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CONTACTLESS PNEUMOELECTRIC FLUID VISCOSITY MEASUREMENT DEVICE

 A. P. Savenkov, M. M. Mordasov, and V. A. Sychev UDC 532.137:53.082.36

We review a variety of contactless techniques for fl uid viscosity measurement. We discuss contactless ae-
ro-hydrodynamic techniques capable of providing high-accuracy viscosity measurements for non-homo-
geneous and non-transparent fl uids over the range 2–100 Pa·s. We describe a very promising approach 
in need of additional work–a contactless aero-hydrodynamic technique that involves using a pulsed gas 
jet to distort the surface of the fl uid being measured and determining the viscosity based on the time re-
quired to reach a specifi ed deformation level after the gas jet comes on. We have developed a contactless 
aero-hydrodynamic device with a laser triangulation detector to measure the range to the surface of the 
liquid; this viscosity measurement device supports full automation, while providing a signifi cant increase in 
measurement accuracy. We studied four possible options for implementation of the device, and selected the 
best option to improve the measurement accuracy and reduce the sensitivity of the device to external effects. 
We describe the design and operating principle for the device, and describe how device design parameters 
affect systematic and random measurement error. The relative measurement error in fl uid viscosity was 2% 
or less over the entire range from 2 to 100 Pa·s. This contactless aero-hydrodynamic device will be useful 
for measurement of viscous fl uids in a wide variety of industrial fi elds.
Keywords: aero-hydrodynamic technique, contactless technique, viscosity, gas, fl uid surface, jet, triangu-
lation detector.

