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A reverse circulation Down-The-Hole (DTH) hammer drill bit in Casing-while-Drilling (CwD) processes is designed and applied
to drilling under complicated formation. The drill bit is a special retractable drill bit with an exclusive reverse circulation gas
channel. Using numerical simulations and experiments, the influence of the gas channel structure parameters of the drill bit,
including the inner jet nozzles, flushing nozzles, suction channel, and other parameters, on its reverse circulation performance is
analyzed, and the optimal gas channel structure parameters of the drill bit are determined to improve the reverse circulation
effect. The results show that the flushing nozzles and inner jet nozzles have an important influence on entrainment
performance. The entrainment rate η decreases as the flushing nozzle diameter increases and decreases as the inner jet nozzle
diameter increases. An increase in the suction channel diameter can improve the reverse circulation effect of the drill bit. The
spiral slot drill bit is more conducive to air being sucked into the central channel in the form of spiral flow, so it can improve
the entrainment performance. The entrainment rate η can reach 23.4% with the optimum structured drill bit.

1. Introduction

Under complicated formations, wellbore instability is often
accompanied by many kinds of borehole accidents, which
cause economic losses and waste time. Examples include
wellbore collapses, lost circulation, tight holes, and other
accidents. For drilling in loose overburden with a shallow
hole depth, the casing can be used to protect the hole wall.
For a deep hole with a fracture zone, it is challenging to press
casing into the hole. Special drilling fluid with plugging mate-
rials can be used to prevent lost circulation, as discussed else-
where [1, 2]. However, this method is far from being able to
meet the plugging requirements for flushing fluid when dril-
ling with extremely broken formations. Injecting cement
mortar into a hole to strengthen the formation is another
existing solution, as discussed elsewhere [3–7]. However, this
method is very difficult to operate. Improper operation will
damage the borehole. A reasonable accident treatment

method is essential for drilling. With the development of
Down-The-Hole (DTH) drilling technology, a DTH hammer
with CwD is proposed to solve the problem of drilling under
complicated formation and special environmental condi-
tions, as discussed elsewhere [8, 9]. This special drilling
method has the advantages of improved drilling speed, effi-
ciency, and hole wall stability. The casing connected to the
drill bit will be brought into the hole to protect the wall of
the hole while drilling. Thus, the key to this technology is
an appropriate drill bit.

Generally, the drill bit consists of a pilot bit and an
expanding bit. The pilot bit is used to drill a small hole first,
and then, a hole larger than the casing is completed using
the expanding bit. Then, the casing can be gradually inserted
into the hole, as discussed by Warren et al. [10]. For shallow
boreholes, a simple and efficient method, which involves
adding a ring bit in front of the casing, is used for the drilling
process. While the guide bit is drilling, the ring bit can drill
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synchronously. In this way, the casing can be brought directly
into the hole. However, the most significant disadvantage of
this method is that the drilling must be completed before
the ring bit is worn and damaged because the ring bit cannot
be replaced. For this reason, the application of this type of
drilling method is limited by the borehole depth.

In order to drill a deep borehole, the drill bit must be
replaced after reaching its service life. This requires that the
drill bit be freely removed from the well through the inside
of the casing tubes at any desired time. However, as men-
tioned above, drilling with a casing also requires the drill
bit to drill a hole with a diameter larger than the casing in
the well. In order to meet these requirements, a drill bit must
have the ability to change its diameter freely through a spe-
cific operation. That is, the drill bit can drill a hole larger than
the casing during drilling. At the end of drilling or when the
bit needs to be replaced, the diameter of the drill bit can be
reduced to less than the diameter of the casing, and then,
the drill bit can be removed from the well. At present, there
are some types of retractable drill bits used in production
practice. Generally, the conventional retractable drill bit has
retractable parts, which are opened by rotation or pressure.
It should be noted that the cuttings from the drilling opera-
tion easily enter into the small clearance where these retract-
able parts are located and then lead to difficulties in closing
these retractable parts. Furthermore, these parts often rely
on the shaft to rotate, which results in poor force transfer per-
formance, as discussed elsewhere [11, 12]. In addition, the
air, which is carried with the rock cuttings, circulates to the
surface through the annular space between the drill string
and the casing. This process requires a large amount of air
input, especially for large diameter boreholes. As the air cir-
culates, there will be some air leakage along with the fractures
of the formation at the bottom of the hole, so the problem of
lost circulation is inevitable. Especially in complicated forma-
tions, seriously lost circulation may cause significant acci-
dents since the cuttings cannot be cleaned effectively at the
bottom of the borehole, as discussed by Cao et al. [13].

