infinite. block in which the axial (7) and radial (z) directions are assumed in-
finite.

Armature reaction effects were taken into account by defining the resultant

on load magnetic field in the loss member as

fosd|

= H +H _ (1.1)
where 'ﬁo = standstill field set up by excitation member
ﬁr = eddy-current reaction field
and H = resultant ficld.

Since the standstill ficld ﬁo is 1rrota1iona127’ €0 it must therefore satisfy .- -

Laplace's equation and for Rudenburg's model this reduces to

2 - 7~
2 }:" + i_.‘_,:.ﬂ = O (1.2)
d = 2

After solving (1.2) he substituted (1.1) into the linear diffusion equation

and showed that
> ) m =
elBELy SRt B_T = A ( -é_’_o P ?._H.r) (1.3)
? % d= e\? 2k :

Rudenburg then goes on to give a solution for (1.3) and derive expressions

for the dissipated power (P) in the loss member at high and low speeds. He

shows that at low speeds

P« v2

and at high speeds

P vl/?.

where v is the velocity of the loss member with respect to the field, i.e. the slip

speed.,
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An interesting feature of Rudenburg's theory, and one that almost every
other author neglects, was his analysis of the neutral axis movement of the

peripheral magnetic field (Hr x). At rest this axis coincides with the pole centre
]
line, but as velocity increases Rudenburg shows that it moves away from the centre

line, Since the peak fundamental armature reaction mmf, %r must lead ﬁr <

1I

by =/2 this means the zero of armature reaction also moves with velocity.
Rudenburg did not give anylexperimental results and it was left to Daviess, fifty -
seven years later, to investigate the movement of the armature reaction zero.

Whilst Rudenburg's theory gives a basic understanding of the coupling, it
does not yield useful practical results for couplings with ferrous loss members,
due undoubtedly to neglect of variable u. He accounted for the cross pole currents,.
which he assumed to flow wholly outside the active region, by a geomet;*y multi- ,
plier; the effects of these end-region currents on the distribution of the electro- |
magnetic field are commonly called end-effects,

Gibb52 gives the first valid treatment of practical couplings. He deals
mainly with inductor couplings though, as Dzwies3 points out, his results are
valid for all couplings, with the correct modifications.

Gibbs assumes a fundamental axial current density only, Jz, and shows

that the linear relationship for the surface loss density, W, is given by

1
W = ednm (1.4)
b o<
Where L is the reciprocal of skin depth
e loss member resistivity
and Jdm

the peak fundamental surface current dens'ity. He derives
expressions connecting current density, fundamental flux, machine parameters and

slip speed and then goes on to show that



Ho = T

(1.9)
V2 £

where Hm is the peak fundamental magnetic field intensity in the peripheral

direction, He also shows that the phase displacement, between Hm and Jm is

45°,
By eliminating Jm from equations 1.4 and 1,5 Gibbs introduces a term
)&1/ o Hm, He takes numerical values from a typical loss member magnetisation

curve and plots ,u} /4 Hm against Hm, using this he was then able to find the

numerical value of the fundamental a.c. flux necessary to support a given surface

loss density W,

Gibbs realised his conceptual model was incorrect since it neglc;cted Cross.
pole currents. To account for these he assumed, like Rudenburg, that they flowed
wholly outside the active fegion and also that they were resistance limited. By
using the Schwartz - Christoffel transformation, which assumes Laplace's equation
applies to the end-regions, he derives an equivalent end-region resistance which
he compares with the active region resistance énd produces a resistivity multiplier
r. The use of Laplace's equation in the end-regions is logically inconsistent, but
experimental and theoretical comparisons show that r gives good results , indicating
its use is valid.

Gibbs' analysis is unsatisfactox;y in that he assumes the standstill airgap
flux density is unchanged on load, which is manifestly wrong, and further he adds
the fundamental flux and armature rcaction components of excitation arithmetically,
which is also wrong as they are displaced, in space, by a considerable angle.

Dissatisfaction with these aspects of Gibbs' theory led Daﬂ083'4 to his work

on couplings. After including the peripheral ficld distribution, Davies follows
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Gibbs approach up to equations 1.4 and 1.5. He shows that the loss equation
" is only valid when V2.« >> 27/A, where X is the fundamental peripheral wave-

length,

Davies, like Gibbs, rearranges his expressions to give

1 W i/
.Hea = g 1.6
# ["’ e ] -9

At this point Davies introduces an analytical relationship which he discovered.

He found from a log-log plot of ,u.l/‘l H against H, for wrought iron that

A = 0.0 8”7 (1.7)

which implies

B = O.SHO'OW (1.8)

Davies points out that these equations only apply for values of H from 250 At/m
to 250,000 At/m and postulates that this is the region where most couplings

operate, i.e., above the knee of the B-H curve,

Using (1.7) allowed Davies to derive completely analytical equations for

the peak fundamental armature reaction mmf, f‘rl and fundamental a.c. flux per

pole, ﬁacl. By comparing the flux producing capabilities of Frl with the stand-

still airgap flux density Davies derives a factor f, which he defines as

f"=f§‘r - 8
= 1 (L.8)

Where f‘rl' is an equivalent field produced armature reaction mmf,

He then develops the fundamental performance equation of the coupling
2

Fg = FESZ < I"r'2 - 2FgFr'. cos (§) 1.9)
where Fg = the applied excitation mmf to overcome armature reaction and set
up Qfacl for a particular loss density.

¢ = fundamental flux component of mmf

and )

135% if V3. 3> 27%/A
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After differentiating (1.9), Davies derives expressions for peak fundamental
torque, Tm, 1’ and speed at peak fundamental torque, nm’ 1’ which are both analyt-
ical and functions of the machine parameters and excitation mmf,

Substituting the expressions for T and n back into (1.9) Davies
m,1 m,1 -

produces, perhaps his most important contribution, a generalised torque - slip
curve for couplings.

Davies also presents a comprehensive experimental study of a Lundell
coupling. He corroborates his theoretical work adequately and in the process
developed many experimental techniques which have since been used, extensively

by many authors,

To allow for end-effects Davies uses two experimental factors, r, and r_;

1 2
éacl is multiplied by r i to increase the active region induced voltage which must .- -

force the current density through the end-region impedance; r, is the factor by
which the active region power must be increased to obtain the total dissipated
power,

Davies also shows that the torque produced by the airgap flux density
harmonics (harmonic torques) is small in the region of peak torque, he therefore
limits all his analysis to fundamental quantities. However, even though the
harmonic torques contribute little to Tm, the author suggests they may have a
considerable effect on n o e.g. assume that the harmonic torques obey Davics

generalised curve and also that a fifth and seventh harmonic torque, each of 0,16

m,1

T and both acting at Gnm p» are present plus the fundamental, By adding the

harmonic torques to the fundamental, using the generalised curve, it can be shown

that the resultant peak torque is 1,18 Tm 1° but the resultant sﬁced at peak torque
?

is 3.5 .
s nm.1
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In a later paper8 Davies extended his theoretical approach to include the

general expression

or

(1.11)
These equations extend Davies theory to cover any loss member material that
obeys (1.11). He gives general equations for Tm,l' nm' 1’ f‘rl and ﬁacl in

~ terms of the machine parameters, excitation and material parameter m. He
also develops generalised loss, flux and armature reaction curves.

In the same paper he describes experimental tests on an inductor coupling.

A theoretical comparison of inductor and ILundell couplings is also given.

James'9 work is basically an experimental investigation of couplings with_,--" )
and without endrings. He shows that Davies generalised curves obey both types of
coupling, indicating Gibbs' premise, that end-effects can be accounted for by a
constant multiplier, is probably valid.

For his endring coupling, James demonstrated that there was a considerable
flux density variation over the active region in the axial direction, suggesting the
existence of active rcgion cross pole currents which the endrings were supposed
to climinate.

Using linear theory, James estimates up to 40% harmonic torque for his
endring coupling, which would suggest that Davies theory is not applicable to
endring couplings yet, as already stated, James showed that it was. His value

of harmonic torques must therefore be too high,
James deals with end-cffects using the same model as Gibbs. He derives

a loss multiplier based on the end-region scalar potential and shows that it gives

better results than Gibbs' resistivity multiplier. However, it suffers from tho

same logical inconsistencies as Gibbs' end-effect treatment.
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Both Gibbs and Davies theory are subject to the same strictures:

a) They both combine a non-linear relationship for p with the
results of linear analysis. This cannot be justified mathematically but seems
to give good results in practice.

b) Equation 1.5 is fundamental to both their theories and so as
Davies states ... 'once the value of x at Hm is found, it applies for the whole
sinusoidal excersion of thc;, flux density for all points in the drum, This can only
be justified by the results that it gives in practice.' In other words both neglect
the spatial variation of permeability.

BowdenM, whilst not deéling specifically with couplings, gives an ex-
cellent non-linear two dimensional theory of electro-magnetic fields in solid -
iron. The results of which, are easily adapted to coupling theory usil;g Da.vies'?,.
methods for dealing with the airgap gecometry.

From Maxwells equations, Bowden shows that

on]]

22 2
VH = - é—-ﬂ- €.12)

This equation is the general diffusion equation, it applies to all media, linear
or non-linear, and only assumes that Ohm's law is valid, i.e. E = ed.

Bowdcn substitutes (1,11) into (1.12) then, in common with Dﬁvieé, he
assumes the peripheral magnetic field, Hx, is much greater than the radial
component, Hy' He goes on to obtain a solution for the resulting non-lincar
differential cquation in which both the spatial and time variation of u is implicitly

accounted for. Bowden's solution for the attenuation of the magnetic field as it

penetrates the iron is given by

A A ﬁn
H (y28) = H, (o,®) [1 = et .y] (1.13)
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where ﬁx(y, t) = the peak value of the peripheral magnetic
field at any depth y.
ﬁx(o, t) = peak value of the peripheral magnetic field
at the surface,
1/ e - limiting depth of penctration or skin depth

and B s the attenuation factor., (Both o< and A,
are functions of the material parameter b in equation 1.11).

From the Maxwell equation

curl H = J |

Bowden derives the general expréssion for current density and hence the electric
field, Then, using Poynting theorem, he obtains the dissipated power in the
loss member, He also derives expressions for fundamental flux and pe;ak funda- ;
mental armature reaction mmf. Bowdens theory predicts a phase' displacement
of 36° between the peak fundamental axial current density and the peripheral
magnetic ficld strength at the surface.

Bowden's theory however, only accounts for the fundamental saturation
harmonic and so his theory, in its published form, is limited to deriving the
fundamental electro-magnetic relationships only. -

To account for cnd-cffects, Bowden equates a linear two dimensioﬁal theory
to his theory and obtains an equivalent non-linear permeability My He then sub-
stitutes A into a linear three dimensional analysislo and obtains a power distribu-
tion factor R._.

L Whilst this end-effect solution is an improvement on most other

attempts, it still has its limitations, since the value of Mo chosen is assumed to

apply to all points in the loss member,

7
Gonnen and Stricker are the only other authors to include the spatial

variation of permeability. They use the equation
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Ay
/u. = /J.S €
where M is the surface permeability (y = o) and X is approximately equal to the

reciprocal of the skin depth, 1/8§. Their solution to Maxwell's equations is

based on Hankel functions and therefore the parameters that govern coupling

opcration are obscured in their final expressions,

They account for end-effccts using a resistivity multiplier, similar to
Gibb's; they also estimate .up to 40% increase in torque due to the excitation mmf
harmonics.

Malti and Ramakumar5 give a linear three dimensional solution for an
inductor coupling. They include armature reaction effects in a similar manner

to Rudenburg (equation 1.1) except they use flux densities and define their basic

relationship as

B = Bl e Bz _ (1.14)
where —1'31 = the standstill flux density

_ﬁz - armature recaction flux density
and : = the resultant.

Following Rudenburg, their basic equation is given by

. ) B
vV Bx = A.(E_@n + B_B,z)
e \atk ¢ 18 - #<29)

Malti et al resort to a crude type of Carter's coefficient to determine the effects

of airgap geometfry. They introduce an equivalent smooth airgap by multiplying

the actual airgap length by the ratio of pole pitch to pole are, 1/K2 (including
fringing cffects) and then, account for the rate of change of airgap permeance by
multiplying 9 -132/ dthy Kz’ which is effectively an average valué.

To solve (1.15) they assume the eddy-current distribution in the loss

member is 'laminar’, i.e. the currents flow in layers, and means that only two



components of current density exist. This assumption is only strictly correct

when the eddy-current reaction is negligible, which in practical couplings is not

correct,

After deriving the two components of current density they obtain what they
claim is the three dimensional power loss in the loss member, and hence an
expression for torque, Their analysis implicitly accounts for armature reaction,
end-effects and harmonic tt;rques but neglects variable u.

They give thcoretical and experimental torque-slip curves for an inductor
coupling which, they claim, show the correctness of their theory. At low cxcitations
their claim scems valid but at hfgh excitations there is little evidence to suggcs§
that their theory is correct. Undoubtedly their poor correlation at high excitations *
is due to neglect of variable permeability. .

They also say that 'by solving their problem in three dimensions’, which is
a misnomer since they assume laminar conditions, 'the region between the set of
north and south poles need not be treated separately'. This is wrong because the
eddy-currents in this middle region, in their coupling, are effectively separate
and for theoretical purposes their type of inductor coupling should be treated as
{wo separate machines, as will be shown in chapter 5. In addition they also
neglect to say how they determine the apparent length of loss member, ie the
length in which all the eddy-currents are assumed to flow. This is a particularly
vexing problem in a three dimensional analysis. (Sec chapter 2, section 2.15.1).

Wrightlo gives a three dimensional treatment of the copper faced coupling.
By assuming the backing iron is linear he derives expressions for the loss in the

copper and iron. Using the expressions he shows that the influence of the backing

iron on the performance of most practical copper faced couplings is negligible and

that the main purpose of the iron is to carry the pole flux.
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From the loss equations, he follows Davies' basic methods and derives
expressions for Tm and nm in terms of the machines parameters and excitation.
Wright then shows that not one but a family of generalised torque~slip curves are
necessary to-describe the behaviour of all copper faced couplings. These curves

are functions of a dimensionless parameter G which, for a given machine is

proportional to

G <
v d( q* d)
where d = depth of copper
g = phj;sical airgap length
and (g+d) = magnetic airgap.

Wright also develops an excellent theory for the transient pcrfo1.'mance of '
couplings. This theory is based on transient solution of the two dimensional
diffusion equation using Laplace transforms and the convolution theorem for the
resulling inversion, End-effects are negiccted.

He corroborates the theory using test results from a copper endring coupling.
Wright also shows that his endring coupling obeys Davies stcady state theory,

Naturally, there are many other publications dealing with eddy-current
couplings, but most do not include at least one or more of the four considerations
which arc generally thought to be the most important:

i) Armature reaction,
ii) Variable u,
iii) End-effects,
iv) Harmonic torques.

No author has dealt successfully with all these topics.
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There is also, of course, related literature on solid rotor induction motors
but these have not been disc_ﬁssed because their airgap geometry is different from

a couplings.

Gib!os2 is the only author to consider, although only briefly, loss member

cooling.,

A more detailed discussion than this of the problems involved in coupling

analysis is given in reference 10.



CHAPTER 2

THE EFFECTS OF LOSS MEMBER TEMPERATURE

ON THE PERFORMANCE AND DESIGN OF

EDDY-CURRENT COUPLINGS AND DYNAMOMETERS,
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2.0  The effects of loss member temperature on the performance and design

of eddy-current couplings and dynamometers

2l Introduction

There were two main reasons for this work on temperature effects in
eddy-current couplings:

a) Both Tm and n_ were kncwn4’ HetV to fluctuate considerably with

the temperature of the loss member, This is due to both physical and electrical
changes in the coupling. Hence, for assessment of the movement in the torque-~
speed curves and satisfactory design of the cooling system, the parameters which
determine the loss member temperature must be found.

b) Since the loss member temperature is critical in large couplings, it
would be useful if thermal ratings and optimum operating times could b.e given )

under certain conditions. TFor this, the thermal time constant and the parameters

that control it must be known.

There is little information in the literature on coupling cooling systems or

the effects of temperature upon their performance, At present, cooling system

design is based on previous test results and a few semi-empirical equations., It
is thereforc desirable to put this in a more precise basis.,

An analysis is presented which shows the effects of the fundamental design
parameters on the loss member temperature and thermal time constant, Itis
also shown that most of the common cooling methods can be incorporated into
this theory by using a general equation for the Nusselt number,

2.2 Loss member temperature and its effecton T andn

Davles4' 8, J ame:&;9 and \Z\e'right10 all observed that the torque-speed curve
of a practical coupling would be changed by the temperature of the loss member,

However, their particular experimental work was carried out quickly and the loss
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member temperature was not allowed to rise appreciably so they did not consider
this effect in any detail, G‘:ibbs2 also discusses this problem.

Temperature effects. in the two general groups of coupling, drum and disc
types, are discussed in the following sections.

2.2.1 Temperature effects in drum couplings

It can be shown8 that

e o< 1/g : (2.1)

and n oc o gz (2.2)
m 2

Both p and g arc functions of loss member temperature as are the constants of

proportionality for both these équations. These constants are functions of the _

loss member B-H curve yrk which in turn is a function of loss member tempera‘ture.

Bozc\rth31 shows that the effects of material te_mperature on magnetisation curves

is small over the limited temperature range being considered here. Therefore,

to a first order approximation, all the terms in Tm and s that are derived from

the B-H curve may be considered independent of temperature.

To observe the cffects of drum expansion, tests were carried out by the
author which showed that the airgap length could change by up to 50% in small
couplings, Trom equalion 2.1 this means the peak torque will change by inverse
proportion; a worked example is given later to illustrate drum expansion more
clearly. The resulfs of the tests, which were carried out on Dzwies3 and James9
couplings, are given in chapter 3.

The resistivity, ¢ , of the drum is a direct function of temperature and the

clectrical characteristics of the coupling are changed significantly if it varies,

At high frequencies the value of resistivity to be used in any calculations is based
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on the temperature of the skin depth which, for all practical purposes, can be

assumed the same as the active surface. During normal operation ¢ can
increase by two to three times over its ambient value,

Consider a typical air-cooled coupling3 with a 'cold' drum inside diameter,
D, of 0.159m, a 'cold' airgap length, g, of 2,54 x 10'4m, an active surface
temperature of 15000, a back face temperature of 115°C and ambient of 15°C.
Also assume that the drum. radial thickness is small compared with its diameter

and that the field member does not expand.

From figure 2.1, which shows the resistivity of tArmco'” iron plotted

against temperature,
e (150°C) = 2 ¢ (15°C)
Calculation of drum expansion is based on the back face temperature of. the loss g.th I-1)
member. The coefficient of thermal expansion, ez, for iron and steel is
approximately 12 x 10_6 per OK. Hence, using the well known equation
L = L(l+«t)
where t is the temperature difference between ambient and the drum back face

temperature, L = ®D and Lh =7 Dh the peripheral lengths of the logs drum cold

and hot respectively. Substituting the appropriate values yields
Dh = D(1.0012) = 0.15919m
Subtracting the original 'cold' drum diameter from this gives the change in

diameter as 1.9 x 10-4m, which is double the change in airgap length, i.e. 0,95

X 10-4m per airgap. Whence

g, (hot) = 1.4g

Armco or pure iron is usually usecd for coupling loss members because of

its high /.-.je ratio,
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putting the values of e (150°C) and g, (0t)  into expressions 2.1 and 2.2 it can be

shown that
T (hot)
m
T (ambient) - Hatdh
© “m
and
m—nmﬂmt) - 3.92
n_(ambient) '
m

These are pessimistic values nevertheless, the effects of loss member
temperature are clearly demonstrated. The overall effect of drum temperature

on the torque-slip curves, at constant excitation, is shown pictorially on figure 2.2

2.2,2 Temperature effects in disc couplings

The same basic arguements apply to disc couplings except that the loss
member thickness is usually small compared to the disc diameter. Consequentljrr,

the expansion in the axial direction is negligible. . Expaasion in the -radial direckvon

s uaimportant..

This means that the airgap length, g, does not change and so
peak torque is a constant and not a function of temperature. However, o still

changes and so

n_ < e

- (2.3)

If ¢ doubles,torque at a particular speed only falls by about 20%. This can be

shown using Davies gencralised torque-slip curves. The above observations will

be verified by experiment later,

2,3 Parameters affecting loss member temperature

The loss member temperature may be affected by:

a) Wo’ active region surface heat flux or loss density in watts'/mz;

4,
which is a function B ofp, D, L A g, K(K') and excitation (Fg).
b) Physical propertics of loss member, specific heat (cs), material

density ( ¢ g and thermal conductivity (K s).
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c) Loss member thickness (dL).

d) Coolant inlet temperature (t, ).

1.0
e) Velocity of coolant (vc).

f) . Whether coolant flows in slots or across a flat surface; if in
slots,their number (n) and hydraulic mean diameter (dp).

g) Physical properties of coolant, viscosity ( /u'c) density ( f’c)' thermal
conductivity (Kc) and speciﬁc heat (cc).

h) Radiation in the airgap.

i) Convection in the airgap.

j) Any low thermal resistance paths; the effect of these on temperature

will depend to a large extent on the temperature gradient through the loss member
to the coolant, -

The value of Wo for an endring machine is usually straightforward but for
a coupling with a solid iron loss member it is modified by electrical end-cffects,
Heat losses may also have to be taken into account in both; these are discussed
later.

A theory covering all these factors is extremely complicated so a) to g)
have been included, h) and i) can be taken into account, approximately, after the
active region surface temperature has been found and j) is considered a second

order effect.

2.4 Thermal time constant

The time for a coupling to reach steady state temperature conditions when

running at constant speed and constant torque depends on similar factors to those

listed in scetion 2.3, Air cooled couplings tend to have very large thermal time

constants compared to water cooled couplings. In turn, both these are usually

large compared to the electrical time constantslo’n

L]
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It would be very useful commercially if couplings could be given short
time and continuously rated dissipation capacities, A typical example of this
would be an eddy-current brake which operates for a short time over a lengthy

duty cycle.

Choosing the size of such a coupling could be based on the short time
rating and so its selection is optimised for this particular application, At
present the choice of a coupling for this type of duty would almost certainly be
founded on the designer's previous experience and would probably tend to be too

large.

2.5 Transient thcory of loss member temperature

The theory is based on solution of the diffusion or heat flow equation with

two 'radiation"” boundary conditions45. The general form of the diffusion equation '

for most heat flow problems can be shown to b lsa0,48

2
Ve = ‘:’K—e’-ﬁ 2.4)
5

At first sight, this equation does not scem valid since no term has been
included to account for heat generated within the surface of the loss member, which
there obviously is in a coupling. However, we afe only interested in the effects
of high loss member temperatures on the performance of the co.upllng and for a
given excitation, the highest temperatures occur at maximum slip speed. Hence,

the eddy-current skin depth, § , in most practical couplings is very small and so

the loss skin depth, which is § /2, is even smaller; this is easily shown for both

* The term 'radiation' boundary condition is classical notation, but as

&
Carslaw and Jacger4o point out, it is a litlle misleading and the clumsier but

more accurate description is 'lincar heat transfer into a medium at a temperature t'.
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14
Iirmar10 and non-linear = electro-magnetic theories using the well known

p = fe.ﬁ"z

All the heat is therefore generated within a thin surface skin of negligible

relationship

thermal capacity and so it may be assumed that the coupling has a loss member of

thickness dL - &§/2 with a heat flux into its surface. Equation 2.4 is now directly

applicable to the problem. This mathematical simplification considerably reduces
the labour involved in solving the equations. ‘Nevertheless, the problem is still

complex because of the two 'radiation' boundary conditions,

Many authors -’ 2 have solved this problem assuming an infinite block and
using one of these boundary conditions at the surface, but this is clearly not appli~

cable to couplings with a finite loss member thickness and a cooling fluid passing .

over the back face.

The main difficulties in the solution arise in the inversion of the final trans-

formed equations and determining the value of surface heat flux to use in the

equations. A numerical technique was used to invert the equations and a general

method is developed using a table of typical values, Extreme care has to be

-

excrcised when finding the value of surface heat flux. Not only do electrical

end-effects have to be taken into account but also the heat flux losses. Both of

these are discussed in detail later.

The term cg es/Ks in equation 2.4 is sometimes replaced by 1/k, where k

is called Kelvins diffusivity constant and it is analagous to u/p encountered in

clectrical problems on diffusion. Tor iron, - 1s a variable and depends on B

and H, similarly cH/KB is a variable but depends on the temperature of the iron.

Figure 2.3 shows specific heat, cyr and thermal conductivity, Ks, plotted

against temperature for a low carbon steel such as mild steel or 'Armco’ iron,
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It can be scenthatboth O and Ks wvary considerably with temperature. An
equation of the type y = m.t’-l.- c could be fitted to both graphs over the range

0 - 600°C* if desired and then substituted into equation 2.4.

The problem however is analytically intractable and numerical methods have

to be used to solve the equations. Moreover, the design parameters that control

the loss member temperature would be obscured in the numerical solution a
compromise must therefore be made.

It has been found from experimental data that the temperaturc range we are
interested in for most couplings is 0 to 30000. The variation 6£ cS/Ks over this
range is shown on figure 2.4; if an average value of cs/Ka is taken then its .
maximum possible error is i 20%, and for most practical purposes cs. eles may
be assumed constant, With experience it is possible to estimate coupling temper- -

aturcs therefore; more accurate values of cS/KS can be obtained.

VARIATION OF SPECIFIC HEAT / THERMAL CONDUCTTVITY WITH TEMPERATURE.
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Above approximately GOOOC the electrical equations cease to be strictly

({3 N
valid because of the Onsect of the Curie po{nt31.



- 26 =

2.6 Simplifying Assumptions

Equation 2.4 gave the general form of the diffusion equation, This can be
expanded in any co-ordinate system and the two most commonly used in coupling
theory are polar and cartesian co-ordinates.