 Introduction. Viscosity is an important physical property of a fl uid, and is used in quality assessment of many prod-
ucts and manufacturing processes in a variety of industrial fi elds. Measuring the properties of viscous fl uids is a complex, 
lengthy process that involves fi lling measurement tanks, removing gas bubbles, and cleaning measurement tools, with this last 
operation frequently requiring toxic and fl ammable substances. Contactless techniques and devices make inspecting viscous 
fl uids much easier. Contactless techniques for measurement of fl uid viscosity include wave techniques, optical techniques, 
aero-hydrodynamic techniques, and techniques based on capillary waves and levitating drops [1].
 The properties of fl uids whose surface is covered by surfactant fi lms are traditionally measured using capillary 
waves [2], which are produced by mechanical vibration of a vessel containing the fl uid under study, or by electric fi elds, 
acoustic waves, or gas jets [2–4]. The fundamental problem with capillary-wave-based techniques is that fl uid density affects 
the results, and rapid [viscous] damping of capillary waves means that it is diffi cult to perform viscosity measurements in 
fl uids with viscosities greater than 0.1 Pa·s. Fluid measurement techniques based on the parameters of light scattering from 
surface capillary waves produced by thermal movement of molecules form a separate group [5, 6]. Due to the short wave-
lengths of light involved, devices using this technique have an upper measurement limit of 10 mPa·s.
 Containerless techniques based on levitating drops have one specialized application–measuring the properties of 
supercooled metastable melts [7]. The droplet of material for study is lifted up from a support via electrostatic, electromag-
netic, aerodynamic, or acoustic levitation [8–12]. These techniques are recommended for use under weightless conditions, but 
make no sense for ordinary liquids in vessels.
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 Acoustic and UHF viscosity measurement techniques are based on how wave parameters are affected as waves pass 
through the layer of fl uid being measured [1, 13]. Such techniques are considered contactless if no connection to the process 
vessel or pipeline is required, and if the wave is transmitted to the fl uid being measured through the wall of the vessel or 
pipeline [14]. The large number of factors affecting the results and the complex interactions between these factors signifi cant-
ly increases the measurement uncertainty for viscosities determined using wave techniques [1]. Optical correlation techniques 
and techniques based on thermocapillary convection also have similar defi ciencies [15, 16].
 Reliable viscosity data can be obtained for viscosities ranging from a few tenths to hundreds of Pascal-seconds using 
contactless methods that involve distorting the surface of the fl uid with a laser beam or gas jet [17–19]. Optical methods 
measure the viscosity of a nanometer-thick surface layer. Due to contamination, this layer may have quite different properties 
from the bulk fl uid being measured. In aero-hydrodynamic techniques, the measured viscosity applies to a fl uid layer a few 
millimeters thick. Aerodynamic techniques have the advantage of easy implementation, and the effects of density and surface 
tension on the viscosity measurements are smaller.
 The most promising aero-hydrodynamic technique involves directing a pulsed gas jet toward the fl uid at an oblique 
angle; this technique shows promise because it makes it much easier to use aerodynamic or optical sensors to determine the 
extent to which the fl uid is distorted by the gas jet [20, 21]. Optical triangulation detectors can also be used to measure the range 
to the fl uid being measured [22]. This enables the components of the measuring device to be precisely adjusted to a specifi ed 
distance above the surface of the fl uid, as required in order to improve the accuracy of the viscosity measurements [23].
 The purpose of this paper is to describe the underlying operating principles for a contactless pulsed aero-hydrody-
namic viscosity measurement device using a differential laser triangulation detector to measure the distance to the surface of 
the fl uid, evaluate various device design options, and determine the metrological characteristics of the device.
 Aero-hydrodynamic technique and fl uid viscosity measurement device. Figure 1 shows the design of the contact-
less fl uid viscosity measurement device. The following basic components of the measuring device are located above the sur-
face of the fl uid: a jet tube JT, which includes a gas-jet nozzle GN and a triangulation detector TD, which in turn consists of 
a TXL04 laser diode LD (Komoloff, Russia) and BPW34 photodiodes PD1 and PD2 (Vishay Intertechnology Inc., Germany). 
The operating principle and design for the triangulation detector are described in [23]. The design has been enhanced, with 
photodiodes being used in place of photoresistors. The TD printed circuit board and GN tube are mounted on a bar that is 
mechanically connected to the drive D, which moves the bar vertically.
 The jet tube receives compressed air from a pneumatic supply line through an RDV5M reduction valve RV 
(TIZPRIBOR, Russia), a P1PR.5 solenoid valve SV (TIZPRIBOR, Russia), and a laminar-fl ow orifi ce LO. The pressure p 
upstream of the gas jet nozzle is controlled by reduction valve RV and adjusted based on the readings from M-1/4 manometer 
MN and the MPX5010DP calibrated pressure transducer PT (Motorola Inc., USA) which is installed immediately upstream 
of the intake of jet tube JT. The device is controlled by control unit CU, which is based on an ATmega16A microcontroller 
(Microchip Technology Inc., USA).
 In its initial position, the bar carrying jet tube JT and detector TD are relatively far from the surface of the fl uid. There 
are no signals at the TD output. In response to the CU control signal, drive D lowers the bar, and nozzle GN is placed a specifi ed 
distance H above the surface of the fl uid (the algorithm is described in [23]). In order to reduce the random error in placement 
of nozzle GN, the bar is moved vertically up and down in the vicinity of the position where the laser beam refl ected from the 
surface of the liquid falls on the boundary between the surfaces of photodiodes PD1 and PD2. Once these sensor elements are 
in the required position, the LD beam refl ected from the surface of the fl uid will be incident on the surface of photodiode PD1.
 When measuring the viscosity, a signal from control unit CU causes solenoid valve SV to open, and compressed air 
passes through laminar-fl ow orifi ce LO into the JT tube. The zero point for t, the duration of exposure to the gas stream, cor-
responds to the point in time at which the pressure at the PT intake reaches a threshold value of 550 Pa. The gas jet from nozzle 
GN forms an indentation and a wave on the surface of the fl uid. The indentation size increases with time, and the wave prop-
agates over the surface of the fl uid in the direction of gas fl ow at a speed that depends on the viscosity η of the fl uid. When 
the wave reaches the point where the beam from laser diode LD hits the fl uid surface, this affects the direction of the refl ected 
beam. The TD detector successively produces three states in the discrete output signals U1 and U2: U1 = 1, U2 = 0 – the re-
fl ected beam is primarily incident on the surface of PD1; U1 = 0, U2 = 0 – the light fl uxes incident on PD1 and PD2 are 