In order to avoid the failure of the retractable parts of the
drill bit caused by complicated formation conditions, the drill
bit has higher requirements for motion system and conduc-
tive force system. In addition, DTH hammer air reverse cir-
culation drilling technology is an option to solve the
abovementioned problems of the existing complicated for-
mation drilling system, as discussed by Luo et al. [14]. The
main characteristic of this technology is that the air fluid is
circulated using reverse circulation. Compressed air coming
from an air compressor flows into the hollow DTH hammer
through an annular space in the double-wall drill string and
powers it; it then enters into a special drill bit. After entrain-
ing the cuttings at the borehole bottom, the air moves into
the central passage of the drill bit and then flows upward to
the surface. Because compressed air always circulates inside
drill tools, this method can effectively address problems of
circulation loss in unconsolidated formations, as discussed
elsewhere [15, 16]. The risk of bit blockage is also greatly
reduced due to the system’s excellent cutting-carrying capac-
ity. This can ensure that the drill bit expands and contracts
freely at any time. Furthermore, this method does not need

to seal the top end of the casing tube since no gas can be
released from it. The casing connection is also more conve-
nient, which results in significant time savings. This paper
introduces a new type of retractable DTH hammer drill bit
of CwD that can form strong reverse circulation. Using
numerical simulation and experimental research, the influ-
ence of the gas channel structure parameters of the drill bit,
including the influence of the inner jet nozzles, flushing noz-
zles, suction channel, and other parameters, on its reverse cir-
culation performance is analyzed, and the optimal gas
channel structure parameters of the drill bit are determined
to improve the reverse circulation effect. The conclusion is
helpful for designing and application of the reverse circula-
tion DTH hammer drill bit of CwD.

2. Design of a Retractable Reverse Circulation
DTH Hammer Drill Bit of Casing-while-
Drilling

The general concept of a new type of CwD system with a
reverse circulation DTH hammer is proposed (see
Figure 1), as discussed by Timonin et al. [17]. Compressed
air from an air compressor flows into the annular space of
the dual-wall drill pipe through the double-channel swivel
and then enters the DTH hammer and drives it to impact
the drill bit. The high-impact energy will be transferred to
the rock through the drill bit, as discussed by Ravi et al.
[18]. While drilling, a part of the impact energy will be trans-
ferred to the casing through the casing shoe and then push
the casing into the well. The air is exhausted from the DTH
hammer and flows through a special gas channel. Part of
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Figure 1: Drilling system using DTH hammer with air reverse
circulation. 1: air compressor; 2: air inlet hose; 3: casing; 4: DTH
hammer; 5: drill bit with reverse air circulation; 6: casing shoe; 7:
central passage of dual-wall drill pipes; 8: annular space of dual-
wall drill pipes; 9: cyclone separator; 10: discharge hose; 11: swivel
with double channels.
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the air reverses into the central channel of the drill bit in the
form of a high-speed jet. The negative pressure produced by
the jet will produce strong suction performance. Another
part of the air will flow into the bottom of the borehole to
cool the tungsten carbide inserts and carry the cuttings into
the central channel. The air and cuttings flowing into the drill
bit will be further mixed and travel upward together until
they are sucked into the cyclone for further processing. While
drilling is completed, the diameter of the drill bit can be
reduced to less than the diameter of the casing by controlling
the retractable bit, and then, all the drilling systems can be
removed from the casing. Since the compressed air is subject
to reverse circulation, it is pumped into the central channel at
the bottom of the hole, so there is no air escaping into the
surrounding formation. Moreover, the risk of a drill bit
becoming clogged by rock cuttings is greatly reduced. This
drilling system has low air demand. Furthermore, the high-
efficiency reverse circulation improves the cleaning effect.
Hence, this drilling system has substantial advantages in
complicated formation drilling.

