(12) STANDARD PATENT (11) Application No. AU 2014402532 B2
(19) AUSTRALIAN PATENT OFFICE

(54) Title
Optical shaft twist angle measurement methods and systems

(51) International Patent Classification(s)
GO1L 3/08 (2006.01) E21B 12/00 (2006.01)

(21) Application No: 2014402532 (22) Date of Filing: 2014.07.28
(87) WIPO No: WO16/018225

(43) Publication Date: 2016.02.04
(44) Accepted Journal Date: 2018.03.22

(71)  Applicant(s)
Halliburton Energy Services, Inc.

(72)  Inventor(s)
Gaijji, Bhargav;Bhaidasna, Ketan Chimanlal

(74)  Agent/ Attorney
FB Rice Pty Ltd, L 14 90 Collins St, Melbourne, VIC, 3000, AU

(56) Related Art
WO 2011047397 A2
US 5438882 A




wo 2016/018225 A1 |1 I NN OAT OO0 OO A A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property

Organization EEEEE? A0 00 OO0 T

International Bureau

(43) International Publication Date

\

_").//)/ (10) International Publication Number

WO 2016/018225 A1l

4 February 2016 (04.02.2016) WIPO I PCT

(51) International Patent Classification:
GO1L 3/08 (2006.01) E21B 12/00 (2006.01)

(21) International Application Number:

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

PCT/US2014/048460 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
28 July 2014 (28.07.2014) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(71) Applicant: HALLIBURTON ENERGY SERVICES, ZW.

INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous- . o
ton, TX 77032-3219 (US). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors: GAJJI, Bhargav, 2828 Hayes Road, Apt. GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
#2111, Houston, TX 77082 (US). BHAIDASNA, Ketan, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Chimanlal; 14307 Brentshire Lane, Houston, TX 77069 TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(US).

(74) Agents: KRUEGER, Daniel J. et al.; Krueger Iselin LLP,

P.O. Box 1906, Cypress, TX 77410-1906 (US).

EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: OPTICAL SHAFT TWIST ANGLE MEASUREMENT METHODS AND SYSTEMS

900
902~

Parform {est that causes
twisting of a shaft

904~

Vary a light path length as
a function of twist angle at
a paint along the shaft

906~ v

Measure the light path
fength

908-‘\ ¥
Determine a twist angle
value based on the measured
light path length

910~

Store or display the twist
angle value

FIG. 8

(57) Abstract: A system includes a shaft and a light path surface coupled
to or integrated with the shaft. The light path surface is displaced as a
function of twist angle at a point along the shaft. The system also includes
a sensor contigured to measure the light path length that varies according
to displacement of the light path surface. The system also includes a pro-
cessing unit that determines a twist angle value for the point along the
shaft based on the measured light path length.



WO 2016/018225 A1 |IIWAT 00N A 0T KL O

Published:
—  with international search report (Art. 21(3))



2014402532 08 Feb 2018

Lo

L5

10

25

30

OPTICAL SHAFT TWIST ANGLE MEASUREMENT METHODS AND SYSTEMS

BACKGROUND

Field engineers in oil and gas drilling operations can make costly errors if the
viscosity specifications of fluids pumped downhole are incorrect. To reduce such errors,
viscosity tests that simulate downhole conditions are often performed at the surface to
ascertain the behavior of fluids at different temperatures and pressures before they are
pumped downhole.

There are different types of viscosity testing techniques. One example technique
involves a rotational rheometer tool that shears a test fluid between two surfaces. The speed
at which an object in contact the test fluid rotates in response to a constant torque can be
correlated with fluid viscosity. Alternatively, the torque required to rotate an object in contact
with the test fluid at a constant speed can be correlated with fluid viscosity.

While the above viscosity testing concepts are straightforward, building a tool that
accurately measures torque or rotation speed is problematic. Previous efforts to measure
torque include attaching a strain sensor (e.g., a spring) to a shaft, where a bob attached to the
shaft is at least partially immersed in the test fluid. In this configuration, the strain sensor
tracks the strain applied to the shaft as the test fluid interacts with the bob due to rotation of a
housing or “rotor” that encloses the fluid and bob. Unfortunately, strain sensor accuracy often
degrades over time. Further, the strain at the top of the shaft where the strain sensor is located
is not an accurate reading of the strain at the bottom of the shaft where the bob is located.
This is especially problematic if the test involves elevated temperatures or pressures, which
require a sealed enclosure (i.e., the seals needed to maintain elevated temperatures or
pressures contact the shaft and interfere with strain sensor accuracy).

Any discussion of documents, acts, materials, devices, articles or the like which has
been included in the present specification is not to be taken as an admission that any or all of
these matters form part of the prior art base or were common general knowledge in the field
relevant to the present disclosure as it existed before the priority date of each of the appended
claims.

Throughout this this specification the word "comprise", or variations such as
"comprises" or "comprising", will be understood to imply the inclusion of a stated element,
integer or step, or group of elements, integers or steps, but not the exclusion of any other

element, integer or step, or group of elements, integers or steps.
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SUMMARY

Some embodiments relate to a system that comprises: a shaft; a light path surface
coupled to or integrated with the shaft, wherein the light path surface is displaced as a
function of twist angle at a point along the shaft; a sensor configured to measure a light path
length that varies according to displacement of the light path surface; a processing unit that
determines a twist angle value for the point along the shaft based on the measured light path
length.

