Solution of Team Benchmark Problem #9 Handling Velocity Effects
with Velocity Dependent Green's Functions

ABSTRACT

A boundary element double layer formulation is applied to the problem of a coil moving down a
conducting tube. The Green's function for the problem is nonsymmetric having a different value
in front of the coil from that behind it. Results of the predicted B fields for v=10 and v=100 m/s
are compared to the analytical solution of a coil traveling axially down the center of a conducting
tube. Good agreement with the analytic solution is achieved for the field computations.
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Abstract

A boundary element double layer formulation is applied
to the problem of 2 coil moving down a conducting tube. The
Green's function for the problem is nonsymmetric having
different value in front of the coil from that behind it. Results of
the predicted B fields for v=10 m/s and v=100 m/s are compared
to the analytical solation of a coil traveling axially down the
center of a ronducting tube. Good agreement with the analytic
solution is achieved for the field computations.

BOUNDARY ELEMENT THEORY

The problem to be analyzed is shown in Figure 1.
The coil is excited at 50 Hz and is traveling down the pipe at
velocity V. We analyze the problem with V=0 m/s and 10
m/s. The boundary element approach (BEM) employed asks
what fictitious free surface currents K could be placed on the
skin of this pipe to account for the magnetization of the iron
and the eddy currents. Actually 2 sets of surface currents are
employed. A skin of currents just inside the pipe shell
perimeter is used to represent the fields everywhere in the
pipe. Another set of currents just outside the shell models the
field in the air. The surface currents on the air side at r just
less than 14 mm, dictate the field in the air region 0<r<14
mm. The surface currents just outside the skin at =20 mm,
dictate the field for 1>20 m. Once the surface currents are
known, the magnetic field is found simply from Biot-Savart's
law.

For the eddy current problem without movement, the
pertinent equations for H and E are

Vxl=oE+J, )
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Writing (1) in terms of the vector potential A yields
UxVxd-k2A=pJ, +po Ve

where kj=jwua,

and VA=uad.

With the specified gauge of (3), the curl curl equation can be
replaced by
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Pipe relative permeability = 50
Pipe conductivity = 5.0 10 mho/m

Z=0 is at cente
of the coil

Translation of Coil, Velocity 1,10,100 m/s

Figure 1 Cofl traveling axially down & condixting pipe with velocity V.
All dimensions are in millimeters.

The integral solution for the vector petential due to & source
current is [1-3],

A(r)=pr(rJ')KKr’)dS’.

whire , )

Xl

Glrry=t [S—rds
2nyg |r-r]

Figure 2 helps to elucidate the approach. The fields
in regions | and 2 are represented in terms of the surface
currents and external impressed fields H; and E, as
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Ax(E; -E)=-AxE, (10)

Ax(f; -H])=-ixH, (an

Here # is the outward normal to region 1. Note that the
condition A-]5[=0 is automatically insured by the use of the
equivalent currents to directly compute B. The reader should
note that enforcing continuity of tangential B also assures
continuity of normal B, Employing these boundary conditions
yields the governing equations
Jolu,fGR2 K, (S -
8! az

u §GeEL7.r VK, (S | =-E{=0.

s

%(K,f(r)-xf 0)-§&; (r’)i—,ﬁ‘(kz.r;’)ds’ + “
3
§7 - Gtelrr S At
sf

YELOCITY EFFECTS
Velocity effects are incorporated by recalling that
F=o (B+7xB) . Using E=-jwiA, Ampere’s law becomes
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where J,' represented the ¢ directed source current density.
Togettthma:l'sf:mction,itisnecessarytosolve
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To find G, let G(r, /) =e 2 g(r,r’) and substitute this
into (15) to give
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where 1’=+m p.a’(g?) }
The solution of (16) yields the result
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where R=F-F..

T'hisislheGmen’sﬁmcﬁonthalmustbeuscdin(lZ)a:ﬂ
(13).

