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ABSTRACT Drilling fluid continuous wave(DFCW) generator is an advanced downhole instrument and
has broad application prospects. The load torque acting on the DFCW generator has a great impact on the
performance on the DFCW generator, and there is a lack of theory describing the load torque because of the
irregularity of the rotary valve. In this paper, the drilling fluid flow area is divided into the curve flow area,
the radial flow area and the axial flow area. The flow area of each part is divided into several meshes based
on finite element theory, then the load torque acting on each part is calculated based on the fluid momentum
conservation theory. The theoretical model is verified by combining the simulation and the experiment, and
the effects of the discharge and the axial gap on the load torque are analyzed. The research results show
that:(1) the theoretical model can be used to determine the load torque, (2) the amplitude of the load torque
reduces as the gap decreases and increases rapidly as the discharge increases. The results can provide the
theoretical guidance for the structure design of the rotary valve and the control system design of the drilling
fluid continuous wave generator.

INDEX TERMS Load torque, irregular orifice, drilling fluid continuous wave, CFD.

I. INTRODUCTION
In the automatic drilling stage, it is necessary to transmit
downhole information to the surface quickly and in real
time, which makes the downhole information transmission
technology important [1]. As an advanced downhole informa-
tion transmission technology, drilling fluid continuous wave
(DFCW) technology has a broad application prospect due to
its good robustness, high transmission speed and good quality
of the signal [1]–[16].

DFCW generator is the key mechatronic instrument to
generate DFCW. It is mainly composed of a rotary valve and
a driven system. The rotary valve contains a pair of stator
and rotor, and there is a gap between the stator and rotor.
When it works, the rotary valve rotates in the driven by the
driven system, and periodically blocks the flow path of the
drilling fluid. Then the DFCW will generate upstream of
the rotary valve and carries the downhole information to the
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ground [7]–[17]. Due to the impact of the high pressure and
high-speed drilling fluid, there will be a great load torque
acting on the rotary valve, which will cause high energy
cost and improve the difficulty on the control of the DFCW
[11], [15]. Therefore, it is necessary to analyze the load torque
acting on the rotary valve and its influence factors.

There is a few research on the influence of the flow torque
acting on the rotary valve [18], [19]. Wang et al. [19] pro-
posed a theoretical model for hydraulic torque acting on
rotary directional control valve based on fluid momentum
theorem, but the orifice of the rotary valve is simple rect-
angular. In the drilling engineering, the rotary valve used in
the DFCW generator has the irregular orifice. It will cause
that the flow direction of the drilling fluid is not the same
along the curve of the valve port, at the same time, when the
rotary valve rotates, the flow direction of the drilling fluid
also changes. Due to the existence of the gap, some fluid
flows in the gap, which will also influence the flow direction.
Thus, the calculation method is not applicable. Yan et al. [13]
designed the rotary valve and analysis the torque acting on the
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rotary valve via CFD, but there is a lack of the method using
to calculate the torque and it is not convenient to be used in
other situation. Therefore, it is necessary to describe the load
torque acting on the rotary valve of the DFCW generator in
theory.

Most of the related studies are aimed at the hydraulic
force acting on the slide valve [20], [21]. For the valves with
simple flow-path shape, the fluid momentum conservation
theory is often used to solve the load force problems because
the velocity vector and fluid mass through the simple valve
are easily calculated. And in many cases, CFD is used for
analysis [22]–[25]. However, 3D fluid dynamics analysis will
cost a large amount of computation time and storage space,
and it is difficult to describe the influence laws of various
factors on the flow torque accurately.

In summary, the related researches are about the load
torque acting on the sliding valve and the load torque acting
on the rotary valve with the simple orifices. But the orifice
shape of the common valve is three-dimensional irregular.
In this paper, a mathematical model for the load torque acting
on the DFCW generator will be established based on the
fluid momentum theorem and the finite element method.
In addition, the influence of structural parameters of the
DFCW generator and drilling parameters on load torque
will be studied. The structure of this paper are as follows:
In section II, the mathematical model will be established and
in section III and IV, the CFD simulation and experiment are
used to verify the correctness of the theory model. Then the
influencing factors and laws will be discussed.

FIGURE 1. Local structure of the DFCW generator.