Some embodiments relate to a method that comprises: performing a test that causes
twisting of a shaft; varying a light path length as a function of twist angle at a point along the
shaft; measuring the light path length; determining a twist angle value based on the measured
light path length; and storing or displaying the twist angle value or a parameter derived from

the twist angle value.

BRIEF DESCRIPTION OF THE DRAWINGS
Accordingly, there are disclosed in the drawings and the following description optical
shaft twist angle measurement methods and systems. In the drawings:
FIG. 1 is a perspective view of a rotational rheometry tool.
FIG. 2A is a cross-sectional view of a rotational rheometry test configuration.
FIG. 2B is a side view of a optical shaft twist angle measurement configuration.
FIG. 2C is a cross-sectional view of another optical shaft twist angle measurement

configuration.
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FIGS. 3A-3F are cross-sectional view of alternative rotational rheometry test
configurations.

FIG. 4 is a graph that shows an example correlation between a rotation speed and
twist angle at a point along a shaft.

FIG. 5A is a multi-angle view of an example light path surface.

FIG. 5B is a set of graphs related to the light path surface of if FIG. 5A.

FIG. 5C is a multi-angle view of another example light path surface.

FIG. 5D is a set of graphs related to the light path surface of FIG. 5C.

FIG. 6A is a side view of a multi-point optical shaft twist angle measurement
configuration.

FIG. 6B is a cross-sectional view of another multi-point optical shaft twist angle
measurement configuration.

FIG. 7 is a set of side views of a shaft showing twisting at different points along the
shaft.

FIGS. 8A-8E are perspective views of shafts with light path surfaces.

FIG. 9 is a flowchart of an optical shaft twist angle measurement method.

It should be understood, however, that the specific embodiments given in the
drawings and detailed description do not limit the disclosure. On the contrary, they provide
the foundation for one of ordinary skill to discern the alternative forms, equivalents, and
modifications that are encompassed together with one or more of the given embodiments in
the scope of the appended claims.

DETAILED DESCRIPTION

Disclosed herein are various optical shaft twist angle measurement methods and
systems. In an example system, a light path surface is coupled to or integrated with a shaft,
where the light path surface is displaced as a function of twist angle at a point along the shaft.
The system also includes a sensor configured to measure a light path length that varies
according to displacement of the light path surface. The system also includes a processing
unit that determines a twist angle value for the point along the shaft based on the measured
light path length. In an example method, a test that causes twisting of a shaft is performed. As
an example, the test being performed may correspond to a rotational rheometry test. Such
tests are helpful, for example, to analyze the behavior of fluids before they are pumped
downhole. Example fluids for which a rotational rheometry test may be performed include
fracturing fluids, drilling muds, cements, and oil/water emulsions. The method also includes

varying a light path length as a function of twist angle at a point along the shaft. The method
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also includes measuring the light path length, and determining a twist angle value for the
point along the shaft based on the measured light path length. The method also includes
storing or displaying the twist angle value. The twist angle value may be used to derive a
torque value at the point along the shaft or other parameters. For example, in a rotational
rheometry test scenario, twist angle values and/or torque values may be correlated with fluid
viscosity values, fluid gel values, fluid consistency values, and/or other test fluid parameters.
The optical shaft twist angle measurement methods and systems are not limited to a rotational
rheometry application. Other applications for the disclosed optical shaft twist angle
measurement methods and systems include analyzing the behavior of rotating or non-rotating
shafts used in machines before or after the machines are assembled.

FIG. 1 shows an illustrative rotational rheometry tool 100. As shown, the tool 100
comprises a base 102 with a motor 104 mounted thereto. Extending from the base 102 are
mounting members 106 which supports a test platform 128. A housing 108 is attached to the
top end of the mounting members 106 and extends over the test platform 128. The housing
108 encloses various control components of the tool 100 such as a motor speed switch 110
and a manual rotation interface 112. Further, a controller 116 and sensor 118 inside the
housing 108 may enable radial or axial displacement of a light path surface to be measured
and correlated with a twist angle at a point along shaft 120. Further, the controller 116 may
derive other parameters (e.g., a torque value and/or test fluid parameters) from one or more
twist angle values. As an example, the controller 116 may correspond to a processing unit
and a memory that stores instructions for execution by the processing unit. The instructions
enable the processing unit to determine twist angle values from measurements collected by
sensor 118. Further, the instructions enable the processing unit to derive torque values from
the twist angle values. Further, the instructions enable the processing unit to derive test fluid
parameters from the torque values or twist angle values.

In at least some embodiments, the measurements collected by sensor 118 may vary
according to displacement of at least one light path surface when twisting of the shaft 120
occurs. The light path surface may be coupled to or integrated with the shaft 120. Further, the
light path surface may be external to or internal to the shaft. Some examples of light path
surfaces suitable for changing a twist angle measurement into an axial or radial displacement
measurement are described in greater detail hereafter. Regardless of the particular light path
surface arrangement being used, the sensor 118 measures a light path length between two
points, where one of the points corresponds to a surface that is axially or radially displaced as

a function of twist angle at a point along the shaft 120. Other possible techniques to measure
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displacement of a surface or a measurement point along a surface include capacitive sensing
and magnetic field sensing. Once the controller 116 has determined shaft twist angle values
based at least in part on measurements received from sensor 118, the shaft twist angle values
are used to derive torque values and/or test fluid parameters. Shaft twist angle values, torque
values, and/or test fluid parameters determined by the controller 116 may be displayed via an
electronic display 114, or conveyed to a computer for further analysis or storage via a wired
or wireless communication interface.

