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(57) Abstract: A rheometer instrument including a stationary frame, a sleeve suspended from said frame, means for rotating the 
sleeve, a bob suspended within the sleeve, a cross-spring pivot suspending the bob from the stationary frame and a force rebalance 
system for effecting the rotational displacement of the bob with a torque. The force rebalance system includes an arm attached to the 
movable portion of the cross-spring pivot, a rotational position sensor in close proximity to the arm for measuring the rotational dis - 
placement and angular frequency of the arm, and a force actuator positioned to apply force to the arm. The rheometer instrument 
may be used to calculate the rheological properties of Newtonian and non-Newtonian fluids.
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Apparatus and Method for Constant Shear Rate and Oscillatory Rheology Measurements

CROSS-REFERENCE TO RELATED APPLICATIONS 

None,

BACKGROUND

[0001] When determining the rheology of a fluid, it is important to take the operating

conditions of that fluid into consideration. Conditions such as temperature and pressure under 

which the fluid is utilized are important when measuring the rheological characteristics. As an 

example, many drilling fluids are subjected to temperatures above 400 °F and pressures greater 

than 10,000 psi in deep wellbores.

[0002] Conventional apparatuses for measuring the viscosity of Newtonian fluids include

a cylindrical bob suspended within a concentric tubular sleeve for immersion in the fluid to be 

tested. The sleeve is rotated at a known velocity, causing the fluid in the annular space around 

the bob to drag on the suspended bob. The torque exerted on the bob provides a measure of the 

fluid viscosity. Typically, a stationary frame is used to suspend the bob and sleeve using ball or 

roller bearings. When used in harsh environments, these bearings may become pitted or gummed 

up, resulting in inaccurate viscosity measurements and, eventually, resulting in failure of the 

instrument.

[0003] In order to improve the reliability of the bearings, flexural or torsional bearings

have been used. US 4,571,988, titled “Apparatus and Method for Measuring Viscosity,” 

discloses the use of a cross-spring pivot (CSP) as the flexural bearing, and is hereby incorporated 

by reference herein. A typical CSP is an arrangement of several flat springs configured so that 

when rotated for small angles, the springs bend so that the deflection appears to be about an axis. 

In some applications, the CSP axis is coaxial with the axis of the bob of the rheometer. Flexural 

pivots have many advantages. They have no sliding or rolling friction nor do they have tight 

clearances, so their rotational properties are very consistent. The CSP acting as a torsion spring 

and bearing support for the bob, permitting electronic measurement of the bob’s rotational 
displacement to determine the fluid’s shear stress.Though the device disclosed in US 4,571,988
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offers certain advantages with respect to accuracy and long-term reliability in harsh environments, it 
nevertheless lacks the ability to measure viscoelastic fluid properties such as the shear modulus. This 
ability would be useful for characterizing non-Newtonian fluids.

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] Accordingly, there are disclosed in the drawings and the following description

specific embodiments of apparatuses and methods that enable accurate shear rate and oscillatory 

rheology measurements. In the drawings:

[0005] Fig. 1 is an isometric view of a crossed-spring pivot rheometer bob assembly.

[0006] Fig, 2 is a partial schematic of an illustrative rheometer assembly.

[0007] Fig. 3 is a block diagram illustrating functions of certain enhanced rheometer

assembly components.

[0008] Fig. 4 is a block diagram illustrating digital signal processor functions

implemented by an illustrative enhanced rheometer assembly.

[0009] It should be understood, however, that the specific embodiments given in

the drawings and detailed description thereto do not limit the disclosure, but on the contrary, they 

provide the foundation for one of ordinary skill to discern the alternative forms, equivalents, and 

modifications that are encompassed with the given embodiments by the scope of the appended 

claims.

DETAILED DESCRIPTION
[0010] The present disclosure provides apparatuses and methods for measuring the

viscoelastic properties of Newtonian and non-Newtonian fluids. Some embodiments are directed 

to methods including determining the shear stress of a fluid using a force rebalance technique to 
prevent the rotational displacement of the bob, e.g,, by countering it with an electromagnetically 
generated opposing torque that just balances the torque from the bob. In the appropriate 
configuration, the current used to generate the balancing force is proportional to the shear stress. 

[0011] Further embodiments provided by the present disclosure are directed to a force

rebalance system (FRS) that may be used to rotate the bob and torsion assembly through small angles 
in a controlled manner from the normal balanced position so that other measurements can be made. 
Such embodiments may be useful for determining various properties of a gel, including its breaking
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point and the associated peak shear stress. The device may display the peak shear stress and/or other 
gel properties.

