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(57) ABSTRACT 

Abrief but intense magnetic impulse generated by a coil 42 
is used to excite resonant bending mode vibration in a 
magnetically permeable cantilevered beam 2 immersed in a 
?uid 22. A permanent magnet 36 and a magnetically per 
meable circuit 44, 38, 40, 56, 32, 6, and 2 enhance the 
magnetic coupling betWeen the ?exible beam 2 and the coil 
42. A rigid post 6, positioned close to the beam and normal 
to the plane of oscillation is used to substantially increase the 

(22) Filed; Jun_ 13, 2002 shearing induced in the ?uid and thereby the rate of viscous 
attenuation of the vibrating beam. Oscillation of the vibrat 

Publication Classi?cation ing beam 2 is detected by the same coil 42 that initiated the 
vibrations. The rate of decay of the vibrations is related to 

(51) Int. Cl.7 ................................................... .. G01N 11/10 absolute viscosity. 
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VISCOSITY MEASUREMENT BY MEANS OF 
DAMPED RESONANT VIBRATION NORMAL TO 

AN APPROXIMATE RIGID PLATE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention is concerned With techniques for 
vibratory measurement of the viscosity of ?uids, particularly 
techniques Which are capable of measurement of loW vis 
cosity ?uids using devices suitable for continuous measure 
ment in a ?owing stream, commonly referred to as a process 
viscometer. 

[0003] 2. Background Information 

[0004] Knowledge of the viscosity of a ?uid is of great 
practical interest in many technical areas, including the 
measurement and control of printing inks, fuels, lubricants, 
paints, and coatings. In many cases, such as fuel, lubricant 
and ink measurement, there is a need for continuous mea 
surement of loW viscosity ?uid (perhaps 5 to 20 centipoise), 
While operating in a demanding, high noise environment. 

[0005] There have been developed many commercial, 
scienti?c, and laboratory techniques for viscosity measure 
ment. In all cases, it is necessary to induce a shearing motion 
in the ?uid, since viscosity is a measure of the resistance of 
a ?uid to shear. In some devices that shearing motion is 
induced by vibration. 

[0006] One vibratory technique is to tWist or ?ex a tube, 
or bar, or probe immersed in or containing the ?uid under 
test. For example, US. Pat. No. 4,525,610 describes a tube 
Which contains the ?uid Which is tWisted and ?exed. US. 
Pat. Nos. 5,228,331, 5,723,771, 6,112,581 and 6,250,136 
describe a tube or shaft With a paddle Which is tWisted in 
torsion. US. Pat. Nos. 4,026,671 and 5,710,374 describe the 
use of a rod Which is vibrated axially While immersed in a 
?uid. In each case creation and measurement of torsional 
force and motion is relatively complicated and the systems 
are generally not sufficiently accurate at loW viscosities. 

[0007] In US. Pat. Nos. 6,269,686 B1 and 6,311,549 B1 
there are described micro-machined devices in Which a 
small cantilevered element is vibrated. 

[0008] US. Pat. Nos. 5,253,513 and 5,750,884 describe 
laboratory devices in Which the ?uid is contained betWeen 
tWo plates. Abroadband, quasi-random force is imposed on 
one plate, normal to the face of the plate. Instruments are 
then used to measure the force, measure the resulting 
displacement, then to analyZe the tWo Waveforms in the 
frequency domain to determine viscosity. These laboratory 
devices are complex and not Well suited to continuous 
process measurement. 

SUMMARY OF THE INVENTION 

[0009] I have developed a simple tWo Wire viscometer 
With good sensitivity to even loW viscosity ?uids using 
vibrational techniques. I excite ?exural motion of a canti 
lever beam using a brief impulsive electromagnetic force 
generated by a coil in magnetic proximity to the beam. A 
magnet is mounted on the beam Which couples into the coil 
to increase the magnetic coupling to the coil and to create 
electromotive force in the coil as the beam vibrates. A 
magnetic circuit is also used to improve the coupling. In 
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order to increase the viscous damping effects of the ?uid to 
enable accurate measurement of loW viscosities, the ?exible 
beam is positioned close to a rigid post. The ?uid in the gap 
betWeen the beam and the post is sheared as a result of beam 
vibration normal to the post. The shearing motion of the ?uid 
results in viscous retardation of the ?exible beam and 
attenuation of the vibration. Detection circuitry measures the 
rate of attenuation Which is shoWn to be related to absolute 
viscosity. 
[0010] Excitation and measurement poWer dissipation in 
the coil is minimiZed enabling measurement of the resis 
tance of the coil as a determinant of the temperature of the 
?uid. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a diagram of the measurement gap 
betWeen the vibrating cantilever beam and the rigid post. 

