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Doctor of Philosophy

SOME ASPECTS OF WIND TUNNEL MAGNETIC SUSPENSION SYSTEMS WITH SPECIAL 

APPLICATION AT LARGE PHYSICAL SCALES

by Colin Paul Britcher

Despite over a quarter of a century of development, wind tunnel 

magnetic suspension and balance systems (MSBSs) have so far failed to 

find application at the large physical scales necessary for the majority 

of whole model aerodynamic testing. Recent developments, such as the 

cryogenic operation of wind tunnels and advances in superconducting 

electromagnet technology have greatly reduced the apparent cost of a 

large, or perhaps more specifically, high Reynolds Number MSBS (LMSBS). 

Many difficulties remain, however, and three are addressed in this 

thesis.

A powerful method of magnetic roll torque generation is essential for 

any LMSBS. Two variants of the new Spanwise Magnet scheme are studied 

herein. Spanwise Permanent Magnets are shown to be a practical method 

and are experimentally demonstrated using the Southampton University 

MSBS, though precise evaluation of maximum torque capabilities has not 

been possible.

Extensive computations of the performance of the Spanwise Iron 

Magnet scheme indicate potentially powerful capability, limited 

principally by current electromagnet technology. Some experimental 

verification of the computed performance at low applied field levels 

is presented.

Aerodynamic testing at extreme attitudes is shown to be practical 

in relatively conventionally configured MSBSs. Preliminary operation 

of the Southampton University MSBS over a wide range of angles of 

attack is demonstrated.

The impact of a requirement for highly reliable operation on the 

overall architecture of LMSBSs is studied. It is shown that the 

system’s cost and complexity need not be unduly increased, provided 

certain of its unique characteristics are exploited.
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SYMBOLS (SI units used throughout, except where noted)

a x-wise coordinate of element

A transformation matrix (field components)

A 
o wing root chordwise cross sectional area

b y-wise coordinate of element

B transformation matrix (field gradient components)

B. magnetic flux density (magnitude, in tesla, direction 
and/or gradient denoted by 
subscript)

B magnetic flux density (vector)

BH 
max peak energy product for permanent magnet material

c z~wise coordinate of element

lift coefficient

d

roll moment due to sideslip coefficient (US notation) 

parameter locating E/M axis

E.
1 even function (of subscript)

F. magnetic force (in subscript direction)

F magnetic force (vector)

9(b) unknown function of b

H. magnetic field strength (magnitude, in A/m, direction 
and/or gradient denoted by 
subscript)

H
c coercive force (A/m)

H .
Cl intrinsic coercive force (A/m)

”k effective coercive force (A/m, see Section 4.3)

H magnetic field strength (vector)

current (in E/M i)

J 2 
current density (in A/cm )

1 magnetic polarization (magnitude, in tesla, direction 
denoted by subscript)

r current density in E/Ms generating through-wing field

m current density in E/Ms generating wing magnetizing field
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J
r ,m

J and J 
r m

J 
r

remanent induction (Section 4 only)

J magnetic polarization (vector)

L roll torque (balance axes)

L
V

roll moment due to sideslip coefficient (UK notation)

M mach number

M. magnetization (magnitude, in tesla, direction denoted
by subscript) THIS IS NOT TO SI STANDARD

magnetization (vector)

*
magnetic dipole moment (M x 5v)

magnetization (traditional, in A/m, see Appendix 4)

n number of E/Ms in an array

N yaw torque (balance axes)

0.
1

odd function (of subscript)

r position vector of element

s wing semi-span

S wing area

T magnetic torque (vector)

6v volume of incremental element

V volume of whole core or non-incremental element thereof

V arbitrary vector

X balance axis or model axis (fixed model or model only)

X' model axis (model free in balance axes)

y balance axis or model axis (as above)

y" model axis (as above)

z balance axis or model axis (as above)

z" model axis (as above)

6 angle between magnetic force vector (in xz plane) and 
X axis

6(i) incremental element of i
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9 pitch attitude (Euler angles)

e wing sweepback angle

0 pitch transformation matrix (model axes to balance axes)

magnetic permeability (used in Section 5 to represent y^

, -7
^0 magnetic permeability of free space (4Tr x 10 Hm )

relative magnetic permeability

parameter locating E/M axis

roll attitude (Euler angles)

$ roll transformation matrix (model axes to balance axes)

Xm magnetic susceptibility

yaw attitude (Euler angles)

Y yaw transformation matrix (model axes to balance axes)

M pitch torque (balance axes)

SUBSCRIPT NOTATION

x,y,z component in x,y,z direction

x'/y',z' component in x*,y*,z* direction

o at origin of balance axes (field properties only)

t value at wing tip

Magnetic subscript notation dealt with fully in Appendix 4

SUPERSCRIPT NOTATION

8 in model axes

p peak value
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ABBREVIATIONS

A.C. alternating or unsteady current

A/D analogue to digital (converter)

APO Automatic Power Off

AR wing aspect ratio

CCD charge coupled device

CID charge injection device

D/A digital to analogue (converter)

D.C. direct or quasi-steady current

E/M electromagnet

EPS Electromagnetic Position Sensor

LHe liquid helium

liquid nitrogen

LMSBS Large Magnetic Suspension and Balance System

MSBS Magnetic Suspension and Balance System

N/A not applicable

PR Passive Redundancy

PWM pulse width modulation

Re Co rare-earth cobalt (permanent magnet)

RSS Rapid Shutdown Sequence

SIM Spanwise Iron Magnet(s)

SmCo samarium cobalt (permanent magnet)

SPM Spanwise Permanent Magnet(s)

SUMSBS Southampton University Magnetic Suspension and Balance
System

t/c wing thickness to chord ratio

+, X, L, V etc.classical representations of MSBS geometries 
(see Section 1.2.1)



1- INTRODUCTION

1.1 Magnetic Suspension and Balance Systems (MSBS) with emphasis 
on Large Systems (LMSBS)

The first MSBS for wind tunnel application was constructed in 

Prance by ONERA and first reported by Tournier and Laurenceau in 

1957 (1) . This system successfully demonstrated 5 component 

control of a range of simple models in work such as wake and drag 

studies up to intermediate supersonic Mach numbers. The potential 

advantages of wind tunnel testing without mechanical model supports, 

including the elimination of support interference and more straight- 

forward dynamic testing, fired the imagination of researchers in 

numerous institutions and quite soon many systems conceptually 

similar to the early ONERA system were under construction.

A total of eleven MSBSs of various designs could be considered as 

constituting this first wave of effort and are tabulated briefly 

below. All bar one of the institutions involved presented papers 

at the First International Symposium on MSBSs in 1966 (2) .

(data from Ref. 3 and various)

Table 1.1 MSBSs pre-1970 (listing in alphabetical order)

Institution Degrees of 
freedom 
controlled

Approx, test 
section size 

/ 
a/ cm

Application

AEDC/NASA Langley 5 30 Wake studies /R&D

Univ. Michigan 1 4.5 Low Re. No. sphere 
drag

MIT (A) 5 10 Static/dynamic
MIT (B) 5/6 9 - 15 Static/dynamic/ 

R&D/Magnus

NASA Langley 1 11 R&D

ONERA (A) 5 5.5 - 8.5 Drag/base pressure
ONERA (B) 5 26 Base pressure/heat 

transfer
Princeton Univ. 3 13 Wake studies
R.A.E. Farnborough 5 18 Sting effect/Magnus
Univ. Southampton 6 13 - 18 Static/dynamic/ 

R&D/Magnus
Univ. Virginia (A) 3 9 Cone & sphere drag
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Two further MSBSs were commissioned in the early 197O's, 

including the first system utilising superconducting electro­

magnets. A Second International Symposium was held in 1971 (4) .

Table 1.2 MSBSs post-1970  

Oxford Univ. 3 8 Low density sphere drag

Univ. Virginia (B) 3 13.5 Dynamic stability/R&D

Contemporary with these developments there was an increasing 

recognition in the aerodynamic testing community that the majority 

of existing wind tunnels were of too low a Reynolds number capability 

for the test purposes to which they were put. Further, it was clear 

that the bulk of production testing over the coming years would be 

at Mach numbers no higher than low supersonic ( <2.5), thus 

including the regimes where Reynolds number and support interference 

tend to have their greatest influence. Interest in MSBSs waned, 

due principally, it is thought, to the realisation that scaling of 

existing technology MSBSs to the large wind tunnels then known to be 

necessary, would be impractical for one reason or another, for 

instance E/M power requirements,with associated high capital and 

running costs, or lack of adequate roll torque capability. Indeed 

the modern day resurrection of the cryogenic wind tunnel concept, 

now universally accepted as the best approach to high Reynolds number 

testing in the crucial transonic regime, came about as a part of 

efforts to reduce the size of wind tunnels necessary for a high 

Reynolds number MSBS.

Relatively recently however, various factors have acted to increase 

the apparent viability of a LMSBS. Concern over the accuracy and 

validity of support interference corrections is now widespread, 

particularly and rather paradoxically in the case of the new breed 

of high Reynolds number cryogenic wind tunnels, since these tunnels 

are generally operated at high pressures.

MSBSs of the type considered to date are inherently capable of 

dynamic testing, which otherwise presents severe difficulties with 

mechanical model supports, and several small systems have been 

successfully used for this purpose.

A related capability is that fixed model attitudes may be 

selected or changed rapidly and with little restriction, potentially 

manifesting a highly productive system.
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Further potential advantages of a LMSBS are thought to lie in 

the areas of high angle of attack (extreme attitude) testing, where 

support interference can become rather intractable, and as an 

alternative solution to the difficulties involved with operation of 

complex conventional strain gauge force balances in the low 

temperature environment of the cryogenic wind tunnel.

The above factors, coupled with the recent rapid developments 

of large scale superconducting E/Ms for power generation and nuclear 

physics research indicated that revived effort aimed at developing 

a LMSBS would be worthwhile. This effort was and is principally 

directed by NASA Langley Research Center with the intention of 

developing a LMSBS at that institution.

1.2 Status of MSBS development circa 1978

Many of the aforementioned small MSBSs were in no way intended to 

be representative of large systems, rather being specialised designs 

tackling specific and specialised problems. Only two systems are 

known to have been constructed with scaling to larger systems 

specifically in mind, namely MIT(B) and UVa(B). Nevertheless much 

existing technology was thought to be applicable to a future LMSBS 

and some of the relevant design features will be reviewed here. 

The reader must carefully note that the comments below refer only 

to the state of developments at the time that this project commenced 

(late 1978). Considerable developments are reported in later 

chapters herein and it must be assumed that corresponding or 

complementary developments have taken place elsewhere.

1.2.1 E/M configurations

Most current MSBS E/M configurations can be considered as falling 

into one of three broad categories as follows (See Pig. 1.1):

I) Geometrically orthogonal simple E/Ms
e.g ONERA (A) & (B), Univ. Southampton

II) Convoluted E/M e.g MIT(B)

III) Orthogonal force, isotropic model e.g UVa (A) & (B)

Class I above is characterized by separated E/Ms often of simple 

solenoidal form arranged in a relatively straightforward configura­

tion around the test section, generally with the total number of 

E/Ms equal to or only marginally greater than the number of degrees 

of freedom controlled.

