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Measuring the extent of flow of viscous fluids inside opaque molds has been a very important

parameter in determining the quality of products in the manufacturing process such as injection

molding and resin transfer molding. Hence, in this article, an ultrasonic torsional guided wave

sensor has been discussed for monitoring the movement of flow front during filling of resins in

opaque molds. A pair of piezoelectric normal shear transducers were used for generating and

receiving the fundamental ultrasonic torsional guided wave mode in thin copper wires. The torsional

mode was excited at one end of the wire, while the flowing viscous fluid progressively wet the other

free end of the wire. The time of flight of the transient reflections of this fundamental mode from

the air-fluid interface, where the wire enters the resin, was used to measure the position of the fluid

flow front. Experiments were conducted on four fluids with different viscosity values. Two

postprocessing algorithms were developed for enhancing the transient reflected signal and for

suppressing the unwanted stationary signals. The algorithms were tested for cases where the

reflected signals showed a poor signal to noise ratio. © 2007 American Institute of Physics.

�DOI: 10.1063/1.2432258�

INTRODUCTION

Improper filling and undercuring of viscous fluids such

as polymeric resin have been a concern in many industries

such as polymers, composites, etc., resulting in increased

manufacturing costs and poor performance of the fabricated

structures. Different methods have been investigated to de-

termine proper curing of the resin especially using guided

waves in different waveguides. Papadakis
1

in 1974 proposed

two methods for determining the change in material proper-

ties during the curing of the epoxy resin. The first method

was based on the measurement of attenuation of both longi-

tudinal and torsional modes in circular rods. The second one

was based on measuring the reflection of the waves at the

interface where the waveguide enters the epoxy resin. After

that, Harrold and Sanjana
2

used guided waves in rod for

monitoring the cure of composites. A U-bent wire was used

by Li et al.
3

in a through transmission arrangement for moni-

toring the cure of epoxy resin in composite column wraps for

highway applications. Their work was also based on measur-

ing the change in guided wave attenuation as the resin cures.

Further, Vogt et al.
4

provided the measurement techniques,

as proposed by Papadakis, a theoretical foundation based

on guided wave theory and numerical modeling. Further,

Fomitchov et al. discussed the use of the laser ultrasonic

array system for monitoring the cure in Ref. 5.

However, very limited work has been done on methods

to ensure complete filling of the molds with resin. Laser

based flow sensors such as laser Doppler velocimeter and

laser time-of-flight velocimeter have been in use for a very

long time. However, these methods are useful only in trans-

parent molds. Secondly, the commercial ultrasonic flow

meters generally work on two principles. The first type,

called transit time ultrasonic flow meter, operates by compar-

ing the time for a signal to travel with the flow �downstream�

with the time for a signal to travel against the flow. While the

other, called Doppler ultrasonic flow meter, operates by sens-

ing the frequency shifts of the signal reflected from moving

particles, bubbles, or density differences, thereby producing

a linear signal proportional to the flow of the fluid. Further

details on these sensors can be found from Refs. 6–10. But

both the above sensors are incapable of measuring the flow

front, thereby rendering them incapable of determining the

percentage of the volume of mold filled with resin. Kim

et al.
11

developed a torsional waveguide of diamond cross

section to sense online and in real time the characteristics of

the liquid as well as the liquid level. Since thin wires are

preferred �in order to reduce the inhomogenity in the final

product due to the presence of wire�, making diamond cross

sections in these wires would prove very expensive.

Furthermore, a novel technique for combining a conven-

tional Rhodes flow meter with advanced technology of fiber

optic sensor was proposed in Ref. 12. A novel fiber optic

real-time sensor system that can sense resin at various loca-

tions on a single fiber using long-period gratings and a poly-

chromatic source was discussed in Ref. 13. In addition to it,

a soft sensor based on a recurrent neural network was devel-

oped to predict the melt-flow-length during injection mold

filling in Ref. 14. This sensor is trained using the experimen-

tal data obtained from a set of purposely designed molds

with basic feature geometry. Next, the feasibility of using
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optical fibers with long-period gratings �LPGs� as sensors for

monitoring flow in the liquid composite molding �LCM� pro-

cess was investigated in Ref. 15. The LPGs are sensitive to

changes in the refractive index and register a strong signal

change when covered with resin.

Stoven et al.
16

proposed an idea for monitoring the flow

front propagation of resin utilizing ultrasound transmission.