[0012] FIG. 2 shoWs a typical installation for process 
measurement in Which the sensor is inserted into a line 
containing ?uid. 

[0013] FIG. 3 shoWs a preferred embodiment of the 
sensing element in cross section. 

[0014] FIG. 4 shoWs the sensor excitation points, ?ltering 
and computational relationships. 

[0015] FIG. 5 shoWs typical excitation and measurement 
Waveforms. 

[0016] FIG. 6 illustrates a typical relationship betWeen the 
average value of the output Waveform during time segment 
66 and the temperature in degrees Celsius. 

[0017] FIG. 7 shoWs a typical relationship betWeen the 
peak value of the ?ltered output during time segment 68 and 
?uid viscosity over the range 5-50 centipoise. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0018] In FIG. 1 a cantilever beam 2 With a rounded edge 
of radius R 8 is set into vibration at its natural resonant 
frequency by imparting a brief impulsive force. The beam 
vibrates With a peak-to-peak amplitude dy 4. A rigid circular 
post 6 of radius R 8 is positioned close to the beam, 
separated by a gap of magnitude H 10. 

[0019] If We assume the ?uid Within the gap is incom 
pressible, and that the ?uid remains attached to the beam and 
post surfaces, motion of the ?uid Within the gap Will assume 
a parabolic shape Within the gap betWeen the beam and post. 
The peak-to-peak amplitude of the ?uid motion at the center 
of the gap, dx 12 Will be given by 

[0020] Recognizing that the ?uid at the beam and post 
surface is not displaced, the shear rate S, Which is the ratio 
of the shearing speed divided by the lateral spacing, is 
approximately given by 

[0021] Where x is the radial distance from the center. If We 
average this over the span of the beam and post, We ?nd that 
the average shear rate <S> Within the gap 10 is given by 
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[0022] Shear rate is a Well known measure of the intensity 
With Which a ?uid is being stressed and a determinant in the 
measurement of viscosity. The implications of Equation 3 
are that the shear rate in the gap betWeen a beam vibrating 
in a direction normal to an approximate rigid disc is pro 
portional to the time rate of the vibration (normal velocity) 
times the ratio of the radius of the disc divided by the gap 
height squared. Without the rigid post there Would be no 
shear of the ?uid other than that associated With ?oW around 
the edge of the vibrating beam. If We make the ratio R/H2 
large the shear in the ?uid is increased and the shear-induced 
viscous damping on the beam is increased, improving the 
sensitivity to measurement of viscosity ?uids. In a preferred 
embodiment to be described the ratio 3R/4H2 is about 176, 
Which enables sensitive measurement of ?uids in the impor 
tant 5 to 50 centipoise range. The ratio R/H2 can be adjusted 
based on the desired viscosity measurement range. 

[0023] In FIG. 2 there is shoWn a typical process viscom 
eter installation in Which a sensor 14, to be described in 
greater detail, is inserted into a piping netWork 16, 18, 20 
shoWn in cross section. The piping carries ?uid 22 to be 
measured. The ?uid might be printing ink, fuel, lubricating 
oil, coating material, etc. The sensor could have also been 
installed into the Wall of a tank or reservoir at any desired 
orientation using small or large lines. 

[0024] FIG. 3 shoWs a sectional vieW of a preferred 
embodiment of a process viscosity sensor Which illustrates 
the principle of measurement by normal vibration in prox 
imity to a rigid post. The ?gure is a sectional vieW along the 
line II-II of FIG. 2. The sensor is housed in a body element 
30, With threaded means 31 for insertion into the piping 
component 16. The body 30 is fabricated from corrosion 
resistant, loW-magnetic permeability material such as type 
316L stainless steel. The mounting threads 31 are, for 
example, 3?t-inch NPT threads. On the front face of the body 
there is a 0.188-inch diameter post 32 for support of a 
?exible cantilever beam 2. The post 32 and the beam 2 are 
fabricated from corrosion resistant but magnetically perme 
able material such as type 430 stainless steel. The cantilever 
beam 2 is retained on the support post 32 With a stainless 
steel retaining screW and lock Washer 34. A permanent 
magnet 36 is mounted on the center of the beam facing the 
sensor body. A rigid post 6 is mounted on the body of the 
sensor at the far end of the beam 2. The rigid post 6 is siZed 
so as to produce a small gap 10, say 0.020 inch. The rigid 
post 6 is made of a magnetically permeable, but corrosion 
resistant material such as 430 stainless steel and is 0.188 
inch in diameter. The support post 32 and rigid measurement 
post 6 can be joined to the body element 30 by braZing or 
Welding. 