The reverse circulation drill bit has a special gas channel
structure. However, in general, DTH hammer drilling has
difficulty adopting reverse circulation technology for conven-
tional casing following bits. Therefore, the key to designing
this new drilling system is to design a reliable drill bit that
not only needs to have a good cutting bearing capacity but
also needs to be able to expand and contract freely at any time
and form strong air reverse circulation so as to prevent annu-
lar air leakage between the casing and wellbore, as discussed
elsewhere [19–21].

2.1. Design Structure of the Retractable Reverse Circulation
Drill Bit. Figure 2 shows the general structure of the retract-
able drill bit with reverse air circulation. The utility model
is mainly composed of five parts: an upper drill bit body, a
lower drill bit, a pin shaft, two snap rings, and a cemented
carbide blade installed at the bottom of the lower drill bit
body. Six inner jet nozzles are uniformly distributed along
the circumference on the upper drill bit, and the angle
between the axis and vertical direction is 40°. The design con-
cept of the inner jet nozzles references the principle of the air

ejector. A high-speed jet formed by compressed air will pro-
duce a negative pressure suction effect, and then, the air
inside the drill bit will be forced to form reverse circulation.
The upper and lower drill bits are, respectively, designed with
a kidney-shaped groove and a shaft with the same shape,
which are connected by a pin shaft. Furthermore, the pin
shaft is locked by snap rings, which are installed at both ends.
Four flushing nozzles are designed on the drill bit. Air will
flow through these flushing nozzles to the bottom of the drill
bit to cool the carbide inserts. In addition, the cuttings can be
carried by air into the center channel of the drill bit. Figure 2
shows that there is a crescent-shaped gap on the side of the
bit when the bit swings outward. A suction channel is
designed on the upper part of the bit to prevent the gathering
of the cuttings since the cuttings can be sucked into the center
channel directly. This is particularly important for large
diameter drilling. In addition, in order to shorten the path
of the cuttings into the center channel, facing the rotation
direction, three involute spiral grooves are designed on the
bottom surface of the lower drill bit.

2.2. Working Principle of the Drill Bit. When drilling begins,
the rotation of the upper drill bit will drive the lower drill
bit. When the lower part of the bit is in contact with the rock,
there is resistance between the bit and rock. At this time, the
upper drill bit will force the lower drill bit to rotate through
the shaft and the groove. The unique shape of the kidney-
shaped structure will lead to uneven pressure distribution
between the bit and rock. In addition, the shaft is slightly
smaller than the groove. Thus, the lower bit will swing out-
ward along the kidney-shaped groove. This allows it to drill
a hole slightly larger than the casing. After the lower drill
bit is completely opened, the central channel and the flushing
nozzles of the upper and lower drill bits are connected, and
the compressed air exhausted from the DTH hammer enters
the retractable bit (see Figure 3). A part of the air is sucked
from the inner jet nozzles at high speed, resulting in
decreased pressure around the nozzles. In this case, there will
be a pressure difference between the central channel of the bit
and the bottom of the borehole, and then, the cuttings and air
will be sucked into the central channel. Additionally, the
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(c) Drill bit structure

Figure 2: Geometric models of the retractable drill bit. 1: upper drill bit body; 2: lower drill bit; 3: carbide inserts; 4: kidney-shaped groove; 5:
pin shaft; 6: snap rings; 7: inner jet nozzles; 8: suction channel; 9: kidney-shaped axis; 10: spiral slots; 11: flushing nozzles; 12: central channel.
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other part of the air flows into the flushing nozzles and
sweeps the cuttings to the center channel. For the same rea-
son, the cuttings generated near the wellbore can be directly
sucked into the central channel of the drill bit through the
suction channel. Under the entrainment of air flow, all the
air will be mixed near the inner jet nozzles and continue to
flow upward until they are carried into the cyclone on the
ground. After drilling, lifting the drill bit can make the
lower part of the drill bit retract into the casing so that
the entire drilling system can be removed from the casing
(see Figure 3(b)).