In this, an acoustic pulse is transmitted, moving perpendicu-

larly through stacks of fibers, and is received by an ultrasonic

transducer at the other end. Infiltrating the fibers with a liq-

uid in thickness direction would result in change in the speed

of propagation. This was measured to determine whether the

flow has taken place at that point or not. However, this tech-

nique requires considerable compactness between the fibers

in the transverse direction for the wave to propagate through

them. Moreover, it also requires the signals to be taken at

various locations for locating the exact flow front.

In this article, we present a cost effective method for

monitoring the flow front of resin in injection molding and

resin transfer molding �RTM� industries. Besides, it can also

be used in industries where flow front measurement is re-

quired for fluids of viscosities greater than 50 cP. Moreover,

the same sensor can be used as a leak/level indicator.

THEORY

The main motivation for the work presented here is to

develop a low cost but accurate sensor, which overcomes the

limitations of the existing sensors for monitoring proper fill-

ing of the molds in real time. The sensor discussed here

generates guided waves in thin wire waveguides. Because of

the change in surface impedance at the point where the wire

enters the embedding fluid, the guided wave will get re-

flected and scattered through mode conversions. The time of

flight of the reflected wave depends on the distance of the

flow front from the transducer. As the flow front moves along

the waveguide, the reflected signal also advances in time.

Thus, it is capable of providing information about the extent

to which mold has been filled with resin. Vogt et al.
17

dis-

cussed a more detailed explanation and numerical model de-

scribing the scattering of the guided wave in partly embed-

ded cylindrical structures. The distance of the flow front

from the transducer can be calculated from

t =
2*d

vs

, �1�

where t is the time of flight of the reflected wave, vs is the

velocity of the torsional mode in the waveguide, and d is the

distance of the transducer from the air-fluid interface. The

velocity of the guided wave can be computed from the dis-

persion curves shown in Fig. 1, plotted using DISPERSE.
18

In a free waveguide, i.e., one surrounded with air, the

attenuation occurs only due to the losses in the waveguide

material. Thus, less attenuating materials such as metals were

used for transmitting the guided waves. This provides an

advantage of having longer waveguides enabling the place-

ment of transducers at a distance from the mold.

Three different families of modes can be generated in

cylindrical rods, namely, longitudinal L �0,n�, torsional T

�0,n�, and flexural F �m ,n�, where m and n represents the

mode symmetry and mode order, respectively, as per the Silk

and Bainton notation.
19

Each family of modes itself com-

prises infinite number of modes. The longitudinal mode has a

displacement in both radial and axial directions, while the

torsional mode has a displacement only in the circumferen-

tial direction. On the other hand, flexural modes have dis-

placements on all the three directions. The presence of a

large number of waveguide modes complicates the data

analysis, and hence is not preferred. Moreover, in the case of

thin wires these modes cannot be separated by methods used

in pipe testing, where an array of transducers that are circum-

ferentially placed are used to separate modes, based on mode

shapes.
20

Hence, it is preferred to work with the frequencies

FIG. 1. �a� Phase velocity vs frequency and �b� attenuation vs frequency

curves for wave modes in copper wire �density=8900 kg/m3, shear wave

velocity=2330 m/s, and longitudinal velocity=4660 m/s� of radius

0.25 mm in air plotted using DISPERSE.

FIG. 2. Schematic representation of the experimental setup used in the

experiment.
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where only fundamental modes are present. Secondly, for the

application stated, the transducer has to be kept far from the

actual location of the measurement and must provide a suf-

ficiently strong signal from the air-fluid interface. Since, the

fundamental torsional mode, T �0, 1�, has the least attenua-

tion and dispersion in copper wires �see Fig. 1�, this mode

was selected. Moreover, the torsional wave modes are ex-

pected to be more sensitive to rheological changes in the

fluid and provide a relatively higher reflected signal at the

air-fluid interface when compared to the longitudinal and

flexural modes.