[0025] Inside the sensor there is a T-shaped back 38, Which 
is fabricated from magnetically permeable material such as 
carbon steel or 430 stainless steel. Amagnetically permeable 
tubular sleeve 40 is pressed onto the back. The sleeve 40 
forms a cavity Which supports a coil 42, consisting of 
perhaps 1400 turns of AWG38 magnet Wire. The coil is 
retained With a magnetically permeable retaining screW With 
lock Washer 44. There are tWo leads from the coil 46 and 48 
Which are connected to the tWo conductors of a cable 50 
passing through access slots 47 and 49 in the sleeve. The 
cable can be a tWisted pair or a coaxial type. An electrically 
insulating layer 52 such as polyimide tape is applied to the 
sleeve to insulate the lead Wire 48 from the sleeve 40 and an 
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overlay of insulating tape 54 is also used to mechanically 
support the tWo lead Wires 46 and 48. A disc 56 made of 
magnetically permeable material such as carbon steel or 430 
stainless steel completes the magnetic circuit. The edge of 
the body 30 adjacent to the back 38 is crimped or rolled 58 
to retain the back inside the body. 

[0026] FIG. 4 illustrates a preferred embodiment of the 
excitation and measurement circuitry for the sensor 14. The 
coil 42 Within the sensor constitutes one leg of a Wheatstone 
bridge. To initiate a measurement a loW level pulse 60 of 
perhaps 5 milliseconds duration is imposed on the bridge. 
Immediately after cessation of the bridge excitation pulse a 
coil excitation pulse 62 is imposed directly on the coil. In a 
preferred embodiment this pulse is perhaps 0.45 millisec 
onds in duration and tWelve volts. As a result of the 
excitation pulses the output Waveform has the response 64 
Which has tWo segments of measurement interest. 

[0027] The ?rst segment 66, labeled A, is chosen to be 
Well after the initial inductive transient 65 yet prior to the 
end of the initial bridge excitation pulse. For example, time 
segment 66 might be chosen to persist from 4.4 to 4.8 
milliseconds. Waveform 64 is sampled on tWo channels of a 
computer 72. In FIG. 4 the un?ltered Waveform 64 is 
sampled by input Analog/Digital converter A/D1 74. If the 
sampling interval is at a rate of 50 kiloHertZ, the samples 
during time segment 66 Would be samples 220 through 240. 
To determine temperature of the sensor immersed in the 
?oWing ?uid, the average of the samples during time seg 
ment 66 is compared to a calibration curve of the sort 
illustrated in FIG. 6. This is a reliable indicator of tempera 
ture because bridge and coil excitation pulses and their 
repetition frequency are chosen to produce negligible heat, 
and the circuit components are siZed to result in an output 
during time segment 66, Which is Within the measurement 
span of the electronics for the temperatures of interest. This 
is easily accomplished by one skilled in the art. After 
computation of the temperature, the computer outputs this 
information in the usual fashion such as through a serial 
port, or as an analog signal such as 0 to 5 Volts, or 4 to 20 
milliamps. 

[0028] The coil excitation pulse, 62, creates a brief mag 
netic force on the cantilever beam 2. The beam stiffness and 
mass are chosen so that the beam and magnet Will resonate 
at a loW frequency so that the ?uid Will have time to 
thoroughly stabiliZe throughout the gap 10 during each 
cycle, ie the acoustic Wavelengths in the ?uid at the 
resonant frequency are very large compared to the dimen 
sions of the gap. For example, in the preferred embodiment 
the beam oscillates at about 900 HertZ. Duration of the coil 
excitation pulse 62 is chosen to be approximately one-half 
the period of the natural oscillation of the beam, for 
example, 0.45 milliseconds in the preferred embodiment. 
Magnetic coupling of the coil to the beam is enhanced by the 
magnetic circuit consisting of retaining screW 44, back 
element 38, sleeve 40, spacer 56, mounting post 32, mea 
surement post 6, beam element 2, and magnet 36. These 
items in the magnetic circuit should be fabricated from 
materials With a magnetic permeability many times that of 
free space. Examples include carbon steel, iron, and 430 
stainless steel. 