RESULTS
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Unknown surface currents were placed on either side
of all air conductor interfaces. Linear basis functions were
employed for the interfacial dependence of these fictitious
surface currents. The problem used 816 clements with
approximately 1632 unknowns and was solved on an HP 710
workstation in 15 minutes. The problem is worked with the
pipe being nonmagnetic and magnetic {u,=50), both cases
have conductivity o=5x105U/m. Shown in Figurc 3 is the



magnitude of the radial field for the nonmagnetic pipe on the
outer line L1. All field values have been muliplied by 10%

The axial field measurements for the same case and
velocity variation are shown in Figure 4.
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As wimessed by the plots, the field predictions are
quite good. The ferromagnetic pipe is more problematic due
wrhcsizeofﬁ:eexponenﬁalarglmm'i‘hcpmdicﬁonofthc
radial field along the same line L1 is shown in Figure 5.
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Figure 5 Radial field peodiction along line L1 for the magnetic pipe.

“The comesponding axial field for the ferromagnetic
field is shown in Figure 6.

By way of completeness, Figure 7 shows the field
predictions on the inner line L2. On first glance it would
appear that field predictions are excellent. Actually the large
argument index povz is beginning to become a problem
numerically.

This is mare clearly demonstrated in the plot of the
axial field for the same line shown in Figure 8. The high
spesd 100 m/s case is beginning to diverge from the analytic
solution quite a bit. The modeled tube length was 340 mm. At
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this lenpth the argument po vz is becoming quite small. The
entries in the governing matrix in this region are becoming
more similar for negative z, ie., almost zero, Accurate
predictions in these circumstances will wndoubtedly require
double precision.
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Figure 7 Radial B field oo linc 12 for the ferromagnetic pipe.

The voltage induced in a pickup coil having the same
dimensions as the exciting coil was also computed. The coil
was located at the same radius and displaced 112 mm ahead
of the exciting coil. Table I shows the predicted voltages
computcdbyin&egraﬁngtheﬂuxlin]dngﬂ:ccoiland
multiplying by jw. The predicted voltages do not agree with
the analytic solution, either with the coil placed ahead or
behind the exciting coil. The agreement of the two solutions
for the raw B field makes this team suspect some error with
the analytic solution. Table II shows the same voltage
computations for the ferromagnetic pipe case.



Axial Fleld Magnstic Pipe

7 plotid along Ine L2 (=13.7)
Lagersd
¢ LI e
3 % 10 mis Comeuind
B 5 < =321t Aty
£ ] \ & 0 s Gompeted
4 - ——— 0w Amyic
e
és = e
’ 2 P w~ S L J
& 1 .. It [} .
o r-‘-‘."'l ~--x..-.j-.-__~::,_l. """"
a 1 2 3 4 8
Normaltzed Z pociion (2/12mm)

mrsm&Mmmcmmuﬁxmmmm.

Table T lnduced voltages for the Non-ferromagnetic Tobe

vohagespresenwdiscon'ect,andthatwmcemhasoccxmad
in the analytic prediction of the same,
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Velocity Coil Ahead Coil Behind Analytic Solution
m/sec Mag*10" Phase
Mag*10* Phase Mag*10* Phase
0 6.38 0 6.38 0.69
1 6.438 90 0.59 77.8
10 5385 783 7.7 76.6 0.842 -92
100 1952 819 6.72 749 723 92,
Table II Induced voltages for the Ferromagnetic Tube
Velocity Coil Ahead Coil Behind Analytic Solution
m/sec Mag*10* Phase
: Mag*10* Phase Mag*10* Phase
0 1211 222 1211 222 0254 - -112
1 1.127 -116 2.66 289
10 0593 -21.4 13 229 0.475 -11t
100 5.4B-4 33.8 726 69.6 1.96 -93
CONCLUSIONS

Boundary element codes are quite suited to some

problems involving motion induced eddy currents. For any
problem involving translation, the Green's function discussed
is suitable. With rotation, however, the Green’s function must
have radial dependence. These authors arc not aware of a
suitable Green's function to handle rotational induced eddy
currents. Because of the good agreement of the fields with the
analytic solution, these authors feel the solution for the
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