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MWD/LWD

Smart caliper qualified for
measurement-while-drilling operations
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A new caliper tool was designed, tested
and qualified to overcome fluid density and
BHA placement challenges present in MWD
calibration, especially during under-reaming
operations.

B  WAJID RASHEED, Smart Reamer Drilling Systems Ltd.; SHAOHUA
ZHOU and NASSER M. AL-KHANFERI, Saudi Aramco

Limitations often exist with ultrasonic caliper measurement
technology, due to bottomhole assembly (BHA) placement and
changes in fluid density. The concept for a new tool that could
effectively handle MWD calibration progressed from design
to prototype within three years, following the completion of
downhole drilling qualification testing. Outlined below are the
R&D methodology, accelerated testing process and successful
results of a smart reamer caliper tool that combines on-board
proper calibration and multiple sensors, allowing for 360° map-

A new smart caliper tool is the industry’s first fit-for-purpose
monitoring system for wellbore diameter measurements in real-
time, under-reaming (hole opening) operations.

ping of the wellbore. Further optional MWD, vibration, magnetic
and under-reamer position sensors can be added.

The goal in this case was to develop and field-test a prototype
for oil and gas drilling, and certified by end-user customers, ac-
cording to stated criteria. Certification criteria were pressure,
temperature, shock, vibration, durability and component life,
with minimum on-bottom drilling hours.

If proven successtully, the technology and field services, pro-
vided by a UK-based drilling technology firm, would be deployed
commercially in the field, leading to a new downhole drilling tool
system that would save rig operating time and reduce operator
well costs. This patented technology consists of a ruggedized
printed circuit board (PCB), software, sensors and appropriate
steel housings.

R&D METHODOLOGY

The R&D methodology adopted a classic stage-gate ap-
proach, based on three major stages: Proof of Concept (2007),
further research and development (2009), and the verification
of the downhole prototype (2011). The final stage, verification,
sought to seamlessly integrate all of the lab-tested components
of the smart caliper tool into a rugged steel housing and surface
decoder, already proven for standard oil and gas drilling. The ap-
proach to overcoming this challenge, specifically, included testing
of the tool in discrete and incremental stages. With this method,
the root cause of any problem was isolated and resolved, before
the next test occurred. In this way, the staged tests built confi-
dence and progressively certified the tool for field qualification
tests, and, later, for commercial use.

The project was supported by Saudi Aramco, and another
major operator, and Technology Strategy Board UK. The project
was split into four stages and eight work packages, with a view to
accelerating the making of a prototype. It was led and managed
by Smart Reamer Drilling Systems Ltd., with qualification test
requirements provided by Saudi Aramco. A detailed Gantt chart
with costs, responsibilities, tasks, durations and contingencies
was drawn up and updated, as the project progressed.

Extensive customer and supplier input ensured that the de-
velopment prototype would be fit-for-purpose. Working closely
with customers ensured that the technology met field require-
ments, while a complete testing schedule certified the prototype
for commercial use. Working closely with suppliers ensured that
each detailed work package would meet field requirements and
was manufactured cost-effectively.

Tool tests culminated with drilling in several wellbores. It was
determined that the tool would be tested to handle:

»  Pressure and temperature

+  Drilling shock and vibration

»  Minimum component life

«  Mechanical stress and loading
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Fig. 1. Smart reamer caliper tool (B%:-in. OD, silver color) made-up
above Rhino Reamer (open to 14 in.).
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Table 1. BHA with near-bit reamer.
BHA #1,12V:-in. bit and near-bit reamer

BHA Component Length, m Gauge/OD, in.
1 12%-in. bit 12
2 Bit sub 1.24 a'a
3 MNear-bit reamer 6.04 N4
4 %O 7.29 z
5 Saver sub 8.39 Bl
B Smart reamer caliper 10.6 Bty
7 Saver sub .85 Bl
B X0 12.85 6%
9 Pony DC 14.9 8
10 12%%-in. stab 16.8 12%
Ll Pony DC 18.8 8
12 X0 208 gle
13 &%:-in. jar 32.69 6%
14 5-in., 19.5 |b/ft, S-135 drill pipe

