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Film Thickness and Wave Velocity
Measurement Using Reflected Laser
Intensity

The objective of this work is to develop a filmclhiess and velocity measurement
technique using laser intensity measurement inidigiilm flow. This technique was
developed for annular flow studies, but it has beearcely used due to the equipment's
complexity, as compared with other techniques. [&ker technique uses the reflection of
the laser beam in water interface and the atterwmaidf its intensity to determine the
interface position. Thus, the relation betweenristty and thickness must be obtained by
calibration. A theoretical model was proposed foe toptical phenomena present in the
film thickness measurement and its results werepaoea with experimental results using
a planar mirror. A controlled experiment was contduutusing one-dimensional waves in a
short channel where the wave frequencies were dabg changing the vibrator's
frequency and the film thickness was modified bgngimg the liquid volume. The
reference film thickness was obtained by the aiglysphotographic data taken through
the transparent channel walls, allowing the compani to the results from the laser
technique. The experimental results for the filiokiess presented a good agreement with
the reference thickness from photographic data. iltesface wave propagation velocities

were measured with good accuracy, showing goodeageat with the theoretical data.
Keywords: Film thickness, laser intensity, wave velocitgtical method

Introduction

The instrumentation used to measure film thickriesannular
flow usually utilizes conductivity principles thaare normally
affected by the temperature and concentration eftellytes, as
shown in the work of Fukano (1998). In some casi&s, those
techniques that utilize wires emerged in the flosv @nductive
probes (Koskie et al., 1989), the probes may cantseference in
the measured flow. According to Kang and Kim (199%)e
presence of wires in the flowpath produces reghié$ are not so
reliable, mainly because meniscus formation mayecaffthe
readings.

As the electrical permittivity varies less with teenature than
the electrical conductivity, as mentioned by Gevaehd Borst
(1988), capacitive methods solve problems relatedintvasive
techniques, but capacitive techniques always peoladal average
values.

Otherwise, ultra sonic techniques, as describeamei and
Serizawa (1998), are local techniques and are enttignt from
variation of the electrical properties of the wangifluid during the
experiments. However, the uncertainty associatedh wthis
technique is directly related to the ultra sonicv@langth (in this

Driscoll et al. (1992). The concentration of fluecent material
must be controlled to avoid its saturation.

Laser beams can be used to measure film thicknessy u
attenuation of intensity due to the absorption Ihe tfluid.
Samenfink et al. (1996) describes a system thatsonea film
thickness and interface inclination, but despite gossibilities of
such technique, it requires that the flow occurariropen channel to
install optical detection equipment in the oppositde of the laser
beam source. Thus, this technique cannot be appliadnular flow.

The utilization of laser attenuation is describedGhba et al.
(1992) where the radiation reflected by a gas-tiginterface is
measured. The variation in reflected radiationrisiy is related to
film thickness. The major advantage of this techgigs that the
flow is not disturbed. The measurement of reflecigtl flux is
made through the same optical fiber that launchesldaser to the
measurement point. The intensity of the reflectadthat returns by
the optical fiber is directed to a photodetectaat tineasures its
intensity. This technique only detects the thiclneghen the
interface is parallel to the tip of the opticaldibWhen the interface
is parallel, the equipment detects a signal pedkis peak is
observed only when a peak or a valley of a wavesgmever the
optical fiber tip.

Yu and Tso (1995) proposed to use various optibars, one

case 75um). The uncertainty of this technique is high whercentral to launch the laser on the measurementt @oid others,

compared to other techniques.

Fukano (1998) described a local probe that utilizeastant
current technique that provides lower values ofutheertainty but,
as already discussed, it presents the problem ofatvm in
conductivity when temperature varies. This probso apresents
limitations for the measured film thickness. If tlen thickness is
thinner than the distance between the two proles,teasured
result does not present acceptable uncertaintyreTiBealso another
limitation that is the maximum film thickness than be measured
with a given probe, due to its dimension.

The fluorescence-based techniques, as describiddviitt et al.
(1978), are essentially local techniques and in esarases the
fluorescence effect can be stimulated by laserdescribed in
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equally spaced around it, to detect the radiatéflected by the gas-
liquid interface. The objective is to overcome thimitation
involved in the one fiber probe. As described, ¢ine fiber probe
only detects film thickness when the interface &afiel to the
optical fiber tip. Yu and Tso (1995) concluded thath the new
multi fiber probe it is not possible to measurelimation of gas-
liquid interface, but the probe increases the rasfghicknesses that
could be measured by the reflected laser intetsdynique to 4 mm
thickness (four times the previous range that watu.5 mm).

