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A swirling drill bit designed with an integrated vane swirler was developed to improve reverse circulation in down-the-hole
hammer drilling. Its entrainment effect and influential factors were investigated by CFD simulation and experimental tests. The
numerical results exhibit reasonable agreement with the experimental data, with a maximum error of 13.68%. In addition, the
structural parameters of the swirler were shown to have an important effect on the reverse circulation performance of the drill
bit, including the helical angle and number of spiral blades, swirler outlet area, and the flushing nozzles. The optimal
parameters for the swirling drill bit without flushing nozzles include a helical angle of 60°, four spiral blades, and the area ratio
of 2, while it is about 30°, 3, and 3 for the drill bit with flushing nozzles. Moreover, the entrainment ratio of the drill bit
without flushing nozzles can be improved by nearly two times compared with one with flushing nozzles under the same
conditions.

1. Introduction

Swirling flows which always lead to strong shear and centrif-
ugal forces have been utilized in many industrial applica-
tions. For instance, creation of swirling flows in high-
intensity combustion systems would result in recirculation
zones which further stabilize flames [1, 2]. Dong and
Rinoshika [3] initiated swirls in the flows of carrier fluids
to enhance fluid velocities and the associated migration of
the particles carried by the fluids. Swirls introduced into a
multiphase separator would contribute to strong centrifugal
forces that can separate solid particles from solid-fluid mix-
tures [4]. Balakrishnan and Srinivasan [5] suggested that
generating swirling flow is an effective way of reducing noise
in subsonic free jets.

A swirling flow can be generated by many kinds of swirl
generator [6], such as guiding vanes, tangential intake swir-
ler, annular swirler, rotating mechanical devices, and honey-
comb generator. Extensive experimental, analytical, and
numerical studies that focus on swirling flows have been

published in literature [7]. Yehia et al. [8] completed compu-
tational fluid dynamics (CFD) simulations of working fluid
behaviors in the shell and tube heat exchangers with swirlers
inside. Their simulations were utilized to investigate the
effect of a swirler’s geometry on heat transfer and friction
loss in a shell and tube exchanger. Wen et al. [9] designed
ellipsoid and helical blades aiming to generate strong swirls
in the natural gas flows through supersonic separators.
Wen et al. [9] further built an analytical Reynolds stress
equation model as a quantitative evaluation of the super-
sonic separators’ performance. In the same year, Funahashi
et al. [10] used high-speed camera to observe two-phase
swirling flows in a gas–liquid separator with three pick-off
rings. Visualization experiments of gas-liquid two-phase
swirl flows were also carried out by Liu and Bai [11] in a cir-
cular straight pipe.

Reverse circulation drilling with pneumatic down-the-
hole (DTH) hammers is extensively utilized in mining, civil
infrastructure, geothermal energy recovery, underground
infrastructure, etc [12–14]. Figure 1 displays a schematic of
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reverse circulation drillings through geological formations.
During the drilling process, compressed air goes all the
way down from land surface through the annulus between
inner and outer drill pipes. Then, the air carries rock cuttings
upwards from bottomhole through the central passage of
inner drill pipe. Since the air is reversely circulated within
drill pipes, air circulation loss into broken borehole or frac-
tured formation can hardly happen. In addition, rock cut-
tings are safely isolated from borehole (see Figure 1),
which benefits borehole stability through unconsolidated
zones. Moreover, all the dusty air and rock cuttings carried
to land surface are directly transported into cyclone separa-
tor [15]. Therefore, reverse circulation drilling is an environ-
mentally friendly technology.

