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[57} ABSTRACT

Method and apparatus for determining Young’s Modu-
lus of a specimen by measuring the speed at which stress
waves, either P-waves or S-waves, propagate therein.
An embodiment of the apparatus includes two fixtures
which are removably affixed to opposite ends of the
specimen. A hammer having an accelerometer affixed
to its head is used to strike the first fixture to produce
stress waves in the specimen. A timing means starts
counting in response to an output generated by the
accelerometer when the hammer strikes the first fixture.
A second accelerometer affixed to the second fixture
detects the stress waves and generates an output which
causes the timing means to stop counting. Further cir-
cuitry extracts the measured time, calculates a disper-
sion time delay based on material and length, and sub-
tracts the dispersion time delay and a predetermined
constant, both dependent on the material in the speci-
men, from the measured time to form a corrected transit
time. The circuitry uses the corrected transit time to
determine the propagation speed of the stress waves and
Young’s Modulus therefrom.

6 Claims, 5 Drawing Sheets
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METHOD AND APPARATUS FOR DETERMINING
ELASTIC CONSTANTS IN TUBES

CROSS REFERENCE TO RELATED
APPLICATION

This application is a division of our copending patent
application Ser. No. 07/093,424; filed on: September 4,
1987 and entitled “METHOD AND APPARATUS
FOR DETERMINING ELASTIC CONSTANTS IN
TUBES” now U.S. Pat. No. 4,845,989.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to method and apparatus for
determining elastic constants in metals, and in particular
in metal tubes.

2. Description of the Prior Art

Coriolis mass flow rate meters are used to measure
the mass flow of a process fluid. As disclosed in the art,
such as in U.S. Pat. No. 4,491,025, issued to J. E. Smith
et al. on January 1, 1985, one typical type of Coriolis
mass flow rate meter contains two parallel flow con-
duits, each typically being a U-shaped metal tube. Each
metal tube, is driven to oscillate about an axis to create
a rotational frame of reference. For such a U-shaped
metal tube this axis can be termed the bending axis. As
process fluid flows through each oscillating metal tube,
movement of the fluid produces reactionary Coriolis
forces that are perpendicularly oriented to both the
velocity of the fluid and the angular velocity of tube.
These reactionary Coriolis forces cause each tube to
twist about a torsional axis, that for a U-shaped metal
tube, is normal to its bending axis. The amount of twist
is proportional to the mass flow rate of the process fluid
that flows through the tube.

In practice, the above-described Coriolis mass flow
rate meters often required a zero-level offset adjust-
ment. This offset adjustment properly calibrates the
meter by reducing the measured mass flow rate to zero
when no fluid flows through the meter. Further, it has
been found that in manufacturing these meters the zero-
level offset adjustment value can be large in many cases
and, in addition, fluctuate between various values when
the meter is in use. The source of this large zero-level
offset adjustment value and its fluctuation has not been
recognized in the prior art.

In light of this, a need exists to determine the cause of
the large zero-level offset adjustment values and the
fluctuation thereof in order to provide more reliable and
accurate Coriolis mass flow rate meters than have been
heretofore possible.

SUMMARY OF THE INVENTION

We have discovered that the elastic properties of
metal tubes used to fabricate flow conduits for Coriolis
mass flow rate meters are important in determining the
natural frequency, sensitivity and zero-level offset of
these meters. In particular, we have discovered that the
above-described problem of zero-level offset adjust-
ment values and the fluctuation thereof occurs when-
ever the value of Young’s Modulus of one of the metal
tubes used in a double tube Coriolis mass flow rate
meter varies significantly from that of the other tube. In
fact, we have found such variation in Young’s Modulus
to be as large as approximately 11 percent in practice.

Notwithstanding the above discovery, various static
and dynamic methods known in the art for determining
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Young’s Modulus of a tube do not provide a method or
apparatus suitable for use in an industrial environment.
In particular, the following known methods for measur-
ing or inferring a value of Young’s Modulus all have
one or more drawbacks. A first “deformation test”
requires that a specimen be clamped in a cantilevered
manner. A known force is then applied to the free end
of the specimen and the deflection thereof is measured.
Young’s Modulus is calculated using this measured
deflection. Unfortunately, the results of this method are
generally not reproducible and the results are sensitive
to end effects, i.e., the measured value of Young’s Mod-
ulus changes with variations in clamping force. Thus,
the measured value changes if the clamp is tightened or
loosened. A second “axial tensile test” requires that a
specimen be clamped at both ends. The specimen is
pulled and Young’s Modulus is calculated using the
measured value of the force required to extend the
specimen a specified distance. Unfortunately, because
the cross-sectional area of the tube is not uniform along
its length, the measured value for Young’s Modulus can
vary at least three percent. In a “cantilever beam free
vibration test” the specimen is clamped at one end. The
specimen is then displaced by impact at, for example,
the free end and the natural frequency of oscillation
thereof is measured. Young’s Modulus is then calcu-
lated using the measured value of the natural frequency.
A drawback of the “cantilever beam free vibration test”
is that the results are sensitive to end effects, i.e., the
measured value of Young’s Modulus changes with vari-
ations in clamping force. Lastly, a “suspended bar test”
requires that a specimen be hung or suspended from, for
example, a line and an accelerometer be affixed to one
end of the speciman. The suspended specimen is then
struck with a hammer at, for example, its other end to
excite axial or longitudinal oscillations therein. The
natural frequency of this mode of oscillation is mea-
sured and Young’s Modulus calculated using the mea-
sured value of the natural frequency. With a tube as a
specimen it is difficult to reliably and repeatedly strike
the end of the tube due to its small cross-sectional area.
In addition the set-up time to conduct this test can be
lengthy.