In summary, the optical fiber technique is usefuldpplications
in which conductive or capacitive methods are ntmwed. The
technique described in this paper is non invasia does not need
addiction of an electrolyte. The installation ofetlptical fiber
requires the working fluid to be transparent. Qgitfibers with big
core diameters extend the measurement range; hoviteatlows
only the measurement of wave peaks and valleys.
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The objective of this work is to develop a filmdkiness and
velocity measurement technique using the lasengitte attenuation
principle. A theoretical model is proposed andrienerical results
of the model are compared with the results of gpEnexperiment
using a planar mirror. A controlled experiment @ducted using
one-dimensional waves in a short channel where wave
frequencies are varied by changing the vibrataegdency and the
film thickness is modified by changing the liquidlwme. Analysis
of photographic data taken through the transpachannel walls
allows the comparison with the results taken byldser technique.
The interface wave propagation velocities are alsasured.

Nomenclature

b = optical fiber core diameter, mm

d = distance, mm

e = Napier base, dimentionless

g = acceleration of gravitiy, m/s?

h = film thickness, mm

| = laser intensity, W/m?2

i =current, A

| = film thickness in optical fiber axis directiomm
N = number of samples, dimentionless
R = laser beam radius, mm

r = radial position, mm

v = wave velocity, m/s

X = axis of retangular coordinates, mm
y = axis of retangular coordinates, mm
z = axial position, mm

Greek Symbols

0 = aperture angle of the laser beam, rad
@ = interface inclination angle, rad
Y = angle formed by radiation vector and optica¢fibxis

Subscripts

0 =related to origin in the surface of opticaldib

CL = related to center line, over the axis of optfdzer

f =related to liquid film or in the optical fibposition
mirror = related to mirror position

p = related to wave peak

r = related to radial position

z =related to the direction from origin of lasem to (r, z)
= point

* = related to measurement on the optical fiber tip

Description of Technique

The proposed experimental apparatus is sketcheHign 1.

Optical fibers with 500 um core diameter are used in the
experiment. They present good installation propsrtind increase

the measurement range as compared with the fibéls core

portion reflects back to the optical fibers. Théagted radiation
emerges at the other end of the optical fiber, gmsbrough the
microscopic objective lenses, and is reflectedH®y lileam splitters
to a second microscopic lens that focalizes eachmbén its

respective photoconductive diode PIN.

The current drained by a PIN photodiode is tramséat in
voltage signals by two amplifiers that send thdgnal to an
oscilloscope. The oscilloscope has a RS-232 pattdan be read by
a computer.

The optical fibers are installed in the measurenpairit with 3
mm distance between them in the interface wave ggaton
direction. Thus, the film thickness is measuredobth optical fibers
and the resultant signals can be used to calctit@ecorrelation
coefficient to determine the wave propagation vigyoc

A wave generator was built to generate one-dimersiovaves
in order to create an appropriate measurement tondDue to the
channel dimensions and the surface meniscus, fleetien of the
waves was considered negligible and no caution taksn with
respect to this disturbance. The wave generator wiés using a
step motor that was activated by a transistorskb@mnected to a
logical sequencer. The frequency was controlled éyclock
generator microchip. The clock frequency dependsrexternal
resistor that in this case was a potentiometer. sHadt of the step
motor was connected to a crank, which transmitted dscillatory
motion to the wave generator plate.

Microscopic

objective lens
half wave plate\ B

L holders
o CN
Laser He-Ne beam splitter L Lele
30 mwW P positioning
E@-EB.—. device
Microscopic PIN/
objective lens photodiode
Magnetic B
holders
Ociloscope with
interface RS-232
Optical fiber
— P
Computer Serial Cable

Figure 1. Lay out of optical arrangement used to la
optical fiber.

unch radiation in

The wave generator was installed over an adjustébiel
platform in order to allow the positioning with pect to the channel
bottom.

The schematic view of the channel and the wave rgéoe as

diameter of 5qum and 80um tested by Ohba et al. (1992) without,ye|| a5 the optical fiber installation in the measuent location, can

having to increase the number of optical fibers.

In order to launch the laser radiation in the @dtfiber and to
detect the reflected radiation, an optical arrarggnis used to
adjust laser radiation properties. As can be sedfig. 1, only one
laser source is used. By using a beam splitterpthggnal beam is
divided in two. The two emerging beams have theienisity
adjusted by a half wave plate placed between ther land the first
beam splitter. Both beams are launched on micrasdepses that

focalize them in the tips of the 5Q@n core diameter optical fibers.