3



(Southampton)

Class I MSBS

Lateral
E/Ms

Fig. 1.1(a) Schematic

diagram of a representative

Vertical E/Ms

Lateral E/Ms

Axial E/M

Lateral and

longitudinal

gradient E/Ms

2

Pig. 1.1(b)

Schematic diagram

of a representative

Class III MSBS

(after UVa (A & B))

Magnetizing E/Ms
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Class II features E/Ms, other than the axial field E/Ms, usually 

of non-solenoidal form^ arranged in relatively complex ways around 

the test section with the intention of achieving relatively high 

uniformity and symmetry of all fields as well as high magnetic 

efficiency. The number of E/Ms is not strongly influenced by 

the number of degrees of freedom controlled.

Class III is inherently limited to three degree of freedom 

control (zero magnetic torques), being originally developed to 

perform dynamic testing. This class cannot be considered viable 

for a LMSBS where principally static testing is to be performed 

since there is no possibility of selecting arbitrary model attitudes.

Numerous subclasses of Class I exist, mainly classified by the 

E/M disposition in a cross section through the test section, such 

as "L", "V", etc. It seems certain that any future LMSBS will 

exhibit considerable E/M symmetry for various reasons, including 

E/M efficiency and system reliability, so only subclasses such as 

the classical "+" and "X" need be considered.

Considerable efforts have been expended over many years in 

attempts to derive "optimum" E/M configurations but early design 

studies of superconducting E/Ms for a LMSBS have indicated that 

E/M configuration and geometry is likely to be forced predominantly 

by technological limits of superconductors and by requirements for 

roll control (5) . All configurations studied herein fall into 

Class I above, but further discussion of E/M configurations may be 

found in Ref. 6.

1.2.2 Power supplies

The class of supply almost universally used to date has been the 

phase controlled multiphase rectifier, with thyristor switching 

elements in all but the most venerable units. This type is easily 

scaled to high powers. One institution is known to have experimented 

with rotating machinery for primary power supplies (MIT) although it 

is difficult to achieve high output slewing rates with conventional 

generator designs.

The high reactive powers that would be experienced in dynamic 

operation of LMSBSs make some form of energy storage in the supply 

most attractive, in order to raise the system's overall energy 

efficiency by regenerating power from the load E/Ms. The only MSBS 
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operated with superconducting E/Ms to date (UVa(B)), utilised power 

supplies that were specially constructed but can now be regarded as 

of relatively conventional design, a notable feature being 

capacitive load energy storage and regeneration (7) .

Bipolar operation will be essential in at least some of the 

suspension E/Ms in any realistic LMSBS but relatively few small 

MSBSs have utilised bipolar supplies, mostly using gravitational 

or D.C. current biasing to achieve bidirectional control field 

capability.

No power supply of the required characteristics for LMSBS 

application is known to have been demonstrated at design power 

levels remotely approaching the LMSBS requirement.

1,2.3 Position sensors

Optical methods of model position sensing have been employed in 

the overwhelming majority of cases. In turn, the majority of these 

methods are detail variants of the simple analogue shadow movement 

detection systems described in Appendix 1. These systems are 

inapplicable to LMSBSs because of the lack of immunity to light path 

degradation. ONERA developed a target scanning/tracking system 

using vidicon tubes (8) , which is thought to represent a broad class 

of sensor suitable for LMSBS use, albeit with the magnetic field 

sensitive vidicons replaced with more modern solid state CCD or CID 

imaging arrays. Oxford University also used a scanning method (9) 

more closely approaching conventional T.V. techniques although the 

system was only used to detect the centroids of small spheres.

The MIT Electromagnetic Position Sensor (EPS) (10) has often been 

viewed as a first choice for a LMSBS position sensor since the non- 

optical approach accrues, in principal, considerable flexibility and 

versatility. At the time of writing that view must be considered 

still valid since the system has amassed hundreds of hours of operation 

at small scale, although the problem of electromagnetic noise pickup 

is severe enough to demand very careful design for a large system. 

Numerous advanced optical methods have been proposed and some sub- 

jected to preliminary evaluation. None has so far been demonstrated 

on a comprehensive and fully representative basis at any scale.

1.2,4 Control systems

These have almost universally consisted of simple analogue feed­
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back networks. Digital controllers have recently been demonstrated 

with an idealized single degree of freedom system (MIT) but no 

comprehensive application has been attempted. There does not 

appear to be serious difficulty with the control hardware for a 

LMSBSy the technology of reliable high speed digital flight control 

computers developed for civil, military and space applications 

appearing adequate.

Existing control algorithms generally do not encompass the aero­

dynamic characteristics of the model, nor the magnetic or inertial 

cross-couplings between model degrees of freedom which exist in all 

MSBSs, rather controlling each degree of freedom separately with 

aerodynamic loads being small with respect to model mass. This 

approach is unlikely to yield the best performance from a LMSBS 

since, firstly, the aerodynamic loads may be large with respect to 

model mass and, secondly, the aerodynamic and magnetic cross-couplings 

may be severe, particularly at extreme model attitudes. More 

sophisticated control algorithms, perhaps including self-adaptation 

or self-optimisation with changing test conditions, thus seem 

necessary for effective operation of a LMSBS. No such algorithms yet 

exist.

1.2.5 Miscellaneous

No MSBS yet exhibits any viable hardware redundancy or utilises 

any failure tolerant features and, principally for this reason, all 

systems tend to be relatively unreliable in operation.

Several methods of roll control exist but all are unsatisfactorily 

weak in torque capability. Thus, whereas the generation of adequate 

forces and torques in degrees of freedom other than roll appears 

practical at large scales, the generation of adequate roll torque 

does not.

1.3 Contents of this thesis

The underlying emphasis is towards the concept of a LMSBS though 

the majority of contents are unspecific in their application. At 

the commencement of the current phase of investigations, there 

appeared to be several specific and fundamental obstacles to be 

surmounted, or shown to be surmountable, before detail design of 

a LMSBS could commence. These include (not in any particular order 

of importance):
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1) Generation of adequate roll torque.

2) Provision of adequate overall system 
reliability and integrity.

3) Design of very large capacity power amplifiers 
(loosely referred to in the context of 
MSBSs as power supplies),

4) Design of large multipurpose A.C. capable super­
conducting E/M arrays.

5) Development of large scale^ precise and versatile 
position sensors.

6) Development of advanced control algorithms including 
full magnetic decoupling and some self-adaptive 
features.

Of course only a few of these topics could be addressed within 

the scope of a study of this kind. 3) and 4) above are quite 

beyond the capability and experience of this University. It had 

been felt initially that 6) above would represent a worthwhile and 

significant early advance but this view was quickly modified.

Other problems, such as l)-5) quoted, were recognised as representing 

potential blocks to the development of a LMSBS, whereas advanced 

control algorithms need not be made available until quite late in 

the construction of such a system. Since it seems certain that, 

for reasons of reliability and versatility, the major part of the 

control system of a LMSBS would be implemented with some form of 

digital computer, merely realistic estimates of required computer 

power would be required in the early stages of design.

Some attention was paid to 5) above but it was eventually 

concluded that the technological advances of certain sensing devices, 

such as solid state photo-detector arrays, currently occurring for 

application in other areas, may alleviate this problem in the 

relatively near term.

The bulk of this thesis is therefore directed towards problems 

1) and 2) above, also the matter of extreme attitude testing in MSBSs 

which, although potentially very advantageous for a LMSBS does not 

represent a crucial block to its development.



2. THE SOUTHAMPTON UNIVERSITY MAGNETIC SUSPENSION AND BALANCE 
SYSTEM (SUMSBS)

2.1 Historical aspect

Studies of magnetic suspension systems began at Southampton 

in 1959, construction of a system beginning in 1962, with the 

principal objective of performing dynamic testing in conventional 

wind tunnels without mechanical model supports. Work was under 

the direction of Dr. M. Judd, latterly and to date Dr. M.J. Goodyer. 

It was quickly shown that dynamic testing was indeed feasible 

although the high frequencies of oscillation required at small scale 

led to the development of the two-mass "tuned" model (11) . 

Extensive Magnus force testing was performed on ballistic-type 

models with reverse Magnus force, absent in corresponding sting 

supported tests, being discovered (12) . Several winged models 

(AGARD-G etc.) were tested in 6-component suspension and methods 

of rapid data acquisition were developed (13) . Studies of scaling 

of MSBSs (14) revealed difficulties that were also being identified 

by other groups of researchers, particularly that the power con­

sumption of conventional copper conductor E/Ms in a MSBS scale as 

a high power of characteristic dimension. It became clear that 

systems designed for wind tunnels of realistic scale and Reynolds 

number capability, ambient temperature operation being mandatory at 

that time, would be quite out of the question, consuming megawatts 

of steady power.

SUMSBS fell into temporary disuse but was re-commissioned in 1978 

and adapted to demonstrate operation with the University's 0.1m 

low speed cryogenic wind tunnel, the first known operation of a 

MSBS with such a tunnel (15, 16 ) .

2,2 Modifications to SUMSBS to achieve current status

2.2,1 E/M configuration

As previously mentioned it seems certain that any future LMSBS 

will exhibit considerable E/M symmetry. It thus appeared desirable 

to reconstruct SUMSBS, previously of the unusual " J " configura­

tion (11) to a more representative arrangement. Subsequently, it 

was realised that extensive E/M symmetry would be advantageous to 

suspension of models at extreme attitudes (Section 7). Further, 

spanwise magnet rolling moment generation systems (Sections 4, 5, 

6) require in general at least a quadrupole field disposed in the 
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cross-sectional plane of the test section. Thus, in order to 

demonstrate such roll control systems, suspension at high angles 

of attack and representative LMSBS configurations, the previous 

E/M layout of SUMSBS was augmented and modified by the addition of 

two new "vertical" E/Ms, identical to the six "vertical" and 

"lateral" E/Ms existing, and provision of twin symmetrical (fore-and- 

aft) "drag" E/Ms, replacing the single E/M previously used (Pig. 2.1; 

Ref. 11; Appendix 1) .

The system appears to fall into the "+" subclass of Class I as 

defined earlier but in order to accommodate spanwise magnet roll 

control, 6-component suspension takes place with the model's axes 

inclined at 45° to the horizontal, in the roll sense (Pig 2.2), 

wherein the system falls into the "X" subclass.

2.2.2 Power supplies

In common with the majority of contemporary MSBSs, SUMSBS utilised 

monopolar three-phase thyristor E/M power supplies. These were 

satisfactory insofar as they were relatively simple and had operated 

almost faultlessly for over a decade and a half. The low frequency 

switching inherent to the mode of operation does introduce con- 

siderable ripple in the output current and although this was not 

unduly troublesome in normal suspension there is an undesirable 

frequency response cutoff associated with the firing frequency 

(150Hz with U.K. mains supply). The monopolar operation presents 

obvious restrictions and the single quadrant capability of the 

supplies necessitated the installation of ballast resistors in series 

with each E/M to shorten the time constant of current decay. This 

also eases control system design, reducing the lag between E/M 

current and applied voltage, but would be quite unacceptable in a 

LMSBS due to the enormous power wastage that would result.