«  Changes in drilling fluid density
. Changes in wellbore roughness and lithology
« Data transmission and protocols
To transition smoothly from the lab to the downhole environ-
ment, each stage concluded with a full reporting of the physical
tool condition, real-time data quality, and an emphasis on rede-
sign and rework, as required. The transition included the follow-
ing stages:
« Stage 1-Planning: Compliance with health, satety and
environmental (HSE) standards, and field operating
requirements.
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.  Stage 2-Testing: Low-pressure/low-temperature (3,000
psiand 75°C).

+ Stage 3-Testing: High-pressure/high-temperature
(12,000 psi and 125°C). Pressure and temperature cy-
cling replicates the harsh downhole conditions and is split
for two reasons. First, if the tool works only in the low-
pressure/low-temperature environment, this allows some
commercial usage. Second, if the tool were to fail in the
high-temperature/high-pressure setting, the root cause
could be identified and changes would be specified, as re-
quired. By testing the entire system to both environments,
the integrity of the technology was tested for more than
100 hr. These test data refined the prototype, and ensured
that it worked, before a full-scale drilling test on a rig.

« Stage 4-Drilling test: Measurements taken included
comparison with an independent, multi-arm mechanical
caliper, to verify the correct reading of the smart caliper
and real-time streaming to the surface.

TOOL DEVELOPMENT AND PROJECT MANAGEMENT

Risk mitigation is critical to new downhole tool develop-
ment, and it has been a guiding philosophy for the project. The
strategy of the research project has reduced the fundamental
risk from a lab point-of-view. Subsequently, each risk type has
been assessed, according to its importance, and mitigated sys-
tematically, as per the risk table. As a standard method of mini-
mizing risk, modeling and finite element analysis were used to
pinpoint critical areas, -:u:-rrecting any du.z:f.ign errors before cut-
ting steel and housing sensors.

The project was implemented as follows:

The creation of an experienced project team, with a track
record of downhole technology development. Both the
company and the end-user had assigned staff, who had
already developed drilling and logging tools.

+  Materials supplied by long-established, premium oilfield
suppliers. Quality-control and component tracking low-
ered risk and progressive testing, as per Gantt, and pro-
vided input for redesign and review after each stage.

+  The rugged steel body was compliant with industry
standards. The steel is high-grade, which has high ten-
sile and compressive strengths, and is proven in drill-
ing applications.

+ Low-drilling-risk slick design: no moving parts, no
pressure drop requirement and no internal diameter
restriction.

A functional lab version, with full end-user support and
use of existing suppliers.

«  Patents granted in international jurisdictions for various
drilling and under-reaming applications.

The project team was responsible for verifying the prototype
and achieving four key project milestones. The majority of the
team was based in the UK, but the project involved four differ-
ent countries comprising separate companies. Therefore, it was
vital to be able to successfully maintain communication and co-
hesion within the team to achieve the required objectives. The
team had already successfully managed the previous conceptual
and research project, and was best-placed to transition to the
downhole prototype. The continuity of R&D purpose allowed
the team to make long-term decisions, while remaining flexible
to changing needs, such as re-designing and re-testing.



A Gantt chart detailed the 18-month project duration, with
the project deliverable concluding as to whether the smart ream-
er can accurately measure wellbore diameters downhole. Vari-
ous FEA models were run to enhance the existing design, and
involved locating variables and numerical values to determine
fatigue, resistance and infinite wear in specific sections, according
to standard drilling parameters, such as torque, compression, ten-
sion, bending moments, etc.

The project team generated a final report with conclusions
and de-risks concerning the prototype, so that, before the first
commercial test, there would be sufficient confidence in the per-
formance of the smart caliper in a real drilling environment. Cus-
tomers have provided relevant well data,

- MWD/LWD

ronmental considerations. A data cable allowed for vessel pres-
sure to be monitored continuously by the data logger, providing
an opportunity to identify any pressure breaches. The housing
was lifted into the vessel, using an overhead crane, and the pres-
sure was ramped up to 13,053 psi. The pressure was traced via a
transducer, and the record was transmitted as an output from the
data cable. The testing was conducted initially for 24 hr continu-
ously, and the housing was retrieved and inspected, before con-
tinuing the test for a further 75 hr.