EXPERIMENTAL SETUP

A pair of 0.5 MHz piezoelectric shear transducers �Pana-

metrics V151 Videoscan Y-cut normal lead zirconic titanate

�PZT� shear wave probe� placed on either side of the wave-

guide were used for generating torsional modes in the wire

waveguide. One of the transducers act as a transmitter, while

the other acts as a receiver. With the help of a suitably de-

signed probe holder the transducer’s vibration direction was

ensured to be perpendicular to the axis of the waveguide, in

order to predominantly generate torsional modes in the

waveguide. A three-cycle Hanning window tone burst signal

was used to excite the transducer. The frequency of the shear

transducers was chosen to be 0.5 MHz so that only the fun-

damental modes are generated in the rod, as shown by the

dispersion curve in Fig. 1. Restricting the generation of the

higher order modes greatly helps in reducing the complexity

in postprocessing algorithm.

Next, a 0.5 mm diameter copper wire �density

=8900 kg/m3, shear wave velocity=2330 m/s, and longitu-

dinal velocity=4660 m/s� is used as the waveguide for

transmitting the torsional mode. The strength of the reflected

signal from the air-fluid interface depends on the viscosity,

density, waveguide diameter, and frequency of operation.
21

The reflection coefficient is proportional to viscosity and

density and inversely proportional to the diameter and fre-

quency product. Also, the attenuation of the wave in the

material depends on the material, the length, and the fre-

quency of operation. Here, the attenuation contribution due

to the leakage of the wave into fluid is not relevant, since

only the reflected signal is considered. For a low viscous

fluid a shorter wire has to be used, as the energy reflected

from the interface is quite small. However, the wire must be

long enough so that the reflected wave from the interface

does not merge with the initial directly transmitted signal

between the transmitter and receiver transducers. Based on

studies conducted, it was found that if the viscosity of the

fluid is above 700 cP, then the length of the wire could be up

to 700 mm. During the experiments, wires of lengths varying

from 500 to 1200 mm were used. Additionally, the end of

the wire must be made as planar as possible so that conver-

sions into other modes, especially into the fundamental flex-

ural mode, can be avoided. The torsional wave is generated

in both directions, one towards the viscous fluid and the

other in the opposite direction. If this other end is a free end,

the reflected guided waves from this end overlap with the

useful reflected signal coming from the fluid interface. In

order to avoid this interference, the other free end of the wire

was covered with a material having high damping capabili-

ties. For the experiment discussed here, an adhesive tape was

used as the damping material.

As an alternative, magnetostrictive methods can also be

FIG. 3. A-scan signals collected at various time instances for reflection from the interface of viscosity standard N4000.

FIG. 4. A-scan signal of the reflection from the water-glycerol mixture

interface.
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used for exciting torsional waves in rods. First, the wave-

guide is permanently magnetized in the circumferential di-

rection and then placed in a coil carrying alternating current

�Wiederman effect�.
22

The inverse magnetostrictive effect

provides an opportunity for using the same coil as the re-

ceiver. However, for the experiment presented here the pi-

ezoelectric way of exciting torsional modes has been used.

A matec PR5000 pulser-receiver is used for exciting the

transmitter transducer and for receiving the signal from the

receiver transducer. For the experiments performed three-

cycle pulses were generated using the pulser. The received

analog signal was digitized using a National Instruments PCI

5102 20 MHz analog to digital converter for converting the

analog signal received into a digital form, and the signals are

stored and processed in a computer. A LABVIEW program

capable of collecting and storing the signal at a fixed interval

time has also been developed. A schematic diagram of the

experimental setup is shown in Fig. 2.

POSTPROCESSING

Typical A-scan signals at various time instances obtained

using NIST traceable viscosity standard Cannon N4000

�viscosity=10 400 cP and density=879 kg/m3� are shown in

Fig. 3. Here the reflected signal from the interface is very

clearly observed during the pour of the fluid. However, with

the decrease in the viscosity of the fluid the amount of en-

ergy reflected from the interface decreases. This results in the

useful signal being masked by the noise and the reflections

from unavoidable kinks in the thin waveguide. A typical

signal from the interface of the glycerol water mixture

�viscosity=65 cP and density=1213 kg/m3� is shown in Fig.

4. The very weak nature of the reflected signal from the

interface of low viscous fluids calls for the development of a

postprocessing algorithm for enhancing the interface re-

flected signal and for suppressing the unwanted stationary

signal.

Two different postprocessing algorithms were developed

for enhancing the signal and are described below.