Since some bipolar supplies were necessary for SUMSBS effectively 

to demonstrate suspension at high angles of attack (Section 7) it 

was decided to take the opportunity to solve many problems simul- 

taneously and incorporate a more sophisticated type of power supply, 

that is Pulse Width Modulated (PWM) transistor switching supplies, 

discarding the thyristor types completely. The supplies chosen 

(Appendix 1) Were designed for use with industrial D.C. servomotors 

and feature the ability to store some regenerated energy from the
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4- arrangement

(5 component suspension
model wings for

y,y'

illustration 
only)

y

X arrangement

( 6 component 
suspension, SPM 
roll control)

Gravity vector 
acts along this 
axis ——«

z,z'

Fig.2.2 Configuration of SUMSBS in + or X E/M arrangement
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load. The switching frequency is 5kHz which permits more 

effective filtering of high frequency components of load current 

than was previously possible and renders the frequency response 

of the supplies near infinite as far as the control system is concerned.

2.2.3 Position sensors

The position sensing systems used in SUMSBS since its inception 

all fall into the category of simple analogue optical shadow move­

ment detectors and have never been capable of tracking a particularly 

wide range of model movement, perhaps ± 15 degrees pitch/yaw, 

without mechanical realignment (11) , Other types of sensor exist, 

capable of tracking a wider range, notably the MIT electromagnetic 

position sensor (EPS) (10) , and other types are proposed with 

promise of still wider capabilities such as photodiode or CID array 

target trackers (5, 17 ) . SUMSBS requires 6-component sensors 

capable of tracking ideally 90° of pitch rotation with simple models. 

Despite long deliberations and much experimentation it was concluded 

that in the context of the current research none of the more advanced 

sensors could be incorporated into SUMSBS due to various time and/or 

physical space and/or financial constraints. Thus a new set of 

traditional sensors has been constructed with widerange pitch 

tracking capability effected by arranging that the appropriate sensors 

may be rotated about the model’s pitch axis, conventional fixed 

sensors being used where extreme model attitudes are not required 

(Appendix 1). The obvious should be stressed, that is that these 

sensors are quite inappropriate for use in a LMSBS and do not 

represent current thinking in this area.

2.2,4 Control systems

The simple all analogue control systems previously used with 

SUMSBS (11) were not capable of straightforward or realistic 

adaption to the requirements for suspension over wide ranges of 

attitude or for incorporation of more advanced control algorithms. 

The major part of the control system was thus abandoned and 

replaced by a mini-computer with local A/D and D/A conversion and 

limited analogue pre- and post-processing (Appendix 1).
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3. ROLLING MOMENT GENERATION SYSTEMS FOR MSBSs

3.1 Introduction, the need for roll control

Historically, one of the key obstacles to the development of 

MSBSs for application to large scale wind tunnels was the 

development of a rolling moment generation system of adequate power. 

Nevertheless numerous small MSBSs have operated over many years 

without any active roll control system, indeed to date only two 

MSBSs have been demonstrated with such control (11, 18, 19) . It 

is pertinent to examine how this can be and why operation at large 

scales would be impractical without active roll control.

Firstly, much useful testing could be, and has been, performed 

in small scale systems on bodies of revolution, notably sphere or 

missile drag measurements and Magnus force investigations, where 

active roll control was not required. Secondly, a considerable 

percentage of the research effort expended with MSBSs has been in 

developing the systems themselves, particularly features such as 

position sensors, where suspension of models other than bodies of 

revolution is unnecessary. Where fixed roll attitude was required 

it frequently proved relatively easy to induce a preferred roll 

attitude, with slight positive stiffness about that attitude, by 

arranging the model’s magnetic centre to lie above its centre of 

gravity.

The overwhelming majority of testing in a LMSBS would certainly 

involve winged aircraft models. Small "tare" roll moments are 

likely to exist due to slight magnetic, aerodynamic or mass 

asymmetries but presumably these could be countered by designing 

in a preferred roll attitude in the classical fashion. In general, 

however, whenever a winged model is tested with non-zero yaw angle 

(w.r.t. tunnel axes) significant roll moments will be generated, 

typically via the L^ aerodynamic derivative. In order to permit 

testing under these conditions a magnetic torque must be generated 

to oppose the net aerodynamic torque. Further, at high angles of 

attack the onset of stall is frequently asymmetric, producing steady 

roll torque of either sign or perhaps oscillatory torque, such as 

with asymmetric vortex shedding. Damping of roll oscillations is 

essential under all the above-mentioned conditions and is best 

introduced by appropriate manipulation of a method of positive roll 

control.
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It is difficult to estimate the magnitudes of torque that 

might be met in a future LMSBS because the aerodynamic character­

istics of the models are of course unknown. However, Ref. 20 

includes the following data for an F-94A :

C (U.S. equivalent

-0.07 (high speed)

notation for L^) in the range

to -0.05 (low speed)

Span = 11.37m Wing area = 22.2m2

Scaling to a 4-foot span model in an atmospheric 

pressure tunnel at M = 0.85 :

L - 11 Nm/degree Yaw

Data from Ref. 21 relating to an arbitrary design resembling a 

Hunter gives a somewhat larger result (43 Nm/deg). It is clear 

that considerable roll torques are to be expected from this source.

In the case of asymmetric stall we may take an arbitrary case of 

an aircraft with one wing completely stalled and the other com­

pletely unstalled. A stalled C^ of approximately unity might be 

expected with the unstalled perhaps twice this value. Without 

reference to any specific geometry or test conditions it is 

immediately seen that in the (worst) case of an untapered uniformly 

loaded wing the resultant lift vector will act some one-sixth of 

the semi-span outboard of the aircraft centreline along the unstalled 

panel.

There thus seems little possibility of realistic operation of 

a LMSBS without a powerful method of magnetic roll torque generation.

3.2 Methods of magnetic roll torque generation

3.2.1. Introduction

Various methods of generating roll torque, falling into three 

main categories, have been proposed and evaluated over a number of 

years. These include:

D.C. field systems

1) "Bent" fuselage core (22)

2) Shaped fuselage core (11, 23)

3) Through wing magnetized wing 
cores (11, 18)

4) Active model mounted coils (11)

5) Passive model mounted coils (11)

6) Spanwise magnets (24)
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A.C. systems

7) Planar conducting loop (19, 22)

Aerodynamic systems

bility in previous analyses. Type 7, the A.C. system, promises

8) Active aileron control (11)

(C ) control
*■6

(11)

Types 4, 5, 8, 9 are currently considered unsuitable for LMSBS

application and types 1, 2, 3 have shown inadequate torque capa-

high torques but significant complication of overall MSBS design 

seems necessary to accommodate the strong A.C. fields required.

An investigation of the two subclasses of type 6 is presented 

later. No studies of the current status of other methods have been 

undertaken so direct comparison between methods cannot be included.

3.2.2. D.C. methods

3.2.2.1 Theory of D.C. torque production

At any point in a magnetized body, where magnetizations and 

applied fields are quasi-steady, the forces and torques acting on an 

incremental element of material can be written as follows :

5f = (M . V ) H 6v 5t = (Mx H) 6v

If M represents permanent magnetization (polarization) there is 

no difficulty and H may be taken directly as the external or applied 

H field. Where M is composed wholly or partly of induced magnet­

ization there is some ambiguity since M will be a function of applied 

H- If the total force and torque on an isolated body are required 

then it is valid to consider the induced magnetization as permanent 

and the effective H field as that field that would exist if the body 

in question were removed. A body of magnetically soft material will 

require a low demagnetizing factor in at least one direction for the 

product (M X H) to be large.

Resolving using the co-ordinate system' of Fig 3.1 ;

r = a^ + bj_ + clt

Fig. 3.1

Axis system for magnetic 
calculations
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we have :

6F 
y

6F =
2

6 L =

6M =

6 N =

- (3.1)

T = Z {5T + (r X 5F )}

Integrating roll torque over the volume of the core

L = Z {6T + (r X 6F ) }
V X - — X

= / (M H -MH) + 
V y z z y

(MH + M H + M H ) b 
X xz y yz z zz

H 
yz

c dV
- (3.2)

L

M 
z

3.2.2.2 Review of some existing D.C. methods

Shaped fuselage cores exploit the terms M H and M H . 
X xy X xz 

In

normal suspension /MH dV and /MH dV represent the 
V X xz V X xy 

"lift" and "lateral" forces respectively and rolling moment can be 

generated essentially by redistributions of these forces over the 

volume of the core such that /(-M H c + M H b) dV is 
V X xy X xz 

non-zero. The core cannot be axisymmetric to satisfy this condition.

Drawbacks of the method are that either (H ) or (H ) the 
xy z xz y 

vertical and lateral gradients of the conventional "sideforce" or 

"lift" fields respectively, must be of large magnitude with slender 

fuselages and that valuable fuselage core volume must normally be 

omitted to satisfy the condition of non-axisymmetry.

Bent fuselage cores introduce transverse components of magnet­

ization, M^, M^. Principal variations of the method proposed to 

date seek to exploit the terms M^H^ or M^H^ by arranging suitable 

distributions of transverse magnetization and applied fields to make 

the relevant integrals non-zero, for example the E coil method (22). 
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Large transverse magnetization components will be required to 

generate high torques but this can only be achieved in general by 

severe camber of the core magnetization or by use of more complex 

multiple reverse camber core geometries which in turn necessitate 

rather awkward field distributions.

The previous wing mounted magnet scheme used at Southampton 

University introduces asymmetrically disposed vertical components 

of magnetization, which, with a suitable applied field distribution.

produces roll torque via the M H term above. Historically, the

system was chosen to suit an existing E/M arrangement. The self 

demagnetizing factors of vertically magnetized wing cores are very 

high in all conventional aircraft geometries, making iron cores 

difficult to magnetize and permanent magnet cores susceptible to 

demagnetization.

3.2.2,3 General comments

Moment generation via integration of fuselage forces (shaped cores 

seems intuitively unattractive for conventional geometries due to the 

rather short moment arms available within a slender fuselage. 

However, there are at least three cases where this method may at 

least contribute usefully to an overall torque figure. These are :

(1) Wide body transport.

A wide body transport will exhibit simultaneously a high ratio 

of fuselage volume to first moment of wing area and a conservative 

test attitude/speed envelope. It may thus be argued that if 

sufficient forces and moments (apart from roll torques) can be 

generated with slender aircraft geometries then some of the 

fuselage core volume may be sacrificed, in the wide body case , 

for roll torque production.

(2) F-15 Style fighter.

Several modern fighters are now exhibiting partial bifurcation 

of the rear fuselage to accommodate well separated twin engines. 

Such peculiarities of aerodynamic design create a non-axisymmetric 

fuselage of rather high moment of volume to volume ratio . 

Suitably exploited, therefore, such designs may yield useful roll 

torque without sacrifice of any core volume.

(3) Underwing stores, engine pods, etc.

These create a similar effect to that described under (2) above. 
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However, production of torque by exploitation of these character­

istics could not be regarded as generally applicable for obvious 

reasons.

Torque generation via transverse components of magnetization 

seems appropriate but attempts to introduce transverse magnetization 

in soft iron fuselage cores are hampered by the usual requirement 

for powerful axial magnetization. Permanent magnet fuselage cores 

would need to be carefully configured to avoid strong mutual de­

magnetizing effects between adjacent orthogonal magnetization 

components.