II. MODELING
A. SYSTEM DESCRIPTION
The local structure of the DFCW generator is shown in Fig.1.
The DFCW generator mainly contains the rotary valve, the
driven system and the drive shaft. The rotary valve is com-
posed of a stator and a rotor, and there is an axial gap between
the stator and the rotor. When the DFCW generator works,
the drilling fluid flows through the stator, gap and rotor.
With the continuous rotation of the rotor, the flow path of
the drilling fluid is periodically blocked, and the DFCW
generates in the upstream of the rotary valve. To increase the
transmission quality of the downhole information, the DFCW
is often needed to be sinusoidal. And according to the
previous research, it is possible to generator sinusoidal
DFCW when the stator and rotor have the same shape [7].

The load torque acting on the rotary valve consists of the
hydraulic torque acting on the rotary valve and the system
friction torque, which is produced by the mechanical struc-
ture. The amplitude of hydraulic torque is much larger than
that of the friction torque, and it will affect the performance
of the DFCW generator obviously.

B. THE STRUCTURE OF THE ROTARY VALVE
In this section, the rotary valve with known orifice curve is
designed to produce the sinusoidal DFCW. On the assump-
tion of constant pressure generated at the outlet of the rotary
valve and the influence of the axial clearance and the radial
clearance considered, the rotary valve is designed and stud-
ied [7]. When the rotary valve rotates at a constant speed,
the sinusoidal DFCW can be generated at the inlet of the
rotary valve. The valve opening can be expressed as [7]:

τ (t) = [1+ 4CC2
dA

2
o cos

2 Nωt
2
/(ρQ2)]−

1
2 (1)

where C is the DFCW amplitude. Cd is the flow coefficient
in rotary valve. A0 is the maximum flow area of the rotary
valve orifice. N is the Number of blades of the rotary valve.
ω is the rotating speed of rotary valve. t is the time. ρ is the
drilling fluid density. Q is the pump flow.

The orifice curves can be defined in the polar coordinate
system. r (θ) is the polar radius of the valve orifices and
denotes the distance from the axial line to the intersection
point between the orifice curves of the stator and the rotor
where θ ∈

[
0, πN

]
. And it can be expressed as [7]:

r(θ ) = −ζλs+

√
(ζλs)2 + R2 −

kAo sin(Nθ )

[k cos(Nθ )+ k + 1]1.5

(2)

where ζ = 1 −
∫ 1
0 r[(

π
N − θ )x + θ ]/r(θ )dx is a correction

coefficient that can be used to correct for the influence of the

axial clearance s on the whole flow area. k = C
Po
=

2CC2
dA

2
o

ρQ2

is the relative intensity. R is the outer diameter of the rotor.
s is the axial clearance between the stator and rotor. θ is
the rotation angle of the rotor. r is the polar radius. λ is the
coefficient.

The length L of the orifice curves can be obtained as [7]:

L =
∫ π

N

0
r(θ )dθ (3)

According to the method, the structure of the rotary valve
can be determined. Then the load torque can be calculated
based on the structure.

C. THE LOAD TORQUE COMBINATION MODEL
Because the hydraulic torque has a more significant impact
on the performance of the continuous wave generator, in this
section, the hydraulic torque will be modeled and analyzed.
There are some assumptions: the fluid is incompressible,
the fluid is not lost in the valve and the fluid property is
constant. Based on the fluid momentum theorem, the load
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torque acting on the rotary valve can be determined as
follow [19]:

T = ρv2RSvR0 (4)

where T is the load torque acting on the rotary valve; ρ is the
density of the fluid; vR is the relative speed between the flow
speed of the fluid and the rotation speed of the rotary valve;
Sv is the effective area on the rotary valve, which is vertical to
the direction of the flow speed; R0 is the radius of the center
of the effective area.

FIGURE 2. The flow area of each part in different rotation angle θ .

Through equation (4), it is obvious that the effective area
and the properties of the drilling fluid have the main influence
on the load torque, thus, it is necessary to determine the effec-
tive area firstly. The structure of the rotary valve is shown in
Fig.2. In this figure,

−→
f t1 is the curved edge of the stator at

time t ,
−→
f t2 is the curved edge of the rotor at time t ,

−→
f t3 is the

straight edge of the stator at time t and
−→
f ti ∈ R3(i = 1, 2, 3).

