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A METHOD AND APPARATUS FOR MEASURING FORCES IN THE
PRESENCE OF EXTERNAL PRESSURE

DESCRIPTION

Technical field

The invention relates to a method for measuring
forces exerted on a part in a given direction and 1in the
presence of external pressure applying a force on said
part that is large compared with the forces to be
measured.

The invention also relates to apparatus for
measuring forces by implementing the method.

A privileged application of the invention lies 1n
measuring the compression or traction forces exerted on a

member such as a downhole tool or a drill string, e.g.

or when it is being extracted from such a well. The very
high pressures that exist at the bottom of an oil well
then apply a force on the member in guestion that 1s
significantly greater than the force which it is desired

to measure.

Prior art

As shown in particular in document US-A-4 926 396,

1)

it is known to measure pressure by using a transducer OrL

tubular shape, made of piezoelectric ceramic. That
document also shows that such a transducer, which 1S
normally closed by plates at both ends, responds 1n

different manners to stresses exerted along its axis and

ro stresses exerted radially, because of external

pressure.

In addition, document US-A-5 107 710 shows that 1t

interconnected to form a Wheatstone bridge, and to
implant the bridge on a diaphragm, on the side opposite

from the pressure that is to be measured.



10

15

20

25

30

CA 02380372 2009-06-19

66262-162

2

However, no sensor is known that makes it possible to measure
forces exerted in a given direction, independently of an external pressure that is
also acting on the sensor and that is capable of giving rise to forces that are
significantly higher than the forces to be measured.

Summary of the invention

According to an aspect of the present invention, there is provided a
method of measuring forces F exerted in a first given direction on a part in the
presence of an external pressure p, the part including a sensor comprising a tube,
the method comprising measuring deformation of the wall of the sensor, wherein
the part comprises a downhole tool or drill string; the sensor includes a portion of
thinner wall thickness and a portion of thicker wall thickness; and the step of
measuring deformation of the wall of the sensor comprises: measuring
deformation in an axial direction that is parallel to the first given direction; and
measuring deformation of the wall of the sensor in a second direction that forms a
non-zero angle with the first given direction, in at least two points of different wall
thickness so as to compensate for the effect of the external pressure p.

Specifically, the invention provides a method of measuring forces F
In the presence of an external pressure p, which method is designed to be
substantially insensitive to the forces generated by said pressure, including when
said forces are much greater than the forces to be measured.

According to the invention, this result is obtained by means of a
method of measuring forces F exerted on a part in a first given direction in the
presence of external pressure p, wherein the deformation of a wall is measured in
an axial direction parallel to the first direction and in at least two points of differing
wall thicknesses In a second direction forming a non-zero angle with the first
direction so as to compensate for the effect of the pressure p.

Some embodiments provide a method of measuring forces exerted
on a part in a given direction and in the presence of an external pressure, the
method comprising integrating a sensor in the part, the sensor being sensitive to
the forces F and to the pressure p and delivering an output signal S of the type
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S=a.F +B.p+y, where aif a force coefficient, B is a pressure coefficient, and vy is
an offset value, and in dimensioning said sensor in such a manner as to cause the

pressure coefficient 8 to be zero.

In some embodiments of the invention, a sensor is used comprising
a tube including a portion of thinner wall thickness and a portion of thicker wall
thickness,
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having an axis extending along the first direction, and

in which deformations along said axis and in a direction
orthogonal thereto are measured.

Other embodiments are also possible using sensors
5 1including a thinner portion and a thicker portion, e.qg.
of elliptical shapes or having bulges.

In which case, each wall deformation measurement 1is
performed by two diametrically opposite strain gauges so
as to compensate for deformation in bending.

10 Preferably, under such circumstances, use is made of

' one pair of strain gauges parallel to the first

direction, two pairs of strain gauges orthogonal to the
first direction, respectively placed in the thinner
portion and in the thicker portion, and one pair of

15 strain gauges that are inactive, the eight strain gauges
being interconnected in a Wheatstone bridge, the output
signal S from the sensor corresponding to the ratio
between an output voltage V_, and an input voltage V_ of
said bridge. |

20 Advantageously, when the sensor is fitted with its
strain gauges, the pressure coefficient f} can be

decreased or even made zero by reducing the outside
diameter of one of said tube portions.

