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Introduction
The efficiency of any bottomhole assembly with a bit, 

regardless of its design features, as many researchers note, is 
largely determined by the performance of the flushing system 
[1-6]. Its level of perfection is characterized by the ability 
to timely clean the bottomhole zone from drilled cuttings 
during the drilling process [7-10]. Such efficiency can only be 
achieved by meeting the requirements imposed on the design 
of the bit flushing system [11]. The key requirement is that the 
flushing fluid entering the bottomhole must, after impinging 
on the rock surface, be directed into the central channel of 
the tool. Only with such flow movement (from the periphery 
of the bottomhole to its center) are conditions created for 
effective removal of sludge accumulating at the bottomhole 
during drilling operations [2, 3, 12].

To study the characteristics of flushing fluid movement, 
its interaction with the well bottomhole is represented as a 
mechanical model shown in figure 1 [7, 11, 13, 14].

The mathematical description of the interaction process 
between the drilling fluid and the bottomhole is formulated 
in the XOY coordinate system, the origin of which is located 
at the nozzle  exit from the nozzle, on its axis. It is assumed 

that the drilling fluid, conditionally represented as spherical 
particles with radius r0 (r0 corresponds to the radius of the 
nozzle outlet), leaves the nozzle with velocity v₀ at an angle α 
to the vertical y-axis destruction parameters.
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Fig. 1. Mechanical model of drilling fluid 
interaction with the bottomhole of flat (a) and 

spherical (b) wellbore shapes: 
h – nozzle height; α – angle between the jet direction 

and y-axis; β – reflection angle of the drilling fluid jet; 
R – distance between the nozzle axis and the central 
passage axis; r – radius of the device central channel 
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On a spherical body placed isn a stationary fluid, both 
medium resistance and centrifugal force act simultaneously. 
The action of the fluid on the sphere can be described through 
a complex coefficient ξ, taking into account its movement 
velocity υ and the medium viscosity μ.

The centrifugal force is directed opposite to the x-axis and 
is expressed by the formula

2( )F m R x= ω −

where m is defined as the object's mass considered particle; 
ω  is the angular velocity of bit rotation; x is defined as the 
distance from the rotation center to the ball at a given moment.

Thus, the motion of the ball as a material point can be 
described by a system of equations in projections onto the 
coordinate axes [13, 15].
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where x and y are the coordinates of the ball center at time t; the 
dot above the quantities x and y denotes the time derivative.

Substituting   into expression (1), we obtain:
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The solution of equation (2) will be:

1 2
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(3) 

where С1, С2 are integration constants; К1, К2 are parameters 
whose values are determined as follows:
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Considering that x(0) = 0; at t = 0 the integration constants 
С1 and С2 are determined as:
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Substituting the values of coefficients K1 and K2 into the 
formula for determining С1 and С2 

1 2( ) .kt mt mtx e C e C e R− −= + +
              

(4)

Then equation (2) takes the form:
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The constants С3 and С4 are determined from the boundary

 condition y(0) = 0; at t = 0, and take the form 0
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From equation (6), we determine the time t₀ at which 
the ball reaches the bottom of the well under the boundary 
condition t = t0 at y = h:
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The upward motion of the ball is described by equations 
similar to (2) and has the following solution:
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Knowing the boundary conditions:

  

1 1

1 0

(0) ( ); (0) ( )cos ( )
(0) ; (0) ( )sin ( )

o o o

o o

X X t X t X t
y h y t y t

υ β
υ β

= = = 


= = = − 

 

 

  

at
  

t = 0.

The constants C5, C6, C7 and C8 can be determined from the 
following equations:
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According to the design requirements for the flushing 
system, after the drilling fluid impinges on the bottomhole, 
it must be directed into the central passage to ensure the 
suction effect. This condition must be satisfied at height h 
after the fluid reflects off the bottomhole. Mathematically, it 
is expressed as x1 = R at y1 = 0, which is accounted for in the 
following equation:
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The angle α, which determines the jet direction, as 
well as the installation height and nozzle diameter,  are 
incorporated in expression (10). In addition, the drilling fluid 
flow rate Q is included in the formula through 0υ . Given 
values for any three of the four parameters, the remaining 
one may be calculated from equation (10), which enables 
theestablishment of a centrifugal jet flow pattern. Thus, 
equation (10) serves as a mathematical algorithm for selecting 
the design characteristics of flushing systems for rock cutting 
tools with central supply, ensuring effective cleaning of the 
bottomhole zone from drilled cuttings. Additionally, the 
condition ( ) 0tυ ≥  must be satisfied, that is:

Similarly, the situation when the bottomhole has a 
spherical shape (fig. 1b) can be considered. It is assumed 
that the center of the sphere is located on the well axis, 
so its coordinates are given as point O₁(R, y₀), where y₀ is 
a specified value. The circular cross-section in this case is 
described by the equation:
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where ρ is the sphere radius.
According to (10), the equation of motion for the drilling 

fluid passing through the nozzles can be determined as 
follows:
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(12)

The motion of the drilling fluid flowing out of the nozzles 
is described by the formula given in expression (10):
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It can be seen from Figure 1b that the jet is reflected at 
angles β and γ, the values of which can be determined from 
the formulas:
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 In (8), the integration constants C5, C6, C7, C8 can be 
determined from the following boundary conditions: 
here
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The time for the drilling fluid to reach the spherical 
bottomhole can be deter-mined from the boundary condition 
y1 = 0 at x1 = R:
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Taking into account (13) and (8), we obtain the relationship 
between the design parameters of the rock-cutting tool 
flushing system and the drilling operation modes:
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In addition to the parameters contained in the 
transcendental equation (10), equation (16) includes the 
angle γ, which is determined by the sphere curvature radius 
ρ. Consequently, expression (16) is more general compared 
to (10), since the latter represents a particular case obtained 
at .ρ →∞  Thus, formula (16) serves as a mathematical basis 
for designing both the structure of the flushing system of 
rock-cutting tools with central feed and the corresponding 
operating parameters, including the design of the executive 
body, i.e., the cutting structure of the tool.

The mechanical models of the interaction process (fig. 1a 

and b) confirm the feasibility of this approach, on the 
basis of which Eqs. (10) and (16) were derived [3, 4, 8, 11]. 
Comparison of the schemes in figure 1 shows that with a 
spherical bottomhole shape having a center shifted upward, 
easier suction of drilling cuttings in the bottomhole zone 
is ensured. This corresponds to the design of the executive 
body with a concave central cutting part. In the opposite case, 
when the sphere center is located below the bottomhole, i.e., 
the executive body has a convex cutting surface, cuttings 
removal becomes more complicated. Consequently, the 
optimal shape of the tool cutting part lies in the region of 
concave designs, while the least effective is the flat-bottom 
shape of the cutting part.

Figure 2 presents curves demonstrating the influence 
of operating factors and various combinations of flushing 
system design parameters [16].

As shown in  the graphs, as the nozzle distance from 
the bottomhole increases, the initial velocity of the flushing 
fluid jet rises sharply. At the same time, maximum growth 
is observed at a nozzle inclination angle to the vertical 
of approximately 30°, which corresponds to the interval 
15° ≤ α ≤ 45°. Beyond this range, changes in the initial jet 
velocity become relatively insignificant.

2. Evaluation of energy consumption in rock 
destruction and development of optimal design 
parameters for flushing nozzles of rock-cutting 
tool flushing systems
In modern drilling practice, bits of various structural 

designs are used. The¬re-fore, an urgent task is to determine 
the efficiency of rock-cutting tools applied under real 
conditions and operating at identical rock destruction 
parameters [4, 17].

As the main indicator of destruction effectiveness, 
the specific energy consumption of the process is usually 
considered, i.e., the volume of rock removed per unit time 
[11, 13, 15]. Experience in deep well drilling shows that with 
significant increase in depth and the associated difficulties 
in energy transfer to the bottomhole, abrasive-cutting type 
rock-cutting tools become most effective [7, 5]. They ensure 
maximum penetration per single bit run with minimum 
energy expenditure. It should be emphasized that the 
magnitude of penetration per bit run is of great importance 
when selecting rational drilling modes ensuring high trip 
speed.