[0029] After impulsive excitation of the beam, it is free to 
oscillate at its resonant frequency. As noted previously, the 
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oscillations of the beam 2 Will be attenuated by viscous shear 
in the gap 10. In the preferred embodiment I include a band 
pass ?lter With gain 76. The band pass ?lter is set to readily 
pass frequencies in the vicinity of the resonant frequency of 
the beam but reject all other frequencies. The ?lter is shoWn 
as a discrete hardWare element for ease of understanding, but 
it could be realiZed in softWare Within the computer. The 
output of the ?lter 76 is sampled by the Analog to Digital 
converter AD2 78. Output of the ?ltered Waveform prior to 
the beginning of time segment B 70 is of little interest, since 
it is corrupted by the effects of the excitation pulse on the 
circuitry. The attenuation of the ?ltered and ampli?ed Wave 
form 82, is a good measure of the viscosity of the ?uid 
Within the measurement gap 10. There are many Ways in 
Which the attenuation might be determined. In the preferred 
embodiment I have found that one of the most accurate and 
simplest is to record the amplitude of the ?rst peak of 
Waveform B, 80. The ?rst peak is an indicator of the 
attenuation because the time onset of time segment B has 
been signi?cantly delayed vis-a-vis the excitation time, for 
example, by 13 milliseconds, during Which time the beam 
has undergone about 12 oscillations. If this technique is 
used, care should be exercised to maintain the amplitude and 
duration of the exciting impulse 62. Alternative techniques 
include taking the ratio of successive peaks, as Would be 
apparent to one skilled in the art. 

[0030] FIG. 7 shoWs a graphical summary of tests in 
Which a viscometer of the preferred design Was exposed to 
three different reference ?uids. The calibration reference 
?uids chosen Were S60, S20, and S6 from Cannon Instru 
ment Company, State College, Pa. Each of these ?uids has 
a Well knoWn viscosity versus temperature relationship 
carefully measured by the supplier using precision labora 
tory techniques. With each ?uid the sensor and ?uid Were 
heated to temperatures betWeen 20 degrees Celsius and 85 
degrees Celsius. Each calibration ?uid has a different abso 
lute viscosity at a given temperature. For example, at 55 
degrees Celsius S60, S20, and S6 have viscosities of 24, 8.9, 
and 2.8 centipoise respectively. 

[0031] Using a single polynomial relationship Which Was 
essentially the mean of the curves shoWn in FIG. 7, I found 
that the measured viscosity for the three reference ?uids 
overlay one another. The implication is that in spite of 
substantially different temperatures and ?uid densities, the 
peak of segment B 80 is an accurate measure of absolute 
viscosity Within the range 5 to 50 centipoise. For instance, 
to achieve about 9 centipoise, it Was necessary to heat S60 
to 84.8 degrees Celsius, S20 to 54.7 degrees Celsius, and S6 
to 21.4 degrees Celsius. Nevertheless, in all three cases the 
recorded peak value 80 Was substantially identical. This Was 
the only triple point, but from 6 to over 30 centipoise there 
Was good double correspondence as evidenced by the fact 
that the tWo curves are virtually indistinguishable. 

[0032] FIG. 8 shoWs the addition of a protective screen 90 
for improved electromagnetic shielding and protection of the 
measurement beam and gap from particulates Within the 
process stream. The screen is retained by a cap 92 Which is 
supported by a spacer 94. In this case the mounting screW 34 
Would be extended. The mesh of the screen Would be chosen 
to pass ?uid yet block particulates that might interfere Within 
the measurement gap. Additional support posts might also 
be used. 
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[0033] Design alternatives to the preferred embodiment 
are of course possible, and fall Within the intended scope of 
the device. For example, the measurement post could be the 
same as the support post resulting in a nil gap. In this case 
the beam might be creased so as to be a ?exible end 
supported beam rather than a cantilever beam. In this case 
the measurement gap Would be the space betWeen the 
magnet and the face of the device, so the height of the 
support posts Would be adjusted accordingly. Other varia 
tions Will be apparent to those skilled in the art. 

What is claimed is: 
1. A viscosity sensing device consisting of: 

a ?exible beam immersed in a ?uid, 

impulsive means to initiate resonant oscillation of the 

beam, 
a rigid surface oriented perpendicular to the direction of 

oscillation of the beam in close proximity to at least a 
portion of the beam positioned and spaced so as to 
substantially affect the viscous attenuation of the beam 
vibration, 

circuitry to determine the resultant rate of decay of the 
beam oscillations, 

computational means to relate the rate of oscillation decay 
to viscosity, 

and output devices to enable access to the computed 
result. 