The pressure test allowed for the direct assessment of all hous-
ing components, seals, sensors and mechanical parts. An initial
calibration test was performed in the laboratory at slightly-above

operational requirements and future field
usage. The Smart Caliper project has been
geared toward practical field applications
and based on actual operating parameters.
It is estimated that the operator may save 24
hr of rig time per usage, or more, dependi ng
on the application.

STATIC TEMPERATURE TESTS

The smart caliper electronics (i.e. operat-
ing PCB and wiring) were placed in an in-
dustrial Memmert temperature-controlled
oven, in compliance with HSE and environ-
mental considerations. Attached to the PCB
was a thermocouple, with separate tempera-
ture display from the oven, which ensured
the correct operating temperature of the
PCB was recorded. External connections to
the PCB consisted of a transducer immersed
ina sample of oil-based mud at 141b/g, with
a sandstone reflector. The power supply
was low-voltage, using a suitable communi-
cations interface connected to a computer
running smart reamer recording software.

An initial calibration test was performed
in the laboratory, before equipment was
moved to the test facility for the 100-hr test.
The equipment was checked and calibrated
at an ambient sefting, to ensure correct op-
eration. The transducer was placed in the
mud at a fixed distance from transducer face
to reflector. The temperature was raised
continually to 150°C and run for a total of
108 hr, while being cycled off every 12 to
14 hr. The temperature testing was impor-
tant to ensure that there were no adverse
consequences, if electronic components
suffered from infant mortality and created
functional limitations. Sonic velocities were
also observed, as per the temperature cy-
cling and gradient.

STATIC PRESSURE TESTS

The smart caliper (i.e. mechanical hous-
ing, sensors and other components) was set
up for pressure testing in a 15-in, pressure
vessel, in compliance with HSE and envi-
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Table 2. BHA without under-reamer.
BHA #1, 12%-in. bit

BHA Component Length, m Gauge/OD, in,
1 12%e-in. bit 124
2 Bit sub 1.24 8%
3 Pony DC 3.04 8
4 12%s-in. stab 5.13 12
g Pony DC 715 8
B 12%4-in. stab 8.35 12%
7 Pony DC 1.5 8
g8 X0 12.73 B
= Saver sub 13.65 ()
10 Smart reamer caliper 15.89 B
n Saver sub 16.81 6%
12 X0 17.88 6%
13 Pony DC 19.8 7%
14 12%=in. stab 21.89 1214
15 X0 2512 Blg
16 Bla-in. jar 3269 6z
17 5-in., 19.5 Ib/ft, 5-135 drill pipe

ambient pressure, before equipment was moved to the test facility
for the 100-hr test. The smart caliper housing and components,
as well as the pressure vessel, were checked and calibrated at am-
bient conditions after the test, to ensure correct operation.

DRILLING TESTS: WELLS 1 AND 2

In the first set of required drilling tests, six runs were con-
ducted, incorporating the smart reamer caliper during field
drilling tests in Oxford, UK. The tested tool size was 8%s-in. OD
(4%2-in. IF connections) in varying BHA sizes, increasing from
97 in. to 12%4 in. to 14 in. If it were proven that the smaller tool
could take measurements in a large hole, this would add confi-
dence to the overall ability of the caliper to function in larger
hole sizes. This would help provide operators with a fit-for-pur-
pose solution that would be an improvement on existing acous-
tic calipers, both in measurement range and standalone flexible
BHA placement. These tests were successful in drilling in 9-in.,
12%4-in. and 14-in. hole, in consolidated limestone with highly
abrasive flint stringers. Total footage drilled was 100 m, and it
provided confidence prior to mobilizing equipment to Norway
for further drilling tests.