A key direction for improving drilling efficiency and 
economic outcomes, especially in deep wells, is the more 
rational application of the hydraulic power of the directed 

Fig. 2. Dependence of drilling modes on the flushing system design:
а) r = 0.012 m, ro = 0.009 m; b) r = 0.04 m, ro = 0.009 m                           
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fluid flow [6]. Research on different types of jet bits, performed 
under laboratory and field  conditions worldwide, has shown 
that nozzles with elliptical inlets and sharper outlets yield 
the greatest discharge coefficients (up to 0.99) [8-10]. As a 
consequence, extra hydraulic power becomes available and 
may be directed toward increasing the penetration rate. 
Hence, choosing the optimal geometry and profile of jet bit 
nozzle channels is essential for improving drilling efficiency.

Defining these parameters from the condition of 
maximum submerged jet flow impact allows the resistance 
at jet discharge from the nozzles to be minimized. Knowing 
the optimal outlet diameter, one can further determine the 
rational internal channel profile, as well as select the most 
suitable inlet section diameter.

Solution of these problems by traditional methods proves 
difficult, since when selecting the initial nozzle diameter, 
data on flow resistance forces are absent. In such a situation, 
classical approaches of optimal control prove especially 
effective [11, 18, 19]. The formulated problem of determining 
flushing channel parameters is as follows.

It is necessary to determine the optimal function on the 
interval , ensuring uniform velocity distribution along the 
nozzle length with minimum hydraulic power losses. For its 
solution, the equation of fluid motion in the nozzle is written 
in the following form:
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where m is the mass of fluid flowing inside the nozzle; $\
upsilon$ is the jet flow velocity at the current point of the 
nozzle; is the current cross-sectional area of the nozzle 
channel; is the circulating fluid flow rate; is the specific 
weight of the flushing fluid; is the discharge coefficient.

In accordance with the optimality criterion, the following 
system of equations is formed:
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 Then for the conjugate variables, we obtain the following 
formula:
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According to the optimization method, the Hamiltonian 
is formulated as:
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Substituting 2 2
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obtain:
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The boundary conditions allowing the solution of 
equation (21) to be determined are given below:
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Using the theorem on the change of fluid momentum 
along the nozzle length, we obtain:
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At the same time, it is obvious that ( ) ,outtυ υ=  
0( ) outF t F F= =  at t = 0.

Solving equation (23) with respect to F0, we obtain the 
following relationship for the sought quantity:
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Equation (22), taking into account Eq. (24), takes the 
following form
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Formula (25) represents the expression for the longitudinal 
section profile of the nozzle. From (26), the velocity variation 
in any nozzle section can be determined:
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The nozzle length l can be determined when y(t = T) = l.
Thus, to determine the nozzle length, the following 

relationship must be used:
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Using formulas (25) and (26), calculations can be performed 
for specific cases (Q = 0.04 m3/hour; Fexit = 6.4 · 10-3 m2; 
B = 198 sek-1; υexit = 70 m/sek) (figs. 3, 4).

Thus, the determined optimal nozzle profile shapes 
allow substantially reducing local hydraulic resistances and 
ensuring the maximum possible discharge coefficient value 
ω = 1 [5, 6, 8-10,,?,88-10]. This is confirmed by the data presented 
in figure 4: the flow velocity in each nozzle section varies 
uniformly and increases along its length, which is consistent 
with the results of foreign experimental studies.
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3. Influence of excess dynamic pressure differential 
on rock destruction efficiency
During drilling, the drilling fluid or its filtrate delivered 

to the bottomhole must overcome the resistance of cuttings 
accumulated in the bottomhole zone [2, 4, 16, 20]. Depending 
on the direction and regime of fluid injection, forces may be 
generated that suppress rock breakage. The influence of these 
suppressive forces at the bottomhole can be significantly 
reduced by adjusting the properties of the drilling mud, 
optimizing drilling parameters, and designing rock-cutting 
tools with a specialized flushing system [1, 19, 21].

Analysis of rock fragmentation under conditions of high 
pressure differential, resulting from the lack of an effective 
design calculation method for bit flushing systems, does not 
always lead to the expected drilling efficiency.

In commercially produced bits, the drilling fluid is 
delivered to the bottomhole either in a vertical direction or 
at a specified angle. In such cases, the jet issuing from the bit 
flushing channels impacts the bottomhole and changes its 
direction, leading not only to a loss of kinetic energy but also 
to a significant reduction in the rotational component of the 
submerged jet. This component is particularly important under 
conditions of suppressive pressure differential, as it is required 
to generate jet-induced torque on the bottomhole surface.