724

approximately equal; U1 = 0, U2 = 1 – the refl ected beam is primarily incident on the surface of PD2. The CU records the times 
t1 and t2 for the trailing edge of signal U1 and the leading edge of signal U2, respectively. At time t2, the CU issues a signal to 
stop the fl ow of air to the JT. The fl uid viscosity is determined using the arithmetic mean t12 of the quantities t1 and t2. The 
pressure p is measured by transducer PT for the entire time t2 that the gas jet acts on the surface of the fl uid. The data on the 
mean pressure p is required in order to compensate for the effect of pressure variations on the measured viscosity.
 Following a time delay proportional to the time for which the gas jet was active and to the time required for the fl uid 
surface to return to its initial fl at state, the viscosity measurement is repeated the specifi ed number of times in order to reduce 
the effect of random error on the measured result. The viscosity value (equal to the arithmetic mean of the results from the 
repeated observations) is output to the CU screen.
 Selection of option used for implementation of aero-hydrodynamic viscosity measurement device. The differ-
ential triangulation detector (TD) enables the specifi ed distance Hs

0 above the surface of the fl uid to be measured to within 
0.1 mm (Fig. 2, zero position) [22, 23]. However, the viscosity should not be measured in the zero position, since even minor 
changes in the shape of the fl uid surface will trip the TD. In the zero position, the fl uid surface deformation time tends to zero, 
the effect of fl uid density on the measured results becomes comparable to that of viscosity, and the random component of the 
error increases (Fig. 3). In order to improve the noise immunity of the device, the TD must be moved either above or below 
zero position prior to initiating the gas fl ow. This observation implies that there are four options for implementing the device 
depending on the direction of the gas jet and the laser beam (see Fig. 2).

Fig. 1. Diagram of contactless pneumoelectric fl uid viscosity measurement device: JT – jet tube; PD1, PD2 – photo-
diodes; LD – laser diode; GN – gas outlet nozzle; CU – control unit; LO – laminar fl ow orifi ce (pneumatic resistance); 
RV – reduction valve; M – manometer; D – drive; PT – pressure transducer; SV – solenoid valve; R – receiver (50 ml); 
TD – triangulation detector.
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 Option I. Laser beam and gas jet point in opposite directions. TD position Hs > Hs
0. Advantages: two time intervals 

t1 and t2 can be used; the distance H has a weak effect on the measured results; and the linear shift is sensitive to the depth of 
the indentation. Disadvantages: none.
 Option II. Laser beam and gas jet point in opposite directions. TD position Hs < Hs

0. Advantages: none. Disadvantages: 
only one time interval t1 can be used; the distance H has a signifi cant effect on the measured results; and the linear shift is 
insensitive to the depth of the indentation.
 Option III. Laser beam and gas jet point in the same direction. TD position Hs > Hs

0. Advantages: the distance H has 
a weak effect on the measured results; and the linear shift is sensitive to the depth of the indentation. Disadvantages: only one 
time interval t1 can be used.
 Option IV. Laser beam and gas jet point in the same direction. TD position Hs < Hs

0. Advantages: two time intervals 
t1 and t2 can be used. Disadvantages: the distance H has a signifi cant effect on the measured results; and the linear shift is 
insensitive to the depth of the indentation.
 Options I, III, and IV were selected for experimental study; Option II turned out to be unpromising, and was not 
studied. The design parameters of the device were as follows (see Fig. 1): angle between jet and fl uid surface α = 20°; distance 
from GN nozzle to fl uid surface Н = 10.3 mm; diameter of GN nozzle d = 0.89 mm; orifi ce coeffi cient of nozzle μ = 0.68; 
pressure upstream of GN nozzle p = 5.45 kPa.
 TD parameters: ϕ = 60°; Hs