Embodiments of the present invention advanta-
geously solve the above-identified problems in the prior
art methods and apparatus for measuring Young’s Mod-
ulus by providing a method and apparatus for measur-
ing the speed at which stress waves, either P-waves or
S-waves, propagate in specimens. The inventive
method and apparatus find particular use in an industrial
environment because it is independent of end effects and
the surface upon which the specimen is supported dur-
ing the test. The only exception is that the specimen
should not be supported on a surface in which stress
waves induced therein by the inventive apparatus travel
faster on the surface than the stress waves travel in the
specimen. Consequently, embodiments of the inventive
method and apparatus can be advantageously used to
match the tubes used to fabricate a double tube Coriolis
mass flow rate meter by enabling one to select tubes that
have appropriately similar values of Young’s Modulus.
Through use of this technique, accurate Coriolis mass
flow rate meters can be consistently produced, thereby
providing a high degree of quality control.

An embodiment of the inventive method for measur-
ing Young’s Modulus of a metal tube comprises the
steps of: determining the length and density of the tube;
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exciting stress waves at one end of the tube; measuring
the transit time for the stress waves to travel to the
other end of the tube; subtracting a dispersion time
delay factor based on the tube length and tube material
and a predetermined calibration factor based on the
material from the measured transit time to form a cor-
rected transit time, and determining Young’s Modulus
from the length, density, and corrected transit time.

An embodiment of the inventive apparatus for mea-
suring Young’s Modulus of a metal tube comprises:
fixture means disposed adjacent one end of the tube;
striking means for striking the fixture to introduce P-
waves into the tube; a timing means that begins timing
in response to an output from a first detection means
and stops timing in response to an output from a second
detection means; first detection means, disposed adja-
cent the striking means, for detecting when the striking
means strikes the fixture and for sending an output to
the timing means; second detection means, disposed at
the other end of the tube, for detecting the arrival of
P-waves and for sending an output to the timer there-
upon; and display means, responsive to the count of the
timer, for displaying the count when the timing means
stops counting.

The apparatus and method appropriately modified,
for example with an amplitude detecting means, can
also be used in the measurement of S-wave travel times
that are used for calculation of Young’s Modulus and
Poisson’s ratio.

BRIEF DESCRIPTION OF THE DRAWING

The principles of the present invention may be
clearly understood by considering the following de-
tailed description in conjunction with the accompany-
ing drawing, in which:

FIG. 1 shows, in pictorial form, an embodiment of
the present invention;

FIG. 2 shows, in pictorial form, the generation of
P-waves and the injection thereof into a tube whose
Young’s Modulus is to be determined;

FIG. 3 shows, in pictorial form, striking cap 18 for
the embodiment shown in FIG. 1;

FIG. 4 shows, in pictorial form, an alternative em-
bodiment of cap 22 for affixing accelerometer 24 to tube
20;

FIG. 5 shows, in pictorial form, a fixture for use in
forming striking cap 18 and/or a fixture for accelerome-
ter 24 for the embodiment shown in FIG. 1;

FIGS. 6A, 6B, and 6C, show, in pictorial form, vari-
ous embodiments of the attachment of the tie rod 154 to
plate 156 taken along line VI—VI in FIG. §;

FIG. 7 is a block diagram of circuitry 16 shown in
FIG. 1;

FIG. 8 is a graph showing the relationship between
the values of Young’s Modulus measured by the Na-
tional Bureau of Standards and those determined using
the apparatus of the present invention for various metal
test bars;

FIGS. 9A, 9B and 9C collectively show illustrations
of the effect of dispersion on stress wave propagation;
and

FIG. 10 is a graphical illustration of the relationship
between tube length and dispersive time delay.