During rock failure under an excessive pressure drop, 
the velocity of fluid flow through the bottomhole zone is 
of significant importance [13, 22, 23]. The influence of the 
pressure differential becomes fully effective only when the 
penetration speed of the cutting tool is consistently higher 
than the filtration velocity of the fluid within the fractured 
and near-fracture zones. When the tool penetration rate is 
equal to or lower than the fluid filtration rate, the action of 
the pressure differential is realized only to a limited extent.

For this reason, it becomes necessary to formulate the task 
of evaluating the values of inhibiting forces and torques that 
arise under conditions of an excessive pressure differential.

Since viscoplastic fluid is used as the flushing agent 
during well drilling, the flow exiting the bit nozzle to lift 
particles from the destruction zone must overcome the 
ultimate shear stress force or the corresponding resistance 
moment, i.e.:

1 dyn 1 1 0 ;dvR F F
dr

τ τ η 
= ⋅ = + 

 

1 1 aver. 1 0 aver .
dvM R r F r
dr

τ η 
= ⋅ = + 

                 

(28)

Here, F₁ denotes the bottomhole area exposed to the 
action of the flushing fluid; τdyn represents the dynamic shear 
stress; τ0 is the limiting shear stress; η is the dynamic viscosity 
coefficient; dv/dr characterizes the velocity gradient near the 
bottomhole surface; raver is the mean radius of friction. For 
the bottomhole zone, it may be accepted approximately that 

/ 3aver cDτ = , where Dc is the diameter of the wellbore.
When an excessive pressure differential exists in the rock 

failure zone, the resulting resisting force or resisting torque 
must be compensated for by the liquid streams discharged 
from the flushing channels of the drill bit.

2 2

2 2 aver

R F P
M F P r

= ⋅ ∆ 
= ⋅ ∆ ⋅                         

(29)

In this expression, F2 denotes the filtration area of the well 
bottomhole, while ΔP characterizes the additional pressure 
difference acting within the rock failure and pre-failure zones.

It should be emphasized that, prior to the onset of rock 
destruction, the bottomhole is subjected to a static pressure 
differential. However, once the destruction process begins, 
this pressure difference acquires a dynamic nature.

Consequently, the overall inhibiting force, or the total 
moment generated by these inhibiting forces, can be calculated 
using the following relationship:

( )
1 dyn 2

1 dyn 2 aver

R F F P

M F F P r

= τ + ⋅ ∆ 


= τ + ⋅ ∆ ⋅                  
(30)

At the outlet cross-section, the velocity of the fluid particle 
is denoted by v₂, and this velocity forms an angle α₂ with the 
tangent to the trajectory. The radial distances from the centers 
of the inlet and outlet cross-sections to the rotational axis are 
represented by r1 and r2, respectively, as shown in figure 5.

The variation in the angular momentum of the fluid 
passing through the flushing orifices, considered with respect 
to the axis of rotation of the well, may then be determined as 
follows:

 Ez
Z

dL
M

dt
=

                             
(31)

Assume that at a given instant t, the fluid volume denoted 
as “abcd” is located inside one of the flushing channels of 
the drill bit. After a short time interval, at t + Δt, this same 
fluid volume shifts to the position “a1b1c1d1” During the 
time interval dt, the elementary volume of fluid entering 
the channel is equal to the elementary volume leaving it. 
Therefore, the mass of fluid passing through one flushing 
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Fig. 3. Nozzle profile at a discharge coefficient 
of 0.75 (a) and 1 (b)

Fig. 4. Dependence of rate of penetration on time 
for various nozzle profiles
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channel during the time dt may be written as:

 1 2
g

Q Qm m m dt dt
N N
γ ρ

= = =

                      
(32)

where ρ is the drilling mud density; Q is the pump flow rate; 
N is the number of flushing channels.

