
Jointly with the 17th European Frequency and Time Forum
Proceedings of the 2003 IEEE International Frequency Control Symposium and PDA Exhibition

0-7803-7688-9/03/$17.00 © 2003 IEEE

VISCOSITY SENSOR BASED ON A SYMMETRIC DUAL, QUARTZ THICKNESS 
SHEAR RESONATOR 

E. Benes, R. Thalhammer, M. Wschl, H. Nowotny', S. Ja$ 
Vienna University of Technology, Institute of General Physics, 'Institute of Theoretical Physics, Vienna, Austria/Europe 

'Lenzing AG, Lenzing, Austriahrope 

Abstract - The paper describes a novel quartz crystal sensor for 
the measurement of the density-viscosity product of Newtonltn 
liquids. The sensor element consists of two circular quartz 
crystal plate8 with M alr-gap in between and the liquid !ample 
in contact with the outer plate surfaces. Plano-convex AT-cut 
quartz cryrtals arranged in mirror symmetric crystallographic 
orientation and vibrating in an even-symmetrk thkkneas-sherr 
fundamentd mode at 2.77 M H z  are utllfied. The two outer 
plane sides of the crystals are fully covered by gold electrodes, 
which are both connected to ground potential This special mlr- 
ror symmetric set-up aUom the compensation of spurious die 
pincementa in the circular clamping mnea of the two crystals. 
The measurement values of the sen601 are the fundamentd 
resonance frequency f and the associated resonance Q-value, 
which are analyticdly dependent on the density-viscosity pro- 
duct of the liquid in contact with the sensing surfaces. In con- 
trast to an earlier report {l] about a sandwich resonator sensor, 
which entrapped the liquid sample between two quartz plates, 
the Immenible sensor presented here is not restricted to low 
visewity samples. The sensor covera a viscosity range from d- 
most zero (air!) up to 2000 Pas, and is not rerMcted to electri- 
cally insulating liquids. 
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I. INTRODUCTION 

The utilization of thickness-shear mode quartz crystals 
for the determination of liquid parameters has been investi- 
gated by several groups [2-51. When operated at a properly 
chosen frequency (series resonance), the quartz crystal per- 
forms an in-plane oscillation (thickness-shear mode). This 
in-plane oscillation radiates a shear wave into the contacting 
viscous fluid, whereby the decay length of this wave is very 
small, typically only a few micrometers. The fluid layer 
contacting the quartz surface causes a decrease both of the 
resonance frequency and of the resonance @value, com- 
pared to the unperturbed (dry) crystal. For Newtonian liq- 
uids the density-viscosity product can be derived analytically 
from the measured electrical admittance curve, as will be 
reviewed in the following Section EA. 

In Section 1I.D the problem of spurious out-of-plane dis- 
placements is treated. It has already been shown in [l] how 
this problem can be solved by using a dual quartz sensor 
with the liquid between the two mirror-symmetrically ar- 
ranged quartz plates. This three layer sandwich resonator 
was characterized by excitation of an even symmetric shear 
displacement curve which resulted in an angular momentum 
compensation. However, the drawbacks of this viscosity 
sensor with high absolute accuracy were its restriction to 
rather low viscosity liquids and the difficult cleaning proce- 
dures. 

In Section 111 the design of an immemible dual quartz vis- 
cosity semor is described and in Section V first measurement 
results obtained in rough industrial environment are pre- 
sented. 

II. THEORY 

A. One-dimensioanl model 

Fig. 1 schematically shows the crystal-liquid interaction. 
A typical arrangement comprises a thin AT-cut quartz disk 
with electrodes on both sides. One surface of the quartz sen- 
sor is in contact with the liquid, while the opposite surface is 
air-backed. The quartz crystal is driven by a high-frequency 
voltage source. This is a onedimensional, two layer model, 
with all quantities depending exclusively on the y-direction 
and on time. 

1, c- 
Air 

Fig. 1 Displacement of the shear wave m the aemor q w  and in the adja- 
cent fluid layer (schematically). 

p a  PQmeSS density of fluid / quam 

b.........thickness OfqUartE layer 

q L  .....,.. shear viscosity offhd 
ZQ ........ acoustic impedance of quartz 

4 ......... thickness offluid layer (4 >> $) 

$.........decay hgth  ofahearwave 

For the mathematical treatment, the liquid layer can be re- 
garded as semi-infinite in y-direction as long as the penetra- 
tion depth lp of the shear wave into the liquid remains much 
smaller than the liquid layer thickness ZL .The properties of a 



general viscoelastic layer can be described by a complex 
elastic stiflhess constant [6]. 