To facilitate understanding, identical reference nu-
merals have been used to denote identical elements
common to the figures.
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DETAILED DESCRIPTION

FIG. 1 shows, in pictorial form, a preferred embodi-
ment of an apparatus used in determining Young’s Mod-
ulus of a tube in accordance with the present invention.
The tube can be of various lengths and diameter. If
discontinuities, such as kinks, nicks, or deep scratches,
are present in the tube, it is believed that these disconti-
nuities lead to longer transit times for the stress waves
which will lower the value of Young’s Modulus. In
apparatus 10, instrumented hammer 12 has accelerome-
ter 14 affixed to the head hammer. Accelerometer 14 is
connected via lead 15 to circuitry 16 whose function
will be described in detailed below. Striking cap 18 is
affixed to one end of tube 20. Cap 22 is affixed to the
other end. Accelerometer 24 is affixed to cap 22 and is
connected to circuitry 16 via lead 26.

When the head of hammer 12 strikes cap 18, stress
waves 30 as shown in FIG. 2 including both P-waves
and S-waves, are generated therein and accelerometer
14 generates an electrical pulse which is detected by
circuitry 16 which then begins a timing function. As is
known in the art, in general when an axial shock stress
is placed on an elastic body, longitudinal waves (also
known as compressional or dilatational waves) and
shear waves are generated, both of which types of
waves propagate in the body. Typically, the longitudi-
nal waves are referred to as P-waves and the shear
waves are referred to as S-waves. The velocity of prop-
agation of P-waves in the elastic body is faster than that
of S-waves. For tubes however, the amplitudes of the
S-waves are greater than those of the P-waves. Al-
though embodiments of the present invention detect
either P-waves or S-waves, to assure maximum accu-
racy of the resulting measurements, the measurement of
P-waves is preferred. The increased accuracy results
because the detected wave front is relatively sharp since
it only contains energy from one type of wave, namely,
P-waves. In contrast, if one were to detect S-waves, the
detected wave front would not be as sharp because, in
general, it would contain some residual energy from the
P-waves along with energy from the S-waves. This
would therefore limit the repeatability of the resulting
measurements.

Furthermore, as shown in FIG. 27 the propagation of
stress waves, i.e. both P-and S-waves, through the cap
18 into the tube 20 is complex. However cap 18 helps to
ensure that the stress waves, including P-waves 30 enter
tube 20 in a relatively uniform manner and propagate
therein along the direction shown by arrows 32. Cap 18
serves the purposes of (1) helping to provide a uniform
wave front at one end of tube 20 and (2) making it easier
for an operator to strike the end of tube 20, i.e., without
cap 18, an operator would have to strike the narrow
edge of the tube. Further, any delay in transit time of
P-waves 30 which results from the use of cap 18 and cap
22 is repeatable and can be measured in a calibration
procedure and subtracted out from the total transit time
measurement made by the inventive P-wave tester.

As shown in FIG. 2, when the wave front represent-
ing P-waves 30 reaches end 34 of tube 20, this wave
front causes P-waves to be generated in and then propa-
gate down tube 20 toward cap 22. As shown in both
FIGS. 1 and 2, accelerometer 24 detects P-waves 30
and, and, in response, applies an electrical pulse on lead
26 (see FIG. 1) which is connected to circuitry 16
which then stops its timing function. The electrical
pulse generated by accelerometer 24 is delayed in time
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from the electrical pulse generated by accelerometer 14
by an amount which represents the transit time for
P-waves 30 to propagate through cap 18, tube 20 and
cap 22. Circuitry 16 utilizes this time delay, after correc-
tion for the delays caused by caps 18 and 22 and acceler-
ometer 24 to determine a corrected transit time for
P-waves 30 to propagate from one end of tube 20 to the
other.

Now, once the transit time is known, Young’s Modu-
lus, E, is then determined in accordance with the fol-
lowing equation:

E=[(1+v)(1~2v)/(1—-V)]p(L/T)? )
where: v is Poisson’s ratio, L is the length of tube 20, p
is the density of tube 20 and T is the transit time of the
wave front of the P-waves from one end of tube 20 to
the other. In accordance with the present invention, v,
L and p are determined as follows: (1) Poisson’s ratio v
is essentially constant for the type of materials used to
form flow conduits of a Coriolis mass flow rate meter;
(2) length L of tube 20 may be measured to suitable
accuracy in an industrial environment with a tape mea-
sure; and (3) density p of tube 20 can be measured to
suitable accuracy in an industrial environment in accor-
dance with the following formuia for a tube having a
circular cross section:

p=w/(gV) )
where: w is the weight, g is the gravitational constant
and V is the volume of the tube. The volume, V, is
calculated by multiplying the area, A, of a cross section
of tube 20 by its length L. The area is calculated from
the following:

A=mn(di—~d2)/4 @
where: d, is the outer diameter of tube 20 and d; is the
outer diameter of tube 20.