For the rotational rheometry tool 100, twisting of the shaft 120 occurs during tests in
which a bob 122 at one end of the shaft 120 is at least partially immersed in a test fluid. The
immersion of bob 122 in test fluid may occur, for example, by adding a test fluid to sleeve
124 (e.g., a rotor) and coupling the sleeve 124 to the tool 100. When coupled to the tool 100,
the sleeve 124 is able to spin in one or more directions and at one or more speeds to
determine attributes of the test fluid. As the sleeve 124 spins, the test fluid in the sleeve 124
interacts with the bob 122 causing the shaft 120 to twist. The amount of twist (the twist
angle) in the shaft 120 resulting from a test can be correlated with fluid properties such as a
fluid viscosity value, a fluid gel value, a fluid consistency value, and/or other parameters.
Alternatively, the shaft 120 and bob 122 may spin while immersed in a test fluid that is
contained within sleeve 124 or fluid container 126. For example, the fluid container 126 may
be placed upon the test platform 128 and may be filled with a test fluid that at least partially
immerses the bob 122 while the shaft 120 and bob 122 spin. Alternatively, the fluid container
126 may facilitate maintaining or varying the temperature at which tests are performed using
the bob 122 and sleeve 124. Although not shown, the rotational rheometry tool 100 may also
include an interface for maintaining or varying the pressure at which tests are performed. In
such case, twist angle values corresponding to different temperatures or pressures for a test
fluid are monitored (the temperatures and pressures may also be stored). The monitored twist
angle values corresponding to different temperatures or pressures of a test fluid are stored in
the at least one memory unit and are used to calculate a torque value and/or test fluid
parameters.

Example Tests

The rheometry tool 100 or similar tools may be configured to perform various tests.
While not required, at least some tests performed by the rheometry tool 100 or similar tools
comport with the procedures located in API RP-13B-1, Recommended Practice for Field
Testing Water-based Drilling Fluids.
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In an example test, a viscosity measurement is performed by moving one surface at a
given velocity V relative to a second parallel surface. If the distance between the parallel
surfaces is d, the fluid in the space between the surfaces is subjected to a shear rate of V/d.
This shearing causes the fluid to exert a force F on the surfaces. This force divided by the
arca of one of the surfaces A is the shear stress F/A. The shear viscosity of the fluid is the

ratio of the shear stress to the shear rate:

_F/A
Tva

In at least some embodiments, when the rheometry tool 100 performs a viscosity

(1

measurement as described above, the test fluid is contained in the annular space between bob
122 and the sleeve 124. Further, the sleeve 124 is rotated at a constant rotational velocity.
The rotation of the sleeve 124 around the test fluid produces a torque on the bob 122 and the
shaft 120. The twist angle of the shaft 120 is proportional to the viscosity of the test fluid.

In another example test, the rheometry tool 100 measures a gel. In such case, the
sleeve 124 may be rotated slowly (e.g., 3 rpm) and the initial gel strength corresponds to the
maximum twist angle of the shaft 120 attained after starting the rotation. This is also known
as the force at which the gel breaks.

Another variation of the gel test involves rotating the bob 122 throughout a small
angle instead of constantly rotating the sleeve 124. In some embodiments, the amount of
rotation is that necessary to increase the shear stress at an equivalent rate obtained using a 3
rpm API procedure. The breaking of the gel and the peak shear stress is measured by
monitoring the twist angle of the shaft 120 as described herein.

Viscoelastic Measurements:

Oscillatory tests may also be performed by rheometry tool 100 to determine
viscoelastic properties of a test fluid. Rather than rotating sleeve 124 at a constant velocity
around the bob 122, the oscillatory measurements may be accomplished by turning the sleeve
124 or bob 122 slightly back and forth relative to the other. If the maximum amplitude of one

surface’s displacement relative to the other is X, the oscillatory shear strain is:
y(t)=%cos(wt). (2)
For small displacements, this oscillatory shear strain produces an oscillatory shear
stress:

7(t) =L cos(wt +9) (3)
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where 0 is a phase difference between the motion of the sleeve (or bob) and the force
felt by the bob.

The complex shear modulus G* is defined with a real portion representing the in-
phase relationship between oscillatory strain and stress, and an imaginary portion
representing the quadrature-phase relationship:

F/ F/A
X/ X/d

For purely elastic materials, the phase difference 6=0, whereas for purely viscous

G =G+iG"= sin(5). (4)

A .
cos(0)+i
- ¢0s(9)

materials, =90°. The complex viscosity measurement can be derived from G*:

n =G liw (5)

with a real part equal to

n=G"ow. (6)

The complex shear modulus G* comprises a storage modulus represented by G’, and
a loss modulus represented by G”. G’ is related to the elastic behavior of the fluid and G” is
related to the viscous behavior of the fluid. A loss factor is represented by tan(d) and is
defined as follows:

tan(8)=G"/ G". (7)

This ratio is useful in determining the sol/gel transition point, or gel point of a fluid.
When tan(6) = 1, the gel point has been reached. If tan(d) > 1, a liquid state exists, and if
tan(d) < 1, the a gel state exists.

Example rheological properties measured by the rheometry tool 100 or similar tools
that employ the disclosed techniques for measuring shaft twist angle include, but are not
limited to, complex sheer modulus G¥*, storage modulus G’, a loss modulus G”, complex
viscosity 1%, real portion of viscosity vy’, imaginary portion of viscosity 1 , phase shift angle
d, and loss factor tan(d).

