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ESDU 89049
ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item which was monitored and guided by the Wind Engineering Panel. This
Committee first met in 1979 and now has the following membership:

The construction and subsequent development of the Data Item were undertaken by

The person with overall responsibility for the work in this subject area is Mr N. Thompson, Head of the Wind
Engineering Group. 

Chairman
Mr T.V. Lawson — Bristol University

Members
Mr A. Allsop — Ove Arup and Partners
Mr C.W. Brown — Freeman Fox Ltd
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— Colorado State University, USA
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ESDU 89049
RESPONSE OF STRUCTURES TO ATMOSPHERIC TURBULENCE 
Response to Across-wind Turbulence Components

1. NOTATION AND UNITS

Units

SI British

structure width normal to width b m ft

, load/velocity admittance factors (see Appendix B) – –

structure width; (reference area for load 
coefficients)/(overall height or length)

m ft

wind-axis force coefficients – –

force coefficient (see Section 4.2); (force per unit 
length)/

– –

force coefficients in P, Q and R principal-axis directions – –

torsional moment coefficient (see Section 4.2); 
(torsional moment per unit length)/

– –

torsional moment coefficients about P, Q and R axes – –

displacement height of wind-speed profile zero-plane m ft

mean load effect; * *

reference mean load effect†; * *

mode-generalised mean force; N lbf

peak response factor for background and resonant 
contributions to response respectively

– –

overall height of vertical structure (see Sketch 1.1) m ft

distance up vertical cantilever structure at which 
response is required or distance up vertical 
single-support structure at which support is located 
(see Sketch 1.1)

m ft

reference height (see Sketch 1.1) m ft

For footnotes, see end of Notation Section.

a

BB BR
2

b

CD  ,CLor CC

CF
½ρVhc

2 b( )

CFP  ,CFQ  ,CFR

CT
½ρVhc

2 b bL( )0.5( )

CTP  ,CTQ  ,CTR

d

Emean Emean ½ρV2CFβb ld
0
L
∫=

Eref Eref ½ρV2 β b ld
0
L
∫=

Fj ½ρV2CFµjb ld
0
L
∫

gB  , gR

H

Hi

hc
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ESDU 89049
height above ground of lowest point on structure 
(see Sketch 1.1)

m ft

integral parameter; kg ‡slug

absolute and mode-generalised mass moments of inertia 
respectively

N m2 lbf ft2

integral parameter; ** **

turbulence intensities of across-wind components of 
turbulence at height hc ; 

– –

background loading factor (see Appendix B) rad rad

background loading factors for vertical and horizontal 
structures respectively

rad rad

resonant loading factor (see Appendix B) rad2 rad2

resonant loading factors for vertical and horizontal 
structures respectively

rad2 rad2

weighting factor on hourly-mean wind speed; – –

aerodynamic damping factor (see Appendix B) rad rad

aerodynamic damping factors for vertical and 
horizontal structures respectively

rad rad

structure overall length or height; H for vertical 
structure and W for horizontal structure

m ft

dimension Hi or Wi as appropriate m ft

compound lateral integral length scales of across-wind 
components of turbulence, used in evaluation of 
inclined structure response

m ft

lateral length scales of across-wind components of 
turbulence, in along-wind, x, direction at height hc

m ft

lateral integral length scales of across-wind components 
of turbulence, in y and z directions respectively, at 
height hc

m ft

distance along structure (see Sketch 1.1) m ft

For footnotes, see end of Notation Section.

h0

IB IB mµ1 ld
0
L
∫=

IM  , IMj

IRj IRj mµ1β ld
0
L
∫=

Iv  , Iw

Iv σ( v /V )hc ,  Iw σ( w= /V )hc=

JB

JBH  , JBW

JR
2

JR
2( )H  , JR

2( )W

KV
KV

2 Vz /Vhc( )2d l/L( )
0
1∫=

Kζ

KζH  , KζW

L

Li

Lr v  , Lr w

Lx
v  , Lx

w

Ly w  , Lz v

l
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ESDU 89049
overall mass†† of structure kg ‡slug

overall mode-generalised mass for mode j kg ‡slug

mass†† per unit length of structure kg/m ‡slug/ft

parameters in mode shape functions for cantilever first 
and second bending modes respectively