Based on the analysis of the movement of the retractable
mechanism and the air circulation process inside the bit, the
working principle of a retractable reverse circulation bit is
proposed. A certain amount of air is injected into the drilling
system through the air compressor. Due to the special gas
channel structure of the drill bit, the additional air will be fur-
ther sucked from the formation and the annular space
between the wellbore and the drill bit. Therefore, the perfor-
mance of the bit can be measured by the entrainment rate η,
which is defined as the ratio of the mass flow rate of the air
sucked into the bit from the annular space between the well-
bore and the drill bit to the mass flow rate of the air supplied,

η = m2
m1

× 100%, ð1Þ

where m1 and m2 are the mass flow rates of the air supplied
from the compressor and the air sucked into the bit from
the ambient surroundings (kg/h), respectively.

Under a given operating condition, the more air that is
sucked into the drill bit, the higher the value of the entrain-
ment ratio η, and the better the reverse circulation effect of
the drill bit.

Regarding the important influence of the structural
parameters on the reverse circulation, this paper focuses on
the research and analysis of inner jet nozzles, flushing noz-

zles, and suction channels using experiments and numerical
simulations. In order to study the influence of the gas channel
structure parameters on bit reverse circulation performance,
the influence of one parameter on the bit performance is con-
sidered, and the other parameters remain unchanged at their
initial or optimal values.

3. Numerical Solution

3.1. Modeling and Mesh Generation. For simplicity, the fol-
lowing three assumptions were made in the numerical study:
First, the borehole wall was assumed to be smooth, and the
clearance between the drill bit and the borehole wall was set
to 2mm. Second, the influence of the tungsten carbide inserts
on the flow field was ignored, and the space between the bot-
tom surface of the drill bit and the borehole bottom was
approximately 10mm. Finally, the influence of the drill bit
rotation on the flow field was also neglected.

In light of the practical needs for engineering projects,
the opening and retracting diameters of the drill bit are
approximately 150 and 132mm, respectively. The central
channel diameter of the drill bit is 24mm. According to
the basic parameters of the retractable drill bit, the geometric
models of the retractable drill bit were built in a 3D domain
using the Autodesk Inventor software (see Figure 4(a)). In
order to obtain a good quality meshing, the models were
imported to Hype-Mesh to generate grids. Considering the
complex structure of the retractable drill bit, a mixture of
structured and unstructured body-adaptive grids was used
to generate the mesh. In the vicinity of the narrow gas chan-
nel, the mesh was refined to accurately capture the complex
flow phenomena and provide reliable results. In order to
ensure that the meshing controls do not influence the
numerical simulation, a mesh independence study was con-
ducted (see Table 1). The independence of the simulation
from the mesh density is judged by the variation of the mass
flow rate of the air sucked into the drill bit from the ambient
environment, that is, m2. The final element count of the flow
domain is approximately 1.1 million. The mesh details are
given in Figures 4(b) and 4(c).

3.2. Boundary Conditions and Initial Conditions. The choice
of boundary conditions is also critical to solving the gas flow
inside the retractable drill bit. The boundary of the inlet of
the model was selected as a mass flow inlet, with a value of
184.3 kg/h, since the output air mass flow of the air compres-
sor is rated. When the mass flow inlet is selected, the air is
considered to be a compressible fluid, so the outlets of the
model, including the central outlet of the drill bit and the
annular suction outlet, should be set as free pressure outlets.
Furthermore, the atmospheric pressure and temperature
were given under standard conditions. It should be noted
that when the reverse circulation effect of the drill bit is good,
the ambient air is sucked into the drill bit through the annu-
lar clearance between the bit and the borehole. Otherwise, the
air from the drill bit would escape from this boundary into
the environment. The mass flow rate of the air through the
bit was used to estimate the actual state. If this value is posi-
tive, it means that air flows into the model, and the reverse
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(a) Drilling status (b) Removal from borehole

Figure 3: Air circulation in drilling. 1: lower drill bit; 2: casing shoe;
3: flushing nozzles; 4: inner jet nozzles; 5: casing; 6: air hammer; 7:
splined sleeve; 8: upper drill bit body; 9: suction channel; 10: spiral
slots; 11: borehole wall.
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circulation of the drill bit is good. If the value of the mass flow
rate is negative, the opposite is true. Regarding the wall of the
model, nonslip and adiabatic wall boundaries were used in all
simulations, as discussed by Zhao et al. [22].

