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Abstract
Drilling in Barents Sea proves to be a challenging task, as this region is situated in auroral zones having high geomagnetic 
latitude, where magnetic interferences develop from magnetic field and magnetic materials inside subsurface are quite 
common. For this region, monitoring of magnetic field is utterly significant as any fluctuations can distort the tool sensor 
performance with ultimately enlarging the uncertainty in azimuth. To guide a well to its desire location, measurement while 
drilling (MWD) tool needs to be operated with utmost precision; however, its accuracy compromises as a result of magnetic 
interferences from drill string and nearby magnetic material. The performance of this tool depends upon its sensors. Any 
distortion in sensor performance can lead to problems such as multiple sidetracking and increase in overall project cost. 
Furthermore, the same BHA was also placed in a region of Pakistan and the impact drill string interference was observed. 
It was discovered that the interferences that had tremendous impact on magnetometer Z-component in Barents Sea had a 
drastic reduction in the region of Pakistan as it is situated in low latitude, where uncertainty in azimuth is low. In this work, 
an exemplary bottom-hole assembly (BHA) was analyzed and the impact of individual drill string components interferences 
was observed on the MWD sensors. It was perceived that the bit was responsible for creating the major distortion in MWD 
sensor. Apart from that, it was also investigated that the location of the well also plays a vital role in this distortion. This 
intervention in the sensors is created by a vast difference between the used actual length and the recommended length of 
nonmagnetic drill collar in the BHA. Numerically, it was investigated that if the physical distance between the sensors and 
bit is increased, then this interference is reduced. It was also apparent that the Z-component of the magnetometer was utterly 
distorted because of this interference, while the X- and Y-components were proved to be independent of these interferences. 
It was further examined that the effects of latitude and longitude play a significant role in the course of changing the impact 
of these errors on magnetization.
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A  Cross-sectional area of ellipse  (m2)
θ  Dip angle

Introduction

Measurement while drilling tool is a technique used for the 
collection of surveying data during drilling operations. This 
tool is commonly used to establish communication between 
surface and subsurface tools. The mode of transmission of 
data between the two ends is done through drilling fluid 
which flows inside the wellbore. For any directional well, 
the two main parameters are inclination and azimuth. The 
former is obtained through accelerometer, while the latter is 
acquired through magnetometer. In general, it is discerned 
that measurements from magnetometer deteriorate by drill 
string magnetization, borehole fluid contamination and 
earth’s magnetic field (Priest et al. 2014).

The magnetic field of the earth is primarily produced 
within its interior and is responsible for providing a shield-
ing effect to the earth. This field is also known as geomag-
netic field, which is extended from the earth’s outer core to 
the magnetopause. This field is also considered to be the 
superposition of magnetic field that is developed by differ-
ent sources and it changes with time that is affected by the 
flow of the current in upper atmosphere (Zijsling and Wil-
son 1989). An error of 50 nT is considered to be the limit 
beyond which drilling is no longer accurate. It is also essen-
tial to minimize these anomalies which are been developed 
from earth’s magnetic field, as they are one of the causes 
of uncertainty in azimuth (Edvardsen 2015; Mitkus et al. 
2019). Besides earth’s magnetic field, significant changes in 
MWD tool measurement occur while drilling in environment 
containing magnetic strata or localized magnetic geological 
units. These strata are responsible for creating substantial 
risk for those directional wells in which MWD tool is used 
as a surveying tool (Ngugi 2002).

Apart from the geomagnetic field, there is also local mag-
netic field known as magnetic contamination (Priest et al. 
2014) that is a major source of generating magnetic distur-
bances in MWD sensor performance. In drilling, this local 
field is associated with drill string, especially the bottom-
hole assembly (BHA) components, or when the wellbore 
is nearing an adjacent cased well (Priest et al. 2014). The 
interferences from the bit and other magnetic components in 
drill string (DS) affect the tool functionality to a great extent, 
so to model this magnetic interference, it is common to con-
sider the three orthogonal components acting along each 
magnetometer axis. Out of three, one is axial component 
that is acting along the hole and has the dominant effect on 
azimuth and wellbore position, while the other two are act-
ing in cross-axial and in transverse plane and have minimum 
impact because of tool-face-dependent nature (Edvardsen 

2015; Edvardsen et al. 2013; Ekseth 1998). The axial com-
ponent of the tool is dependent upon the interferences from 
the bit and the dip angle that is associated with the magnetic 
field of the earth (Ekseth 1998).

Another thing that is of great concern is the inclina-
tion of a well. The well becomes horizontal as inclination 
becomes 90°, and when it is greater than 90°, the well starts 
to moves upward; in that case, the physical distance between 
the bit and MWD sensor decreases and magnetic interfer-
ence becomes more dominant which ultimately increases the 
positional uncertainty in the well (Berchan 2015).