– –

frequency Hz Hz

natural frequency of mode j Hz Hz

system of right-handed rectangular, principal structural 
axes with 0P axis in mean wind direction for  and 

– –

, 
, 

mode-generalised deflection and acceleration 
respectively for mode j, i.e. deflection and acceleration 
at location where 

m, m/s2 ft, ft/s2

, 
, 

deflection and acceleration respectively at location l on 
structure, in 0P and 0Q directions

m, m/s2 ft, ft/s2

reference mode-generalised force‡‡; N lbf

spectral density of mode-generalised force for mode j N2/Hz lbf2/Hz

spectral densities of across-wind turbulence 
components

m2/s2 Hz ft2/s2 Hz

fluctuating components of turbulent wind speed along x, 
y and z directions respectively

m/s ft/s

hourly-mean wind speed m/s ft/s

hourly-mean wind speed at height z above wind-speed 
profile zero-plane

m/s ft/s

weight hourly-mean wind speed; Vm = KV Vhc m/s ft/s

overall length of horizontal structure (see Sketch 1.1) m ft

distance along horizontal cantilever structure at which 
response is required or distance along horizontal 
single-support structure at which support is located (see 
Sketch 1.1)

m ft

system of right-handed rectangular body axes – –

For footnotes, see end of Notation Section.

M

Mj

m

N1, N2

n

nj

0P ,0Q ,0R
φ 0=

x 0=

Pj P·· j

Qj Q·· j µj 1=

p p··
ql q··l

Rj

Rj ½
0
L
∫ ρV2 µj bd l=

SFjFj

Svv  ,Sww

u ,v ,w

V

Vz

Vm

W

Wi

0X ,0Y ,0Z
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ESDU 89049
system of right-handed rectangular wind axes with 
x-axis along mean wind direction and z-axis vertically 
upwards

– –

height above wind-speed profile zero-plane m ft

terrain roughness parameter m ft

response function describing relationship between 
applied force or moment and resulting load effect

*** ***

aerodynamic and structural damping ratios, expressed 
as fractions of critical damping (see Appendix B)

– –

mode shape function describing deflected shape of 
structure in mode j

– –

air density kg/m3 ‡slug/ft3

standard deviation of fluctuating load effect * *

, 
, 

standard deviations of mode-generalised deflection and 
acceleration, i.e. deflection or acceleration at location 
where 

m, m/s2 ft, m/s2

, 
, 

standard deviations of deflection and acceleration at 
location l;

m, m/s2 ft, m/s2

standard deviations of across-wind components of 
turbulence

m/s ft/s

flow incidence angle between 0P principal axis and 
mean wind direction in plane normal to 0P axis

rad rad

normalised spectral density functions of across-wind 
components of turbulence at frequency nj and height hc 

– –

angle between 0R principal axis and mean wind 
direction in plan containing both (often referred to as 
yaw angle)

rad rad

angle between 0R-axis of structure and vertical in plane 
normal to mean wind direction (sometimes referred to 
as pitch angle) (see Sketch 1.1)

rad rad

Subscripts

denotes quantity relating to background or non-resonant contribution to response

For footnotes, see end of Notation Section.

0x ,0y ,0z

z

z0

β

ζa ,ζs

µj

ρ

σE

σP σ
P··σQ σ
Q··

µj 1;σ
P
·· 2πnj( )2σP, σ

Q
·· 2πnj( )2σQ= = =

σp , l σp·· , l
σq , l σq·· , l

σp,l Σ
j

µj,lσpj, σp·· l, Σ
j

µj,lσP··j= ,=

σq,l Σ
j

µj,lσQj, σq·· l, Σ
j

µj,lσQ·· j= , =

σv ,σw

φ

φvv  , φww

φvv nSvv/σv
2, φww nSww/σw

2==

χ

ψ

B
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ESDU 89049
denotes value at height hc above ground

general turbulence component, set to v or w as appropriate; in Hi , Li or Wi denotes 
intermediate location on structure

denote values relating to general mode j and first and second modes

denotes value at distance l along structure

denotes expected-maximum value

denotes quantity relating to mean contribution to response

denotes quantity relating to resonant contribution to response

* Units depend on load effect considered; N or lbf for forces, Nm or lbf ft for moments.
† The notation  denotes the absolute value of .
‡ 1 slug = 32.174 lb (pounds mass).
** Units depend on the influence function selected. For translational response: kg N/N or slug lbf/lbf for forces, kg Nm/N or

slug lbf ft/lbf for moments.  For torsional response: kg Nm/Nm or slug lbf ft/lbf ft.
†† This mass should include the mass of any permanently installed equipment as well as the structure mass.
‡‡ the notation  denotes the absolute value of  .
***Units depend on load effect considered.  For translational response: N/N or lbf/lbf for forces, Nm/N or lbf ft/lbf for moments.