For drum couplings if dL the drum thickness is small compared to D the

drum inside diameter there is little error3 in using cartesian co-ordinates. The

complete cartesian form of the diffusion equation is given by

26 , 3O 6 - %6, %8
22+ oy r 25 3 ? 2.6)

This equation has been found to give good results for drum couplings even for

small machines such as the one used by Davies4’ .

By considering the temperature gradients in a drum coupling equation 2.6

can be simplified. Because of symmetry, the gradient in the peripheral direction

is zero and so

> = (2.7)

In most practical cases the temperature gradient through the loss member is

large compared to the temperature gradient in the axial direction. Hence

96
73—3 » 2= (2.8)

o
N
>
o

This approximation is not strictly corrcct for small 'naturally' cooled couplings

where the loss member rotates in still air; but cven for these good results have

been obtained, as will be shown later,
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Substituting 2.7 and 2.8 into equation 2.6 gives the approximate differen-

tial equation to the temperature distribution in a drum coupling

26 Cs€c 0
° 31' K K

D

o

2.9)

%]

For disc couplings polar co-ordinates must be used and the polar form of

the diffusion equation is

i

126 .38 O . 1236 . %&,36
)"3_915" 2z dr T Or K.s Ak (2.10)

Using similar argu ments, for the temperature gradients, to those

applied to drum couplings it can be shown that

268 _

;? = 0 (2.11)
and .

'_-z—f- » '%ii’- ~ o 2.12)

L]

" Putting these relationships into equation 2,10 reveals that Bessels equation
is not involved in the solution and the resulting differential equation for disc

couplings is given by

29 cs €. 26
? 2% K. ot | (2.13)
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Equations 2.9 and 2,13 have the same form, so the same solution can now
be used for both disc and drqin couplings.

2.7 Summary of Assumptions

The theory is based on the following assumptions:

a) The temperature throughout the skin depth is the same as the

surface temperature.

b) A value of active region surface less density W can be defined and
o

is assumed to pass entirely into the loss member at the surface., In practice W0

is not necessarily the same as WT' the total loss density, because of heat losses.,

c) The temperature gradient through the loss member is large and any

low thermal resistance paths do not modify the temperature distribution greatly.

d) At high slip speeds all the heat is generated within the loss skin

depth which has a negligible thermal capacity.

e) The material properties cs. e " and Ks are all assumed constant ,

based on the discussion in section 2.5.

f) Airgap heat transfer, i.e. radiation and conduction, are neglected -

for the time being.,

g) The loss member temperature differential equation is the same for

both disc and drum couplings.

h) All the heat flux that passes in at the surface is carried away by the

back face coolant, i.c. there are no heat losses in the loss member.

i) Thermal time constants are much greater than the electrical time
10,11

constants ; this mcans the thermal system does not detect any small electrical

changes.
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2.8 Solution of the loss member temperature differential equation

The following analysis is based on drum couplings for clarity, but is

equally applicable to disc couplings; consider equation 2.9

tei = °‘: 20 2.14)
vy 2k
where d: = cg505/Ks | (2.15)
Taking Laplace transforms with respect to time giv-es
EXCICTO I o(-,_s s 6(3.53 = - o{‘; ©(y,9 * (2.16)

? 'J.L o

8(y, o) is the temperature of the loss member at any depth at t = o. If the loss
member is the same temperature throughout them 6(d, o) = 8(o, 0) = 8(y,0) 2 tl o

where tl,c Is the temperature of the back face coolant at the inlet to the coupling;
it may also be the ambient temperature.,

The transformed equation 2,16 is a standard sccond order differential
equé.tlon which has two solutions, a particular integral and complementary function,

These can be solved using classical methods and the complete gencral solution can

be shown to be

- h "2
©(y9) = A.cosh («59;) + B.Sinl’n(“‘s‘js) * l:"c/s 2,17)

Appropriate boundary conditions must be applied to this to obtain a particular

solution for couplings.
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2.9 Boundary conditions

The developed analytical model is shown on figure 2.5. At the surface
y = o the ‘radiation'45 boundary condition is given by
W o= = K. 28Cy,b (2.18)
(-] S 'a : .
J
The negative sign shows that the flow of heat is in the direction of decreasing
temperaturc.

Taking Laplace transforms
? é(ﬂ y$) - Wo
= = — (2.19)
Assuming no heat is lost in the loss member, then the heat flux Wo that
passes in at the surface y = o must be carried away by the coolant on the back -
face aty = dL' The general boundary condition for heat flow from a solid to a

fluid can be shown45 to be

Ks.g_‘é_ﬁu:") = = h-o, : (2.20)
g .

where hc = Nu Kc/ L, the surface heat transfer cocfficient on the loss
member back face,
the characteristic dimension; for drum couplings the outside

diameter, Do’ will be taken,

Nu, Nusselt number

Gm, mean film temperature and is the difference between the back face

temperature 6(d, t) and the coolant, Usually the arithmetic* mean film temperature

is used

There are two mcthods of caluclating Gm - the logarithmic mean and

arithmetic mean - both are discussed in refercnce 46.
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o - [%_:_' ez] @.21)
and 6, = (etiv-t (2.22)
o, = (@Cdb -t ) (2.23)

Substituting 91 and 92 into equation 2,21 and rearranging yields

O, = [e( 48 = Ck o+ l‘,’,_)/z] (2.24)
The name given to the term (t1 ot t2 c)/ 2 is the mean bulk temperature,
’ ?
tb o’ of the cooling fluid and it is this temperature that is usually used when

evaluating the physical properties of the cooling medium,

Putting equation 2.24 into 2.20 gives the general result

06D | ko oty _ b by

(2.25)
-a 3 ’ Ks Ks
Taking Laplace transforms
20y, b, B _ he b -
Ry K | s Ks

Equations 2.19 and 2.26 can now be applied directly to the general solution,

equation 2.17, to find the constants A and B.

The equ':ztion for the back face heat transfer coefficient, hc’ depends upon

the type of coupling and the geometry of the cooling system. Convection is

analytically very complex and empirical equations must be used in the solution,
L8 ywhich applies
Nonetheless, a general form of the Nusselt number, Nu, exists, for all the

important configurations encountered in couplings, i.e.

b &
Nu & a Re P ' (a5
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where Re is the Reynolds number, Pr the Prandtl number and a, b and ¢ are
constants which are dependent upon the coupling and cooling system; they are
determined experimentally and a review of them is given in Appendix 1. Under
certain conditions the Reynolds number must be replaced by a term which includesl

a function of both the Reynolds and Grashof number; this is also discussed.

2,10 Particular solution using boundary conditions

Applying the boundary conditions given by equations 2.19 and 2.26 to the

general solution, equation 2.17, and puttingy =oandy = dL respectively it can

be shown that

e o 3 1
é( ) X\l—ﬂ. [Cﬂl\(d:dl-s) + Llr.' JLAI‘\(G(J‘(L: )] ~+ ’\C( &1 C.f tl,‘-) CO:;\CQ'CJH:)
p) = T = K

sK, sTK, et 25 K
(] i { =
[t &% kot by 50 b corkCoty s ’5] :
KS
1 .
WO..S‘I:ALCC’(_,:jJ) EIL' .
TN . (2.28)

This equation is the general solution to the transient temperature distribution

in torms of the Laplace operator s and co-ordinate dimension y, which is the depth .

into the loss member from the active surface.

'é(y,s) must now be inverted to the time domain and as can be seen the

general expression is extremely complicated. Various parts can be inverted

using standard Laplace transform tables; the others have to be inverted either

: 57, 58, 59 '
numerically or using Cawchy's integral formula (C.I.F,), or a combination
of both,
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To use C.I. F. the numerator of the relevant parts must be analytic and

the zeros of the denominator must be found., If thesc conditions are fulfilled ,
' 58, 59
an

then E(y, s) as a whole can be shown to satisfy Jordan's Lemma d as
- Isj —= co
then
F(s) — o

Cauchy's integral formula is given by

I N s SEaL
= L Numerater @ , A4S (2.29)
oc J? 2 2.-rcj Desominekor

T S—o0

This technique of inversion is straightforward and widely used; the major
problem inverting equation 2,28 is finding the zeros of the denominator term
Hx

119 e

[GCS s. sinhCetd s + he . coshCetedys )] (2.30)
Ke

No simple analytical solution is available for this expression and a general

method must be employed to find its roots, i.e. what values of s make thc equation

ZOXO0.

2.11 Dcnominator zeros of E{y,s)

It is convenient to rewrite equation 2.30 in terms of the harmonic functions
sine and cosine.

Hence, rcarranging

W 53
- K.sdss = C°H‘(°(SJ'L;)
hc
TPutting 8 = - and expanding both in terms of exponentials it can be shown that
g = ot (p2) (2.31)
where ' "
z = KyeL s (2.32)
h

c
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and g is a non-dimensional quantity defined by

B = he dy (2.33)
Ky

In general the expression 2,31 has three solutions:

a) z real
b) Z imaginary
c) zZ complex in x + jy form.

To find the real or imaginary roots is relatively simple but to find the complex
roots considerable analysis is necessary. (See scction 2,11.3),

2.11.1 Real roots of the denominator of E(y. s)

Putting z = x into equation 2.31

b = tol:(px)

The roots of this are found simply by plotting the function with different values of

g ; for this particular solution it is convenient for graph plotting to change the

form of the equation slightly.

Let BX = x! this gives
X = cot(x') = £ (2.34)
P : *

Figure 2.6 shows this plotted. The slope of the straight line is 1/ and

depends on the loss member thickness di,' heat transfer coefficient hc and the loss
member thermal conductivity Ks. It can be seen from this graph that there are an
infinite number of positive and ncgative roots; the negative roots are equal in

absolute valuc to the positive ones and also there are no repeated roots. The

roots occur when

o



Rearranging gives

(2.35)

hxp
s
re

This shows that the roots of the denominator of E(y, s) all lie on the negative real

axis when z is real.
If equation 2.34 is rearranged as

x' tan(x') - i (2.36)

it becomes a well known Tra.nsce_ndcntal Equation45 and its first six roots for

various values of g are given in table 2.1. To obtain the roots for g values not
given in the table the plotting technique described above must be used. .

2.11.2 Imaginary roots of the denominator of 8(y, s) <

Substituting

4 = jy into equation 2,31 yields

iy cot(j gy)

rewriting cot. in terms of exponentials it can be shown that

-y = coth(gy) = fy (2 .é.?)

Figure 2.7 shows this plotted and as can be seen the negative sloping straight
line will never cross the coth ( ) y) curves. This means that equation 2,37 has no
imaginary roots which is to be expected since the temperature response is known to
approach a limiting value.

2.11.3 Complex roots of the denominator of E(Y,B)

Expa nding cquation 2,31 in terms of exponentials and simplifying gives

gjpz ~ 2+




TABLE 2,1

.

The first six roots , Pn » of the Transcendental Equation

x'tan( x') =
P P P P
B b Fa 3 3 5 6
0 0 3:1416 6-2832 9-4248 12:5664 15-7080
0-001 0-0316 3-1419 6-2833 0-4249 12-5663 15-7030
0-002 0-0447 3-1422 6-2833 9-4250 12:5663 15-7081
0-004 0:0632 °  3-14929 6-2338 9-4952 12:5667 157052
0-006 0-0774 3-1435 6-2811 9-4254 12-5663 15-7083
0-008 0-0893 31441 6-2845 9-4256 12-56%0 15-7083
0-01 0-0098 3-1418 6-2848 9-4258 12-5672 157080
0-02 0-1410 3-1470 6-2864 9-4260 12-5650 15-7092
0-04 0-1037 3-1543 6-2895 9-4200 12:5698 15-7105
0-08 0-2423 3-1606 6-2927 9-4311 12:5711 157118
0-08 0-2791 3-1658 6-2950 9-4333 12:5727 15-7131
01 0-3111 3:1731 6-2991 0-4354 12-5743 15-7143
02 0-4328 3-2039 6-3148 9-4430 12-5823 15-7207
03 05218 3-2341 6-3305 9-4365 12-5502 157270
0-4 0-5032 3-2636 6-3161 9:457 12:5981 15-7334
05 © 0-6333 3-2923 6-3616 9-4775 12:6060 15-7307
06 0:70351 3-3204 6-3770 9-4879 12:6139 15-7460
0-7 0:7500 33477 . 63023 9-4983 126213 15-7524
0-8 0-7910 3-3744 64074 9-3087 12:629¢8 15-7587
09 0-8274 3-4003 4224 9:5190 12:6375 15-7630
10 0-8603  "43-4938 6-4373 9-5203 12:6432 15-7713
15 0-0382 3:5402 6-5007 9-5301 12:6341 15-3026
2.0 1-0769 3:6430 6:5733 9-6298 127223 15-8336
3-0 1:1025 3-3088 6:7040 0:7240 12-7940 15-8943
4.0 12646 3-9352 6-3140 0-8119 12:8673 15-9538
50 1-3133 4:0338 6-0004 9-8028 12:9352 1€-0107
¢0 1:3196 41110 6-0924 9-5667 12-0083 16-0854
7-0 1-3766 41746 7-0640 10-0330 13-0334 16-1177
8:0 1-3978 42264 7-1263 10:0949 13-1141 18:1675
9-0 1-4149 42691 7-1806 10-1502 13-1660 16-2147
100 1-4259 4-3038 7:223] 10-2603 13-2142 16-250.1
150 14729 4-4235 73059 10-3893 13-4078 16-4474
200 1-4961 4-4915 74034 10-5117 13-5120 16-5851
309 15202 4:5815 7-6037 10-6513 13-7085 16-7601
400 15325 4:5979 7-66 L7 10:7351 13-6043 16-8794
50-0 1:5400 46202 7-7012 10-7832 13-8658 16-9319
€0-0 1-5451 4-6533 77250 10-8172 13-0004 17-0026
800 1-5511 46543 7-75%3 10-86C6H 13-9644 170656
1090 15552 4-6858 77704 10-85% 13-9981 17-1003
® 15708 47124 7-8540 10-0956 14:1372 17-2788
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Putting z = (x+jy) and separating the modulus and argu ment produces:

Modulus
2 s '
-LpY X+ (Y1) f .
= = 2.3
& x.l‘ - (5 o |),‘ z,m ( )
Argument
z ) -
21X = Ara.[z —j] = fz,q (2.39)
To show whether equation 2,31 has any complex roots only the modulus
~4py
equation 2.38 need be considered., TFigure 2.8 shows curves of fz and e

plotted against y for constant values of x. The only intersection of the two
functions occurs at y = o which effectively proves that the only roots of the
denominator are real; in fact this is now obvious since g is always positive

because hc’ dL and Ks are real physical quantities.

If the two sets of curves had crossed at any point other than y = o this would

have shown that z = cot (8 z) had complex roots. To find these another set of

curves similar to figure 2.8 would have had to be constructed using the argument

equation 2.39. From these two graphs a third one with two sets of c‘urves could

then be drawn with ordinates x and y. The complex roots of the equation are then

found where the x - y curves cross.

It was previously suspected that the denominator would not have any complex
roots since the transient temperature response of a coupling is known not to contain

the oscillations of overshoots which are normally associated with complex roots.

2.12 Inversion-of 3@,3)

The general cxpression for E(y,s) is given by equation 2.28, since it is so

complex it must be expanded and inverted term by term using C.I. F. 57, 58, 59.
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Letting

' /.
[ shsmk(di é% + c h, . cosh(« L';;] De

Ks

(2.40)

and expanding -the general equation gives

6(3'3) = h - W, --fU‘!‘( 33)..;. W l’.'.c.l‘l\(o%d I)CML(dst)
3 X Ke S Ky K De.

3

/. i
i Wa l\ :ml\(ocicll_s"s.cul%(dsﬂ
&, K De. 3R

ifa
+ hc( l:z,c." tl.c) .cosh (exs 5 ) 2.41)
25 De. K '

There is no difficulty inverting the terms which do not contain De. Inversion

of the others however is complicated and the method of 'Residues' must be used in

conjunction with C.I.F. Appendix 2 gives details of the 'Residue' method and the

inversion of cach term.

2.13 The general solution

Adding all the individually inverted terms of equation 2.41, which are given

in Appendix 2, glves the general solution for 8(y, t).

9(3.0 = l:.”._ o+ Won j

Ks
. | _tlx,
+ Z\% | - 2_£:c_os(P\)cos(P 5/41_) e ]
n=11 h‘ E-s K.s Dn

- =Bl o
+ 2 W, d |1 = 2 p.sine Py.cos(Py/d) e

K|
nz113 K5 Ph Dn




p -t/

> (E -k - 2pcos( nﬂli)e'

+ Z (—-&——-‘ ‘1 || PT——PD - (2.42)
=123 n “n

where- Dn = [‘—”( Pn) + (J_;_E_)""':‘“( ﬁ\)]

1}

2 12 2
and T o= . <’Lscl[__/Pm

This solution gives the temperature distribution in time and one dimension

in space y which is the depth into the loss member from the active surface. It

can be applied to any coupling for a particular loss density or heat flux Wo and known

method of cooling.

The gencral cquation for hc can be substituted into @(y, t) if desired; this is . -
given by

<

L. L

b ¢
l\ = NU..K - G.RP.-P\“.KC

Tor brevity hc will not be substituted at present and its general form is only given
here to show that the solution is completely general even though empirical equations
must be used for heat transfer problems.

The design parameters that control the loss member temperature are easily

identtficd in equation 2.42., By puttingy =oandy = dL respectively,the temperature
distribution and rcsponse at the active ‘surface and back face are easily found. For
a drum coupling it is then relatively simple to calculate the effects of drum expansion
and temperature -'dependent active surface resistivity on the torque - speed curves.

Carc must be taken however, when calculating drum expansion effects because Wo is

a function of torque which changes and so an iterative calculation must be used for

large expansions; this is discussed in chapter 3. .
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Parameters controlling the loss member thermal time constants are also

easily found and are seen to be

2 2
=" 2.43
T n cs ede /Ks Pn ( )
where Pn is a function of the back face cooling medium and the loss member's

material constants.

For most applications it will be shown later that only the first one or two

terms of equation 2.42 need be considered since

X
4

"
_P. , -
e ™ / e L very small (see table 2.1)
and

|Term m+1)| / | Term (n) | also small usually

Using these approximations permits the equation to be reduced to a simple form 11_1-' o

most cases. Nevertheless, it must be stressed that these comments are only

included for guidance and the complete general solution must be applied and

simplified according to each individual application. In the next section, the

solution is adapted to air cooled drum couplings and in chapter 5 to a water cooled

disc inductor coupling.

2.14 Air cooled drum coupling simplification

In scection 2,11,1 a gencral method for finding values of Pn was detailed,

Basically this involved plotting a graph of the function
X' = cot (x')
B
Figure 2.8 shows a typical plot of this cquation where the slope of the straight line

is1/p . Tor air cooling, g tends to be very small and so the slope is very large.

This can be verified from the definition of 2



P = llc'cl't. = N"’""lL.[Ec]
K, C |K

3

or more generally for drum couplings

L c
g = o Re B Td . TKe 2.44)
Do Ks

where Do is the drum outsiﬁe diameter and it is the characteristic heat transfer
dimension chosen for drum couplings in this thesis. The terms Kc/Ks and

dL/D0 are usually very small; since air is the coolant in this case then Kc (air)
&< I{8 and for most practical co{]plings dL<( Do' The ratio KQ/KS varies with.

temperature but over the limited temperature range being considefed here this-is

relatively small as was shown previously. (see pege 25)

1f £ is small, then 1/g is large and Pn tends to be independent of the
th‘a 2:€)
value of slope, The Reynolds number in equation 2.44 is dependent upon the

cooling fluid velocity, so g is also velocity dependent and the slope is a variable.
However, since dL/Do and Kc/Ks are both small, quite large changes in velocity

and hence £ do not significantly change the values of Pn; this can be seen from
figure 2.6 and table 2.1,

S .

For small values of g, large values of slope, P1 is also small and roots

higher than P1 approximate to (n-1) x. Putting y = o and using these approximations

and those given in section 2,13 it can be shown that the active surface temperature

response 0(o, t) for an air cooled coupling is given by

<kl
© (o,t) = t..c + W [' - zE.Cos(P,‘)e
2
I‘r. PI DI -
-t
- W,JL[' - 2p.5%(P> e
K, P*D, |
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-kl
Gk, -t -28¢2
e B ) .49

This can be simplified further, as ZIP1 is small then

sin(Pl)/Pl & 1, cos (Pl) 4 1 also remembering that g is small and
noting that (tz.c"tl,c) £ 0 for a cylinder rotating in an infinite quiescent fluid
(see Appendix 1). Furthermore, it can be shown from table 2.1 that B/ Plza 1;
this only applies for air cooled coupling when g is small. Using these approxi-

mations equation 2.45 reduces to

-t/
© Lo,t) = E,'c + [Wodl_ + %] (1 - e )
Ks he

multiplying top and bottom by hc and taking Wo outside the bracket gives

e

0Ce,t) = b + Vﬁ[‘ + bsit.] (1 -e )
he Ks

‘but hch/Ks = p which is small so the equation now becomes
o, =A+B - (2.46)
where A = tl,c and B = WO/hc

The above cquation shows that the active surface temperature - time
response of an air cooled coupling can be approximated to a simple exiaonc;ntial.
This elegant result is rather surprising in view of the complicated general solution
that ;;vas obtained. Nevertheless, equation 2,46 will be corroborated later by

cxperimental results taken from an air cooled drum coupling.

As P1 is inscnsitive to changes in g and provided average values of cy and

Ka are taken,calculation of the thermal time constant ¢ 1 is straightforward and

good results have been obtained., Surface temperature prediction however is not

simple and consideration of the complicated problems of electrical end-e.ffects2 and

airgap heat losses may be involved when determining Wo.
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2.15 Active region heat flux for couplings with and without endrings.

Before the theory of previous sections can be used for predicting loss
member temperatures,a value of Wo must be obtained for use in the equations.
Care must be. exercised when determining this quantity and it must, by necessity,

be based upon the size and type of coupling and to a large extent the designer's

expericnce.

For an endring coupling the total heat flux developed in the active region,

W ., is found simply from

WA = TuJ/'xDLA

1t should be stressed that in genéral Wo does not equal W A since airgap heat losses

reduce the latter., The power balance equation for an endring coupling is given by

P.=P +P % P

p < g L (2.47)
where P'I‘ = Tw, the total power and also the active region power P %

for an endring coupling.

P0 = power that passes through to the loss member's back face and
WO = Po/w: DL A

Pg = total airgap power loss by rediation and convection

PL - loss along ribs and any low thermal resistance paths.

In most practical couplings P g} PL and both are usually negligible' and so

it may be rcasonably assumed that
\' A Wo
But, if it is found in practice that Pg is not small,then an approximate value for

it can be calculated using the laminar flow and radiation equations which are

discussed later,

For a solid iron coupling,electrical end-effects2 must be taken into account.

To determine the active region heat flux (W A) the distribution of dissipated power
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between the active and end regions must be found.

Many authors have attempted to solve the problem of end-effects in couplings,

but with little success. Part of a solution which has been found to give good

results is presented here.

theory10 .

It is based on modification of a linear three dimensional

A power distribution factor 'r' will be defined as

= P3 DCT) = .ET_ (2.48)
(A P

A solid drum coupling is sometimes referred to as a three dimensional coupling

and P, (T) = P, the total power (Tw). Hence

T
WA = .Em(_T) = T__“_’_ (2.495
erLA rr Db,

Equation 2.49 gives the loss density (or heat flux) in the active region of

a solid drum coupling which, may then have to be reduced by the heat flux losses

before an cffective value of WD can be found,

2.15.1 The power distribution factor 'r'

The total dissipated loss in a coupling with end-effects, derived from a

three dimensional theory4, is

L/2 =

% | o
PBD(T) = ff[e ( J;D) 3:&‘33?2?& (2.50)
-L,T/a,o o

where LT is the total length of loss member available for eddy-currents to flow on.

Similarly, the total loss in the active region only,for a coupling with end-
effects is given by '

L/2 eo PN . ;
Psn(m = ][ e C J,,) E:?aézhb 2.51)
-L/jao ©
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It has been shown in reference 4 that only two components of current

density exist in a three dimensional coupling theory
-8By JQEX/N~- wt =Yy)

'J;(x,,,z,k) = Re [A-:MWZ/L-.—)»& - e ] (2.52)
and
where B/A = 2L,/ N (2.54)

It can be seen from equations 2,50 and 2,51 that the only difference between
the integrations is in the z direcﬁon,therefore only the z components need be
considered.

From equation 2,50

Ll
2 2 2 4
P;g( T) = ef[‘)c(":‘,jat).B.us(ﬂZﬂ-?)—]C(x,g,b]A.:axUVz/LT)] 2z
-L./1
Expanding and integrating
T 2 ik 2 1 L/
P(T) o« |[B=A)z| . [B+A) Lo sincama/ly
30 2 b T
=L 2 -I,,Th.
Substituting equation 2.54 and putting in the limits yields o
: . : LTh.
S &)
P30(T) 123 A[(t,.L’Z'/kf_n%_ +[@-LT/>\'+_1)5__.J{A(17\'Z/L.,)]] (2.55)
S
-L /2
Similarly for P:!D(A)
L./2

2
PBOCA) < A [(b-'—:-/;,-l) %\+ [(h-L:/):'I-H)EL.Jin(sz/L{)]] 2.56)
b
* -Lﬂjl



Réﬁolng equations 2.55 and 2.56 gives the power distribution factor 'r'

B
r = Lo, [C2Le/A) #1 ] sincrby/iy @.57)
T Ly G’ L‘-r/h:) =} ~
where Ay = 7 D/p fundamental Wavelength, p = pole pairs.
L = active length
L.T = apparent length of loss member.,

jE.:(iuation 2.57 only applieg for LT/ L A> 2; lower values than this are physically

{mpossible in solid iron couplings.

TFor a solid drum coupling,LT is not the total length of the drum in the

axial dircction (LD). It is the surface length of drum available for eddy-currents

to flow on and includes the ends of length dL and the back face. Selcct;lon ofa (
value for LT presents a problem if the loss member depth (dL) is small, This i:s
because eddy-currents in the active surface influence those on the back face and
restrict their ﬁows. In this situation LT is given approximately by the axial
length of drum LD plus 2 dI" and does not include the back face, When dL is

relatively large compared with the skin depth (§) then L’I‘ is given by 2LT plus 2dL.