To counter the effect of these two factors, it is extremely 
crucial to study the behavior of magnetic field before the 
start of any drilling activity. As for Pakistan, these interfer-
ences are quite low, since it is situated in region where the 
horizontal component of the earth’s magnetic field is high. 
Also, the magnetic anomalies which are developed from the 
earth’s magnetic field are relatively small.

Scope of work

Drill string is considered as a long cylindrical metallic body, 
which is utterly responsible for the disturbance in earth’s 
magnetic field. The magnetism in drill string causes distor-
tion in the horizontal component of the earth’s magnetic 
field, which ultimately affects the measurement of magnetic 
azimuth. The aim of the study is to determine the amount of 
interferences which is created from drill string components 
and their impact on MWD sensors. An exemplar BHA is 
analyzed in this work, and the amount of magnetic suscep-
tibility that each component developed during drilling was 
investigated.

The study only revolves around the drill string magneti-
zation in two different areas having different latitudes. This 
magnetization is considered to be the sum of magnetic con-
tributions from numerous steel components in drill string 
(Grindrod and Wolff 1983). However, it does not incorporate 
the magnetization of the nearby formation nor the earth’s 
own magnetic strength. The study also includes the sensitiv-
ity analyses of magnetization for different lengths of non-
magnetic drill collar (NMDC) in BHA and their impact on 
magnetometer sensor in MWD. This study carries immense 
importance as deviation of certain degree from the planned 
well path can increase the overall cost of the project because 
of multiple sidetracking. These fluctuations are because of 
horizontal component of the earth’s magnetic field that 
depends upon the dip angle (Edvardsen et al. 2013). How-
ever, the scope of this study lacks the formation and offset 
data for the two zones, and this limits the works since mag-
netic ores and casing string in near vicinity can also fluctuate 
the sensor performance.
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Methodology

Reliability of the final azimuth reduces with an increase in 
drill string interferences (Edvardsen et al. 2013). To tackle 
this error source, it is important to ensure that either the 
physical distance between the sensors and the magnetic 
components should increase or the length of nonmagnetic 
drill collar should be appropriate. During the well planning 
phase, it is often necessary to evaluate these interferences 
from each BHA component so that appropriate action can 
be taken. For the estimation of magnetization, drill string 
is considered as a suspended bar magnets, with each of its 
components behaving as a tiny magnet or magnetic domain 
(Phillips and Aklestad 2015).

A magnetic domains is comprised of a group of atomic 
magnets all pointing in the same direction. If a mag-
netic material is unmagnetized than the magnetic domains 
inside that material  are not aligned and are randomly 
arranged as shown in Fig. 1  (Phillips and Aklestad 2015). 
Similarly, for a magnetic permeable object, magnetic domain 
will get aligned if it is placed in a magnetic field, which 
will produce different polarities on either end (Phillips and 
Aklestad 2015). These poles are responsible for generat-
ing a demagnetizing field that is opposite to the direction 
of applied field and is in charge of decreasing the overall 
magnetization inside an object (Phillips and Aklestad 2015).

In this study, drill string was divided into different com-
ponents with each of its constituents being assumed to be a 
prolate sphere. Magnetization for each element was deter-
mined separately using Eq. 1, where N is the demagnetizing 
factor. Equation 2 shows the dependency of demagnetiz-
ing factor on m which is the ratio of semi-major axis to the 
semi-minor axis of an ellipsoid (Osborn 1945; Phillips and 
Aklestad 2015):

(1)B
in
= �o

(

Had

N

)

+ �o

(

N − 1

N

)

H
in

Since components of drill string are made up of steel which 
is a ferromagnetic material, the determination of demagnet-
izing factor is extremely significant. The knowledge related 
to this factor is equivalent to the corresponding demagnet-
izing fields (Beleggia et al. 2006). This field is non-uniform 
both inside and outside of a body, except for the case when 
a body is an ellipsoid (Beleggia et al. 2006); this is because 
of the uniform distribution of the charges on either end of 
an ellipsoid, which results in the total charge equivalent to 
zero (Phillips and Aklestad 2015). As the charges are con-
centrated on either end, it results in magnetic dipole of a 
particular strength which can be calculated using Eq. 3 (Phil-
lips and Aklestad 2015):

As constituents of bottom-hole assembly (BHA) are all con-
nected together, it results in contiguous region of magnetic 
field having magnetic dipole on either end of its compo-
nents that can be obtained using Eq. 3 (Phillips and Aklestad 
2015). This strength is then transformed into the interfer-
ences from either end using Eq. 4 (Phillips and Aklestad 
2015):