For torsional response: Nm/Nm or lbf ft/lbf ft.

For footnotes, see end of Notation Section.

hc

i

j ,1,2

l

max

mean

R

β β

µj µj
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ESDU 89049

Sketch 1.1  Geometrical parameters

H/2
L/2

L/2

h0 h0

hc hc

hc

hc

b b

b

b

b

b

WH/2

l

h0

hc

b

H

h0

hc hc

H

l

l

l

l

l

l

hc

b

W

l

ψ

h0

hc L

b

l

ψ

W/2

W

Wi

Hi

W/2

(c) Two-span, bridge-type structures

(d) Single-support structures

(b) Single-span structures

(a) Cantilever structures
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ESDU 89049
2. INTRODUCTION

2.1 Background

Reference 1 discusses qualitatively a variety of mechanisms, such as vortex shedding, turbulence buffeting
and galloping that may contribute to the overall response of a body in a fluid flow. Although in real situations
interaction between the mechanisms may occur, the response is usually estimated from independent
calculation for each mechanism.

The present Item is one of a group concerned with methods of calculating the loading and response due to
buffeting by atmospheric turbulence. The loading on or response of a structure in the turbulent wind can
be expressed in terms of a mean contribution, due to the hourly-mean wind speed, and a fluctuating
contribution, due to the turbulent fluctuations in wind speed about that mean. For most practical cases a
full dynamic analysis for the fluctuating contribution can be replaced by an approximate method that treats
the fluctuating response as the sum of a background (quasi-static) contribution and separate resonant
contributions for each response mode. The method is described in more detail in References 1 and 8. It
forms the basis of the calculation methods in this group of Items where it is further simplified by the
assumption that responses to each of the wind turbulence components, u, v and w, can be treated separately.

The present Item is concerned with response to across-wind, v and w, turbulence components. Response to
the along-wind, u, component is considered in Reference 7. Computer program versions of these calculation
procedures are described in Reference 4. 

2.2 Response to Across-wind Turbulence Components

The present Item provides calculation procedures for the response of buildings and structures to buffeting
by lateral components of atmospheric turbulence. The method of analysis assumes that the across-wind
turbulent fluctuations in wind speed result in a fluctuating incidence of the wind which in turn produces a
fluctuating loading on the structure. The analysis is given in Reference 8 and the resulting equations for
the non-dimensional loading factors are given in Appendix B of the present Item. The response is calculated
in terms of its principal-axis components (often coincident with the structural body axes). Variation in wind
and structure properties is considered along one axis only of the structure, defined as the 0R principal axis,
and the responses calculated are translational, normal to that axis, or torsional, about that axis. 

Section 4 of the Item gives step-by-step methods for calculating the loading or response in terms of a mean
contribution and background and resonant fluctuating contributions, using loading factors precalculated
for a range of wind conditions and mode shapes or response functions. If the fluctuating wind and the
response to it are assumed to be stationary random processes, expected-maximum values of the loading or
response due to across-wind turbulence buffeting can then be estimated. The loading factors required in
the method are presented graphically and in equation form. Section 6 gives worked examples of the
application of the method. 

3. APPLICABILITY AND LIMITATIONS

The application of this Data Item is to isolated structures in the atmospheric wind. Such structures include
buildings and towers, chimney stacks, masts, and some bridge, pipeline and gantry type structures. 
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ESDU 89049
Interaction between structures in groups may modify the buffeting response but this effect is not considered
here. Interference effects may be expected to be small if a structure is spaced more than 3 structure widths
upstream or to one side of a similar structure or more than 10 structure widths downstream of a similar
structure. 

