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A technique is described in which laser-generated shear waves can be used to measure the viscosity
of liquids. The technique involves measuring the shear wave reflection coefficient at a solid–liquid
interface. To accommodate this procedure, a wedge was designed to launch laser-generated shear
waves into the material at nearly normal incidence to the solid–liquid interface. The reflected
laser-generated shear waves are detected at a second interface with a laser interferometer. The angle
of incidence at this second interface is at an angle greater than the critical angle. The purpose of this
arrangement is to maximize the out-of-plane displacement at this second interface so that detection
with the interferometer can be more easily accomplished. Calculations that support the design of the
wedge and experiment are outlined and experimental results are presented and discussed. This
technique would be most applicable in those situations in which conventional techniques are not
suitable, such as those involving high temperature and hostile environments. ©1999 Acoustical
Society of America.@S0001-4966~99!03803-5#
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INTRODUCTION

Laser-generated ultrasound has great potential in ap
cations where it is difficult or impractical to use a conta
transducer. These applications include those in high temp
ture and corrosive environments.1–3 This study deals with
developing a technique to measure the viscosity of high t
perature, and possibly corrosive liquids, such as mo
glasses and metals. However, the work presented here is
of a feasibility study, and the experiments have been c
ducted at room temperature. Future advances and modi
tions of the technique will adapt it to more hostile enviro
ments.

The technique, as explained in more detail in subsequ
sections, involved measuring the amplitude of las
generated shear waves reflected from a solid–liquid in
face. This information was used to determine the reflect
coefficient, which can be correlated to the viscosity of t
liquid. Very few works have dealt directly with lase
generated shear waves. This is probably because the la
not an efficient shear wave generator, and because in-p
displacements are more difficult to detect than out-of-pla
displacements.

Lasers are typically inefficient generators of ultrasou
especially in the thermoelastic regime. Approximately 6%
the energy of an incident light pulse at 1064 nm is absor
on a clean aluminum surface, the rest being reflected.1 Not
all of the absorbed energy is converted into ultrasound.

a!Present address: Military Technology, Inc., P.O. Box 878, University,
38677.

b!Present address: Halliburton Energy Services, 2135 Hwy. 6 South, H
ton, TX 77077.
1630 J. Acoust. Soc. Am. 105 (3), March 1999 0001-4966/99/105
li-
t
ra-

-
n
art

n-
a-

nt
-
r-
n
e

r is
ne
e

,
f
d

f

the energy that is converted into ultrasound in aluminu
approximately 21% is contained within the shear wave, 7
is contained within the Rayleigh wave, and 2% is contain
in the compressional wave.4

When a shear wave reflects from a surface at nor
incidence, the particle motion is entirely within the plane
the surface. Laser interferometers have been develo
which can measure these in-plane displacements so
shear waves can be detected directly.5 In a separate study, a
similar interferometer was used to study laser-genera
shear waves.6 Laser-generated shear waves have also b
detected with other transducers. Hutchins and Wilkins7 used
electromagnetic transducers to detect laser-generated s
waves and determine their polarization. In a precursor to
work presented here, laser-generated shear waves wer
tected with piezoelectric shear wave transducers.8

The effect of fluid viscosity on reflected horizontal
polarized shear waves has been investigated elsewhere9–11

Due to the viscosity of a fluid, shear waves can be transm
ted into viscous liquid. However, these waves are hig
attenuated and rapidly dampen. The capability of the fl
media to convey these waves diminishes the amplitude of
reflected shear waves propagating back into the solid. T
the amplitude of these reflected shear waves depends o
capacity of the liquid to transmit them, or its viscosity. Th
magnitude of the decrease and its relation with the fl
properties will be discussed in the following section.

As mentioned in a preceding paragraph, an earlier st
was conducted in which the viscosity of calibration liqui
was correlated to the reflection coefficient of laser-genera
shear waves.8 The shear waves were launched with a puls
Nd:YAG laser into an aluminum wedge and detected usin
s-
1630(3)/1630/8/$15.00 © 1999 Acoustical Society of America
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piezoelectric transducer. This paper describes the results
tained with a totally noncontact system, generating the sh
waves with a pulsed laser, and detecting the reflected s
waves with a laser interferometer.12,13As part of this project,
a wedge was designed so that the laser-generated s
waves are incident to the solid–liquid interface at nearly n
mal incidence. This causes the relative particle motion
tween the solid and liquid to be parallel to one anoth
which is a shearing type motion. The reflection of she
waves at this angle is therefore the most sensitive to vis
ity since viscosity is a resistance to shear.