One of the most critical missions during a reverse cir-
culation drilling process is to inhibit air leakage into bore-
hole. Typically, two types of drill bits are designed for
preventing the air leakage: one is the drill bit wrapped by
a shroud, and the other is the drill bit with nozzles inside.
Figure 2(a) shows the first type of the drill bits. A shroud
is added around drill bit with an expectation of eliminating
the clearance between drill bit and borehole [16, 17]. How-
ever, no perfect seal to the clearance can be guaranteed
when borehole is broken into irregular shapes or the
shroud wears out. Moreover, the shroud temporarily loses
its sealing capacity when drilling through a big void space.
Therefore, the upward transport of rock cuttings may be
interrupted until the drill bit leaves the void zone, and
the shroud regains its sealing capacity. Figure 2(b) displays
the inside structure of the other type of drill bit. Flushing
nozzles and suction nozzles are placed inside the drill bit
body. As can be seen in Figure 2(b), high-speed air ejec-
tions out of the suction nozzles would create a low-
pressure zone nearby. This low-pressure zone draws rock
cuttings into the central passage of the drill bit. A number

of experiments [13, 18, 19] in literature have explored the
influence of a suction nozzle’s structure, location, and
inclination angle on the air circulation. Wu et al. [20] ever
utilized CFD simulations to predict the performance of a
drill bit when supersonic jets were added onto suction noz-
zles. Later, another layer of suction nozzles was added into
the drill bit, hoping to improve the air circulation in drill
bits. The improvement was not obvious though, since the
streams of air ejected from different suction nozzles can
interfere with one another, which results in a greater loss
of energy. But this operation backfires. Air ejections from
suction nozzles interfere with each other, which results in
significant loss of energy in air circulation. In order to
remove this adverse effect caused by suction nozzles, Cao
et al. [21] designed an annular slit as a replacement of suc-
tion nozzles. Air ejected out of the annular slit would
directly flow upward without creating flow interference.
Despite all those efforts, the design of drill bits for reverse
circulation drilling is far from perfect. An annular gap may
occur between drill bit and borehole when the drill bit is
drilling through fractured formations. Dusty air could pos-
sibly escape upward through the gap, causing environmen-
tal pollution and harm to drilling workers’ health. In some
cases, flushing nozzles must been removed for a more effi-
cient air circulation at the cost of high drill bit tempera-
ture. It is concluded that more research is in demand to
improve the reverse circulation within a drill bit.

Similar to the above exchangers and separators, swirls
can also play their strength in reverse circulation drillings
with pneumatic DTH hammers. Swirling flows bring about
very strong suction forces toward rock cuttings. We ever
designed a drill bit with a guide vane built in [6]. Our pre-
liminary numerical simulations verified the role of swirling
flows in improving the reverse circulation within drill bits
[6]. This study is aimed at further investigating how the
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Figure 1: Reverse circulation drilling with DTH. 1: drill bit; 2: splined sleeve; 3: DTH; 4: inner drill pipe; 5: outer drill pipe; 6: swivel with
double channels; 7: drill tower; 8: cyclone separator; 9: air hose; 10: air booster; 11: air compressor.
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geometry of a guide vane swirler affect the reverse air circu-
lation by virtue of both experiments and CFD simulations.
Optimum design of vane swirlers can be chosen based on
our experimental and numerical studies.

2. Reverse-Air-Circulation Drill
Bit with Swirler

2.1. Working Principle of Reverse-Air-Circulation Drill Bit
with Swirler. Figure 3(a) shows a schematic of vane swirler
located fit inside a drill bit. Figure 3(b) gives an example of
air circulation within the drill bit. The vane swirler’s outer
surface is designed to present evenly distributed spiral
blades. Two flushing nozzles and six evenly distributed suc-
tion nozzles are found in upper drill bit body. The flushing
nozzles stand vertically, while each of the suction nozzles
are set at an angle of 45° with respect to the axial direction.
Air flows down along an annulus between inner and outer
drill pipes. A part of the air then rushes into suction nozzle.
Next, this part of air gets ejected from the vane swirler at a
high velocity, creating a low-pressure zone filled by swirling
flows. The remaining air flows through flushing nozzles.
Such air flow would cool down carbide inserts and sweep
the rock cuttings away from bottomhole. Then, mixture of
air and the rock cutting are drawn towards the low-
pressure zone. This is entrainment resulting from swirling
flows. The mixture would continue to flow upward into the
cyclone at the surface. In cases of drilling through ultrabro-
ken or cavity formations, the flushing nozzles can be sealed
to let all compressed air ejected from the swirler, thereby
enhancing its suction effect.