Sketch 3.1  Body-axis force coefficients for 2:1 rectangular section

The method is applicable only to conditions and structures for which the slope of the load
coefficient-vs-incidence curve can be approximated as constant. By way of example, Sketch 3.1 shows the
force coefficients CFX and CFY for a 2:1 rectangular cross-sectioned structure9 . The Item will be applicable
provided that the fluctuating incidence remains within one of the full-line regions of the curve. The required
range is approximately  (turbulence intensity) from mean incidence (about , , for
20 per cent turbulence intensity). 

Only fundamental and some second mode responses are covered by the data presented but the method could
be applied more generally by integration of the appropriate equations in Appendix B. Coupling between
normal modes of response is not considered.

The effects of correlation between the turbulence components are not considered. The  and 
co-variances are small and may be neglected without significant error; the  co-variance is larger and
neglecting this leads to underestimates of the w-component response for structures close to the ground.

For heights below about 1.5d , the wind properties, especially wind speed and direction, are subject to
strong local effects. For structures that are wholly or largely below this height, results obtained from this
Item should be applied with caution unless derived with wind data specific to the location considered.

–3 –2 –1 0

0

+1 +2 +3
–1.5

1.5

–1.0

–0.5

1.0

0

0.5

–π
(–180°)

–π/2
(–90°)

π/2
(90°)

π
(180°)

π/4
(45°)

CFY

CFX

dCF /dφ used in Example 6.1
φ radians

 tan 1–± 0.17 rad± 10°±

uv vw
uw
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The ranges of parameters covered in generating Figures 2 and 3 are given in Appendix B. The curves in
this Item reproduce the calculated background loading factor, JB , to within about 10 per cent over a practical
range of parameters and the resonant loading factor, , to within about 20 per cent. The equations in
Appendix A are within about 10 per cent for all computed data. This would allow the overall predicted
response to be estimated to within about 10 per cent in the absence of other errors. The response calculated
for cases where the admittance factor  is less than unity is most reliable for components in or near an
across-wind direction because  is derived from tests with across-wind loading only. The uncertainty of
the calculated response is influenced considerably by the uncertainty in the input data, which cannot be
quantified here.

4. CALCULATION PROCEDURES

4.1 General

A calculation procedure is given in Section 4.3 for translational response of uniform, vertical or horizontal
structures. Extension of the procedure to non-uniform structures, to structures inclined in the 0yz plane
normal to the mean wind, to torsional responses and to bridge decks with yawed wind is discussed in
Sections 4.4, 4.5, 4.6 and 4.7. A Calculation Sheet on which the results for the basic procedure may be
recorded is given in Table 4.1. Worked examples of the application of the procedures are given in Section 6.
A computer program version of the calculation procedures is available4 . 

The buffeting response will usually be required for several wind speeds including the design wind speed
and values corresponding to serviceability criteria. The calculations in Steps (1) to (13) will be required for
each wind-speed case although obviously some data will be common to all cases. It is also recommended
that the effects of uncertainty in the input data, especially mass, damping and load coefficient and its slope,
be considered. 

Guidance on values and sources of data for some of the structural parameters required is given in
Reference 2. The required wind property data can be obtained from the methods and data in Reference 5
or by use of the program E0108 (see ESDU 010083). The appropriate load coefficients and slopes, CF and

 or CT , and , are discussed in Section 4.2. 

The required loading factors for a range of response functions and mode shapes are presented graphically
in Figures 2 and 3 and by equations in Appendix A. If the required case is not covered exactly, the exact
values should be used to evaluate Eref and Rj and Mj , IB and IRj with the nearest approximations in
Figures 2, 3 and 7 (or the corresponding equations) used to derive JB , JR

2 and .

The aerodynamic damping, calculated in Step (11) can be negative, in which case it reduces rather than
increases the overall (structural + aerodynamic) damping. Because of the uncertainty in structural damping
values, situations for which the overall damping is less than half the structural damping should generally
be considered undesirable because of the increased possibility of a significant galloping response. 

J2
R

B2
R

B2
R

dCF/dφ dCT/dφ

Kζ
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4.2 Load Coefficients and Slopes

4.2.1 General

The method requires input of an appropriate load coefficient, CF or CT , at the mean wind incidence* for
calculation of the mean response. 

For calculation of the fluctuating components of response a representative value of the slope of the load
coefficient-vs-incidence curve, , or  over the anticipated range of fluctuating incidence
is required. The range is approximately  (turbulence intensity) about the mean incidence. 