After the shear waves reflect off the solid–liquid inte
face, they are incident on the surface of detection at gre
than the critical angle. This allows for the largest possi
out-of-plane displacement. These displacements can the
detected with the more common Mach–Zehnder or Mich
son interferometers. This type of arrangement has been
with both aluminum and graphite wedges.

In the following section, the analysis of shear wave
flection from a solid–liquid interface is outlined. Several r
sults from this analysis are presented. The motion of
surface at a solid–air interface is then considered. Res
from these two analyses form the basis for the design of
shear wave wedge, an apparatus used to detect la
generated shear waves. The experimental configuration is
scribed in the following section. In the final section, expe
mental results obtained with the shear wave wedge
correlated to the viscosity of various calibration liquids.

I. REFLECTION OF SV WAVES

The reflection of shear waves from a solid–liquid inte
face is affected by the viscosity and density of the liquid,
well as by the properties of the solid. Earlier work has e
ploited horizontally polarized shear waves~SH waves!.10,11

These are shear waves whose particle motion is paralle
the solid–liquid interface. When these types of shear wa
are incident on an interface, only shear waves are transm
and reflected.14 However, laser-generated shear waves
vertically polarized, which means that a component of th
particle motion is perpendicular to the interface. The exc
tion to this is when the angle of incidence of the vertica
polarized shear wave~SV wave! is 0 deg, as measured from
the normal to the interface. In this case, the two types
shear waves are indistinguishable for an isotropic solid.

A. Theory

The solution for the reflection coefficient forSH waves
from a solid–liquid interface is simpler than that forSV
waves since just one type of wave is transmitted and
flected. However, the solution involvingSV waves is
straightforward, although it involves allowing for the exi
tence of transmitted and reflected compressional wave~P
waves!. The solution outlined in this section follows the pr
cedures presented in textbooks on wave propagation.14,15The
geometry used in the solution is depicted graphically in F
1 wherer1 and r2 represent the density of the solid an
liquid, respectively,z and h represent the bulk and she
viscosities of the liquid, respectively,l andm are the Lame´
1631 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999 Cos
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constants for the solid. In this solution, it is assumed that
displacements are a function of the spatial variablesx andz,
and time,t. The relevant displacement-boundary conditio
are the continuity of thex- and z-components of displace
ment at the interface,u andw, respectively. In addition, the
normal and shear stresses,szz andsxz , must be continuous
across the interface. In the solid, these stresses are writ

szz5l
]u

]x
1~l12m!

]w

]z
,

~1!

sxz5mS ]u

]z
1

]w

]x D .

If one assumes linear acoustics and harmonic waves of
gular frequencyv ~and using the exp(2ivt) convention!, the
stresses in the liquid can be written

szz5~r2c0
22 ivz!

]u

]x
22ivh

]w

]z
,

~2!

sxz52 ivhS ]u

]z
1

]w

]x D ,

wherec0 is the longitudinal bulk wave speed in the liqu
and i 5A(21).

In both the solid and the liquid, the displacements can
expressed in terms of potential functionsf andc using the
Helmholtz decomposition~for the plane-strain case!14,15

u5
]f

]x
2

]C

]z
; w5

]f

]z
1

]C

]x
. ~3!