[0012] In another embodiment, the FRS can also be used to force the bob to oscillate for
small displacements without rotating the outer cylinder (sleeve) of the rheometer. The phase 
difference between the driving force and the displacement can be used to make measurements of the 
viscoelastic properties of a fluid in the annular gap. The apparatus permits the measurement of the 
constant shear rate rheology with the prescribed API geometry and method. In a further embodiment, 
the oscillations could also be imposed on the bob while the sleeve is rotating at a constant shear rate 
so that both types of shear are imposed on the sample simultaneously,
[0013] Thus, the present disclosure provides novel apparatuses and methods to overcome

the various problems of the prior art, thereby enabling an improved calculation of the 

viscoelastic properties of a fluid.

[0014] Fig. 1 is an isometric view of a crossed-spring pivot rheometer bob assembly 300.

Assembly 300 comprises a bob 301, suspended by a bob shaft 302. The bob shaft 302 is attached 

to a cross-spring pivot 303, (A commercial example of the crossed-spring pivot is available from 

C-Flex Bearing Co., Inc. Frankfort, NY.) In another embodiment, the bob shaft 302 is an integral 

part of the crossed-spring pivot 303, The cross spring pivot 303 comprises a stationary portion 

304 and a movable portion 305. A stand (not shown) anchors the stationary portion 304, while 

the bob shaft 302 is affixed to the movable portion 305 which rotates with the movement of the 

bob 301. In one embodiment, an arm 306 is attached to the movable portion 305, projecting 

radially from a point on the crossed-spring pivot 303. The far end of the arm 306 has a large 

displacement for small angular displacements of the bob shaft 302, The increased motion reduces 

the demands on a position sensor and force actuator (not shown) positioned in close proximity to 

the end of the arm.

[0015] Fig. 2 shows a partial schematic of an illustrative rheometer assembly 400.

Rheometer assembly 400 comprises a bob 401 suspended in a sleeve 402. A main shaft 403 and 

main shaft bearings 404 are used to spin the sleeve 402 while allowing the bob 401 to stay 

suspended within the sleeve 402. A frame 405 supports the sleeve assembly, In one embodiment, 

an arm 406 is attached to the movable portion 412 of a crossed-spring pivot 411, projecting 

radially from a point on the crossed-spring pivot 411. In some embodiments, a first magnet 408 

is mounted on the arm 406 to enable position sensing by a Hall-effect sensor 407. A second
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magnet 409 may also be attached to the arm 406 near a force application device 410. In the 

illustrated embodiment, the force application device 410 does not physically contact the arm 406. 

In certain alternative embodiments, the force application device 410 physically contacts the arm 

406. In certain embodiments, sleeve 402 is closed on the bottom. In another embodiment, sleeve 

402 may be open on the bottom. If sleeve 402 closed on the bottom, fluid is placed in sleeve 402 

and main shaft 403 may be rotated by a motor (not shown), thereby resulting in the sleeve 402 

spinning. If sleeve 402 is open on the bottom, is the bob 401 and sleeve 402 can be immersed in 

the fluid. As the sleeve 402 spins, the bob 401 twists, causing the movable portion of crossed- 

spring pivot 411 to also twist. This twisting motion is counteracted by a force rebalance system 

comprising a coil 410, a force magnet 409 on the arm 406, a position magnet 408 on the arm 

406, and a position sensor 407 positioned in close proximity to the position magnet 408. The 

force rebalance system will be detailed below.

[0016] The present disclosure provides a force rebalance system to measure forces and

induce a force on the arm of the force rebalance system. Fig. 3 shows a block diagram for an 

illustrative force rebalance system. Motor 504 rotates the sleeve of the rheometer. Motor 

controller 502 is an integrated circuit chip that controls motor 504, It may be programmed with 

the desired motor speed. The speed can be set manually or by processor 518 (e.g., if a sweep 

across a range of speeds is desired). Drive signal 506 can control the motor speed by varying the 

duty cycle of this signal. Speed sensor signal 508 is used to measure speed of motor 504 so that 

the motor controller can adjust the drive signal as necessary to ensure that the actual speed 

matches the programmed speed.