Dynamic Tests

There are two basic test modes for oscillatory tests performed by the tool 100. The
first involves controlled shear deformation. In this test, strain y(t) is introduced to the test
fluid by inducing a twist angle (deflection) ¢(t) at a point along the shaft 120. The twist angle
¢(t) s represented by the following equation:

P(1)= 4 cos(et) (8)
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where @a is amplitude. The torque M(t) required to induce the twist angle and the
resulting phase shift angle & are measured. Torque M(t) is represented by the following
equation:

M(t)=M , cos(awt+9). )

The torque M(t) is proportional to the sheer stress t(t), and the complex shear
modulus G* may be calculated using Eq. (4).

The second test involves controlled shear stress. In this test, shear stress t(t) is
introduced to the test fluid by applying torque M(t) to a point along the shaft 120 and
measuring the resulting twist angle and phase shift. The complex shear modulus G* is then
calculated using Eq. (4).

FIG. 2A shows an illustrative rotational rheometry test configuration 200. In test
configuration 200, sensor 118A is positioned above and/or sensor 118B is positioned to the
side of a light path surface 202 coupled to or integrated with shaft 120. As the shaft 120
undergoes twisting due to shearing of test fluid 204 between sleeve 124 and bob 122, the
light path surface 202 is radially or axially displaced. For both axial and radial displacement
as a function of shaft twist angle, the light path surface 202 may correspond to a flat angled
surface, a curved surface, or a stepped surface to provide a linear or quantized correlation
between twist angle and light path surface displacement. For radial displacement, an
eccentrically mounted disc is another option for light path surface 202. It should be
appreciated that the light path surface 202 may correspond to a solid object coupled to or
integrated with shaft 120, a hollow object coupled to or integrated with shaft 120, a thin strip
of material coupled to or integrated with shaft 120, or a customized surface that is part of
shaft 120. Any shape may be used for the light path surface 202 as long as it is radially or
axially displaced as the shape rotates concurrently with a point along the shaft 120). Further,
it should be appreciated that a plurality of sensors 118A and/or a plurality of sensors 118B
could be used to measure axial displacement and/or radial displacement at different
measurement points of a light path surface 202.

FIGS. 2B and 2C show illustrative optical shaft twist angle measurement options. In
FIG. 2B, light path surface 202 is external to the shaft 120. When twisting of the shaft 120
occurs at the point where the light path surface 202 is positioned, the light path surface 202
turns resulting in an axial displacement 210A and/or a radial displacement 210B of the light
path surface 202. For example, the point at which the axial displacement 210A arrow contacts

the light path surface 202 may correspond to a measurement point for sensor 118A.
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Meanwhile, the point at which the radial displacement 210B arrow contacts the light path
surface 202 may correspond to a measurement point for sensor 118B.

In FIG. 2C, the light path surface 202 is internal to the shaft 120. When twisting of the
shaft 120 occurs at the point where the light path surface 202 is positioned, the light path
surface 202 turns resulting in axial displacement 210A of the light path surface 202. For
example, the point at which the axial displacement 210A arrow contacts the light path surface
202 may correspond to a measurement point for sensor 118A. In at least some embodiments,
the sensors 118A and 118B correspond to spectral-interference laser displacement meters
(e.g., Keyence SI-F series) that measure a light path length that varies in accordance with
axial displacement 210A or radial displacement 210B of a measurement point for light path
interface 202.

FIG. 3A-3F shows alternative rotational rheometry test configurations. For the test
configuration of FIG. 3A, a cylindrical bob 122A coupled to shaft 120 is immersed in test
fluid 204 within sleeve 124 (similar to FIG. 2A). For the test configuration of FIG. 3B, a
conical bob 122B coupled to shaft 120 is partially immersed in test fluid 204 within sleeve
124. For the test configuration of FIG. 3C, a disc bob 122C coupled to shaft 120 is contacts
the test fluid 204 within sleeve 124. For the test configuration of FIG. 3D, a bob 122D
corresponds to a hollow cylinder that is open at one end. As shown, the bob 122D is partially
immersed in a test fluid 204 between sleeve 124 and inner member 304. The inner member
304 may correspond to an inner cylinder that is placed in the sleeve 124 or that is part of
sleeve 124. Note: in the test configuration of FIG. 3D, inner and outer surfaces of the bob
122D contact the fluid 204. For the test configuration of FIG. 3E, bob 122E has a cylindrical
shape with a conical shape at one end. The bob 122E is immersed in test fluid 204 within
sleeve 124. For the test configuration of FIG. 3F, bob 122F is immersed in test fluid 204
within sleeve 124. The bob 122F is shaped such that air 306 is trapped by the bob 122F.

The test configurations of FIGS. 3A-3F are only examples. Other bob and sleeve
configurations are possible. In the test configurations of FIGS. 3A-3F, rotation of the sleeve
124 causes twisting of the shaft 120, which may be measured as described herein. In
alternative test scenarios, the shaft 120 and bob 122 rotate within sleeve 124 or a fluid
container 126. The rotation of the bob 124 and shaft 122 in a test fluid causes twisting of the
shaft 120, which may be measured as described herein. The amount of shaft twisting that
occurs may be monitored and correlated to a torque value and/or test fluid parameter.

