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Abstract; The simplified flow of drilling process in the soil hardening or oil rig site was experimentally

investigated. Two flow models were used. One is the concentric cylinders with helical protrusion at the

inner cylinder. The other is the concentric plain wall cylinders with axial flow. The radius ratio and as-

pect ratio of both models are the same with 0. 65 and 48, respectively. The mud is the typical fluid

seen in the soil hardening processes. We used the water and the mud for the working fluid. We used

the optical PIV for the water flow measurement and echo PIV for the mud flow. In case of the water

study, the dominant vortical structures appeared in both the protrusion and plain model with axial flow.

In case of mud flow, the vortices shown in the water model disappeared and the push and pull-up mo-

tion by the protrusion is dominant. We believe this information can be useful to understand the flow

physics of drilling process in the complex fluid flow.
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1 Introduction

Mud fluid flow is typical opaque flow which can
be seen in offshore plants, oil rigs and soil hardening

"'}, The physical nature of mud fluid is quite com-

sites
plex. It is non-Newtonian and opaque fluid as the mix-
ture of heterogeneous materials. The properties of mud
fluid have been studied in the rheology. For example,
XU et al. *' studied the rheological properties of steady
and oscillatory mud flow at Lianyun Harbor in China.
The studies of mud flow are limited to some mode-
ling, quantitative visualizations”” *'. MRI and X-ray

technique were applied to measure the quantitative ve-
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locity of the mud or sand flow'”".

It is still a challen-
ging to get the velocity information from the mud flow.

One of the popular mud flow problem in the oil rig
or soil hardening process is the rotating flow'®'. This is
a kind of drilling process. These drilling processes can
be simulated with Taylor — Couette flow with axial flow
motion. Taylor — Couette flow is a kind of shear driven
flow that occurred in the annular gap between two con-
centric cylinders. The transition of flow regime begins
as the difference of rotating speeds between the inner

71 Previous studies

and outer cylinder increases
showed the winded vortices in the annular gap of
Taylor — Couette flow with the axial flow. The fluid

transport between vortices for wavy vortex flow became
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more evident too'® .

The axial flow generated by the surface protrusion
of inner cylinder transports the cut material and let the
drill move inward in the drilling process. Most of dril-
ling process studies have been focused on the design of
the drill rod itself such as thermal response, electric
power demanded, and reliability. The flow transport of
the mud or soil in the drilling process were less conside-
red"".

In this study, we experimentally investigated the
drilling process using the simplified models. One is
Taylor — Couette model with helical surface protrusion.
The other is the plain Taylor — Couette model with axial
flow. We also investigated the feasibility of mud flow
measurement by using ultrasound imaging method.
First, we measured the flow field and compared the
difference between the protrusion and axial flow model
using water as a working fluid. After that, we mea-
sured the mud flow in the protrusion model using echo
PIV. Echo PIV is the combination of ultrasound B-
mode imaging technique with PIV method and it is de-
veloped to measure the blood flow'""”.

We believe this study helps the physical under-
standing of drilling process and presents the advanced

experimental tool to study complex fluid flow.

2  Experimental apparatus and me-
thod

The geometries of the experimental models used in
this study are shown in Fig. 1. The surface protrusion
model and plain Taylor — Couette model with axial flow
were made to simulate the drilling process. Fig. la
shows the geometries of the cylinders for plain model.
The radius of the inner cylinder (r;) and the inner ra-
dius of the outer cylinder (r,) were 13 mm and 20
mm, respectively. The annular gap (d) between the
cylinders was 7 mm and the length of the cylinders (L)
was 336 mm. We chose an aspect ratio (L/d) of 48,
and the radius ratio (r/r,) was 0.65 following the
studies of COLE'™’ and WERELEY'™'. Fig. 1b shows
the configuration of surface protrusion model for simu-
lating drill rod. A square protrusion with a cross sec-

tion size of 5 mm X5 mm was helically wrapped around

the inner cylinder. The total radius, r,, of this modi-
fied inner cylinder was 18 mm. The pitch (p) was
24.8 mm shown in Fig. lc. These geometries were

based on the previous study' "',

(a) Plain model

(b) Surface protrusion model (c) Side view of surface
protrusion model

Fig.1 Geometries of experimental models

The experimental apparatus to optically measure
the velocity fields is shown schematically in Fig. 2a and
Fig.2b and to measure the velocity fields using ultra-
sound method in Fig. 2c. We captured the synchro-
nized image pairs at a fixed location to get the phase
locked result due to the periodical appearance of pro-
trusion in the image of surface protrusion model. The
phase-averaged velocity filed was calculated from 100
pairs of images. We applied the conventional cross-
correlation PIV method and the interrogation window

size was 32 x 32 pixels with 50% overlapping.