It is logical to concentrate the spanwise magnetizations in the 

wings of the model, though parts of the fuselage may be used, since 

the self-demagnetizing factors of cores of the general proportions 

of conventional wings, magnetized along their long axis, are very 

low.

Examination of equations 3.1 indicates that cross couplings 

between degrees of freedom are likely if transverse components of 

magnetization are introduced. Cross couplings exist in all 

practical MSBS designs but it has been standard practice to arrange 

for each degree of freedom to be controllable by relatively simple 

spatial distributions of applied field with cross couplings well 

suppressed at the datum model position. It is not thought that 

elimination of all significant cross couplings is a realistic goal 

for LMSBS design since a wide variation in model geometries, 

including magnetization distribution, is expected and a modestly 

sophisticated control system should be capable of handling quite 

severe cross couplings. There is considerable advantage in E/M 

array design, however, if primary forces and moments can be 

generated by simple field distributions.

Simple unidirectional transverse magnetization cannot be ruled 

out simply on the basis of its severe cross coupling into pitch, 

nor because it destroys the mirror symmetry of the model, but it 

will exhibit a null torque line unless vertical fields can be 

generated relatively independently in the areas of axial (fuselage) 

and transverse (wing) magnetizations.
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The null torque line exists in uniform 
applied field gradients.

Symmetrically disposed transverse magnetization components 

will generate roll torque with application of a vertical field 

with transverse gradient as Pig. 3.3.

Pig. 3.3

Spanwise magnet 
rolling moment 

generation.
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There are two subclasses of this system which will be dealt 

with separately and are referred to here as the Spanwise Permanent 

Magnet (SPM) and the Spanwise Iron Magnet (SIM) schemes.

The planar conducting loop method proposed by Stephens and 

since successfully demonstrated at M.I.T. is an ingenious approach 

to the problem and does have the advantage of minimal coupling 

between roll and other degrees of freedom. However^ the strong 

A.C. fields required would be difficult to generate in a large 

scale system and may not be possible at all with current technology 

superconducting E/Ms. The predictions of roll torque capability 

appear promising but it is felt that the practical difficulties of 

operating an A.C. system at large scales would lead LMSBS designers 

to choose a D.C. system, if one were available with sufficient 

torque capability, in preference to the existing A.C. method.
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4. SPANWISE PERMANENT MAGNETS (SPMs)

4,1 Introduction

If transverse magnetization components are generated by 

installation of permanent magnet cores, predominantly in the 

model's wings, then roll torque is directly generated by appli­

cation of the appropriate through-wing fields as Fig. 3.3.

In all good permanent magnet materials at low applied fields 

the polarization (J) is practically independent of applied field 

strengths and may also be considered uniform over the volume of 

the core in the case of rare-earth cobalt (ReCo) materials, this 

class of permanent magnet exhibiting by far the highest known 

values of energy product and coercive force (25) . A serious 

disadvantage of all known materials suitable for SPM application 

is poor mechanical properties, particularly high brittleness, 

that would preclude the use of permanent magnet cores as major 

load bearing members in the model’s structure. Only some fraction 

of the available wing volume could thus be utilised for the SPM 

cores.

4.2 Theory

4.2.1 Ideal applied fields and simple spanwise magnetization

Where the transverse magnetizations are entirely in the y 

direction (spanwise) then equations 3.1 reduce to;

F
X

= / J H dV

F
Y

r J H dV
V y yy

F 
z

= r J H dV
V y

L
- (4.1)

= / J H f J H b - J H c dV
y z y yz y yy

M = / J H c - J H a dV
y y xy y yz

N = /-J H + J H a - J H bdV
y y X y yy y xy

If it is assumed that the applied field gradients are constant 

over the volume of the core then since;

/ J dV = O (by symmetry about the xz plane) 
V
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equations 4.1 collapse to:

F = P = P = M = 0
X y z

L = / J (H +H b) dV 
y z yz

N = /-J (H + H b) dV
» y X xy

further,if it is assumed that applied fields exhibiting large H^ 

components, (axial, magnetizing, lift) will be symmetrical about 

the xz plane (Appendix 5), then;

/ J H dV = 0 
y X

Thus we have:

r = F = F = M = 0 
X y z

L = / J (H + H b) dV
y z yz

(4.2)

N = /-J H b dV 
y xy

It is immediately seen that, since H is the principal applied 
xy 

field gradient for sideforce generation via conventional axial 

(fuselage) magnetization, there exists one fundamental cross coupling 

due to the presence of the spanwise magnetizations, that is coupling 

into yaw from a sideforce demand. It is not thought that this 

presents any serious difficulty since the magnitudes of aerodynamic 

forces and moments in the lateral plane are generally considerably 

smaller than in the vertical, whereas the magnetic force and moment 

capability due to the axial magnetization will often be approximately 

equal in these two planes.

Examining a SPM wing core with ideal applied fields we have (see 

Fig. 4.1) :

From Eqns.4.2: 

s
h = / J A g(b)(H + H b) db ~ (4.3) 

b=-s

Now H may be written as H b where H is the value of H at the 
^t s ^t z

tip. Assuming symmetry about the xz plane:

2bL = 2 f J A g(b) H — db 
y o z. s 

o t
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If J may be considered constant;

2Ag(b)b db (4.4)

Fi2^__4iJL__§E^L.22!l^i2!^ES^i2!l

L =

2H J 

s

The integral is the first moment of volume Of the core and depends 

only on its geometry. J is material dependent but does not vary 

dramatically amongst the best permanent magnet materials. The 

maximum usable value of H depends on material properties and the 

internal demagnetizing influences of the core and can vary 

considerably between different materials and core geometries.

If the cross sectional area of the core is constant with b then 

g(b) = 1 and we have:

L = 2H J A s (4.5)
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4.2=2 Theory. General applied fields and simple spanwise 
magnetization

In realistic MSBS configurations, uniform applied fields or 

field gradients cannot be achieved. Some treatment of cross 

couplings arising due to the interaction between non-uniform applied 

fields and the transverse magnetizations is important and can be 

made using Eqns. 4.1. The general approach taken here is to break 

down the integrals of 4.1 into x, y and z forms and express all 

integral arguments as odd (0) or even (E) functions of x, y and z. 

The characteristic geometrical symmetry (Pig. 4.1) immediately 

yields, writing an odd function of y as O^ etc,:

, .-^ ' = - (4.6)
y(wing)^

Where the wing has a symmetrical section, similarly;

, .-^ ” ° - (4.7)
z(wing)

Little error in fact occurs in using Eqn. 4.7 in most cases since 

the wing thickness is typically small with respect to other dimensions

Applied fields may be represented by their characteristic symmetry 

in model axes, although this must be recognized as a considerable 

idealization, valid exactly with the model in the usual datum location 

but only approximately so otherwise. The characteristic symmetry 

of the applied through-wing roll field is as follows:

Pig. 4.2

Characteristic 
symmetry of applied 
roll field 
(Appendix 5)

Field null 
along x axis



which may be represented by the matrix equation:

Using

Now J 
y

E.E.

b

F
X

F 
y

F 
z

L

M

X

H 
y

A: (^i)

H 
XX

'^xy

H 
xz

^yy

^yz

H 
zz

0
Y

E
X

E.
1

E I 
X
0 E 
: y z

X

X

X

X

X

X

X

/o 0 o\

o Y (4.8)

E 0 E/

("i and
3
3i<Oi)

E. we have: 1

E 0 0 X

0 E 0 Y

O 0

0

E E

E 0

z
and

c

equations

0 
X

X

E 
X

E 
X

E 
X

E 
X

0 
X

o
X

Y

Y

y

Y

y

y

y

E

0

E

O

using

^i

E E 0
X

4.1

z

O.E.
1 1

E.O.
1 1

o.
1

Y z
and a 0 E E 

X y z

become

(4.9)

0 
y

E 
y

0 
y

E 
y

E 
y

"y

0 
y

o 
y

z

z

z

z

z

z

z

0 
z

dz dy dx 0

0 
z

E 
z

E 
z

z

E 
z

E 
z

E 
z

dz

dz

dz

dz

dz

dz

dz

dy dx 0

dy

dy

dy

dy

dy

dy

dx

dx

dx

dx

dx

dx

0

(J' H 
y z

term)

'Vy.b term)

7^ 0

0

(J H c 
y yy

^"^y^xy^

term)

term)

term)

0

0

0
y zX
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N O
X

/ O dz dy dx (J H term) 
z y X 

z
= O

X y

X y

/ O dz dy dx (J H a term) = 0 
z y yy 

z

/ 0 dz dy dx (J H b term) = O 
-^ z y xy

Thus equations 4.1 collapse to:

F = F = p = M = N = O
X y z

= / J H + J H b - 
y Z y

J H c dV
- (4.10)

y yy
L

Of course c is small (Fig 4.1) thus equations 4.10 reduce

further tO:

F = P = P = M = N = 0
X y z

- (4.11)L J H b dV
y yz

It is immediately seen that there exist no primary couplings due to

the transverse magnetizations with typical applied roll fields.

There may, however, exist couplings due to the applied roll field 

with the conventional axial (fuselage) magnetization or due to 

other applied fields and the transverse (wing) magnetizations. 

Couplings between the applied roll field and conventional axial 

magnetization will be small with all realistic geometries, since the 

roll field exhibits a null along the x axis (Fig. 4.2), and will be 

zero with axisymmetric fuselage cores.

The full calculations as shown above will not be carried through 

here for all cases but the important results are as follows;

Table 4.1 Characteristic symmetries of applied fields 
(Appendix 5)

Field classification Primary field or 
field gradient 
component

Field component charac­
teristic symmetry matrix 

(as Eqn. 4.8)

Magnetizing H 
X

'E E E

0 0 E

_ 0 E 0

Drag H ' b E E
XX

E 0 E

I E E 0 ,
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Lift H E E 0 '

O 0 0

0 E E ,

Pitch —H ' 0 E 0
z

E 0 0

E E ^

Sideforce H 0 E '
xy

0 E E

0 0 0

Yaw H 0 0 E '
y

E E E

0 0

From equations 4,1 etc. the following conditions can be identified

These

P
X

0 where ^xy = 0 E 
y z

F 
y

0 where H
yy

=s 0 E 
y z

F 
z

0 where H 
yz

0 E 
y z

L 0 where H 
z

0 E 
y z

(JyH^ term)

or '^yz term)

or "yy 0 0 
y z

term)

M 0 where H 
xy

0 0 
y z

(JH c 
y xy

term)

or H 
yz

0 E 
y z

(JH a 
y yz

term)

N 0 where H 
X

0 E 
y z

(J H term) 
y X

or H 
yy

= 0 E 
y z

(JH a 
y yy

term)

or H
xy

E E 
y z

(JH b 
y xy

term)

criteria can be related to the symmetry matrices in

Table 4.1 either directly or by using;
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The conditions above become:

"ij - E^(O^)=>(implies) H.
1 and H. = E, (0,) 

] k k

"i] H.
1 = Oj(Ej) and Hj = Ej(O.)

"ii = E.(O.)=> 
11 H.