In some embodiments of the invention, a tube
25 is used whose thinner portion initially has an inside
diameter b, and an outside diameter a, defining a first
ratio d, = b,/a, and whose thicker portion initially has
an inside diameter B, and an outside diameter A, defining

a second ratio D, = B,/A,, the first and second ratios
30 being such that:

2"’"0 1+v0

}

1 - D,? 1 - d,2
where v, represents the Poisson coefficient as estimated
35 for the tube; variations in the output signal from the
sensor as a function of pressure are measured at zero

force; the initial pressure coefficient [}, of the sensor
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is deduced therefrom; an optimized value v of the Poisson
coefficient of the tube is calculated from the

relationship:

z(l-dg)-u-ngn?-;.ﬂo.(1-d§).(1-0§)
(1 - 4)) + (1 - D)

V =

5 where E represents Young's modulus for the tube, and K
represents the gauge coefficient; and the pressure
coefficient B is made to be equal to zero:

when B, is negative, by decreasing the outside
diameter a, of the thinner portion to give it a value a
10 such that:

and
when B, is positive, by decreasing the initial
outside diameter A, of the thicker portion to give it a
15 wvalue A such that:

According to another aspect of the present

invention, there is provided apparatus for measuring

20 forces F exerted in a first given direction on a part
in the presence of an external pressure p, the
apparatus including a sensor comprising a tube
integrated in the part in which the deformation of the
wall of the sensor 1s measured, wherein the sensor 1is

25  integrated into a downhole tool or drill string; the
sensor 1ncludes a portion of thinner wall thickness and

a portion of thicker wall thickness; and comprises

means for measuring deformation 1n an axial direction

that 1s parallel to the first given direction, and
30 peans for measuring deformation of the wall of the
sensor 1n a second direction that forms a non-zero

angle with the first given direction, in at least two

points of different wall thickness so as to compensate

for the effect of the external pressure p.
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Some embodiments of the invention provide an apparatus for

measuring forces F exerted on a part 1n a given direction in the
presence of an external pressure p, the apparatus being
characterized in that it comprises a sensor integrated in
said part, said sensor being sensitive to the forces F

and to the pressure p, and delivering an output signal S

of the type S = aa.F + B.p + Yy where o represents a force

coefficient, P represents a pressure coefficient, and ¥y
represents an offset value, the sensor being dimensioned

in such a manner that the pressure coefficient P is zero.

Brief description of the drawing

A preferred embodiment of the invention is described

below by way of non-limiting example and with reference
to the accompanyling drawing, in which:
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Figure 1 1s a diagrammatic section view of force-

r—

measuring apparatus of an embodiment of the invention; and

—

Figure 2 shows the electrical connections of the

strain gauges of the Figure 1 apparatus so as to form a

Wheatstone bridge.

Detailed description of a preferred embodiment of the
invention

When an arbitrary part or member is placed in air,
it 1s easy to detect a limited force applied to said part
1n some given direction, e.g. the vertical direction.
When the same source 1s applied to an arbitrary part or
member in the presence of some external pressure, the
force normally detected in said direction corresponds to
the force actually applied to the part plus the product
of the external pressure multiplied by the effective
surface area of the part on which the pressure acts 1in
the direction under consideration.

When the pressure becomes very high, as is the case
specifically down an oil well, the force applied to the
part becomes negligible relative to the force applied

specifically in the same direction because of the

surrounding external pressure.

The method of the invention consists in integrating

a sensor within the part, where the sensor is of a

special type that is dimensioned and instrumented in such

a manner as to deliver an output signal that is

substantially independent of the external pressure. In

the preferred embodiment shown in Figures 1 and 2, the
part (not shown) has integrated therein a sensor 10
comprising a tube 12 made up of two portions 12a and 12b,

together with strain gauges placed on the inside of the
tube.

The tube 12 is a metal tube whose axis 14 1is

designed to be placed in the direction of application of

the forces to be measured.
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The first portion 12a of the tube 12 i1s a portion of
relatively thin wall thickness having an outside diameter
a and an inside diameter b. This thinner portion 12a 1s
characterized by a first ratio d = b/a.

5 The second portion 12b of the tube 12 is a portion
of relatively thick wall thickness having an outside
diameter A and an inside diameter B. This thicker
portion 12b is characterized by a second ratio D = B/A.