The change in the principal angular momentum of 
volume "abcd" about the z-axis during time dt is determined, 
considering the bit rotation direction as positive. This change 
equals the difference between the angular momenta of 
volumes "dcc1d1" and "abb1a1":

chan. 2 2 1 1dL mv h mv h= −                         (33)
where h₁ and h₂ are the moment arms of vectors and from 
the axis of rotation, respectively, determined by the formula:

1 1

2 2

cos
cos

h r
h r

= ⋅ α 
= ⋅ α                               

(34)

where r₁ and r₂ are the distances from the axis of rotation to 
the centers of the inlet and outlet of the flushing channels, 
respectively.

Substituting (32), (33), (34) into (31), we obtain:

2 2 2 1 1 1( cos cos )E Z
Z

dL
M Q v r v r

dt
ρ α α= = −

          
(35)

The change in angular momentum of all flushing channels 
during time t equals:

2 2 2 1 1 1[ ( cos cos )]ZdL Q v r v r dtρ α α= −
           

(36)

The pressure exerted by the fluid on the walls of the 
flushing channel is balanced by wall reaction forces of the 
same magnitude but acting in the opposite direction. As a 
result, the fluid produces a rotational moment Mrot on the 
drill bit, which is numerically equal to this moment but has 
the opposite sign. Therefore, it can be expressed as follows:

( )1 1 1 2 2 2cos cosE
rot ZM M Q v r v rρ α α= − = − −

       
(37)

Accordingly, the torque generated by the fluid discharged 
from the flushing channel depends directly on the fluid 
density, the flow rate, and the difference between the 
products of the velocity components and their corresponding 
shortest distances to the axis of rotation. In order to increase 
the torque produced by the fluid leaving the bit channel, the 

outlet section of the flushing channel should be arranged as 
close as possible to the outer peripheral zone of the bit. At 
the same time, the channel must be positioned so that the 
jet emerging tangentially from the nozzle has a direction 
corresponding to an angle α₂ = 180°. Under these conditions, 
the torque created by the outgoing fluid jet is added to the 
moment produced by the incoming fluid flow.

To ensure effective bottomhole cleaning under excess 
pressure differential conditions, as well as proper cooling 
of the drill bit, the torque developed by the flushing fluid 
discharged from the bit nozzle should be greater than the 
moment of the resisting forces:

( )2 2 2 1 1 1 1 2cos cos ( )dyn averÝÝÝÝρ α α τ− > + ∆

     
(38)

Here, f₁ and f₂ denote the cross-sectional areas of the 
flushing channels at the inlet and outlet of the fluid flow, 
respectively.

Let us accept the following assumptions 1
1

;Qv
Nf

=
 

2
2

Qv
Nf

=

 

and
 

2

1 2 .
4

cD
F F

π
= =

    
After inserting the expressions for v1 and v2 into equation 

(38), the following relationship is obtained:

( )
22

1 2
1 2

1 2

cos cos
12

c
dyn

Dr rQ P
N f f

πρ α α τ
 

− > + ∆  
         

(39)

The dynamic pressure differential in the destruction 
zones is then determined according to Darcy's law, in 
accordance with which one may write [7, 13, 22]:

 .
.

per
aver

K d Pv
dzη
∆

= ⋅
                          

(40)

where vaver. is the average filtration velocity of the fluid in the 
bottomhole destruction zones; Kper. is the integral permeability 
of the bottomhole; η is the filtrate viscosity coefficient;  dΔP/dz 
is the pressure differential gradient in the destruction zones.

According to the above, the effect of suppressive pressure 
manifests itself when the penetration rate exceeds the fluid 
filtration velocity [15, 23].

The solution of equation (40) for the case of equality 
between the filtration velocity and the mechanical penetration 
rate is of certain interest.

For the filtration depth of the fluid, we take the bottomhole 
deepening per one revolution of the drilling tool:

per
M

K d P Sn V
dS

ϕ
η

∆
⋅ = =

                        
(41)

where φ is a constant coefficient (φ = 2); S is the bottomhole 
deepening per one revolution of the drilling tool; n is the 
rotational speed of the drilling tool; VM is the mechanical 
penetration rate.