Three streams of air flow occur in the reverse air circula-
tion within a drill bit—the primary one is air ejection from
the vane swirler, the secondary one is the air flow through
flushing nozzles, and the third stream refers to the air flow
between the drill bit and the annulus among the drill bit

and borehole. An entrainment ratio η0 is defined as one of
the indicators evaluating a drill bit’s performance:

η0 =
m3
m0

× 100% = m3
m1 +m2

× 100%, ð1Þ

where m1, m2, and m3 represent mass rate of the primary,
secondary, and third air stream, respectively. Mass flow rate
m0 equal to the summary of m1 and m2. Generally, a higher
entrainment ratio corresponds to better air circulation. For a
drill bit without flushing nozzles, the entrainment ratio is
written as

η0 =
m3
m0

× 100% = m3
m1

× 100%: ð2Þ

A vane swirler’s geometry is related to its resistance
towards inflow air. Therefore, air mass flow rate m1 varies
with the vane swirler’s structure. Therefore, air mass flow
rate m2 also changes at the given operating conditions,
which will further greatly affect the efficiency of the swirler
and the drill bit.

2.2. Design Parameters of Swirling Drill Bit. In this study, our
drill bit is designed based on a classical reverse circulation
air hammer DTH-89. Figure 4 shows views of our novel drill
bit, and Table 1 lists key structural parameters of the drill bit.
As can be seen in Figure 4, three parameters can fully
describe the vane swirler in our drill bit—central angle θ,
vane blade’s helical angle α, and the total number of blades
n. Total surface area A of n spiral slots is

As = 1 − n ⋅ θ
360
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(b) Drill bit based on ejector

Figure 2: Drill bit with reverse air circulation. 1: borehole wall; 2: drill bit body; 3: shroud; 4: drive sub; 5: hammer casing; 6: central passage;
7: connector; 8: flushing nozzles; 9: inner suction nozzles.
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where D4 and D5 refer to outer and inner diameters of the
vane swirler, respectively. Total cross-section area Af of
flushing nozzles is

Af =
3
4πd1

2, ð4Þ

where d1 is the diameter of a flushing nozzle’s cross-section.
Finally, ratio of spiral slot’s outlet area over flushing nozzles’
cross-section area, λ, becomes

λ = As

Af
= 2:45 1 − n ⋅ θ

360

� �
: ð5Þ

When studying the influence of swirler parameters on
drill bit performance, and the effect of a single parameter
is considered, values of other parameters are fixed at their
original or optimal values.
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(b) Working principle

Figure 3: Swirling drill bit. 1: carbide inserts; 2: lower drill bit body; 3: upper drill bit body; 4: swirler; 5: sealing; 6: flushing nozzles; 7: inner
suction nozzles; 8: spiral blade.
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Figure 4: Views of the novel drill bit with a vane swirler inside.

Table 1: Structural parameters of drill bit with a vane swirler.

D1,
mm

D2,
mm

D3,
mm

D4,
mm

D5,
mm

L1,
mm

L2,
mm

d1,
mm

d2,
mm

ls,
mm

90 33 33 38 35.5 303 210 5 10 10
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3. Numerical Solutions

3.1. Modeling and Mesh Generation. We build ANSYS fluent
numerical models of the reverse air circulation within our
novel drill bit. In our numerical models, borehole is assumed
to be perfectly smooth. We consider that tungsten carbide
inserts have negligible effect on the air circulation. More-
over, the influence of drill bit rotation on the air circulation
within our drill bit is also neglected. A 10mm clearance is set
between bottomhole and the drill bit’s bottom. Furthermore,
the clearance between drill bit and borehole is set as 5mm.