FIG. 4 shows an illustrative chart 400 that correlates a rotation speed with twist angle

at a point along a shaft. In chart 400, a default angle for a point along a shaft may be
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identified when there is no rotation of rotor 124 or bob 122. Further, a twist angle
corresponding to one or more rotation per minute (RPM) settings may be used to determine a
line slope. As shown, RPM settings S; and S, correspond respectively to different twist
(deflection) angles (%51 and 85-). In at least some embodiments, the slope of the line 402 in
chart 400 can be correlated to torque values and/or test fluid parameters.

FIGS. 5A-5D show illustrative light path surface views and charts. In FIG. 5A,
view 1 shows a side view of a light path surface (e.g., surface 202) corresponding to a disc,
view_ 2 shows an overhead view of the disc, and view 3 shows a perspective view of the
disc. Various points (P2, As, By, and M,) are labeled on the disc, and correspond to points
along a path that is traced as the disc rotates about the axis of rotation. At a given time, P>
corresponds to a lowest and rightmost point along the path, while M, corresponds to a highest
and leftmost point along the path. If the disc is rotated 180 degrees from the position shown,
the positions of P, and M, will be reversed (P, will be at the highest and leftmost point along
the path, and M, will be at the lowest and rightmost point along the path).

FIG. 5B shows the effect of rotating the disc. More specifically, FIG. 5B shows a top
chart representing axial displacement as a function of rotation angle for the disc, and a bottom
chart representing axial displacement/degree (e.g., microns/degree) as a function of rotation
angle for the disc (i.e., the bottom chart is the derivative of the top chart). In FIG. 5B, the
axial displacement as a function of rotation angle corresponds to a cosine wave, while the
axial displacement/degree as a function of rotation angle corresponds to a sine wave. Other
mathematical relationships between axial displacement and rotation angle are possible if a
curved or stepped surface is used with the disc.

In at least some embodiments, only a small amount of twist angle occurs (e.g., 10
degrees or less). In such case, the path portion between points A, and B,is preferable for light
path length measurements as the axial displacement/degree as a function of rotation angle is
highest in this path portion (see the bottom chart of FIG. 5B). This path portion corresponds
to a rotation angle range 502 in FIG. 5B that includes a 90 degree rotation offset from either
P, or M, (where axial displacement/degree is highest). For very small deflections, a
measurement point around this 90 degree offset from ecither P, or M, provides the most
sensitivity. Path portions with lower axial displacement/degree as a function of rotation angle
are usable, but the accuracy suffers and axial displacement ambiguity as a function of rotation
angle can occur (e.g., the axial displacement values at angles before and after M, are the
same). Such ambiguities could be resolved if measurements are accurately tracked over time,

or if multiple light path surfaces with different orientations are used. Preferably, the path
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portion to be used for the disc is carefully selected to facilitate obtaining accurate shaft twist
angle measurements even if the twist angle range is small.

As an example, to use the path potion between points A, and B,, a sensor and light
path oriented above point A, (assuming counterclockwise rotation) would be suitable. For
clockwise rotation, a sensor and light path oriented above point B, would be suitable. It
should be appreciated that the points along the path that are 180 degrees from points A, and
B; could alternatively be used with similar results. Further, it should be appreciated that the
disc is just one example of a light path surface.

FIGS. 5C show an alternative light path surface, corresponding to a partial cylinder
with an angled surface. In FIG. 5C, view 1 shows a side view of the partial cylinder, view 2
shows an overhead view of the partial cylinder, and view_3 shows a perspective view of the
partial cylinder. Various points (P3, Az, B3, and Ms) are labeled on the partial cylinder, and
correspond to points along a path that is traced as the partial cylinder rotates about the axis of
rotation. At a given time, P3 corresponds to a lowest and rightmost point along the path, while
M;3 corresponds to a highest and leftmost point along the path. If the disc is rotated 180
degrees from the position shown, the positions of P3 and Mz will be reversed (P; will be at the
highest and leftmost point along the path, and Ms will be at the lowest and rightmost point
along the path).

FIG. 5D shows the effect of rotating the partial cylinder. More specifically, FIG. 5D
shows a top chart representing axial displacement as a function of rotation angle for the
partial cylinder, and a bottom chart representing axial displacement/degree (e.g.,
microns/degree) as a function of rotation angle for the partial cylinder (i.e., the bottom chart
is the derivative of the top chart). In FIG. 5D, the axial displacement as a function of rotation
angle corresponds to a cosine wave, while the axial displacement/degree as a function of
rotation angle corresponds to a sine wave. Other mathematical relationships between axial
displacement and rotation angle are possible if a curved or stepped surface is used with the
partial cylinder.

In at least some embodiments, only a small amount of twist angle occurs (e.g., 10
degrees or less). In such case, the path portion between points Az and Bsis preferable for light
path length measurements as the displacement/degree as a function of angle is highest in this
path portion (see the bottom chart of FIG. 5D). This path portion corresponds to a rotation
angle range 504 in FIG. 5D that includes a 90 degree rotation offset from either P3; or M3
(where axial displacement/degree is highest). For very small deflections, a measurement

point around this 90 degree offset from either P, or M, provides the most sensitivity. Path
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portions with lower displacement/degree as a function of angle are usable, but the accuracy
suffers and displacement ambiguity as a function of angle can occur (the displacement values
at angles before and after M; are the same). Such ambiguities could be resolved if
measurements are accurately tracked over time, or if multiple light path surfaces with
different orientations are used. Preferably, the path portion to be used for the partial cylinder
is carefully selected to facilitate obtaining accurate shaft twist angle measurements even if the
twist angle range is small.