Method 1

The A-scan signals at different time instances are com-

bined to form a B-scan image S�i , j�, where i represents each

instant of data recording during mold filling and j represents

the discrete time-of-flight data of the signal. The S�i , j� ma-

trix is plotted in the form of intensity plot, as a gray scale

image. This method takes advantage of the fact that except

for the signal reflected from the moving flow front, all the

other signals including the ones from the kinks remain sta-

FIG. 5. Processed B-scan images for data collected for vinyl ester resin. �a� Processed signal obtained by iteratively subtracting signal at time instance i

−1 from the signal at i. �b� Processed signal obtained by iteratively subtracting the mean of the signal at time instances i−1 and i+1 from the signal at time

instance i.

FIG. 6. �a� Flow front curve for glycerol without using the local maxima

search method. �b� Flow front curve for glycerol after using the local

maxima search method.
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tionary �unchanged� during the filling process. Hence, an it-

erative process of subtracting the time signal at time instant

i−1 from the signal at time instant i is performed on the

signals collected by the data acquisition system as shown in.

S1�i, j� = S�i, j� − S�i − 1, j� . �2�

This results in suppressing the strong stationary signal to

a certain extent without affecting the weakly moving re-

flected signal from the flow front. However, the stationary

signals, as shown in Fig. 5�a� for vinyl ester resin, are not

suppressed quite well by this method. This is because the

amplitude of the stationary signals keeps changing due to the

attenuation in the viscous fluid. Hence, in order to estimate

the stationary signal better, the mean of the signals at time

instant i−1 and at time instant i+1 is used as

S2�i, j� = S�i, j� −
S�i + 1, j� + S�i − 1, j�

2
. �3�

The result obtained from subtracting this mean from the

signal at time instant i is shown in Fig. 5�b� for the case of

the vinyl ester resin. However, one has to note that for the

subtraction algorithm rate at which the signals are taken is a

function of the rate at which the flow front moves. If the

signals are taken too fast as compared to the flow rate, then

on subtraction a significant part of the signal might get can-

celed. Hence in the general case n signals �i−1, i−2, . . . , i

−n� are subtracted from the ith signals and are added to-

gether. Moreover, the removal of the initial transducer band

improves the output image quality of the algorithm. How-

ever, in the processing done here, subtraction of the previous

time frame alone gives a good result.

Method 2

This method is based on filtering in frequency domain.

First, a two-dimensional Fast Fourier transform �FFT� along

the y direction of the B-scan image was obtained. The two-

dimensional �2D�-FFT along the y direction indicates the fre-

quency content of the change in the A-scan signal between

two adjacent time instances. By using a high pass filter along

the y direction, the stationary signals whose amplitudes

slowly vary due to the attenuation can be suppressed. The

high pass filter is achieved by multiplying a suitable filter

mask with the 2D-FFT. Finally, a 2D inverse Fourier trans-

form was employed to obtain the final processed B-scan im-

age.

From the processed B-scan images, the flow front profile

was extracted by first obtaining the time of flight of the

maximum amplitude of the signal in each row �representing

the reflected peak of the A scan at any time instance�. Since,

in some of the B scan, the signal to noise ratio was low, all of

these maxima may not necessarily correspond to the peak of

the reflected signal, as shown in Fig. 6�a�. Hence, the median

of the time-of-flight data of these maxima was taken as the

seed. This ensures that the seed value used for the local

search or the flow front profile is more robust. . Let this

value be S�i , j�. Using this seed as a starting point, the

FIG. 7. Unprocessed B-scan images. �a� Cannon N4000, �b� glycerol, �c� vinyl ester resin, and �d� glycerol-water mixture.

015110-5 Ultrasonic sensor for flow monitoring Rev. Sci. Instrum. 78, 015110 �2007�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

141.214.17.222 On: Tue, 23 Dec 2014 19:37:14



maxima in the adjacent rows were obtained by confining the

search only to the near vicinity of the previous found

maxima, say, from S�i−1, j−n� to S�i−1, j+n�, where n is

between 100 and 150. Let S�i−1,k� be the local maxima in

the i−1th row. Now this is taken as the j value for row i

−2. This is carried out until the value of i becomes 1. Simi-

larly, we carry out the same calculation for the rows i+1 to

N, where N is the number of rows in the B-scan image.

Finally, these maximum points in each row were joined in

order to visualize the flow front profile, as shown in Fig.

6�b�. From the flow front profile, which is essentially the

time-of-flight data, the distance of the flow front from the

transducer was calculated using Eq. �1�, using the velocity of

the fundamental torsional mode in the waveguide.