3.3. Solution Strategy. The three-dimensional compressible
steady-state form of governing equations was solved using
the finite volume technique embodied by the Ansys Fluent
code, which has been covered in detail in our previous work.
The coupled algorithm was selected for the pressure field.
The second-order upwind scheme was used to discretize
the convection diffusion terms. RNG k-epsilon, which is a
transformation from the standard k-epsilon model, was uti-
lized to simulate the turbulence flow in the study since it
has certain advantages in simulating complex flows such as
jets and secondary flows. The working fluid in the model is
considered a compressible ideal gas, and its physical proper-
ties are available in the Fluent database. Solution conver-
gence was evaluated by monitoring the net flux at the inlet
and outlet. Furthermore, the scale residual of each governing
equation should be less than 10-5 in each simulation, as dis-
cussed elsewhere [23, 24].

4. Experimental Measurements

In order to test the performance of the retractable drill bit
and verify the proposed numerical model, an experimental
test stand was designed (see Figure 5). A pipe open to the
environment was used as the borehole. Ambient air was
drawn into the drill bit through the annular clearance
between the pipe and the drill bit if reverse circulation was
formed. The inner jet nozzles, flushing nozzles, and suction
channel will be tested under the diameters from 4mm to
10mm, respectively. In addition, considering the influence
of the spiral groove on the reverse circulation effect, a drill
bit with a straight slot and a drill bit without any slot were
designed for a comparative study. The influence of the drill
bit rotation on the air flow is neglected in all tests for simplic-
ity. A compressor with the capacity of 3m3/min and 1.0MPa
was employed to generate air working fluid. Two LK-VFF-50
type vortex shedding flow meters were used to measure the
mass flow rate of the air flowing into the testing stand from
the compressor and out of the central channel, respectively.
The range and precision of this type of flow meter are 0.1-
100 g/s and 1.5% FS, respectively. A pressure sensor was used
to measure the pressure coming from the compressor. Each
test was performed three times to reduce possible experimen-
tal errors.

The retractable drill bit was produced by high-resolution
laser SLA 3D printing technology with a photosensitive resin
material (see Figure 6). The print precision was 0.1mm, as
discussed by Cao et al. [25].

It should be noted that the flow rate of the air mass
sucked into the drill bit from the upper inlet of the casing is
difficult to measure directly, whereas the outflow of air from
the central channel can be conveniently monitored (see
Figure 5). Thus, the flow rate of the air mass sucked into

Central outlet

(Pressure outlet)

(Mass flow rate)

Annular outlet
(Pressure outlet)

Suction channel

Borehole wallSpiral slots

Flushing nozzles

Suction nozzles

Gas inlet

(a) Geometric models (b) Computation grids (c) Partial enlarged grid diagram

Figure 4: Geometric models and computation grids for the retractable drill bit with reverse circulation.

Table 1: Mesh independence results.

Number of mesh
elements (million)

Mass flow rate at
inlet, m1 (kg/h)

Mass flow rate sucked into
the drill bit, m2 (kg/h)

0.3 184.3 56.9

0.5 184.3 50.8

0.7 184.3 47.9

0.9 184.3 46.8

1.1 184.3 44.6

1.3 184.3 44.6
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the drill bit can be obtained by calculation. According to for-
mula (1), the entrainment ratio η can be rearranged as

η = m2
m1

× 100% = m3 −m1
m1

× 100%, ð2Þ

where m3 is the air mass flow rate outflow from the central
channel (kg/h).

It is obvious that if η is greater than zero, reverse circula-
tion is effectively formed since the mass flow rate of the air
sucked from testing stand m3 is larger than that of the air
supplied by compressor m1. Otherwise, some of the air is
exhausted into the ambient environment from the casing
inlet if reverse circulation cannot be formed, which results
in η of less than zero.