Displacements in the solid and fluid, and their potentials,
distinguished by the use of the subscriptss or f, respectively.
In the solid, the potentials can be written

fs5Pse
ikp~x sin up1z cosup!,

~4!
cs5I se

ik~x sin u2z cosu!1Sse
ik~x sin u1z cosu!,

wherek5v/b, kp5v/a and b and a represent the shear
and compressional-wave speeds in the solid, respectiv

FIG. 1. A graphical representation of a vertically polarized shear wave~SV
wave! reflecting from a stress-free surface when the angle of incidenc
less than the critical angle. The particle motion of theSV waves is perpen-
dicular to its direction of propagation, but in the plane of the figure. T
particle motion of the compressional wave~P wave! is parallel to its direc-
tion of propagation.
1631tley et al.: Viscosity measurement with laser-generated waves
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resented by

f f5Pfe
ik2~x sin u22z cosu2!,

~5!
c f5Sfe

ik1~x sin u12z cosu1!,

wherek25v/c0 , k15v/c1 , c1 is the shear wave speed
the fluid and16
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c1
252 iv

h

r f
. ~6!

The expressions for the potentials can be substituted
the expressions for the displacements, which can then
substituted into the expressions for the stresses. These e
tions can be used to represent the boundary conditionsz
50. The result of this exercise is four equations which c
be written in matrix form:
1
2

b

a
sinup cosu

b

c1
cosu1

b

c0
sinu2

2
b

a
cosup 2sinu

b

c1
sinu1 2

b

c0
cosu2

S b

a D 2

sin 2up 2cos 2u 2
ivh

m S b

c1
D 2

cos 2u1 2
ivh

m S b

c0
D 2

sin 2u2

S b

a D 2 l12m

m
cos2 up sin 2u 2

ivh

m S b

c1
D 2

sin 2u1 2
r fc0

22 iv~z12h cosu2!

m S b

c0
D 2
2 S Ps

I s

Ss

I s

Sf

I s

Pf

I s

D 5S cosu
sinu

cos 2u
sin 2u

D .

~7!
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,
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l
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The displacement in the solid can be represented
terms of the incidentSV wave, reflectedSV wave, and re-
flectedP wave. In the solid, thex-component of the displace
ment turns out to be

u5uI1uS1uP,

5 ik cosu@ Ieik~x sin u2z cosu!2Seik~x sin u1z cosu!#

1 ikp sinupPeikp~x sin up1z cosup!. ~8!

The superscripts and coefficientsI, S, and P refer to the
incident SV wave, the reflectedSV wave, and theP wave,
respectively. A similar expression exists for thez component
of the displacement. The total displacement is represente

u5~uI1uS1uP!êx1~wI1wS1wP!êz ,

5uI1uS1uP, ~9!

where êx and êz are unit vectors in thex and z directions,
respectively, anduI5uIêx1wIêz , etc. The reflection coeffi-
cient for SV waves is defined as

Rs5
uuSu
uu1u

5USs

I s
U, ~10!

while the reflection coefficient forSV waves toP waves
turns out to be

RP[
uuPu
uu1u

5
b

a UPs

I s
U. ~11!

B. Solid–viscous liquid interface

It is evident from Eq.~7! that the bulk viscosity,z,
couples with the transmittedP wave. Due to its nature, th
volume viscosity affects mainly theP wave inside the fluid.17

Since the second viscosity has little effect on the waves
in

by

e-

flected in the solid, it can be neglected. Contrary to the b
viscosity, the shear viscosity couples with both the incid
and reflectedP and SV waves. Therefore, the reflectedSV
wave, as well as the mode-convertedP wave, are sensitive to
the shear viscosity of the liquid.

By referring to Eqs.~7!–~11!, it can be seen that the
reflection coefficient is a function of the angle of inciden
and the frequency of theSVwave, the properties of the solid
and the properties of the liquid. The reflection coefficien
for SVandP waves as a function of angle of incidence up
the critical angle of theSVwave are plotted in Fig. 2. For al
the examples in this section, the solid is aluminum and
liquid is glycerin unless otherwise noted. At 0°, the reflecti
coefficient is 0 for theP wave and nearly 1 for theSVwave.