0 = 8 mm. The design permits horizontal movement of the TD in order to vary the dis-
tance x0 that the wave travels over the surface of the fl uid before reaching the point where the laser beam hits the surface. 
Values of х0 = 20.5, 20.5, and 15.5 mm were selected for Options I, III, and IV, respectively; these values maximize the 

Fig. 2. Options I–IV for an aerohydrodynamic viscosity measurement device with the gas jet and laser beam pointing 
in opposite directions (I, II) or the same direction (III, IV); symbols identical to those in Fig. 1.

Fig. 3. Fluid surface deformation time t1 (a) and coeffi cients of variation vt of time intervals (b) as a function of the 
position of the triangulation detector.
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distance x that the wave propagates over the surface of the fl uid, while permitting stability of device operation. The distance 
that the wave propagates must be increased in order to reduce the effect of fl uid density and surface tension on the measured 
viscosity, since viscosity has the largest impact on wave propagation.
 Figure 3a shows the deformation time t1 for the fl uid surface as a function of TD position for the case where the gas 
jet and laser beam are pointing in the same direction (Options III and IV). The distances Hs and Н (see Fig. 1) were simulta-
neously varied during the experiments. The distance Н was only equal to the specifi ed value of 10.3 mm at two points where 
Hs – Hs

0 = ±2.5 mm. The TD was moved horizontally whenever the distances Hs and Н changed, so as to keep the values 
x0 = 20.5 and 15.5 mm constant in Options III and IV, respectively. ED-20 epoxy resin (with viscosity 30 ± 2 Pa·s at tempera-
ture 24.2 ± 0.3°C) was selected as an experimental fl uid.
 Figure 3a suggests that the TD responds much more rapidly when the refl ected laser-diode beam is incident on the 
boundary between photodiode surfaces (see Fig. 2), which corresponds to the following conditions:
 Hs – Hs

0 < –4 mm, beam incident on the right-hand edge of the surface of photodiode PD2 (Option IV);
 Hs – Hs

0 ≈ 0, beam incident on the boundary between the surfaces of photodiodes PD1 and PD2 (zero position);
 Hs – Hs

0 > 4.5 mm, beam incident on the left-hand edge of the surface of photodiode PD1 (Option III);
 Figure 3b shows the coeffi cient of variation vt (relative standard deviation) for the time intervals t1 and t2 and the 
arithmetic mean t12 of these time intervals as a function of TD position. The curves were constructed using the same experi-
mental data used for Fig. 3a. The data were smoothed using a moving average. The coeffi cient of variation is the ratio of the 
root-mean-square deviation to the arithmetic mean, expressed in percent, and in this case, it describes the random component 
of the error in the viscosity measurements. The coeffi cient of variation is larger when the laser beam is refl ected onto the 
boundary between the TD photodiode surfaces. Functions similar to those shown in Fig. 3 were also typical of other device 
implementation options, particularly Option I. The nature of changes in values t1, t2, t12, and vt was not affected by the angle 
α or distance H (see Fig. 1) since it is primarily determined by the TD parameters. A study of various implementation options 
for the device indicated that the best value for Hs met the condition 2.3 mm < |Hs – Hs