As an example, to use the path potion between points A3 and Bs, a sensor and light
path oriented above point Az (assuming counterclockwise rotation) would be suitable. For
clockwise rotation, a sensor and light path oriented above point B; would be suitable. It
should be appreciated that the points along the path that are 180 degrees from points Az and
Bs could alternatively be used with similar results. Further, it should be appreciated that the
partial cylinder is just one example of a light path surface.

Compared to the disc related to FIGS. 5A and 5B, the partial cylinder related to FIGS.
5C and 5D causes more axial displacement. This is due to the inclination angle for the angled
surface of the partial cylinder being greater (steeper) than the inclination angle for the angled
surface of the disc. Accordingly, rotation of the partial cylinder results in more axial
displacement and more axial displacement/degree compared to rotation of the disc. In
contrast, rotation of the partial cylinder results in less radial displacement and less radial
displacement/degree compared to rotation of the disc.

It should be noted that the amount of displacement and displacement/degree for the
disc and the partial cylinder would decrease compared to the charts shown for FIGS. 5B and
5D if the paths traced were closer to each rotation of axis (i.e., if the radius shown in view 2
of FIGS. 5A and 5C were smaller). Alternatively, if the paths traced for the disc and the
partial cylinder were further from each rotation of axis (i.e., if the radius shown in view 2 of
FIGS. 5A and 5C were larger), the amount of displacement and displacement/degree would
increase compared to the charts shown for FIGS. 5B and 5D.

FIGS. 6A and 6B show illustrative multi-point optical shaft twist angle measurement
configurations. In FIG. 6A, external light path surfaces 202A and 202B are positioned at
different points along the shaft 120 between sensors 118 and bob 122. As an example, each of
the external light path surfaces 202A and 202B may correspond to a disc or partial cylinder
with an inclined reflective surface (see e.g., FIGS. 5A or 5C). In FIG. 6A, the external light
path surface 202A is larger than the external light path surface 202B so that sensors 118 have
a line of sight to both of the external light path surfaces 202A and 202B. In accordance with
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at least some embodiments, the sensors 118 in FIG. 6A correspond to laser displacement
meters and the external light path surface 202A and 202B cause a light path length to vary as
a function of twist angle at a point along the shaft 120. More specifically, the external light
path surface 202A causes the length of light path 604A to vary as a function of twist angle at
the point along the shaft 120 where the external light path surface 202A is positioned.
Meanwhile, the external light path surface 202B causes the length of light path 604B to vary
as a function of twist angle at the point along the shaft 120 where the external light path
surface 202B is positioned.

In FIG. 6B, internal light path surfaces 202C and 202D are positioned at different
points along the shaft 120 between sensors 118 and bob 122. Each of the internal light path
surfaces 202C and 202D may correspond to an inclined reflective surface that is part of the
shaft 120 or that is added to the shaft 120. The internal light path surface 202C has a hole so
that sensors 118 have a line of sight to both of the internal light path surfaces 202C and 202D
(i.e., the internal light path surfaces 202C and 202D have a concentric arrangement). In
alternative embodiments, the internal light path surfaces 202C and 202D are not concentric,
cach having their own measurement “tunnel” inside shaft 120. (This configuration would
work as long as the amount of twisting does not exceed a corresponding measurement range).
In accordance with at least some embodiments, the sensors 118 in FIG. 6B correspond to
laser displacement meters and the internal light path surfaces 202C and 202D cause a light
path length to vary as a function of twist angle at a point along the shaft 120. More
specifically, the internal light path surface 202C causes the length of light path 604C to vary
as a function of twist angle at the point along the shaft 120 where the internal light path
surfaces 202C is positioned. Meanwhile, the internal light path surface 202D causes the
length of light path 604D to vary as a function of twist angle at the point along the shaft 120
where the internal light path surface 202D is positioned.

Although the light paths 604A-604D shown in FIGS. 6A and 6B are shown with
straight lines, it should be appreciated that such lights paths may vary. As an example, a light
path may vary depending on the angle of reflection that occurs at the light path surfaces
202A-202D. Further, a light path may vary to facilitate integrating the sensors 118 with a tool
(e.g., tool 100) or tool housing (e.g., one or more mirrors may be used to change a light path
regardless of the particular orientation of a sensor 118). In some embodiments, the inside of
shaft 120 may be polished or otherwise have a reflective surface to guide the light
corresponding to light paths 604C and 604D. Further, reflective light path components
external to the shaft 120 may be used for the external light path surfaces 202A and 202B to
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guide the light corresponding to lights paths 604A and 604B. Regardless of the particular
light path arrangement used, the light path length will vary depending on the amount of
twisting at the point along the shaft 120 where the light path surfaces 202A-202D are
positioned. It should be appreciated that an uneven amount of twisting may occur along the
shaft 120, and thus multi-point optical shaft twist angle measurements (e.g., relative twist
angle measurements) rather than single-point twist angle measurements may be used to
determine a torque value and/or test fluid parameters values.

FIG. 7 shows illustrative twisting at different points 702A-702D along a shaft 120A.
The amount of twisting at the different points 702A-702D vary depending on the material
used for the shaft 120A, the total length of the shaft 120A, and the torque applied at different
points along the shaft 120A.

For shaft 120B, line 704 and angle charts 706 A-706E represent the amount of twisting
that occurs at different points along the shaft 120B in response to a test. As shown, the
amount of twisting may be greatest near bob 122. Further, FIG. 7 shows a seal 708 positioned
along the shaft 120B. The seal 708 may part of an interface that enables temperature and/or
pressure to be maintained or adjusted during a test.