c=C'+ ]P .  (1) 

For the liquid limit the elastic constant becomes purely 
imaginaly 

For a Newtonian liquid the imaginary part is equal to the 
angular frequency a,, at the regarded overtone number n 
multiplied by the dynamic viscosity q~ of the liquid, re- 
spectively: 

c" = a)& . (3) 

The primary measurands of the viscosity sensor are the 
fundamental resonance fiequency and the associated reso- 
nance @value. The product of density and dynamic viscos- 
ity of the fluid (liquid) in contact with the quartz crystal can 
be calculated out of these primary measurands. The calcula- 
tion is based on the solution of the fimdamental piezoelectric 
equations for a layered composite resonator structure ac- 
cording to Nowotny and Benes [7-91. This rigorous model 
delivers the same numerical results as the layered resonator 
model according to Ballato [ 10, 1 11, although it it is based on 
simple matrix multiplications and therefore a C++ program 
for the most general case was easily developed. For Newto- 
nian liquids the sensor function can be derived as follows 
(see also [I I) 

whereby n is the mode number, YQ the acoustic impedance 
(real part) of the quartz, A f, = f, - the fresuency shift 
due to the viscous load of the quarfz, f,, fd are the reso- 
nance frequencies of the loaded and unloaded resonator, K 
spectively. Qd is the acoustic quality factor of the fluid that 
can be derived from the quality factors of the loaded and un- 
loaded crystal, respectively: 

The quality factor Qd and the series resonance fresuency 
of the unloaded crystal fno can be determined from the lo- 
cus of admittance Yo 

whereby the series resonance frequency fn can be deter- 
mined at the maximum of the real part of the locus of admit- 
tance Y@ and the half-value frequencies f ,  and & are 
at the maximum and minimum of the imaginary part of the 
locus of admittance Y($ m e ,  respectively (see Fig.2). 

f* 

For lower viscosity values the use of the left part of (4) &- 
livers much more accurate values for the density-viscosity 
product, while for high viscosities the right part might be 

In case of Newtonian liquids A f ,  and Qd me related by 

Fig2 Law, of admitbnce Y@ with the used characteristic hquencia 

used alternatively. 

This criterion can be used to discriminate between 
Newtonian and non-Newtonian liquids. 

B. Consideration of reaI geometry with jinite active 
area 

The derived analytical sensor function accurately describes 
the situation as long as the basic assumption of one-dimen- 
sional treatment is justified. To preserve the high quality 
factor of fiee quartz, vanishing displacement amplitude at the 
edge of the quartz plate is desirable. This minimizes the in- 
fluence of the quartz support on the vibration pattern. A 
powerful method to ensure more or less vanishing displace- 
ment at the edge, called "energy-trapping", can be realized in 
different ways. One possibility is to restrict the electrodes to 
the center area of the quartz, another method is to use a 
quartz plate of plano-convex or biconvex shape, a third 
method applies both concepts. For a good choice of the 
center thickness and the curvature radius Rc of the con- 
vex side of the quartz for a given plate diameter D, we opti- 
mized the so-called equivalent area Aq, which is a measure 
for the effective vibrating area of the quartz. Under the as- 



sumption of full-size electrodes the equivalent area can be 
calculated according to Schmid [ 121 as 

(9) 

The definitions of the effective elastic constants are ac- 
cording to Timten [13]. Numerical values for relevant vi- 
bration modes are given in Table I. 

TABLE I. 
Effective elastic consEants of AT-cut qmtz depending OIL the overtone 

nunbern[14];theconetant 3' =68.8 GPa. 

3 75.8 29.22 2.10 
5 90.1 29.23 1.31 
7 80.4 29.24 0.91 1 
9 88.7 29.24 0.726 

Note that the radius of curvature can be chosen within the 
range 

the lower limit means zero edge thickness. 
For the experimental verification of (8) it is usefd to relate 

A* to the motional capacitance C, of the ATquartz sensor 
r121as 

where is the corresponding dielectric constant. Further- 
more, the modified Gaussian displacement distribution (33) 
on the plane surface of the plate b = O )  yields the relative 
displacement at the edge of the plate at x = f D l 2  

with the full sensor area AQ = d x l 4 .  For the chosen ge- 
ometry, the relative amplitude at the edge of the quartz plate 
is extremely small (about lod, see also [I]). ~ b i s  is a good 

precondition for clamping of the quartz without mode cou- 
pling to the sensor casing. 