The inside diameter b of the thinner portion 12a 1is

10 always greater than the inside diameter B of the thicker
portion 12b. However, the relative dimensions of the
outside diameters a and A of the portions 12a and 12b of
the tube 12 can be arbitrary, i1.e. the outside diameter a

of the thinner portion l1l2a can be greater than, equal to,

15 or less than the outside diameter A of the thicker
portion 12b.

A first pair of strain gauges l6a & 16a' is stuck to
the inside of the thinner portion l1l2a so as to measure
deformations of this tube portion in a direction that is

20 circumferential, 1.e. orthogonal to the axis 14.

A second palr of strain gauges 16b & 1l6b' is stuck

to the inside of the thicker portion 12b so as to measure
deformations thereof 1n a direction that is

circumferential, i1.e. orthogonal to the axis 14.

25 A third pair of strain gauges 18a & l1l8a' is stuck to

the 1nside of the thinner portion 12a so as to measure
deformations of the tube along the axis 14.

Finally, a fourth pair of strain gauges 20 & 20' is
mounted 1inside the tube 12 on a small part (not shown)

30 made of the same metal as the tube and organized so as to
be insensitive to forces applied to the tube. For this
reason, this fourth pair of strain gauges 20 is referred
to as the "undeformable gauge" or the “inactive gauge".

It 1s used for balancing the bridge. Nevertheless, it is

35 subjected to the effects of temperature (e.g., expansion).

The two strain gauges forming each of the pairs of
strain gauges lé6a & l6a', 16b & 16b', 18a & 18a', and 20
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tube in bending.

5 As shown in Figure 2, the eight strain gauges 1l6a &
16a', 16b & 16b', 18a & 18a', and 20 & 20' are
interconnected so as to form a Wheatstone bridge whose
four nodes are referenced by the letters A, B, C, and D.

Between the nodes B and C, the third strain gauge

10 18a and the second strain gauge 16b are connected 1n
series so as to deliver positive voltages when they
deform. The same is true for the strain gauges 1l8a' and
16b' which are connected in series between the nodes A
and D. Conversely, the undeformable strain gauge 20 and

15 the first strain gauge 1l6a are connected in series
between the nodes D and C so as to deliver negative
voltages. The same applies to the strain gauges 20' and
16a' which are connected in series between the nodes A
and B.

20 In the Wheatstone bridge constituted in thilis way, an
input voltage V, is applied between the nodes C and A
while an output voltage V., is measured is measured between
the nodes D and B.

If it is assumed that the resistance of the

5  undeformable strain gauges 20 & 20' does not vary when
the applied forces and pressure vary, and that the
resistances of all eight strain gauges are substantially
equal in absolute terms, it is easily shown that when a
sensor 10 implemented in this way is subjected to

30 external pressure p in the absence of any force along 1ts

axis 14, the output signal S from the sensor

corresponding to the ratio of the output voltage V,_, over

the input voltage V_, is given by the followilng

relationship:
Vv -K(2-v 1+v
35 (l) S = = — —2—*' > .p
V 4 . E\1 -D° 1 -d7)

S

gfp—
p—

where K represents the coefficient of the strailn gauge,
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E represents Young's modulus for the tube; and

v represents the real or optimized Poisson coefficient of
the tube.

Similarly, 1t is easily shown that when the same
5 sensor 10 1s subjected to a force F along its axis 14 and
in the absence of external pressure p, its output signal
1s given by the relationship:

V K 1l + v vV
V ZE \a° - b A°- B

e

Consequently, in general, the output signal S from
10 the sensor 1is of the type:

(3) S

where a, referred to as the "force coefficient" is given
by the following relationship:

It

o.F + B.p + v

1 + v \Y
15 (4) Q0= —— -
B, referred to as the "pressure coefficient" is given by

the following relationship:

2 -V 1 + v
20 (5) 3

1 - D2 1 - d?2
and y corresponds to an offset wvalue.
In accordance with the invention, the sensor 10 is
dimensioned so as to cause the pressure coefficient P to
25 become zero, thereby making the output signal S from the

sensor 1insensitive to pressure p.

Given relationship (5), specifying the value of the
pressure coefficient B so as to cause said coefficient to
have the value zero amounts to giving the first ratio d

30 and the second ratio D as defined above values such that:

2 -V 1 + v

i

1 - D2 1 - dz2
More precisely, the Poisson coefficient of the tube

35 1s given an initial estimated value v, (corresponding to

the value obtained from materials tables), on the basis
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of which initial values d, and D, are calculated for the
ratios d and D, using the relationship:
2 - V, 1 + Vv,
(6)
5 1 - D,? 1 - dg?

