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Abstract
An offset of roller cone rotation centerlines is used to increase the mechanical penetration rate while drilling 
in soft rocks. This enables increasing the area of a cutting structure teeth contact with a bottom hole. The 
analysis of offset cone drill bit (cutting structure) teeth wear showed that particularly significant wear is 
characteristic of the transition zone from the heel cone to the nose cone, which leads to significant reduction 
in the mechanical rate of penetration and a rapid decrease in the hole diameter. The purpose of this paper is to 
conduct a theoretical research on the nature and conditions of interaction between heel and peripheral nose 
cones of offset roller cone bits with a bottom hole, which is aimed at improving the efficiency of rock cutting 
by offset roller cone bits. To achieve the purpose, the authors analyzed data on the nature and causes of wear 
of existing offset roller cone bit cutting structure (teeth); developed a mathematical model in a cylindrical 
coordinate system allowing to determine the location and geometric parameters of the gage cone contact 
area with the hole wall for different roller cone bits sizes; developed a computer solid model for checking the 
adequacy of the mathematical model by comparing these two models; prepared recommendations for further 
improvement of the design of existing offset roller cone bit cutting structure (teeth). The research was carried 
out by the method of mathematical simulation of geometric figures and bodies corresponding to roller cones 
and a hole. The research has revealed that significant adjustments need to be made to the geometry of the 
roller cone teeth (currently being patented). This would allow decreasing the areas of cone heel blunting 
by 15–20 % as well as providing more prolonged contact of base and gage cones with bottom hole and wall 
surfaces. This allows to reduce wear of teeth in the transition zone of the generatrix from the peripheral nose 
cone to the gage (heel) cone of the roller cone and to maintain the required specific pressure on the cut rock 
for a longer period of time and, as a result, to increase both the mechanical penetration rate and the service 
life of the drilling tools. 
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Аннотация
Для увеличения механической скорости бурения при бурении мягких пород используют смещение 
осей вращения шарошек, которое позволяет увеличить проскальзывание зубьев вооружения по всей 
площади забоя. Анализ износа зубчатого вооружения бурового инструмента со смещёнными осями 
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Introduction
At present, different approaches are known for es-

timating the drilling efficiency of a roller-bit, which de-
pends on a large number of diverse factors. They can be 
divided into process and design ones. 

In terms of design, a roller cone bit is a rock destruc-
tion tool equipped with toothed wheels (roller cones 
or cones) capable of rotating around their own center-
lines [1, 2]. In most cases, the bit designs do not provide 
for offset of a roller cone rotation centerline relative to 
a bit rotation centerline. This allows reducing the wear 
of the bits when drilling hard rocks (of high and medium 
hardness), as well as rocks of increased abrasiveness [3]. 
Figure 1 shows examples of tricone and two-cone drill 
bits without the cone rotation centerline offset. Parti- 
cular emphasis in the Figure is made on the transition 
of a cone generatix from peripheral nose teeth rows to 
heel cones (teeth rows), which are gage cones and form 
a hole diameter and walls.

But such bits cannot provide the highest me-
chanical penetration rate and specific penetration 
rate (per bit) when drilling through soft rocks. To in-
crease mechanical penetration rate while drilling soft 
rocks, parallel offset of roller cones rotation center-
lines is applied, allowing to increase the area of roller 
cone teeth contact with a bottom hole [4]. In contrast, 

most foreign companies primarily use angular offset 
of roller cone centerlines, which results in a smaller 
teeth contact area but allows to increase the size of 
roller cones [5–7]. 

However, the analysis of offset roller cone bit wear 
after running in the field drilling of oil and gas holes 
allowed establishing some important features of this 
process [8]. The main feature is the “licking” (wear) 
of the angle formed by the intersection of a periph-
eral nose cone (teeth row) and a gage cone of a roller 
cone (Fig. 2). This leads to an increase in the area of 
the peripheral nose teeth rows “blunting area” that  
inevitably leads to the reduction of the specific pres-
sure on a bottom hole surface and, as a consequence, 
to a reduction in the destructive capacity of the roller 
cone [9].