Ideally, the variation of CF and  or CT and  along the structure is required but such
information is rarely available and usually a mean value must be used. For structures such as lattice towers
of varying section and composite towers of two or more cross-sections the variation can be approximated
by constant values over each section of structure. The reference velocity used in the coefficients is Vhc ,
data should be adjusted to this basis if necessary. The reference torsional moment arm used for torsional
response in this Data Item is (bL)0.5 ; a consistent value must be used throughout the calculations. 

Reference 6 gives information on mean force and moment coefficients for a range of structure shapes. 

4.2.2 Vertical structures

In the case shown the 0R axis is taken to coincide with the 0z wind-axis. For zero incidence, the 0P axis is
along the mean wind direction. 

Sketch 4.1 shows a plan view (along the negative 0R-axis) of a vertical structure. The required loading
coefficients and slopes are CFP and  for translational response in the 0P direction, CFQ and

 for translational response in the 0Q direction and CTR and  about the 0R axis for
torsional response about that axis. The force coefficient data may be available as CD and CL (or CC) which
may be related to CFP and CFQ as shown in Sketch 4.1. 

4.2.3 Horizontal structures

In the case shown the 0R axis is taken to coincide with the 0y wind-axis. Again, for zero incidence, the 0P
axis is in the mean-wind direction. 

* The term incidence has been used in this Item to denote the angle between mean wind direction and a reference direction in the 0PQ plane,
positive for clockwise rotation of the body relative to the wind direction, viewed along the 0R axis.

Sketch 4.1  

dCF/dφ dCT/dφ
 tan 1–±

dCF/dφ dCT/dφ

P

yQ
V

CFPCTR

CFQ CC

CDCL

0

φ

x

CFP CDcosφ CLsinφ–=

CFQ  C– D φsin CL φcos–=

dCFP/dφ
dCFQ/dφ dCTR/dφ
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Sketch 4.2 shows a view along the 0R-axis of a horizontal structure. The required loading coefficients and
slopes are CFP and  for translational response along the 0P direction, CFQ and  for
translational response along the 0Q direction and CTR and  about the 0R-axis for torsional
response about that axis. Data may also be expressed in terms of CD and CL (or CC) which may be related
to CFP and CFQ as shown in Sketch 4.2.

4.2.4 Isolated structures

Sections 4.2.2 and 4.2.3 refer to structures fixed at one or both ends. Some cases may occur where the
structure can be approximated as an isolated structure, e.g. elevated storage tanks, and response in all three
directions is required. In this case all three principal-axis force or moment coefficients and slopes will be
required. The response will result from both v- and w-turbulence components.

4.2.5 Circular sections

For circular sections, CL = 0 and the force coefficients are given by

 and 

and the slopes by

 and .

Unless structural asymmetries are present, the mean incidence can be taken as zero, for which 
and .

Sketch 4.2  

P

z

Q

V

CFP

CTR

CFQ
CC

CD

CL

0φ x

CFP CDcosφ CLsinφ–=

CFQ  C– D φsin CL φcos–=

dCFP/dφ dCFQ/dφ
dCTR/dφ

CFP CDcosφ= CFQ CD φsin=

dCFP /dφ CD φsin–= dCFQ /dφ CD φcos=

φcos 1=
φsin 0=
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4.3 Procedure for Structures of Constant Width and Cross-Section

4.3.1 Determine the input data

(1) The following input data are required:

(2) Calculate the overall mode-generalised mass from*

(4.1a)

which, for uniform mass distribution, reduces to

. (4.1b)

overall length of structure (Sketch 1.1)
overall width of structure (Sketch 1.1)
location at which response is required or at which support axis is located

mass or mass distribution
natural frequency

mode shape function
response function
structural damping ratio
*reference load coefficient at mean incidence  (radian) (Section 4.2)

* Values of these parameters are required for each response direction considered.

*slope of load coefficient-vs-incidence curve (per radian) (Section 4.2)
†reference height (Sketch 1.1)

† These data are required in the calculation of the wind properties.

†terrain roughness at site and up-wind
†displacement height of wind-speed profile zero-plane
hourly-mean wind speed at height hc

hourly-mean wind-speed profile over vertical extent 
of structure for each wind-speed case
‡lateral turbulence intensity at height hc

‡ For vertical structure use v components, for horizontal structures use w components.