5. Results and Discussion

5.1. Effect of the Flushing Nozzle Diameter. The diameter of
the inner jet nozzles was kept as 4mm, the diameter of the

suction channel as 14.4mm, and the shape of the bottom
groove as spiral. The effect of the diameter of the flushing
nozzles on the reverse circulation of the retractable drill bit
has been clarified (see Figure 7(a)). As the diameter of the
flushing nozzles increases, the entrainment performance of
the retractable drill bit decreases. The numerical simulation
and experimental results are consistent, and the results show
that the entrainment ratio η decreases almost linearly as the
diameter of the flushing nozzles increases. η decreases from
27.5% to -60.3% in the numerical simulation and decreases
from 23.4% to -57.7% in the experiment when the diameter
of the flushing nozzles increases from 4mm to 10mm. In
order to determine the influence of the flushing nozzles on
the air that flows into the drill bit, the mass flow rate of
the air on the cross-section of the flushing nozzles and the
inner jet nozzles of the bit is obtained (see Figure 7(b)).
The mass flow rate of the air through inner jet nozzles
decreases from 111.9 kg/h to 33.1 kg/h, and the mass flow
rate of the air through flushing nozzles increases from
70.0 kg/h to 151.8 kg/h.

Research finds that entrainment performance relies
heavily on the negative pressure formed by the high-speed
air jet, which is near the inner jet nozzles. And the bottom
of the borehole is considered to be connected to the atmo-
sphere, and the pressure here is approximately equal to stan-
dard atmospheric pressure. Thus, due to the pressure
difference, the air will be sucked from the bottom of the bore-
hole to the central channel, mixed with the air from the inner
jet nozzles, and then discharged to the outlet of the testing
stand along the central channel.

As the diameter of the flushing nozzles increases, a large
part of the air flowing into the drill bit will flow out of the
flushing nozzles. The corresponding air flow into the inner
jet nozzles is sharply reduced, and the magnitude velocity
of the air jet is also greatly decreased (see Figure 8(a)). The
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Figure 5: Testing stand of retractable drill bit. 1: borehole wall; 2: retractable drill bit; 3: outer drill pipe; 4: inner drill pipe; 5: outlet pipe; 6: air
flow rate; 7: pressure sensor; 8: air flow rate; 9: air compressor; 10: gas inlet pipe.

Figure 6: 3D printed retractable drill bit.
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maximum magnitude velocity can reach 324.2m/s with a
diameter of 4mm, which will directly lead to a change in
the pressure distribution in the center channel of the drill
bit. The cross-sections of different height positions are
selected on the central channel of the drill bit, and the pres-
sure distribution of the central channel with the change of y
-axis position is obtained (see Figure 8(b)). The lowest mini-
mum static pressure near the inner jet nozzles in the central
channel is approximately -9722.8 Pa and -849.7 Pa when the
diameter is 4mm and 10mm, respectively. Furthermore,
the static pressure of the bottom of the hole is close to 0Pa
compared with the standard atmospheric pressure. Then,
there will be a pressure difference between the bottom of
the hole and the central channel of the bit, and the negative
pressure suction will pump the air into the central channel

and form reverse circulation. The lower the static pressure
is, the greater the reverse circulation effect. It is worth noting
that the height of the suction channel is approximately
100mm, and the pressure rises slightly here due to air mix-
ing. In the same case, when the pumped air is mixed with
the air injected near the inner jet nozzles, the pressure
increases rapidly, and the static pressure tends to be stable
after the air flow is completely mixed.

Theoretically, the smaller the diameter of the flushing
nozzles is, the greater the entrainment performance the drill
bit will obtain. However, in the actual drilling process, flush-
ing nozzles must exist because of the great contribution of
carrying cuttings.