2.16 Alrgap heat transfer including its effect on the general solution

In most commercial couplings airgap heat losses are usually small com-

pared with the dissipated power in the loss member. Under certain conditions

e
or for speeial applications this may not be true and for comple‘gness it is necessary

to show how the general solution is modified.

Theore is little useful information in the literature about convective heat

transfer and turbulent fluid flow in the airgaps of electrical machines, So, for

simplicity, only laminar flow will be assumed here. This does not of course
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include radiation losses which may or may not be small depending on the temperature
on

difference between field and loss member and a.lso&the emissivities of the surfaces.

The only difference to the previous theory is in the boundary condition at

the active surface. The heat flux distribution at y = o, neglecting radiation, is

given by
WA = Wo + Wg (2.58)
where w % for an endring coupling is given by Tw/~xDL A
Wo heat flux passing through to back facel
Wg airgap heat flux
For laminar ﬂow45 Wg is given by
W3 2 -'KJ.—‘)_@.CEIJ!’) . (2.59)

9y
where Kg is the thermal conductivity of the airgap coolant and the negative sign
shows that heat flow is in the direction of decreasing temperature which, in this

casc,is in either direction from the surface y = o,

The cquation for Wo is the same as that given pre.viously by equation 2,18,

Substituting this and equation 2.59 into 2.58 gives

W = =(K.+K).280b 2.60)
A Ty

~ This equdtion is now the new boundary condition at y = o and takes into
account laminar flow in the airgap., Comparing equation 2.60 with equation 2,18,
it is apparent that the two boundary conditions have the same form. Therefore the
solutlons must also be similar and so,by replacing Wo with W X and Ks by (KB + Kg)

in tho general solution,the cffccts of airgap heat transfer become obvious.,

The thermal conductivity for steel and air arc obtained from figure 2.3 and

reference 46 respectively,
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67 W/m°C)

(0]
KS (0 C)

Il

and .Kg(OOC) 0.0242 (W/m°C)

These values show that KS changes little when Kg is added to it and so airgap heat

losses arc small for purely laminar flow.

It should be pointed out that laminar flow gives the minimum value for

airgap losses and in a practical coupling it is unlikely that the airgap coolant flow

is laminar. Equation 2,59 cpuld have been replaced by the general boundary

condition

W = -~ h@eo
4 gm,g

where hg is the airgap surface heat transfer coefficient and 0

However, there is little point in pursuing this substitution as there

the mean film

temperature.

i{s no suitable data available, to the author's knowledge, forh .

-
i

The above analysis is not conclusive and no general decision can be made
whether or not airgap heat transfer is negligible. Nevertheless, it will be shown
later from experimental measurements that in both air cooled drum couplings and

a water cooled disc coupling airgap losses are small,

Radiation losses in thé airgap and from the back face are also usually small
but this depends on the temperature difference between ’rhé loss member and its
surroundings. The alrgap radiation heat flux, WR,g’ can be calculated approxi-
mately from the’equation for concentric cylindéra46

or parallel planes which is
given by

EE L L
wW . L2 ) _ 3
TR o TR .60

This cquation i{s based on the Stephan-Boltzman law where KB= 5.67 x 10-8 S.I.

units), El' T1 and Ez, '1‘2 arc the emissivites and temperatures of the loss member
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and pole teeth respectively, both temperatures being the absolute values in tr')C Abs.,

The back face radiation heat flux WR can also be calculated if necessary,using

, B

the isolated surface4-6 radiation equation.

2.17 Conclusions

A basic theory for predicting eddy-current coupling loss member temperatures
and thermal time constants has been derived. The design parameters that control
these quantities are also clearly identified. One of the main objectives of the
theory was to form the basis of a method for designing coupling cooling systems

and provide foundations for further work. It is considered that this has been

achieired.

There is, as far as the author is aware, no relevant information on radiation
and convection losses in the airgaps of clectrical machines. The literature on rates

of heat transfer from rotating members is also limited and sketchy, A review of

this is glven in Appendix 1,

An approximate mcthod is detailed for finding values of W_ in solid iron
o

couplings. Turther rescarch however, is necessary on heat losses and electrical

end-cffects before a general method can be formed. On the other hand, the

procedure for obtaining thermal time constants is simple and shown to be relatively

insensitive to variations in g . This is corroborated experimentally in the next

chapter.



CHAPTER 3

TEMPERATURE EFFECTS IN AIR COOLED DRUM COUPLINGS

WITH AND WITHOUT ENDRINGS
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3.0 Temperature effects in air cooled drum couplings with and without endrings

3.1 Introduction

9,10
Toverify the theory of chapter 2 it was decided to follow previous practice

and to examine experimentally similar drum couplings with and without endrings;
this would also show the thermal differences, if any, caused by electrical end-
effectS.

Two groups of tests were carried out with each drum:

' 4
a) Using Da\rles'3 x-y plotter technique,the steady state torque-speed

curves and the corresponding temperature rise of the active surface were

measured.

b) With the coupling running at maximum slip speed and constant
excitation,the fall off in torque with time and the temperature-time res;lnonse of

i

the active surface were measured using two x-y plotters simultaneously.

The thermal time constants for both drums are derived from the temperature-

time curves, and compared with the theoretical thermal time constants.

In the last part of the chapter the measured surface temperatures for both

the endring and solid iron drums are compared with the theoretical values. A

breakdown of the heat transfer distribution in the endring coupling is also included.

3.2 The experimental coupling

The experimental machine used in this research was that used by Davie33’4

9
.and James and comprehensive details of it can be found in their work. The most

important parameters of the endring drum, solid iron drum and the pole member

arc given in table 3.1



Pole member

outside diameter

radial airgap, g

number of poles, 2p
fundamental wavelength, »,

axial length of pole

pole arc/pole pitch, K

winding turns

Copper endring drum

inside diameter, D

outside diameter, Do

thickness of drum, d

active length, LA

L

i BY o

Table 3.1

I

l

axial length of drum, LD =

resistivity of iron, o

Solid iron drum

3.3

inside diameter, D

outside diamecter, Do

thickness of drum, dL

i

]

axial length of drum, LD =

resistivity of iron, ¢

Instrumentation

Torque was measurcd by means of a torque arm fitted with strain gauges3 ?

The coupling was driven by a 3,75 kW induction motor - coupling unii:12 with

a tachometer fitted on the output shaft.,

158,5 mm
0.254 mm
12

83.5 mm
25.4 mm
0.69

2600

159 mm
171 mm
12 mm
25.4 mm
63.5 mm

11.2x10 2 Qm

159 mm
171.5 mm
12,5 mm
82,5 mm

11.2x10 2 Qm
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To measure the surface temperatures identical groups of thermocouples

were fastened in both drums. Five couples were fitted to each drum, four on the

active surface and one on the outside surface opposite the centre of the active

region, Figure 3.1 shows their positions and identifying letters., A thermocouple

was also attached to a pole of the field member.
Position of thermocouples in both drums

NN

e e

|
DRUI ACT sua%ua.cs
|

|

OPEN END ! |
X 3 X
OF DRUU D ? : E: Thermocouple on
i E X | outside surface.
|
1 | J
L A

Figure 3.1

Since the experimental machine has a rotating dr;um', all the thermocouple
leads had to be brought out ﬂirough silver slip rings. These were connected
between the drive unit and the experimental coupling. To ‘get the leads to the
rings a small slot was cut along the main shafts which supported the drums. A
raised tagboard’positioned on the outside surface was used to make intermediate

connections of the thermocouple leads. The purpose of the tagboard was to allow

casy replacement and inclusion of other thermocouples as necessary., Figure 3.2

shows the endring drum and its supporting shaft with the raised tagboard and slot
clearly visible,
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3.4 Preliminary investigation

The experimental coqﬁling has no special provision for cooling the loss
memt-. * and it relies entirely on the rotation of the drum in free air. The

mechanisms of heat transfer in this situation are complex and there is little

information on it; see Appendix 1.

Temperatures from all the thermocouples in both drums were noted during

this preliminary investigation. It was observed that, over the limited test range,

the temperature of the field member did not rise appreciably. In the axial

direction, over the active region, there was little difference between the temper-
atures.. Towardsthe openend of the drums however, the temperaturcs, measured
using thermocouple D, started to fall. This was expected since cool air has more

access to these regions., Nevertheless, these temperatures were only 10% to 20%

less than those in the active regions. The temperatures of the outside surfaces

were also found to be 10% to 20% less than in the active regions. This is a small

temperature gradient through the drums but, since they are cooled naturally by

rotation in free air, this was also expected.

Basecd on these preliminary tests it was decided that only the temperatures
given by thermocouple B would be recorded since these were clearly representative

of the temperatures across the active regions. Further, the back face temperature -

time curves were not recorded,since torque - time curves would show more

effcctively the effects of drum expansion.

3.5 Torque - 8lip curves

Figures 3.3 and 3.4 show the measured torque - slip curves, at various

excitations for the experimental coupling when fitted with the endring and solid

fron drum respectively, Both sets of curves were taken using Davies' x-y plotter

tcchniqucs3 .
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Surface temperature against time curves were also taken simultaneously
with the torque-slip curves. These curves have not been included for space
reasons but show that the active region temperature does not rise appreciably
during the time taken to obtain a torque-slip curve using the x-y plotter rr_xethod.

Therefore, any theoretical calculations involving the 'cold' torque-slip
curves should be based on a value of the iron resistivity, p , taken at ambient
temperature. At very high excitations however, some modification may be

necessary to the value of p.

3.6 Drum couplings operating under normal conditions

The information obtained from theoretical comparisons with the 'cold'
torque - slip curves is extremely useful for the basic design of couplings but is

of little use when trying to predict the performance of practical couplings operating -

under normal running conditions.,

It was shown in chapter 2 that the loss member temperature was directly
proportional to Wo' the surface heat flux or loss density. The highest temperatures
therefore occur at the maximum value of Wo' It can be shown, from Davie.s;'8

generalised loss curve, that this condition is produced at maximum slip speed and

maximum excitation, So, as we arc mainly interested in the worst temperature

condltions,all the experimental results presented in this section were taken at

maximum slip and various excitations.

3.6.1 Surface temperature against time curves

The measured temperature - time curves for the endring and solid iron

drum are shown on figures 3.5 and 3.6, Each sct of curves was taken at the

maximum slip spced of 1450 rev/min and various excitations.
Both figures show that the rate of rise of temperature increases rapidly

with excitation and also that the curves appear to be exponential as was predicted

in chapter 2.
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Whilst these curves were taken, the slip speed was monitored and found to
remain approximately consu_mt for most of the tests. It was noted that,for
excitations greater than 0.3 A,the slip speed started to fall, e.g. for 0.5A, the
speed had reduced to 1430 rev/min.

All the curves shown on both figures start from SOOC. This was not the
ambient temperature,which was 25°C. After each test the excitation was removed
and the machine left running to cool the drum. Even so, it took a considerable
time to reduce the drum temperature to 30°C and so it was not possible, due to

lack of time, to start each test from ambient temperature.

3.6.2 Variation of torque with timé at maximum slip speed and different excitations
As most practical couplings have soli.d iron loss members, torque - time
curves were taken for the solid drum 6n1y; these curves are shown on figure 3.7,* they
were taken simultaneously with the temperature - time curves, |

In chapter 2, it was predicted that since both p and g were functions of the

drum temperature,the torque would fall dramatically as loss density W0 increascd.

This is exactly what the torque - time curves show.

A typical calculation of the change in ¢ , g, Tm and n_ for the experimental

machine was given in section 2,2.1.

3.7 Mcasurcd thermal time constants

In scction 2,14, it was shown that the theoretical equation to the active

region surface temperature, 6 (o,t), for an air cooled drum coupling approximated to

a law of the typo

80,)= A +B(L -0 Y ) @.1)

where A is tho ambient temperature (tl c) and B the temperature difference
]

between the active surface final value and ambient.

Rearranging cquation 3,1 and taking logs gives
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: + - n,) - .
“t/r, = L,je[A BB oc¢ E] = Loy, F(O) (3.2)

The equation can now be applied to the measured surface temperature responses,
given on figures 3.5 and 3.6, and the thermal time constant . evaluated.

1
3.7.1 Thermal time constant - copper endring drum

Table 3.1 gives values of A, B, t, 8(o,t) and F(8) taken from figure 3.5

Table 3.1
Excitation: 0.2A
0(0,t) t F(6)
c) (s)
40 16 0.882
50 48 0.765 A =30°C
60 92 0.647 B=85°C
70 154 0.53
80 - 240 0.412
90 354 0.294
100 526 0.176

Figure 3.8 shows F(0) plotted against t on log-linecar paper. The excellent

lincarity of the points shows that the approximate solution for 6(o, t) is valid. It

can be scen that the line through the points does not pass through F(8) = 1; this is

becausc of the neglected terms in the gencral solution,

The thermal time constant is given by the reciprocal of the slope and its

value 18

"t‘l = 299 s
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Substituting the values of A, B and 7, into equation 3.1 gives the measured
relationship between the actl_ve region surface temperature and time
(0, t) = 30 + 85 (L - e"t/zgg) (3.3)
This equation will be compared with the theoretical response later.

3.7.2 Thermal time constant - solid iron drum

The following data, given in tables 3.2 and 3.3, is taken from the measured

surface temperature-time response curves for the solid iron drum which are shown

on figure 3.6
Table 3.2
Excitation: 0.2A
8(0,t) t F(0)
c) (s) 2
40 26 0.867 A =30°C
50 67 0.733 B =75°C
60 1 118 0.6
70 190 0.467
80 290 0.333
90 420 0.2
also
Table 3,3
Excitation: 0,15A
8o, t) t F(0)
c) (8)
40 70 0.768 A =30°C
50 190 0.535 B = 43%C
GO 380 0.302
65 520 0.185
70 780 0.07
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Values of F(9) from both tables are plotted against time (t) on figures 3.9
and 3.10. The points are again linear, verifying that the approximate equation
for (o, t) also applies to solid iron drum couplings.
The thermal time constants are again found from the reciprocal of the slopes
and are from the two figures respectively.
vy = 285s (Excitation: 0.24)
and
1 = 320s (Excitation: 0.15A)
The difference in the two values of vy is attributed to variation of the
temperature dependent material constants e and Ks' A comprehensive analysis
of changes in thermal time constants with temperature is given in chapter 5 for a

water cooled loss member,

3.8 Comparison of measured and theoretical thermal time constants

The theoretical definition of the thermal time constant was given in chapter
2 as

; 2 2
21 - e g9 /Kspl . 3.4)

where Pl is a function of the non-dimensional quality g which in turn is a function
of hc' dL and I{B.

Before T, can be calculated , values for both h(= and then g must be determined
The back face heat transfer cocfficient (hc) for a drum or cylinder rotating in free

air is obtalned from the approprié.tc Nusselt number equation; Appendix 1, equation
Al.3.

Whenco

- 2 0.35
Nug 0.19(Re” + Grp) (3.5)

This equation only applics for ReD> 5:.:104 where I{eD is the Reynolds number and
its definition is
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e 3.6
ReD - Do “ f'«c//""c @-0)
Substituting into equation 3.6, using a maximum speed of 1450 rev/min, gives
5
ROD - 2.845x10
For the experimental coupling it can also be shown that
2
ReD » GrD
Thus, using this approximation and the definition of NuD in equation 3.5 gives,

after rearranging

0.7
= D 3.7
h, 0.19 Re;) " K /D @.7)
Substituting for Kc’ Do and ReD yields
B, = 200 W/m>°C

The value of A can now be calculated from
= 3.8
A h, dL/Ks (3.8)
Loss member thickness dL is'slightly different for both drums; from table 3.1
copper endring drum, d = 12 mm

L
and solid {ron drum, dL = 12,5 mm
K_ s taken at 100°C and its value from figure 2.3 is 61 W/m°C. The value of g
using dL = 12.0 mm is found from equation 3,8

Hence,
B = 0.0
Since P1 Is inscnsitive to small variations in g,this value will be used for both
drums. The root P1 corresponding to g < 0,04 is obtained from table 2.1
Pl = 0.199
Taking values of c, and Ks at 100°C and substituting them, Pl and dL into

equation 3.4 it can be shown that

Copper endring coupling (dL =12 mm)

4 5 1 = 2728  (compare 299s experimentally)



i

Solid iron coupling (dL =12.5 mm)

i 1 = 292s (compare 285s to 320s experimentally)
Because of the complex nature of heat transfer in couplings and accepting
there may be errors in the experimental values of 't.‘l this correspondence is

excellent.

3.9 Comparison of the measured and theoretical loss member temperatures

From section 2.14 the approximate theorctical equation for the active

region surface temperature 6(o, t) was shown to be

00, = b+ W /) - V%

) (3.9)
Before this equation can be used for predicting drum temperatures,a value of the
heat flux (Wo) passing through the loss member must be determined. In chapter
2 it was pointed out that airgap heat losses may have to be taken into acc;.ount in ’
endring couplings and in solid iron couplings end-effects as well. In the fc.\llowinga
gections the heat losses in the endring coupling and end-effects in the solid iron
coupling are both analysed in detail, Their effect on temperature prediction is

also demonstrated.

3.9.1 Heat transfer distribution in the air cooled endring coupling

3.9.1.1 Heat flux Wo passing through the loss member

The following data was taken from the endring coupling at a speed of 1450

rev/min and an excitation of 0.2A:

measured torque, T

= 5.0 Nm
active region surface temperature
0(0, =) - 115°C
back face temperature, B(dL, os) = 10500
{ield pole temperature approximately
amblent, 0, = 25°C
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The total power PT is fround from
= Tw
P'I'
= 785 W

Consider now the general expression, from chapter 2, for Wo in the loss member

W, = -K .28 3.10
$ 2y (3.10)

The quastity 20/3y can be replaced by

(ece,w) - ed,, oo))
d‘L

and the value of KB(IOOOC) is taken as 61W/mOC. Therefore, it can be shown

Wo = 5.05 x 104 W/m2
But
P = W A
0 o a
where Aa. = ‘?‘~'DI..':1 the active region surface area = 1.27 x 10'“2m2
So, P0 = 640 W

Neglecting rib losses, the alrgap power loss, Pg, is calculated from the power

balance equation

Pg = PT - Po
= 145W

So 19% of the total power is recmoved via the airgap by radiation and convection.,

As a cross check on this value of Pg, its individual components of airgap radiation

(Png) and convection (Pc'g) are calculated later.

3.9.1,2 Hecat transfer from the loss drum outside surface

The numerical value of the back face heat transfer coefficient (hc) for a cylinder

rotating in free air was given in scction 3,8 as

h, = 200 W/m2°C
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Multiplying hc by the appropriate drum outside surface area and the temperature
difference between the back face and ambient will give the power removed by con-
vection (Pc’ B) from the drum outside surface. For heat transfer calculations in
air cooled endring couplings, the surface area of the two copper endrings ‘must be
added to that of the iron, as the thermal conductivity of copper is considerably
greater than that for the iron and so the thermal time constant for the endrings
is much smaller than the aétive regions ( '1-:1). Hence, heat is distributed quickly
over the entire back face which becomes an approximate isothermal surface.

The outside surface area of the endring drum, AE' is calculated from
WDoID’ whence

A, = 3.41x 102 ;2

Using hc’ AE and a temperature difference of 80°C (from section 3.8) élves

Pc, B ° 550 W

There is a difference of 90W between Pc B and Po (3.9.1.1) indicating that
’
either hc was inaccurate (AE is not considered a source of error,since it must be
increased to bring Pc g UP to P0 and clearly this is not reasonable) or the differ-
?

ence is removed by rib losses and back face radiation heat transfer or a combination

of both.

The outside surface is classed as an isolated surface and the feleirant

radiation equation is given in reference 46 as

-8 4 4
‘v = . '] - L]
o 5.67.10" E [TB - ] (3.11)

where E_ is the emissivity of the b:
B ty ack face and TB and T AMB the back face and

ambient temperatures in °C Abs.

Sclection of a value for EB is nebulous as the condition of the drum surface

Is open to conjecture. The presence of iron and copper on the same surface compli~-

cates the problem and so the method is necessarily approximate but it does give an
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idea of the magnitudes involved. From references 46 and 48 the emissivities

for oxidised iron and dull copper are both approximately 0.8. So, putting

o _ a o
TB = (273 + e(dL, »)) =378 C Abs., TAMB = (273 + BAMB =298 C Abs. and
EB = 0.8 into equation 3.11 yields )
2
WI{, B - 561 W/m

which, when multiplied by AE’ gives the outside surface radiation loss
PR, B & | 20 W |
This calculation of back face radiation loss is rough but does show that
when the loss member temperature is high radiation heat transfer may not be
negligible. The other 70W which has not been accounted for is put down to
inaccuracy in the empical equation (Al.3) froﬁ which hc was deri{red and rib -
loss, i.e. where the drum is welded to the main shaft, see reference 3 for a

sectional view of the experimental machine,

3.9.1.3 Airgap heat transfer

In section 3.9.1.1 it was shown that airgap power loss, P , was 145 watts.,

As a cross check on this value the component parts of P were calculated,

Since there is no relevant data on convective heat transfer in the airgaps

of couplings an approximate value for heat transfer via the air, Pc & is calculated

based on the assumption that laminar conditions exist in the airgap. This premise
is considered reasonable because there is no air-flow through the experimental
machines airgap as only onec end of the drum is open; sec figure 3.2.

The general expression for laminar ﬂow45’4°6 (conduction) is given by

e ol 26

- B 3.12
e 1 5y (3.12)

where Kg is the thermal conductivity of air, taken in this case at the average value

between 6(0, o) and 6 AMB’ i.e. 70°C; its numerical value from reference 46 is

0.0284 W/mOC. The term0/0y in equation 3,12 is replaced with
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?_9 = (9(0105) - enme)
J

2y

From section 3.9.1.1 (6(0, «)-6 AM )= 90°C and g the airgap length from table

3.1is 2.54 x 10—41:1.

Thus,

w = 1.01 x 104 W/m2
c,g

In an endring coupling, the eddy-current loss is dissipated almost entirely in the
active region and so the surface area of the endrings is not involved in airgap heat
transfer calculations. Therefore, multiplying Wc g by Aa (1.27 x lazmzj,the

active region surface arca,gives

I £ =128 W

Airgap radiation heat transfer, PR g’ is calculated from equation 2.61
»

. » |
Woy = 5-67;:08-[ £, 6y ][-r, . T:'L] (3.13)
' E| * EL-EtE‘L

where E1 and E o 2Te the emissivities of the drum iron and pole teeth respectively

and their value from reference 46, assuming oxidised iron conditions, is 0.8, T1 =

 oag® _ _ . .
(8(o, =) + 273) = 388 C Abs. and T2 = TAMB = (BAMB + 273) =298 C Abs,
Hence, substituting these values into equation 3,13

2
W = 469 W/m
R,g /

and so mulliplying by Aa yields

PR,g & 6.0 W

The total airgap power loss (Pg) is then found by adding Pc and P
4

r = 134 W
g
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This value compares well with that obtained using the power balance equation;

from section 3.9.1.1

P - = 145W
g

3.9.2 Analytical values of the temperatures in the endring coupling

It was stated in section 3,9.1,2 that the thermal time constant of the

copper endrings was much smaller than that for the active region, < 1" Conse~
quently, the temperatures throughout the endring drum tend to equalise before

the active region final temperature is reached. To calculate numecrical values

of the surface temperatures therefore, the value of Wo has to be based on the

complete surface area of the endring drum, AE =34.1x 10-2m2.

The active region surface temperature, 6(o, « ), and the back face temperature,
g(dL, ), will be calculated first, neglecting airgap power loss, P , and then taking

it into account.

From chapter 2 the theoretical equations were shown to be

(0, ¢0) = t ot W /h (3.14)
and
E}(dL’ ) - 1:1,, c ¥ Wo/hc - WodL""Ks (9:18)
The value of Ks (IOOOC) is taken as 61 W/m°C and h(= (from section 3.8) as
200 W/m>°C.

At 0.2A and 1450 rev/min the total power, P,., dissipated in the
endring drum is 785 W,

So, neglecting airgap heat losses

W

I

o PT/AE
= 2.3 x 104 W/mz

Substituting Wo' hc and Ks into equations 3.14 and 3,15 and knowing t‘.1 & =
? ?
30°C and d_ =12 mm gives

8(0, o) 145°C

]

and 0(d,, =) 140°C
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The airgap power transfer, Pg’ will now be taken into account to show
how these values are modified. From section 3.9.1.1 the value of P_ was given

as 145W. Thus,

% = - P
Po P'I‘ g
= 640 W

The value of Wo becomes

= P /A
wo o/E

= 1.875 x 10° W/m®
Putting the new value of W0 into equations 3.14 and 3,15 ylelds

e (0: o)

124°C (compare 11 5°C measured)

similarly

0 (g, ) 120°C

(compare 10 5°C measured)

Using the above values of 6(o, e) the theoretical equation for the active

region surface temperature - time response can be shown, from previous sections,

to be

a) Neglecting airgap heat losses, Pg.

0(0, t) = 30 + 115 (1 - oW ahds

and

b) Taking into account,P g

0(0, t) = 30+04(1-e2?

The measured relationship was given in section 3.3 as

0(0, t) = 30+85(1-0/29,

After P
g

is taken into account, the correlation is good. This seems to indicate that the

theory of chapter 2 needs to be made more precise by introducing airgap losses

into the initial cquations. However, it should be noted that the air-cooled coupling
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is a special case in which the back face cololant is the same as that in the airgap.
In contrast,most large commercial couplings have water cooled loss members
and so their airgap heat transfer is negligible since hc(water) » hg(air). It will

be shown in chapter 5 that Pg is less than 10% of PT in a water cooled eddy-current

dynamometer.

3.9.3 Prediction of temperatures in the solid iron coupling

An approximate method br finding the active region dissipated power, P

A'
and hence the active region heat flux, W A’ in couplings with end-effects was given

in section 2,15, This involved the power distribution factor 'r' where

r = PT/PA | (3Jﬁ)

where

| !