Well 1: Run 1/Run 2/Run 3/Run 4. The formation was a
low-lying chalk with quartz inter-bedded brittle shale and
quartz. Four runs were performed in hole diameters varying
from 97 in. to 12% in. The BHA runs comprised a pilot hole
drilled using a PDC insert bit, both 82-in. series and 97s-in.
series, with the pilot hole subsequently opened to 1214 in. by
a near-bit reamer, Table 1. The tool was run as a standalone
caliper, both with and without modular, full-gauge and under-
gauge stabilization in all the pilot and enlarged holes. This pro-
vided verification of the pilot and enlarged hole sizes. The smart
reamer caliper was also configured with calibration sensors that
detected and recorded density changes. The pilot hole BHA
was also run slick, while the enlarged hole was run with stabi-
lized BHA, using 12-in. stabilizers, with 63s-in. REG connec-
tions and 10.8 Ib/g of water-based polymer mud. Operational
parameters, such as surface rotational speed, torque, vibration,
pressure, pump rate, flowrate, weight, etc,, were recorded, along
with the penetration rate.
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Table 3. BHA with under-reamer.
BHA #2, 12':-in. bit with under-reamer

BHA Component Length, m Gauge/0OD, in.
1 12%-=in. bit 12%%
2 Bit sub 124 8':
3 Pony DC 3.04 8
4 12%-in. stab 533 12%
5 Pony DC 715 8
B 12%-in. stab 935 12%
7 Under-reamer 14.4 e
8 X0 15.63 2
9 Saver sub 16.55 Bk
10 Smart reamer caliper 1B.79 B%:
n Saver sub 19.71 Gl
12 X0 2078 67
13 12V%-in. stab 2277 121
14 Xo 24 Bls
15 6Yz-in. jar 2357 614
18 5-in., 19.5 Ib/ft, 5-135 drill pipe

Well 2: Run 1/Run 2. Two runs were performed in hole diam-
eters varying from 9 in. to 14 in. Drilling comprised a pilot hole
using a 97s-in. series PDC insert bit, with the pilot hole opened
subsequently to 1214 in. by a near-bit hole opener. The pilot hole
BHA was run slick, and the smart reamer caliper was run above
the reamer in the enlarged hole, with stabilized BHA 12-in. stabi-
lizers and a hole opener with 635-in. REG connections and 10.8
Ib/g of water-based mud (environmentally friendly polymers).
Additionally, in this test, the vibration and cutter block positions
and magnetic position sensing were recorded by smart reamer
modules. The data from the wellbore measurements, block po-
sition and vibration were processed and compared, to provide
a comprehensive set of wellbore measurements and verify the
hole opening. Operational parameters, such as surface rotational
speed, torque, vibration, pressure, pump rate, flowrate, weight,
etc., were recorded, along with the penetration rate.

DRILLING TESTS: WELL 3

As part of the project, the smart caliper tool system was re-
quired to be tested during open hole drilling and under-reaming
in Test Well C1, at IRIS" Ullrigg Drilling and Well Centre in
Stavanger, Norway. This test well was chosen, because it offered
industry-standard infrastructure for full-scale drilling tests (simi-
lar to a typical onshore drilling rig), without the risk of live well
operations. The drilling test successfully met the objectives de-
tailed below, without any downtime.

The test objectives for Well 3 were to establish the accuracy
and range of smart caliper measurements, in variable size holes,
when compared to a wireline caliper. Specific objectives included:

«  Measuring and imaging the surface riser to the 133s-in.

cased hole

«  Measuring and imaging the 12%4-in. open hole, from 38

m to 58 m, MD
«  Measuring and imaging the 14-in. under-reamed hole,
from 44 m to 50 m, MD

» Recording comparative cutter block position and caliper

in the under-reamed interval

« Comparing all measurements with a six-arm wireline

caliper

« Identifying and rectifying any failure modes by inspect-

ing tool and system components for wear or damage
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Fig. 2. Comparison of caliper data in test interval.
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Table 4. BHA incorporated with MWD.