FIG. 2. Reflection coefficient ofSV to SV and P waves as a function of
angle of incidence at 1.0 MHz. The solid is aluminum, with density 27
kg/m3, shear (SV) wave speed 3100 m/s, and compressional~P! wave speed
6300 m/s. The liquid is glycerin, with a shear viscosity of 12 poise.
1632tley et al.: Viscosity measurement with laser-generated waves
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This agrees with the results from the reflection ofSHwaves.
The reflection coefficient as a function of the viscos

of the liquid for two different solids is presented in Fig.
The curves are for a shear wave at normal incidence, so
no P waves are generated. The density and sound spee
the hypothetical liquid were the same as for glycerin: 12
kg/m3 and 1920 m/s. As can be seen in the figure, the refl
tion coefficient for an aluminum–liquid interface is less se
sitive to changes in viscosity than for a graphite–liquid
terface. This is due to the lower shear wave impedance
graphite. Also, the reflection coefficients for both solids a
more sensitive to changes in viscosity at lower viscosi
than at higher viscosities, where the magnitude of the sl
decreases.

The reflection coefficient forSVwaves is plotted in Fig.
4 as a function of liquid viscosity for three different angles
incidence~0, 10, and 20°! and two different frequencies~0.5
and 5.0 MHz!. For each of the three angles, the higher f

FIG. 3. Reflection coefficient for 1.0 MHz shear waves at normal incide
off a solid–liquid interface for two different solids. The hypothetical liqu
has the same density and sound speed as glycerin, which is a 12603

and 1920 m/s, respectively.

FIG. 4. SV wave reflection coefficient,RS , as a function of viscosity for
different angles of incidence and frequencies. The solid is aluminum and
liquid is a hypothetical liquid with the same density and speed of soun
glycerin, and whose viscosity is varied from 0 to 300 poise.
1633 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999 Cos
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quency results in a curve with a steeper slope. Thus,
higher frequency would make for a more sensitive deter
nation of viscosity. Also, the figure shows thatRs decreases
as the angle of incidence increases, in agreement with Fig

The reflection coefficient forSV to P waves,RP , is
plotted for two different angles of incidence and two fr
quencies in Fig. 5. As in Fig. 4, the higher frequency curv
have a steeper slope. However, neither curve is very st
indicating that the reflected compressional wave is no
good indicator of liquid viscosity. In addition, the lowe
magnitude of this reflection coefficient means that it wou
be more difficult to detect. Also, note thatRP increases as the
angle of incidence increases, again in agreement with Fig
This is to be expected since, as will be seen in the n
section, the interface has more out-of-plane motion at
higher angles of incidence.

In addition to solid and fluid properties, frequency a
angle of incidence play significant roles in the magnitude
the reflection coefficients. When designing a system to
termine viscosity, it would be desirable that the angle
incidence be at or near normal to the interface. At the
angles, the reflection coefficient forSV waves is less sensi
tive to angle. At angles greater than 10° the effect of angle
incidence is more pronounced than the effect of viscosity
this case, the angle of incidence would have to be determ
accurately. In addition, a near-normal angle of incidence w
allow for the maximum amplitude of the reflectedSV wave.

C. Solid–air interface

When anSV wave is incident on a solid–air interface
both anSV wave and a longitudinal wave~P wave! are re-
flected when the angle of incidence is less than the crit
angle. It is assumed that neitherSV or P waves are transmit-
ted into the air and the solid surface is stress free. The crit
angle is defined as the angle of incidence for which the
flected P wave propagates parallel to the surface. For
angle larger than the critical angle, which is approximat

e

/m

he
s

FIG. 5. SV-to-P wave reflection coefficient,RP , as a function of viscosity
for different angles of incidence and frequencies. The solid is aluminum
the liquid is a hypothetical liquid with the same density and speed of so
as glycerin, and whose viscosity is varied from 0 to 300 poise.
1633tley et al.: Viscosity measurement with laser-generated waves
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s than
38° in graphite and 30° in aluminum, the wave number of
P wave is complex so that it becomes an evanescent-
wave.