. (3.17)
L . [(z LW+, selxL /LYy
L @ L/NT- ! %

From table 3.1 (solid drum)

LD = 82.5 mm

LA = 25.4 mm

dL = 12,5 mm

X i = 83.5 mm

L’I‘ = 2LD + clL (only one end of drum open)
= 177.5 mm

Substituting these values into cquation 3.17 gives
r & 3.33

From figurcs 3.4 and 3.5 at 1450 rev/min and 0.2A excitation,

measured torque, T

5.2 Nm

active region surface temperature,

(0, 0)

105°C
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0
initial temperature of drum, tl o = 30 C

An excitation of 0.2A was chosen because torque fall off was small, see figure

3.7 L

The total power dissipated in the solid drum is found from

= Tw
PT

= 790 W

and so using r = 3.33 and ei;uation 3.16

= 23T W
PA

Hence,

wA = PA/:-cDLA

1.87 x 104 W/m2

Neglecting airgap losses and assuming there are no heat losses in the drum

i

then

WO £ WA

From chapter 2, the thcoretical equation for the active region surface temperature,

0(o, =), is given by

8(0, )= t, +W /h

l.c o C

0 20
Substituting tl o =30 C, hc =200 W/m"™ "C (from section 3.8) and the above value

of W A into this equation produces

8(0, o0)= 123.500 (compare 10500 measured)

The predicted value is high because the airgap losses, which would reduce W A

have been neglected. They may be taken into account, if necessary, using the same

methods as given for the endring coupling.

The complete thcoretical surface temperature response can be shown to be

8(o,t) = 30 + 93,5 (L - oY 292,
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compared with the measured response, at 0.2A, which'is

~-t/285
8(o,t) = 30+75 (L ~e i )
This is again good correspondence and it could be improved if airgap losses were

taken into account.

3.10 Conclusions

It would appear from the experimental results that similar couplings with
and without endrings running at slip speeds higher than I have approximately the
same thermal time constant, "cl. The small difference between the experimental

values of v for the two drums can be attributed to;
a) the solid drum being slighﬁy thicker than the endring drum and

b) the difference in material constants 0. and Ks caused by the different power

distributions and hence different temperatures in the two drums. e

i

The corrclation between the measured and theoretical thermal time constants

is excellent, with errors ranging from 3% to 11%. The theoretical method for

predicting “c'l is precise because g is small for air-cooled couplings and so

relatively large errors in its value have little effect on Pl' as table 2,1 shows.

Various surface temperatures in the endring coupling are calculated with and
without taking into account the airgap power loss, Pg. These predicted temperatures

are shown to compare reasonably well with the measured values when P . is neglected

and very accurately when it is allowed for. A comprehensive experimental breakdown

of Pg is given and it is shown that 19% of the total power dissipated in the endring drum
is removed via the airgap.

The active region surface temperature in the solici iron coﬁpling was also
calculated, the main purpose being to investigate the appro:dmaté method, given in
chapter 2, for dca;ling with clectrical end-effects. Airgap heat losses were neglected

but the agreement between measured and theoretical temperatures was still good,

indicating that the method is satisfactory.
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In general the work in this chapter has shown that the theory given in

chapter 2 forms a good basig' for design purposes.



CHAPTER 4

THE HIGH SPEED EDDY-CURRENT DYNAMOMETER
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4.0 The high speed eddy-currcnt dynamometer

4,1 Introduction

The new high speed dynamometer is described in this chapter. Before
dealing with its design and instrumentation the factors which influenced the choice
of coupling are considered. These include rotational inertia, speed, power rating
and cooling of the loss member. Many of these quantities had preferred values
defined by Redman, Heenan, Froudes high speed eddy-current dynamometer
specification. Consequently, the final design of the new machine was constrained
by these requirements.

Tor space reasons, detailed design work on the magnetic circuit, electrical
design, whirling speeds, stress analysis of the disc and cooling system have been
o'mltted since much of it is well documented in standard texts, details o.f which can, .-

be found in the list of references.

The last sections of this chapter deal with the high speed drive system and

instrumentation of the new machine.

4.2 Eddy-current couplings for use in high speed dynamometers.

The four basic types of coupling discussed in section 1.3 were all considered

for use in high speed dynamometers and, in particular, for a 756 kW, 14000 rev/min

“machine.

It was decided that only two of these types were suitable for this application:
a) Disc loss member with salient pole field system

b) Stationary loss member with inductor (homopolar) field system.,

Drum couplings were dismissed as unsatisfactory., The main reasons were

that discs are capable of much higher speeds than cylinders, at high speeds their

axial length is a problem, they arec difficult to cool efficiently, drum expansion
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causes loss of performance (see chapter 3) and parasitic airgap inductor and lundell
type usually have weak mechanical sections because of their complex geometry and

so are not usually capabie of high speeds.

4.2.1 Disc loss member with salient pole field system (d.s.p. coupling)

The major problem with this type of coupling (shown on figure 1.3) is cooling
of the rotating loss member. One solution is to spray water onto the dise, but the
drag created would retard the transient response and the coupling would have a high

minimum torque which is undesirable in dynamometers. An alternative would be to

have a hollow disc and pass wéter along the rotating shaft., The technology involved

however is formidable and so it is not considered practicable.

In addition, there are related electro-magnetic and mechanical problems to
consider. For effective electro-magnetic operation the loss member material

i

must have a high permeability/resistivity ratlo4’ S 12; high permeability for

magnetic efficiency and low resistivity for electrical efficiency. Pure iron and

mild steel both have these properties but are not suitable because of their low
tensile strength., A steel with a high tensile strength mﬁst .therefore be used and

in general these have low pefmeability/ resistivity ratios, This means there will bo
more leakage flux and the mmf would have to be increased to force flux through the
disc.

The stre$s analysis of the disc is extremely complicated, not only must the
high centrifugal forces be taken into account, but also the significant reducﬁon51 of
disc material yield strength with temperature, heat being generated in the disc by
the eddy~-currents.,

Axial magnetic pull is an inherent problem with single sided disc coupling313

but it can be eliminated in double sided types provided the flux densities on each

side of the disc are equal,
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The main advantages of this type are its high torque at low speeds and it

can be designed to have a very fast transient reSponselo’ i

4.2.2 Stationary loss member with inductor (homopolar) field system

Since there was no published information about disc inductor couplings a

design for such a machine was developed. Its main constructional features are

shown on figure 4.1, more comprehensive details of its characteristics and

operation can be found in Appendix 4*. -

This machine has a stationary loss member and a stationary field member
which also incorporates an annular excitation coil. The loss member can now be

indirectly water cooled and made from pure iron with its necessary high permeability/

resistivity ratio,

The rotating member is shown on figure 4.2; its only function is to produce

a permeance variation which modulates the airgap flux. No heat is produced

dircetly in it but it does absorb radiated heat from the loss member which is

dissipated naturally by the rotation.

It has negligible zero excitation torque (minimun; torque) and the rotating
parts have low inertia, which is one of the factors governing transient response.

The main problems are associated with the rotating- permeance member.
Idéally the disc material should be non-magnetic, have a low density, high resis-
tivity and good 'Ecnsile strength, High resistivity is required because metals are
conductors and under transient conditions eddy-currents will flow in the disc

delaying the flux changes in the machine,

Mcchanical and electrical design of the disc are related; the optimum size

of insert would normally be dictated by clectro-magnetic considerations but this

Appendix 4 is a copy of the provisional patent application which protects the

main constructional featurcs of the new machine.
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may be modified by strength considerations in high speed couplings. If the slots

in which the inserts fit are too large then the disc will be mechanically weak; if

they are too small, electrical operation of the coupling will suffer to some extent.
It will be seen later that these problems are easily solved with existing materials
and technology and that a disc capable of very high speeds can be produced.

Axial magnetic pull on the disc is not a problem provided the flux densities

on each side of it are approximately the same. There is nevertheless a large

attractive force between the stationary field and stationary loss member but this
i{s relatively unimportant since both can be fixed rigidly in the axial direction,

Torque-time response will not be as fast as the d.s.p. coupling since

inductor couplings inherently carry more ﬂux4’8. Nevertheless, this can be

by laminating most of the magnetic circuit and designing for low

saturation levels.

After considering the advantages and disadvantages of the various couplings,

it was decided that this type was the most suitable for a 75 kW, 14000 rev/min

machine and in the next sections details of such a machine are given.

4.3 Design

4.3.1 General arrangement and design of experimental high speed dynamometer

Tigure 4.1 showsthe mechanical arrangement of the experimental high
speed dynamon;etcr. The main body is overhung to avoid disturbing the high

speed bearings and to facilitate easy removal of the loss member and rotating

permeance member., The main body is supported by two trunnion bearings and

it would rotate if it were not prevented by a locked torque arm. This provides a

simple and accurate method of measuring the reaction torque of the dynamometer.

Figurec 4.3 shows a close up of the actual experimental machine and the above

features are easily identified.
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The high speed shaft and disc are supported by two pairs of precision
angular contact ball bearings, mounted back to back to eliminate axial shaft
movement which is normally a problem with disc machines. No shaft movement

was experienced in the experimental machine.

Because of the high speeds involved,it was necessary to calculate the first
critical speed of the shaft assembly. A numerical technique was used which took
into account the weight of the disc at one end of the shaft, the drive coupling at

the other, shaft diameter and distance of bearings apart;the value is given in table

4.1 (p &N

-

Adjustment of the two a.tx:gaps is provided by jacking screws which move the
ficld member and loss member independently with respect to the disc. As the disc
rotates, each point on the loss member and field member opposite the ﬂng of higl},,- .
permeability inserts sees a fluctuating permeance which modulates the unidirectional

airgap flux. Eddy-currents are therefore induced in these surfaces adjacent to

the airgap. To prevent eddy-currents flowing in the two sections of the field they

were laminated as shown on figure 4.1, This phenomenon is useful in a commercial

dynamometer since,by replacing the laminated sections with cooled solid iron,the

torque is effectively doubled.

The experimental dynamometer was designed with only one loss n;.ember _éo ¢
that the eddy-currents were concentrated in one place and easily monitored.
Cooling of the loss member is provided by water flowing in channels which are
arranged cdge-on to the flux,

Under steady state conditionsyeddy-currents are not induced in the disc

because each point on it sees a constant pcrmeance in both alrgéps . Nevertheless

it does absorb radiated heat from the loss member and field coil. Air passages

were therefore provided and when the disc rotates it acts as a natural pump,forcing
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cooling air across itself.
To minimise leakage fluxes the field former was made from an aluminium
casting and the shaft from non-magnetic stainless steel.

All the important dimensions and details of the experimental dynamometer

are given in table 4.1

4.3.2 The rotor (permeance modulation member)

Figure 4.4 shows the rotor for the experimental machine. The main disc
was manufactured from Titanium because it was the most suitable material for
this application, Other materials, such as non-magnetic stainless steel, could

have been used for the disc but in general would have a higher density, lower tensile

strength and lower resistivity than Titanium and are therefore less attractive.

The high permeability inserts (or slugs) were manufactured frorix mild steel. .
They are sccured in the slots in the Titanium disc with a high temperature adhesive

and-by peening at four points on each side.

Design of the disc was complicated by conflicting mechanical and electrical

requirements which were briefly discussed in section 4.2,2, The basic method was to

calculate the required size of insert for satisfactory electro-magnetic operation and

51,55, 56

then analyse the stresses produced in the disc at the desired maximum speed.

This proceceded on a trial and error basis until a satisfactory compromise between

electrical and mechnical operation was obtained.

The yield stress for Titanium quoted by the manufacturers varies from

900 N/mmz (58 ton/inz) to 1300 N/mm2 (84 ton/inz). It was considered that this

was not accurate enough for design purposes and a number of standard test pieces to

fit a Hounsfield tensometer were prepared from the same Titanium sheet as used

for the dise, The average valuc of yield stress obtained and other details of the

disc are given in table 4.1,
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After the disc was assembled,it was dynamically balanced with the excess
weight being removed by linishing across the diameter,

4.3.3 Electro-magnetic design

The original specification for the dynamometer stated that it must _be capable

of maintaining 75 kW from 2000 rev/min up to 14000 rev/min, It was decided,
partly for rcasons discussed in section 4.3.1 and partly for instrumentation and
drive limitations, that the f.zxperimental machine was to be potentially capable of
the full rating, but for experimental purposes it was to produce only a quarter of
75 kW. The reduced rating was achieved by using only one loss member and i'n-

creasing the two airgaps from théir designed value of 0.5 mm to 1 mm, These

measures then allowed the dynamometer, after simple modification, to meet the

original specification if necessary. )

The slug width/slug pitch ratio which is the same as tooth width/tooth pitch
ratio (K') in normal inductor couplings was chosen as 0,45, Da.\ries,8 has shown
that this is tho valuc for inductor couplings, which uses the fundamental flux most

effectively. It is known* however that much smaller values of K’ could have been

used with only a small reduction in torque. This is particularly useful for future

reference,since reducing this ratio would increase the mechanical strength of the
disc. Nevertheless 0.45 was chosen so that the experimental dynamome'tcr could

8
be designed by dimensional ratiolng from Davies  inductor coupling which also had

the same tooth width/tooth pitch ratio.

Dimensional ratioing is a technique widely used in coupling design and accurate
estimates of the peak torque and speed at peak torque for one machine can be obtained

from another. This was not straightforward since Dzwies8 inductor coupling was a

From unpublished work belonging to E. J. Davies, Professor of Electrical

Engincering at the University of Aston in Birmingham
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drum type machine and the basic equations had to be interpreted for disc machines.
Figure 4.2 shows in;{er and outer pitch circle diameters these are the mean
diameters of the two rings of inserts. In Appendix 3 they are shown to be equivalent
to the diameter D in normal machine terms. The length of insert is also shown to
be equivalent to the active length, L , ina normal machine
The inner and outer regions were analysed as two separate machines.
Having chosen K’ and established equivalent D and L N values for the inner and outer
regions Da.vies4' - dimensional equations were used to determine the other machine

parameters.

A number of different combinations of D, L A and p were tried for the equiva-
lent inner and outer machines, where p is the number of inserts. Airgap length g

was choscn as small as mechanically possible taking into account the high speeds .- -

involved.

It was initially assumed that the flux density in the outer airgaps was approxi-

mately the same as in the inner airgaps. This is shown in chapter 5 to be slightly

{naccurate because of the leakage fluxes around the outside of the field member.
Values of peak torque and speed at peak torque were estimated for the two
reglons and Davies4 normalised torque-slip curve was used to obtain the torque-

slip curve for cach. These were then added to obtain the resultant curve.
It was found that by choosing different numbers of inserts for the inner and

outer regions and varying their pitch circle diameters as well as length that the

torque-slip curves could be tailored. The actual choice of p, D and L A is too

involved and lengthy for publication here since it involved simultancous analysis of

the stresses in the disc and consideration of the leakage flux paths.

The magnetic circuit was designed for low flux density levels to ensure that

approximately all the excitation mmf was used in forcing flux across the two airgaps
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and through the disc. TFigure 4.5 shows the field member. It can be seen that it

has substantial sectionsthe _iaminations are also clearly seen,

The permeance of the main and leakage flux paths were calculated using

well known met.'fmds25 and an equivalent magnetic circuit was used to estimate the

distribution of flux in the machine. Considering the complex geometry of the

dynamometer and the straight line approximations made when calculating the per-
meance of the vartbus flux paths, the theoretical and measured flux distributions

are very close, as will be shown in chapter 5.

The total mmf to be supplied by the field coil was estimated using the methods
detailed in Gibl:os2 classical paper. Knowing the mmf required from the coil the
depth of slot, number of turns and wire diameter were calculated using standard d.c.
coil thcoryzg. The coil was wound with 760 turns of 1.25 mm diamete;' wire, engmel

{nsulated. It is rated at 6A which gives a total mmf of 4560 AT and it has a cold d.c.

resistance of 8,9 2. Fibre wedges were used to secure the coil in the slot.

The axial thickness of the rotor was made at least fifteen times greater than
. 2
the airgap width. It can be shown that the non-magnetic region between the inserts

then approximates to an infinitely deep slot when seen by the loss member and so a

maximum permeance variation is achieved.

During prcllminary-tests the loss member and backing plate were found to

flex in diaphragm fashion , producing a non-linear airgap. The reason was

found to be the water manifolds which create weak sections and,since there is a

large axial magnetic pull between the stationary loss member and field member,this

produced the deflection. This was eliminated by fitting a heavy strengthening plate,

4.3.4 Tho loss member and its cooling system

I-‘lguro' 4,6 shows the loss member which is made from hydrogen annealed

pure iron ('Armco'). The cooling water channels are also clearly shown. There are
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48 in the outer ring of a 1/16 inch square section and 24 in the inner ring of § inch
square section. These slqiﬁ sizes were chosen to correspond with the milling
machine cutters that were available.,

The reason for the different number and size of water channels in the two

regions of the loss member was to obtain an equal temperature distribution in the

radial direction and so minimise distortion. The initial unequal temperature is

caused by the different power developed in the inner and outer regions.

Standard theory e of pipes in parallel was used to design the cooling

system. An equivalent hydraulic mean diameter was found for each slot and from this
the slot dimensions were calculated.

The water Inlet pressure was specified to be no greater than 2 bar with a
throughput not exceeding 40 litres per KWH at an output temperature oi approximately
40°C; the water output temperature is fixed to minimise scaling, The only varliables
therefore were the number of slots, their surface area and the water velocity through
‘them, assuming of course that the power to be removed has a defined maximum value.

After machining, the loss member was 'sheradized' to prevent rusting and build
up of deposits. The active surface was reground after this process to ensure that

the torque-slip characteristics were not changedz.

4.3,5 Dectalls of experimental high speed dynamometer

The most important detalls and parameters of the experimental machine

are given in table 4.1,
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Table 4,1

Details of experimental high speed dynamometer

Rotating permeance member (disc)

tooth width/tooth pitch ratio, inner and outer regions

= 0.45
number of inserts in outer ring - 18
length of outer inserts = 32 mm
number of inserts in inner ring = 9
length of inner inserts = 58 mm
Disc material - Titanium - measured maximum yield = 1100 N/ mm2

stress 70 tons/inz)

Inscert material - mild steel

width of disc

= 15 mm o
Weight of disc and inserts = 9.5kg |
Rotational inertia of disc only (approximate) = 0,158 kg m2
Axlial airgaps:
a) designed value = 0.5 mm
b) value used in experimental work = 1.0 mm

first critical spced of disc and shaft

It

34,400 rev/min

mean pitch circle diameter - outer = ' 312 mm

mean pitch eircle diameter - inner - 170 mm
Ficld member and excitation coil
spiral laminations, thickness - 1 mm
slot size: axial length = 60 mm
radial length = 23 mm

winding turns = 760



= 895
diameter of coil wire (enamel insulated)
winding resistance (cold)

rated coil current

Loss member and cooling system

resistivity of pure iron ("Armco')
thickness of loss member

cooling channels a) outer

b) inner

= 1.25 mm

= 8.9Q

it

6A

= 11.2¢10 °Qm
= 16 mm
48 channels x 1/16 inch
square section
24 channels x  inch square

section
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4.4 The high speed drive system

Figure 4.7 shows the general arrangement of the experimental apparatus.

The main drive was provided by a 4 pole, 75 kW induction motor driving through

a 75 kW water cooled drum inductor coupling. The low speed end of the gearbox

was connected to the drive coupling by a sliding shaft and two universal joints.
The high speed end was connected to the experimental dynamometer by a splined
shaft. |
A schematic diagram of the experimental apparatus-and high speed drive
system is shown on figure 4.8. The dynamometer (A) was run up smoothly w.ith
the drive coupling (C) and induction motor (D). Using a coupling as the gearbox
drive also allowed closed loop control of the output shaft speed to be easily arrangediz.
Feedback for the control system was provided by a d.c. tachogeneratoxl E).

The dynamometer excitation was taken from a 150V, 6A stabilised d.c.

r

power supply (G).

4.5 Instrumentation

4.5.1 Torque mcasurcment

An clectrical signal proportional to torque was provided by means of four

strain gauges fixed on the dynamometer torque arm. The gauges, two in com-

pression and two in tension, were connected in a full bridge circuit with a potentio-

meter for zeroing the output under no load conditions, The connections are shown in

figurc 4.9. Each gauge was rated at 0.3 watts and had an unstrained resistance of
500 ohms.
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INFUT FROM STABILISED

D.C. SUPPLY.
¢+ OUTRUT TO X-Y PLOTTER. [
T = Top gauges on torque arm,
B = Bottom gauges on torque arm. FPigure 4.9

The torque arm was made from 13 mm square bar (3 inch square stock size)
and its effective length was 0.5 m from the centre line of the shaft to the support
pivot screw. Defailed design of torque arms can be found in reference 3.,

Counter balance was provided by another arm fitted with a sliding weight

fixed diametrically opposite the torque arm.,

Calibration of the strain gauges was carried out using a supported spring

balance attached to the pivot screw at the end of the torque arm, ILoad was then

applied by means of the counter balance arm and the bridge input voltage adjusted

until tho required deflection was obtained on the high input impedance x-y plotter,

4.5.2 Spced mcasurcment

A permanent magnet d.c. tachogenerator, driven by a toothed belt from the

drive coupling output shaft, was used to obtain an electrical signal proportional to

speed. The same signal was used in the speed feedback loop of the drive couplings
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control system. Care was therefore taken not to short circuit the tachogenerator
leads, otherwise the control system would have detected a zero speed condition and
applied full excitation to the drive coupling which would have responded by accelerating
to full speed. -

The tachogenerator had an output of 0.1 V/rev/min,

4.5.3 TFlux measurement

4.5.3.1 Arrangement of search coils on stationary field member

Figure 4.10 shows the search coil arrangement on the stationary field member,
Search coil 3 measures the shaft leakage flux, 4 and 5 measure the flux entering and
leaving the inner and outer laminations respectively and 6, 7 and 8 measure the
leakage flux around the outside of the field former.

The search coils comprise a single turn of 40 S.W.G. copper wi-re (LEWMEX)
fastened with Permabond 101 contact adhesive. ’

Each pair of secarch coil leads were twisted together to avoid pick up and
terminated in multicore sockets which were connected to a 50 way rotary switch by

screencd multicore cable and plugs. The rotary switch allowed selection of any
search coil to the output terminals.

4,5.3.2 Full pitch search coils

Figure 4,11 shows two full pitch search coils on the loss member éurface,
one spanning the outer active region the other the inner active region, Full pitch
search colls in inductor couplings embrace half a tooth (slug) pitch in the peripheral
dircction and not a tooth pitch as x\a;mld normally be expected. This is because of
the homopolar field. The flux progresses through a complete cycle between teeth
and a scarch coll embracing a tooth pitch would therefore have zero net induced emf,

These particular search coils were used to obtain the mean standstill flux

density under a tooth and slot,
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Both search coils consisted of a single turn of 40 S.W.G. Lewmex wire

fastened with Permabond contact adhesive.

The leads were also brought out in the same manner as the search coils in

the previous section,

4,5.3.3 Flux meters

The steady state flux was measured using a '"Norma' ballistic flux meter.
This instrument was critically damped by connecting a decade resistance box in
series with the search coils. The box was then adjusted until the terminal resis-

3
tance was 30 ohms. In all the steady state flux tests the method of field reversals

was used.

The transient flux response was measurcd using a 'Hirst' integrating flux
meter with output terminals giving the integrated search coil voltage directly. The

instrument had a high input impedance and so the search coil resistance did not

introduce any errors. The flux meter also had a drift compensation which was found

to be poor, so all transient flux tests were carried out quickly after zeroing the

instruments.

The output was fed to a storage oscilloscope fitted with a polaroid camera

for recording the traces.

A magnetic standard was used to check the calibration of both flux meters.,

4,5.4 Loss member surface temperature

4.5.4.1 Thermocouple array on loss member surface

The loss member was provided with thermocouples to measure its thermal

time constant and the temperature distribution across it. Figure 4.11 shows the

positions of the couples on the loss member surface.

Standard manufacturced thermocouples could not be used because their lead

diameters were too large for the machine airgap, typical diameters varied from

0.5mm to 1,0 mm.
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Special thermocouples were therefore made with an overall diameter of
0.3 mm, their leads consisted of 40 S,W.G. copper wire (LEWMEX) and 42 S.W.G.
nickel-copper (CONSTANTAN) wire insulated with a double layer of rayon. The
thermal junction was made by removing a small amount of insulation from _the end
of each lead then tightly twisting them together; they were then bonded by soldering.

Each lead was carefully twisted together along its entire length to eliminate

pick up. The ends were then brought out via multicore cable and terminals to the

same rotary switch as used for thesearch coils in section 4.5.3. Permabond was

used to stick the couples to the loss member.

4,5.4.2 Temperature measurement

A Pitman Veritell-D digital pyrometer was used to measure the temperatures.
1t was designed for use with copper-constantan thermocouples only and had a temper-.
e + :
ature range of 0 - 400°C with an indicator accuracy of 0.25% range - 1 digit at room

temperature. Cold junction compensation was fitted as standard., The input impe-

dance was not less than 1 megohm and the thermocouple lcad resistance may be as

high as 100 ohms without effect on accuracy.

Initial zeroing of the digital pyrometer was performed using a standard
copper~-constantan thermocouple immersed in melting ice. The zero was also

checked periodically during the experimental tests.

The instrument was connected directly to the rotary switch terminals so that

any of the loss member thermocouples could be switched in to it. Also connected

to the rotary switch and in parallel with the digital pyrometer was a high input

impedance x-y plotter which was used to record surface temperature against speed

and time,

4,5.5 Surfaco current density

4.5.0.1 Position of current density brobes on loss member surface

Figurc 4.12 shows the matrix of current density probes on the loss member

surface, DProbes Z1 to Z11 all have 1 em centres and measure the distribution of
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radial current density, probes Xl to Xll also have 1 cm centres and measure the
distribution of peripheral current density in the radial direction, Probes le
and Z 13 Span the two.active regions and measure the mean radial current density;
the results from these two probes were used to construct the peripheral airgap
flux density waves.