Analysis of drill bit cutting structure (teeth) 
wear in the case, when the rotation centerlines of 
roller cones are offset relatively to the rotation cen-
terline of the drill bit, showed that the wear of the 
transition zone from a heel cone to a nose cone was 
rather intensive. An intensive wear of this surface 
leads to increasing the “blunting area” of the roller 
cone peripheral teeth, the most energy-consuming 
zone working simultaneously both for gauging and 
destruction of the peripheral area of a bottom hole, 

вращения шарошек показал, что происходит существенное изнашивание («зализывание») переход-
ной зоны от тыльного конуса к основному, и это приводит к существенному снижению механической 
скорости бурения и  быстрому уменьшению диаметра скважины. Целью работы является проведе-
ние теоретических исследований характера и условий взаимодействия с забоем тыльных и  пери-
ферийных конусов шарошек данного вида бурового инструмента для повышения эффективности 
разрушения породы забоя шарошечным буровым инструментом со смещенными осями вращения 
шарошек. Для достижения поставленной цели в работе проведён анализ характера износа зубчатого 
вооружения и причин его возникновения у существующих конструкций шарошечного бурового ин-
струмента; разработана математическая модель в цилиндрической системе координат, позволяю-
щая определять расположение и геометрические параметры зоны контакта калибрующего конуса со 
стенкой скважины для различных типоразмеров шарошечных буровых долот; разработана компью-
терная твердотельная модель для проверки адекватности работы математической модели путём их 
сравнения; разработаны рекомендации по дальнейшему совершенствованию конструкции зубчатого 
вооружения шарошечного бурового инструмента со смещёнными осями вращения шарошек. Иссле-
дования были проведены методом математического моделирования геометрических фигур и тел, 
соответствующих шарошкам и  скважине. В  результате исследований определено,  что необходимо 
внести существенные коррективы в геометрию зубчатого вооружения шарошек (на данный момент 
патентуется), позволяющие на 15–20 % уменьшить площади площадок притупления периферийных 
венцов шарошек, а также обеспечить более длительный контакт основных и калибрующих конусов 
шарошек с поверхностью забоя и стенки скважины. Это позволит снизить повышенный износ зу-
бьев вооружения в зоне перехода образующей от периферийного основного к калибрующему конусу 
шарошек и даст возможность зубчатому вооружению шарошек более длительный период времени 
сохранять требуемое удельное давление на разрушаемую породу, диаметр долота и, как следствие, 
обеспечит увеличение как механической скорости бурения, так и ресурса бурового инструмента.
Ключевые слова
буровое долото, шарошка, скважина, шарошечное бурение, математическое моделирование, разруше-
ние породы, инструмент
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since this part of a roller cone comprises the larg-
est teeth forming the hole diameter and, respective-
ly, experiencing the highest impact and abrasion 
loads [10]. Moreover, this leads to a rapid loss in the 
bit diameter and, correspondingly, in the diameter of 
the hole itself.

As a rule, an increase in the performance of a roll-
er cone drilling tool derives from reduced energy con-
sumption during the drilling by aligning the geometry 
of the roller cone with the operating conditions of each 
of the roller cone teeth rows in the annular sections 
of the bottom hole and the physical and mechanical 
properties of the drilled rock. Thus, the task of improv-

ing the design of roller cone drilling tools is still quite 
urgent at present [11, 12]. Therefore, it is necessary to 
examine the reasons for the aforementioned adverse 
processes occurring during drilling with offset roller 
cone bits.

Research tasks and objectives
The main objective of this study is to increase the 

performance of bottom hole rock destruction using 
offset roller cone bits by means of theoretical research 
of the nature and conditions of interaction between 
the roller cone heel and peripheral nose cones with the 
bottom hole. 