[0017] A bob is suspended from crossed-spring pivot 510. As the bob twists, sensor arm

512 turns with it. Sensor magnet 514 is utilized for sensing the bob position. A Hall-effect sensor 

516 is used to measure the position of sensing magnet 514. Digital signal processor (DSP) 518 

executes firmware that controls the operation of the rebalance system. Current through dri ve coil 

520 creates a magnetic field. Core 522 directs the magnet field from drive coil 520 around force 

magnet 524. Force magnet 524 is used to counter the movement of sensor arm 512. As the DSP 

518 detects movement of the position magnet 514, it adjusts the current through the drive coil as 

necessary to return the sensor arm 512 back to its original position. The necessary current level is
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indicative of the drag on the bob, enabling the DSP to derive the relevant fluid parameters and 

provide a digital output. Display 526 is used to display a digital output from the DSP 518.

[0018] Fig. 4 is a block diagram illustrating functions that may be implemented by the

DSP 518. Reference signal generator 542 produces a sinusoidal wave of desired amplitude and 

frequency for oscillating measurements (which are explained further below). Reference signal 

generator 542 is set to zero for normal measurements. Adaptive filter 544 operates on the 

difference between reference signal 542 and the signal from position sensor 516 and produces an 

output signal designed to return the difference to zero. A digital to analog converter converts this 

output signal into a drive current for coil 520. Parameter extraction block 546, for normal 

measurements (reference signal is zero), averages the output signal amplitude and provides unit 

conversion if desired. When the motor speed is taken into account, the output signal is indicative 

of viscosity. For oscillating measurements, the parameter extraction block 546 measures the 

relative magnitude and the relative phase between a reference signal and an output signal.

Traditional Tests

[0019] A normal 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 area 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:

[0020] If testing of oil field fluids is desired, the procedures are located in API RP-13B-

1, Recommended Practice for Field Testing Water-based Drilling Fluids, the entire current 

version of which is incorporated by reference herein. In the traditional test for determining the 

viscosity of a fluid, the fluid is contained in the annular space between a bob and a sleeve. The 

sleeve is rotated at a constant rotational velocity. The rotation of the sleeve in the fluid produces 

a torque on the bob and the arm connected to the crossed-spring pivot. The force rebalance 

system of calculates the amount of force that is necessary to restore the arm to its resting 

position. This force is proportional to the viscosity of the fluid.
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[0021] When measuring a gel according to the procedures in API RP-13B-1, if a slow

rotation of the sleeve is used, i.e., 3 rpm, the initial gel strength is the maximum reading attained 

after starting the rotation. This is also known as the force at which the gel breaks.

Another variation of the gel test provided by the present disclosure is to rotate the bob 

throughout a small angle instead of constantly rotating the sleeve. The force rebalance system 

rotates the arm through a small angle from its normal position. The amount of rotation is that 

necessary to increase the shear stress at an equivalent rate obtained using the 3 rpm API 

procedure mentioned above. The breaking of the gel is detected by a rotational displacement 

sensor and the peak shear stress is measured using the force rebalance system.

Viscoelastic Measurements:

[0022] Oscillatory tests may be utilized to determine the viscoelastic properties of fluids.

Rather than rotating a sleeve at a constant velocity around the bob, the oscillatory measurements 

may be accomplished by turning one 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:

= f cos(tyi). (2)

[0023] For small displacements, this oscillatory shear strain produces an oscillatory shear

stress:

r(t) = j cos(ft/z + δ) (3)

where δ is a phase difference between the motion of the sleeve (or bob) and the force felt by the 

bob.

[0023] 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:

G* = G'+zG" = ^-cos(^)+z^-sm(^). (4)
X! d X/d

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

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

η=β*!ίω (5)
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with a real part equal to

η = σ"/ω. (6)

[0024] 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(5) and is defined 
as follows:

tan(6) = G"/G'. (7)

[0025] This ratio is useful in determining the sol/gel transition point, or gel point of a

fluid. When tan(5) = 1, the gel point has been reached. If tan(5) > 1, a liquid state exists, and if 

tan(5) < 1, the a gel state exists.
[0026] Rheological properties measured by the rheometer provided by the present

disclosure include, but are not limited to, complex shear modulus G*, storage modulus G’, a loss 

modulus G”, complex viscosity ηL, real portion of viscosity ', imaginary portion of viscosity 11 , 
phase shift angle δ, and loss factor tan(5).

Dynamic Tests
[0027] There are two basic test modes in oscillatory tests. The first involves controlled

shear deformation. In this test, strain y(t) is introduced to the sample by inducing a deflection 
angle cp(t) on the crossed-spring pivot using a force on the force rebalance arm. Deflection angle 
cp(t) is represented by the following equation:

φ(ϊ) = φΑ coston) (8)

where φΑ is amplitude. The torque M(t) required to induce the deflection angle and the resulting 

phase shift angle δ are measured. Torque M(t) is represented by the following equation:

M(t)= a costGU+d). (9)

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

[0028] The second test involves controlled shear stress. In this test, shear stress r(t) is

introduced to the sample by applying torque M(t) to the force rebalance arm and measuring the 
resulting deflection angle and phase shift. The complex shear modulus G* is then calculated 

using Eq. (4).