Each current density probe consists of a pair of twisted leads each of 42 S.W.G.
nickel-copper (CONSTANTAN) wire insulated with a double layer of rayon. The ends
of each probe lead were physically attached to the loss member surface using a spot
welding technique14 which had been found to give good results in practice.

The leads were terminated in the same manner as the search coils in

gection 4.5.3 and then brought out to the rotary switch, Permabond 101 was again

used to fasten the leads to the loss member surface.

4,5.5.2 Current density measurement.

A current density probe does not measure directly what its name implies,it
only measures the voltage V between two points. However, knowing the distance
1p between the probe centres and the resistivity, ¢ , of the surface the magnitude

of current density can be estimated from Ohms law equation 4.1:

J = v (4.1)
e Ip
Equation 4.1 isinnaccurateif the temperatures between the two probe contacts

are, radically diffcrent this is obvious since ¢ is a function of temperature.

Even though the probe does not measure the magnitude of current density,the
time varying voltage and surface current density do have the same general shape

provided the value of ¢ at the two contact points is approximately the same. The

output from the current density probes was fed to a storage oscilloscope and the

traces recorded using a polaroid camera.,
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4,6 Conclusions

In this chapter the new experimental high speed dynamometer has been
described along withits instrumentation. Most of its design features are
superior to the original Redman, Heenan, Froude specification and it is thought
that the new machine is satisfactory for a 75 kW, 14,000 rev/min dynamometer.

Ultimately however it will be judged on its dynanﬁc performance which is analysed

in chapter 5.



CHAPTER 5

THE HIGH SPEED DYNAMOMETER - EXPERIMENTAL RESULTS
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5.0 The high speed dynamometer - experimental results _

5.1 Introduction

In this chapter the experimental work on the high speed dynamometer is

discussed. The main objectives of the work were:

a) to investigate the performance of the new machine and confirm that itis
suitable for a 75 kW, 14000 rev/min dynamometer,

b) establish whether o.r not existing coupling theory4’ 8 could be used with
confidence to design high speed machines and

c) " study the behaviour of a water cooled loss member and the effects of sur-
face temperature on the perforn{ance of a disc type coupling.

To verify that the experimental machine obeyed general coupling theory. |
measurements of torque, slip spced, fundamental flux per pole and peaic fundamental
armaturc reaction mmf were obtained and compared with the numerous generalis;ed
curves. The relationships between these quantities are also determined and
compared with the theoretical exponents derived by Davieaa.

The measured surface temperaturcs and thermal time constants are

analysed and the results compared with predicted values which were derived using

the theory of chapter 2.

In the last part of the chapter the new machine's transient reSpons;e is

studied.

5.2 Standstill magnetisation curves

Before commencing general testing, the standstill saturation curves were

measurcd and compared with the design curves. Figure 5.1 shows the curves of

measurcd and calculated fluxes Ieaving ((251) and entering (@ ) the laminated
o

gscctions of the ficld member.
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The calculated curves are based on an equivalent magnetic circuit with the
branches representing the reluctance of the various flux paths. Correlation
between measured and calculated curves is very good considering the
straight line approximations made when estimating many of the reluctance values.

Figure 5.2 shows a half section of the dynamometer and a table of the
measured and calculated flux distribution at standstill; where 1 and 2 are total
fluxes entering and leaving the loss member active regions, 3 is shaft leakage
flux, 4 and 5 fluxes leaving and entering the laminated sections of the ficld member

and 6, 7, 8 the leakage fluxes around the outside of the field member.

DISTRIBUTION OF FLUX AT STANDSTILL , EXCITATION : ) A.

o-""'"“ll-..

Measured Calculated

L R — @m) ()
Z %‘\\\\\\\\\\ 1 :15.3 16.5
R N2 \ 2 : 10.8 111
94 J;‘\%//// \ \ 31 0,53 neglected
% % \ v b 2 A7.5 175
AT : 13, y
NN T
41} /’\ \‘ 7t 0,31 0.72
n 2;-—3’_— \\ N 8 : 2.04 2.6

(3,6,7,8 are leakage Fluxes)

The measurcd leakage fluxes are seen to be high., In a practical machine

they could be substantially reduced by closing the two airgaps to their design
value, 0.5 mm, and replacing the mild steel spacer between the loss member and

field former with a non-magnetic one. These modifications would tend to equalise

the fluxes (JI and Go which is desirable for performance reasons.
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5.3 Torque-slip curves

Figure 5.3 shows the family of torque-slip curves for the experimental

machiﬁe. They were obtained by setting the field current at standstill and main-
taining it constant with a constant current power supply, then increasing the speed

of the drive coupling. The speed and torque signals were fed to an x-y recorder

which plotted the torque-slip curves automatically as speed increased. Other

researchersa'g’ used this method to obtain the curves quickly and limit the

temperature rise of the loss member,

To verify that temperature rise was negligible,various loss member surface
temperature against slip curves were taken simultaneously with the torque-slip

curves using another x-y plotter. The curves are not included for space reasons

but do show that loss member surface temperature does not increase aﬁpreciably e

i

whilst a torque-slip curve is taken.,

Because the loss member is water cooled,its temperature falls rapidly to
the water inlet temperature after the excitation is removed. The value of resistivity

(e ) tobe used for any theoretical comparisons with the torque-slip curves may

thercfore be taken at the water inlet temperature.

The power developed by the machine at 2000 rev/min had to be at least a

quarter of 75 kW to meet the dynamometer specification (see chapter 4). Torque

corresponding to this power level at 2000 rev/min is 90 Nm; figure 5.3 shows that

this is ecasily excceded when rated excitation, 6A, is applied.

In later scctions the torque slip curves are plotted on log-log paper and

comparcd with Da.viesa' B gencralised torque-slip curve,

5.4 _ Variation of main fluxes with excitation at various slip speeds

The secarch colls described in section 4.5.3.1 were used to check the

variations of the main fluxes with spced and excitation, Flux measurements were

carried out using the method of reversalsa. At high speeds, the excitation had to

be kept low because of drive limitations,
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Figure 5.4 shows total flux ((JI) leaving the inner laminated section of the
field through search coil 4 and figure 5.5 the total flux (Ojo) entering the outer

laminated section of the field through search coil 5. Both quantities are plotted

against excitation at various slip speeds.

A comparison of the two figures reveals immediately that O’I is considerably
laréer than G'o. In section 5.2 it has been shown that this difference was caused
by the high leakage fluxes around the outside of the loss member. The standstill
leakage fluxes are plotted against excitation on figure 5.6.

The curves on both figures 5.4 and 5.5 are not as divergent with speed as
in Lundt3113’9 or salient pole couplingsm. Their general form is understandable
if the operation of inductor couplings is considered in simplified form. For a

given field current, a flux exists in the machine at standstill whose va;lue is
dictated by the magnetic circuit. Figure 5.7 shows the idcalised standstill airgap

flux density wave, Bg, in an inductor coupling; it is unidirectional because of the

homopolar fleld.

IDEALISED STANDSTILL ATRGAP FLUX DENSITY YAVE IN AN INDUCTOR COUPLING.

’

| 2K l
STANDSTILL AIRGAP e
FIUX DENSITY (Bg)
¢ Bt
@
Figure 5.7
The Fourier series for Bg is given by
o0 ; .
8. = B |K z : S (hKRD cos(h6)
L t h (5.1)

h:l,?.
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Equation 5.1 shows that Bg contains a mean level plus all the odd and
even harmonics. The fundamental component is the rﬁajor torque producer
whilst the mean level contributes nothing and only saturates the magnetic circuit.
With a tooth width/tooth pitch ratio (K') of 0.45,it can be shown from
equation 5.1 that the mean level and fundamental have similar magnitudes. This
means, approximately, that only half the flux in the machine is used usefully,
When the airgap flux density moves relative to the loss member, the
' fandamental component generates eddy-currents in that member; these in turn
produce an armature reaction flux, The armature reaction flux subtracts from the
fundamental flux (Lenz's law) and so less is available to generate losses, but the
mean level is unaffected. Eventually a balance is reached when the mmf needed to |
set up fundamental flux, overcome armature reaction flux and establish the mean ‘

[

level equals the applied field mmf.
As speed riscs the fundamental flux will fall, because less is needed to

gencrate losses, and the armature reaction flux will rise, the mean level remaining

approximately the same. This now means that the reduction in total flux will be

3,9
much less than in Inndell™” or salient pole10 couplings; it is in fact roughly half

their reduction. This is exactly what figures 5.4 and 5,5 show. The wave forms

of airgap flux density will obviously change with speed and excitation and they will

be discussed later.

5.5  Torque variation with excitation and total flux (2‘1 at various slip speeds

Figure 5.8 shows torque plotted against excitation and total flux (GI) at

various slip spceds., The slopes for both flux and excitation are nearly the same

which verifies that the flux ~ excitation curve is approximately linear over a wide

range of frequencics as figure 5.4 shows.
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No conclusions concerning general coupling theory4' 8 can be drawn from
these curves since the situation is obscured by the torque, which is the resultant
of two different torque-slip curves, and total flux which includes all the harmonics
and a mean level. Nevertheless, the relationship between torque (outer) and
fundamental flux for the outer region can be computed and compared with theory;
this is done in later sections.

Even though no specific conclusions can be drawn from figure 5.8 it is
suspected that-general trends will be obeyed.

It can be shc.wn3 theoretically that:

T o< (If)1'54 (at speeds in excess of nm) (5.2)

and

T =< a£)2.85 (at speeds much lower than nm) (5.3)- -

a third relationship is also known4' -

2
T < 11 f) (at nm) (5.4)
The cquations show that as speed increases the exponent of If decreases,

figure 5.8 shows this tendency.

At 6000 rev/min (approaching peak torque), Slope of (a) = 2.06 (compare 2.0)

At 500 rov/min (low speed) , Slope of (g) = 2.36 (compare 2.85)

The comparisons are approximate, but do show that the experimeﬁtal
machine tends to obey the general relationship between torque and excitation,
This observation is extremely significant because the maximum frequency of
cddy-currents in Davies3 coupling was 150 Hz, The loss member eddy-current
frequencies in the experimental dynamometer at 6000 rev/min were 1.8 kHz and

0.9 kHz in the outer and inner regions respectively; that is to say twelve and six

times higher than the eddy-current frequency in Davies3 coupling.
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The indication is that the governing factor in coupling operation is the
actual speed with respect to the speed at peak torque (n/nm) and not eddy-current

frequency which appears to be arbitrary. This is investigated in detail later.

5.6  Surface current density

5.6.1 Oscillograms of current density across the loss member surface

In section 4.5.5.1 and figure 4.12 the matrix of current density probes on

the surface of the loss member was described.
The purpose of the 1 cm centre probes was to:

a) enable a general investigation to be carried out of the current density

distribution across the double region loss member,

b) determine whether or not the different frequency eddy-currents in the two
regions influcnced each other and hence confirm or otherwise the assumption that. -
the machine could be treated as two separate couplings for design purposes, and

c) check if the signals from probes le and 213 will be representative of the
mean radial current density across the two active regions.

Probes Xl to X_.. and Z1 to 2

11 11 Were not all positioned on the same radial

line as shown on figure 4,18, Initially only probes at the inner and outer edges

of the two active regions were included; the others were added as the work pro-
gressed and for space reasons were distributed around the loss member. Their

phase relationships are therefore arbitrary, but their magnitudes are related and

can be compared.

Figures 5.9 to 5.14 show the oscillograms of the current density waves
taken from the 1 cm probes at various slip speeds and excitationé. It was intended
to take six scts of oscillograms with 2A and 4A cxcitation at 2006, 4000 and 6000

rev/min, but the drive motor overloaded at 4A, 6000 rev/min so a set at 3A, 6000

rev/min were taken instead. The figures show that the wave shapes from each
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probe are similar,even though excitation and slip speed change. A close inspec-

tion however reveals that their magnitudes are different (see section 5.6.2).

Probes Xl' Zl, X7. Z7, Xll’ le measure the current density in the

three end regicms2 of the machine. The oscillograms from probes X., Z_, X

s R s ¢
and Z 11 show that the waves become sinusoidal when the eddy-currents are outside

the influence of the inducing airgap flux density. In a. later section their peak to
peak magnitudes are plotted against slip speed at various excitations. Da.vies3
also observed that the end region current density waves were sinusoidal in a drum
type coupling. |

The reasons for the waves becoming sinusoidal are not fully understood nor

arc end-cffects* in general, Onec theory is that because the wavelengths of the

‘airgap flux density harmonics in the peripheral direction are much less than the P
length of the active region, the machine appears infinitely long to these same har-

monics. Itis km:uwn14 that machines satisfying the wavelength condition for the

fundamental tend to have negligible end-effect. Therefore, it can be argued that

the same criterion also applies to the harmonics, and since Gibb32 has shown the
equivalence of the airgap flux density wave in the peripheral direction, By(x), and
the time distributed radial current density, Jz(t),' at the surface of the loss member
then a full solution for the fundamental current density may adequately aécount for

end effects.,

The oscillograms from probes X’? and Z 7 also show a tendency for the waves

to become sinusoidal. Thcy are not as clearly defined as the waves in the other
two end regions but do show that the lower frequency of the inner eddy-currents is
apparently dominant. To obtain more information about the eddy-current inter-

action between the two regions requires a much finer mesh of probes. Neverthe-

End-cffects refer to the influence of all eddy currents outside the active region.
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less, an insight to the problem is provided by the oscillograms from probes Z

10’
Za and ZB' They show that the waves from Z 10 and Z g are the same frequency

te. wave
and approximately the same magnitude,and that,from Z6 has the same general

shape, but is half their frequency.

If the two regions had a major influence on each other,the wave from ZB

would be different to that from ZlO because the latter is at the outer edge and not

influenced by the inner region. While this does not prove conclusively that the

two regions can be treated separately and hence as two independent machines, itis

thought the assumption is reasonable for design purposes.

It can be shownlo theoretically that the peripheral and radial current density

components should be zero and maximum respectively at the centre of the active
reglon. The oscillograms show this is true for the outer region, but 'not for the_h
inner region which has a pronounced unsymmetrical distribution. This may be

due to current crowding caused by the hole in the centre of the loss member, The

oscillograms from probes X2 and Z 2 show clearly that the eddy-currents are

turning round dramatically before they reach the middle. Interestingly enough the

active region swept area above and below probe X 5 is approximately the same;s

however,the unsymmetrical distribution needs further investigation.
The source of the ripple on some of the oscillograms, particulariy Xz and
Z 9? is not known, but it is thought to be produced by either bad probe contacts on

the loss member surface or much more likely the wires from the probe contacts

arc not laid cxactly in line therefore introducing a dd/dt voltage into the‘probe

signal,

5.6.2 Current density distribution across the two active regions.

The oscillograms on figures 5.9 to 5,14 show that the current density dis-

tribution across the outer active region is symmetrical, but across the inner
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active region it is unsymmetrical. To illustrate this more clearly the quantities
defined on figure 5.15 were measured from the active region oscillograms, at
various slip speeds and excitations, and their actual current density magnitudes

3
were calculated as detailed in section 4.5.5.2.

CURRENT DENSITY AMPLITUDES -F(Jz) AND J((Jx).

e -=q== (1) _7_‘\_-_ (2)
i&Jz} )

s B e _\_f:‘_xj_fh __"—__'f'v.

General shapes of radial current density wave (1) and peripheral current
density wave (2).

Figure 5.15 o ¢

The results are plotted on figures 5.16 to 5.19 and show, at the same speed and
excitation, that the peak radial current density magnitudes are approximately the
gsame in both regions, which is surprising in view of their different parameters.

The explanation is found by comparing the ratio of the measured magnitudes with

that calculated using the well known equation:

e = B,v.l (5.5)
whero B = airgap flux density (T)
v = the relative velocity between rotor and loss member
given by 2'Krav.N (m/s); N is slip speed (rev/s) and
r_ the mean radius of the current density probe (m).
L = length of probe Lp (m)
e =

the emf across the probe terminals (V).
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Consider the magnitudes from probes Z 9 and Z 5 at 2A, 6000 rev/min;

from figures 5.16 and 5.17, the ratio of ng/st can be shown to be 1.08.

From figures 5.4 and 5.5 the ratio of GO/GI (proportional to Bo/ BI) at 2A,

6000 rev/min’is 0.7. The mean radius of probe Zg is 156 mm and for Z_ 97 mm.

Substituting these figures into equation 5.5 and remembering the probes are the

same length:

ng e(outer) 0.7 x 156 _ 1.12 (compare
p—— ol —_ £l
Jz5 e (inner 97

measured 1.08)

This simple analysis shows that the uneven flux distribution between inner

and outer produces approximately the same peak current density magnitudes in the

two regions of the loss member. It can be shown that the analysis also applies to
the other probes.

i

5.6.3 End region current density

The peak to peak values of the oscillograms from probes Xl, Zl, Xll and Z1 1
were measured and their magnitudes calculated as described in section 4.5.5.2.

Figure 5.20 shows the components plotted against frequency at various excitations.
The radial magnitudes in both end regions are seen to be approximately the same,

which is not too surprising considering the results of section 5.6.2, What is sur-
prising, however, is that the radial and peripheral magnitudes in both end regions,

at the same speed and excitation, are also approximately the same. It would be

interesting to sce if this equal distribution pattern is repeated further out in the

end regions.

Tgure 5.20 also indicates that the magnitudes are approﬁmately proportional
to both speed and excitation over the range covered, The linear relationship between
the magnitudes and excitation is to be expected,since figures 5.4 and 5.5 show that

the machine is unsaturated at 4A, 6000 rev/min, Even though straight lines have
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been drawn through the experimental points it is suspected that they do in fact lie
on curves flattening out at higher frequencies. This is also implied by the straight

lines themselves as .they do not pass through the origin at zero slip speed,which of

course they should.

5.6.4 Oscillograms of the mean radial surface current density in the active regions

To determine whether the new machine obeys general coupling theory8 esti-
mates must be made of the‘ peak fundamental armature reaction mmf§ (ﬁ‘rl) and funda-
mental flux per pole ((Zfaclj. Both these quantities are derived from the peripheral
airgap flux density waves which are usually3 obtained from search coils spaced
across a tooth or pole. Normal methods could not be used because it was not
possible to measure the signals from search coils attached to the high speed rotor,

The alternative was to measure the active region radial current: density ax}d :
then construct the airgap flux density wave using equation 5.6 |

Ez.dt = By.dx (5.6)
This equation was given by Glbbs2 and shows that the time varying radial current
density is proportional to the space distributed peripheral airgap flux density at

the surface of the loss member,

The two full length active region probes (see section 4.5.5) le and le were
used to obtain oscillograms of the radial current density. In a previous 'sectlon,it
was shown that the current density magnitudes varied across the active regions,

particularly the innerywhere it falls appreciably towards the middle. The two probes

therefore measure the mean radial current density.
Figures 5.21 to 5.24 show the oscillograms from probes le and le.
3
The waves are the normal - peaky type expected in couplings and the demagnetising

cffect of the armature reaction at the higher speeds can clearly be seen. Figure
5.24 shows the oscillograms taken from probe Z 13 at low slip speeds. The waves

at 500 rev/min are poor quality due to lack of sensitivity of the control system at
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low speeds and to the oscilloscope which was set on its lowest range for these
pictures. They show that the armature reaction is very small at 500 rev/min,
which corresponds to an eddy-current frequency in the outer region of 150 Hz.
The significance is that in Dzwies3 coupling at 150 Hz the armature reaction was
completely dominant, but at this frequency his coupling was operating well above
the peak torque point the experimental dynamometer was not,

In section 5.6.3 it was shown that the current density distribution across
the outer active region was symmetrical, but across the inner region unsymmet rical.
Because of the labour involved, it was decided to analyse the oscillograms from
probes 213 only. Itwas argued that if general coupling ’cheory8 could be shown to
apply for the outer region then it must also apply to the inner region, since the
outer region eddy-current frequency was double that of the inner., In ﬁle nexf p
section, the results from probes 213 are used to derive the on-load peripheral |
airgap flux density wave in the outer active region.

5.7 Airgap flux density

5.7.1 Derivation of the peripheral airgap flux density distribution in the outer region

The current density oscillograms from probes Z13 were replotted on a
much larger scale and their zero line, see figure 5.25 later in text, found by

- counting squares; they were also converted to flux density using equation 5.7

which is derived from (5.5)

B(outer) = 'i,%".v % - (-3)
where e = probe voltage
Ip = length of probe (equals the length of the outer active
region, L, = 3.2 x 10'2m)
v = mean velocity of rotor with respect to the outer region

- 2 “'ravoN
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I

- mean radius of outer region = 0.156 m

N

]

rotor slip speed (rev/s)

The areas above and below the zero line are equal by Kirchoff's law,since

they represent the current that flowsunder a toothinone direction and back under a
neighbouring slot in the opposite direction. Unfortunately the flux density waves
produced solely from the oscillograms, by replotting and using equation 5.7, are not
the complete peripheral airgap flux density waves; a mean d.c. level must be added
before they are useful. The loss member in a homopolar coupling reacts only to
the space varying components- of airgap flux density and so the current density

oscillograms arc simply facsimilies of these changing quantities and do not show

the d.c. flux density level.;

The full pitch search coils, discussed in section 4,5.3.2, were used to

‘

measure the standstill tooth and slot flux densities, It will be obvious from the
nature of the experimental machine that the flux linking the two search coils de~

pends on their position with respect to the inserts in the rotor, The flux was

measured using the method of reversa.l33 and the rotor was moved until maximum

and minimum readings were obtained. These rcadings are not the exact tooth and

slot fluxes because considerable fringing takes place as the flux crosses the airgap.
Novertheless, they are compatible with the oscillograms since they were both

measured in the ‘same plane, at the surface of the loss member.

The minimum reading, CJF p (min), is a measure of the slot flux, CZfS, and

when it is divided by the area of the full pitch search coil, A the mean slot

r.P.’

flux density, Ba’ is obtained, The maximum reading, ¢ (max) is not the

F.P,
tooth flux, ¢, because the tooth width/tooth pitch ratio is 0.45 and the full pitch

coils have a pitch of 0.5. So, the maximum reading includes a fraction of the slot

flux as well as the tooth flux, Equation 5.8 was therefore used to calculate slot
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flux from the measured maximum values; the value of Gt is approximate because

fringing is neglected.

== o . 5.8

d, [Fp.p, max) = 0.1 0, (min)] (5.8)
Mean slot flux density, Bt' was then found by dividing ¢ ¢ by the area of

the inserts, At. ‘The areas of the inserts and search coils in the two regions are

given below.

-4 2

AF.P.(outer) = 8.64x10 m
-4 2
AF.P. (inner) = 17,20 x10 'm
At ~ (outer) = 7.79 x 10-4m2
A, (mer) - = 16,65 X 10 " *m>

Table 5.1 gives the measured maximum and minimum standstill fluxes from

the full pitch search coils and the corresponding tooth and slot flux densities at

[

various excitations.

Table -5.1

Excitation Standstill flux from full Mean standstill airgap flux

pitch search cPils, Q‘F.P. density. o
(A) (mWh) (T)

OUTER INNER OUTER INNER

max,., | min., |max. | min, Bt Bs Bt Bs
2 0.246| 0.0466{0.727 | 0.13 | 0.31 | 0.054| 0.469 |0.0756
3 0.37 | 0.0713|1.06 |0.2 | 0.466| 0,083| 0.684 |0.1163
4 0.493| 0,092 {1.415{0,25 | 0.621| 0.106| 0,912 {0,145

The d.c. flux density levels were introduced by assuming the slot magneti-
sation was negligible at 500 rev/min, figure 5.24 shows that armature reaction is
small at this specd. Bs was then drawn tangentially to the lowest point on the

replotted 500 rev/min waves, scc figure 5.25, and hence B, scaled from this

reference point,
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CONSTRUCTION OF PERIFHFRAL AIRGAP FLUX DENSITY WAVES.,

Equal areas

Zero line.

Reflerenca,

Knowing where the zero line of the 500 rev/min wave was, by counting

squares, B was then measured. This value was then added to the zero

line of other replotted oscillograms at the same excitation, but higher slip speeds.

The reference level was therefore established for each rcplotted wave and so B

t
and Bs were then measured from it,

Tigures 5.26 to 5.28 show the constructed peripheral airgap flux density
waves at the surface of the loss member in the outer region; armature reaction

effects arc evident in all the waves. It can be seen that, as the speed increases

at a given excitation, the resultant flux falls as the armature reaction produced

flux rises,
The phase angle of armature reactien3 is also seen to change and in common
with the results from DaviesB inductor coupling it is greater than 600, whereas

that for a Lundell4 coupling, over a similar speed range, approached 53°. ‘The

discrepancy originates from the slightly different mechanisms that produce the
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alternating flux components and the pole arc/pole pitch ratio which is differents
in ILundell and inductor couplings. The angle increases with speed because the
armature reaction produced flux must move, by Lenz's law, to oppose the applied
flux, This is similar to armature reaction in synchronous machines whi_ch, in
the limit, progresses to the quadrature axis therefore magnetising the quadrature

axis and demagnetising the direct axis., Similarly in couplings the armature

reaction fnagnetises the slot and demagnetises the tooth,
The armature reaction phase angles were not analyéed in detail because of

the approximate method used to obtain Bt and Bs' A small error in these quantities

will change the phase angles considerably as the figures show.

Two other quantities

were derived from these curves:

a) The fundamental and harmonic components of airgap flux density were

obtained by Fourier analysis.

b) The magnitudes of the peak fundamental armature reaction mmf, f‘rl were

estimated.

These quantities are used later in checking Davifas8 general eddy-current coupling

theory.

