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Keywords Abstract

Inadequate hole cleaning can lead to many problems in horizontal and directional wells.

Drilling Simulator

In this work, we tried to investigate the cutting transport phenomenon by an

experimental directional drilling simulator, considering the differences between the

Stabilizer

operational and experimental conditions. The inclination, fluid type (water, foam,

viscous, and dense), rotary speed (0 and 110 rpm), nozzle bit size (4, 6, and 8 mm), and

Bit Nozzle

stabilizer location (8 and 95 cm from the bit) were included in the tests as the main

parameters. It could be concluded that the nozzle size and the stabilizer position
Operational Parameters ~ influenced the hole cleaning time. In vertical wells, by decreasing the nozzle size from 8
mm to 4 mm, the hole cleaning time was increased. The presence of stabilizer reduced

Correlation

the cleaning time, and optimizing the stabilizer position reduced the probability of

cutting bed formation in all inclinations. Finally, a third polynomial equation was fitted
between the dimensionless mass and the dimensionless cleaning time.

1. Introduction

Poor hole cleaning and cutting bed formation lead
to some problems such as hole pack-off, pipe
sticking, increase in torque and drag, increase in
ECD, formation break down, lost circulation, and
decline in ROP. Preventing the cutting bed
formation in the annulus is one of the main
reasons for using the stabilizers in BHA [1-3].
Doing any research work in field operation has
many restrictions such as the financial costs and
the operational risks [4-6]. In the present work,
some parameters such as pressure, temperature,
and stresse did not meet the real situation but the
others such as string rotation, drilling fluid,
inclination, nozzle size, and annulus matched the
operational requirements [7]. The wall type in the
drilling operations can be formation rock or
stainless steel, while in the simulator, the wall
type is plexy glass. There are some limitations in
the inclination and their length rather than the
actual wells [8]. Usually, the cutting
concentration, mean bed height, and length of the

B4 Corresponding author: parvizz@aut.ac.ir (P. Moarefvand).

bed are the main variables that are traced for hole
cleaning efficiency across the annulus [6, 9].
Parameter measurement has been done by the PIV
techniques [10, 11] or tomography [12].

The hole cleaning index can be improved by
optimizing the operational parameters. The
rotation of the drill pipe has a positive effect on
this process, especially at low flow rates; the pipe
rotation can duplicate the hole cleaning efficiency
for low-size cuttings [13, 14]. Also increasing the
flow rate improves the process [7]. Usually the
required flow rate for re-suspension of cutting in
the bed into the fluid is two to three times the
required flow rate for settling its prevention [15].
For this reason, an attempt must be made to
prevent the cutting settling. The other way for a
better cleaning is increasing the viscosity of the
drilling fluid. The effect of fluid density is less
than viscosity [16]. Increasing the yield point to
plastic viscosity ratio can help to improve the
cutting transport ability [16].
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With an increase in the inclination from 0 to 90
degrees, the cutting concentration increases and
after a specific amount, it decreases at a slower
rate [17]. Changing the bit type or weight on bit
loading can lead to the generation of different
cutting sizes and shapes. The cutting shape and
size have a unique role in the hole cleaning [18].
The effect of hydrostatic pressure on the hole
cleaning is low but the effect of temperature on
decreasing the viscosity can be significant [19].

In this work, it was attempted to detect the effects
of the hydrodynamic parameters on the cutting
transport phenomenon in an experimental
simulator. Also the effects of the operational
parameters such as inclination (vertical,
horizontal, and inclined), drilling fluid (water,
dense fluid, viscous-dense fluid, and foam),
cutting type (sand, lime, and silica), cutting size
(0.55 mm to 1.7 mm and less than 0.5 mm), rotary
speed (0 and 110 rpm), nozzle size (4, 6, and 8
mm), and position of the stabilizer on the cutting
transport phenomenon were studied. Finally, it
was seen that a third polynomial equation could
be used for unitizing the cleaning process based
on the dimensionless mass across the
dimensionless time.