The X-axis coincides with the straight side of the stator
−→
f t3 .

The relationship between these three curves can be described
as follows:

−→
f t2 =

−→
f t1 +
−→s T (5)

−→
f t3 =

∥∥∥−→f t1 ∥∥∥2−→A T (6)

where −→s represents the axial length of the gap and −→s =[
0 0 −s

]
.
−→
A is the identical vector and

−→
A =

[
1 0 0

]
.

The valve is fully open when the rotation angle θ is 0.
Moreover, when the rotation angle is θ , the throttle with a 3D
variable cross-section shape is formed by the orifice curve

−→
f t3

of the stator and the orifice curve
−→
f t2 of the rotor. When the

rotation angle is θ , the orifice curve
−→
f t2 of the rotor can be

determined as follow:
−→
f t2 =

−→

f 02 Rot(
−→
θ ) (7)

where
−→
f 02 means the orifice curve

−→
f t2 of the rotor at

t = 0;Rot(
−→
θ ) is the coordinate transformation matrix and

Rot(
−→
θ ) =


cos

∣∣∣−→θ ∣∣∣ sin
∣∣∣−→θ ∣∣∣ 0

− sin
∣∣∣−→θ ∣∣∣ cos ∣∣∣−→θ ∣∣∣ 0

0 0 1

; The rotation angle θ

can be determined as
−→
θ = −→ω t and −→ω is the rotation speed

of the rotor.

From Fig. 2, it can be found that the flow area can be
divided into three parts and these three parts satisfy the fol-
lowing equation:

S t =
∑∣∣∣−→S ti ∣∣∣(i = ♦, o,G) (8)

where S t is the total flow area at different time;
−→
S t
♦
is the area

vector of the curve flow area at time t , which is formed by
the orifice curve

−→
f t2 of the rotor and the orifice curve

−→
f t3 of

the stator;
−→
S to is the area vector of the radial flow area formed

by the rotor and the hanging cylinder;
−→
S tG is the area vector

of the axial flow area at different time, which is formed by
the gap.

Because of the irregular orifices, it is difficult to calculate
the area vector of the curve flow area

−→
S t
♦
, thus, the finite

element theory is used to discretize the curve flow area, then
the area vector of the curve flow area

−→
S t
♦
and the effective area

of this part can be determined. As shown in Fig.2, the curve
flow area

−→
S t
♦
is differentiated into serval parts along the radial

direction. The arcs at the radii r and r+dr are intersected with
the curves

−→
f t2 and

−→
f t3 at four points, A, B, C and D. When the

rotation angle is θ , the curves
−→
f t2 and

−→
f t3 intersect at E. The

two triangles CBA and BCD, formed by these four points, can
approximate the area differential of the curve flow area

−→
S t
♦
.

Using
−→
S t1 and

−→
S t
∇
to represent the area vector of CBA and

BCD, and they can be calculated as follows:

−→
S t
♦
=

∇∑
j=1

N
∫ rou

re

−→
S tj dr

= N
∫ rou

re

{
1
2
[
−→
f t3 (r)−

−→
f t2 (r + dr)]

× [
−→
f t3 (r + dr)−

−→
f t2 (r + dr)]

}
dr

+N
∫ rou

re

{
1
2
[
−→
f t2 (r + dr)−

−→
f t3 (r)]

× [
−→
f t2 (r)−

−→
f t3 (r)]

}
dr

=
N
2

∫ rou

re

[−→
f t3 (r)−

−→
f t2 (r + dr)

]
×

{[−→
f t3 (r + dr)+

−→
f t3 (r)

]
−

[−→
f t2 (r + dr)+

−→
f t2 (r)

]}
dr

(9)

where ‘×’ indicates cross symbol,
−→
S t1 is the area vector of

1CBA,
−→
S t
∇
is the area vector of1BCD, re is the polar radius

of the point E, rou is the outer radius of the rotor.
To calculate the effective area of this part, the unit normal

vectors nj(j = 1,∇) of
−→
S t1 and

−→
S t
∇
are firstly represented as

−→nj =
−→
Sj

|
−→
Sj |

(10)

At the single orifice, the area projection of 1CBA and
1BCD in the circumferential direction of the rotor can be
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expressed as

−→
S tCj(r) = |

−→
S tj (r)|[

−→nj (r) ·
−→nC (r)] (11)

where,
−→
S tc1 is the area projection of 1CBA,

−→
S tc∇ is the

area projection of 1BCD, and −→nc (r) indicates the unit
vector of the circumferential direction at the center points[−→
f t2 (r)+

−→
f t1 (r + dr)

]
/2 of 1CBA and 1BCD.