The applied mmf was not distributed equally between the four active regions

because of the leakage paths which produce different flux densities in each airgap,

see section 5.2, For this reason, the AT/tooth values shown on figures 5.26 to 5.28

were estimated approximately by assuming that there is negligible mmf loss in the
magnetic circuit, and that the flux density in the active and parasitic airgaps was the

same, i.e. ncglecting leakage flux between the two regions. This implies that all

the applied mmf was used in forcing flux across the two airgaps and also distributed

in the ratio of the measured standstill flux density in each active region.
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5.7.2 TFourier analysis of the airgap flux density waves

Each of the on-load ai;;gap flux density waves shown on figures 5.26 to 5.28

were analysed up to the 17th harmonic using a computer program. This required

> o
2 minimum of 36 points for each wave, so they were divided into 36 x 10 intervals,
The Fourier analysis of the flux density waves is summarised in tables 5.2,

5.3, 5.4, 5.5 and 5.6.

Table 5,2 shows that the fundamental component of airgap flux density de-

8
creases with slip speed. This was expected and these results are analysed in

detail later.

It can be seen from table 5.3 that the mean flux density remains approximately
constant over the speed range, as it should, and also doubles with excitation., This
is a valuable check and gives confidence in the method used to construct the airgap -~

flux density waves, particularly the inclusion of the mean standstill levels using the

full pitch search coils.

In tables 5.4 to 5.6 the harmonic content of the waves is seen to be high.

All the odd and even harmonics are present with the 3rd, 5th, 7th and 9th dominant,

At low speceds, the even harmonics are negligible., This is explained by assuming

the airgap flux density wave, at low speeds, approximates to the idealised standstill

wave shown on figurec 5.7, The assumption is reasonable because armature reaction

effects are small at low speeds, Equation 5.1 gave the Fourier series for the

idealised wave and the coefficient of the harmonic components was given by

lthl - ﬂ“—ﬁfil - (5.9)

With a tooth width/tooth pitch ratio (K’) of 0.45 it can be shown from equation

5.9 that there are practically no even harmonics. As slip speed incrcases the alrgap

flux density waves become peaky because of armature reaction and hence their even

harmonic content increcases as the tables indicate.
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Table 5.2

Peak values of the fundamental component of the

peripheral airgap flux density waves expressed in Tesla

Slip speed
(rev/min)| 500 2000 4000 6000
Excitation (A)
2 0.135 0.106 0.095 0.09
3 0.184 0.148 0.134 0.127
4 0.246 0.195 0.172 0.161
Table 5.3
Mean ﬂuk density of the peripheral aii'gap flux
density waves expressed in Tesla
Slip speed
(rev/min)| 500 2000 4000 6000
Excitation (A)
2 0.165 0.161 0.16 0.16
3 0.24 0.235 0.237 0.237
4 0.315 0.301 0.296 0.295
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Table 5.4

Mean level and harmonic content of the peripheral airgap

flux density waves expressed as a per unit of the fundamental

EXCITATION : 2A

h = harmonic order

" 500 2000 4000 6000
h
0 1.23 1.52 1.67 1.78
1 1.0 1.0 1.0 1.0
2 0.058 0.187 0.241 0.291
3 0.395 0.454 0.473 0.497
4 0.043 0.087 0.118 0.146
é 0.224 0.258 0.276 0.290
6 0.050 0.058 0.081 0.098
7 0.144 0.161 0.179 0.190
8 0.053 0.055 0.075 0.085
9 0.095 0.106 0.121 0.134
10 0.058 0.059 0.077 0.086
11 0.064 0.075 0.088 ° 0.101
12 0.059 0.064 10,076 ¢ 0.086
13 " 0,041 0.055 0.067 0.080
14 0.062 0.066 0.078 0.088
15 0.025 0.042 0.057 0.068
16 0.064 0.065 0.077 0.086
17 0.013 0.036 0.050 0.061
n = slip speed, rev/min
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Table 5,5

Mean level and harmonic content of the peripheral airgap flux

density waves expressed as a per unit of the fundamental

EXCITATION : 3A

n 500 2000 4000 6000
h
0 1.3 1.585 1.76 1.87
1 1.0 1.0 1.0 1.0
2 0.103 0.218 0,257 0.304
3 0.415 0.484 0.509 0.519
4 0.051 0.098 0.123 0.155
5 0.224 0.270 0.295 0.302
6 0.050 0.064 0,083 0.097
- 0.140 0.164 0.184 0.197
8 0.056 0.072 0.087 0.094
9 0.097 0.112 0.127 | 0.147
10 0.061 0.077 0.092 0.098
11 0.070 0.080 0.096 0.115
12 0.067 0.080 | 0.094 0.099
13 ‘0,049 0.054 0.074 0.089
14 0.070 0.077 0.093 0.099
15 0.033 0.039 0.058 0.075
16 0.073 0.073 0.090 0.098
17 0.016 0.025 0.046 0.065
n = slip speed, rev/min

h = harmonic order
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Table 5.6

Mean level and harmonic content of the peripheral airgap flux

density waves expressed as a per unit of the fundamental

EXCITATION : 4A

n 500 2000 4000 6000
h
0 1.28 1,55 1.73 1.84
1 1.0 1.0 1.0 1.0
9 0.101 0.229 0.278 0.321
3 0.414 0.487 0.521 0.536
4 0.057 0.096 0.133 0.162
8 0.229 0.277 0.305 0.320
6 0.060 0.077 0.101 |  0.117
7 0.142 0.172 0,197 0.208
8 0.066 0.082 0.102 0.111
9 0.093 0.113 0,136 0.147
10 0.067 0.086 0.106 0.112
11 0.063 0.081 0.007 0.109
12 0.069 0.086 0.104 0.111
13 ’ 0.040 0.058 0.072 0.084
14 0.071 0.085 0,103 0.108
15 0.023 0.044 0.056 0.066
16 0.070 0.083 0.100 0.105
17 0.011 0.035 0.045 0.057
n = slip speed, rev/min
h e

harmonic order
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5.7.3 Harmonic torques

In this thesis, '""harmonic torques' refer to the components of torque pro-
duced by the airgap flux density harmonics., These torques add directly to the
fundamental torque because airgap flux density harmonics are space harmonics
and travel at the same speed as the fundamental flux density.

Since this subject is controversial and its analysis complex it will not be
discussed in detail here. .It is clear however, from other authors‘s’ gxl work
that in the region of peak torque the contribution by all the harmonics to the total
torque is between 9% and 36%. These figures were both based on Dz,wies8 funda-

mental flux equation and also that the hth harmonic poles are h times the funda-

mental poles and the flux/pole is 1/h for the same peak flux density. The general

equation used was

Al
r(D

(5.10)

The two extreme values of m are 0.75 and 1.0, where m = 0.75 represents
fully saturated conditions and m = 1,0 represents linear conditions, Dav1038 pro-

duced the 9% value using m = 0,75 which gives

| B
Tb_ o< — | =
T h B,
Using linear thecory, m = 1.0, Ja.mes9 estimated the 36%'ﬁgure. which
must be considered an overestimate since he proved that the loss member in his

experimental machine was saturated (m < 1), The equation he used was



£
A
T | B
b« g
|

T

Wrightm points out that the truth must lie somewhere between the two

because Davies approach underestimates the harmonic torques, he himself uses

m = 0.77, so the relationship becomes

X 2:-85
T . .
T, h B,

These remarks and equations apply only to couplings with negligible end-
effects. An estimate of the harmonic torques, based on equation 5.10, has not
been made for the experimental machine because this had considerable end-effects
with the added complications of unsymmetrical end regions plus a congested
middle region in which eddy-currents of different frequencies exisbed.-

During his research the author carried out extensive experimental and
analytical work on harmonic torques, but due to certain aspects of the theory
being incofnplete and also lack of space it has not been included. Nevertheless,
the following general conclusions were reached.

a) The value of pole arc/pole pitch ratio (tooth wideth/tooth pitch) is critical

to the harmonic torque contribution in couplings; Davies has himself verified this*

experimentally.

b) The contribution of harmonic torques to the total torque was indeed between

9% and 36% in the region of peak torque, as other authorsB’g' 10 have shown,

* Whilst working in America for the General Electric Company Davies carried

out extensive unpublished work on inductor couplings with different tooth width/tooth

pitch ratiog. e observed that using K’ values from 0.45 to 0,115 the reduction in

total torque was approximately 50%. For K’ =0.115 the predicted torque, using

fundamental flux only, was negligible which indicated that harmonic torques are con-

siderable in couplings with low K’ values.
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c) Because the harmonic poles are h times the fundamental, the harmonic
torques have speeds at peak harmonic torques (nm h) much higher than the funda-
s »

mental (nm 1). Consequently, even though the harmonic torques are small in
»

the region of peak fundamental torque, their nature is such that when adc’fed to the

fundamental torque-speed curve the resultant speed at peak torque (nm) can be

up to 4 times greater than the predicted nooq These comments only apply to
»

couplings with negligible end-effects, when these are accounted for n_ can be as

much as 8 times noog but the resultant peak torque changes littleg. Most
»

authors claim reasonable success in predicting absolute values of peak torque, yet
none have predicted speed at peak torque values with any accuracy.

d) The ratio of harmonic torque to the fundamental increases with slip speedlo.
It is thought that this is only true until the harmonic torques themselvés reach threir
peak torque speeds. |

e) Workable solutions for end-effects are available, but accurate calculation

of the resultant absolute values of Tm and n_ still cannot be performed because

of the more complicated px‘oblem of dealing with harmonic torques.

5.8 Fundamental flux per pole for the outer region

Figure 5.29 shows the variation of fundamental flux per pole, O'acl, with

slip speed for various excitations. The values were calculated from the peak

fundamental airgap flux density components given in table 5.2, Fundamental

flux pér pole is defined as

¢a.cl = °é

Sl

i ' LA (5.11)

where A

]

I 2.%. rav for the experimental machine,
p
L A - length of outer active region.
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From table 4.1, for outer region, therefore

-4 A
O'acl = .'5.5::10 .Bl

The values of Gac 1 will be used later when general coupling theory is investi-
gated, e

5.9 Peak fundamental armature reaction mmf for the outer region

3
Davies method was used to estimate the peak fundamental armature reaction
mmf{, frl, from the airgap flux density waves shown on figures 5.26 to 5.28. The
method was developed for Lundell couplings and neglects harmonics higher than the

third, which is also assumed to have the same zero as the fundamental armature

reaction. It was therefore very approximate even when applied to Lundell couplings
and Davies himself states that the numerical values of f‘rl obtained by the method

should be used with caution and not too much faith placed in them.
When applied to the experimental machine the basis of the method is not

strictly correct because the armature reaction wave includes all the odd and even

harmonics. In the absence of an alternative method however, it was used and

errors can be expected in the numerical value_as of g‘rl. On the other hand their

variation with torque and speed is thought to be correct, but this depends on whether
the relative contributions of the fundamental and harmonic components to the result-

ant armature reaction wave remain the same,

One of the objectives of this work was to determine if general coupling _ﬂxeorys

applied to high speed machines. Hence, measurements of peak fundamental

armature reaction mmf were included for the sake of completeness and because no
data has been previously published on high speed couplings.

The measurcd values of f‘rl are shown on figure 5,30 plotted against slip
speed for various excitations, These values are used later when the relationship

between torque, slip speed and armature reaction is derived for the outer region

8
and also in checks on Davies normalised armature reaction curve.
1
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5.10 Estimation of torque produced by the outer region

All D:.wie,s.8 theoretical equations were derived for Iundell and salient pole

couplings and strictly they only apply to any one individual machine. Nevertheless,

it was stated previously that when designing inductor couplings it was usual to treat

their two regions as separate machines., Davies' equations are therefore taken to

apply to each of the two regions in the experimental dynamometer,

In later sections the relationships between fundamental torque, slip speed,
peak fundamental armature reaction mmf and fundamental flux per pole will be
investigated for the outer region; more specifically the experimental indices are
compared with those predicted meore’cicallys. Before this can be attempted
however an estimate must be made of the relative torque contributions from the
two regions. The numerical value of outer region torque, T (outer), can then be e

obtained from the measured torque which is the sum of T (outer) and T (inner).

The torque referred to in all Davies equations is the fundamental component,

T 1 but fortunately the numerical values of the harmonic torques can be neglected in

the speed range up to and including peak torque. This is the speed range covered

in this experimental work and so

Tl(outer) L T (outer) (see sectlon 5.7.3)

Peak fundamental torque, Tm 1’ and speed at peak fundamental torque,
]

n_ e are related to the coupling parameters by the following equations, which
»

8
were given by Davies for drum couplings and are modified for disc couplings in
Appendix 3.

I

1.
PR L, ()
J

(5.11)

2 km=]
Moy = £3F

R™ (R ™"

(5.12)
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Assuming that these equations apply to each region of the dynamometer and

also that airgap length (g) and loss member surface resistivity (¢ ) are the same

for both regions, then, using table 4.1 and m = 0.77, it can be shown that:

b

T, (outer)

2.0M 83 (ouke.r)

-|:” i.nne.‘r) ) "
] ( le(mnﬂ‘)
and
n, (ouker) = 0653 le(ouhr)
Ny, Cirner) By (ianen)

The quantities ﬁgl are the peak fundamental values of the standstill flux
density wave in each airgap. It can be shown that they are proportional to the

difference in the mean standstill tooth flux density, Bt' and slot flux density,

Bs, in each region so

Byfoute)  _ B(evti) = B (ouke)
ésl(l-ﬁn(ﬂ') Bt(_lnnar:) - BS(_innE‘r)

2 07 (Fom blle £0)

Substituting the relationship into the above equations gives

M) 2 |-01S8

_f;,', (l'.nn “’)
also

Ny lovted  5.q052
T\mﬂ(il\nar)

Using these values and Davies3 generalised curve the torque-slip character-

istic for each region was plotted on the same log-log graph paper. The two curves
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were then added, and the resultant, which represents the measured torque-slip

curve, renormalised to allow a direct comparison between it and its two components.

It was then a simple exercise to obtain the torque distribution between the inner and

outer region at any actual slip speed. Some important values are given in table

5.7 where n/nm refers to the resultant curve, which incidently is approximately the

same as Davies generalised torque-slip curve,

Table 5.7

Theoretical distribution of torque between the outer and inner region

T (outer)/T (inner) n/nm(nm=10, 000 rev/min) Slip speed frev/min)
1.39 0.05 500
1.20 0.2 2000
1.08 0.4 4000
1.025 0.6 6000 |

The numerical values of the outer region torque were computed using the

above table and the measured torque-slip curves shown an figure 5.3.

Table 5.8

gives a summary of T(outer) and the corresponding measured torque at various

slip speeds and excitations.

5.11

Relationship between torque, fundamental flux per pole and slip speed for

the outer region.

The general theoretical relationship between fundamental torque, slip speed

and fundamental flux per pole is obtained from reference 8

Most authorsa’ 9.10

applics when the saturation level in the skin depth is very high.

Im !
2Zm=I| m=2
56“‘:-' n

(5.13)

use m = 0,77, but as Davies pointed out this value only

Nevertheless,
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Table 5.8

various slip speeds and excitations

Excitation : 2A

Measured torque Outer region torque Slip speed
T T (outer)
(Nm) (Nm) (rev/min)
5.5 3.2 500
13.0 7.2 2000
16.5 8.25 4000
18.7 9.25 6000
Excitation ; 3A
13.8 8,0 500
31.5 1%.6 2000
39.0 20.0 4000
42,5 21,25 6000
Excitation : 4A
27.5 16.0 500
58.5 33.0 2000
72.3 38.0 4000
81.0 41.0 6000
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putting m = 0.77 into equation 5.13 gives

. »92
Tl o2 gaclz 85.110 925

Figure 5.31 shows the outer region torque, from table 5.8, plotted against
fundamental flux per pole, from figure 5.29, at various slip speeds. Also shown,

by cross plotting, is the variation of T (outer) with slip speed at constant fundamen-
tal flux.

The measured index of Gacl increases from 2,64 (m = 0.817) at 500 rev/min
to 2.78 (m = 0.781) at 6000 rev/min. This can be considered good agreement with the

theoretical index of 2,85 (m = 0.77). The index of speed varies from 0.83 (m = 0.8)

at 0.05 mWb to 0.85 (m = 0.795) at 0.1 mWb. This is also good correlation with

the theoretical value of 0,925 (m = 0.77).

A comparison of the measured indices given here with those from reference 8

reveals that they have an extraordinary similarity, This was not eipect_ed even

though the experimental machine and Davies inductor coupling were operating over

a similar n/nm range.

At the maximum test speed, the experimental dynamometer had an eddy-
current frequency in its outer region of more than six times that in Davies inductor
coupling, so the skin depth in this region was at least 1/v/0 times shallower. It
was thought therefore that ’the.iron would be operating in the region of the magneti-

sation curve where m = 0.77 or even 0,75, but as the results show m appears to

progress towards the limiting value as slip speed increases.

The inference is that when couplings are operating at low n/n  values even
m
if their eddy-current frequencies are abnormally high (1.8 kHz in the outer region

at 6000 rev/min and hence a very small skin depth) their loss members may not be

in a highly saturated condition corresponding to m = 0.77 or 0.75.
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The results summarised on figure 5.31 prove that the outer region obeys
equation 5.13 and likewise general 'c.heory8 also, This verifies that two region
inductor couplings can be treated as separate machines for design purposes as
was previously inferred by the current density oscillograms discussed in gecﬂon
5.6.1.

Considering how T (outer) and ac 1 were obtained, they are remarkably

linear on log-log plots and give confidence in the measurements and in the con-

clusions which are drawn from them,

5.12 Relationship between torque, slip speed and peak fundamental armature reaction

mmf for the outer region

Figure 5.32 shows the mcasured values of peak fundamental armature reaction
mmf (@rl), from figure 5,30, plotted against outer region torque, from table 5.8, at

various constant slip speeds. Also shown (by cross plotting) is the variation of f‘rl

with slip speed at constant torque. The points are again remarkably linear on log-

log plots, considering the doubtful procedure used to obtain ﬁrl which was discussed

in section 5,9.

The measured slopes do not have a marked variation as did those given on

~ .
figure 5.31; the slopes of IIE‘:'1 against T (outer) vary from 0.6 at 2000 rev/min to

0.61 at 6000 rev/min; the slopes of the f‘rl - speed lines were approximately

constant at 0,25: These results can be compared with the theoretical equa.tl-‘::-n8

relating peak fundamental armature reaction mmf, fundamental torque and slip
speed, itis given by

f‘rl =~ T11/2m . n1/4m

where f‘rl in this equation is with respect to the loss member and not as usuals'g'10

(5.14)

the field member, putting m = 0.77 yields

ﬁrl = Tc"65 no'325 (theoretical)
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This compares reasonably well with the measured indices.

f&‘\rl ot gL 08 (from test)

The index for torque is good correspondence with theory, but that for speed
A
is considered poor. This was put down to the method used to obtain Frl and on
reflection it is surprising the measured indices are as close to the theoretical

values as they are. These results tend to confirm the conclusions reached in the

previous section.

5.13 Generalised curves

It was discussed in section 1.4 that Davies most useful contribution to
couplirig theory was perhaps the generalised curves he derived for torque, funda-
mental flux per pole, pcak fundamental armature reaction mmf and drum loss. In
ﬂ.le following sections his calculated curves, using m = 0,77 are compal-'ed with the
experimental results, Drum loss is not considered separately since it is a deriv‘a-

tive of the torque. It follows therefore that if the generalised torque-slip curve is

valid then the loss curve will also be valid.

5.13.1 Generalised torque-slip curve

The measured torque-slip curves are plotted on figure 5,33 at various
excitations. Dawles8 generalised curve is superimposed orlxto each torque-slip
curve and the general correspondence is good except at low slip speeds. The
measured torque=-slip curves from machines of the type under test would not

normally fit the generalised curve so well because the characteristics of inner

and outer regions would in general be different., However, it has been shown, in
gsection 5,10, for the experimental dynamometer that
Tm(outer) JL Tm(inner)

and S A
nm(outor) S 0.9 nm(inner}



- 123 -
so that, at high slip speeds, the d‘istribution of torque between the two regions is
approximately the same, but at low slip speeds the ratio of T (outer)/T (inner) in-
creases, as table 5.7 shows. At low speeds therefore the measured torque will
diverge from the generalised curve. This is exactly what figure 5.33 shows and

it is now obvious that the agreement between the measured torque-slip curves and

generalised curve was a coincidence.

The generalised curve strictly applies to any one individual machine and to

test it fairly in this case it must be compared with the torque produced by either

of the two regions and not the sum of both as was measured. On figure 5.34 the

estimated outer region torque (from table 5.8) is compared with the generalised
curve and the overall correlation is now excellent even at low slip speeds. This

;vas expceted since the apprmd.matlon4 JL. & 3 278/ N, was thought to

‘

be valid (at 500 rev/min the outer region eddy-current frequency was 150 Hz) evén
though the actual n/nm value was low.

A comparison of figures 5,33 and 5.34 reveals that the resultant speed at
peak torque is considerably greater than the outer regioﬁ sf:eed at peak torque.
This will be utilised in the néxt section when the other generalised curves are com-

pared with the experimental results,

5.13.2 Fundamental flux per pole and peak fundamental armature reaction mmf

generalised curves

Figure 5.35 shows the measured values of Qlacl and f‘rl plotted on log-log

paper at various excitations. Davies generalised curves for both quantities are

also shown; they were not fitted to the experimental points like the torque-slip
curves, but drawn in at the predicted outer region speed at peak torque values.

These were obtained from figure 5,34 at the appropriate excitations for each set of

cexperimental points,
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The agreement of the f}acl experimental points with the fundamental flux

A
generalised curve is very good. On the other hand the Fr 1 points are a poor fit
to the armaturc reaction generalised curve. The error is thought to be due to the

inaccurate method used to determine the f‘rl values.

Since the generalised torque and flux curves have been shown to be valid,
for the experimental machine, it follows that the armature reaction generalised
curve also applies because it is implicit in both of the otherss. It is apparent
therefore that a more accurate method of estimating peak fundamental armature

reaction mmf for inductor couplings must be found.

5.14 Peak torque and speed at ‘peak torque by dimensional ratioing

It was stated in chapter 4 that the experimental dynamometer was designed
by assuming it could be treated as two separate disc machines. The pz;alc torque .. -
and speed at peak torque were then derived for each machine by dimensional ratioing
from ]ZBra.vies8 drum inductor éoupling. The accuracy of the ratioing technique when
applied to high speed couplings will now be investigated.

The peak torque and speed at peak torque equations for disc and drum

machines arc obtained from Appendix 3. By ratioing them and assuming the

resistivities arc the same it can be shown that

namomek _
T (dy ) -
Tm"(Dc.vt'u' anlucl'or)
and
{ 2 L-m-| L-m -Lm
Don (9 S U L7 I % N LT

My 1) 3P| |Re| |Ry '
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where the suffix 'd' refers to the experimental dynamometer and 'i' to Davies
inductor coupling.
With an excitation of 0.25A (325 AT/tooth) Davies inductor coupling pro-
duces, from one region only, a peak torque of 7.75 Nm at a speed of 4000 rev/min.

Substituting these values and the appropriate machine parameters, from reference

8 and table 4.1, into equations 5.15 and 5.16 yields

e \2
T_ @ = 11.7 (-84
T 325
0,92
325
- 3
also n @ 12,300 (ng)

where m is taken as 0.77

Table 5.9 gives values of Tm l(d) and n l(d) for various excitations, also
’ .

tabulated are the estimated values of these quantitics from figure 5.34,
Table 5.5

Comparison of the estimated outer region peak torque and

speed at peak torque with those obtained by dimensional ratioing

Excitation Estimated values from By dimensional
figure 5.34 _ ratioing
I Fg,(approx) L B, 1@ Th,1@ B 19
(A)I (AT/tooth) (Nm) (rev/min) (Nm) (rev/min)
2 310‘ 9.5 8500 10.6 12300
3 465 21,75 7500 23.9 8850
& 620 41.0 6800 42,6 6750

The peak torques compare rcasonably well, but the speed at peak torques
have poor correspondence which is undoubtedly due to the different end-effects and
harmonic torques in the experimental machine and Davies inductor coupling. Their

harmonic torques are different becauso the dynamometers airgap flux density is
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richer in harmonics than Davies machine at the same AT/tooth.
J amesg has shown that similar couplings with and without end-effects have

approximately the same peak torques, yet entirely different speedsat peak torque. .

It follows therefore that similar machines with different end-effects also have

corresponding peak torques, but not the same speedsat peak torque .

This is the main

reason for the good correlation in peak torques and poor agreement in speedsat
peak torque .

Even though dimensional ratioing does not give accurate n__ values for the
dynamometer this does not detract from its usefulness. The nature of the generalised

= . 11
torque-slip curve is such that in the speed range 0.5 <n/nm & 3 the torque is sti
within 10% of the T  value. When designing a coupling its peak torque must be pre-
m .

dicted accurately whereas its speed at peak torque need not be too precise and table
5.9 shows that dimensional ratioing is adequate for obtaining peak torque values.

In conclusion this section has shown that normal methods can be used with

confidence to design high speed couplings.

5.15 Loss member surface temperature

5.15.1 Variation of surface temperature with time at various slip speeds and
excitations -

Figures 5.36 to 5.38 show the loss member surface temperature - time
response curves 'at diffcrent excitations and speeds. Each figure contains corres-
ponding results from thermocouples 3 and 5 ~ only the results from these two were
recorded, since ﬁ.prcllmlnary investigation, using all the thermocouples shown on
figure 4.11, revealed that the temperatures across the two active regions were
reasonably uniform, It was originally intended to use the couples in the centres o§
the two active regions, T/C 5 and T/C 2, but the latter was damaged during initial

testing, The temperatures from thermocouple 7 were also noted and found to be
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lower than those from thermocouple 5, e.g. at 2.5A, 4000 rev/min, T/C 7 gave 34°C
compared to 39°C from T/ C 5.,

An inspection of the curves reveals that the temperatures of the two regions
are only slightly different, which gives confidence in the cooling system design.
The responses also appear to be exponential and they will be proved so later when
the thermal time constants for the two regions are derived.

The curves were all taken with a cooling water throughput of 27 litres/minute
(0.46 l:cg/s). This was set by adjusting the cooling system outlet valve and then
recording the time taken for the outlet water to fill a calibrated container.