Figure 5(a) displays the 3D geometry model of our novel
drill bit with a vane swirler built in. Then, this geometry model
is taken into Hype-Mesh for gridding. Figure 5(b) provides a
schematic of the meshes generated by Hype-Mesh. Both struc-
tured and unstructured body-adaptive meshes are generated
in the domain of our drill bit. In addition, mesh refinement
is applied in the vicinity of the vane swirler with an expecta-
tion of accurately simulating the air flows around. Accuracy
of an air flow simulation on our drill bit strongly depends on
mesh density (or number of meshes). Six numerical simula-
tions of different mesh densities have been completed.
Table 2 summarizes number of meshes in each of the numer-
ical simulations and the corresponding simulation results
including mass flow rates m0 and m3. Dependence of our
numerical simulations’ accuracy on mesh density is analyzed
based on values of the mass flow rate m3. As can be seen in
Table 2, values of the mass flow rate m3 becomes stable when
the number of meshes varies in a range of (0.85 million, 1.23
million). Therefore, the final number of meshes in our drill
bit model is chosen to be 0.85 million.

3.2. Boundary Conditions and Initial Conditions. Figure 5(a)
demonstrates one gas inlet, one central outlet, and one
annular outlet in our numerical model. A mass flow rate of
22.4 g/s is assigned to the gas inlet boundary. Atmospheric
pressure and temperature condition is given to the central

outlet. With regard to the third air stream (see Section
2.1), the air could flow from the annulus among drill bit
and borehole towards the drill bit or vice versa. Herein,
atmospheric pressure and temperature is also applied on
the annular outlet. We define the flow direction from the
annulus towards drill bit as a positive direction. When air
mass flow rate through the annular outlet is positive, air is
suctioned from the annulus into drill bit. When the mass
flow rate is negative, air escapes from the drill bit. At last,
all the walls inside our drill bit model are set to be no-slip
and adiabatic surfaces. The wall roughness height is set as
0.1mm.

3.3. Solution Strategy. Air circulation in our model is math-
ematically described by compressible steady-state forms of
Navier-Stokes (N-S) equations. One of our previous works
[6] covered the details of numerical simulations with ANSYS
Fluent. In this study, Reynolds stress model is chosen to sim-
ulate turbulent air flows inside our drill bit. In addition, we
utilized the second-order upwind scheme to discretize the
convection diffusion term in N-S equations. Gas in our
model is assumed to be an ideal gas whose properties can
be easily achieved in Fluent database. The net flux through

y
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𝜃 x

Annular outlet
(pressure outlet)

Gas inlet
(mass flow rate)

Central outlet
(pressure outlet)

Suction nozzles
Flushing nozzles
Borehole wall

Swirler

(a) Computation models (b) Computation grids

Figure 5: Geometry model and grid generation for the reverse circulation drill bit with a vane swirler built in: (a) computation models; (b)
computation grids.

Table 2: Mesh independence results.

Number of
mesh
elements,
million

Mass flow
rate at inlet,

m0 g/s

Mass flow rate at
annular outlet,

m3, g/s

Mass flow rate
at central
outlet, g/s

0.38 20.5 14.90 35.40

0.46 20.5 15.15 35.65

0.68 20.5 14.11 34.61

0.85 20.5 14.56 35.06

1.09 20.5 14.58 35.08

1.23 20.5 14.49 34.99
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the annular outlet is closely monitored to ensure simulation
convergence. Moreover, the maximum scale residual of each
governing equation in our simulations is set as 10-5.