The effective area
−→
S teff of the curve flow area can be

expressed as:

−→
S teff =

∫ rou

re

(∑−→
S tCj(r)

)
dr (12)

The radial flow area
−→
S to is formed by the rotor and the

hanging cylinder(shown in yellow in Fig.2), thus, it can be
expressed as:∣∣∣−→S tO∣∣∣ = 1

2

{
πR2 − N [θ + sin(

π

N
− θ )]r2ou

}
(13)

where R is the inner radius of the hanging cylinder.
For the axial flow area

−→
S tG, when t = 0, the rotation angle

is 0 and all the drilling fluid flows through the curve flow
area and the radial flow area. With the rotation of the rotor,
some drilling fluid flows through the gap because of the block
of the rotor, and when the rotary valve is closed, almost all
the drilling fluid flow through the gap and radial flow area.
Therefore, the axial flow area is relative to the initial flow area
and the initial flow area is formed by the curve flow area and
the radial flow area when the rotation angle is 0. The initial
flow area can be described as:

SIni =

∣∣∣∣−→S0♦∣∣∣∣+ ∣∣∣∣−→S0o ∣∣∣∣ (14)

where SIni is the initial flow area.
With the rotation of the rotor, some drilling fluid flow-

ing through the gap is in a transition state. And this will
cause not all drilling fluid to flow from the axial flow area.
Thus, the flowing coefficient is defined to describe this phe-
nomenon and the flowing coefficient can be described as
follows:

w(x) =
SIni −

∣∣∣−→S t♦∣∣∣− ∣∣∣−→S to ∣∣∣
SIni

(15)

where w(x) is the flowing coefficient.
The axial flow area can be expressed as:

−→
S tG =

−→
S tstr +

−→
S tcur

= −Nw(x)
∫ rou

rin

[−→
f t3 (r + dr)−

−→
f t3 (r)

]
×
−→s dr

+Nw(x)
∫ re

rin

[−→
f t1 (r + dr)−

−→
f t1 (r)

]
×
−→s dr (16)

where rin is the inner radius of the rotor. Through
Eqn.(1)∼(16), the total effective flow area can be determined.

According to the fluid momentum theorem, the curve
torque

−→
T♦ can be expressed as

−→
T♦ = Nρ

∫ rou

re
(−→v +−→ω r)2r

(∑−→
S tCj(r)

)
dr (17)

where −→v is the flow velocity which can be expressed as∣∣−→v ∣∣ = Q/
(∣∣∣−→S to ∣∣∣+ ∣∣∣−→S tG∣∣∣+ ∣∣∣−→S t♦∣∣∣), its direction is in accor-

dance with the normal direction of the flow area; −→ω is the
rotation speed of the rotor.

The flow area
−→
S to is part of the total throttle area, so it will

affect the flow velocity −→v . As its flow direction is along in
the Z-axis is consistent with the flow direction of the drilling
fluid. Thus, the radial flow torque is 0. And the axial gap
torque

−→
TG can be described as follow:

−→
TG(r) = Nρ

∫ rou

rin
(−→v +−→ω r)rd

−→
S tGdr (18)

Therefore, the total torque acting the rotor can be obtained
as following:

−→
Ts =

−→
T♦ +

−→
TG (19)

According to the structure parameters of the rotary valve,
drilling fluid density, drilling fluid flow rate, etc., the load
torque acting on the rotary valve can be calculated by Equa-
tion (19).

III. CFD SIMULATION
A. MESH MODEL
To calculate the total load torque and save the experiment
cost, the three-dimensional model of rotary valve the grid
model is established as shown in Fig.3 and the parameters
of the rotary valve model are shown in Table 1. According
to these five parameters, the structure of rotary valve can be
determined and used in the simulation to acquire the total load
torque acting on the rotary valve. The valve model consists of
five parts including the upstream flow, stator, rotor, gap and
the downstream flow. In the mesh model, hexa meshes are
used in all the regions, and the grids at the stator, rotor and
gap are refined.