PCO
camera camera
He-Ne laser He-Ne laser
= — =

Measurement
region

Measurement
region

(c) Ultrasound
model measurement

(a) Surface protrusion (b) Plain-axial model

Fig.2 Schematic diagram of experimental apparatus

The B-mode images were generated by a commer-
cial ultrasound apparatus ( Capistrano Lab Inc. , USA)
for mud flow measurement. The strength of echo signal
from the scatters determines the bright intensity of ima-
ge in B-mode. Time of flight is used to determine the
location of the scatters. Sweeping ( scanning ) the
beam builds up a two-dimensional echo image.

We used the probe which has 12.5 MHz center
frequency. The depth of field is 18 mm. The ultra-
sound beam contains 64 vectors. The display angle of
the transducer is 20°. We applied conventional cross-
correlation based PIV method with window offsetting
and the final interrogation window of 8 x24 pixels.

The frame rate of ultrasound images is 60 fps. The
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inner cylinder was driven by a micro stepper motor
having a resolution of 400 000 steps per revolution.
This micro stepper motor was controlled through a com-
puter, which allowed for the precise control of angular
speed and the acceleration to the preset velocity. The
working fluid filling the annular gaps between the sets
of concentric cylinders also filled the space between the
outer cylinders and the boxes for the optical PIV mea-
surement.

The rotating Reynolds number was defined as fol-
lows:

Re =r, d(/v, (1)
where d is the gap width, (2 is the angular velocity of
the inner cylinder and p is the kinematic viscosity of
the working fluid.

The mud fluid properties were measured using the
Rheometer (MCR 301). Fig.3 shows the viscosity va-
riance of wet mud with additional water addition,
where r’ is shear rate. Wet mud has about 0.5 mass
fraction of dried mud/water ratios. We chose two mass
fractions of 0. 36 and 0. 50 for this study.
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Fig.3  Viscosity variance of wet mud with different water mass

fractions according to shear rate

We found that when the mass fraction is above
0. 66, most of the ultrasound signal severely attenuates
and cannot penetrate into the mud flow. The accumula-
tion of mud in front of the protrusion also becomes se-
vere and it hinders the flow measurement from the pre-
liminary test.

The axial flow rate ( Q) for plain Taylor — Couette
model was calculated based on the equation for the ex-

]

truders'"®!. Because our model has a wider gap (8 =

r, —r,) between the outer wall and the edge of protru-
sion compared with the extruder model, we believe this
causes a little difference with the real axial flow rate
generated by the surface protrusion.

The calculated flow rate Q is 5.05, 10.5, 19.1
and 26. 0 ¢m’/s for each Re number 50, 120, 220 and
300, respectively. In the plain-axial model, axial flow
was driven and controlled by the centrifugal pump and

flow meter.

3 Results and analysis

First, we measured the plain Taylor — Couette flow
without the axial flow using optical PIV. This is the
validation of our experimental method and models by
comparing the results from the previous studies. Fig. 4
shows the averaged velocity fields of the radial-axial
plane in the gap region. The axial position, Z* =z/d,
and the radial position, R* = (r—r,)/d, are normali-
zed by the annular gap width. The contours represent
the vorticity calculated from radial and axial velocities.
When the Reynolds number was 50, there was no vor-
tex in the annular gap. It is circular Couette flow re-
gime. As the rotating Reynolds number increased to
120, the vortex pairs appeared in the annular gap. The
axial size of the vortex was similar to the annular gap
width of 1. 1d. When the rotation speed of inner cylin-
der increased further, the vorticity of vortex pair be-
came stronger. This is the same flow regime change of

]

previous study'"*’ and confirms the validity of the ex-

periments.

0.06
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Fig. 4  Average velocity field of plain model

3.1 Plain Taylor — Couette model with axial flow

Fig. 5 shows the instantaneous velocity field of
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plain Taylor — Couette model with axial flow for diffe-
rent Reynolds numbers. In the experiments, the axial
flow moves in an opposite direction of gravity. It is the
left direction in Fig. 5. When the Reynolds number
was 50, there were no vortices in the flow field, the
axial flow was dominant. With the increasing of the
axial flow rate and rotating Reynolds number, the out-
ward radial velocity appears periodically and becomes
stronger. The counterclockwise rotating vortex flow ap-
peared in the annular gap as the Reynolds number in-
creases to 220. This is due to the strong negative axial
velocity and positive radial velocity components. Owing
to the winding effect of the axial flow, the helical vor-
tex wraps around the inner cylinder. The counter-rota-
ting vortices pair appears in the gap region when the

Reynolds number is above 300.
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Fig.5 Instantaneous velocity field of Taylor — Couette
flow with axial flow model

The vortex pair does not have the symmetry like
the plain Taylor — Couette flow. The vortices pair has
elongated along the axial redirection. And the center
line crossing the vortex cores rotates in the counter-
clockwise direction. From the results, the axial flow
suppressed the occurrence of Taylor vortices and helps
the asymmetric development of vortices pair compared
with the plain Taylor — Couette flow.