4. Experimental Measurements

4.1. Testing Stand. Our numerical simulations can be vali-
dated by the comparison against experimental results. We
have built a testing stand, and all our experiments were com-
pleted on the testing stand. Each experiment test would be
repeated three times to reduce the likelihood of experimental
errors. Figure 6 shows the testing stand of reverse circulation
drill bit with a vane swirler inside. As mentioned earlier, drill

bit rotation is ignored in this testing stand. A casing works as
a simplification of real boreholes. The upper part of the cas-
ing is connected with a gas compressor. We add a short sec-
tion of pipe onto the lower part of the casing. High-pressure
air is generated by the gas compressor with a capacity of
1.8m3/min and 1.0MPa. When reverse air circulation starts,
ambient air is drawn into the drill bit through this pipe sec-
tion. A pressure sensor is put at the at the downstream of the
gas compressor. One LK-VFF-50 vertex shedding flow meter
is located next to the pressure sensor. Another same flow
meter is located at the short pipe section. LK-VFF-50 vertex
shedding flow meter can measure flow rates in a range of
(0.1 g/s, 100 g/s) with 1.5% FS.

11

4

3 2 1

6

5

7
12

m3

m0

10

9

8

Figure 6: Testing stand of reverse circulation drill bit. 1: air compressor; 2: pressure sensor; 3, 5: air flow meter; 4: outer pipe; 6: data
collection system; 7: casing; 8: lower part of the drill bit body; 9: upper part of the drill bit body; 10: swirler; 11: inner pipe; 12: frame.
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4.2. Materials. Given the structure and volume of the swirler,
it was created by high-resolution laser SLA 3D printing tech-
nology using photosensitive resin material. In order to test
the impact of the choice of swirler material on the effect of
the drill bit, two vane swirlers with the same shape and
structural parameters, except materials, were produced as
described in Figure 7(a). The number, helical angle, and
length of swirler blades were 3, 30°, and 10mm, respectively.
Testing results are given in Figure 7(b). Reverse circulation
could effectively form inside the swirling drill bit for both
swirlers. At the same operating conditions, the average mass
flow rate of air drawn from ambient space for the steel swir-
ler was nearly the same for that made from photosensitive

resin. Therefore, using 3D print technology to produce the
swirler is considered a reasonable and reliable alternative,
since the material seems to have no influence on its perfor-
mance. The resin swirler test performed in the present study
is presented in Figure 7(c).

5. Results and Discussion

5.1. Effect of Blade Helical Angle α. The effect of the blade
helical angle α on the reverse circulation of the swirling drill
bit without flushing nozzles has been investigated, as shown
in Figure 8, while setting the number of spiral blades n and
the area ratio λ as 4 and 4, respectively. Both our simulation
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Figure 8: Relationship between helical angle and entrainment performance of drill bit without flushing nozzles: (a) entrainment
performance; (b) static pressure.
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Figure 9: Variations in air velocity at different cross-sections along central passage of drill bit without flushing nozzles: (a) maximum
tangential velocity; (b) average tangential velocity.
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and experimental results indicate that the air mass flow rate
m3, suctioned into the drill bit from the annulus between the
drill bit and the borehole wall, increases almost linearly with
increased blade helical angle. Its value improves from
18.49 g/s to 25.22 g/s when the helical angle is increased from
0° to 60° in the experiment, while it rises from 18.66 g/s to
25.27 g/s in the simulation, indicating that the simulations
agree very well with experimental results. The maximum
divergence between simulation and experimental results is
2.32%. Moreover, as clearly seen in Figure 8(a), the entrain-
ment ratio rises with increased helical angle, since the mass
flow rate of air suctioned into the drill bit is correspondingly
improved. When the helical angle is 60°, this ratio is deter-
mined as 123.33%.

It should be noted that the blade helical angle of the
swirler has an important influence on the pressure of air

flowing through the drill bit, as described in Figure 8(b). A
larger helical angle results in more air pressure resistance
in a drill bit; the air pressure shows a marked increase, espe-
cially when the helical angle is larger than 30° and rises
further.