FIGURE 3. The mesh model of the rotary valve.

In the gridmodel, the initial rotation angle of the rotor is 0◦.
In the coordinate system, the Z-axis is the rotation axis. In the
simulation, the surface of the rotor that revolves around the

VOLUME 8, 2020 66849



J. Wu et al.: Modeling and Analysis of the Load Torque Acting on the DFCW Generator

TABLE 1. Design parameters.

TABLE 2. Mesh sizes in each location.

Z-axis is set as a wall. And a monitor is set to acquire the
load torque acting on the wall. The mesh sizes used in the
simulation are shown in Table 2.

B. TURBULENCE MODEL
Due to the flow speed of drilling fluid flowing through the
valve orifices is very high, the fluid flow at the rotary valve
should normally be turbulent. Among similar simulation
problems, k−εmodel is widely used for some valves and has
achieved good results, such as safety relief valve [26], globe
valve [27] and logic valve [28], and also the rotary valve [19].
Therefore, the section will also choose k − ε model to solve
load torque acting on rotary valve with irregular valve port.
k − ε model can be described as following [29]:

∂(ρk)
∂t
+∇· (ρ−→u k) = ∇· ((µ+

µt

σk
)∇k)+ 2µtSij · Sij−ρε

(20)
∂(ρε)
∂t
+∇ · (ρ−→u ε) = ∇ · ((µ+

µt

σε
)∇k)

+2C1ε
ε

k
µtSij · Sij − C2ερρ

ε2

k
(21)

Turbulent viscosity µt can be calculated as following:

µt = Cµρ
k2

ε
(22)

where u is the flow velocity, µ is the kinematic viscosity,
and Sij is the average component of the deformation rate
of the fluid elements in the turbulent flow. In the standard
k − ε model C1ε = 1.44,C2ε = 1.92,Cµ = 0.09,
σk = 1.00, σε = 1.30.

C. BOUNDARY CONDITIONS AND SOLVING METHOD
From Fig. 3, the outlet type is set to a constant pressure outlet
with a relative pressure of 0MPa. To analyze the load torque
acting on the rotor under different flow rates, the inlet type
is set to the speed inlet. The domain at the rotor is set to

a rotating domain. During the simulation, the moving mesh
is used in the rotation domain and the mesh in the rotating
domain will rotate to simulate the rotation of the rotor. All
wall boundaries are assumed to be non-slip boundaries and
satisfy the standard wall equations in the near wall area.

In the simulation, the density of mud is 997 kg/m3 and
the dynamic viscosity is 8.9× 10−5kg/(m·s). For the scaling
residuals of all parameters, the absolute standard of conver-
gence is set to 10−4. There are some assumptions in the
simulation: incompressible liquid, ignoring leaks and chan-
nel wall roughness, constant liquid properties, and thermal
equilibrium conditions.

IV. EXPERIMENT
To verify the correctness of the theoretical model, a rotary
valve is firstly designed based on the method proposed in [7]
and used in the experiment. To show the structure and shape
of the rotary valve clearly, the physical model is illustrated
in Fig.4 and the key parameters are shown in Table 1. The
rotary valve consists of a pair of stator and rotor that contain
four blades with the same shape. The sizes of the stator and
rotor are shown in Table 1.

FIGURE 4. CAD model and prototype of the rotary valve structure.

The rotary valve test system is shown in Fig. 5. The rotary
valve is mounted in a test equipment that can use its own
flowmeter to measure the flow rates through the valve and
display it on the display screen. The rotor driven by a servo
motor rotates continuously. The rotation angle of the rotor can
be monitored by an angle encoder in real time. At the same
time, the load torque will be measured by a torque sensor
installed between the servo motor and the angle encoder.
The load torque and angle information can be collected and
transferred to a computer by a signal acquisition device. The
mud pump is a triplex reciprocating pump that can output
an approximate constant flow rate, and the adjustable throttle
valve is amounted at the outlet of the circulating pipeline to
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FIGURE 5. The rotary valve test system:1-water tank, 2-mud pump, 3-
flowmeter, 4-servo motor, 5-torque sensor, 6-inlet pressure sensor,
7-angle encoder, 8-rotary valve, 9-outlet pressure sensor, 10-throttle
valve, 11- signal acquisition device, 12-computer.

avoid a vacuum at the outlet of the valve when the valve is
closed.