‡turbulence length scales at height hc

* A Simpson’s rule approximation for these integrals will usually be adequate, see Section 6 for example application.

L HorW=
b
Hi or  Wi

M or  m
nj

µ
β
ζs

CF φ

dCF/dφ

hc

z0

d
Vhc











Vz

IvorIw
Lx vand Lz v
Lx wand Ly w

Mj mµj
2 d l L mµj

2 l /L( )d
0

1

∫=
0

L

∫=

Mj M µj
2 l /L( )d

0

1

∫=
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4.3.2 Calculate the mean contribution to the response

If the response to more than one turbulence component is calculated, the mean response in each direction
should be included once only.

(3) Calculate the mean load effect or the mean deflection in the required directions as appropriate. The
mean acceleration will be zero. 

Calculate the mean load effect from*

, (4.2a)

which, for constant width and CF along the structure, reduces to

(4.2b)

where CF is an appropriate mean load coefficient. For cantilever structures, if the load effect is
required for , the integration need only be taken from Li to L (or Li/L to 1), since  for

.

For deflections, calculate the mean mode-generalised force from*

(4.3a)

which, for constant width and CF along the structure, reduces to

. (4.3b)

The mean, mode-generalised, deflection is given by

. (4.4)

Repeat Step (3) if deflections for a second mode response  are required. 

* A Simpson’s rule approximation for these integrals will usually be adequate. If  or  the integrals reduce to
 or , which is given by Figure 1 for uniform upwind terrain.

β 1= µj 1=
Vz/Vhc( )2 d l/L( )

0
1∫ KV

2

Emean ½ρVz
2 CF βbd l L ½ρVz

2 CF βbd l /L( )
0

1
∫=

0

L
∫=

Emean ½ρVhc
2 CF bL Vz /Vhc( )2 βd l /L( )

0

1
∫=

Li 0≠ β 0=
l Li<

Fj ½ρVz
2 CF µj bd l L ½ρVz

2 CF µj bd l /L( )
0

1
∫=

0

L
∫=

Fj ½ρV2CF bL Vz /Vhc( )2µj d l /L( )
0

1

∫=

Pj,meanor Qj,mean

Fj

2πnj( )2Mj
---------------------------=

j 2=( )
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4.3.3 Calculate the background or non-resonant contribution to response

(4) Calculate the reference mean load effect from*

, (4.5a)

which, for constant width along the structure, reduces to

, (4.5b)

where  denotes the modulus or absolute value† of . For cantilever structures, if the load effect
is required for , the integration need only be taken from Li to L (or Li/L to 1) since  for

.

(5) Calculate  for vertical structures or  for horizontal structures and determine the
background loading factor, JB , from the appropriate part of Figure 2. 

(6) Calculate the background contribution to the load effect from

(4.6)

where the background admittance factor, BB , is taken as unity and Ii is Iv , or Iw as appropriate.
The absolute value of  for the required response direction is used in this step. 

If the deflection response is required, calculate  for  and the integral parameter IB
from*

(4.7a)

which, for uniform mass distribution, reduces to

. (4.7b)

Hence calculate the background contribution to the deflection, evaluated1 as a mode-generalised
deflection in mode 1, from

. (4.8a)

* A Simpson’s rule approximation for these integrals will usually be adequate, see Section 6 for example application. If , the integral
in Equation (4.5b) reduces to  which is given by Figure 1 for uniform upwind terrain.

† If  has both positive and negative values, the mean load effect, Emean , can become very small or even zero, leading to computational
difficulties in the evaluation of JB . Use of  in Eref avoids this problem.

β 1=
K

2
V

Eref ½ρVz
2 β bd l L ½ρVz

2 β bd l /L( )
0

1
∫=

0

L
∫=

Eref ½ρVhc
2 bL Vz /Vhc( )2 β d l /L( )

0

1
∫=

β β

β
β

Li 0≠ β 0=
l Li<

H/ Lz v W/ Ly w

σE,B Eref dCF /dφ BBIiJB××=

dCF /dφ

σE,B β 1.0=

IB mµ1
0

L

∫ d l L= mµ1d l /L( )
0

1
∫=

IB M µ1d l /L( )
0

1

∫=

σP,B or σQ,B σE,B / 4π2n1 I2
B( )=
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