Above all, the diameter of the flushing nozzles is selected
to be 4mm for the best.
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Figure 7: Influence of flushing nozzles on the air flow inside the drill bit: (a) air suction effect during the simulation and experiment and (b)
the distribution of injected air.
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Figure 8: Influence of flushing nozzles on the drill bit flow field: (a) the magnitude velocity of the air jet in the inner jet nozzles and (b) the
static pressure distribution along the central axis of the drill bit.
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5.2. Effect of the Inner Jet Nozzle Diameter. The diameter of
the flushing nozzles was kept as 4mm, the diameter of the
suction channel as 14.4mm, and the shape of the bottom
groove as spiral. There is a significant effect of the diameter
of the inner jet nozzles on the reverse circulation perfor-
mance (see Figure 9(a)). The entrainment ratio η decreases
as the inner jet nozzle diameter increases. There is good
agreement between the numerical simulation and experi-
ment. As with the flushing nozzles, there is an important
influence of the inner jet nozzles on the distribution of the
air flow into the drill bit (see Figure 9(b)). The mass flow rate
of the air through inner jet nozzles increases from 111.9 kg/h
to 159.0 kg/h and decreases from 67.0 kg/h to 16.7 kg/h for
flushing nozzles when the diameter of the inner jet nozzles
increases from 4mm to 10mm.

However, the entrainment performance did not improve
when the air flow rate through the inner jet nozzles increased.
The principal reason for this case is that the area of the noz-
zles changes greatly. Meanwhile, the air flow rate does not
increase significantly. Therefore, the magnitude velocity of
the air jet through the inner jet nozzles significantly decreases
as the diameter of the inner jet nozzles increases from 4mm
to 10mm. As shown in Figure 10(a), the maximum magni-
tude velocity decreases from 324.2m/s to 113.2m/s, and the
average magnitude velocity decreases from 152.8m/s to
55.4m/s. The lower the magnitude velocity is, the weaker
the air jet strength is, which will weaken the effect of reverse
circulation. Figure 10(b) shows the minimum static pressure
along the central axis of the drill bit. The static pressure is
close to 0Pa when the diameter is 10mm and is negative
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Figure 9: Influence of inner jet nozzles on the air flow inside the drill bit: (a) air suction effect during the simulation and experiment and (b)
the distribution of injected air.
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Figure 10: Influence of inner jet nozzles on the drill bit flow field: (a) the magnitude velocity of the air jet in the inner jet nozzles and (b) the
static pressure distribution along the central axis of the drill bit.
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when the diameter is smaller than 8mm and the minimum
value is 4mm, which indicates that the greater the diameter
of the inner jet nozzles is, the worse the entrainment
performance.

Based on the above analysis, the proper reduction of the
diameter of the inner jet nozzles is conducive to improving
the reverse circulation effect. Therefore, in this study, the best
diameter of the inner jet nozzle is 4mm.

5.3. Effect of the Suction Channel Diameter. For the conven-
tional reverse circulation drill bit, the air carrying cuttings
is sucked by the center channel at the bottom of the bit. How-
ever, for the retractable drill bit, a suction channel is designed
at the bottom of the drill bit. The existence of the suction
channel increases the space for air to enter the drill bit. As

a result, the external air is more easily sucked into the center
channel of the bit from the annular space between the well-
bore and the drill bit. Thus, the reverse circulation effect is
effectively improved. The diameter of the inner jet nozzles
was kept as 4mm, the diameter of the flushing nozzles as
4mm, and the shape of the bottom groove as spiral. Both
numerical simulations and experiments show that the
entrainment performance improves as the diameter of the
suction channel increases (see Figure 11(a)). Furthermore,
Figure 11(b) shows that the mass flow rate of the air through
the suction channel increases from 7.8 kg/h to 42.9 kg/h as
the diameter increases from 6.0mm to 14.4mm.

The size of the suction channel is limited by the opening
displacement of the drill bit, so choosing as large of a suction
channel as possible can effectively improve the reverse
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Figure 11: Influence of suction channel on air flow inside the drill bit: (a) air suction effect during the simulation and experiment and (b)
mass flow of air through the suction channel.
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Figure 12: Influence of the shape of the bottom groove on the air flow inside the drill bit: (a) air suction effect during the simulation and
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circulation effect. In this study, the diameter of the suction
channel was set as 14.4mm.