2. Materials and methods

2.1. Experimental flow loop

An experimental drilling simulator was designed
and developed by providing a variety of options
for controlling the test settings, i.e. properties of
the annulus, drilling fluid, cuttings, drill string,
temperature, and pressure, as shown in Figure la.
The annulus is an acrylic tubing with a length and
an internal diameter of 220.0 cm and 9.0 cm,
respectively. Increasing the length of the flow
loop not only increases the mesh number and
consequently the simulation time but also causes
some limitations in the inclination range. The
inner stainless steel pipe has an outside diameter
of 43 cm and contains four nozzles with an
internal diameter of 0.8 cm. The nozzles are
attached to the body of the pipe, as shown in

4[37:), [¢+[§—¢)sin2¢—cos¢sin ¢jtan¢+dp (pp —p)*(cosa +sina tan ¢)}

Figure 1b. The inner pipe is connected to an AC
motor with a shaft and gearbox, and the rotary
speed is controlled by an inverter. The cuttings are
injected into the annulus with different rates
through a designated inlet. The inclination is also
adjusted with two arms from a vertical to a
horizontal position. A centrifugal pump is utilized
to inject the fluid into the string, and the flow rate
is controlled using a flowmeter and a by-pass
system installed between the pump and the
simulator. At the output, a screen is used to collect
the cuttings. A mixer is utilized to prepare the
drilling fluid, and a Differential Pressure (DP)
transducer records the pressure drop in the
annulus, as indicated in Figure 1c.

The drilling simulator mechanism is similar to the
drilling operation with minor modifications to
suite the laboratory conditions. First, the length of
the simulator seems small for a horizontal or
inclined flow. Secondly, the jet from the four
nozzles has a substantial effect on the cutting
transport in the present set-up. The jetting nozzles
are placed at a 7.5 cm distance from the origin.
Thirdly, in the drilling operation, the nozzle size is
usually optimized based on maximizing the jet
impact force or hydraulic horsepower but the
pattern of placement is not seen in this set-up.

2.2. Experimental formulations

After the cutting generation, different forces act
on the particles in their transportation to the
surface.

The net force for lifting the particle from the bed
is [20]:

I ~W *sina) >0 (D)
The net force for rolling the particle toward the
outlet is:

Fnet —rolling =Fp *sing + (FL - F;;ohesive ) *cosg + D)

W *sin(-a—¢)>0 2
By considering the above equations, the minimum
velocity for lifting and rolling are:

For lifting:

Z(FL _FL

ohesive

0.5

Vy =

3p(Cprag +Cripn tan )

For rolling:

4{3@ [¢+[%—¢jsin2¢—cos¢sin¢}+dp (pp —p)sina}

3p (CDrag _CLift tan ¢)
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where g is the gravitational constant (m /s>), d »
is the particle diameter (m ), p is the density

(kg /m?), W is the weight force (N ),v,
(m /s ) is the velocity through the flow direction,
¢ is the repose angle, a is the inclination, and

7, ( Pa) is the yield strength of the drilling fluid.

2.3. Methodology

As mentioned in the previous sections, all the tests
were done using an experimental simulator. All
the tests can be categorized into two main series.
In the first one, there are four nozzles that are
located in the body of the pipe with a 7.5 cm

Flow
meter

l

.

Mud Tank
A

A /

(b)

distance from the bottom of the annulus, and in
the second section, a simplified bit is located at
the end of the annulus. The second section tests
start by replacing the nozzles in the body of the
drill pipe with a simplified bit. Three sizes of
nozzles (4, 6, and 8§ mm) with two amounts of
drill pipe rotation speed (0 rpm (while using
downhole motor, the drill pipe rotary speed is
zero) and 110 rpm) and three values of flow rate
(15, 21, and 23 gpm) were considered to evaluate
the effect of bit properties on the hole cleaning
process (Figure 2).