	 а	 b
Fig. 1. Options of new (unused) bit designs: a – tricone bit; b – two-cone bit

Fig. 2. Wear (“licking”) of peripheral nose and heel cone teeth rows of offset roller cones
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In order to achieve this objective, the study ad-
dressed the following tasks:

1. Analysis of the nature of existing roller cone 
cutting structure (teeth) wear and its causes. 

2. Development of a mathematical model in cy-
lindrical coordinate system, allowing to determine 
the location and the geometry of the contact area 
of a gage cone with a hole wall for different types of  
roller cone bits. 

3. Development of a computer-assisted solid 
model to check the adequacy of the mathematical 
model by comparing these models. 

4. Development of recommendations on further 
improvement of the design of teeth of offset roller 
cone bits.

Research techniques
The studies on determining the position of the 

contact area between the large base of a gage cone and 
a hole wall were performed by the method of mathe-
matical simulation of geometric figures and bodies, 
corresponding to the roller cones and the hole, taking 
into account a number of simplifications and assump-
tions [13]. For example, it is known that structurally 
all drill bit roller cones consist of a roller cone body 
and the cutting structure, which are milled or tungsten 
carbide teeth. In its turn, a roller cone body consists of 
several interconnected cones, which in general can be 
split into two bodies: the nose cone and the gage cone, 
as shown in Fig. 3. Thus, structurally, a standard roller 
cone design is a twin cone (nose cone + gage cone). An 
important feature of this design is that the transition 

zone is formed at an angle of γ = 90° between the gen-
eratrixes of the base and gage cones.

Another simplification in the model is the form of 
the modeled body itself – it is the nose cone and the 
transition plane θ, which is common to both the nose 
cone and the gage cone. This plane is of particular 
scientific interest for the research since the contact 
area with a hole wall belongs to it. 

The mathematical simulation was based on the 
methods of coordinate transformation, the system 
of equations of the cylinder, the inclined cone and 
the transition plane θ passing through their contact 
point (Fig. 4). For this purpose, at the first stage, we 
have created a geometric description of the exami- 
ned bodies in the cylindrical coordinate system for 
a roller cone without its centerline offset relative to 
a hole centerline.

As can be seen from Fig. 4, the point M of the con-
tact of the cone and the hole belongs to both the hole 
cylinder wall and the base (bottom) of the hole. This 
position provides perfect contact of lateral surface of 
a  gage cone with hole wall allowing minimizing the 
wear of peripheral teeth rows. Fig. 2 demonstrates un-
favorable position and contact.

Then, the centerline of the cone geometric model 
is offset along X and Y axes relative to the centerline 
of geometric model of the hole by distances dx and 
dy, respectively. At this offset of the cone centerline, 
the point M changes its spatial position, moving up 
the wall of the hole cylinder, and “overhanging” over 
the bottom hole, losing contact with it. In this posi-
tion, sharp indentation of the peripheral teeth rows 

1 3 2

4

1 3 2

4

γ = 90°

	 а	 b
Fig. 3. Simplification of roller cone geometry before simulation:

a – model of a roller cone with milled teeth; b – sketch of a longitudinal section of cones of a roller cone; 1 – nose cone; 2 – gage 
cone; 3 – rib of transition surface θ (large base of gage cone); 4 – rib of small base of gage cone; γ – angle between the generatrixes 

of the nose and gage cones
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The section of a cone by the plane OY 'Z ' is given 
by the following equation: z  =  ±cy. Then the angular 
coefficient of the straight line of section c (Fig. 6, a) is 
written as follows:

tg(90 ) ctg .c = − α = α  (4)
Equation (3) will take the following form:

2
2 2

2 .
ctg

z
x y ′+ =′ ′

α  
(5)

Bearing in mind that:
1

tg ,
ctg

= α
α  

(6)

90 tg (90 ) ctg ,α = ° − β ⇒ ° − β = β  (7)
and the transformation (1) of translation and rotation, 
we obtained the equation of cone in the OXYZ coordi-
nate system:

2 2

2 2

    cos      sin      –    

cos   –  sin  c

(( ) ) ( )