FIGS. 8A-8E show illustrative three-dimensional views of shafts 120 with light path
surfaces 202. In FIG. 8A, a shaft 120 with a light path surface 202 in the shape of a partial
cylinder is represented. In FIG. 8B, a shaft 120 with a light path surface 202 in the shape of
an inclined disc is represented. In FIG. 8C, a shaft 120 with multiple light path surfaces 202
in the shape concentric partial cylinders at different orientations is represented. In FIG. 8D, a
shaft 120 with a light path surface 202 in the shape of an eccentric disc is represented. In FIG.
8E, a shaft 120 with a light path surface 202 in the shape of a three-dimensional helical
surface is represented.

The configurations of FIGS. 8A, 8B, 8C, and 8E are operable with overhead sensors
(sensor 118A in FIG. 2A and 2B) to track axial displacement as a function of twist angle
along shaft 120, while the configuration of FIG. 8D is operable with a side sensor (sensor
118B in FIGS. 2A and 2B) to track radial displacement as a function of twist angle along
shaft 120. Further, it should be appreciated that the configurations of FIGS. 8A, 8B, and 8C
are operable with side sensors (sensor 118B in FIGS. 2A and 2B) to track radial displacement
as a function of twist angle along shaft 120. Further, while the configurations of FIGS. 8A,
8B, 8C, and 8E show light path surfaces 202 that are external to the shaft 120, similar
configurations could be employed internal to the shaft 120. Further, it should be noted that

use of multiple sensors 118 and multiple light path surfaces 202 at different orientations can
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improve accuracy and overcome ambiguities. Further, it is possible to track both radial and
axial displacement as a function of twist angle along shaft 120. Further, while the
configurations of FIGS. 8A-8E are shown to use light path surfaces 202 corresponding to
solid objects, it should be appreciated that hollow objects and/or thin surfaces would also
reflect light and may be used.

FIG. 9 shows an illustrative flowchart of an optical shaft twist angle measurement
method 900. As shown, the method 900 comprises performing a test that causes twisting of a
shaft (e.g., shaft 120) (block 902). As an example, a rotational rheometer test may be
performed at block 902. At block 904, a light path length (e.g., light paths 604A-604D) is
varied as a function of twist angle at a point along the shaft. The light path length is measured
at block 906, and a twist angle value is determined based on the measured light path length at
block 908. At block 910, the twist angle value is stored or displayed (e.g., via tool display
114 or a computer in communication with tool 100). Additionally or alternatively, a torque
value and/or test fluid parameter related to the twist angle may be stored or displayed. In at
least some embodiments, multiple light path surfaces may be integrated externally or
internally with a shaft. Using multiple light path surfaces enables multi-point or relative twist
angle values to be determined by comparing the twist angle values at different points along
the shaft. As an example, multi-point or relative twist angle values may provide an improved
correlation between twisting of a shaft due to the interaction of a test fluid with a bob 122
attached to the shaft. This is especially helpful if one or more points along the shaft contact a
seal or other source of friction.

Embodiments disclosed herein include:

A: A system that comprises a shaft and a light path surface coupled to or integrated
with the shaft. The light path surface is displaced as a function of twist angle at a point along
the shaft. The system also comprises a sensor configured to measure the light path length that
varies according to displacement of the light path surface. The system also comprises a
processing unit that determines a twist angle value for the point along the shaft based on the
measured light path length.

B: A method that comprises performing a test that causes twisting of a shaft, and
varying a light path length as a function of twist angle at a point along the shaft. The method
also comprises measuring the light path length, and determining a twist angle value based on
the measured light path length. The method also comprises storing or displaying the twist

angle value or a parameter derived from the twist angle value.
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Each of the embodiments, A and B, may have one or more of the following additional
elements in any combination. Element 1: further comprising a bob coupled to the shaft, and a
sleeve or fluid container configured to enclose the bob and a test fluid. The twist angle at the
point along the shaft is due to interaction of the bob with the test fluid. Element 2: further
comprising a motor configured to turn the shaft or the sleeve. Element 3: further comprising
at least one memory unit and sensors to measure temperature and pressure of the fluid. The
twist angle value value, the measured temperature of the fluid, and the measured pressure of
the fluid are stored in the at least one memory unit, and are used to calculate a test fluid
parameter. Element 4: further comprising an interface for adjusting temperature and pressure
of the test fluid. Element 5: further comprising at least one memory unit and sensors to
measure temperature and pressure of the test fluid. The processor determines twist angle
values corresponding to different temperatures or pressures for the test fluid. The twist angle
values are stored in the at least one memory unit and are used to calculate a test fluid
parameter. Element 6: the light path surface is external to the shaft, wherein the light path
length varies due to radial displacement of the light path surface as a function of twist angle
at the point along the shaft. Element 7: the light path surface is external to the shaft, wherein
the light path length varies due to axial displacement of the light path surface as a function of
twist angle at the point along the shaft. Element 8: the light path surface is internal to the
shaft, wherein the light path length varies due to axial displacement of the light path surface
as a function of twist angle at the point along the shaft. Element 9: further comprising one or
more additional light path surfaces coupled to or integrated with the shaft at different points
along the shaft to enable the processor to determine multiple twist angle values corresponding
to the different points along the shaft. Element 10: the processor determines a relative twist
angle value by comparing twist angle values corresponding to different points along the shaft,
and wherein the processor uses the relative twist angle value to determine a test result.