Differential Pressure Transducer

[ oP |

Motor For
Pipe Rotation

Liquid- Solid P

~N Tank
W / B _  Cutting Feeder

(©)

Figure 1. a) Drilling simulator with its diagram. Four nozzles b) and one cutting inlet are located on the right
side and one outlet is located on the left side. ¢)The drilling fluid is pumped through the drill pipe and then
comes into the annulus with the nozzles to remove the initial cuttings that are injected through the cutting inlet.
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The worst inclination for hole cleaning could be
detected, as mentioned in the results and
discussion section. After identifying it, the effect
of rheology on the hole cleaning phenomena was

studied using water, water and CaCl, solution,

water and CaCl, with PAC HV

viscosifier, and finally, with foam. Also the effect
of drill pipe rotation on cleaning the fine particles
was studied. The effects of particle properties
such as the type, size, and shape of the cuttings
were the other properties considered. The
following figure shows the size distribution and
sample particles that were used in different tests.
The cutting types and their size distribution are

as the

shown in Figure 3. Table 1 shows the
experimental tests and the range of the operational
parameters.

The differential pressure of the annulus was
measured in the tests (in the first category that
was related to the positioning the nozzles on the
body of the pipe). In the second one, the size of
the nozzles could change (4, 6, and 8 mm ). The
effect of the nozzle size was studied in the vertical
section. Finally, the effect of the stabilizer

-

Figure 3. Sand and limestone particles from mesh 10 to mesh 30 and cutting size distribution.
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Figure 2. Two types of nozzle arrangements.

position (8 cm and 95 cm distance from the bit
with the nozzle size of 8 mm) on reducing the
cutting concentration was considered.

3. Results and discussion

3.1. Critical inclination

The following diagram (Figure 4a) shows that the
worst inclination for hole cleaning is related to
55-degree. A similar behavior was seen in the
recent studies [5, 21]. By dividing the test time
into three groups, they were named as the short
duration time, i.e. 6 minutes (HCST), middle
duration time, i.e. 12 minutes (HCMT), and long
duration time, i.e. 30 minutes (HCLT). As shown,
the worst inclination was 55 degrees. The critical
inclination is defined where the different diagrams
reach each other. By passing the time after the
critical inclination, the HCST diagram moves
upward until touching the HCLT diagram but
before this point, the differences between these
diagrams are less. The effect of time after the
critical inclination in comparison with the critical
inclination period is more evident in the real
operation.

Size distribution

100 »
7
’
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;
?
0 e
100 1000 10000
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Table 1. The experimental tests on the sand particles and the range of the operational parameters.

Test  Inc. Flow cutting size Injec'ted Rotary Fluid Nozzle NO.ZZle Stf‘bililer
No. ©) rate (mm) c1.1tt1ng speed type type size distance
(GPM) weight (g) (RPM) (mm) (cm)
1 0 31 0.55-1.7 500 110 W pipe 8 -
2 25 31 0.55-1.7 500 110 w Pipe 8 -
3 40 31 0.55-1.7 500 110 w Pipe 8 -
4 50 31 0.55-1.7 500 110 w Pipe 8 -
5 55 31 0.55-1.7 500 110 w Pipe 8 -
6 65 31 0.55-1.7 500 110 w Pipe 8 -
7 70 31 0.55-1.7 500 110 w Pipe 8 -
8 75 31 0.55-1.7 500 110 w Pipe 8 -
9 90 31 0.55-1.7 500 110 w Pipe 8 -
10 0 17 0.55-1.7 500 110 w Pipe 8 -
11 0 21 0.55-1.7 500 110 w Pipe 8 -
12 0 26 0.55-1.7 500 110 w Pipe 8 -
13 55 31 0.55-1.7 1000 110 w Pipe 8 -
14 55 31 0.55-1.7 1000 110 w Pipe 8 -
15 55 31 <0.55 500 110 w Pipe 8 -
16 55 31 <0.55 500 110 w pipe 8 -
17 55 31 1.4-1.7 500 110 w pipe 8 -
18 55 31 0.85-1.4 500 110 w pipe 8 -
19 55 31 0.55-0.85 500 110 w pipe 8 -
20 55 31 0.55-1.7 500 110 W-w* Pipe 8 -
21 55 31 0.55-1.7 500 110 v-w* Pipe 8 -
22 55 31 <0.55 500 0 w Pipe 8 -
23 0 17 0.55-1.7 750 110 w Pipe 8 -
24 90 17 0.55-1.7 750 0 w Pipe 8 -
25 0 G.- 14 0.55-1.7 1000 110 F Pipe 8 -
26 55 Gar 0557 1000 110 F Pipe 8 :
7 s S ossud 1000 10 F Pipe 8 .
28 90 éjﬁ 0.55-1.7 1000 110 F Pipe 8 -
29 90 GLSS 0.55-1.7 1000 110 F Pipe 8 -
30 0 16 1.4-1.7 500 0 W Bit 4 -
31 0 21 1.4-1.7 500 110 w Bit 6 -
32 0 21 1.4-1.7 500 0 w Bit 6 -
33 0 23 1.4-1.7 500 110 w Bit 8 -
34 0 23 1.4-1.7 500 0 w Bit 8 -
35 30 23 1.4-1.7 500 110 w Bit 8 8
36 30 23 1.4-1.7 500 110 w Bit 8 95
37 55 23 1.4-1.7 500 110 w Bit 8 8
38 55 23 1.4-1.7 500 110 w Bit 8 95
39 90 23 1.4-1.7 500 110 w Bit 8 8
40 90 23 1.4-1.7 500 110 w Bit 8 95