The link between the infinite model and the real plano- 
convex geometry is made by introducing an equivalent 
thickness and the above defined equivalent (effective) exci- 
tation area. The equivalent thickness is given by the re- 
garded thickness shear resonance frequency of the plano- 
convex crystal. The crystal layer thickness in the infinite 
model is chosen as the thickness of an infinite plate with the 
same series resonance ftequency as the real resonator. 

C. InJunece of M a c e  smoothness 

Hydrodynamic smoothness of the surfaces in contact with 
the liquid is essential in order to achieve high sensor accu- 
racy and reproducibility of results [14,15]. Even for Newto- 
nian fluids, viscoelastic effects may occur due to a thin liquid 
layer entrapped in surface cavities. The size of such cavities 
is determined by the crystal's surface roughness, which 
should be less than 100 nm. 

D. Importance of even-symmetric displacement 

The utilization of thickness-shear mode quartz crystals for 
the determination of liquid parameters has shown that, in 
general, these quartz crystals generate not only a damped 
shear wave, but also compressional waves in the liquid [16- 
191. These compressional waves are caused by spurious out- 
of-plane displacements of the plate surhce as a consequence 
of angular momentum conservation in a shear vibrating finite 
plate (see Fig.3) 

Since the damping of compressional waves in liquids is 
much smaller than that of shear waves, (high overtone) com- 
pressional wave resonances may occur, affecting sensor pet- 
formance due to mode coupling and additional energy loss. 
To overcome this fundamental problem, a special geometry 
of two quartz crystals with the liquid sample in between has 
been introduced recently 111. The crystaIlographic orienta- 
tion of the crystals and the electric potentials are chosen so 
that the resulting shear displacement curve of the total ar- 
rangement is even symmetric with respect to the center (x-2)- 
plane. The situation is shown schematically in Fig.3. A pure 
shear displacement according to Fig.3a is associated with an 
angular momentum caused by the in-plane movement in x- 
direction. In case of a free finite plate, the angular momen- 
tum conservation principle leads to an additional out-of- 
plane displacement in y-direction (Fig.3b) [20], thereby gen- 
erating compressional waves m the contacting liquid 

They have a comparatively low amplitude, but propagate 
in the liquid with dramatically lower damping than the shear 
wave, where the sensor fimction is based upon and which 
exhibits a very low penetration depth. Typically, the 
compressional waves easily find a fitting high overtone 
resonant boundary condition and by coupling to the exciting 
shear wave cause a strongly fiequencydependent additional 
damping. 



Y C  
Fig.3. Displacement of a sbear vibrating AT& ~ y s t a l  plate; 
a) pure sheer displacement, 
b) shear displscsment due to augular momentum coosa7ration, 
c)mirrcr-symmetnc ' displacemeat ofsemndplate in the sand- 
wich arrangement. The BWWS indicate the m-plane (x) and the 
out-of-plane fy, -y) displacement direction4 respectively. 

effect is comparable with the displacement compensation of 
tuning fork resonators in the nodal point. 

The utilized sensor crystals are plano-convex 2.77 MHz 
AT-cut quartz crystals with an equivalent area of 12% (for 
the fundamental mode). The plane surfaces of both plano- 
convex crystals have been polished according to DM 3 140, 
resulting in a surface roughness below 100 nm. 

The often ignored problem of out-of-plane vibration com- 
ponents of the usual odd symmetrically excited thickness 
shear crystal resonators was addressed in a recent paper of 
EerNisse [2 11 in which it was demonstrated that the high 
overtone bending modes generated by the rotational imbal- 
ance of the finite shear vibration mode is - in contrast to the 
regarded shear wave - not energy trapped. Even the effect of 
drive level dependence of resonant frequencies can be ex- 
plained by considering the consequences of rotation imbal- 
ances in connection with angular momentum conservation. 

With the even-symmetrically excited dual quartz sandwich 
resonator (Fig.3bc) containing the sample liquid between the 
two quartzes, a zero total angular momentum along with the 
compensation of disturbing compressional wave resonances 
was achieved. However, the drawback of this design was 
that it is not well suited for higher viscosity liquids ( q ~  > 20 
Pas), which cannot easily be pressed through the small gap 
between the two crystals. At the same time the above de- 
scribed longitudinal mode coupling plays a much less impor- 
tant role for viscosities in the higher range. 