Figure 9 displays the variations of tangential air velocity
along the drill bit’s central passage under different casing
cross-section areas. As can be seen in Figure 9, the gas
ejected from the vane swirler has high tangential velocities.
It reaches its maximum value near the outlet of the spiral
slot, then decreases gradually along the central passage of
the drill bit. The larger the helical angle, the higher the max-
imum tangential velocity value, and the faster the decay of
the tangential component of the air velocity, as indicated
in Figure 9(a). Entrainment effect of swirling flows would
draw ambient air into drill bit. Then, this air flow is mixed
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Figure 10: Relationship between helical angle and entrainment performance of drill bit with flushing nozzles: (a) static pressure; (b) air mass
flow rate m1 and m2; (c) entrainment performance.
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with the swirling flow at the spiral slots. The mixture con-
tinues to flow forward until being exhausted from the drill
bit. In this process, the suctioned air flow is accelerated,
while the primary swirling flow is decelerated, which is the
main reason why the average tangential velocity still grows
at some distance after passing through the spiral slots, as
shown in Figure 9(b).

If all other parameters are kept unchanged, and the
flushing nozzles of the drill bit are opened for testing, results
are obtained as described in Figure 10. The variation trend of
the static air pressure resistance for the drill bit with opened
flushing nozzles is similar to that without flushing nozzles
under the same helical angle conditions, while its value is
smaller. When the helical angle of the spiral blade is
increased from 0° to 60°, the static pressure nearby the inlet
of the swirler rises from 5.09 kPa to 31.47 kPa, which is an
over sixfold increase. Under the conditions of larger helical
angle, more air will be exhausted from the flushing nozzles,
since the flow resistance of the swirler increases (as shown
in Figure 10(b)). When the helical angle is increased from
0° to 60°, the mass flow rate of air through the flushing noz-
zles rises from 2.82 g/s to 4.69 g/s and correspondingly
reduces from 17.68 g/s to 15.81 g/s when ejected from the
swirler. This may be the main reason why the entrainment
performance of the drill bit begins to weaken when the heli-
cal angle of the spiral blade exceeds 30° (as indicated in
Figure 10(c)).

It is worth noting that the entrainment performance of
the drill bit with flushing nozzles is considerably worse than
that of the drill bit without flushing nozzles under the same
conditions. For example, the entrainment ratio is 109.53%
for the drill bit without flushing nozzles under the case of
helical angle 30°, while it is reduced to 75.83% if the flushing
nozzles are opened. When the helical angle is increased to
60°, the ratio is approximately 123.01% for the drill bit with-
out flushing nozzles, while it is reduced by about half
(65.94%) for opened flushing nozzles.

5.2. Effect of n Number of Spiral Blades. With a helical angle
of the spiral blade of α = 30° and an area ratio of λ = 4, the
effect of n number of spiral blades on the reverse circulation
of the swirling drill bit without flushing nozzles was investi-
gated (as shown in Figure 11). It is clearly seen that the num-
ber of spiral blades has little influence on the entrainment
performance of the drill bit. When the number of blades is
increased from 2 to 6 in experiments, the entrainment ratio
varies between 107.71% and 110.38%, while the static pres-
sure nearby the inlet of the swirler P2 increases gradually
from 10.34 kPa to 15.43 kPa.

If the flushing nozzles of the drill bit are opened and all
other parameters are kept unchanged, the influence of num-
ber of blades on swirler entrainment performance is
obtained as given in Figure 12. The air static pressure P1
increases slightly with an increased number of spiral blades,
while the air mass flow rate m1 and m2 remain nearly
unchanged. Accordingly, the reverse circulation perfor-
mance of the drill bit is also less affected (as shown in
Figure 12(c)). In addition, the flushing nozzles have an
important effect on the entrainment performance of the drill
bit. It takes a value of 110.02%, for example, when the n
number of spiral blades is 3 for the drill bit without flushing
nozzles, while it is reduced to 76.55% when the flushing noz-
zles are opened.

5.3. Effect of Area Ratio λ. The area ratio λ, defined as the
ratio of total outlet area of the spiral slots to that of flushing
nozzles as mentioned above, can be altered by varying the
central angle of the spiral blade θ. For a drill bit without
flushing nozzles, the outlet area of the swirler is the same
as that of the drill bit with flushing nozzles under the same
conditions. Therefore, the area ratio λ is also used to
describe the outlet area of the drill bit without flushing
nozzles.