The cleaning process time in the vertical section
was less than the horizontal and inclined ones.
The effect of cutting weight on the settling
process was omitted with the upward flow but an
adverse impact of the cutting weight was not seen
in the horizontal annulus, where the weight force
and flow direction were perpendicular to each
other. In the inclined period, the weighing force
splits into two components, one of them is
perpendicular to the low side path line and the
other one is on the opposite direction of the flow
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line. Considering the friction, the cutting bed can
move downward and rolling decreases, and as a
result, the cleaning time increases (Figure 4b).

The maximum pressure drop is related to zero
degrees, and the minimum one is for the
horizontal annulus. The following diagram
(Figure 5) shows the amount of pressure drop in
each inclination. For the inclinations between 30
to 70 degrees, the amounts are very close to each
other.
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Figure 4. a) Hole cleaning index in different inclinations and time periods (After 6 minutes (HCST), 12 minutes
(HCMT), and 30 minutes (HCLT)). b) The bed downward movement in the opposite direction of the flow
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Figure 5. Pressure drop in each inclination.
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3.2. Fluid type

In this work, the effects of four fluid types were
studied. Table 2 shows the funnel viscosity,
density, hole cleaning index, and bed property for
the three models. These properties are not easily
calculated using foam as a drilling fluid. Figure 6
shows a specific section of the set-up when using
these fluids.

By adding CaCl, to water and mixing it, the

density of water increased from 62.4 pcf'to 70 pcf,
and after testing it by adding viscosifier, the
funnel viscosity changed from 32 s to 42 s per
quart. This addition does not affect the density of
the fluid. The length of the bed increased using
the viscosifier. The previous table shows that
adding CaCl, as a weighting agent does not have
a significant effect on the hole cleaning process.
The bed length only increases by 4 cm, which is
negligible when comparing the impact of

viscosifiers (51 cm). The following diagram
(Figure 7) shows the shear stress and shear rate of
the dense viscous fluid at two temperatures (75 F
and 187 F).

As it is shown, with an increase in temperature,
the ability of fluid in cleaning the annulus is
decreased. It must be mentioned that adding
viscosifiers caused a decrease in the pressure drop
by 10 kpa.

Using foam in the inclined and horizontal sections
did not improve the hole cleaning index. The
phase separation in foam and density segregation
between foam and cuttings did not permit the
foam to clean the annulus and cuttings properly.
Increasing the amount of gas flow rate and liquid
flow rate could reduce phase separation in foam
that caused liquid height to decrease on the low
side of the well, and as a result, improved the hole
cleaning process.

Table 2. Pressure drop in each inclination.