In actual drilling operations, the discharge of the drilling
fluid is in the range of 10L/s to 35L/s. And this method is suit-
able for use in water-based drilling fluids or oil-based drilling
fluids, at the same time, the influencing law is unchanged
when the drilling fluid or water is used. Therefore, based on
laboratory conditions, water is used instead of the drilling
fluid. In the experiment, the flow rate of the water in the
system is set to 20 L/s by adjusting the output of the pump.
Because the theory model can calculate the load torque at any
rotation speed, to measure the load torque more accurately,
the rotation speed is chosen as 30r/min, thus, the frequency
of the generated continuous wave is 2Hz as there are four
orifices [2]. The values measured by the torque sensor include
the load torque acting on the rotor and the system friction
torque, such as the friction torque of the rotating seal and
bearing. Thus, in the experiment, the rotary valve is taken off
and the drilling fluid with different pressure is pumped into
the pipe. Then the servo motor rotates at different speed and
the friction torque can be measured. As shown in Table 3,
there is a large friction torque, and the friction torque acting
on the system decreases as the rotation speed increases and
increases as drilling fluid pressure increases. According to
the experimental conditions, the friction torque of 1.3Nm is
chosen at the rotation speed of 30 r/min and the pressure
of 2MPa.

TABLE 3. Friction torque at the discharge of 20L/s.

The total torque measured by the sensor in the experiment
is shown in Fig. 6, and there is high frequency noise and
the friction torque with 1.3Nm in the torque signal. The high

FIGURE 6. The measured load torque.

frequency noise is removed using a low pass filter with cut-off
frequency of 5Hz, the friction torque of 1.3Nm is subtracted,
and then the flow torque acting on the rotary valve will be
obtained as shown in Fig. 6.

FIGURE 7. Comparison of simulation torque, theoretical torque and
experimental torque.

TABLE 4. Difference of theoretical calculation and experimental test
based on CFD simulation results.

V. RESULT AND DISCUSSION
Theoretical calculations, CFD simulation and experimental
results from which the noise and friction torque are removed
are shown in Fig. 7. The error of theoretical calculation
and experiment is shown in Table 4. It can be seen from
the table and figure that the theoretical value is close to the
simulated value (the maximum error is about 22.3% and the
minimum error is about 1.28%). The error may be caused by
the assumptions in the theoretical calculation. For example,
the turbulence is also not considered in the theoretical model,
and there is no consideration of the phenomenon of swirl
when the rotor rotates. The experimental value is slightly
larger than the theoretical value, but the trend of change is
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FIGURE 8. The change of the curve
−→∣∣∣St
♦

∣∣∣ flow area with the rotation angle
under different gaps.

same (the maximum error is about 30.1% and the minimum
error is about 2.8%). This error can be caused by frictional
disturbances, pressure fluctuations and measurement errors,
etc. Besides, there is a certain difference between the physical
and theoretical models of the rotary valve due to the influence
of machining error and assembly error, which will also lead
to a deviation between the experimental results and the the-
oretical results. Approximately, theoretical calculations and
CFD simulations can be validated by the experimental result,
so the proposed theory model can be used to predict the load
torque acting on the rotary valve with the irregular orifices.

Based on the proposed theoretical model, the influence
factors of load torque are analyzed. As shown in Fig. 8, it is
obvious that as the gap size increases, the minimum curve
flow area

∣∣∣−→S t♦∣∣∣ becomes larger. When the gap is constant,

the curve flow area
∣∣∣−→S t♦∣∣∣ firstly decreases and then increases

with the rotation of the rotor, and the flow area
∣∣∣−→S t♦∣∣∣ is

minimum when the rotation angle is 45◦. With the rotation
of the rotor, the area where the stator and rotor overlap is
gradually increased. And it will cause point E to gradually
approach the outer edge of the rotor. When the rotation angle
is 45◦, the polar radius re is nearly equal to the outer radius

rou. Therefore, the curve flow area
∣∣∣−→S t♦∣∣∣ gradually decreases

when the rotation angle is less than 45◦ and is minimum
when the rotation angle is 45◦. According to the previous
research, when the flow rate is constant, the greater minimum
flow area will lead to the smaller amplitude of the pressure
wave. Thus, it can be concluded that different gap will lead to
different amplitude of the pressure wave. In the actual drilling
engineering, the optimum gap can be determined according to
the demand amplitude of pressure wave, and then the curve
torque

−→
T♦ can be determined.