Fig.4 Photograph ofthe h g e  mounted immernible dual 
cosity sensor (pmtection @I removed). 

crystrl vis- 
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III. DESIGN OF THE DUAL QUARTZ IMMERSIBLE VISCOSITY 
SENSOR 

In contrast to the sandwich resonator viscosity sensor with 
high absolute accuracy according to [l], here a new version 
with two even symmetrically excited crystals with an air gap 
in between and the sample liquid covering the outer crystal 
surfaces is introduced. Since there is practically no acoustic 
coupling across the air gap, the only remaining advantage of 
the even symmetric excitation is that the out-of-plane 
displacement components of high overtone bending modes, 
which are not energy trapped, compensate each other at the 
clamping points. Whereby the clamping points actually form 
a circular line close to the edge of the circular plate. This 

- 

Fig.5 Rincipal a d  crw-sect id  view of the h ( ? e  mounted immersible 
dualquartzcrystalviscOeitysensor. 



The Au-electrodes of both crystals are connected in paral- 
lel. The outer electrodes on the plane crystal surfaces are in 
contact with the liquid and electrically grounded. The space 
between the two crystals is filled with dry nitrogen. To 
prevent thermal stresses, the crystal plates are compliantly 
pressed by a Viton@ O-ring to the circular metallic mass 
contact area on which the crystals are allowed to slip. Fre- 

V. DISCUSSION 

Dough viscosity is an essential parameter for quality con- 
trol in waf€les production. The immersible even symmetric 
dual quartz viscosity sensor exhibits the following advan- 
tages: 

quency alignment .e 10 Hz of the two quartz crystals was 0 

performed by evaporating a thicker Au-electrode layer on the 
crystal with the initially higher resonance frequency. The 
flange mounted immersible dual quartz crystal viscosity sen- . 
sor is shown m Figs.4 and 5. 0 

lv. RESULTS 

The viscosity sensor shown in Figs.4 and 5 was tested in 
rough industrial environment for on-line monitoring of waf- 
fle dough viscosity at the company Manner AG Vienna. 
Viscoity control is an important issue in the waffle dough 
production quality control. Fig.5 shows the temporal pro- 
gress of dough viscosity and temperature. Between meas- 
urement numbers 14 and 22 water has been added, to influ- 

Analytical sensor function free of spurious mode cou- 

No calibration needed, absolute error 2.. .60 % 
High viscosity range 0.. .2000 Pa.s 
Insensitive to gas bubbles This is a surprising result of 

high practical importance. It might be explained by 
the fact that the gas bubbles never come in direct 
contact with the crystal surface due to a permanent 
dough layer on the surface with a thickness higher 
than the shear wave penetxation depth of a few mi- 
CKlllletCTX8. 

Measurement of high shear viscosity as it is relevant in 
many applications, e.g. m jet streaming and high per- 
formance engine lubrication. 

Pline; 

ence the ViscoSitY o f h  aouBh and See the Sensor response. 

bers 14 and 22 is shown in an expanded scale. 
"& pnsent disadvantages of the senm are its mtriction to 

In Fig4 the interesting period beween rneas-ent num- low dlow&le pressure variations and its poor absolute w u -  
racy when compared to the sandwich version with the liquid 
between the crystals. (The absolute error of the three layer 
sandwich resorkor is between 2.. .5 %.) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
Monuroment no. 

Betweenol.aauremmtp0ints 14 and22 water was added 
Fig.6 Tanporsl ~ogresa of dough visoOeity and tcanpadure. Time mtwd bawan two amse&ve approximately 10 min. 
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VI. CONCLUSION 
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A novel quartz crystal sensor for measurement of the den- 
sity-viscosity product of Newtonian liquids has been intro- 
duced. The sensor element consists of two circular quartz 
crystal plates with an air-gap in between and the liquid sam- 
ple in contact with the outer plate surfaces. The quartz crys- 
tals, together with a miniature platinum resistance tempera- 
ture sensor, are mounted in a stainless steel housing. 

In contrast to an earlier report [l] about a sandwich reso- 
nator sensor, which entrapped the liquid sample between two 
quartz plates, the immersible sensor presented here is not re- 
stricted to low viscosity samples. For Newtonian liquids, the 
double-quartz sensor features fair absolute accuracy and re- 
producibility without the need of calibmtion and without any 
fitting parameter. The sensor covers a viscosity range from 
almost zero (air!) up to 2000 Pa.s, and is not restricted to 
electrically insulating liquids. Non-Newtonian behaviour 
can be identified and the complex mechanical impedance of 
non-Newtonian fluids can be determined at high shear rates 
(lo' s-I). The flange mounted immersible sensor was em- 
ployed successfilly in rough industrial environment for on- 
line monitoring the viscosity and temperature of waffles 
dough flowing through the dough supply pipe of a waffles 
production plant (Manner@-Schnitten, Wien, Austria). The 
high viscosity resolution could be demonstrated by adding 
small amounts of water (1 vol.% or 0.5 vol.%, respectively) 
for which corresponding decreases in dough viscosity could 
be observed. 
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