Another consequence ofSV waves is that, for non-
normal incidence, they produce components of displacem
that are parallel~in-plane! and normal~out-of-plane! to the
surface of the interface. The relative magnitudes of these
components were computed by considering a graphite s
half space, again following procedures presented in sev
textbooks.14,15 The surface of the half space was stress fr
The situation is similar to that of Fig. 1, except that t
viscous liquid is replaced by vacuum, or air. The angle
incidence of theSV wave was varied from 0 to 90°. Th
results of this calculation, which are independent of f
quency, were plotted in Fig. 6. As can be seen in the figu
at normal incidence~0°!, the total displacement is parallel t
the interface~in-plane!. The in-plane component starts o
negative at 0°, increases to zero, changes sign, and cont
to increase up to the critical angle, which in this case
approximately 38°. Both components of displacements h
a discontinuity at this point. The out-of-plane displacem
increases to a maximum when the angle is just a few deg
greater than the critical angle. In order to detect anSV wave
incident on a stress-free interface, it would be advantage
for the angle of incidence to coincide with this maximum

The ultrasound was generated by a pulsed laser o
stress-free surface. Expressions for the directivity pattern
shear waves produced by pulsed-laser sources in the
moelastic regime have been derived and presen
elsewhere.2,3 They are basically a function of the materi
properties, specifically Poisson’s ratio, and are independ
of frequency. Figure 7 shows the directivity pattern for sh
waves for a thermoelastic source in aluminum. A distinct
feature of the directivity is the narrow lobe directed at
angle of approximately 30° to the surface normal. We ha
empirically determined, for several different materials, th
the angle at which the maximum occurs corresponds to
critical angle forSV wave reflection from a stress-free su
face.

FIG. 6. In-plane and out-of-plane displacements on a stress-free, gra
surface due to an incidentSV wave. The critical angle is at 38 deg, whe
the discontinuity occurs.
1634 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999 Cos
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D. Shear wave wedge

The characteristics of laser-generated shear waves
cussed in the last section guided the design of a wedge
could be used in the detection of reflected, laser-gener
shear waves. These characteristics include their directiv
their reflection from the solid–liquid interface, and their i
teraction with the solid–air interface. The wedge is depic
in Fig. 8. As shown in the figure, the angle of the wedge
made equal to the critical angle. This causes the narrow l
of the laser-generated shear wave to be incident at nearly
at the solid–liquid interface. The reflection coefficient of
SV wave at a solid–viscous liquid interface should be mo
sensitive to changes in shear viscosity if its angle of in
dence is near normal. Intuitively, this seems correct since
shear viscosity is a resistance to a shear type, or in-pl
motion. This angle of incidence also allows for the ma
mum amplitude of the reflectedSV wave.

The interferometer beam is located within 5 mm of t
spot where the pulsed laser strikes the surface of the we
Thus, the angle at which the reflected shear wave is incid
at the detector is at a slightly larger angle than the criti
angle. As can be seen from Fig. 6, this will produce t
largest possible out-of-plane displacement. Thus, it is
necessary, or even advantageous, to use an in-plane det
These two criteria, normal incidence at the solid–liquid
terface and incidence at greater than the critical angle at
solid–air interface where the signal is being detected, w
used to design the apparatus used to measure the viscos
liquids in contact with the appropriate wedge surface.

ite

FIG. 7. Directivity pattern for laser-generated shear waves in aluminu

FIG. 8. Schematic of wedge for laser-generated shear wave measurem
The laser pulse and the detection beam are generally separated by les
5 mm.
1634tley et al.: Viscosity measurement with laser-generated waves
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II. EXPERIMENTAL CONFIGURATION

The experimental configuration consisted of an Nd:YA
pulsed laser, a laser interferometer, and a solid wedge
described in the last section. A small plastic container w
attached to one side of the wedge to contain the differ
viscous liquids. The laser beams from the pulsed laser
the interferometer struck the wedge on the opposite s
from the viscous liquid, as seen in Fig. 8. A cylindrical le
was used to focus the pulsed-laser beam into a line sou
The dimensions of the line source were typically 5 by 1 m
with some variation between different sets of measureme
The distance between the line source and the interferom
beam was approximately 1–2 mm, again with some varia
between sets of measurements. The one-way travel dist
of the laser-generated shear waves was approximately 15
mm. This was determined by measuring with a ruler from
spot where the lasers hit the wedge along a line that
perpendicular to the viscous-fluid side of the wedge. T
distance was also confirmed with time-of-flight measu
ments.