7
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[0029] The measuring techniques will now? be described in detail with reference to Figs.

1-4. In a first example, the viscosity of a Newtonian fluid is determined by first immersing bob 

401 in the fluid. The reference signal generator 542 is set to zero. Motor controller 502 is set to 

rotate motor 504 (and sleeve 402) at a certain speed using drive signal 506. As sleeve 402 

rotates, bob 401 twists slightly causing arm 406 to also twist. Rotational position sensor 516 

determines the position of position magnet 514. Processor 518 converts the signal to a digital 

signal and adaptive filter 544 operates on the difference between the signal from the reference 

signal generator 542 and the signal from rotational position sensor 516. An output signal is 

produced that should return the difference to zero, i.e., return arm 406 back to its resting 

position. The output signal is converted into a magnetic field by drive coil 520. Core 522 directs 

the magnetic field from coil 520 around force magnet 524, causing arm 406 to return to its 

resting position. The output signal amplitude is proportional to the viscosity, and this value may 

be displayed on display 526. One advantage of this system is that the output results in an 

accurate, digital viscosity, in part due to the additional distance traveled by arm 406 as opposed 

to placing a sensor on the movable portion 412 of crossed-spring pivot 411.

[0030] As another example, to measure the viscoelastic properties of a non-Newtonian

fluid, bob 401 is immersed in the fluid and oscillating measurement techniques are used. The 

reference signal generator 542 is configured to produce a sinusoidal wave of desired amplitude 

and frequency for oscillating measurements. Motor controller 502 is set such that there is no 

rotation of motor 504. Because motor 504 does not rotate, sleeve 402 remains stationary. 

Rotational position sensor 516 determines the position of position magnet 514. Initially, position 

magnet 514 is stationary in its resting position. Processor 518 converts the signal to a digital 

signal and adaptive filter 544 operates on the difference between the signal from the reference 

signal generator 542 and the signal from rotational position sensor 516. An output signal is 

produced that should return the difference to zero, i.e., rotate arm 406 in an oscillating manner as 

set in reference signal generator 542. The output signal is converted into a magnetic field by 

drive coil 520. Core 522 directs the magnetic field from eoil 520 around force magnet 524, 

causing arm 406 to rotate in an oscillating manner. Parameter extraction block 546 measures the 

relative magnitude and relative phase difference between the reference signal and the output
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signal. These values may be displayed on display 526 and used to further calculate rheological 

properties such as complex shear modulus G*, complex viscosity ηL, and loss factor tan(5).

[0031] If the fluid is a gel, the oscillation amplitude may be gradually ramped up, with

monitoring of the forces exerted on the bob to determine the peak output signal representing the 

point at which a gel breaks, also known as the initial gel strength. The initial gel strength may be 
displayed on display 526. One advantage of this system is that the displacement of the arm is 
more controlled than a typical API gel measurement where the sleeve is rotated at a constant, 
slow rpm such as 3 rpm. Further, a more accurate, digital, peak shear stress value is obtained in 
part due to the additional distance traveled by arm 406 as opposed to placing a sensor on the 
movable portion 412 of crossed-spring pivot 411.

[0032] Another illustrative example is directed to measuring the viscoelastic properties of
a non-Newtonian fluid using both constant shear and oscillating shear measurement techniques. 
Bob 401 is immersed in the fluid and oscillating measurement techniques are used in conjunction 
with a bias shear rate caused by rotation of the sleeve. To produce a bias shear rate, motor 
controller 502 is set to rotate motor 504 at a certain speed using drive signal 506. As sleeve 402 
rotates, bob 401 rotates causing arm 406 to also rotate. To produce an oscillating shear, reference 

signal generator 542 is configured to produce a sinusoidal wave of desired amplitude and 
frequency for oscillating measurements. Rotational position sensor 516 determines the position 
of position magnet 514. Initially, position magnet 514 is stationary in its resting position. 
Processor 518 converts the signal to a digital signal and adaptive filter 544 operates on the 

difference between the signal from the reference signal generator 542 and the signal from 
rotational position sensor 516. An output signal is produced that should return the difference to 
zero, i.e., rotate arm 406 in an oscillating manner as set in reference signal generator 542. The 
output signal is converted into a magnetic field by drive coil 520. Core 522 directs the magnetic 