By way of example, v, can be given a value equal to
0.3 when the metal used for making the tube 12 1s Inconel
718.
When performing tests by means of a sensor
10 dimensioned to satisfy this relationship, it can happen
rhat it is observed that the sensor is still sensitive toO
pressure, which means that the pressure coefficient [ has
not really been reduced to zero. Consequently, the reail
or optimized value v for the Poisson coefficient 1is
15 different from the estimated value v,. Under such
conditions, the pressure coefficient B can be expressed
by the following relationship:

- A
(7) /?z;L_E.fE__Ji 1tV

4.E\1-D) 1-dj,

In order to determine the real or optimized value V
20 of the Poisson coefficient, various measurements or tests
are then performed at zero force using the sensor 10
dimensioned in this way. More precisely, over all of the
pressure and temperature ranges that are likely to be
encountered by the sensor, variations in 1ts output
25 signal S are measured. The 1initilal pressure coefficient
B of the sensor is deduced from these tests, and then the
optimized or real value v of the Poisson coefficient 1is

calculated using the relationship:
4 . E

2(1 - d?) - (1 -D;) + .4 . (1 -4dh) . (1 - Dy
(8) vV = —— B - .
(1 - d;) + (1 - D)
30 When the optimized or real value v of the Polsson

coefficient of the tube is known, the pressure

coefficient B is made equal to zero either by reducing

—
pver

-hinner portion of the tube

sl

the outside diameter a, of the

when B, is negative, or else by reducing the outside
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diameter A, of the thicker portion of the sensor when B,
is positive.

More precisely, in the first case (, < 0), the
outside diameter a, of the thinner portion of the tube 1s

given a value a such that:

v B, )
V
(9) a =Db, . |1 - : l-(-&
2 -V \ A,
and in the second case (B, > 0), the outside diameter A,

of the thicker portion of the tube is given the value A
such that:

(10) A:-,___;—' ._.L__.O..........:—_z_.."

4 ( 2\
2 -V bo]
1 - 11 - —

\ 1 + v \ L3, )

It should be observed that these are the only

dimensional modifications that can be made to the tube.
Because of the presence of the strain gauges stuck to the
inside of the tube, it is not possible to modify the
inside diameters b, and B,. In practice, it 1s also not
possible to increase the outside diameters a, and A,.

The above description shows that the apparatus for
measuring forces of the invention enables the forces
exerted on a part in a given direction to be measured
independently of any large external pressure that might
be applied to said part.

Naturally, the invention is not limited to the
embodiment described above by way of example. Thus, any
other force sensor delivering an output signal S 1n
compliance with equation (3) and in which the pressure
coefficient B is made equal to zero by specific
dimensioning and/or instrumentation comes within the

ambit of the i1nvention.
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CLAIMS:
1. A method of measuring forces F exerted in a first given direction on

a part in the presence of an external pressure p, the part including a sensor
comprising a tube, the method comprising measuring deformation of the wall of

the sensor, wherein

the part comprises a downhole tool or drill string;

the sensor includes a portion of thinner wall thickness and a portion

of thicker wall thickness; and

the step of measuring deformation of the wall of the sensor

comprises:

measuring deformation in an axial direction that is parallel to the first

given direction; and

measuring deformation of the wall of the sensor in a second
direction that forms a non-zero angle with the first given direction, in at least two
points of different wall thickness so as to compensate for the effect of the external

pressure p.

2. A method as claimed in claim 1, wherein the sensor has an axis
extending along the first given direction, the method comprising measuring

deformation along the axis and in a direction orthogonal thereto.

3. A method as claimed in claim 1 or 2, comprising measuring wall
deformation using two diametrically opposite strain gauges so as to compensate
for deformation in bending.

4. A method as claimed in claim 3, comprising:

using one pair of strain gauges parallel to the first direction;
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using two pairs of strain gauges orthogonal to the first direction,

respectively placed in the thinner portion and in the thicker portion of the sensor wall;
using one pair of strain gauges that are inactive; and

iInterconnecting the eight strain gauges in a Wheatstone bridge such

that the output signal S from the sensor corresponds to the ratio between an output

voltage Vg and an input voltage V. of the Wheatstone bridge.