0| < 2.5 mm, where the impact of both 
the random component of the error and the distance H from the GN nozzle to the fl uid surface was the smallest.
 Options I and IV enable recording of the two time intervals t1 and t2 for deformation of the fl uid surface by the gas 
jet, and the viscosity is determined from the arithmetic mean t12. Figure 3b implies that using t2 is better, since the coeffi cient 
of variation for this time interval is slightly larger than the coeffi cient of variation for the time interval t1. Using the arith-
metic mean t12 would reduce any effect that external illumination and the index of refraction of the fl uid might have on the 
measured results. These factors affect the width of the TD dead zone where the laser fl uxes incident on the photodiodes are 
equal. At lower indices of refraction and higher external light fl uxes, the dead-zone width increases with decreasing t1 and 
increasing t2. The arithmetic mean t12 is much less affected by dead-zone width. Using the two time intervals t1 and t2 also 
reduces the effect of the distance H on the measured results, since t1(H) and t2(H) partially compensate for one another in the 
vicinity of the specifi ed value for Н.
 Option I is preferable to Option IV (see Figs. 1 and 2), since it reduces the effect of the distance H and the density 
and surface tension of the fl uid on the measured viscosity. Simultaneously varying the distances H and Hs by 0.1 mm changes 
the output signal from the device by 0.5%, 0.9%, and 2.7% under Options I, III, and IV, respectively. The distances H and Hs 
have a large effect in Option IV because the relative change in Hs corresponding to an identical absolute change in the distance 
(0.1 mm) turns out to be much larger in Option IV than for the other options.
 As mentioned above, the effect of fl uid density and surface tension on the measured results is due to the fact that 
these effects are linear functions of the depth of the indentation, which is smallest for Option IV (15.5 mm compared with 
20.5 mm for Options I and III). The smaller linear displacement for Option IV is due to the fact that more distortion of the 
fl uid surface is required to trip the TD and the fact that the distance Hs is smaller. The wave decreases in height as it propagates 
along the surface of the fl uid, meaning that for large values of x, the laser beam deviation will be insuffi cient to trigger the TD 
when Hs < Hs

0 (see Figs. 1 and 2).
 This all suggests that Option I is the best option.
 Experimental viscosity measurement error for contactless aero-hydrodynamic device. The viscosity response 
functions and measurement-error curves were experimentally determined for Option I. The experiments were performed 
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using Brookfi eld standard viscosity samples, as well as fl uids for which the true viscosity values η0 were obtained using a 
Brookfi eld viscosimeter calibrated against standard samples (Table 1) [24]. All observations were performed at fl uid tem-
peratures of 25.0 ± 0.1°C. The duration t12 for which the jet acted on the surface of the fl uid was determined via repeated 
measurement. The fl uid densities ranged from 900 kg/m³ to 1300 kg/m³. The viscosity η as a function of the time t12 was 
approximated by two linear functions η = b0 + b1t12, where b0 = –0.294 Pa·s, b1 =6.95 Pa for non-viscous fl uids (η ≤ 2 Pa·s) 
and b0 = –0,14 Pa·s, b1 = 6.76 Pa for viscous fl uids (η > 2 Pa·s). Table 1 lists the experimentally determined viscosity mea-
surement errors for the contactless aero-hydrodynamic device; the boldfaced numbers indicate values obtained by applying 
the aforementioned calibration curves over the ranges indicated; the italicized numbers indicate values obtained using the 
approximation to the function η(t12) for viscous fl uids where the viscosity is 2 Pa·s or less and the error is exceptionally large. 
Table 1 indicates that when the calibration curve for non-viscous fl uids has maximum relative error δη was 6% and 4% in the 
0.4–1.0 Pa·s and 1–100 Pa·s ranges, respectively. The calibration function for viscous fl uids has relative error δη < 2% over 
the range from 2 Pa·s to 100 Pa·s.
 Conclusion. We were able to experimentally validate the specifi c option selected for implementation of the aero-hy-
drodynamic viscosity measurement device and estimate the measurement error. This device provides a relative error of no 
more than 2% in fl uid viscosity over the range from 2 to 100 Pa·s for fl uids with densities ranging from 900 to 1300 kg/m3. 
The measurement error is primarily multiplicative in nature. The calibration function is linear and approximately proportional. 
This contactless aero-hydrodynamic device is useful for testing of viscous fl uids, e.g., resins during the hardening process.
 We expect to continue this research with development of a mathematical model for the interaction between the gas 
jet and the fl uid surface, and optimization of the device design and operating modes for measurement of non-viscous fl uids, 
with an eye to determining the smallest measurable viscosity and improving the measurement accuracy.
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