In one embodiment of the present invention circuitry
16 further includes: (1) circuitry through which an op-
erator can supply initial data values such as numerical
values of Poisson’s ratio and the length and density of
tube 20 and a calibration factor for the particular tube
material that is used for correcting the transit time, and
(2) circuitry that measures the transit time of P-waves
propagating in tube 20 and computes Young’s Modulus
from the initial data and the measured transit time.

Specifically, hammer 12, shown in FIG. 1, is an in-
strumented hammer that includes accelerometer 14 and
is used to excite cap 18 with a nearly constant force
over a broad frequency range, the frequency range
being determined by the particular hammer structure
chosen. Such instrumented hammers having an acceler-
ometer affixed to the head thereof are available from
PCB Piezotronics, Inc., 3425 Walden Avenue, Depew,
New York 14043. Further, accelerometer 24, which is
affixed to cap 22 for detecting P-waves generated in
tube 20, may also be obtained from PCB Piezotronics,
Inc. Note, as will be described in detail below, cap 22 is
in intimate contact with tube 20.

As has been discussed above, inasmuch as the inven-
tive method and apparatus measures the transit time of
P-waves in tube 20 and does not require the tube to be
clamped to a base, the orientation of the inventive appa-
ratus is not critical. Furthermore, the transit time of the
P-waves in tube 20 can be measured while the tube is
being supported on almost any surface. The only excep-
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tion being that the tube should not be supported on a
surface in which stress waves induced therein by the
inventive apparatus travel faster on the surface than
P-waves travel through the tube. Thus, for example,
since stress waves travel faster in aluminum than in
steel, placing a steel tube directly on an aluminum table
for measurement could result in accelerometer 24 de-
tecting stress waves traveling through the aluminum
table before detecting P-waves-traveling through the
steel tube. Nevertheless, even this problem can be elimi-
nated if the steel tube is supported by foam or rubber
pads. The foam or rubber pads act to substantially pre-
vent stress waves from being induced in the aluminum
table.

The efficiency of the inventive method and apparatus
in an industrial environment is such that we can achieve
at least 1 percent accuracy in the measurement of
Young’s Modulus even when the length of tube 20 is
determined with a tape measure. Thus, when tube 20 is
20 feet (approximately 61 meters) long its length need
only be determined to within a tolerance of *% inch
(approximately 6 centimeters) for a 0.2 percent accu-
racy in Young’s Modulus, whereas, when tube 20 is 2
feet long, its length need only be determined to within
a tolerance of ==1/32 inch (approximately 0.08 centime-
ters) for a 0.3 percent accuracy in Young’s Modulus.
This tolerance is determined by expanding Eq. (1) in a
Taylor series about the correct length and ascertaining
the error induced in Young’s Modulus by a particular
error in the length of tube 20. Specifically, the fractional
measurement error in Young’s Modulus is approxi-
mately twice the fractional measurement error in
length. T

FIG. 3 shows, in pictorial form, cap 18 for the em-
bodiment shown in FIG. 1. In FIG. 3, cap 18 comprises
cap fitting 100 having a hole 102 drilled in the side
thereof. Hole 102 is threaded to permit set screw 104 to -
be threadably engaged therein. In use, cap fitting 100 is
placed over the end of tube 20 so that the end of tube 20
abuts internal face 106. Set screw 104 is then tightened
against the side of tube 20 to ensure intimate contact
between cap fitting 100 and the end of tube 20. The cap
shown in FIG. 3 may also be used to hold accelerome-
ter 24 by drilling and tapping a hole into wall 108
thereof and affixing accelerometer 14 thereto with a
threaded stud. i

FIG. 4 shows, in pictorial form, an alternative em-
bodiment of cap 22 used for affixing accelerometer 24 to
tube 20. Fixture 120 is a compressive fitting comprising
clamping nut 122, first ferrule or sleeve 124, second
ferrule or sleeve 125 and metal seating nut 126. First
clamping nut 122 is slipped on tube 20 followed by
sleeves 124 and 125 that are disposed within clamping
nut 122 on tube 20. Next, metal seating nut 126 is slipped
onto tube 20 until the end of tube 20 strikes seat 127
provided in metal seating nut 126. Clamping nut 122 has
threads on the inside thereof which are threadably con-
nected with threads on the exterior of metal seating nut
126. When metal seating nut 126 is threaded into clamp-
ing nut 122, first sleeve 124 and second sleeve 125 are
deformed by forces created by the threading together of
clamping nut 122 and metal seating nut 126. This en-
sures good metal-to-metal contact between tube 20 and
seating nut 126. End wall 128 of metal seating nut 126 is
drilled and tapped and threaded stud 130 is inserted
therein. Accelerometer 24 is threaded onto stud 130. In
one embodiment, clamping nut 122, sleeve 124 and





