Element 11: performing the test comprises putting a bob coupled to the shaft in
contact with a test fluid. Element 12: further comprising rotating the shaft or a sleeve that
holds the test fluid. Element 13: further comprising measuring temperature and pressure of
the fluid, wherein the twist angle value, the measured temperature of the fluid, and the
measured pressure of the fluid are stored and used to calculate a test fluid parameter. Element
14: further comprising adjusting temperature or pressure of the fluid, and determining twist
angle values corresponding to different temperatures or pressures for the fluid, wherein the
twist angle values are used to calculate a test fluid parameter. Element 15: varying the light

path length comprises radially displacing a light path surface external to the shaft as a
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function of twist angle at the point along the shaft. Element 16: wherein varying the light path
length comprises axially displacing a light path surface external to the shaft as a function of
twist angle at the point along the shaft. Element 17: varying the light path length comprises
axially displacing a light path surface internal to the shaft as a function of twist angle at the
point along the shaft. Element 18: further comprising varying different light path lengths at
different points along the shaft to enable determination of a relative twist angle value that
compares twist angles at different points along the shaft, and using the relative twist angle
value to determine a test result.

Numerous variations and modifications will become apparent to those skilled in the
art once the above disclosure is fully appreciated. For example, depending on the test fluid,
the light path surface may be separated from the test fluid as shown herein, or immersed in
the test fluid. It is intended that the following claims be interpreted to embrace all such

variations and modifications.
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CLAIMS

1. A system that comprises:

a shaft;

a light path surface coupled to or integrated with the shaft, wherein the light path
surface is displaced as a function of twist angle at a point along the shatft;

a sensor configured to measure a light path length that varies according to
displacement of the light path surface;

a processing unit that determines a twist angle value for the point along the shaft

based on the measured light path length.

2. The system of claim 1, further comprising:
a bob coupled to the shaft; and
a sleeve or fluid container configured to enclose the bob and a test fluid, wherein the

twist angle at the point along the shaft is due to interaction of the bob with the test fluid.

3. The system of claim 2, further comprising a motor configured to turn the shaft or the

sleeve.

4. The system of either claim 2 or 3, further comprising:

at least one memory unit; and

sensors to measure temperature and pressure of the test fluid,

wherein the twist angle value, the measured temperature of the test fluid, and the
measured pressure of the test fluid are stored in the at least one memory unit, and are used to

calculate a test fluid parameter.

5. The system according to any one of claims 2 to 4, further comprising an interface for

adjusting temperature and pressure of the test fluid.

6. The system of claim 5, further comprising:
at least one memory unit; and
sensors to measure temperature and pressure of the test fluid,
wherein the processor determines twist angle values corresponding to different

temperatures or pressures for the test fluid,
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wherein the twist angle values are stored in the at least one memory unit and are used

to calculate a test fluid parameter.

7. The system according to any one of claims 1 to 6, wherein the light path surface is external
to the shaft, and wherein the light path length varies due to radial displacement of the light

path surface as a function of twist angle at the point along the shaft.

8. The system according to any one of claims 1 to 6, wherein the light path surface is external
to the shaft, and wherein the light path length varies due to axial displacement of the light

path surface as a function of twist angle at the point along the shaft.

9. The system according to any one of claims 1 to 6, wherein the light path surface is internal
to the shaft, wherein the light path length varies due to axial displacement of the light path

surface as a function of twist angle at the point along the shaft.

10. The system according to any one of claims 1 to 6, further comprising one or more
additional light path surfaces coupled to or integrated with the shaft at different points along
the shaft to enable the processor to determine multiple twist angle values corresponding to the

different points along the shaft.

11. The system according to any one of claims 10, wherein the processor determines a
relative twist angle value by comparing twist angle values corresponding to different points
along the shaft, and wherein the processor uses the relative twist angle value to determine a

test result.

12. A method that comprises:
performing a test that causes twisting of a shaft;
varying a light path length as a function of twist angle at a point along the shaft;
measuring the light path length;
determining a twist angle value based on the measured light path length; and
storing or displaying the twist angle value or a parameter derived from the twist angle
value.
13. The method of claim 12, wherein performing the test comprises putting a bob coupled to

the shaft in contact with a test fluid.
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14. The method of claim 13, further comprising rotating the shaft or a sleeve that holds the
test fluid.

15. The method of either claim 13 or 14, further comprising measuring temperature and
pressure of the fluid, wherein the twist angle value, the measured temperature of the fluid,

and the measured pressure of the fluid are stored and used to calculate a test fluid parameter.

16. The method according to any one of claims 13 to 15, further comprising adjusting
temperature or pressure of the fluid, and determining twist angle values corresponding to
different temperatures or pressures for the fluid, wherein the twist angle values are used to

calculate a test fluid parameter.

17. The method according to any one of claims 12 to 16, wherein varying the light path
length comprises radially displacing a light path surface external to the shaft as a function of

twist angle at the point along the shaft.

18. The method according to any one of claims 12 to 16, wherein varying the light path
length comprises axially displacing a light path surface external to the shaft as a function of

twist angle at the point along the shaft.

19. The method according to any one of claims 12 to 16, wherein varying the light path
length comprises axially displacing a light path surface internal to the shaft as a function of

twist angle at the point along the shaft.

20. The method according to any one of claims 12 to 16, further comprising:

varying different light path lengths at different points along the shaft to enable
determination of a relative twist angle value that compares twist angles at different points
along the shaft; and

using the relative twist angle value to determine a test result.
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