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Abstract. Numerical analysis of static magnetic field force for probe of online magnetic flux leakage
detection system was conducted by combining ANSYS and Virtual work method. The result shows
that combination of ANSYS and virtual work method could accurately calculate the static magnetic
field force between the probe and the drill pipe. In addition, numerical solution in 3D model could
reduce the calculation error caused by nonlinear distribution of magnetic induction B between the
probe and the cylindrical surface of drill pipe. What's more, the graphs of static magnetic field force
were obtained by the different thickness of the yoke and air gap thickness between the probe and the
drill pipe. The graphs show that the static magnetic field force changed linearly with yoke thickness.
However, it changed nonlinearly with the air gap thickness between the probe and the drill pipe. It can
be concluded that the effect for static magnetic field force of latter was greater than that for static
magnetic field force of former.

Introduction

Drill pipe online magnetic flux leakage detection system can automatically detect the drill pipe in
the progress of drilling [1]. In the testing progress, the six permanent probes in uniform arrangement
which absorb on the drill pipe with the magnetic attraction will excite the drill pipe and detect the
defect of drill pipe online. The quantitative analysis of static magnetic field force has great
significance due to static magnetic field force (SMFF) between the probes and drill pipe will directly
affect their tightness.

This paper created a 3D model of drill pipe and probe with ANSYS and analyzed quantitatively the
SMFF between the probes and drill pipe with combination of ANSYS and virtual work method. Also
the effects about different air gap thickness between the probe and the drill pipe and different yoke
thickness to SMFF have been down quantitatively.

Virtual Work Method Principle

Virtual work method is based on principle of conservation of energy and principle of virtual
displacement. In the condition of constant current and constant magnetic flux, when a part of the
electromagnetic device has a small displacement (I.e. can be true displacement and a virtual
displacement) in some direction, the magnetic energy of whole system will change with the
displacement of the part and the part will endure the magnetic force in the progress of moving. In the
condition of constant current, the size of magnetic force equal to the incremental magnetic energy due
to the incremental unit displacement of one part [2]. In the condition of constant magnetic flux, the
size of magnetic force equal to the incremental magnetic resonance energy due to the incremental unit
displacement of one part. In the method of FEA, magnetic vector potential method is facility to
calculate the magnetic force with the condition of constant current and the scalar magnetic potential
method is facility to calculate the magnetic force with the condition of constant magnetic flux. In this
paper, the calculation of SMFF between the probe and drill pipe adapt the scalar magnetic potential
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method because there is no current between the probe and drill pipe. So the calculation formula of
magnetic force is derived on base of constant magnetic flux.

Mathematical Model

According to the virtual work method, when the ferro magnetic material has a small displacement
in the q direction, the SMFF of ferro magnetic material in the same direction is calculated as follows:

qWFq ∂−∂= /)( (1)

where, the qF is the magnetic force in q direction and the W is the total magnetic energy.

The total magnetic energy W is predicted by the following Eq. (2).
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where, the V is the computational domain and the B is the magnetic induction and the H is
magnetic field intensity.

In the progress of FEA [3], computational domain V will be discretized by a series of hexahedral
elements when the grid is divided by the hexahedral element and the W is the total magnetic energy of
all magnetic energy of hexahedral unit. So Eq. (2) can be discretized in Eq. (3) [4].
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where, N is number of total hexahedral elements and eV is the volume of hexahedron element.

When the computational domain is discretized by the first-order hexahedron element, integration
of Eq. (3) gives the following analytical expression:
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where, the eµ is the magnetic conductivity of the first-order hexahedron element.

Inserting Eq. (4) into Eq. (1), we can get Eq. (5) that is the final discrete calculation formula of

magnetic force by scalar magnetic potential method. Eq. (5) consist of B and er .
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where, the er is the node reluctivity.

The magnetic induction B can be calculated by Maxwell equations. The simplified Maxwell
equations show in Eq. (6) according to the condition of static magnetic field.
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where, the ∇ represents the Hamiltonian operator.

Finite Element Model and Material properties

A 3D FEA model of drill pipe and probes were created shown in Fig. 1, with the 400mm long and
12.7mm thick drill pipe. The diameter of drill pipe is 127mm shown in Fig. 1. Two pieces of opposite
polarity of permanent magnets have the same size shown in Fig. 1, with 70mm length, 60mm width
and 70mm height. The exciting yoke is used to form the magnetic circuit with 200mm length, 60mm
width and 20mm height. The smallest gap between the drill pipe and the permanent magnet are 6mm.
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The attributes of air, magnet, magnetic yoke and drill pipe material should be defined in magnetic
flux leakage model [5-6].