D. A method as claimed in any one of claims 1 to 4, wherein the sensor
delivers an output signal S of the type S = a.F + 8.p + v, where a is a force coefficient,

B is a pressure coefficient, and y is an offset value, characterised in that the sensor is

dimensioned in such a manner as to cause the pressure coefficient 8 to be zero.

6. A method as claimed in claim 5, wherein the outside diameter of one of

the portions of the sensor is reduced so as to cause the pressure coefficient 3 to be

equal to zero.

/. A method as claimed in claim 6, wherein the thickness of the thinner or

thicker portions of the sensor are modified so as to decrease the pressure coefficient

8.

8. A method as claimed in claim 6 or 7, wherein the outside diameter of
one of the portions of the sensor is reduced so as to decrease the pressure

coefficient 3.
9. A method as claimed in claim 8, wherein

the tube is used whose thinner portion initially has an inside diameter by
and an outside diameter ay defining a first ratio dg = bo/ag and whose thicker portion
initially has as inside diameter By and an outside diameter A defining a second ratio

Do = Bo/Ag, the first and second ratios being such that:
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2-v, l+v,

ey —p—

1-D,* 1-d,°
where vy represents the Poisson coefficient as estimated for the tube;

variations in the output signal from the sensor as a function of

pressure are measured at zero force;

5 the initial pressure coefficient Bg of the sensor is deduced therefrom:;

an optimized value v of the Poisson coefficient of the tube is

calculated from the relationship:

2(1-d2 )-(1-D! )+ =B, (1-d2 )(I- Do)

<
1

(1 d )+(1 D ) )

where E represents Young's modulus for the tube, and K represents the gauge
10 coefficient; and

the pressure coefficient B is made to be equal to zero:

when By Is negative, by decreasing the outside diameter ag of the
thinner portion to give it a value a such that:

B 2
()
A 0

15 and

when 3y Is positive, by decreasing the initial outside diameter Aq of
the thicker portion to give it a value A such that:

B,

N ATRY
\/1_2 o[, [#) ]
1+v a
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10. Apparatus for measuring forces F exerted in a first given direction on

a part in the presence of an external pressure p, the apparatus including a sensor
comprising a tube integrated in the part in which the deformation of the wall of the

sensor IS measured, wherein
the sensor is integrated into a downhole tool or drill string;

the sensor includes a portion of thinner wall thickness and a portion
of thicker wall thickness; and comprises means for measuring deformation in an
axial direction that is parallel to the first given direction, and means for measuring
deformation of the wall of the sensor in a second direction that forms a non-zero
angle with the first given direction, in at least two points of different wall thickness

so as to compensate for the effect of the external pressure p.

11. Apparatus as claimed in claim 10, wherein the sensor delivers an
output signal S of the type S = a.F + B.p + y where a represents a force coefficient,

B represents a pressure coefficient, and y represents an offset value, the sensor

being dimensioned in such a manner that the pressure coefficient B is zero.

12. Apparatus as claimed in claim 10 or 11, wherein the tube has a
thinner portion with an inside diameter (b) and an outside diameter (a) defining a
first ratio d = b/a, and a thicker portion of the tube having an inside diameter (B)
and an outside diameter (A) defining a second ratio D = B/A, with said ratios being
such that:

2-v, 1+v,

1-D,* 1-d,°

where v represents the optimized Poisson coefficient of the tube.

13. Apparatus as claimed in claim 12, wherein the means for measuring
deformations of the tube comprise strain gauges mounted inside the tube and
electrically interconnected so as to form a Wheatstone bridge powered by an input

voltage Ve and delivering an output voltage Vs the output signal S from the
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apparatus corresponding to the ratio between the output voltage Vs and the input

voltage V.
14. Apparatus as claimed in claim 13, wherein

a first strain gauge and a second strain gauge are mounted
respectively in the thinner portion and the thicker portion of the tube so as to

measure deformations in directions orthogonal to the axis;

a third strain gauge is mounted in the thinner portion so as to

measure deformations along the axis;
an undeformable strain gauge is mounted in the tube;

the first strain gauge and the undeformable strain gauge are

connected In series; and

the second strain gauge and the third strain gauge are connected in

series to form the Wheatstone bridge.
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