When the gap size is 2mm and the rotation angle is 22.5◦,
the shape of the orifice formed by the rotor and stator is
shown in Fig.9. It can be found that the orifice formed by

−→
f t2

and
−→
f t3 is irregular, and the flow direction is not the same at

different locations. It also shows that with the different polar
radius r , the normal directions of

−→
S t1 and

−→
S t
∇
are different.

FIGURE 9. The flow chart of the fluid with the clearance of 2mm and the
angle of 22.5◦.

FIGURE 10. The axial flow area
−→∣∣∣St

G

∣∣∣ changing with the rotation angle
under different gaps.

Combining with Fig.8, it can analyze the changing law of
the curve flow area

−→
S t
♦
with the rotation angle under different

gaps. From this result, it can be concluded that the change
of the flow direction will lead to different curve torque

−→
T♦.

In the previous research, the orifice is simple rectangular, and
the jet direction of the fluid is same along the curve of the
valve port. Thus, it is difficult to use the previous model to
describe the characteristics of the load torque acting on the
rotary valve with irregular orifices, and our model can solve
these two types of problems well.

The relationship between the axial flow area
∣∣∣−→S tG∣∣∣ and the

rotation angle θ is shown in Fig. 10. From this figure, with the
rotation angle increases, the flow area

∣∣∣−→S tG∣∣∣ firstly increases
and then decreases, which is opposite to the changing law of
the curve flow area

∣∣∣−→S t♦∣∣∣ . The bigger gap means the larger

minimum flow area
∣∣∣−→S tG∣∣∣, and the flow area

∣∣∣−→S tG∣∣∣ reaches the
maximum value when the rotation angle is 45◦. According
to the mathematic model, with the rotation of the rotor,

−→
S tcur

and w(x) increase, which means more drilling fluid flows
through the gap formed by

−→
f t1 and the rotor. At the same time,

the increasingw(x) means less drilling fluid is in the transition
state.
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FIGURE 11. Flow velocity vector at the gap of 2mm and the rotation angle
of 22.5◦.

FIGURE 12. Change of the load torque Tt with rotation angle under
different flow rate.

According to CFD analysis, the flow velocity vector at
the gap is shown in Fig. 11. At this point, the gap size is
2mm and the rotation angle is 45◦, the flow area formed
by the gap is the largest, and drilling fluid mainly flows
along the circumferential direction. The flow velocity is up
to 40m/s. The result can explain that the assumptions about
flow velocity −→v is reasonable. Combination with Fig.8 and
Fig. 10, it is obvious that the gap size has a great influence on
the flow torque acting on the rotor.

When the gap size is 2mm and the rotation speed is
0.5r/min, the relationship between the load torque and the
flow rate is shown in Fig.12. It is obvious that the load torque
presents a periodic change as the rotation angle increase, and
the curve is centrally symmetric at the 45◦ position. With the
increase of the flow rate, the maximum load torque becomes
larger, and the maximum values are all reached at a certain
angle.

When the rotation angle is 45◦, the curve flow area
∣∣∣−→S♦∣∣∣

reaches the minimum value while the axial flow area
∣∣∣−→SG∣∣∣ is

maximum. The curve torque
−→
T♦ is nearly equal to 0, at the

same time, the direction of
−→
S tstr and

−→
S tcur is opposite, which

FIGURE 13. Change of load torque with angle under different gap sizes.

will lead to the nearly zero load torque
−→
Tt . When the rotation

angle is between 0 and 45◦, because of the change of the curve
torque

−→
T♦ and the torque caused by

−→
S tcur , the load torque Tt

fluctuates with the rotation angle. With the discharge increas-
ing, more drilling fluid flows through the rotary valve and the
unchanged structure will lead to the same

−→
S♦ and

−→
SG in the

same rotation angle. It will lead to the larger flow velocity
v, and the load torque is proportional to the flow velocity v.
As the result, the load torque increases with the discharge.