field from coil 520 around force magnet 524, causing arm 406 to rotate in an oscillating manner. 
Parameter extraction block 546 measures the relative magnitude and relative phase difference 
between the reference signal and the output signal. These values may be displayed on display 
526 and used to further calculate rheological properties.
[0033] Numerous other modifications, equivalents, and alternatives, will become

apparent to those skilled in the art once the above disclosure is fully appreciated. It is intended
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that the following claims be interpreted to embrace all such modifications, equivalents, and 

alternatives where applicable.
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1. A rheometer that comprises:

a rotatable sleeve that defines a cylindrical cavity;

a cylindrical bob positioned within the cavity to define an annular space, the bob being 

supported by a cross-spring pivot that permits limited rotation of the bob;

a force rebalance system that senses rotation of the bob and imposes a feedback force to 

counter any deviation of the bob from a reference point;

a processor that derives at least one viscoelastic parameter for a fluid in the annular space 

based at least in part on the feedback force; and

wherein the feedback force is imposed without physical contact.

2. The rheometer of claim 1, wherein the processor varies the reference point in a sinusoidal 

fashion and measures a relative amplitude and phase of the feedback force to derive the at least 

one viscoelastic parameter.

3. The rheometer of claim 2, wherein the processor accepts user input to vary at least one of an 

amplitude and angular frequency of the sinusoidal reference point variation.

4. The rheometer of claim 2, wherein the at least one viscoelastic parameter includes at least one 

parameter from the set consisting of: a storage modulus G’, a loss modulus G”, a real portion of 

viscosity η , an imaginary portion of viscosity η , and a phase shift angle δ.

5. The rheometer of claim 4, wherein the at least one viscoelastic parameter further includes at 

least one of: a complex shear modulus G*, a complex viscosity η*, and a loss factor tan(6).

6. The rheometer of claim 1, wherein the reference point is held fixed while the rotatable sleeve 

rotates.
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5 7. The rheometer of claim 6, wherein the rotatable sleeve turns at a constant rate during a 

measurement period.

8. The rheometer of claim 6, wherein the processor derives the at least one viscoelastic parameter 

based on the feedback force and a rotation rate of the sleeve.

9. The rheometer of claim 6, wherein the rotatable sleeve oscillates in a sinusoidal fashion.

10. The rheometer of claim 1, wherein the force rebalance system includes: 

an arm attached to a movable portion of the cross-spring pivot;

a position sensor that measures a displacement of the arm; and

an actuator that applies the feedback force to counter displacement of the arm from a reference 

position.

11. The rheometer of claim 10, wherein the actuator includes a drive coil that applies the 

feedback force by exerting a controllable magnetic force on said arm.

12. The rheometer of claim 1, further comprising a display coupled to the processor to output a 

digital value of the at least one viscoelastic parameter.

13. A method that comprises:

subjecting, by a rheometer, a fluid in an annular space between a cylindrical bob and a sleeve 

to a shear strain, wherein the cylindrical bob is supported by at least one cross-spring pivot;

sensing, by the rheometer, rotation of the bob;

imposing, by the rheometer, a feedback force to counter any deviation of the bob from a 

reference point;

deriving, by the rheometer, at least one viscoelastic parameter for the fluid based at least in part 

on the feedback force; and

wherein the feedback force is imposed without physical contact.
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5 14. The method of claim 13, further comprising: 

varying the reference point in a sinusoidal fashion; and

measuring a relative amplitude and phase of the feedback force, wherein said deriving is based 

at least on the relative amplitude and phase.

15. The method of claim 14, further comprising varying at least one of an amplitude and an 

angular frequency of the sinusoidal reference point variation.

16. The method of claim 14, wherein the at least one viscoelastic parameter includes at least one 

parameter from the set consisting of a storage modulus G’, a loss modulus G”, a real portion of 

viscosity η , an imaginary portion of viscosity η , and a phase shift angle δ.

17. The method of claim 16, wherein the at least one viscoelastic parameter further includes at 

least one of: a complex shear modulus G*, a complex viscosity η*, and a loss factor tan(6).

18. The method of claim 15, wherein said subjecting is performed by rotating the sleeve while 

holding the reference point fixed.

19. The method of claim 18, wherein the rotatable sleeve turns at a constant rate during a 

measurement period.

20. The method of claim 18, wherein the rotatable sleeve oscillates in a sinusoidal fashion.

21. The method of claim 13, wherein the fluid is a gel and the bob is rotated by the force 

rebalance system to increase shear stress on the gel to a point where the gel breaks.

22. The method of claim 21, wherein the viscoelastic parameter is the gel break point.
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