5.15.2 Torque variation with time at different slip speeds and excitations

In chapter 2 it was discussed that the loss member temperatures in disc

couplings would only have a limited effect on the torque. This is verified by

I

figure 5.39 which shows measured torque - time curves at-various slip speeds and

excitations; they were taken simultancously with the temperature - time curves and

correspond to a temperature range up to GOOC.

The constancy of the’dynamometer torque with temperature is extremely

valuable when predicting surface temperatures since the loss density is also con-

stant at a particular speed. In contrast, the loss density in drum couplings is

not constant because of their considerable torque reduction as temperature in-
creases (sce chapter 3) and so, in general, their loss member temperature pre-
diction must be based on an iterative use of the relevant equations.

5.15.3 Heat transfer distribution in water cooled couplings

It was assumed in tho theory of chapter 2 that airgap heat transfer was

negligible, Before the equations given there couldbeapplied to the dynamometer

it was thercfore necessary to verify this assumption and the simplest method was

to use the powoer balance equation,
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P = P +P

5.1
T ,B g (5-17)
where PT = total power = Tow (5.18)
P 5= power removed by back face coolant
C,
= Qc . cc L] (tz.c ! tl’c) .(5.19)
Pg = total airgap heat transfer by radiation and convection
A .c_ ., -t 5.20
‘ Qg g (2,3 l.g) (5:20)
and & = total measured torque (Nm)
w =

mechanical angular velocity, 2 *N (rad/s)

Q = water mass flow rate (kg/s)
c, = specific heat of water (Ws/kgOC)
tz,c = water outlet temperature (OC)
1;1’(= = water inlet temperature (OC) 2
Qg = air mass flow rate in the airgap (kg/s) |
cg = specific heat of air taken at mean bulk temperature,
b Ws/kg C)
t g = air outlet temperature from the airgap (OC)
tl.g = air inlet temperature to the airgap, ambient (OC)

The quantity Pg was calculated first from the difference between P _, and

Pc B and then as a cross check from equation 5,20,
]

Table 5.10 gives measured values of T, tl o and tz 2 along with the calculated
’ ]

values of P’I" Pc’ B and (PT - Pc' B). The spccific heat of water was taken as

4190 Ws/kgoc and Qc' from section 5.15.1, was 0.46 kg/s (27 litres/minute).

The table shows that the airgap losses are a small percentage of the total

losses and so confirming they may be neglected for theorctical pﬁrposes.

To calculate Pg directly, thc components of equation 5.20 must be obtained.

The temperatures t2 g and tl g were measured with thermocouples placed in the air
L
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Table 5.10

Excitation : 3A

Slip speed T _1:1,c tz’ o PT Pc’ B Pg= (PT-Pc, B) (Pg/ PT)xIOO
rev/min | om)| Co | Co | wy | W) W) %)
2000 25 10 12.5 | 5230} 4810 420 8%
4000 38 10 17.25{15800{14000 1800 11%

inlet and outlet passages; the specific heat of air, c,» was taken at the mean bulk

temperature (tb g) and is, from reference 46, 1006 Ws/kgoc. The quantity Qg

was estimated from the following equation.

= SA. p v
Qg e
where S = number of air outlet slots = 12
A = area of each air slot = 3.226 x 10_4‘3112 -
e o density of ail:'46 (taken at tb g) =1.215 kg/m3
L ]

v

air velocity in outlet passages
The air velocity was derived from measurements taken with a pitot-static

tube which was positioned in the air outlet passages. As the tube was traversed

across a slot, a considerable variation in pressure head was observed and so only
the maximum rcadings were recorded. Figure 5.40 shows the computed maximum

glot velocitics plotted against slip speed.

Values of v, Qg' t2 3 and tl . are given in table 5.11 for an excitation of
] ]
3A at 2000 and 4000 rev/min

Table 5.11

Excitation: 3A

Slip speed v t

RRE Qg 2,¢g tl.g
(rev/min) (m/s) (kg/s) Co) Cc)
2000 25.9 ' 12.2x10 "2 23.5 21
4000 50.8 24 x 10”2 25.0 21
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By substituting the appropriate values from table 5,11 into equation 5.20 it

can be shown that at 2000 rev/min

Pg 305 W (compare 420 W from table 5,10)

and at 4000 rev/min

P'g 1000 W (compare 1800 W from table 5.10)

It is appreciated that these values are very 'approximate', nevertheless,

they do provide a valuable check on those given previously. _

From the above results it can be concluded that, in general, airgap heat
transfer can be neglected in water cooled couplings provided their surface
temperatures arc not excessively high, This decision could also have been reached

knowing that hc» hg for water cooling since K(water) » K(air), where hc and hg

are the surface heat transfer cocfficients and K thermal conductivity.
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5.15.4 The general theoretical equation for the loss member surface temperature

By putting y = o into the general solution, equation 2,42, it can be shown

that the active surface temperature, 6(o,t), in couplings is given by

8Ce,b) = L

e/

W, [, 2pcos(P) e "
* Z —lf [‘ P°.D ]
n=1.2,3 n‘“n

- ~E/X
Z :&1‘] _a2g.sin(Pye / n]
k)
n=123 KS ; Pn Dﬂ
—/t -t | 2 8 - Q—t/rtn :
= Z(_z.az_._.t.:.) [| - —‘B_Pl 5 ] (5.21)
n=12,3 n-n

where
Dn = [t‘-osc Pn) + .LI_Pt_gl swn ( Pn)]
't'n = o(: cl.t/ P;:—

B = hc'('lL'/ KS

(5.22)

(5.23)

This equation applies to any one machine and for consistency with previous
sections it will be adapted to the outer region only,

The most important parameter is the non-dimensional quantity B since Pn'
D, and T are all functions of it. So before the solution can be simplified the
numerical value of g for the outer region must be obtained. Its components are
hc’ the surface heat transfer coefficient on the back facc, dL and Ks which are the

thickness and thermal conductivity of the loss member respectively.
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In the dynamometer hc is not uniform over the back face because the
cooling water flows in channels. However, if these are evenly distributed and
not spaced too far apart little error is introduced by using the standard heat

transfer equations for pipes. For a single pipe the empirical equation for the

Nusselt number is given in Appendix 1 as

Nu = 0.023 Re* Spr?+* (5.24)
or N = hd /K (5.25)
where dp is the hydraulic mean diameter46 of a single water channel and Kc the
cooling water's thermal conductivity taken at its mean bulk temperature. The
equation for Nu applies for both water and air when Re > 104.

Reynolds number for the outer region can be found from

Re = e, vcdp/f‘c " (5.26)

".

2 .
s 1Q/n=d " e (5.27)

and 6.0 M arc the density and viscosity of water taken at the mean bulk temper-

where v

ature tb,c = (tz,c - tl.c)/ 2 and n the number of water channels in the outer region,

The numerical values of the above quantities are found from section 5.15.3,

table 4.1 and reference 46,

Qc = 0.46 kg/s
n = 48

-3
dl')(outor) = 1,59x10 m

o
he & We

p. = 992 kg/ m3
Po = 1.13 x 10™° mkg/s
K, = ' 0.588 w/m°c

Pr = 7.95
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Substituting the appropriate values into equaﬁons 5.26 and 5,27 it can be
shown that
Re (outer region) = 6, 800
4
For water in pipes the transition period 6 from laminar-to fully turbulent

flow is in the range 2 100 < Re < 10,000 and so the above value of Reynolds number

only approximately satisfies equation 5.24. Re is low because the cooling water

flow rate was 27 litres/minute (0.46 kg/s) and not the designed value of 50 111;res/
minute. The low flow rate was caused by a combination of the gear box oil cooler,
which was supplied in parallel with the loss member, and the small section water
supply pipe.

Rearranging equations 5.24 and 5.25 in terms of hc then substituting the

appropriate values of Re, Pr, dp and Kc yields
h_(outer reglon) - 21,400 W/m2°c

The numerical value of g can now be obtained from equation 5.23; taking

the value of dL’ the depth of the loss member from the airgap surface to the bottom

of the outer region slots, as 1.6 x 10-2m and Ka' the loss member thermal conduc-

tivity, as 63 W/mOC which is the average value between o C and 100°C from figure
2.3,

IIeﬁce 5

B (outer region) 5.4  (compare g=0.0k :foran

air cooled drum coupling)
The roots Pn corresponding to this value of pB are obtained from table 2.1

and the first four are approximately

P, = © 1.318
B, = 4,03
B, = 6.91
P4 = 9.8 &« 3«w
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Roots higher than P 4, ©30 be approximated by (n-1)=.

Except for W _all the terms in the general solution, equation 5.21, are now
o
known for the water cooled dynamometer, but before these are substituted and the
equation simplified theoretical values of the thermal time constants will be calculated,

5.15.4.1 Outer region theoretical thermal time constants

The analytical equation for the thermal time constants was given previously as
2 2

2
T, = L /Pn (5.28)
) _
where <~ = c E1’.93/K,3

¢ and KB are obtained from figure 2.3 and their average value between 0 and 10000
8
was taken., The numerical value of these and the other components of "t'n are

summarized below.

c, = 485 Ws/kg°C ;
ey = 7800 kg/m3
K== 63 W/m’C
d = 1.6 x 10 2m
I

Substituting these and the values of Pn into equation 5,28 yields the thermal time

constants of the exponential terms in the general solution; the first few valués are

given in table 5.12.

Table 5.12

Theoretical thermal time constants for the outer region

n P T, )
1 1.318 10.1
2 . 4.03 0.9
3 6.91 0.3
4 9.89 0.146
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These values of T will be used in the next section when the general

solution is simplified. will also be compared later with the measured

thermal time constant of the outer region,

5.15.4.2 Approximate solution for the loss member surface temperature 6(0, t)

By substituting the values of Pn' 't:n and p into equation 5,21 it can be shown

that
e(o,t) = bhc
~tfion -t/o-q ~t/o3
+ -\ﬁig- [1—063'76. - 0:238¢e - O-l08e A
c -l
-t/io -E/o'q ~t/0:3 -
% ﬂ"—-cl—l"-[l—ooﬂcle - 0074 € - O'OILTE « v o o
Ks =
t, - & ~t/1o- -t/o _tlo3
+(_?..55__L£)[|..|-3 e + 0372 €& — 01726 .]

All the exponential terms, except the fundamental, are negligible after
approximatecly 2 seconds, but many of them have a significant magnitude at t = o.

From table 5.10 it can be shown that (tZ.c - tl.c)/ 2 is only 3.5°C at an
excltation of 3A and slip speed of 4000 rev/min, so this term will be neglected.

The term Wo/hc can also be shown to be small since l/hc 14 dL/K and so it
s

too is neglectcd. The only remaining exponential terms have the coefficient

WodL/Ks and the above equation shows that these all have a very small magnitude
except the fundamental. The general solution therefore, reduces to the simple

exponential form

0(o,t) = tl,c +WOdL/Ks(1 -0.99 e-t/lO.l) (5.29)

It must be stressed that this equation only applies to the water cooled dyna-

mometer and not to any other water cooled couplings; the particular solution for
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those must be derived individually from the general solution. In its present form

equation 5.29 is slightly inconsistent since,at t = 0,it says that

8(0,0) = - tl'c*-WodL/KS-(l - 0.99)

which of course is not correct because at t = o, 6(0,0) should equal tl o
]

consistency is due to the neglected terms; taking these into account the solution is

. The in-

modified to
: -t
80,1 = A+B@-e /% (5.30)
where A = tl, c
and B = WodL/Ks

The simple form of the ai)proximate solution is extremely surprising (as
was that for the air cooled coupling in chapter 3) in view of the forinidable general
golution and the complicated nature of heat transfer.Nevertheless, in th.e next

gection it 1s shown to be correct.

5.15.5 Comparison of measured and theoretical thermal time constants

Having shown that the surface temperature has a simple exponential time

response, the thermal time constants can be derived from the measured temper-

ature-time responses shown on figures 5.36 to 5.38. Hence, rearranging equation

5.30 and taking logs produces

b/, - Lah[B-[escu,a—Fil] = Leg, FCO)

which is the equation of a straight line,

Table 5.13 gives values of A, B, tand 8(o,t); these quantities were taken
from the measured responses at various excitations and slip speeds; the temper-

aturc function, F(0), is also computed and included., From each set of results

given in the table, F(P) and t were taken and plotted on log—iincar graph paper.

These plots are shown on figures 5.41 and 5.42. The linearity of the points

indicates that the approximate solution is correct. The straight lines do not pass
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through the point F'(8) = 1.0 because of the neglected terms in the general solution.

Taking the reciprocal of the slopes gives the measured thermal time con-
stants, For the outer _regibn at 3A, 2000 rev/min sy is 14.8s at 4A, 2000 rev/min
it is 14.5s and at 3A, 4000 rev/min it has increased to 15.4s. The measurgd time
constant for the inner region at 3A, 2000 rev/min is 12.8s; it is different from the
outer region Y because hc and dL for the two regions are not the same.

The variation of measxllred thermal time constant was expected and is best

explained using the theoretical equation for "cl. From section 5.15.4.1 'fl was

defined a8

rcl - s Pasz/Ksplz (5.31)
BOﬂ.‘ Cq and KS arc functions of loss member temperature,which in turn is a funct.i‘ou
of excitation and slip spced; as these change, temperature also changes z{nd hence so -
do the material constants. To a small extent the term P12 is also temperature
dependent since 1t is obtained using the non-dimensional quantity A whichisa
function of Ks’ but table 2.1 shows P1 changes little for quite large changes in g .

As slip spced or excitation or both increase,the loss member temperature also

increases. Figure 2.3 shows that c, increases with temperature whilst Ks decreases,

and so the general trend of 't'l is to increase with temperature. To determine the
maximum change in thermal time constant over a typical temperature range of say

0 to 30000, which encompasses the operating temperature of the majority of commer-

cial couplings, valucs of g and Ks were taken from figure 2,3 at these limiting values.

Hence, cB(OOC) - 452 Ws/kg"C
0 (o]

08(300 C) = 559 Ws/kg C

KB(OOC) = 67.1 W/m°C
0 o

K (800°C) = 49,5 W/m°C
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Table 5.13

Mcasured values of A, B, tand 6(o, t)

time | Surface temperature 6(o,t) | F(8) = [B - (9((;3, t) - Aﬂ
(s) (OC) J
0 10 1.0 From T/C5
10 20.5 : 0.422 Excitation: 3A
20 24 0.232 Slip ‘speed: 2000 rev/min
30 26 0,122 A=10°C
40 27 , 0.069 . B=18.25°C
50 27.5 0.042
5 10 1.0 T/C5 ;
10 29 0.442 4A |
20 36 ' 0,235 2000 rev/min
30 40 0,117 A=10°C
40 41.75 0.066 B= 3400
50 42,75 0.0375
0 10 1.0 T/C5
10 35 0.447 3A
20 44 0.248 4000 rev/min
30 49 0.138 A=10%
40 51.75 - 0.076 B = 45,2°C
| 50 53.3 &
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Table 5,13 (cont'd)
0 10 1.0
10 23 0.48
20 29.5 0.22
30 32.5 0.1
40 33.75 0.05
50 34,75 %

" T/C3

3A
2000 rev/min
A=10°C

B = 25°C
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Substituting these values into equation 5.31 and ratioing gives

v, (3000 162
T, ¢ 070

This simple analysis shows that ’t‘l increases with temperature; it also
emphasises that care must be taken when selecting values of cs and Ks for theor-
etical calculations. For ﬂlis purpose it is usual to take average values over the
temperature range of the coupling under investigation.

The difference between the theoretical value of 1(cuui:er) and the measur.ed
value was put down to the low Reynolds number of 6,800, which does not satisfy
exactly the conditions defined for the particular Nusselt number used, and the usﬁ
of pipe equations for the slotted water cooled loss member, In the regibn between_
two slots the pipe equations do not apply; nevertheless, if they are reasonably :
close togetherythis error is thought to be small. A general equation for Nu in the

range 2100 < Re < 10,000 is not available because this range corresponds to the

transition period between laminar and fully turbulent flow so the equation for
46
Re > 10,000 was used for convenience.

Figurc 5.43 shovs the experimental and theoretical surface temperature -
time responses. An average of the measured thermal time constants was taken
for the experimental response; the value used was 14.9 seconds.

Considering the approximations and the methods used in the derivation of

both the theoretical and measured thermal time constants,the correspondence

between the two responses is considered good.
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5.15.6 Prediction of the outer region surface temperature

Before the approximate solution, given in section '5.1‘5.4.2, can be used
to predict surface temperatures, the quantity Wo must be determined., This was
defined in chapter 2 as the heat flux passing through the Iosé member in the active
regiop only. If alrgap‘heat transfer is small, as it is in this case, then Wo is
found by dividing‘ the power dissipated in the active region, P A’ by the area of the
active region, Aa' In a coupling with a solid iron loss member the total power,

PT' is not all dissipated in the active region, as was discussed in chapter 2, and so

its distribution between the active and end regions must therefore be obtained

before W0 can be found.

To determine P A in couplings with solid iron loss members involves con=-

sideration of the complicated prbblcm of clectrical end-effectsz, which few authors
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have dealt with satisfactorily. In chapter 2 an approximate solution was given for
the power distribution in a coupling with end-effects. The relationship between
total power and active region power was defined as

P, = PT/ r _(5 .32)
where r is a geometrical factor derived from a linear three dimensional theorym

given by

!

Ly . P@qxp& I],sin(ﬂLA/L_T)
Lo Lo/ N

(5.33)

This equation only applies for LT/ L A) 2, but values less than this are phj%sicall}
impossible in a solid iron machine. The main problem when using this equation )
is to determine the length L‘I‘ in which all the eddy;currents flow. For the exper’i-
mental dynamometer it was argued that these currents would only flow outwards to

the inner edge of the spacer between the loss member and field member, see

figure 4.1, and inwards to the centre of the middle region. The arguments behind
this aséumptlon were that the high resistance 'sheradized' skin on the spacer would
prevent eddy-currents flowing on it and the considerable leakage flux through it
would stop the currents passing to the outside edge of the loss member. The
innermost limit of LT was defined from the oscillograms shown on figures 5.9 to

5.14, The values of L A LT and ?\1 for the outer region of the dynamometer are:

-2
-2
LT = 8.0x10 m
-2 ;
).1 = 5.45x 10 m

Substituting these values into equation 5.33 produces

r(outer) £ 1.3
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Table 5.14 gives various values of T(outer) (from figure 5.34), outer region

total power (PT), active region power (P A) (calculated using equation 5.32) and

active region heat flux or loss density (Wo). The area of the outer active region,

-2 2
Aa.’ was takenas 3.142x 10 m

Table 5.14

Excitation 3A

Slip speed T (outer) PT P = PT/l .3 Wo
(rov/min) | (Nm) W) W) (€W /m)
2000 17 3500 2700 86

4000 21 8800 6780 216

The values of WO given in the table can now be used in the approximate

theorctical equation for predicting surface temperatures in the outer region,

At 3A, 4000 rev/min

From equation 5.29 the term containing Wo was given as
B= wodL/KB
Substituting the appropriate values into this gives

B =216,000 . 1.6 . 10 2 0

63 ‘ = - 85 C

Putting B = 5500, t1 o 10°C and ’L’l = 10.1s into equation 5.30 yields the
»

approximate theoretical equation for the loss member surface temperature in

the outer region.

8(o, t) = 10+ 55 (1 - e-t/m'l) (theoretical)

The measured response is obtained from figure 5.37(a)

8(o, t) = 10 +45 (1 - e-t/15'4) (measured)

Similarly at 3A, 2000 rev/min

-2
B=286,000.1.6.10
63 = 22 C
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substituting into equation 5.30

-t/10.1

6(o, t) = 10+22 (1 - ) (theoretical)
and from figure 5.36(a) the measured response
(0, t) =  10+18.5 (1 - oW 14'8) (measured)

The correlation between the measured and theoretical surface temperatures
is goed and hence the general analytical method is satisfactory for design
purposes. The deviation is due to neglecting the airgap heat transfer, hence W0
is high, and the values of active region power (P A) are not exact since the solution

for the power distribution factor, r, was approximate. The use of the factor r CpeD
however, does appear to give reasonable answers.

5.16 Transicent response

The following transient work was included so that the torque—tir;le response -
of the dynamometer could be found and also because there was no previously

published data on inductor coupling response,

In previous sections, it was shown that the experimental machine could be
thought of as two separate couplings each with end-effects and cach having different
characteristics, So, Wright's transient theorylo could not be used for predicting

the dynamometer's torque response as it was developed specifically for single

couplings without end-cffects.

It was also not possible to measure the torque-time response accurately

since, under transient conditions, the torque arm vibrated and the signal from

the strain gauges fluctuated violently, An alternative was to employ the transient

torque measuring equipment used by erghtlo, but due to lack of space this could

not be fitted to the apparatus.

The torque-time response was therefore calculated from the general torque-

flux relationship which was given by Dav1033 as

T o« @ (5.34)
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where 2 < x < 3; the two limits of x correspond to linear and fully saturated

theory respectively.

The flux ¢ in equation 5,34 is strictly the fundamental flux, Jac 7 since
the equation was developed from fundamental quantities for single region couplings.
However, as the time response of fundamental flux and total flux are clearly the
same then the per unit torque-;ﬁme response can be calculated from the total flux

response using the above relationship; it should also be noted that Jac 1 and total

flux are not proportional, The exponent x is known to be a variable and so the

torque response was only calculated for the two limits, the actual response lying

somewhere between the two extremes.

5.16.1 Excitation current and flux response at standstill and various slip speeds

Figure 5.44 shows oscillograms of the standstill flux reSponses. from

search coils 1, 2 and 4. They were obtained by feeding the integrated search

coil voltages into a storage oscilloscope. Also shown is the excitation current,

1 o response which was recorded simultaneously with the flux responses. Itwas

derived by mecasuring the voltage across a calibrated rcéist;xnce (whose value was
n;:gllgiblo compared with the ficld coil resistance) connected in series with the
coil. Before the oscillograms were taken the magnitude clf the flux and current
were adjusted, via the oscilloscopes input amplifiers, until they were the same.
Theéc particulat oscillograms were taken to verify that the flux responge was the
same at various sections in the dynamometer, and also to show that the inherent
high leakage flux of the inductor coupling had no effect on flux response.

The time responses of If and GI, the total flux leaving the inner laminated

section of the field member, at standstill and various slip speeds are shown on

figure 5,45, These oscillograms show that the field time constant, ¢+ , remains

constant as slip spced increases, whereas the flux time constant, g , reduces

from approximately 0.44 seconds at standstill to 0.37 seconds at 6000 rev/min;
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these values are checked later in scction 5.16.2.

The reason for the réduct:[on in ~¢g with speed can be qualitatively explained
in terms of the skin depth. As slip speed increases, the depth to which flux
penetrates the loss member, and hence the permeance of the flux path, reduces.
So the self inductance of the loss member, which depends on this permeance, also
reduces with slip speed. The resistance of the loss member however, will
increase with slip spced, because of the reduction in area of the eddy-current
paths, The loss member time constant, which may be taken as the ratio of loss
member inductance and resistance, will therefore reduce with increasing slip speed.
This time constant is a measure of loss member damping and so as slip speed
{ncreases the effect of the loss member on response becomes negligible and the
flux response approaches the excitation response., |

[

In a salient pole coupling with a laminated field memberlo, the current and
flux response are identical at high speeds. Unfortunately this can never occur in
the experimental dynamometer, as figure 5.45 shows, since it has other solid iron
paths, notably in the rotor and field member, through which the flux has to pass.
Hence, its flux response will always lag the current response, unless all the solid

iron paths are replaced with laminations.

5.16.2 Verification that GI has an exponential response and evaluation of its time

constant at various slip spceds

The time response of QJI, shown on figure 5.45, appears to be exponential,
but this must be verificd since it is crucial for prediction of the torque-time
response. Assuming therefore that Qil obeys the law

o = G a-oTH

rearranging and taking logs gives

(5.35)

-t/%4 = 1ogea-¢r/al> = log F(@) (5.36)
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Values of t and QII were taken from figure 5.45 at various slip speeds and
then using equation 5.36 they were plotted on log-linear paper. The results are
shown on figure 5.46 and the linearity of the points verifies that GI obeys equation
5.35. The flux time constants were derived in exactly the same way as the thermal
constants in section 5.15.5 and they are summarised on the figure.

5.16.3 Torque~-time response at various slip speeds

Knowing the relationship between flux and the time, the torque-time response
can then be calculated, Substituting equation 5.35 into equation 5,34, using the

limits of x and expanding, gives two equations relating per unit torque and time.

where

T = - 2 /T8, o2t/ 't:é) (x = 2)
and )
(x =3) |

These functions represent the boundaries of the torque-time response,

n

" a - 3e-t/'té i 39-2t/'tfé _ G-—3t/'c ,5)

They are both plotted on figure 5.47 at various slip speeds and, naturally, the

measured values of %@ were taken at the same slip speeds. Also plotted for

comparison are the flux GI - time responses, from figure 5.42, and the magnitude

reltationship between the above two functions for the same flux. It can be seen

that the torque response for a 'linear' machine (x = 2) will be much faster than a

'fully saturated' machine (x = 3).

Table 5.15 compares values of the torque time constant, ’ET, when x = 2

and 3 with the flux time constant ¥d. The values of 'rT were taken when per unit
torque, T = 0.632 = (1 - eh,
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Table 5.15

Comparison of flux and torque time constants

Slip spced g "CT
(rev/min) (s) (s)

X=2 x=3
2000 0.42 0.66 0.83
4000 0.39 0.62 0.77
6000 0.37 0.59 0.73

The torque time constants are large compared with a laminated salient
pole coupllngm operating over a similar n/nm range (e.g.. 0.11s), but compare
well with a solid iron partially interdigitated couplinglo (e.g. 0.858). ‘The
actual value of 'tr for the experimental machine will lie somewhere between &
tho two extremes given in the table.

Considering its physical size and rating, nominally 75 kW at 2000 rev/min,

the dynamometer has a relatively fast torgue-time response'compared with other
inductor couplings* of similar size and rating.