Given the number of spiral blades as n = 3, and the heli-
cal angle as α = 30°, the effect of area ratio on the
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Figure 11: Relationship between number of spiral blades and entrainment performance of drill bit without flushing nozzles: (a) entrainment
performance; (b) static pressure.
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entrainment performance of the swirling drill bit without
flushing nozzles was investigated (as presented in
Figure 13). The area ratio is clearly an important parameter
influencing the entrainment performance of the swirling
drill bit. The maximum value of the entrainment ratio η0
occurs at an area ratio of 2, which is equivalent to 144.89%
in the experiment. This is because the pressure resistance
of air flowing through the swirler is higher if the area ratio
is too small, resulting in a significant energy loss. Meanwhile,
the velocity of air ejected from the swirler will be reduced if
the area ratio is too large, which weakens the suctioning
effect. With the area ratio increased from 1 to 4, the static
pressure nearby the swirler inlet decreases rapidly from
221.86 kPa to 12.26 kPa (as illustrated in Figure 13(b)).

The relationship between the area ratio and entrainment
performance of the drill bit with flushing nozzles is demon-

strated in Figure 14. Like that of the drill bit without flushing
nozzles, the static pressure of air flowing through the swirler
decreases quickly with increased area ratio λ, which leads to
the reduction of air mass flow rate m2 at the same time.
When the value of λ is increased from 1 to 4, the static pres-
sure P2 declines from 102.97 to 8.54 kPa, while the value m2
is reduced from 8.49 to 3.21 g/s. Accordingly, the mass flow
rate of air ejected from the swirler improves from 12.01 to
17.29 g/s, which is beneficial for improved entrainment per-
formance of the drill bit. It should be noted, however, that
the air velocity will be reduced when the area ratio λ is
increased to more than 3 despite the elevated mass flow rate
through the swirler (as illustrated in Figure 14(c)). When the
value of λ is increased from 3 to 4, the maximum air velocity
from the swirler declines from 133.27 to 90.92m/s. This
could be the main reason why the entrainment ratio of the
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Figure 12: Relationship between number of spiral blades and entrainment performance of drill bit with flushing nozzles: (a) static pressure;
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Figure 13: Relationship between area ratio and entrainment performance of drill bit without flushing nozzles: (a) entrainment performance;
(b) static pressure.
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Figure 14: Relationship between area ratio and entrainment performance of drill bit with flushing nozzles: (a) static pressure; (b) air mass
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drill bit shows a rising trend from 48.11 to 86.88% with λ
increased from 1 to 3 and decreases to 76.55% when λ is fur-
ther increased to 4 (as shown in Figure 14(d)).

6. Conclusions

(1) The reverse circulation performance of a novel swir-
ling drill bit design was evaluated by CFD simulation
and experimental investigations. The numerical cal-
culation results obtained were in reasonable agree-
ment with the experimental data. The maximum
error between simulation and experimental results
was only 13.68%, which occurred for the case of drill
bit without flushing nozzles

(2) It was observed that several parameters, including
the helical angle, the number of spiral blades, and
the outlet area of the swirler, may affect the reverse
circulation performance of the swirling drill bit,
regardless of whether the drill bit was designed with
flushing nozzles or not. Among these parameters,
the effect of the area ratio was the most obvious
one, while the number of spiral blades had the smal-
lest influence. For the drill bit without flushing noz-
zles, the optimal parameters were a helical angle of
60°, 4 spiral blades, and an area ratio of 2, while those
for the drill bit designed with flushing nozzles were
30°, 3, and 3, respectively

(3) Flushing nozzles have a significant impact on the
reverse circulation performance of the swirling drill
bit. Compared with the drill bit designed with flush-
ing nozzles, the entrainment ratio of the drill bit
without one can be improved by more than twice
under the same conditions. Therefore, the method
of sealing flushing nozzles can be employed to
improve the reverse circulation effect during the dril-
ling process
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