The integral of differential equation (41) is represented as:

2 2

. .2 per per

P C S n C S n
K K
η ηϕ∆ = + ⋅ = +

             
(42)

where C is the integration constant, which is determined from 
the boundary conditions ΔP = ΔPst = C at S = 0; then equation 
(42) can finally be written as:

.
st M st dyn

per

P P S V P P
K
η

∆ = ∆ = ⋅ ⋅ = ∆ + ∆

          
(43)

Since the static part of the pressure differential is effective 
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Fig. 5. Diagram of the drill bit flushing channel system: 
the projections of the flushing channel path 

onto the vertical plane (a) and 
the horizontal plane (b), respectively

a)

b)
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only at the initial stage of the bit run, before the bit begins 
to contact and destroy the bottomhole rock, the actual 
rock-cutting process is mainly governed by the dynamic 
components of the pressure differential, as noted above.

Using equation (41), the destruction depth per one bit 
revolution is transformed into the corresponding mechanical 
rate of penetration. Then, by substituting the value of the 
dynamic pressure component into equation (39) and solving 
the resulting expression with respect to the mechanical 
penetration rate, the following relationship is obtained:

. 1 1 2 2

1 2

cos cos3
2

perM

Q

K nV r r
D

V N f f
ρ α αϕ π

η

⋅  
= ⋅ −  

         
(44)

where Q
bh

QV
F

=
 
is the specific flushing fluid flow rate; Fbh is 

the bottomhole area.
In deriving the formulas, we neglect the influence of 

dynamic shear stress as a small quantity compared to the 
excess pressure.

Taking the number of flushing channels N = 3, φ = 2 and 
considering that 30 /n ω π= , formula (44) can be represented 
as [2-4, 12, 13]:

1 1 2 2

1 2

30 cos cosper
M

bot

K r rQF D
F f f

ρω α α
η

⋅  
= −  

 

       

(45)

where ω  is the rotational frequency of the drilling tool.
As can be seen from formulas (44) and (45), the drilling 

process under conditions of excess suppressive pressure 
depends on three parameters:

1 1 2 2
1 2 3

0 1 2

cos cos
; ; .perM

KV r r
X X X D

V f f
ρω α α
η

 
= = = −  

 

The first parameter, X1, expresses the relationship between 
the volume rate of rock removal and the unit flow rate of 
the flushing fluid. This parameter directly describes the rock 
destruction process under the action of resisting forces. The 
second parameter, X2, is defined as the ratio between the lifting 
forces that assist rock breakage and the viscous resistance 
that hinders bottomhole cleaning and the transport of drilled 
cuttings away from the destruction zone. Therefore, X2 reflects 
the mud-cake formation tendency of the drilling fluid.

The third parameter, X3, describes the influence of the 
wellbore diameter together with the hydraulic characteristics 
of the fluid streams entering and leaving the bit flushing 
channels.

The analysis of equation (45) indicates that drilling 
efficiency can be improved when the bit is equipped with 
specially designed channels that direct the fluid flow as far as 
possible toward the peripheral region of the jet. In this case, 
the inlet flow should be arranged at α₁ = 0°, while the outlet 
jet should leave tangentially with respect to the bit radius at 
α₂ = 180° (fig. 6).

It is of interest that equation (45) combines both 
technological parameters and flushing fluid parameters, 
as well as design features of the rock-cutting tool flushing 
system. Consequently, it can be used as a basis for developing 
regulations when designing drilling programs. This capability, 
in turn, ensures high drilling performance indicators under 
conditions of excess pressure differential action.

Based on formula (45), using practical nomography 

methods, a nomogram has been constructed for designing 
drilling operation parameters taking into account the 
character of the rocks being destroyed, the design properties 
of the bit flushing system, and the rheological properties of 
the flushing fluid (fig. 7) [11, 24].

For this reason, based on the currently used nomographic 
approach, a number of auxiliary intermediate parametric 
groups with the following structure have been proposed:

1 1
1 1 1 2 1

1 2

cos 1; cos ;
r

A A r A A
f f
α

= = α =

2 2
1 2 1 2 1

2 2

cos 1; cos ;
r

B B r B B
f f
α

= = α =

X1 = A ‒ B;     X2 = Д · X1;     X3 = ω · X2

4 3 5 4 6 5
1; ; 30 npX x X x X x Kρ
η

= = ⋅ = ⋅

For calculation of intermediate complexes, the following 
ranges of parameter variation included in (45) were used:

0 0
1 2(0 30) ; (90 270)α = ÷ α = ÷

3 3
1 2(10 15) 10 m; (5 10) 10 mr r− −= ÷ ⋅ = ÷ ⋅

3(100 310) 10 m; (500 1200) rpmcD n−= ÷ ⋅ = ÷

3 3(1.2 2.7) 10  kg/m ;  (10 60) Pa sρ η= ÷ ⋅ = ÷ ⋅

3 3 15 2(10 70) 10  m /s;  (100 1300) 10  mperQ K− −= ÷ ⋅ = ÷ ⋅

An example of nomogram usage is given in figure 8 for 
parameter values equal to:

 
0 0

1 2 1 215 ; 150 ; 12mm; 10mmr rα = α = = =

1 3 3 3190 mm; 120 s ; 2.7 10 kg/m ; 20 10 Pa scD ω ρ η− −= = = ⋅ = ⋅ ⋅

3 3 15 270 10  m /s;  1300 10  mperQ K− −= ⋅ = ⋅

At the specified values of flushing fluid parameters, 
drilling modes, and drilling tool flushing system design, 
as shown in the nomogram, a rate of penetration (ROP) 
of 26.6 m/h is achieved. By changing one of the factors 
of either the drilling tool flushing system or the drilling 
mode with corresponding flushing fluid properties, a 
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Fig. 6. Layout of the flushing system channels [1]
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higher value of the drilling indicator, i.e., VM, can be 
achieved [5, 23, 25, 26].

Accordingly, the method developed and illustrated by 
the nomogram in figure 7 makes it possible to perform a 
quantitative assessment of drilling efficiency in the direct 
formulation of the problem, while accounting for the 
governing process parameters. Because the underlying model 
incorporates variables that describe the structural features 
of the drilling tool, the properties of the drilling fluid, and 
the operating drilling regime, it also enables solution of the 
inverse problem – that is, selection of a mutually consistent 
combination of these parameters during the drilling process 
design stage.

In addition, the method provides a basis for evaluating the 
interaction mechanism between the specific energy required 
for rock destruction and the effectiveness of bottomhole 
cleaning from drilled cuttings, as reflected in the continuation 
of the nomogram presented in figure 7.

At the specified values of flushing fluid parameters, 
drilling modes, and drilling tool flushing system design, as 
can be seen from the nomogram, a drilling rate of 26.6 m/h 
will be ensured. By changing one of the factors of either 
the drilling tool flushing system or the drilling mode with 
corresponding flushing fluid properties, a higher value of the 
drilling indicator, i.e., VM, can be achieved.

Thus, the proposed approach, illustrated by the 
nomogram in figure 7, makes it possible to numerically assess 
the efficiency of the drilling process in the form of a direct 
problem, while taking into account the main parameters of its 
practical implementation. Since the original model contains 
variables related to the structural design of the drilling tool, 
the properties of the drilling fluid, and the selected drilling 
regime, this approach can also be used for solving the inverse 
problem. In other words, it enables the determination of a 
compatible combination of these parameters at the stage of 
drilling process design.

Conclusions
1. The conducted studies show that effective utilization of the hydraulic energy of the drilling mud flow 

can become a key factor in improving the technical and economic efficiency of drilling. This approach is of 
particular value when conducting operations at considerable depths, as it allows substantial reduction of 
energy consumption for the drilling process.

2. The requirements for the design and installation parameters of the drilling tool flushing system have 
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Fig. 7. Nomogram for designing drilling process parameters

Fig. 8. Assessment of the mechanism of mutual influence between destruction specific energy consumption 
and quality of well bottomhole cleaning from drilled cuttings (continuation of nomogram in figure 7)
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been analyzed, and their interrelation with the drilling tool operating parameters has been determined.
3. A model for optimizing the flushing system channel cross-section para-meters has been constructed, and 

an optimal profile ensuring the required specific energy consumption of the drilling tool has been proposed.
4. It has been determined that, under conditions of dynamic excess pressure differential, the effectiveness 

of drilling operations depends on a set of interrelated factors, including technological operating parameters, 
the properties of the flushing fluid, and the structural features of the flushing system of the rock-cutting tool.

5. A nomographic calculation and design approach has been proposed to select mutually compatible 
combinations of these factor groups, thereby ensuring efficient drilling performance under dynamic 
pressure differential conditions.