1 = O^(E^)

^x ^ '^ ''^^^ ^^^ applied /X E E X = don't care
field symmetry
matrix as; X 0 E

,X X X

- Satisfied by magnetizing and drag fields only

P / 0 with fx X X

X E E

^X X X/

- Satisfied by yaw and sideforce fields only

F / 0 with /x X X

X 0 0

X E E

- Satisfied by pitch and lift fields only

L / 0 with /x X X /x X X /x X X

XXX or X E 0 or X E 0

|X 0 Ej X 0 E ,x X X/

- Satisfied by no fields

M 0 with fx E 0 /x X X

X 0 0 or X 0 0

X X x/ X E EJ

- Satisfied by pitch and lift fields only

N / 0 with X 0 s' X X X X 0 E '

XXX or X E E or X E E
X X X / X X x/ X X x/

- Satisfied by yaw and sideforce fields only

The origin of many of these cross couplings is easily identified 

as core asymmetry in the yz plane. If this condition is abandoned 

and a fully symmetric core considered then further couplings dis­

appear, leaving:
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^x ^ ° *ith magnetizing field

Fy / 0 with yaw field

F_ / O with pitch field

L = 0 with all fields

M / 0 with lift field

N / 0 with sideforce field

4.2.3 Theory. General spanwise magnetization

Fig. 4.3 Sweptback SPM core

In the majority of cases of interest the model's wings will be 

sweptback as shown in Fig. 4.3 above. To preserve low demagne­

tizing factors for the SPM cores the direction of magnetization 

must be sweptback also, perhaps to lie along the axis of centroids 

of core cross-sectional area.

^"^^ analysis of this case bectxnes complex since both J and J 

components exist. However, if the SPM cores are assumed ^lender^

^PP^iad fields may be considered uniform over any core 

cross-section, the fundamental effects of the x-wise magnetisation 

components can be identified:
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JyHyy) ^ dV

c H ) dV 
xy

4.9:

(4.12)

J^ = - J A g(b) Sin

Jy = J A^g(b) Cos S

J = 0
z 

From Eqns. 3.1:

^^^ "^x terms may be broken down as before^ using Eqns.

;^ "^X Wy { E^E^Ek dz dy dx / o

"xy '^^ ^ ^ Wy ^ ^z°z°z "^^ "^y ^ ^ °

V X y Z

But since c is typically small^ we may write:

^^^ ^®^ ^^ identified as the sum of the moments 

force (P^) components over the wing volume, the J terms being as in 

Eqn. 4.11.

4.3 Theoretical performance

Direct evaluation of the integrals in Eqns. 4.1 etc. is not 

generally possible since field and field gradient components can 

seldom be represented as simple functions of x, y and z. Where 

the MSBS E/Ms are air cored, the applied field at any point within 

the model core may be calculated analytically or numerically 

(Appendix 2), permitting evaluation of the total forces and torques 

acting on the model, where the magnetization distribution is known, 

effectively by numerical integration of Eqns. 3.1 over the core 

volume. The magnetization distribution may be assumed known in 

the case of ReCo materials below the onset of irreversible de— 

magnetization, then typically being constant and uniform, otherwise 

tending to be difficult to compute.

A key requirement for LMSBS application is the identification of 

the absolute maximum torque capability of a particular core, which 

in the SPM case will be determined by the onset of irreversible 
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demagnetization of the core.

The total field within the core is the sum of the applied (E/M) 

field and the internal self-demagnetizing field of the core. The 

self-demagnetizing field of cores of arbitrary shape and known 

magnetization distribution may be calculated numerically and certain 

idealised forms yield to direct analysis. Where the total field 

acts parallel to the local direction of magnetization the onset of 

irreversible demagnetization may be predicted directly from the 

materials BH (or JH) curve^ ReCo materials generally exhibiting 

near straight-line curves in the 2nd quadrant (Pig. 4.4).

Unfortunately, the total field will seldom act as described 

above, and whereas some data exists concerning the demagnetization 

of single crystals of certain materials with total fields not 

parallel to the direction of magnetization (for instance see Refs. 

26, 27, 28), it is not thought that this can be applied to bulk 

materials, demagnetization then being powerfully affected by 

processes principally dependent on the material's microstructure, 

such as domain wall movement (28, 29, 30). No relevant data 
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concerning bulk ReCo materials has been discovered (see Ref. 

31 for treatment of particular ferrites), rendering predictions 

of maximum torque capability of general SPM systems impossible at 

present. However, a crude estimate of the order of magnitude of 

available torque may be made by the following argument.

In slender cores magnetized along their long axis, the internal 

self-demagnetizing field is small over the majority of the volume 

and may be neglected here. The effects of the magnetization 

reversal at the wing root (Fig. 4.1) and of the detail geometry of 

the cores is beyond the scope of this treatment. The magnetic 

field strengths internal to the cores may thus be regarded as pre­

dominantly due to the applied field. The conventional parameters 

characterising the performance of permanent magnet materials, such 

as H , H ., J , BH etc. (25), are insufficient for identification 
c Cl r max 

of incipient irreversible demagnetization. Several authors resort 

to use of the parameter H^^, representing the demagnetizing field 

strength that reduces the intrinsic polarization to 90% of the 

remanent value (25, 32, 33), illustrated in Fig. 4.5.

Pig. 4.5 Definition of H^
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Values of Hj^ for relevant materials are sparsely quoted, 

reflecting the arbitrariness of the parameter’s definition, some 

available data being reproduced in Table 4.2 below:

Table 4.2 Some properties of bulk ReCo materials

Material J 
r

(T)

H 
c
—-- (kA/m)—

H .
Cl

Reference

Sintered 
Sm Co

0.85 650 900 1200 25 (1977)

"Commercial"
Sm Co

0.84 560 488 800 32 (1971)

Sm Co based 

"RECOMA 20"

0.90 700 1000 1200 33 (1976)

Current material developments are expected to result in 

improvements in H^ and J^ with H^^ tending to comfortably exceed 

H . At this stage it would not appear unreasonable to assume a 
c

usable value of H^ of some 800 kA/m (p^H^-lT) and J^ of 0.85 T. 

If this value of H^^ can be taken to represent the peak total field 

strength that can be applied to the material before the onset of 

irreversible demagnetization, with the working polarization taken 

as 90% of the value of J^ quoted immediately above, then some 

progress may be made.

The applied field is a sum of many contributory fields ("lift", 

"drag", etc-), but it should be noted that the two fields (neg™ 

lecting roll) likely to involve the most powerful fields within 

the test section need not cause the exposure of the wing core 

to those high field strengths (Fig. 4.6).

If it can thus be assumed that the principal component of applied 

field within the wing cores is the applied "roll" field then H

in Eqns. 4.4, 4.5, etc. becomes H_ . Taking the values assumed 

above, we have from Eqn. 4.4:

2, 2'4 X 10^ y g(b) b db - (4.13)

o

and from Eqn» 4,5 for rectangular slab cores:

L 1.2 X lO^A s - (4.14)
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Fig. 4.6 Components of lift and drag fields 
at the wing core

Eqn. 4.14 corresponds to 600,000 Nm/m^ of core. For the represen­

tative SPM core studied in Section 4.3.1 below, this would indicate 

a maximum capability of approximately 500 Nm. It may be, however, 

that applied fields of sufficient strength to realise this capability 

cannot be generated with existing technology E/Ms. In fact, taking 

the roll torque calibration calculated below (Section 4.3.1), maximum 

torque would occur at around 16,000 A/cm^ in the specified E/Ms. 

This is well beyond current E/M technology (see Section 5.8.2). 

Present apparent LMSBS roll torque requirements (5) may be 

approachable with more carefully configured E/M arrays.

4.3.1 Performance of representative SPM configurations

Since accurate analytic predictions of performance (below the 

onset of demagnetization) are not practical, numerical examination 

of representative SPM configurations is appropriate, the computer 

program FORCE (Appendix 2) being suitable for such studies. Some 

preliminary results are presented here.
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The geometry of E/M array and model is chosen so as to be 

directly comparable to the baseline geometry used in the studies 

of the SIM system (Section 5) and readers should refer to Section 

5.4 for explanation of the evolution of these geometries. The 

wing core is chosen to occupy one half of the available cross 

section (Fig. 4.7) ^ the aerodynamic and other loads being assumed 

as principally carried by the surrounding structure. A 

quadrupole field elegantly provides the required through-wing 

fieldy in turn being supplied by the appropriate quartet of E/Ms 

from the baseline SIM array (Figs. 4.8, 5.4), though the entire 

SIM array is used for examination of 360° roll capability.

Confirmation of some of the predicted couplings between axial 

or spanwise magnetization and the applied roll or other fields is 

straightforward. Conventionally configured but arbitrarily 

dimensioned E/Ms are specified to provide lift, pitch, etc. fields 

(Pigs. 4.9, 4.10). It should be noted that the overall E/M array 

is realistically proportioned although the axial and main E/Ms do 

(unintentionally) spatially conflict.

The magnetic forces and torques generated on the model and their 

variation with simple displacements or rotations of the model are 

shown in Pigs. 4.11 - 4.19. Confirmation of the predicted magnetic 

couplings due to the spanwise magnetizations can now be made. 

These are (from Section 4.2.2):

Force/torque Applied field Figure (zero displacements)

F
X

Magnetizing 4.19

P 
y

Yaw 4.18

F 
z

Pitch 4.17

L None

M Lift 4.14

N Sideforce 4.16

The wing core’s symmetry about the yz plane is conveniently 

destroyed by a displacement in the x direction. Consulting the 

relevant Figures therefore, the extra predicted couplings for a 

core lacking symmetry about the yz plane may be confirmed also;
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X X

SIM cores (Section 
5) this size

L— Non-magnetic 2
envelope (7.2cin )

Magnetic core(7,2cm )
z z

Detail view on A showing direct comparison 
to baseline SIM geometry (Fig.5.5) Equivalent airfoil

Fig. 4.7 Model magnetic configuration for SPM calculations

0.383ra

y

This figure 
is schematic 
only.

0.765rad

2.245

0.382

This array 
represents the 
appropriate 
quartet of E/Ms 
from the SIM 
array of Section 
5 (Fig. 5.4)

Fig. 4.8 Roll E/M configuration for SPM calculations.

All dimensions in metres
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Dimensions in metres

Fig, 4.9 Geometry and dimensions of E/Ms for roll coupling study



Applied fields defined by the following relationships of currents ;

^1 ^2 ^3 ^4 ^5 ^6 ^7 ^8 ^9 ^10 ^11 ^12 ^13 ^14 

currents not specifically shown are zero

Drag
Magnetizing
Roll
Lift +
Pitch -
Sideforce
Yaw

+ -
+ +

+ — + —
— ™ 4-

+ - +
— + + —
•• + — +

Fig. 4.10 Schematic diagram of complete E/M array for roll coupling

studies. All currents directions positive as shown 
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Fig, 4,11 Couplings for wing in roll field

E/Ms as Pig. 4.8, 4.10

Model as Pig. 4.7

Roll field defined by :

2 
+I._ =-I -+I =-I = 1,459,240 A (1000 A/cm )

All force and torque components not shown are exactly or

effectively zero.
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Fig. 4.13 couplings for fuselage in roll field

E/Ms as Pig. 4.8,4.10

Model as Pig. 4.7

Roll field defined by :

"11 -"12 -"13 -"14 1,459,240 A

^1 - "10 - «

Model rotations and torques as Pig. 4,11

All force and torque components not shown are exactly or 

effectively zero.