In total, 26 error sensor sources are associated with MWD 
tool (Jamieson 2009). The output of Eq. 4 is then used to 
formulate the impact of BHA interference on magnetom-
eter, especially the biased terms.1 Three-dimensional survey 
information is gathered from three axes of measurement in 
magnetometer as shown in Fig. 2. The Z-axis component 
bias error is mostly affected by the interferences from the 
BHA. This is an axial component that is acting along the 
hole and has the dominant effect on azimuth and wellbore 
position, while the other two are acting in cross-axial and in 
transverse plane and have minimum impact because of tool-
face-dependent nature. Equation 5 represents the azimuth for 
the magnetic surveying, where bx, by and bz are three mag-
netometer orthogonal measurements as shown in Fig. 2. The 
major uncertainty in the azimuth is caused by the parameter 
bz (Edvardsen et al. 2013), which can be observed if Eq. 5 is 
differentiated with respect to bz; the result is shown in Eq. 6. 
The factor sin I sinAm
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Fig. 1  Effect of magnetic field on magnetic material (Phillips and 
Aklestad 2015)

1 Error sources that have nonzero mean and there ellipses of uncer-
tainty are offset.
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the geomagnetic position and the well trajectory (Edvardsen 
et al. 2013; Jamieson 2009):

where B is the magnetic field intensity for the particular 
location and θ is the dip angle. Together, Bcosθ makes the 
horizontal component of the earth’s magnetic field. At high 
latitude, especially in Barents and North Sea, this factor of 
the earth’s magnetic field is reasonably small; therefore, the 
uncertainty associated with azimuth ΔA is large enough to 
create problems in wellbore positioning (Edvardsen et al. 
2013). However, for Pakistan, the magnetic anomalies that 
are present in earth’s atmosphere are fairly inadequate to 
give rise to any uncertainty in azimuth. Equations 7 and 8 
define the remaining two-axis magnetometer bias error terms 
for MWD tool; these terms are independent of DSI and are 
only the function of geomagnetic location (Jamieson 2009): 

Results and discussion

The study involves around two wells having different geo-
magnetic locations and latitudes. The first well is in the 
region of Barents Sea having latitude 73° 19′ and longitude 

(5)A = � = arctan

bx cos � − by sin �

cos I(bx sin � + by cos �) + bz sin I

(6)ΔA = −
sin I sinAm

B cos �
Δbz

(7)ΔAx = −
cos I sinAm

B cos �

(8)ΔAy =
cosAm

B cos �
.

37° 15′, whereas the other well is the region of Pakistan hav-
ing longitude 69° 04′ and latitude 27° 77′. An exemplar BHA 
is considered, in which sensors were placed 25.65 m away 
from the bit. The study was carried out in 2017, in which a 
total of 38 survey stations were evaluated. During this study, 
the magnetic field strength for the year 2017 was determined 
using the WMM model.2 Figure 3 shows detailed analysis of 
the total magnetic field for the two regions, of which one is 
located in Barents Sea, whereas the other is situated in the 
region of Pakistan near Sukkur. 

The BHA in this study was subdivided into three main 
regions. Region 1 was allotted the length from the bit to the 
stabilizer with the total magnetic length of 12.35 m. This 
region is 13.30 m away from D&I sensors. Region 2 com-
prises the distance from stabilizer to the Universal Bottom 
Hole Orientation Subs3 (UBHO), both having magnetic 
capabilities that deteriorate the performance of sensors. This 
region is 3 m in length and is most contiguous to the sensors; 
however, this area does not show any interference as both the 
lower and upper ends of the region have the same magnitude 
but different polarities. Region 3 is comprised of crossover 
and collars with a total magnetic length of 74.7 m.

Region 1 shows a relatively high interference of about 
140.14 nT. To reduce this interference from the bit, selec-
tion of the appropriate length of nonmagnetic drill collar 
(NMDC) is of utmost concern. In the above BHA exam-
ple, the size of NMDC is 9.5 m that is responsible for this 
140.14 nT of interference. A sensitivity analysis, indicated 
in Fig. 4, has been performed related to the proper selec-
tion of NMDC, which shows that as the size of NMDC is 
increased, there is a drastic reduction in the interference, 
which is an indication that the sensors are moving away from 
the potential interference source. It was further found out 
that in Pakistan these bit interferences were 15% lower of 
what they were in Barents Sea. A comparative investigation 
was further performed as shown in Fig. 5, that specifies the 
problem of not using the recommended length of NMDC 
and the possible azimuth error that will produced in the 
measurements. 