Because of their close proximity, and to avoid interfe
ence problems, it was decided that the pulsed laser and
terferometer laser should not be of the same color light. T
pulsed laser was an Nd:YAG operating at a wavelength
1064 nm. The interferometer laser was a frequency–dou
diode-pumped Nd:YAG operating at a wavelength of 5
nm. The interferometer used in this research was a Ma
Zehnder type.18 It has a bandwidth of approximately 10 MH
and a noise limit of approximately 0.1 nm for a transie
pulse. The output of the interferometer electronics is a v
age signal that is proportional to the velocity of the surface
the point of detection.

Voltage waveforms produced by laser-generated sh
waves in aluminum and graphite wedges are shown in Fig
The air signal was taken with air in place of the visco
liquid, as shown in Fig. 8. The signals were also average
improve the signal-to-noise ratio. All of the signals we
averages of at least 100 waveforms.

The shear wave reflection coefficient was calculated
the ratio of the peak-to-peak amplitudes of the viscous-liq
signal to the air signal. Since air has negligible viscos
compared to the viscous liquids, the amplitude of the
signal served to represent the amplitude of the incident
nal. In doing this, it was assumed that losses due to geom
cal spreading and attenuation in the medium were the s
in both the air signal and the viscous-liquid signal. In pra
tice, four air signals and four viscous-liquid signals,
shown in Fig. 9, were acquired, and 16 different reflect
coefficients were calculated. These were then averaged,
averaged value was then plotted in Fig. 10. A standard
viation was calculated for each averaged reflection coe
cient. The error bars in Fig. 10 represent the average of
s.d.’s calculated for a given experiment. The signals were
converted to units of displacement~e.g., nm! since the volt-
age signals serve perfectly well for calculating the reflect
coefficient ratio.

The work reported in this paper uses broadband ul
sonic signals due to the generation by the laser pulse.
reflection coefficient from a solid–viscous liquid interface
1635 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999 Cos
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frequency dependent, as shown in Fig. 4. However, fo
given set of measurements, the pulse duration and the siz
the laser spot were constant. Thus, the frequency conten
the signals was assumed to be similar and the freque
dependence was neglected. A more detailed analysis on
frequency dependence, along with simulations of broadb

FIG. 9. Reflected, laser-generated shear waves detected in~a! aluminum~at
10.5 ms! and ~b! graphite~at 18.0ms! wedges with laser interferometer. I
each case, the larger amplitude signal~black line! was the reference ac
quired with an air-backed wedge. The smaller amplitude signal~gray line!
was acquired when the wedge was backed with a viscous liquid.

FIG. 10. Viscosity measured with laser-generatedSV waves on~a! alumi-
num and~b! graphite wedges for several different calibration liquids. T
solid and dashed lines are second-order polynomial fits to the data.
1635tley et al.: Viscosity measurement with laser-generated waves
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reflections of shear waves from a solid–liquid interface, h
been reported elsewhere.19

The differences in laser-pulse energy that generated
air and viscous-liquid signals were neglected in calculat
the reflection coefficient. The variations in signal amplitu
due to variations in the pulsed-laser energy were minimi
by adjusting theQ-switch delay of the pulsed laser so th
energy output of the laser was at its most stable opera
point. Even then, the energy per pulse varied by appro
mately 10%. Some of this variation was accounted for
signal averaging and the averaging procedure used in ca
lating the reflection coefficients.

The aluminum and graphite wedges were used to m
sure the shear wave reflection coefficient from several dif
ent viscous liquids. The liquids were certified viscosity sta
dards available through Canon. For each liquid, the visco
was tabulated at several temperatures. All of the meas
ments were taken at room temperature, which varied
tween 20 and 23 °C, and it was assumed that the liquids w
at that temperature. The viscosity of the liquid at the
corded room temperature was determined by interpola
along an exponential fit between the tabulated viscosity
ues. The viscosity of these liquids was plotted against
measured reflection coefficients in Fig. 10. The curves p
ted along with the data are trendlines to aid the reade
follow a given set of measurements, and do not represen
theoretical solution.

III. RESULTS AND DISCUSSION

The plots in Fig. 10 represent the results from three s
of measurements, two with the aluminum wedge and
with the graphite wedge. It can be seen that the data has
same trend as the theoretical curve from Fig. 3, but clo
scrutiny shows that the data points do not lie exactly on
theoretical curves.