5,17 Conclusions

The cxtensive testing of the new high speed dynamometer has been described

in detail. The vesults show that it produces adequate torque for its intended appli-

cation and that its overall design specification has been met. It has also been

8
shown to obey general coupling theory  even though its loss member eddy -current

frequencies are six to twelve times higher than those in any previously published

coupling work. This indicates that eddy-current frequency has little effect on

coupling performance and the governing factor in their operation is their actual

slip speed with respect to speed at peak torque.

* From Redman, Heenan, Froude Technical Library.
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Generally, the tests show ﬁat the experimental data agrees well with Dzwie.?.3
theory. The main deviations were in the measured values of armature reaction
mmf, which was expected considering the method of measuring f‘rl; this has always
been in some doubt, especially when used with inductor couplings.

The usual methods of designing couplings have also been shown to be valid
for high speed machines, in particular, the extremely powerful technique of
dimensional ratioing.

A detailed investigation of the eddy~-current distribuﬁon in a double region
loss member with unsymmetrical end-effects is also discussed.

This work was

useful in verifying that inductor couplings may be designed by treating them as
two separate machines.

The theory given in chapter 2 for predicting surface temperamrés and
thermal time constants has been shown to apply to a water cooled loss member.
A comprchensive analysis of airgap heat transfer is also given and shows that it
may be neglected in water cooled couplings even when there is a forced air flow
through the alrgap. " '

In the last part of the chapter a brief study of the transient performance of

the dynamometer is given and values of the torque time constant were calculated
from the measurcd flux time constants.



CHAPTER 6

OVERALL CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
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6,0 Overall conclusions and suggestions for further work

6.1 Overall conclusions

A theory has been given in chapter 2 for predicting loss member surface
temperatures and thermal time constants of eddy-current couplings. The relation-
ship between both these and the parameters of the coupling are also given.,

The theory was verified by comparisons with experimental results taken

from alr-cooled couplings with and without endrings. Additional verification was

given in chapter 5 where it was shown that the theory was also applicable to the

high speed water cooled dynamometer. In general, the comparisons show that

the accuracy with which surface temperatures and thermal time constants can be
predicted, using the theory, are adequate for design purposes. It is also thought
that the thcory, with modifications, may be applied to other related prol;lems, €. -
clectro-heat. |
The experimental results from the new high speed dynamometer indicate
that 1t behaves like a normal inductor coupling even though its eddy-current frequen-
cies are extremely high, and so existing coupling theory is shown to be applicable
to high speed couplings. |
The tests on the new machine also show that its performance is superior to
the original Redman, Heenan, Froude design specification, which was for 75 kW at

2000 rev/min and an inertia of 0,17 kgmz, giving a torque/inertia (T/I) ratio of

T/I (spec.) = 360 = 2120 (N/kgm)
0.17

From figurc 5.8, the projected torque for the new machine is 480 Nm at 2000 rev/min

and from table 4.1 its incrtia is 0,158 kgma, hence

T/I (new m/c)= 480 = 3040 (N/kgm)
0.158
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so that T/I (new m/c) - 1.45
T/I (spec.)

This comparison shows that the new dynamometer has a T/I ratio considerably
higher than. the original specification. Itis also expected that the alternative,
and perhaps more commercial, high speed design given in Appendix 4 will have
a still higher T/I ratio.

Other important features of the new dynamometer are its simple modular
construction, stationary 'indirectly' water cooled loss member (i.e. dry airgap),
stationary field member and negligible minimum power level.

It is considered therefore, that the new machine is suitable for a 75 kW, 14000

rev/min dynamometer.

6.2 Suggestions for further work

The theory of chapter 2 could be extended to cover higher temperatures by:
substituting y = m.t + ¢ for the temperature dependent material properties cs/Ks,

where m and ¢ are constants, y equals cB/KS and t is the loss member temperature.

In the process the fundamental design parameters may be obscured, but this is

the price of advancement, An analysis of the Curie wave* penetration could also

be included. This would be useful for electro-heat problems in which surface

hardening or even melting times may be required for a particular loss density (or

heat flux).

Further work should also include a study of airgap heat transfer at high

loss-member temperatures. The radiation losscs were small in the couplings

discussed in this thesis, but since these losses vary as '1‘4 then at high loss-member
0
temperatures say, 300 C plus they may be substantial, Detailed information is also

recuired on airgap convection losses; research on this would involve experimental

This is the penetration of the Curie temperabureal (approx, SOOOC) into the

loss member.
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determination of surface heat transfer coefficients for the most common airgap
configurations, perhaps expressed in the form of the general Nusselt number

equation, i.e.
Nu = a.Re . Pr’

Part of this thesis has dealt with high speed couplings and dynamometers

and consequently high frequency eddy-currents in the loss member. However,

because the speed at peak torque, n o of the experimental machine was also very
high (as figure 5.3 shows) there remains at least one outstanding arca of coupling
operation which has not been investigated te. ok very highn  values,say

20 to 40 nni

Typical values of n for endring couplingss_)' 10 are 150 to 300 rev/min, Therefore,

to study high nm operation,expcrimental apparatus capable of at least 10., 000 rev/min

would be required,

It was shown from the tests on the new dynamometer that a more accurate
method of estimating pcak fundamental armature reaction mmf (ﬁrl) must be found.
A possible approach would be to construct the complete Fr wave from tooth and slot
flux measurcments and then analyse the wave.

Other arcas of further work are:

i) =~ Comparison of the performance of an inductor coupling fitted with a solid
iron, endfing and copper faced loss member.

if) Investigation of end-effects and current density distribution in disc couplings.

iii) Prediction of torque produced by the airgap flux density harmonies (harmonic

torque) and their effect on the fundamental torque-slip curves.
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Appendix 1

Al Heat transfer equations

Al.1 Cylinder rotating in an infinite quiescent fluid

The following equations apply to drum type eddy-current couplings rotating in

frec air andthe characteristic dimension chosen is the drum outside diameter Do'

If ReD( pcDOw/ };c) 4 (GrD/ Pr)l/z free convection dominates37 and the

- 38
average Nusselt number (tho/Kc) for a 'long cylinder' is given by

- 0.25 _
NuD = 0.456 (GrDPr) Al.1l

This equation applies for stationary cylinders or cylinders rotating very slowly.

In the range where both free and forced convection, or only the latter, are

4
significant the relationship is 2

= 0.18 (0.5Re
NuD (

2 0,315 )
D + GrD) Pr Al,2

This is the general case for a cylinder rotating at an angular speed w(2 = N)

and it is valid for air up to ReD values of 5 x 104 . Dropkin and Carmi39 extended this

up to ReD values of 4 x 1(}5 and also obtained data at high Grashof numbers. They

correlated their results for air with the empirical relationship

NuD = 0.19 (ReD +GrD) : Al.3

At very high speeds, if ReD2 » GrD, equation Al.3 reduces to

- 0.7
Nu = 0.19 BeD

D Al.4

For alr, the Prandil number is approximately a constant over a very wide

range of temperatures. Therefore it may be taken into the constants.

Analytical solutions based on a modified Reynolds analogy have been glvmi

4
by Kays and Bjorltlund40 and Mayhew 3.

Transition phenomena in flow over rotating cylinders have been discussed by

Richardaon42, also the influence of free convection on the flow has been investigated

by Etemad-C,
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A1.2 Cylinder rotating in a forced flow fluid

A forced air cooled drum coupling is basically a cylinder rotating in a
forced flow fluid, The air ils usually passed to the coupling through a duct with
its free stream velocity defined as u_ .

The problem of convection from a rotating cylinder with air flow perpendicular.
to the axis of rotation has been studied experimentally by Kays and Bjorlclund40.
They found four distinct flow regions with transitions between them depending on the
ratio of the frce stream velocity u_ to the rotational speed of the cylinder wro,where
ro is the outside radius of the cylinder. Over the limited range of variables

covered in their experiments, their results were correlated by the empirical

relationship

Nu

2 2 0.315
D 0.18 (O.SEeD +Rew +GrD)Pr

where Re , = w, D Pc/ K

Al.5

This equation should not be used when the value of the terms inside the
square brackets exceeds 109. Ifu_, is zero, as in the case of an infinite quiescent
fluid, then equation Al.5 reduces to Al.2.

In all equations the physical properties are to be taken at the arith metic

mean film temperaturc or mean between temperature at the outside surface of the

cylinder and the temperature of the surrounding medium.

Al1.3 Gas and fluid flow through slots and pipes

Heat transfer for gases and fluids flowing in slots and pipes has been studied

in great detail and is extremely well ,documented.@' alat8 A common method of

cooling both disc and drum couplings is to cut slots in the back face of the loss

member and pass the cooling fluid, usually water, through them, If the hydraulic

mean diameter 6 (fI.M,D.) of the slot is taken as the characteristic dimension, then

all the cquations for circular pipes can be used to calculate the heat transfer.
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The Nusselt number for forced convection of fluids and gases flowing through

pipes is given by Fishenden and Saunders46 and McAdams48 as

1_\IuD = 0.023 Re’ " Spr0+2 Al1.6

This equation applies for both water and air when Re > 104. The character-

istic dimension is dP the diameter of the pipe or the H.M,D. of the slot.

Because Pr varies little from gas to gas, or with temperature for any given

gas, equation Al,6 reduces to

Nu = 0.020 1:{1';!0'8

D Al.7

In both the above equations the physical constants are taken at the mean

bulk temperature 'r.b & of the fluid, i.e. at the mean of the inlet and outlet temper-

atures of the coolant.

Al.4 Gas and fluid flow over plane surfaces

I

Disc couplings with slotless loss members may be treated as plane surfaces

for heat transfer calculations, The characteristic dimension L is the length of

plate in the direction of flow.

Experiments with air and wa’Cer46 agree well in the turbulent region, which

-
in this case corresponds to Re > 2 x 107, with the expression

Nu. = 0.036 Re’ " Spr0+33

D AI.S

For alr, and other gases with similar Prandtl number, this becomes

o 0.8
NUD = 0.032 Re

Al.9
In these equations the physical constants are taken at the mean film

temperature 6_ .
m

Al.5 General form of the Nusselt number

An inspcction of the equations given in this Appendix reveals that they all

have the same general form, which is

.I:Tu = a I{ob Prc

D Al,10
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This is useful and means that all of the common cooling system configurations
encountered in couplings may be expressed by one general equation and hence, only
one general theory also with appropriate values of a, b and ¢ being substituted for
a particular type of coupling.

It should also be pointed out that in most of the equations given in this
Appendix, Reynolds number could be substituted for in terms of the mass flow rate,
inlet and outlet temperatnrés of coolant and the total power which is to be carried

away by the coolant, However, this depends onwhat information is available and the

constraints on the cooling system design.
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Appendix 2

A2 Inversion of 6(y, s)

A2.1 -9—(y,s) terms not containing De

Consider the two terms in equation 2.41 which do not contain De. Inversion

of tl c/:3 is trivial and is found from standard tables

-

L[Es,'-s] = k. | A2.1

The other term is inverted using C.I,F,. directly and noting that the denominator

zero oceurs when s = o,

Hence ,
- W1 o e sk cL '
L W, .sinh (ys)| | f WO-W\I ((5ysl).e . d$
3,2_ G [1£3 ot
KS‘OCS‘S 2%} T S'Ks' S
S !
S—0
- Wy
. K A2,.2
S
NOTE: As s—o the term sith (cxéysl/z)/sl/z - oe,sysl/z/slfz = oty
A2,2 Ew,s) terms containing De
A2.2.1 Introduction of 'Residue' method
Consider now the term
) W2 12,
W, . coshtec, d 3. coshCot oy s )
(] S L 'sJ
A2.3
s K. De -

It has been shown in section 2,11.1 that De has zeros when



2, 2

where Pn is not an integer and depends on hc' dL and Ks' The denominator of

the above term thercfore is zero for these values of s and also when s = o,

Using C.I.F. therefore

-1 i st
L[AQ_-?} _ L f W cosh( tlLS) cosl\(“sfjs) e .ds
27 Ks De
S
§—0
I W, /s Ko). COSI'I(O(SJ.LS) cosh(e 5:3 e'fbd.g]
K3 — A2.4
28] o De/Cs+ P /ety dt) _l
(s P g
+ P/ clL) 2 7-
_.P/

2 2, 2
where De/ (s+Pn / o4 dL ) is called the 'Residue' and comes from introduction of
the redundant term containing the factors of De.

A2.2.2Evaluation of 'Residue!

Before C.I.F, can be applied to equation A2.4 the 'Residue' must be evaluated
%4

2
as s— - Pn / o< L " So, substituting for De from equation 2,40 and using L-hopitals

rule

"

Lim, [rsih ey 35 o (b K coshcid 3
s_,..P:/o.;JLL s+ Pofecg d)
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evaluating this gives the 'Residue’

= 2 0]

= 2 A2.5
where Dn “ [CDS( Pn) + (U+5B) ;)' B). S':‘\(Pn)] A2,6
' n
and B = I‘c‘ll.
Ks

A2.2,3Inversion of the terms containing De

Substituting the 'Residue' into equation A2.4 and using C.I, F. it can be shown

.-E{"c;‘

, W, r, _ apcostPlcosPydye™ ™

L[Az.a] CIF Z he [' P D ]Az.v
n=t,'l.,3 n"'s*¥n

2.2 2
where f\:n = oL dL / Pn and represents the thermal time constants.
The remaining terms which contain De are evaluated in the same manner as

detailed above and it can be shown that the 'Residue’, equation A2.5, is common to

them all.
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Appendix 3

Dimensional equations for disc and drum couplings

The simplest and most accurate method of designing eddy-current couplings
is by dimensional ratioing from other similar couplings. Davie33 derived drum

coupling equations which are reproduced here for comparison with the equivalent disc

coupling equations

DRUM COUPLINGS

A

m,! 9 A3.1
' esp
and nm,l X A3.2

Before the new high speed disc inductor coupling could be designed similar

L]

equations to thosec above had to be obtalned. Cartesian co-ordinates were used
since it can be shmvn13 that curvature effects are small in disc couplings. End-

effects were also neglected as they usually cancel when ratioing. Hence, only a

fundamental component of radial current density is assumed and, as this premise
is consistent with Davies analysis, all his initial equations apply to disc couplings

with small modifications,

From reference 3 the basic equation for Qfac, was given as

‘?-"“. = LT LA°W A3.3
Ww. M m
1m 2
where K,CHm) = & (? :’JV A3.4
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These equations apply to both disc and drum couplings where L A is the length of

the active region.

Figure A3.1 shows the ideal pole shape for a disc coupling

Figure A3.1

| ~ 2 2
glven that L, = (rz-rl) and the active region swept area, A = x(r g =Ty )=

w (1, * Ty)(E, = 7))
The term W in equation A3.3 is the loss density in the active region it is defined

W = Tw
pAa

putting w = 2 *Np and Aa into this equation yields

w = 2Tn
(r2+r1)(r2-r1)

A3.5

but (r2 -T 1) =L A and the quantity (r2 + rl) will be defined as R.

Rearranging equation A3.4 in terms of Hm and substituting it, w and W in
ecquation A3.3 it can be shown that
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dlg.ml_ih.m (1m-l)/2.m
_ e i
¢m:'| = K?_. —W-‘l_ATI ¢ =im

A3.6
Zrm 1ym
R™ p n

where K,_ = 2.1 ‘[%El

4
This equation is identical to that given by Davies for drum couplings. The
quantity R is directly compa.rable' to the inside diameter, D, of a drum coupling
and is in fact the mean pitch circle diameter of the teeth or poles in a disc coupling.

It can be sht:mm3 that the general relationship between T, p, (Hacl and f‘rl is -
5 .

where K3 =%

There is no reference in this equation to machine geometry and so by substituting

for (Jac 1 and rearranging, the relationship between f‘rl and disc coupling parameters

can be shown to be

whm Vpm
F r =

= B O SO '
2 A3.7
SN

tfem t/am  (2m-/2en Cem-)/4m
M is defined as [9. LA/R . P ]

analagous to a similar quantity defined by Davles4 .

and is directly

Equations A3.6 and A3.7 can now be combined into the performance equation3

of the eddy-current coupling

2 = N 1] 2 ‘\' 2_ ‘? N
Fg K (Fr] )+K, (Fé)"-K 2Fr] Fd.cos(§) A3.7
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where Tg - applied mmf per tooth or pole
ﬁr i’ "= equivalent ficld produced armature reaction mmf
= fﬁrl; f is the effectiveness of fundamental armature reaction
in producing fundamental flux it carries the same definition as
4
given by Davies .
§ = a phase angle.
fg = Jac 1/./\.1; A is derived from the airgap geometry and in
terms of disc couplings it is proportional to (RL A/pg)
- constants
Ka.,b.c

Substituting the relevant relationships into equation A3.7 and following Davies'

methods it can be shown that

DISC COUPLINGS

2
RL,.(F A3.8
g
2 4m-1
and nm,l ol e E P .A3.9
4m 4-4m
R (Fg)

These dimensional equations are identical to those given earlier for drum machines
where D is replaced by R; they apply to both inductor and salient pole (or Lundell)
couplings. The constants of proportionality arc of course different for the two types,
but these are not required for designing by dimensional ratioing since they cancel
for similar machines; these constants are functions of the machines geometry, i.e.
end-cffects and tooth width/footh pitch ratio. The equations apply to any one

individual machine or to each region of an inductor coupling.

Strictly the equations given here are for the fundamental peak torque and its

speed at peak torque. However, it can be shown* that the dimensional relationships

From unpublished work belonging to the author.
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for the harmonic torques are the same as for the fundamental. Therefore, when
these fundamental equations are used for dimensional ratioing they do in fact

automatically take into account the harmonic torques and this is why this design

technique produces such good results.
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Appendix 4

PATENT APPLICATION NO, 10790/75

PATENTS ACTS, 1940 & 1961

PROVISIONAL SPECIFICATION

"Eddy Current Dynamometer"

WE, FROUDE ENGINEERING LIMITED, of Gregory's Bank, Worcester, WR3 8AD,

a British Company, do hercby declare this invention to be described in the following
statement: -



Aston University

Paged removed for copyright restrictions.
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DERIVATION OF THE SOLID DRUM THERMAL TIME CONSTANT FROM THE

MEASTRED SURFACE TEIPERATURE RESPONSE,

1.0
0.8
—
L)
ol 0.6
@
1
ol
5 T/C B
-u: 0.4
" 1450 rev/min,
%g Excitation:0.15A
g
=]
o
E 0.2
=
o]
0e1
0 200 400 600
. |
TIME : 8 . .

x : Experimental points, (TAKEN From Fzg 3:6)

Thermal timo constant , T, = 320s

Meure 3.10



——

FIGURES FOR CHAPTER L.




Aston University

Paged removed for copyright restrictions.



SELINOMYNAG INDEN0-XAQE CEddS HOIH QIT00D HEIVA HHL




THE ROTOR OR PERMFANCE MFMBER

Figure ).}
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ARRANGEMENT OF CURRENT DENSITY PROBES ON STATIONARY
WATER COOLED LOSS MEMBER,

LOSS MEMBFR SURFACE

/S '
\ Z, y
\ " oy SCALE : FULL SIZE

Z : Radial probes measure Jr ( Jz in cartesian coordinates. |
X : Peripheral probes measure Je (Jx in cartesian coordinates.)

'15‘
Probe leads 42 S.W.G. nickel-copper (CONSTANTAN) wire, rayon-covered.

Figure L..12
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TORQUE AGAINST EXCITATION (If) AND TOTAL FLUX (¢I)

AT VARIOUS SLIP SPEEDS,
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CURRENT DENSITY AMPLITUDES f(ﬂ,) AND f(.rx) PLOTTED ACAINST DISTANCE
ACROSS THE OUTER  ACTIVE REGION AT VARIOUS SLIP SPEEDS.
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CURRENT DENSITY AMPLITUDES Jc(a'z) AND )C(J’x) , (1a/n2).

CURRENT _DENSITY AMPLITUDES ;F -(Jz) AND :F(Jx) PLOTTED AGAINST DISTANCE

ACROSS THE Iim ACTIVE RFEGION AT VARIOUS

SLIP SPEEDS.
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FLUX - DENSITY DISTRIBUTION AT THE LOSS MREMBER SURFACE AT VARIOUS
SLIP SPEEDS CONSTRUCTED USING THE EXPRERIMENTAL RESULTS FROM CURRENT

| DENSITY PROBE 2-13 AND FULL PITCH SEARCH COIL 2,

EXCITATION : 2 A (310 AT/tooth outer approx.)
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FLUX - DFNSTTY DISTRIBUTION AT THE LOSS MFMBER SURFACE AT _VARIOUS

SLIP SPFEDS CONSTRUCTED USING THE EXPERIMENTAL RESULTS FROM CURRENT
DENSITY FROBE Z-13 AND FULL PITCE SEARCH COIL 2

EXCITATION : 3 A (465 AT/tooth outer approx.)
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FLUX - DENSITY DISTRIBUTION AT THE LOSS MFMBER SURFACE AT VARIOUS
SLIP SPFEDS CONSTRUCTED USING THE EXPERIMENTAL RESULTS FROM CURRENT
i FNSITY PROBE 2Z-13 AND FULL PITCH SEARCH COIL 2,

| EXCITATION : ) A (620 AT/tooth outer approx.)
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FUNDAMENTAL FLUX/POLE AGAINST SLIP SPEED AT VARIOUS EXCITATIONS,
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PEAX FUNDAMFNTAL ARMATURE REACTION M.M.F. AGAINST
SLIP SPEED AT VARIOUS EXCITATIONS,
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VARIATION OF TORQUE (outer) WITH FIUX AT CONSTANT SLIP AND SLIP AT
'CONSTANT FIUX .

TORQUE ( outer ) , Nm .

0.01 0.1
FUNDAMENTAL FLUX/POLE ( ¢ac, ) , mWb , ( This is derived from Fourier

analysis of the eddy-current distribution in the outer active region., )

TORQUE (outer) - FUNDAMENTAL FLUX/POLE .
t 500 rev/min, , slope = 2,6}.
: 2000 rev/min, , slope = 2.71.
: 4000 rev/min, , slope = 2,75,
: 6000 rev/min., , slope = 2,78,

B P o x

TORQUE (outer) - SLIP SPRED .
+ : 0.05 mWb , slope = 0.83,
¢ : 0,07 WM , slope = 0.83.
® :0,1 m" , slope = 0,85,

Figure 531
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VARIATION OF MFASURED PEAK TFUNDAMENTAL ARMATURE REACTION WITH TORQUE
AT CONSTANT SLIP AND SLIP AT CONSTANT TORQUE ,
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COMPARISON OF THE GENERALISED TORQUE — SLIP CURVE WITH THE

EXPERIMENTAL _CURVES,
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COMPARISON OF THE ESTIMATED OUTER REGION TORQUE - SLIP CURVES
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COMPARISON OF THE FPFAK FUNDAMENTAL ARMATURE REACTION M. M.F. AND

FUNDAMENTAL FLUX/POLE GENWRALISED CURVES WITH THE EXPERIMENTAL RESULTS.
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Figure 5,35




oy A L)) alND .
| OF _Q = 27 LITRES/MINUTE.

(a)

Taken from
Thermoc oulple 5

(b)

Taken from
Thermocouple 3

LOSS MEMBER SURFACE TEIPERATURE,(OG)

Ficrnura R_2A



- L10SS MFMBFR SURFACE TEMPERATURE AGAINST TIME AT CONSTANT SLIP

- VARIOUS EXGITATIONS WITH A COOLING WATER THROUGHFUT
' OF _Q = 27 LITRES/MINUTE. :
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.............................

(a)

Taken from
Thermocouple 5

(b)

Taken from
Thermocouple 3
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1.
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SLIP SPEED : ),000 rev/min.
. Figure 5.37




(2)

Taken from

| Thermocouple 5

(v)

Taken from
Thermocouple 3

: 2
TIME _(MINUTES)

SLIP _SPEED : 6000 rev/min.,




TORQUE AGATNST TIME AT CONSTANT SLIP SPEED AND VARTOUS EXCTITATICNS ;

THESE CURVES WERE TAKEN STUULTANEOUSLY VITH THE SURFACE TEMPRRATURE
AGATNST TDME CURVES,
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Figure 5.39



n DERIVATION OF THE LOSS MFMBER THFRMAL TIME CONSTANTS FROM THE
l

MBASURED SURFACE TEMPERATURE RESPONSES.
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LOSS MEMBER THERMAL TIME CONSTANTS FROM THE
MPASURED SURPACE TEMPERATURE RESPONSES.
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JRED RESPONSE OF FXCITATION CURRENT (If} AND FLUX \_.‘) AT

SECTIONS IN THE HIGH SPEE DYNAMOM®TER ALL AT STANDSTILL.

LOWFR TRACE IS TOTAL
FLUX (¢I) FROM
SFARCH COIL & .

LOVFR TRACE IS FLUX
(¢Q FROM FULL PITCH
SEARCH COIL 1

st

LOWER TRACE IS FLUX

() FROM FULL PITCH

.

SEARCH COIL 2

4 full pitch search coils 1 and 2 were aligned with rotor slugs to
m - » " . Fa ) 4 . i .
& maximum flux linkage. In trace (c) the wvertical calibration of
er trace) has been reduced to correspond with the sifnal om full
4 176 }
ire 5.4




MFASURED RESPONSE OF TOTAL FLUX (4)1) AND EXCITATION CURRENT
AT STANDSTILL AND VARIOUS SLIP SPEEDS.

(I,)

EXCITATION : 4 A , TIMZ BASE : 0,2  s/om

(a) STANDSTILL
T? = 0.34 seconds

T¢ = 0,4 seconds

(v) 2000 rev/min,

T¢ = 0.42 seconds

(e) 4000 rev/min,

T¢ = 0.39 seconds

6000 rev/min,

T¢ = 0.37 seconds

Upper trace

'PI Current response and lower trace is total flux response which
is obtained by integrating the voltage induced in search coil ).



VFRIFICATION THAT TOTAL FIUX (¢p.) HAS AN EXPONENTIAL RESPONSE
AND EVALUATION OF I?S TDE CONSTANT (7)) AT VARIOUS SLIP SPEEDS.
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