2. Aviscometer as de?ned in claim 1 Wherein: 

the ?exible beam is of cantilever design. 
3. A viscometer as de?ned in claim 1 Wherein: 

the means of initiating a resonant oscillation of the beam 
involves the use of a magnetically permeable beam in 
proximity to an electrical coil, Wherein a brief but 
intense current is circulated through the coil. 

4. A viscometer as de?ned in claim 3 in Which 

a permanent magnet is affixed to the ?exible beam to 
improve magnetic coupling betWeen the coil and the 
beam and to create electromotive force in the coil as the 
beam oscillates. 

5. A viscometer as de?ned in claim 4 in Which 

the magnetic coupling betWeen the coil and the oscillating 
beam is further enhanced by the use of a magnetic 
circuit consisting of magnetically permeable materials 
that link the inside of the coil to one side of the magnet 
With a return path to the extremities of the beam and 
thence to the other side of the magnet. 

6. A viscometer as de?ned in claim 3 in Which 

the heat dissipated in the coil by activation circuitry is 
suf?ciently modest as to result in a negligible tempera 
ture rise in the coil, thereby enabling, by measuring the 
resistance of the coil, a determination of the coil 
temperature and by implication the temperature of the 
adjacent ?uid. 

7. A viscometer as de?ned in claim 6 in Which 

the resistance of the coil is determined by using the coil 
as one leg of a bridge circuit, poWering the bridge With 
a loW level voltage, then after decay of transients 
measuring the output level of the bridge and relating 
this level to temperature using computational means. 
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8. A viscometer as de?ned in claim 1 in Which 

the face of the device including the ?exible beam is 
encased in a porous screen suitable for electromagnetic 
shielding With holes siZed to readily pass the ?uid yet 
screen out particles comparable to or greater than the 
gap betWeen the ?exible screen and the rigid surface. 

9. A viscometer consisting of: 

a magnetically permeable and ?exible beam supported 
near the face of the device, 

a permanent magnet mounted on the beam facing the 
device, 

means to immerse the face of the device in a ?uid, 

a coil Within the device magnetically coupled to the 
?exible beam and magnet, 

excitation circuitry Which periodically forces a brief burst 
of current in the coil creating an impulsive magnetic 
force on the beam and magnet, inducing natural oscil 
lations, the duration of the excitation being approxi 
mately one-half the period of the natural oscillation, 

a rigid surface oriented perpendicular to the direction of 
oscillation of the beam in close proximity to at least a 
portion of the beam positioned and spaced so as to 
substantially affect the viscous attenuation of the beam 
vibration, 

circuitry to detect the electromotive force induced in the 
coil as a result of oscillation of the beam and magnet, 
including ampli?cation and frequency selective ?lter 
ing, 

computational means for measuring the rate of decay of 
the beam oscillations and relating the rate of decay to 
viscosity 
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and circuitry to output the computed viscosity in a useful 
format. 

10. A viscometer as de?ned in claim 9 Wherein: 

the ?exible beam is of a cantilever design. 
11. A viscometer as de?ned in claim 9 in Which 

the magnetic coupling betWeen the coil and the oscillating 
beam With magnet is further enhanced by the use of a 
magnetic circuit consisting of highly permeable mate 
rials that link the inside of the coil to one side of the 
magnet With a magnetically permeable return path to 
the extremities of the beam and thence to the other side 
of the magnet. 

10. A viscometer as de?ned in claim 9 in Which 

the face of the device including the ?exible beam is 
encased in a porous screen suitable for electromagnetic 
shielding With holes siZed to readily pass the ?uid yet 
screen out particles comparable to or greater than the 
gap betWeen the ?exible screen and the rigid surface. 

11. A viscometer as de?ned in claim 9 in Which 

the heat dissipated in the coil by activation circuitry is 
suf?ciently modest as to result in a negligible tempera 
ture rise in the coil, thereby enabling, by measuring the 
resistance of the coil, a determination of the coil 
temperature and by implication the temperature of the 
adjacent ?uid. 

12. A viscometer as de?ned in claim 11 in Which 

the resistance of the coil is determined by using the coil 
as one leg of a bridge circuit, poWering the bridge With 
a loW level voltage, then after decay of transients 
measuring the output level of the bridge and relating 
this level to temperature using computational means. 

* * * * * 