The two sets of measurements taken on the alumin
wedge are plotted in Fig. 10~a!. The waveforms shown in
Fig. 9~a! are from the set represented by the solid diamo
in Fig. 10~a!. This set of data shows a greater change in
reflection coefficient with viscosity than does the set rep
sented by the open squares. This change in ‘‘slope’’ is pr
ably due to differences in the frequency contents of the
nals. It can be seen from Fig. 9 that the signals
broadband, transient pulses. However, the pulse width
slightly different for the two sets. The peak-to-peak distan
of the liquid signal in Fig. 9~a! was 86 ns. The peak-to-pea
distance of a representative signal from the open square
of data was 113 ns. This represents a lower frequency
the filled-diamond data. The fast-Fourier transforms of
signals support this conclusion. The differences in the
quency content were probably due to small differences in
thickness of the line source. The theoretical results from F
4 show that a lower frequency results in a lower slope.

It can also be seen from Fig. 10~a! that the reflection
coefficient of the open squares is less than that of the s
diamonds at the lower viscosities~less than 70 poise!. This
could be due to differences in the angle of incidence of
SV wave at the solid–liquid interface. Figures 2 and 4 sh
that, for a given frequency and viscosity, theSV wave re-
1636 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999 Cos
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flection coefficient decreases as the angle of incidence
creases~up to 20°!. This would mean that the signals corr
sponding to the open-square data had a larger angle
incidence, as well as a lower frequency.

The results of an experiment conducted with the sa
viscous liquids and a graphite wedge are plotted in F
10~b!. The results show the same trend in the data that
observed with the aluminum wedge; however, there is
least as much scatter. It was suggested in Sec. I.B that
viscosity could be measured with more resolution with
graphite wedge because of its lower shear impedance. H
ever, this seems to be offset by the attenuation of hi
frequency ultrasound in the graphite. Since the higher
quencies attenuate significantly more than the low
frequencies, the frequency content of the signal is reduc
This effect lowers the resolution of the viscosity measu
ments. The frequency dependence of the reflection co
cient for graphite is even more pronounced than that of a
minum, which is shown in Fig. 4.

IV. SUMMARY AND CONCLUSIONS

A solid wedge was designed to determine the viscos
of liquids using laser-generated shear waves. The sh
waves were generated with a pulsed laser and detected w
laser interferometer on the same side of the wedge. The s
waves traveled through the wedge where they reflected f
the solid–liquid interface. The reflected wave traveled ba
to the original side, where it was detected with the la
interferometer. The angle between the two surfaces was s
that the reflected shear wave would create the maximum
of-plane displacement at the detector.

The obvious advantage of such a system is that i
noncontact. This would be especially useful when mak
measurements at high temperatures. One application of in
est is the measurement of glass viscosity in its molten st
Most commercially available piezoelectric transducers u
in this application would dipole at these temperatures~1000–
1800 °C!. In order to use piezoelectric transducers for th
application, they would have to be protected from this ha
environment. Mounting it on a water-cooled buffer rod
one solution to this problem.20 However, in many cases, op
erators of these facilities do not like this solution because
the possibility of waters leaks, which can contaminate
material being processed or create a hazardous situa
Also, cooling may act as a heat sink which cannot be to
ated by many high-temperature processes, as is found in
production of ceramic fibers.21 The technique described i
this paper would eliminate the need for water cooling.

Admittedly, the proposed technique has several dis
vantages. These include~a! the need for a special wedge,~b!
the relatively high cost of instrumentation,~c! the use of
lasers and hence the associated safety issues, and~d! the
reduced sensitivity and stability of the interferometric rece
tion of ultrasonic waves when compared with piezoelec
sensors. Another limitation is the lack of resolution, i.e., t
reflection coefficient at 5 MHz changes from 1 to 0.84 ove
viscosity range of 300 P, as shown in Fig. 4. In spite of the
limitations, this method still has the potential to be used
applications where traditional methods cannot be deploy
1636tley et al.: Viscosity measurement with laser-generated waves
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These applications include those in hostile environments
accessible regions, and, as discussed above, situations w
water cooling is not appropriate.
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