( ) tg   .

x dx z y dy

z x

− β+ β + =
= β β β  

(8)

The plane θ passing through point М0 perpen-
dicularly to the normal vector ( ; ; )N A B C , in a gene-
ral way, is given by the following equation:

0 0 0( ) ( ) (– –   0.)A x x B y y C z z+ + − =  (9)

into a rock takes place, resulting in their increased 
wear and formation of a rounded transition zone.  
Let us introduce two coordinate systems OXYZ and 
O'X 'Y 'Z ' (Fig. 5) in the considered geometrical model 
to define the equation of cone and the equation of 
cylinder. 

Taking into account the parallel translation of dx 
and dy and the rotation of the system O'X 'Y 'Z ' relative 
to OXYZ through the angle β, we obtain:

= − β + β ′
 = −′
 = β − β′

( )cos sin ;
;

cos sin .

x x dx z
y y dy
z z x  

(1)

The problem of finding the coordinates of point 
M was converted to finding the point of contact of 
a  cylinder given by the corresponding equation and 
a cone “angled” at the angle β with the base given by 
the plane θ. 

The equation of cylinder has the following form:

+ =2 2 2.x y R  (2)
The equation of cone in canonical form in the  

O'X 'Y 'Z ' coordinate system is written as follows:
′+ =′ ′

2
2 2

2 ,
z

x y
c  

(3)

where c is a cone constant (angular coefficient).

Large base of a gage cone

Nose cone
of a roller cone

Hole wall

(Hole radius)R O

Y

X '

Z

X

Z '

M (x, y, z)

M0 (x0 , y0 , z0)

N (A, B, C )

θ

Fig. 4. Geometric model of a roller cone without 
centerline offset:

M – point of contact of the large base of a cone and a hole;  
M0 – center of the large (transitional) base of the cone

Large base of a gage cone

Nose cone
of a roller cone

Hole wall

R

O

Y

X '

Z

X

Z '

M (x, y, z)

M0 (x0 , y0 , z0)

N (A, B, C )

θ

Z

O '

Y '

Transition
zone

dx

dy

α

β

Fig. 5. Geometric model of offset roller cone:
α – angle between O'Z' and cone generatrix;  

β – angle of cone centerline rotation relative to OZ;  
dx – offset of cone centerline relative to OX;  
dу – offset of cone centerline relative to OY
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Taking into account that the normal vector of 
the plane θ is the centerline of cone obtained by the 
rotation relative to OY axis by the angle β (Fig. 6, b), 
we obtain (sin ; 0; cos )N β β .

Then the equation of the plane θ is written as 
follows:

0 0sin – cos( ) ( )– 0.x x z zβ + β =  (10)

Research Findings
Thus, to find the point M, it is necessary to solve 

a system of nonlinear equations:
2 2 2

2 2

2 2

0 0

;

( )(cos sin ) ( )

( cos sin ) ctg ;
sin ( ) cos ( ) 0.

x y R

x dx z y dy

z x
x x z z

 + =


− β + β + − =


= β − β β
 β − + β − =       

(11)

The resulting system of equations (11) will make 
it possible to determine the coordinates of point M for 
different bit sizes when drilling holes of different di-
ameters. 

After mathematic simulation, a computer-gene- 
rated solid model of the roller cone, similar to its geo-
metric model, and a model of a hole cylinder were built 
to check the coincidence of the results and visualise 
the desired contact area. Fig. 7 shows the models of 
roller cones and a hole created in the domestic com-
puter-aided design system KOMPAS-3D.

The Figure shows that in the solid model, the 
gage cone contact area is defined in the same area as 
in the mathematical model. This testifies to the ade-
quacy of both models and the correctness of the ob-
tained results. 