5.4. Effect of the Shape of the Bottom Groove. In order to
explore the performance of the reverse circulation for differ-
ent shapes of the bottom groove, three types of the lower drill
bits were tested, respectively. The diameter of the inner jet
nozzles was kept as 4mm, the diameter of the flushing noz-
zles as 4mm, and the diameter of the suction channel as
14.4mm. The experimental results show that the maximum
entrainment ratio η is 23.43% for the spiral slot, and the min-
imum entrainment ratio η is 21.59% for the straight slot (see
Figure 12(a)). Different from the experimental results, the
entrainment ratio η of nonslot is the minimum in the numer-
ical simulation. The complex flow field at the bottom of the
hole leads to some deviation between the two results. How-
ever, there is little difference between straight slot and non-
slot, whether in the experimental or in the numerical
simulation. Thus, they are considered to have a trifling
impact on the reverse circulation effect.

The numerical simulation results show that the tangen-
tial velocity of the drill bit with a spiral slot is significantly
higher than those of the other two types of drill bits at the
entrance of the central channel (see Figure 12(b)). The tan-
gential velocity of the drill bit without a slot is basically the
same as that of the drill bit with a straight slot. However,
the maximum tangential velocity can reach 5.1m/s for the
spiral slot, which is approximately 200% higher than that of
the nonslot drill bits. That is, the spiral slot can make the
air carrying cuttings enter into the central channel in the
form of a spiral flow, which can reduce the energy consump-
tion of air-solid collision and weaken the resistance of the air
entering into the central channel. Thus, the drill bit with a
spiral slot is conducive to improving the reverse circulation
effect.

Experiments and simulation analysis indicate that the
best combination for the drill bit is inner jet nozzles with a
diameter of 4mm, flushing nozzles with a diameter of
4mm, and a suction channel with a diameter of 14.4mm.
The spiral slot designed on the bottom surface of the drill
bit can significantly help the air flow into the central channel.
Figures 13(a) and 13(b) illustrate the velocity magnitude con-
tours of the optimal drill bit. With the compressed air flowing
into the center channel through inner jet nozzles, an air jet
with high velocity is mixed with the suction air and then
flows upward out of the test stand. The setting of the suction
channel makes it easier for the air to be sucked into the center
channel. And the air jets flowing out of the flushing nozzles at
the borehole bottom can stir up the air and help push them
into the drill bit. Furthermore, the air at the bottom of the
hole flows into the central channel in the form of swirling
flow along the spiral groove (see Figure 13(c)). The air in
the outer regions flows into the central area, which indicates
the formation of reverse circulation at the borehole bottom.

6. Conclusions

(1) A reverse circulation DTH hammer drill bit of CwD
is designed and applied to drilling under complicated

formation. It is a special retractable drill bit with
exclusive reverse circulation gas channels. These gas
channels enable the bit to form a strong air reverse
circulation and ensure a clean, wellbore environment

(2) Numerical simulation and experimental methods
were employed to investigate the influence of the
structural parameters of the drill bit, including the
diameters of the inner jet nozzles, flushing nozzles,
and suction channel and the slot shape on the bottom
surface of the drill bit, on its reverse circulation per-
formance. Moreover, the results are highly consistent
between the two approaches. And the research will be
helpful for designing and application of the reverse
circulation DTH hammer drill bit of CwD

(3) It is observed that the flushing nozzles and inner jet
nozzles have important influences on entrainment
performance. Changing their diameters affects the
flow distribution of the input air. The entrainment
rate η decreases as the diameter of the flushing noz-
zles increases and decreases as the diameter of inner
jet nozzles increases. An increase in the diameter of
the suction channel can improve the reverse circula-
tion effect of the drill bit. The shape of the bottom
groove has no significant effect on the performance
of reverse circulation, but the spiral slot drill bit is
more conducive to the air being sucked into the cen-
tral channel in the form of a spiral flow; therefore, it
can improve the effect of entrainment performance

(4) Analysis shows that the best combination for the drill
bit is a flushing nozzle diameter of 4mm, an inner jet
nozzle diameter of 4mm, and a suction channel
diameter of 14.4mm. In addition, the spiral slot
designed on the bottom surface of the drill bit can
help to improve the reverse circulation effect. Fur-
thermore, the entrainment rate η can reach 23.4%
with the optimum structured drill bit
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