The optical fibers conduct the radiation to the sueament point.
The radiation emerges from the opposite tip of dpécal fibers,
travels across the water film and reaches thefager The major
part of the radiation is transmitted through thterface, but a small
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be seen in Fig. 2 and Fig. 3. The fibers were plagith a known
distance from the channel bottom to avoid interfeee due to
surface tensile effect that can lead to dropletfdion and rupture
of the continuous film, resulting in false thicksesieasurement.
The channel walls interference in the waves wergenked to be
negligible. The photograph in the Fig. 4 shows gkeeerated one-
dimensional waves traveling through the channel.
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Figure 2. Arrangement of the wave generator and the schematic view of Mount base
the channel.
___
Figure 5. Installation of photographic camera in th e side of test channel.
. Theoretical M odel
Fiber i
installation Installation The total flux detected by the optical system canchlculated
height—" device by intensity integration using mirror symmetry miples. The
- intensity can be integrated over the area of thecalpfiber tip
image. By knowing the position of the interfaces{dnce and
inclination), it is possible to determine the piosit of the image
using symmetry principles. The integration of thasdr flux
Channel radiation that passes through the area was basdkeqgposition of
botton the tip image in space. Fig. 6 shows the positidh@image.
Ry R Capilar tube A
S Optical fiber 2% ™
Optical fiber : T
= P image n \ W

Figure 3. A view of optical fiber installation.
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] iy Figure 6. Position of optical fiber image obtained by symmetry principles.
LT |

Figure 4. Waves traveling through the channel.

The intensity flux distribution of a laser beamcaaling to
Ohba et al. (1992), follows a Gaussian distributimmve. The

In order to have a reference thickness value, pstof the film equation that describes this curve is given below:

at the measurement point were taken to comparethiétmeasured )
results. The scheme of Fig. 5 shows the camerallaison at the e

side of the test channel. The walls of the teshokhwere built of 1(rz)=1,(2)re * 1)
plexiglass to allow visualization of flow throughet walls. A

device, shown in Fig. 5, was used to amplify thealamage of the wherez is the vertical coordinate in the direction of tiytical fiber
optical fiber tip. axis, R(z) is the radius of the beamm, is the radial coordinate
(perpendicular to the optical fiber axis directioky) (z) is the flux
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intensity in the center of laser beam dfrgz) is the local intensity
inside the laser beam. The laser beam that eméaesthe optical
fiber has the same distribution curve.

The flux in the center of the laser bek(z) is given by:

lo(2) = @

nR(z) {1-¢*

wherely is the total flux that passes through the radiaBamitting

device or the tip of the optical fiber. Figure 708ls a schematic
view of the geometric model and Fig. 6 shows thenrsgtry

principle used. It can be seen the angles and #uwBation

components involved in the calculation of the rtidia over the

optical fiber image.

*
4hf’
Optical fiber
cover
I Optical fiber

Theoretical core
emitting !
point -

Figure 7. Schematic drawing that shows the radiatio
as the angles involved in the integration of the in

n components as well
tensity flux.

The intensity fluxi,(r,z) can be obtained through some algebraic

steps as:
482

Rz 2
40, ta r( QD
z) 2

e me

Ir(r,z)= (3)

The integration of the intensity flux over the apfi fiber tip
image gives the total flux passing through the imabhis ideal
situation can be reproduced approximately usintaaepmirror put
in front of the optical fiber. This simple experintecan give a
confirmation of this theoretical calculation.

Ohba et al. (1992) used two optical fibers with| 58 and 80
um core diameters. The theoretical results for thiiaeneters are
shown in Fig. 8 and Fig. 9.

The analysis of Fig. 8 and Fig. 9 indicates that theasured
intensity is highly dependent on the interface anf). It also
shows that the sensitivity of the measurementdscged as the fiber
core diameter is increased. On the other hands padssible to
measure a thicker film thickness. According to Bigthe 50pum
core diameter fiber can measure a film thickness tap
approximately 1.5 mm. However, with a géh core diameter fiber,
it is possible to measure film thickness up to agjnately 2.5 mm
(Fig. 9).
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Figure 8. Theoretical results for optical fiber wit ~ h 50 um core diameter, 0.2

numerical aperture, 5.28°beam emerging angle and i  nterface angles from
0oto5°.
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Figure 9. Theoretical results for optical fiber wit ~ h 80 pm core diameter, 0.2
numerical aperture, 5.28°beam emerging angle and i nterface angles from
0oto5°.