Fig. 4.13a

—gjI—,—g—g—
0 0.1 0.2 0.3 0.4

X (m)
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Fig. 4.13c

Fig. 4.13e Fig. 4.13f
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Fig. 4.14 Couplings for wing in lift field

E/Ms as Fig. 4.9, 4.10

Model as Fig. 4.7

Lift field defined by : 

2 
+I =-I = —I =+I = 1,600,000 A (1000 A/cm )
13 5 7

^2' ^4^ ^6 ^8 " ^14 °

Model rotations and torques as Fig 4.11

All force and torque components not shown are exactly or

effectively zero.

Fig. 4.14bFig. 4.14a

X (m)



Fig, 4.14c Fig. 4.14d

z (m)

Fig. 4.14e



Fig. 4.15 Couplings for wing in drag field

E/Ms as Fig, 4.9,4,10

Model as Fig. 4.7

Drag field defined by ; 

2
+1^ = 2,500,000 A (1000 A/cm )

9 10

^1 - ^8 ^^ ^11 " ^14 °

Model rotations and torques as Fig. 4.11

All force and torque components not 

effectively zero.

shown are exactly or

Fig. 4.15a

X (m)
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Fig. 4.15c Fig. 4.15d

Fig. 4.15fFig. 4.15e

0 20 40 60 80

8 (deg) (deg)



Pig. 4.16 Couplings for wing in sideforce field

E/Ms as Fig. 4.9^4.10

Model as Fig. 4.7

Sideforce field defined by :

"^2 "^^4 - +^6 = -^8 = 1,600,000 A (1000 A/cm?)

^1' ^3' ^5' ^7" ^9 - ^14 '^ °

^^del rotations and torques as Fig. 4.11

All force and torque components not shown are exactly or

effectively zero.
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6 (deg)
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Fig, 4.17 Couplings for wing in pitch field

E/Ms as Fig. 4.9»4.10

Model as Fig. 4.7

Pitch field defined by :

-I^ =+^2 =-Ig = +1^ = 1/600,000 A (1000 A/cm^) 

^2' ^4' ^6' ^8 " ^14 °

Model rotations and torques as Fig. 4.11

All force and torque components not specified are exactly or 

effectively zero.

M is non-zero but less than 0.003 Nm in Figs. 4.17a-f

Fig. 4.17a
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Fig. 4.17c

z (m)

Pig. 4.17e
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Fig. 4.18 Couplings for wing in yaw field

E/Ms as Fig. 4.9,4.10

Model as Fig. 4.7

Yaw field specified by ; 

2
-I =+i =-i =+i = 1,600,000 A (1000 A/cm ) 

2 4 6 8 

^1' ^3' ^5' ^7' ^9 ' ^14 °

Model rotations and torques as Fig. 4.11

All force and torque components not shown are exactly or

effectively zero.

Fig. 4.18bFig. 4.18a
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Fig. 4.18e
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Fig. 4.19 couplings for wing in magnetizing field

E/Ms as Fig. 4.9,4.10

Model as Fig. 4.7

Magnetizing field defined by ;

"^^9 -^^10 " 2,500,000 A (1000 A/cm)

:1 - ^8 \1 - ^14 = °

Model rotations and torques as Fig. 4.11

All force and torque components not shown are exactly or 

effectively zero.

Fig. 4.19a Fig. 4.19b
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Fig, 4,19c

2 (m)

Fig. 4.19e Fig. 4.19f
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Force/torque Applied field Figure (positive x 
displacement)

F
X Drag 4.15a

F 
y

Sideforce 4.16a

F 
z

Lift 4.14a

L None — —

M Pitch 4.17a

N Yaw 4.18a

It should be noted that the two couplings involving generation 

of pitching moments (from applied lift or pitch fields) are very 

weak, due to the short moment arms of wing core elements about the 

y* axis in the chosen configuration.

The full information presented in Figs. 4.11 - 4.19 indicates 

that further couplings will occur when the model is displaced or 

rotated from its datum position, for instance a lift field is seen 

to generate pitch and yaw torques when the wing core is rolled. 

The principal result of these will be the manifestation of magnetic 

stiffnesses (positive or negative) in various model degrees of 

freedom when the classical fields considered are applied. These 

effects will somehow disturb the magnetic stiffnesses and dampings 

generated by conventional control algorithms and may require action 

to counter adverse effects.

However, study of the Figures reveals that these extra couplings 

occur in a relatively straightforward manner and few are of large 

magnitude. Whilst further treatment of this topic cannot be pre­

sented here, it is felt that modest adjustments to and expansions 

of conventional control algorithms will restore full required 

performance.

Since no attempt has been made to ensure representative relation­

ships between the strengths of the classical applied fields, 

further interpretation of the data discussed above should be made 

with extreme caution.

4.4 Discussion

The performance of SPM systems is critically dependent on the 

precise magnetic properties of the core material, particularly the 

intrinsic polarization and useful coercivity (see Section 4.3). 
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There seems good reason to expect considerable improvements in 

the values of these parameters exhibited by the best available 

materials in the near future. Fig. 4,20 shows how the highest 

reported values of BH^^^, the classical parameter of magnetic 

performance, have risen consistently over the past decades, the 

performance of ReCo materials still being well below the theoretical 

limits at least in the respect of intrinsic coercivity (28, 34). 

The torque capabilities calculated heretofore are thus expected to 

rise as time passes within the limits of the assumptions made. 

Further, it is widely accepted that as the temperature of ReCo 

materials is lowered (below 300K, say) their magnetic properties 

tend to improve steadily. The parameters of interest here, that 

is intrinsic polarization and coercive force, are typically found 

to increase by a few per cent and many tens of per cent respec- 

tively, during cooling from room temperature to around 80K (28, 30,35, 

36, 37 and Fig. 4.21). The force and torque capability of a ReCo 

cored MSBS model would thus be significantly greater at the typical 

lowest operating temperatures of a cryogenic wind tunnel than at 

"normal" temperatures.

4.5 E/M configurations for SPM roll control

The E/M configuration chosen so far is a fully symmetric quadrupole 

(Fig. 4.8). There is no particular reason to regard this as being 

in any way optimum.

Prom Fig. 4.11 it is seen that roll torque capability falls 

rapidly with increasing roll displacement from the selected datum 

orientation. This would be a serious limitation in practice, being 

due to the inability of the chosen array to develop H^^t ^10^9 

y* axis displaced by 45° in the roll sense. This problem may be 

completely overcome by including extra E/Ms in the roll array. 

These may perhaps be shared with other force/torque generation duties 

but will be regarded here as entirely specialised for simplicity.

The complete 8 E/M array used for the SIM calculations (the 

SPM 4 E/M array being, of course, derived from this) provides roll 

torque at any roll angle, the variation of torque capability with 

angle being shown in Pig, 4.22.

If 360° roll angle capability is deemed unnecessary, then the 4 

E/M array may be adapted to increase the angular capability, certain
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Fig« 4.20 Increase 

in highest reported 

values of energy 

product with time

After Ref.3 5.

Fig,4,21 Variations of intrinsic polarization and coercivity with 

temperature for Rare-Earth Cobalt materials
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Fig. 5.4

E/Ms a as Pig
z

A

E/M geometry as

All currents are 1,459,240 
(1000 A/cm^)

Current directions chosen 
to create positive torque 
at all angles

E/Ms A

E/Ms B

50 Overall (sum)

404

30-

20

10

Contribution of ;

(degrees)

45 90 135 180 225 270 315 360

ROLL
TORQUE

(Nm)

0 
0

*
Pig. 4.22 Variation of roll torque with roll displacement for 

complete SIM E/M array (SPM cores) of Pig. 5.4 
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possible adaptions being illustrated in Fig. 4.23. Comprehen­

sive treatment cannot be attempted here but Figs. 4.24a-d illustrate 

that some improvements are possible, using the techniques of Fig. 

4.23. 

d may be positive or negative 

be greater or less than 45°S may

Individual
4.8 and 5.4

z

Cylinder of 
exclusion, 
radius = 
2.245m

y

E/Ms as Figs,

Fig. 4.23 Possible modifications of 4 E/M SPM roll 
array to enhance angular capability
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Fig. 4.24a Variation of roll torque capability with roll angle for

modified quadruplet geometries.
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Fig. 4.24b Variation of roll torque capability with roll angle for

modified quadruplet geometries.
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5. SPANWISE IRON MAGNETS (SIMs)

5.1 Introduction

Symmetrically disposed transverse magnetization components can 

relatively easily be induced in a magnetically soft wing core by 

application of a symmetrical field as shown below;

Rolling moment will be generated with application of through 

wing fields as in Fig 5.2., Section 3.2.2., and Section 4. 

Rotation of the induced spanwise magnetization vectors by the 

through wing fields will be inhibited by the high demagnetizing 

factors in the through wing direction. Calculation of the 

performance of SIM systems is not straightforward, the induced 

magnetizations not being directly analytic.
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H(positive)

Fig. 5.2 SIM through wing field

Thus, whilst the SPM equations may be approximately applied if 

the induced magnetizations remain predominantly spanwise and the 

value of polarization is replaced by some mean value of induced 

magnetization, that value of magnetization and the detail perfor™ 

mance of the SIM system cannot be adequately predicted without 

further analysis.

However, many magnetically soft materials exhibit saturation 

inductions of approximately 2 Tesla and high permeabilities to around 

that value. Operation with higher levels of spanwise magnetization 

than those achievable with SPMs (approximately 1 Tesla) is thus 

possible, leading at least to higher torques per unit through wing 

field. Further, it is assumed (Section 5.4) that magnetically soft 

materials with good mechanical properties are available, allowing the 

entire wing volume to be utilised if required, and since no irrever­

sible demagnetization effects exist in the SIM case it is to be 

expected that the absolute maximum available torque for any config­

uration may be greater than with SPMs,

Since soft magnetic materials generally behave entirely isotropically, 

available material data is sufficient to permit, in principle, 
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calculation of the performance of the SIM system at all applied 

field levels.

5.2 Solution of iron-air-conductor magnetostatic systems

This class of problem has attracted considerable interest over 

recent years with the application of superconductors to various 

fields such as nuclear research and with the drive to improve per­

formance and efficiency of electrical machines.

General magnetostatic problems involve the solution of Poisson's 

equation or* outside current carrying conductors^ Laplace's equation. 

These equations may be solved in principle by a number of methods 

including (after 38)

1) Analogue 2) Graphical 3) Analytic 4) Numerical

Predictions of roll torque from SIMs require treatment of 

saturation effects, leading to non-linear solutions, and are inherently 

three dimensional. In most practical cases methods 1) and 2) above 

are not able to handle the non- linear problem, indeed graphical 

methods are generally restricted to two dimensions. Analytic methods 

are available for non-linear 3D problems but only for highly restricted 

geometries of conductor and iron. Application to general problems is 

currently quite impractical. Again following (38) existing numerical 

methods in this field may be divided into four principal categories:

1) Finite difference 2) Images

3) Integral equations 4) Variational formulations 

although other classes of solution do exist, such as the Monte-Carlo 

method (39).