To minimize fast wear and formation of “blun-
ting area” in an offset roller cone bit, it is necessary to 
achieve full contact of lateral surface of a gage cone 
with a hole wall, as is the case in standard bits with no 
offset [14]. To ensure such contact, it is necessary to 
increase the angle γ between the generatrixes of the 
nose and gage cones until the small base of the gage 
cone touches the hole wall in the same way and si-
multaneously with its transition plane θ. We obtained 
such position iteratively in the computer-assisted 
solid model presented in Fig. 7, d.

To achieve this result, several successive itera-
tions were simulated to increase the angle γ to a value 
that ended up being 97.7913°. The longitudinal dx and 
transverse dy offsets according to the scheme (Fig. 7, b) 
amounted to +5.4839 mm and +11.8789 mm, respec-
tively, and were also determined iteratively. According 
to the simulation result, the required geometry of the 
gage cone can be determined mathematically, similarly 
to the mathematical model of the transition plane con-
tact area with the hole wall. 

Due to this roller cone design, it will be possible 
to maintain the required specific contact pressure for 
the efficient destruction of a rock for a longer period 
of time [15]. This all will allow increasing mechanical 
penetration rate and keeping hole diameter for the 
whole period of the drilling tool operation.

Areas of further research
To finally meet the purpose of this research, it is 

necessary to determine the full geometry of a gage 
cone, at which the contact of its surface with a hole 
wall will be along the line connecting the point M be-
longing to the transition plane θ and a similar point 

β

Z '

Y '

X ' X

Y

Z
cosβ

sinβ

α 90° – α

 a b
Fig. 6. O 'X 'Y 'Z 'cone geometric model:

а – O 'X 'Y 'Z ' cone geometric model; б – determination of the coordinates of the plane θ normal vector; α – cone angle
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belonging to the small base, the coordinates of which 
are determined on the basis of the developed mathe-
matical model, taking into account the angle of incli-
nation γ. For this purpose, a mathematical model will 
be developed describing the specified line, which be-
longs to both the inner side surface of the hole cylinder 
and the lateral surface of the gage cone, which provides 
a uniform "contact spot" (this model is currently being 
patented).

Conclusion
1. The performed theoretical studies made it pos-

sible to establish the causes of uneven wear of cutting 
structures (teeth) of offset roller cone bits: this is an 
inconsistency between the geometry/position of the 
cutting structures (teeth) and the curvature of a hole 
wall in the transition zone of the generatrix of a nose 
cone to a gage one, as well as the kinematic features of 
offset roller cone bits. 

Fig. 7. The result of 3D simulation of the contact area of plane θ with a hole: 
a is a model of the location of the cone models inside the hole cylinder model; b is a scheme of the offset of the roller cone model 

rotation centerline; c is the result of the contact area simulation; d is the result of 3D simulation of the areas of simultaneous 
contact of the gage cone two bases with the hole wall; 1 – hole model wall; 2 – hole model centerline; 3 – roller cone model

Transverse
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2. A mathematical model of the intersection of 
the plane θ of the roller cone model transitional base 
in the area of its contact with the cylinder of a hole 
model was developed. The model provides the possi-
bility of creating the geometry of roller cone cutting 
structure (teeth) which can significantly reduce the 
uneven wear of the cone heel teeth and their gau-
ging surfaces in such a way that when the teeth are 
subject to wear, the teeth "blunting area" is 15–20% 
smaller than that of similar standard roller cones. 
The mathematical model was verified by its compa- 
rison with the results of solid-state computer simu-
lations, which showed good correlation of the model 
and simulation results. 

3. The researches showed that it is necessary 
to make significant adjustment to the geometry of 
roller cone cutting structure (teeth) (at the moment 
they are being patented). This would allow decrea- 
sing the areas of cone heel blunting by 15–20% as 
well as providing more prolonged contact of nose 
and gage cones with bottom hole and wall surfaces. 
This allows reducing the teeth wear in the area of the 
transition of generatrix from a peripheral nose cone 
to a gage cone of a roller cone and enables keeping 
the required specific pressure on the cut rock for 
a  longer time and as a result increasing both the 
mechanical penetration rate and the life time of the 
drilling tools.
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