BHA  |Component length,m | Gawge/0D, In.
B [5-in dil pipe i ; j
"c'r-p: 1 5-in. HWOP 415 | 5
Catcher sub (Churchill) = m.an ! ¥
mmm-:r 16175 - a1
.Hus-ln HWDP 163.59 _ 5
I 153.06 ; 3
Sal:mhﬂ:ﬂuwm : .78 - 8.5
| |Smart reamer caliper Th) ' 8625
Hu collar T 103
k] ]
%A 8
ﬁ mﬁ-mmsm T 115
MWD HX 5% an
"HOM nm 8
DGR 15.03 [
PWD 13 K]
IL155-in. stab na 1215
12.125-in, stab 115
Steerable mator 890 9£5
{12125-in. tricome bat R 125

caused by vibration, shock or flow
»  Measuring changes in mud density, and their effect on
speed of sound using built-in calibration

The tested smart caliper tool size had an 83s-in. OD (with 415-
in. IF connections) and the smallest OD component in the 124-
in. BHA" The BHA components are shown in Fig. 1, and Tables
2 and 3. Ifit were proven that the smaller tool could take measure-
ments in a larger hole, this would add confidence to the overall
ability of the smart caliper to function in larger hole sizes. As with
previous tests, this would help provide operators with a fit-for-pur-
pose solution that would be an improvement on existing acoustic
calipers, both in measurement range and standalone, flexible BHA
placement. The operator project manager was present at the tests,
providing operational input and witnessing the operation.

Multiple runs were performed in 12%4-in., 13-in. and 14-in.
hole diameters. Drilling comprised a Smith Gemini series 12%4-in.
tricone bit with Rhino Reamer, and 12%%-in, BHA stabilizers, with
63%-in. REG connections using fresh water. The formation is a low-
lying Muscovite with quartz inter-bedded graphite, granite, brittle
shale and quartz, with typical strong-to-very-strong characteristics
and uniaxial compressive strengths ranging from 50 to 250 MPa.

TEST PROCEDURE

The smart caliper tool was surface-programmed to measure
wellbore diameter and take wellbore measurements upon rota-
tion, only. This is a user-defined parameter; rotation is not nec-
essary for measurements and can be based on other parameters.

94 FEBRUARY 2014 / WorldOilL.com

Additionally, in this test scenario, it was useful to mark the
time and number of rotations, which provided clear reference
points for measurements to start and stop. The flexibility of the
modular system is such that measurements can be taken indepen-
dently or simultaneously. For example, in the tests, the calibra-
tion measurements were recorded independently of the caliper,
but were available for processing on demand. It should be noted
that the measurement of vibration also occurred independently
of wellbore measurement. Similarly, reamer cutter block posi-
tions were recorded, to be compared with wellbore measure-
ments. In this way, data from the wellbore measurements could
be processed and compared with calibration, block positions,
vibration, etc., or as required by the drilling application, to pro-
vide a comprehensive set of wellbore measurements and verify
under-reaming.

SMART REAMER CALIPER DATA

The smart reamer caliper data were recorded successfully in
tool memory and downloaded at the rig floor after each run in
the riser, casing and open hole, prior to under-reaming and run-
ning in the under-reamed hole. These runs were witnessed by
one of the project sponsor representatives. A wireline, multi-arm
caliper tool was then run to check the open hole under-reamed
size from 12% in. to 14 in. Subsequently, the data were depth-
matched (additional measurements include vibration, azimuth,
inclination, temperature, pressure, RPM, WOB and tnrque} to
form logs of wellbore diameters and wellbore profiles of Well
C1, with the comparison of wireline caliper data, Fig. 2.

This comparison shows reasonably good matches with
wireline caliper data. At 38 m, there was a noticeable measure-
ment discrepancy at the casing shoe, because the tool was not
rotated across the shoe, and the tool was programmed, prior to
running in-hole, to take measurements upon rotation. In the
under-reamed hole, the measurements showed good matches,
except for some measured depth switches, due to wireline and
drillpipe depth calculation differences.

It should be noted that third-party wireline measurements
were taken in an axial direction only, with six-point measurements
within the wellbore, i.e. every 60°. In contrast, the smart caliper’s
survey recording measurements are taken at a rate of 1,500/s.