It would appear that image methods are inapplicable to non-linear 

problems within the bounds of the present formulations. Method 4) 

above may be considered an energy method, somewhat analogous to virtual 

work methods in structural problems, whereas 1) above tackles Poisson’s 

or Laplace's equation directly but both generally require that the 

complete volume of the problem is meshed with a computation grid. 

The characteristic geometry of the SIM roll system is very "open" 

(Fig. 5.3), that is a small iron region separated from the conductors 

by large air gaps. Methods 1) and 4) above would thus require meshing 

of considerable volumes of air, at least enclosing all the conductors, 

leading to large computation times. Integral equation methods
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f^9' ^"^ Characteristic configuration of SIM rolling moment 

generating system. (8 symmetrically disposed E/Ms) 
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(3 above) need only require meshing of iron regions and thus appear 

appropriate here.

5.3 Program GFUN

This program, developed at the Rutherford Laboratory, Didcot, 

^xon, U.K. since 1970 by Trowbridge et al, is an example of the use 

of integral equation methods. GFUN has been applied to a wide 

range of problems over many years (38, 40, 41, 42, 43) and has 

exhibited consistently good accuracy, consequently gaining a high 

international reputation. A disadvantage inherent to the solution 

procedures employed is a somewhat awkward representation of field 

within iron regions, as the vector sum of the fields from external 

currents and induced magnetizations, expressed as constant within 

suitably shaped elements (such as tetrahedra). In high permeability 

regions the two contributions to the field may be nearly equal and 

opposite, leading to rather poor resolution of the internal field. 

GFUN in fact handles the simultaneous integral equations as a single 

matrix equation, solution of the latter generating eigen solutions for 

the internal field. Clearly, prediction of the detail geometry of 

the internal field is affected by the choice of element distributions. 

The lack of precise information concerning the internal field of the 

SIM cores is not thought to be especially critical. It must be noted 

that the nature of the solution procedure implies that the foregoing 

adverse comments do not apply outside the iron region, however para- 

doxical that may seem, and need not apply to the resolution of forces 

and torques provided methods of field integration over control volumes 

external to the iron are chosen.

Access to GFUN was granted by the British Science Research Council*  

under Grant No. GR/B/3691.5. Modifications to the program were carried 

out by Simkin to permit the full symmetry existing in many of the 

required SIM cases to be exploited (reducing computation time) and to 

provide a torque integration option. The torque integration scheme 

is conceptually similar to the well established methods for force cal­

culations but the fact that previous users have apparently not required 

torque information must be seen to represent a major possible source 

of systematic error in data included hereafter, indeed some diffi^ 

culties were experienced before a consistent integration scheme could 

* Now the Science and Engineering Research Council.
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be identified. To counter this uncertainty^ various low field 

torque measurements have been made and limited cross checking under­

taken (Section 5.7). Saturation of iron regions^ which could not be 

achieved in corroborative experiments, should not directly influence 

the reliability of torque predictions due to the nature of the 

methods used.

5.4 Baseline GFUN geometry and configuration

A baseline geometry and configuration is required from which the 

effects of variations of various parameters, such as wing aspect ratio 

may be examined. At the time of commencement of this study there 

existed no clear specific choice of geometry of either model or E/Ms, 

necessitating evolution of a baseline geometry on the following, 

somewhat arbitrary, basis.

The favoured scale for studies of LMSBSs has been a test section of 

approximately 8 ft x 8 ft cross section (such as NTP). Calculations 

are therefore made at this scale, but the scaling of results to 

different tunnel sizes is quite straightforward (Appendix 3). The 

test section is assumed square with no corner fillets. Clearance is 

allowed around the aerodynamic cross section for structure, plenum 

chamber etc., and is chosen to be one foot (5). A similar allowance 

is made for the thermal insulation and structure surrounding each E/M 

(5). The most uncertain characteristics of the E/Ms are the winding 

shape and maximum usable current density. It appears (5) that manu­

facturers prefer circular windings where possible due to reduction of 

difficulties associated with conductor stressing. An idealized 8 E/M 

configuration has been chosen (Fig. 5.4). The problem of optimizing 

the E/M array must be dealt with separately, being heavily influenced 

by particular requirements for forces and moments in other degrees of 

freedom. Maximum usable overall current density (J) for super- 

conducting E/Ms varies from order 1500 A/cm? for cryostable conductors 

to order 15000 A/cm for adiabatically stable conductors, within the 

limits of present technology. Doubts exist (5) as to whether adia­

batically stable conductors could be applied to the 8 ft scale case so 

generous winding cross sections are allowed in the E/Ms, permitting 

partial saturation of the wing cores at suitably low values of J. 

High J data is included for the purpose of identifying trends at high 

field levels. The current levels in the E/Ms are represented by J 

and J_ as defined by Figure 5.4.
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Fig. 5.4 Baseline GPUN E/M geometry and configuration. Dimensions

in metres.
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The geometry of the baseline SIM wing core is simply chosen as a 

10% thicks 10:1 aspect ratio rectangular hexahedron (rectangular "slab" 

core) spanning slightly under one half (49.2%) of the test section 

width (Fig. 5.5).

The choice of core material (or its magnetic characteristics) 

presents some difficulty at this stage due to the necessity in a final 

design to achieve an optimum compromise between many magnetic^ electrical 

and mechanical properties. The SIM wing cores are visualised as 

occupying nearly all the aerodynamic volume of the wings with only those 

detail fittings and features potentially subject to changes during test 

programs being added from non-magnetic material. It is recognised that 

this view may require qualification in the light of detailed results and 

experience in model design^ but it is nonetheless clear that the core 

material requires good mechanical properties such as high yield point, 

low brittleness and high Young's Modulus, perhaps also at low tempera­

tures. High electrical resistivity may be preferred in order to 

suppress eddy current flow in the cores but is not essential to funda­

mental operation of the system. Low coercive force is necessary to 

avoid torque calibration being dependent on the recent past magnetic 

history of the cores, although if cores are operated far into saturation 

this feature becomes of lesser importance. Ultra high permeability is 

not necessary since in any airgap dominated system, iron regions of 

medium and higher permeabilities tend to behave as if infinitely 

permeable. The key magnetic parameter is undoubtedly saturation 

induction. Studies of LMSBSs (5) have indicated that valuable economies 

can be made in E/M size, hence cost, by utilising fuselage core materials 

with the highest available saturation induction. It is logical that 

similar criteria should apply to the SIM case since operation of the 

core beyond the saturation point is anticipated.

One class of materials that appears promising is the cobalt iron 

alloys, classically represented by the 50:50 Iron-Cobalt alloy 

"Permendur". These materials have not found widespread industrial 

application due to their relatively high cost but this is unlikely to 

be a problem in LMSBS applications. Indeed the cost of a fuselage 

core foran 8ft tunnel has been estimated at U.S. ^ 5000 (1981 *), 

(5). This is small compared to a typical manufacturing cost of a 

large wind tunnel model.

Magnetic and mechanical properties of material of this type are 

dependent on the precise alloying constituents, heat treatment and
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preparation of samples but typical properties for some commercially 

available materials are shown below.

Material 
(Trade Name)

Permendur Vanadium Permendur Vacoflux 50

Source Western Electric Co. Ltd. Vacuumschmelze 
GmbH

Reference 44 44 45

Density 
(kg/m^)

8300 8300 8150

Initial p 800 800 1000

Saturation Induction 
(T)

2.45 2.4 2.35

Static coercivity 
(A/m)

159 159 110

Resistivity
Qm

0.7 X lo"^ 0.26 X 10 0.35 X 10

Youngs Modulus 
GPa

230

Yield strength 
MPa

400

It should be noted that the saturation inductions, in the range 

2.35 - 2.45T (exceeding 2.ST in laboratory specimens) are substantially 

higher than the corresponding value for high purity iron of some 

2.158T (room temperature. Ref. 44).

The peaks in the permeability versus magnetizing field strength 

curves for the above materials (Fig. 5.6) present some problems to 

GFUN. The permeability of each iron element in GFUN is assumed 

constant throughout the element and is updated at each iteration. 

Sharp rises in the permeability of elements with relatively small 

increases in the magnetizing field acting on those elements (and vice 

versa) occurring from one iteration to the next may cause local 

oscillations of the iron's interior field and consequently slow 

convergence. These potential problems may be avoided in early work 

by choosing a permeability versus magnetizing field strength charac­

teristic that falls monotonically. This has been done by arbitrarily 

fitting intermediate points between the initial constant permeability 

line and the terminal saturation boundary, thus establishing the base- 

line characteristic shown in Pig. 5.7. A slightly conservative value
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of 2.3T is chosen for M The effects of variations of some
sat

material properties on the torque capability of the SIM system is 

studied later.

The baseline wing element distribution is chosen along well 

established principles. Tetrahedral elements have proven to be the 

most reliable choice for GFUN, the total number of elements is the 

largest that can be handled by the convenient batch version of the 

program and the spatial distribution of the elements is chosen such 

that the elements are relatively numerous in the region of strongest 

anticipated magnetization. This non-uniform element distribution 

also yields superior convergence. The control volume for use with 

the torque integration schemes is dimensioned such that its surfaces 

lie close to the model core, thus yielding best accuracy.

Fig. 5.7 GFUN baseline BH curve
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5.5 Simple theoretical approximations 

5.5.1 Torque on ellipsoids

Some insight into the behaviour of the SIM system may perhaps 

be gained by study of some magnetostatic torque producing system 

that is analytic. Unfortunately, as previously mentioned, few such 

systems exist and few of these yield to straightforward analysis. 

One suitable example is torque on magnetically soft uniform ellipsoids 

in uniform applied fields. The general equations applying are as 

follows:-

B = (1-N ) M + U H
y^ y y o y

^^o |Hi|

(5.1a)

(5.1b)

(5.2a)

(5.2b)

(5.3)
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Combining (5.1) and (5.3)

(5.4a)

(5.4b)

The torque on the ellipsoid is as follows:

(5.5)

Following Pig. 5.8 we have from (5.1):

H Cos8 H Cos(^ N M CosG (5.6a)

H. Sin8 = H Sin^ N M SinG 
y

(5.6b)

Combining (5.6a) and (5.6b):

H.
1

H Co9i(i 

+ N M

This equation gives H. from

tion M, H and

of (5.7) thus

particular BH

H Sinj)

H. + N M 
y

any given H

(5.7)

<() and M. Below satura

are functions of each other (Eqn. 5.3) Solution

involves an iterative process using a material's

curve. When H^ is found, %_ :'-S known from the BH

curve and torque can be found from (5.4) and (5.5). This procedure

is somewhat inconvenient, 

below saturation) we have

Where x^ is large (permeable material 

H.=0 and Eqns. 5.1 collapse to:

M p H Cos6 
X = o e

M pH Sind)
y o e

- (5.8a)

- (5.8b)

and from (5.5):

_ 1—1
N N
X y

Directly, for maximum 

(|) = 45° and:

7
PH Cos^ Sin^ V -(5.9)

torque at any given applied field strength

M
X

M 
y

T

1

T^o^x

1*0H

(M : 
X
H

1 + X N 
'^m X

1 + X N 
y

M H ) V 
y X

2 2

T a applied field ^ (at any given <()) -(5.10)
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Where the material is far into saturation M =
sat constant.