Base fluid + additives

Funnel viscosity (quart/s) Mud weight (Pcf) HCI (%) Bed length (in) (SP-EP)

Water 28
Water + CaCl, 32
Water + CaCl, + Viscosifier 38

62.4 512 15 (10-25)
70 6.15 19 (0-19)
70 10.20 70 (0-70)

1oUIS0 B)+I9JBAN BEITN
IIATDEY ey DI

weo |

Figure 6. The annulus section with different fluids.
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SS-SR

3.3. Rotary speed

The experimental results illustrate that the rotation
of the drill pipe reduces the pressure drop. The
effect of rotation on cleaning the fine particles is
obvious. Rotation of the pipe shapes small moving
hills on the low side of the annulus. Their speed
toward the output was constant. By removing the

300

600

SR (rpm)
Figure 7. Shear stress and shear rate of the viscous dense fluid at two temperatures (75 F and 187 F).

rotation, they joined each other, and a small height
moving bed was formed on the low side of the
annulus. With this experiment, it could be
concluded that the leading cause in creating the
hills was the rotation of the drill pipe. Figure 8
shows this difference.

With
RPM

No
RPM

Figure 8. The annulus section with different fluids.

3.4. Effect of cutting type

The effects of three types of cutting (sandstone,
lime and silica) on the cleaning process in four
sizes (0.55-0.85, 0.85-1.4, 1.4-1.7, and less than
0.55 mm) with two different initial amounts (500
and 1000 g) were studied (Table 3).

By lowering and micronizing the size of the
cuttings, the hole cleaning efficiency was sharply
increased. In other words, in each condition that
results in generating the micronized sands and
without any importance in the type of cuttings, the
hydrodynamic flow characteristics can improve
the cleaning index. With an increase in the
penetration rate, the generated cuttings increased,
and because of the limitation in the annulus space,
a more significant amount could move toward the
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output. In this condition, the probability of
different mechanical pipe sticking increased. The
leading solution for similar situations changed the
parameters to raise the bed length.

The pressure drop in the combined mesh sizes was
more than each one of them separately. For
example, the pressure drop for 0.55-1.7 mm was
95 Kpa , and thus for 0.55-0.85, it was 85 Kpa ,

for 0.85-1.4 mm, it was 70 Kpa, and for 1.4-1.7
mm, it was 85Kpa.

lowering the size of the cuttings decreased the
pressure drop. For example, for cuttings with less
than 0.55 mm, the pressure drop was 15 Kpa less

than the cuttings with 0.55-1.7 mm.

In similar conditions,
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Table 3. The annulus section with different fluids.

Lithology SG Cutting Removal percentage (%) Description
411 Sand (0.85-1.4 mm)
) L ROP (500 g)
441 Sand (1.4-1.7 mm)
) L ROP (500 g)
5.12 Sand (0.55-1.7 mm) L ROP (500 g)
Sand — 2.64 s Sand (0.55-0.85 mm)
) L ROP (500 g)
7.55 Sand (0.55-1.7 mm) H ROP (1000 g)
20.62 Micro Sand (less than 0/55 mm)
) L ROP (500 g)
Lime 2.54 6.94 Lime (0.55-1.7 mm) L ROP (500 g)
Silica 2.31 22.71 Micro Silica (less than 0.55 mm) L ROP (500 g)

3.5. Nozzle effect

The second section tests were started by replacing
the nozzles in the body of the drill pipe with a
simplified bit. Three sizes of nozzles (4, 6, and 8
mm) with two amounts of drill pipe rotation speed
(0 and 110 rpm) and three values of flow rate (15,
21, and 23 gpm) were considered to evaluate the
effect of bit properties on the hole cleaning
process. The cutting size range in all second
sections was 1.4-1.7 mm. Figure 9 shows the
effects of the operational parameters on the
cleaning process.

As shown, for a vertical section, with an increase
in the flow rate, the hole cleaning process was
sharply improved, and with an increase in the size
of the nozzles, the ability of the cutting transport
was increased. In other words, a decrease in the
nozzle size results in more time for removing the
cuttings from the annulus. The rotation of the drill
pipe cannot be efficient in all conditions. This
diagram shows that omitting the drill pipe rotation
at 21 GPM causes a faster cleaning rather than
rotation.

500 @

CHE \

2] b N\

g 400 1 N

= of I8

= T S o

N T d -

£ 300 1 R

2 — ® - 15.58GPM-4mm-

g Orpm

£ 200 1 —o— 21.13GPM-6mm-

; . 110rpm

g ] - ® - 21.13GPM-6mm-

‘= 100 + Orpm

g ] —o— 22.84GPM-8mm-

= 1 110rpm
0 T T :hoc T —tt+—————
0.00 1500 . 30.00 45.00 60.00

Time (s)

Figure 9. Effects of operational parameters on the cleaning process.