For the true azimuth, the error should be below the 
0.25° (Grindrod and Wolff 1983). BHA used in this study 
is comprised of 9.5 m of NMDC which is utterly responsi-
ble for the distortion in Z-component of magnetometer. It 
is observed that if the difference between the actual length 
and recommended length is significant, then the azimuthal 
error is substantially high. The arrow shows that the error 
is getting smaller when the difference between actual and 

Fig. 2  Measurement while drilling sensor and it axes

2 A standard model for monitoring the Earth’s magnetic field along 
with the attitude.
3 A float valve controls the fluid flow at the bottom of drill string.
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recommended lengths is getting closer to each other (Grin-
drod and Wolff 1983).

Since the drill string is in continuous rotation, it causes 
the magnetization to get aligned along the drill string axis 
(Jamieson 2009). It is also observed that the Z-component of 
the magnetometer biased (MB) is the most affected compo-
nent. This parameter not only depends upon the total mag-
netic field (TMF), but also affected by bit interference as 

shown in Eq. 6. Figure 6 shows the impact of bit interference 
on Z-component of magnetometer in Barents Sea. It is moni-
tored that as the size of NMDC increases, the error asso-
ciated with this components starts to decrease and moves 
toward zero. In the analysis, if the size of NMDC is 9.5 m, 
then it shows a high degree of fluctuations in this param-
eter; however, if the size of NMDC increases, it is observed 
that the error term starts to reduce significantly and moves 
toward zero. This is possible because of an increase in physi-
cal distance between the MWD sensors and the bit, which 
enables the sensor to perform with high degree of accuracy. 
However, the cost of increasing the size of NMDC should be 
taken into consideration, as increasing the size needs some 
additional equipment that ultimately affects the overall cost 
of BHA. Nevertheless, this cost can be managed in com-
parison with the problem accompanied in well positioning 
surveys that result in multiple sidetracking. 

Equation 6 further shows that the uncertainty in azimuth 
is also dependent upon the factor of Bcosθ, which is also 
known as the horizontal component of earth’s magnetic field 
(Edvardsen et al. 2013). In regions where magnetic latitudes 
are high, this factor is quite small which corresponds to the 
large magnetic azimuthal error. This is also shown in Fig. 7, 
where the same well is considered in a region of Pakistan 
having lower magnetic latitude, which results in lower azi-
muth error in Z-component. Both results were obtained by 
using 9.5 m of NMDC in the BHA. 

Fig. 3  Total magnetic field 
comparison between a region in 
Pakistan and Barents Sea

Fig. 4  Bit interferences from different NMDC lengths
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Figures 8 and 9 show the error that is observed in X- 
and Y-components of magnetometer. It was observed that 
the X-component shows some fluctuations throughout 
the year in azimuth. However, the Y-component remains 
constant even though the field changes from 54,381.3 
to 54,421.6 nT. This indicates that the Y-component is 

independent of the magnetic field of the earth. On the con-
trary, both of these components are independent of the bit 
interferences. In the region of Pakistan, the X-component 
azimuthal error was decreased by 73% as the TMF of this 
region is quite low since it is away from the magnetic 
poles.  

Fig. 5  Possible error in azimuth 
for not using the recommended 
length of NMDC

Fig. 6  Impact of NMDC length 
on Z-axis component of mag-
netometer for Barents Sea
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Conclusion

It was concluded from the study that:

1. Some of the error sources have considerable impact on the 
total uncertainty due to the north dominance trajectory.

2. Bit is made up of carbon steel having a high magnetic 
permeability and profound magnetic characteristics. 

This region is considered to be the highest interference 
region in the entire BHA, which can be reduced by 
increasing the size of NMDC.

3. The Z-component of the magnetic biased is assumed to 
be the most effected component by bit interference. This 
impact can again be reduced by increasing the size of 
NMDC. The optimal distance based on the study is found 
to be 40 m for the Barents Sea, as it causes an interfer-

Fig. 7  Comparison between two 
different regions’ magnetometer 
biased errors

Fig. 8  Error in magnetometer 
X-component for Barents Sea
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ence of 6.92 nT that is manageable. However, for Pakistan 
9.5 m of NMDC was producing 5.62 nT interference.

4. The weighting function in Z-component which quantifies 
as sin I sinAm∕B cos � accounts for uncertainty in azi-
muth with respect to geomagnetic location and latitude.

5. At the region where magnetic latitudes are high, the 
horizontal component of the earth’s magnetic field is 
quite small, which results in high azimuthal error. This 
is also justified while comparing the Z-component error 
in the region of Pakistan and Barents Sea.

6. X-component of the magnetometer is unaffected by bit 
interference; however, it shows some dependency on 
geomagnetic field. On the other hand, the Y-component 
is independent on geomagnetic location and latitude.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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