The load torque curves in different gap sizes are shown
in Fig.13. It is obvious that with the increase of the gap
size, the amplitudes of the load torque become larger and the
rotation angle where the load torque reaches the maximum
value increases. According to the mathematic model, with the
increasing of the gap size, the axial flow area

∣∣∣−→S tG∣∣∣ becomes

larger, which will lead to the increase of the
∣∣∣−→TG∣∣∣. At the

same time, based on the assumption of incompressible fluid,
the discharge flowing through the curve flow area S♦ is
unchanged, and in the same rotation angle, the curve flow area∣∣∣−→S t♦∣∣∣ is also unchanged, which means the curve flow torque is

the same and the amplitudes of the load torque increase with
the increasing gap sizes.

With the increase of the gap size, the axial flow area
∣∣∣−→S tG∣∣∣

becomes larger and the curve flow area
∣∣∣−→S t♦∣∣∣ decreases and

more drilling fluid flows through the axial flow area
∣∣∣−→S tG∣∣∣.

When compared to the curve flow area
∣∣∣−→S♦∣∣∣, the axial flow

area
∣∣∣−→SG∣∣∣ cannot be neglected, the total load torque reaches

the maximum value. Thus, with the gap size increasing,
the rotation angle where the total load torque reaches the
maximum value decreases. According to the analysis result,
in actual rotary valve design, we should try to avoid changing
the gap size. There are also some assumptions: hypothetical
spacing in theoretical model is far less than the size of valve
and each unit of fluid is independent and does not affect each
other.

As shown in Fig. 14, the real line describes the size of the
total torque, and the dotted line describes the load torque pro-
duced by the fluid over the gap. With the rotation of the rotor,
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FIGURE 14. The total flow torque and flow torque effected by the gap
under different gap sizes.

the proportion of torque acting on the rotor flowing through
the axial gap firstly increases to 99%, and then decreases
gradually and finally stabilizes at 23 %. The percentage of
torque flowing through the shape of the valve port firstly
decreases to 1% with the increase of the rotation angle of the
rotor, gradually increases, and finally stabilizes at 77%. With
the gap size increasing, the proportion of torque acting on the
rotor flowing through the axial gap becomes less. It is obvious
that when the rotation angle changes in 0◦ to 22.5◦, more and
more torques are created by the fluid that flows over the gap.

Through the analysis of the above figure, the theoretical
model can describe the load torque acting on the rotary valve
with irregular valve shape. The load torque is symmetrical
at the location of 45◦ and has obvious characteristics with the
change of flow rate, clearance and rotation angle. This change
trend provides theoretical guidance for the actual rotary valve
design.

VI. CONCLUSION
In this paper, amethod of calculating the load torque acting on
the rotary valve with the irregular orifice is proposed, and the
mathematic model describing the load torque is established
and verified by the CFD simulation and the experiment. The
following conclusions are obtained:

(1) The theoretical model is verified by the CFD and exper-
iment, and the mathematic model can be used to calculate
the load torque acting on the rotary valve and analyze the
changing laws of the load torque.

(2) The magnitude and trend of the load torque are affected
by flow rate, gap size and orifice area. And the load torque
is symmetrical at the location of 45◦. The change of flow
rate will lead to the increase of the maximum value of the
load torque and the change of gap size will change the
maximum load torque and the rotation angle where the load
torque reaches the maximum value. When the rotation angle
is between 0 and 45◦, the curve flow area decreases with
the increasing rotation angle while the axial flow torque
increases.

(3) The direction of the load torque is always the direc-
tion the valve wants to be closed. As the orifice increases,

the torque acts as a resistance to rotor rotation and serves to
push the rotor to turn as the orifice opening decreases. The
axial flow area occupies a large proportion in the total flow
area of the rotary valve, and has a great influence on the load
torque of the rotary valve.

(4) Due to the alternation and high amplitude of the load
torque, it is difficult to use the ordinary control strategy to
control the DFCW generator to generate the specific wave-
form. Therefore, it is necessary to design the suitable control
strategy and chose the suitable motor to achieve the servo
control with high performance with high and alternating load
torque.

(5) In the theoretical model, the flow state is considered as
laminar flow, and the influence of solid in the drilling fluid is
neglected. And it should be studied in the future research.
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