Prom (5.6):

N M 
X sat

H Sintj)

Cos8

N M 
y sat

Re-arranging:

H Sin 
e 'Cy

Giving:

Sin

And from (5.5)

SinG

t ) M 
X sat Sin 2 6 (5.11)

(5.13)

I ) M Sin 28 
X sat (5.12)

M^^^H^ Sin (*-8) and using

shows thatIT
Max

V Max

where 8 =

(5.11):

(5.13)

is independent of H

M (N - N ) sat y X

45° Now

M 
sat

and has the value:

(5.14)

Equation (5.12)

(N - N ) can never exceed 
y X

unity thus:

(5.15)

becomes:

and y = M
'^m sat

H^ Cos*

:^o ^o

I

M

^^o

+ 8

T 
V

V

T

T

V

2

- Sin //^y \^ ^sat\ + 45° - (5.16)

\ /Max \ 2 u H /
\ o e /

It should be noted that (5.16) and (5.12) break down where H is 
e

small. Prom (5.6) again:

^ N M \ / N M \
+ X sat Cos8 = I + ysat - (5.17)

\ ^o / ^°®* \ ^-'o /Sin*
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TORQUE

(Nm/m^ X

Ellipsoid data 
from Ref. 47

/VOLUME

^^^' ^'^^^ Torque per unit volume (maximum) for ellipsoids.
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The breakdown occurs where H_ = 0 (y =^). At this point, from 

(5.17):

Tan d) = Tan 8 । y | 
if ' (5'18)

Fig. 5.9 shows the variation of the direction of induced 

magnetization, after Eqn. 5.12, for a variety of cores. It is seen 

that with a powerful applied field the induced magnetization lies 

nearly parallel to that field.

Fig. 5.10 shows torque per unit volume for a particular core 

(Eqn. 5.13) and clearly illustrates the existence of a finite and 

approachable absolute maximum torque. For any given geometry and 

applied field direction it is seen that the torque per unit applied 

field is far from constant. In fact, at high values of ^ with 

powerful applied fields, increases in applied field strength may 

apparently result in reductions in torque.

The variations of the maximum torque and torque per unit volume 

with ellipsoid geometry are of interest and are shown in Fig. 5.11, 

using data from Ref. 47. The significant feature here is that 

relatively slender ellipsoids are capable of generating high torques, 

perhaps implying that slender wing cores (SIMs) will remain relatively 

capable torque producers.

2i522^^2J2^^^5IM theor2^

The field at any point P, in the principal plane of a symmetric 

quadrupole may be written as follows:

Fig. 5.12 SIM quadrupole magnetizing field
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H . = I (k^ Cos2d) + k Cos4(J) +----- )
yp - (5.19a)

H , = -I (1. Sin2(|) + 1. Sln4(|) + ----- )

where k and 1 are functions of r. For an identical quadrupole 
n n

displaced by 45° about the x axis (giving the through-wing field

quadrupole):

H , = I (k Sin2(j) + k Sin4c() +----- )
^p '^ ^r r - (5.19b)

H , = I^ (1^ Cos2({) + 1^ Cos4(|) +----- )

If a linear magnetization characteristic is assumed for the wing 

core (permeability constant or »1) and a suitable radius chosen, we

may write:

M 
y

^y'
(5.20)

where D , and D^, are effective demagnetizing factors in the y' and 

z' directions respectively. If H , is assumed to be fairly constant 

along any particular radial we have:

"z^ = ^yz'^ - (5.21)

Equation 4.4 becomes:

s

9(b)b db + M , term

b = o

For constant geometry and neglecting the M , term:

L M ,H 
y yz (5.22)

Applying magnetizing field and a through-wing field simultaneously:a

+L I^^k^ Cos2^ + I (k Sin2$ + X

Neglecting

I (1 Cos2(j) + ——) I (1 Sin2^ +

terms above 2(J):

^(I - I )5in46 + 
rm

I I < 
r m

Cos4(() (5.23)
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This equation is illustrated in Fig. 5.13. Where ^ = O, it is 

seen from Eqn. 5.23 that:

L ? I^^m " (5.24)

Thus, in a fully symmetric configuration, the maximum torque for 

given total available ampere-turns will occur at:

^m " ^r (* " °)

lL5 GFUN resi^t2

5.6.1 Baseline geometry - Effect of variation in material properties, 
low and intermediate applied fields

Where the permeability of the core is constant (linear solution, 

typical of low applied field levels) the effects of the magnetizing 

("^m^ ^^^ through-wing ('3^^) fields are independent. Since, under these 

conditions, the spanwise magnetization is everywhere proportional to 

"^m ^^^ ^'^^ through-wing field proportional to J , the roll torque is 

expected to vary as the product JJ^ This is confirmed in Pig. 

5.14 - 5.16, being as predicted by Eqns. 5.9 and 5.24.

The variation of torque with core permeability, permeability held 

constant within each solution, is of interest. Pig. 5.17 showing com­

paratively low sensitivity to permeability variations at high values 

of permeability, the core then behaving as if infinitely permeable.

Using the baseline BH curve it is clear that there exists some 

maximum level of applied field commensurate with the whole core lying 

in the initial constant permeability region of the BH curve. At 

higher applied field levels the permeability of certain strongly 

magnetized volumes of the core will progressively fall, eventually 

the bulk of the core settling onto the terminal (saturated) region of 

the BH curve. During this process the magnetization is no longer 

proportional to J^, rather reaching some limiting value. it might 

therefore be expected that torque becomes proportional to J alone. 

However at high values of through-wing field the induced magnetizations 

may no longer be predominantly spanwise, rather turning to lie more 

nearly parallel with the direction of local (applied) field (see 

Pig. 5.9). Torque may therefore reach some limiting value, or 

continue to rise (or fall, see Pig. 5.10) with rising applied fields 

as some function of J^ and J (Fig. 5.18).
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Fig. 5.14 Torque versus J^_ ^. Baseline core and E/Ms, Linear solutions

Fig. 5.15 Square-root torque versus J^ ^. As Fig. 5.14.
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Fig. 5.16 Torque versus 3^, J constant. Baseline core and E/Ms. m---------------------------- ----
Linear solutions.

150 —

ROLL 
TORQUE 

100 — 

(Nm) 

50 - 

2 
J .<T =1000 A/cm r m

350 1000 3500 10000 

PERMEABILITY (u, log. scale)

Fig. 5.17 Torque versus permeability. Baseline core and E/Ms.

Linear solutions.
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(L)

Torque

Fig. 5.18 Schematic diagram showing possible 
terminal torque characteristics

Figs. 5.19, 5.20 show the breakaway from the linear permeability 

curve onto a near straight line characteristic at moderate applied 

field levels. Data is included for a close approximation to the 

representative vanadium permendur BH curve in Fig. 5.6, showing a 

very weak influence of precise core magnetic properties,

5.6.2 Variations of baseline geometry. Effect of wing AR, 
t/c and taper

GFUN solves linear (constant permeability) cases directly, 

without recourse to iterative procedures, hence relatively economi- 

cally. The variations of the initial (constant permeability) 

torque capability of the system with various geometrical parameters 

as defined in Fig. 5.21 are shown in Figs. 5.22 ™ 5.24, the solid 

symbols representing the baseline core.

These figures require some explanation. It is clear that the 

torque for a given applied field is far from being a constant per 

unit core volume and in fact does not obey any simple relation to 

geometry (such as first moment of volume about the x axis). It 

is believed that this effect is due to the fact that the effective 

spanwise demagnetizing factors are predominantly determined by the
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Fig, 5.19 Torque versus J^_ ^. Baseline core geometry and E/Ms.

. As Fig.5.19Fig. 5.20 Square-root torque versus J
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BASELINE
y'

X
120

X

CHORD VARYING

y'

X

X X

^^9- 5,21 Definitions of variations of baseline geometry,

All dimensions in cms.
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Fig. 5.22 Torque versus chord. Baseline E/Ms. Core as Fig.5.21. 

Linear solutions.

Fig. 5.23 Torque versus thickness. Baseline E/Ms. Core as Fig.5.21

Linear solutions.
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ISO­

SO- P=1OOO
2

J =J =1000 A/cm r m
Span=120 cm

Mean chord=12 cm

Thickness=l.2 cm
0_|---------------------------------1,--------------------------------- ,--------

° TIPCHORD

Fig. 5.24 Torque versus taper. Baseline E/Ms. Core as Pig.5.21.

ROOT CHORD

Fig. 5.25 Torque versus chord showing peak induced magnetizations 

2kherwisea^Fj^^5222.
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slenderness of the core, being lower for more slender cases. Thus 

the removal of wing volume by reduction of chord or thickness lowers 

the effective spanwise demagnetizing factor, hence increasing the 

level of spanwise magnetization of the core for any given applied 

field level. This may be partly justified by inspection of Pigs. 

5.25 - 5.26,showing the increase in the peak element spanwise 

magnetization with increasing slenderness.

Tapering the core under the criteria chosen does not affect the 

core volume but displaces volume from the most effective regions 

near the tips to less effective regions near the roots. The slender­

ness of the tip portions of the core is increased and since these lie 

in the regions of strongest applied fields the peak value of element 

magnetization tends to be increased as shown in Fig. 5.27.

5.6.3 Effect of the presence of fuselage and axial magnetizing field

It is to be expected that the presence of an unsaturated iron 

fuselage should act to increase the mean level of spanwise magneti­

zation in the wing cores since it provides an easy flux path at the 

wing root (Fig. 5.28). A saturated fuselage may or may not act 

similarly. With the fuselage geometry as defined in Fig. 5.29, the 

wing core span remains unchanged, the root now being enveloped by the 

fuselage core. The table below shows some results for this geometry, 

confirming the expectation of augmentation of torque with fuselage 

present. The effect appears weak.

Fuselage Dimensions (cms) Torque (Nm)

Absent 109.78

50 X 5.2 X 5.2 110.22

50 X 7.4 X 7.4 113.53

100 X 7.4 X 7.4 114.40

If a soft iron fuselage core is used it will generally require an 

axial magnetizing field. The effect of an axial field on the wing 

cores will tend to be to rotate the spanwise magnetization vectors in 

the plane of the wing, in the sense of sweepback or sweepforward. 

Where the core permeability is constant, the magnitudes of the span­

wise components will be unaffected. A reduction in the spanwise 

components, hence torque, will be expected where the wing core

— 94 —



Pig. 5.26 Torque versus thickness showing peak induced magnetizations.

Otherwise as Fig. 5.23

^^^ TIP CHORD ^^^

ROOT CHORD

^^^' ^'^^ Torque versus taper showing peak induced magnetizations 

Otherwise as Fig. 5.24.

— 95 —



With

Most

into

Fig. 5.28 Easy flux

fuselage

flux carried

fuselage core.

path at wing root with

fuselage present.

quoted as A*B*C (cms.)

Fig. 5.29 Standard dimensions of fuselage core.

Fuselage dimensions

Standard core 50*7.4*7.4


































































































































































































































































































































































































































