3.2 Surface protrusion model

Fig. 6 shows the phase-averaged velocity field of
the surface protrusion model. The drill rod rotates in
the clockwise direction along the z-axis which looks

like the upward movement and it is the left direction in

Fig. 6. The shown velocity is not the absolute one, but
the relative velocity which considers the surface protru-
sion is fixed. The existence of large counterclockwise
rotating flows between the protrusions is clearly seen.
The speed of upward flow at the wall of inner cylinder
(R" =0) is faster than that of the downward flow at
the wall of outer cylinder (R* =1). As the rotating
Reynolds number increases, the relative velocities in
the pitch region increase and small counterclockwise

vortex in front of the protrusion appears.
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Fig.6 Phase-averaged relative velocity fields of
surface protrusion model

The relative velocities does not increase and got
the asymptotic values as the rotating Reynolds number
is above 220. In addition, the positive radial velocities
exist around the leading and trailing edge of the protru-
sion. The flow structure of surface protrusion model is
qualitatively similar to the flow field of plain Taylor —
Couette model with axial flow at the intermediate Rey-
nolds number case (Re =220). The clockwise rotating
vortex flow is dominant at the pitch region and the
smaller counterclockwise rotating vortex appears in
front of the protrusion. The fast upward flow in the wall
of inner cylinder and the slow downward flow in the
wall of outer cylinder also appear. Although the protru-
sion model shows a qualitatively similar flow structure
with axial flow model, the counterclockwise rotating
vortex is larger and the clockwise rotating vortex is
smaller than that of plain Taylor — Couette model with
axial flow.
3.3 Echo PIV experiment

The mud as a typical working fluid at drilling
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processes in the soil hardening or oil rig sites is non-
Newtonian and the complex fluids.

We performed echo PIV experiment to measure
this complex fluid flow. We firstly applied it to the pro-
trusion model using the water as a working fluid for vali-
dating the method.

The rotating Reynolds number is 120 in echo PIV
measurement. Because the dynamic range of echo PIV
is determined from the frame rate and the physical
properties of ultrasound, we cannot measure the veloci-
ty field when the rotating Reynolds number is above
120. Fig.7 is the comparison of average velocity filed
of optical and echo PIV. The vector plot shows qualita-
tively the similar results between optical and echo PIV.
Both of them extract the larger counterclockwise rota-
ting vortex in the pitch region and smaller clockwise ro-
tating vortex in front of the protrusion. Fig. 8 is the line
data comparison of Z* =1.2 near the upper side of

protrusion.

0.004 5

0.001 5

v/(m-s™)

-0.001 5

0 __ oL
1.0 0.5 } 0.5
R* R*
(a) Optical PIV (b) Echo PIV

Fig.7 Comparison of velocity field of surface protrusion
model at Reynolds number of 120

0.006r __ Optical

Fig.8 Optical and echo PIV velocity comparison between
optical and echo PIV at Z* =1. 2 location

The results show the echo PIV can capture not on-
ly the qualitative flow structure but also the quantitative

velocity information.

3.4 Mud flow measurement

The velocity of mud gap flow in the surface protru-
sion model was measured by using echo PIV. Fig. 9
shows the velocity field of pitch region for different
mass fractions w. Regardless of the mass fraction, both
cases show the clear difference compared with the re-
sults of the water experiments shown in Fig. 7. The
magnitude of the relative velocity in the pitch region is
smaller than that of water models. In addition, there
are no large counterclockwise and small clockwise rota-
ting vortices in the pitch region except the small vortex
in the mid of pitch region. The strong outward radial
velocity at the front and behind the protrusion of the
model does not exist either. The push in front of the
protrusion and the pull-up flow behind the protrusion is
dominant in this mud fluid model. This result means
that the mud fluid flow moves like the solid material in
the near vicinity of the protrusion. Another difference
compared with water model is that, there is the down-
ward flow in the gap area between the outer cylinder
and the edge of the protrusion. This leakage flow goes
upward by pulling up the protrusion and generates the

clockwise vortex flow.
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0 0
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(a) w=0.36 (b) w=0.50

Fig.9 Ultrasound velocity results at top and bottom

of protrusion

4 Conclusions

In this study, we experimentally investigated the
effect of surface protrusion of inner cylinder in the Tay-
lor — Couette flow. When the working fluid is water,
we found the protrusion generates the vortices pair

which wrapped the pitch area of the inner cylinder.

(833|000
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This flow structure is similar to the plain Taylor — Coue-
tte model with axial flow in the intermediate Reynolds
number. In case of the mud fluid as a working fluid,
the flow structure changes drastically.

There is no dominant vortical structure in the
pitch area. And the mud flow appears like the solid
material in the vicinity of the protrusion and the lea-
kage flow is clear at the gap between the protrusion and
outer cylinder wall. We believe this information of flow
fields helps the understanding of flow physics in the
drilling process
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