3.6. Stabilizer position

In this work, for detecting the effect of the
stabilizer, a simplified stabilizer was located at the
two specific distances of 8 and 95 c¢m of the drill
bit. 95 cm was the position in which the cutting
bed settling occurred when using the stabilizer in
the adjacent bit position (8 cm). Three specific
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inclinations were selected to be the inclination
sample for three periods (30, 55, and 90degrees).
In Figure 10, the stabilizer is located at a distance
of 8 cm from the bit.

Figure 11 shows that lowering the distance
between the stabilizer and bit has an adverse
effect on the cleaning process.
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Figure 10. A simplified stabilizer is located at two specific distances of 8 cm of the drill bit.
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Figure 11. The combination effect of stabilizer and drill bit on the cleaning process time.

The hydraulic horsepower of the drilling fluid was
decreased after touching the stabilizer and the
initial cutting load. For this reason, the cutting bed
formed in the middle of the low side of the
annulus and then slowly moved toward the outlet.
To solve this problem, the stabilizer was placed in
the point where the cutting bed was formed, so
rotation of the stabilizer blades helped to disperse
the cuttings and pushed them into the outlet. As
shown above, the worst results were obtained,
respectively, in the 55-degree and 90-degree, and
the best result was obtained in zero degrees. In the
same way, the 95 cm distance from the bit had
better results rather than 8§ cm in each section.

Because of the length limitation, more tests must
be done to optimize the stabilizer position in the
annulus. In this set-up, only one stabilizer was
used. Therefore, lowering the distance between
the optimized stabilizer position and bit increases
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the required cleaning time. It must be mentioned
that using a packed hole assembly (with more than
two stabilizers) enhances the cleaning process in
comparison with a single stabilizer style.

Figure 12 shows the remained cuttings in the
annulus versus time in the three experimental tests
in a vertical annulus with different nozzle sizes.
Figure 13 was plotted for dimensionless mass

| Mo=M,
Mt
Int

u Int,),

between them obeys a third polynomial equation,
where Mout is the mass of exited cuttings and
Min is the remained mass. Ty, is the necessary
time for exiting half of the initial cutting mass and
t is the elapsed time.

Versus dimensionless

—IB. As shown, the relationship



Dehvedar et al./ Journal of Mining & Environment, Vol. 10, No.

2,2019

500 4
400 1
300
200 1

100

Remained cuttings in the annulus (g)

—#— 15/58GPM-4 mm- 110
rpm
= ¢ = 21.13GPM-6mm-Orpm

—4&— 22.84GPM-8mm-110rpm

()_:::::

60

90 120 150

Time (s)

Figure 12. The remained cutting mass in the annulus versus time in three experimental tests in a vertical annulus
with different nozzle sizes.
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Figure 13. The fitted third polynomial equations with the real data in the experiment for the vertical annulus.

4. Conclusions

In this work, efforts were made to detect the
effects of some operational parameters on the hole
cleaning time by an experimental circulating flow
loop as a directional drilling simulator. In the
tests, an attempt was made to remove the initial
patched sand using the drilling fluid jetting. In this
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set-up, the critical inclination for mechanical
sticking was 55-degree. The size, shape, and type
of the cuttings are essential and have complicated
effects on the cutting transport. The drill pipe
rotation speed may lead to the generation of
moving hills in the low side of the annulus when
using the micronized sand. Adding viscosifiers to
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the low viscous, dense fluids could lead to an
increase in the bed Ilength. Due to phase
segregation, using foam as the cleaning fluid was
not applicable in the horizontal sections.
Increasing the nozzle size and flow rate improved
the hole cleaning time. With an increase in the
nozzle size from 4 mm to 8 mm, the required time
for the hole cleaning decreased. Decreasing the
distance between the bit and the optimized
stabilizer position in the drilling simulator
increased the time for the cleaning process in all
inclinations. There are a third polynomial
correlation and diagram for characterizing the
cutting transport in this type of directional
simulators.
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