EXPERIMENTAL RESULTS AND DISCUSSION

The experiment was conducted on four different fluids

having different viscosities and densities. The properties of

the four fluids are indicated in Table I. The quality of the

A-scan signals collected was found to depend on the orien-

tation of the shear transducers with respect to the axis of the

waveguide. The direction of the vibration of the shear trans-

ducers have to coincide with the circumferential direction so

that the generation of other modes could be minimized.

The raw B-scan images for the four cases are shown in

Figs. 7�a�–7�d�. The y axis of these figures indicates the time

instances at which the signals were collected. Thus, each row

represents a signal taken at a particular time instant. For the

viscosity standard Cannon N4000, even though the reflected

signal from the interface is strong enough, the presence of

the strong reflection from the immersed end of the wire dur-

ing initial time instants suppresses the reflected signal in the

B-scan image. However, due to the reduced viscosity of the

other fluids, one can clearly see the difficulty in identifying

the reflected signal in the images. The processed B-scan im-

ages from the two postprocessing algorithm are shown in

Figs. 8�a�–8�d� and Figs. 9�a�–9�d�, respectively. The effec-

tiveness of the algorithm is clearly seen especially for the

glycerol-water mixture, where the reflected signal was com-

pletely masked by the noise and reflection from the bends

and other modes generated in the rod. All the algorithms

were found to agree well with one another. Finally, the flow

front curves for the four cases are shown in Figs.

10�a�–10�d�. Even though both the algorithms are found to

produce equally good results, the simplicity of the first algo-

rithm helps in providing a way for simultaneous real-time

monitoring of the flow front. The sensor with the help of

postprocessing algorithm, described in the previous section,

TABLE I. Properties of viscous fluids used in experiments .

Sample No. Name

Density

�kg/m3�

Viscosity

�cP�

1 Viscosity standard

N4000

879 10 400

2 Glycerol 1258 1440

3 vinyl ester resin 1030 275

4 Glycerol-water

mixture

1213 65

FIG. 8. Processed images using algorithm 1. �a� Cannon N4000, �b� glycerol, �c� vinyl ester resin, and �d� glycerol-water mixture.
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FIG. 10. Flow front curve. �a� Cannon N4000, �b� glycerol, �c� vinyl ester resin, and �d� glycerol-water mixture.

FIG. 9. Processed images using algorithm 2. �a� Cannon N4000, �b� glycerol, �c� vinyl ester resin, and �d� glycerol-water mixture.
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was found to work well for fluids with viscosity as low as

65 cP. In addition, suppressing the initial transducer band

through time gating was found to improve the quality of the

final image.

DISCUSSION

A waveguide sensor for monitoring the flow front of

fluids inside a mold has been developed and tested on differ-

ent fluids. The sensor works by measuring the time of flight

of a transient fundamental torsional mode that is supported in

a very thin wire and is reflected from the air-fluid interface

�at the point of entry of the wire into the fluid�, while the

fluid front approaches a stationary transducer. For high vis-

cous fluids, the transient reflected signals were very strong

compared to other signals, such as reflections/scattering from

the wire end and from small unavoidable “kinks” in the wire.

As the viscosity of the fluid decreases, the strength of the

reflected signals reduces as compared to the other reflected/

scattered signals. Hence, two different postprocessing algo-

rithms �one based on time domain analysis and one based on

frequency domain analysis� were developed for enhancing

the weak transient reflected signal from the interface and for

suppressing the other stationary reflections and noises. Both

methods showed an improvement in enhancing the contrast

of the interface reflected signal. Method 1, which uses time

domain processing, was found to be better, since the fre-

quency domain approach had residuals from stationary sig-

nals. However, the contrast of the moving signal to the back-

ground noise in image was found to be better in case of

method 2. The postprocessed B-scan images were then used

to plot the flow front profiles for different fluids. While this

sensor has been shown to work in certain fluids, this ap-

proach can be used in many other applications such as level

sensing and high temperature process monitoring and may be

used for a wide range of fluids. However, this method was

found to be relatively insensitive to fluids with viscosity less

than 65 cP.

Another added advantage of the sensor is that the same

sensor can be used for monitoring the cure of the resins as

discussed in Ref. 21. Usage of thin wire reduces the adverse

effect of foreign materials present in the resin products.
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