Con sequentl}'. the tool had 120 readings (or 20 times the res-
olution compared to the six wireline points per depth). There-
fore, the smart caliper had much higher volumes of data that
are available for later processing and detailed analysis by Smart
Reamer Drilling Systems Ltd, or by the operator. The resolu-
tion per survey—(per 1° or fraction thereof ) and according to
the depth (per every 1 em, 10 cm or 100 cm, etc.) of the Smart
Caliper—can be user-defined, and increased or decreased to
suit the drilling application.

DRILLING TEST AT WELL 4

The smart caliper tool was subject to another drilling test in
the UK, with the BHA shown in component length (meters)
and gauge (inches), Table 4. A single run was made to the sec-
tion'’s TD of approximately 800 m, and measurements performed
in slide and rotary mode with hole diameters, varying in sizes of
11 in,, 12% in,, 13 in. and 13% in. Drilling consisted of a 12Y4-
in. tricone bit and 12%5-in. BHA stabilizers, with a flex collar and
6%5-in. REG connections crossed over to the smart caliper tool.
The drilling fluid was an environmentally-friendly, water-based




mud. The formations were chalk, sand and Oxford clay, with
inter-bedded shale and quartz, with typical soft-to-medium hard-
ness on the scale and low uniaxial compressive strengths. Because
the tool was placed directly above the flex collar, it was subjected
to the highest bending moments and stress in the BHA. Despite
this, the tool survived the 59 hr of bottom directional drilling,
without any failure.

CONCLUSION

The smart caliper tool has successfully passed the qualifica-
tion tests. The characteristics of the tool system can be summa-
rized as follows:

«  The industry’s first fit-for-purpose monitoring system
tor wellbore diameter measurements in real-time, un-
der-reaming (hole opening) operations

«  Fully unrestricted inner-diameter (ID) and flow path, to
allow drop-ball and retrievable BHA below

« Can be used as a standalone (memory) system in the
BHA or drillstring

«  Calibration system capable of measuring fluid proper-
ties, such as density and sound speed, when required

«  Built-in vibration sensors to allow drilling and under-
reaming optimization

«  Built-in directional/inclination sensors, to allow addi-
tional survey data collection, if required

+  Withstands weight, vibration, torque and loading asso-
ciated with the larger, 1214-in. BHA components above
and below

MWD/LWD

»  Electronic communication performed satisfactorily
with a standard MWD pulse, allowing real-time MWD
data transfer to a surface decoder

» Patents granted in international jurisdictions for vari-
ous drilling and under-reaming applications: U.S.
8,528,668; 8,511,404 and §,235,144.
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ON ALL of ITS PRODUCT

SCOPE of PRODUCTS & SERVICES

SCREEN MANUFACTURER tor OIL, GAS, WATER WELLS £ INDUSTRIAL

MANUFACTURER OF DOWHN HOLE, TOOLS »nd ACCESSORIES
THREADER of OCTG E DOWN HOLE TOOLS |

SUPPLIER of OCTG, DRILL FPE; LINE PIPE. and SUCKER ROD

REPAIR | SERVICE of SCREEN LINER. OCTG. DRILL PIPE. SUCKER ROD

and DWH HOLE TOODLS

g

HEAD OFFICE
JI Kramat Asem Mo, 1
Jakars 13140, Indoenesia
Fhone B2-21- B19437T0 (hunting)
Fax 62-31 — BS63363, RS63364
e-mail . contact@pipamas.com

PI PIPA MAS PUTIH

WERSITE - www plpamas. ciom

Ji Tenggird Mo 1 Batu Ampdl™

Fax 62-T38 = 412557 _ 62-TTH
e-mail ; pbiPpipamas com—

REPAIRSHOP

Pulau Batam, indonesia - Jalan Duri - Dumai Km 4.5 Duri, Riau, Indonesia
Phono-B2-T78 — 412500 o

Phome 62-T65 = 560030, 62-TES5 — S60T30
Fax E2-TE5 - SGETSS
o-mail ; sec. pdfifplpamas.com
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