(1) Air Its magnetic characteristic is linear. Define its relative magnetic conductance as 1.
(2) Drill pipe Its material characteristic should be determined according to chosen pipes.

Commonly used drill pole materials are Q235, X52, X60, X70 and some other various brands.
Commonly used X52 steel is chosen in experiment model.

(3) Magnetic yoke Low carbon steel with high magnetic conductance is chosen. St37 is chosen.
(4) Magnet Permanent magnet is described through magnetic coercive force vector and

demagnetization B-H curve [7-8]. Not only magnetic characteristic curve but also its magnetizing
direction should be given. Permanent magnetic material Nd-Fe-B magnet, whose residual magnetism,
coercive force and static biggest energy product have an optimal solution, is chosen as excitation
device in most magnet leakage testing. Nd-Fe-B permanent magnet N52 is chosen in this experiment.

1-Drill pipe; 2-Magnet; 3-Magnet; 4-Magnetic yoke
Fig. 1 3D finite element model of drill pipe and probe.

ANSYS apply the natural boundary condition on interface of the parts and apply Neumann
boundary condition on all external face in the analysis of static magnetic field [9-10]. The natural
boundary condition is to define that the tangential component of H and the normal component of B is
continuous on the interface of parts. Also, the Neumann boundary condition is to define the H is
tangent to the surface boundary and the normal component of H is zero on the surface boundary. In
addition to the two kinds of boundary conditions, this paper still applies the virtual displacement
boundary condition on the cylindrical surface of drill pipe.

Numerical Solution and Analysis

Fig. 2 and Fig. 3 show 3D front vectors elevation and right vectors elevation of the magnetic
induction B solved by Eq. (6) respectively. The results show that the distribution of magnetic
induction B on air gap is nonlinear and the magnetic induction B is uniform which is coincident with
the theory.

Fig. 2 3D Vector of Magnetic induction B. Fig. 3 3D Vector of magnetic field strength H.
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The SMFF of all nodes in the model are shown in the Fig. 4 and Fig. 5. Due to the existence of
cylindrical surface of drill pipe, we can get the Y component of SMFF of node on middle section of
model is maximum from the Fig. 4 and Fig. 5. So the number of node has been obtained and shown in
the Fig. 6. From the Fig. 6, we can get the number of node is symmetrical about the symmetry plane of
model. This is due to the symmetrical characteristic of the calculated model which also bring about
the X component and Z component of SMFF of node is zero.

Fig. 4 3D front vectors elevation of SMFF. Fig. 5 3D right vectors elevation of SMFF.
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Fig. 6 Y component of SMFF of node on middle section.

The Table 1 shows the total SMFF between the drill pipe and probe. The table shows that the
SMFF between the drill pipe and probe mainly appears in the Y component and the X component and
Z component is almost zero and the Y component of SMFF is up to 3478N.

Table 1. Static magnetic field force between the probe and the drill pipe.
Force-X/N Force-Y/N Force-Z/N

0.65 3478 0.62

Because the different thickness of air gap and yoke will bring about the different SMFF, a serious
different SMFF shown in Fig. 7 has been calculated by changing the thickness of air gap. We can get
that the SMFF decreases in the way of nonlinear with the increasing of the air gap thickness from Fig.
7. This phenomenon tells the effect of changing thickness of air gap decreases gradually on reduction
of SMFF.
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Fig. 7 Effect of different air gap thickness on static Fig. 8 Effect of different yoke thickness on static
magnetic field force. magnetic field force.

Because the different thickness of air gap and yoke will bring about the different SMFF, also a
serious different SMFF shown in Fig. 8 has been calculated by changing the thickness of yoke. We
can get that the SMFF decreases in the way of linear with the increasing of the yoke thickness from the
Fig. 8. This phenomenon is because of the linear changeable thickness of yoke make the reluctivity of
field changing linearly which ultimately lead to SMFF changing in the way of linear.

Compare Fig. 7 with Fig. 8, we can tell effect of thickness of air gap is bigger than the effect of
thickness of yoke which is mainly because of the reluctivity of air gap is much more than the
reluctivity of yoke.

Conclusions

(1) The SMFF of 3d model has been calculated precisely by the combination of ANSYS and virtual
work method which decreases the error caused by the nonlinear distribution of magnetic induction
intensity B which is caused by the existence of cylinder surface of drill pipe.

(2) The effect of thickness of air gap and thickness of yoke on the SMFF has been achieved
respectively. The calculation shows that the changeable thickness of air gap brings about nonlinear
change of SMFF. On the contrary the changeable thickness of yoke brings about linear change of
SMFF. What’s more, the effect of thickness of air gap on the SMFF is bigger than the effect of
thickness of yoke on the SMFF. So we can optimize structure parameters of system by change the
thickness of air gap and yoke.
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