The acrylic optical fiber used in this study haS @umerical
aperture, 50@um core diameter and the emerging beam has 23.16°.
The theoretical results for this optical fiber (Fi0) show that a
bigger core diameter allows the measurement of ghehni film
thickness (approximately up to 3 mm). Another iesting feature is
that the curves for the various interface anglgs@ach each other.
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Figure 10. Theoretical result for optical fiber wit ~ h 0.5 numerical aperture,
500 um core diameter and the emerging beam has 23.16°.

Results and Discussions

A simple experiment with a planar mirror was pemied in
order to verify the behavior described in the pdétg section. The
experimental results for the reflected laser infgnare shown in
Fig. 11 and the intensity distribution in the enieggbeam is shown
in Fig. 12.
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Figure 11. Results of planar mirror experiment and
acrylic optical fiber and emerging beam with 23.16°

simulation with 500 pm
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Figure 12. Flux intensity profile of the laser beam in two distances from

emitting lens.
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The discrepancy between the theoretical and thesumed
intensity results, as shown in Fig. 11, can be arpd by the
characteristics of the acrylic optical fibers tiatve great internal
attenuation when compared to glass optical fibeknother
significant problem is the fragility of this fibehat accumulates
defects when manipulated. These internal defeatsribate to the
departure of measured intensity profile from the uss&an
distribution profile, as shown in Fig. 12. The imal failures also
cause radiation leakage that can be observed Ipgdtien of the
optical fiber when it is conducting light radiation

The calibration of the optical system was made qusive test
channel. The signal to thickness relation was akthiby adding
discrete quantities of known water volume (no floendition, wave
generator stopped) in the channel and recordingsitpeal in the
computer. The curve obtained with this processweasl to translate
the data recorded in the experiment to film thicdme

The experiment was based on the variation of thetfiickness
and wave frequency. The channel was filled withhavin volume
of water that corresponded to an average thickn@sen a
frequency was selected, the wave generator washwdton and the
laser reflected signals were measured. The threferatit
frequencies used in the experiments were determaftedvards by
using the results. Two photographs were taken fache
experimental run. Then, more water was added talizanel and
additional data were taken for three frequenciesveli as the
respective photos. These measurements were donethfee
additional levels in order to verify the behavidr the technique
under different frequency and film thickness vaoias.

The measured signals were filtered by the apptinatf an
averaging filter. The resulting curves were filttragain by an
algorithm that identifies signal peaks that coroesfs to interface
wave peaks and valleys.

Due to its optical nature, the laser reflected rinily signal
reaches a maximum value only when the interfaceews\parallel
to the tip of the optical fiber (maximum reflectatdensity). This
situation (interface parallel to the tip of optiddler) only occurs
when a wave peak or valley is passing in fronthef tip of the
optical fiber.

The filter used to find peaks and valleys takes2bitsample of
a set of 51 samples and verifies whether this & rfaximum
intensity of the set of data. It was chosen 51 $esnpecause it was
observed that there wasn’t more than one peak b siEnples,
taking a sample rate of 1000 samples per secoreh, The resulting
filtered points were translated into thickness algmising the
calibration curve.

These results were compared with reference thidesetaken
from photographic data and showed good agreemegt (B).
Many photographs were taken and analyzed in ordeffirtd
appropriate results for comparison because it waspossible to
find many peaks or valleys in one photograph. Thetgs were
taken with the bellow, shown in Fig. 5, that anipifthe image size
depending on the adjusted distance between thetolgdens and
the camera. The bellow not only amplifies the image, but also
reduces the light intensity needed to take pictukeshe image was
amplified, less light intensity remained to impréise photographic
film. Therefore, for large amplifications, it woulde necessary to
use high sensitivity photographic films. Howeverheaper
photographic films can be used if a good illumioatis provided to
the object. The pictures were taken by using a MWdht installed
on the other side of the channel (in front of thies). One example
of the pictures taken from optical fiber installedthe channel can
be observed in Fig. 14. The gas-liquid interface lba observed in
this picture.
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Figure 13. Measured film thickness (average) compar ed with reference

thickness taken from photographic data (average).

The measurements of interface wave velocity anduiacy
were made using the calculation of correlation ficieht between
the two signals recorded from each oscilloscopenméla (each
channel connected to one optical fiber). After apion of the
averaging filter, the signals were used to caleuldte interface
wave velocity and frequency.

The wave velocity results for each average thicknegn be
observed in Fig. 15. The wave velocity was caladdiy evaluating
the correlation factor. Once the oscilloscope digeaan array of
discrete points, by the introduction of a givenagdbetween signals
for a given interval of sample units and calculgtihe correlation, a
given interval of time samples shall exist that im@xe the value of
correlation. By dividing the distance between tiptical fibers by
the obtained time interval, it was possible to gkdte the wave
velocity.

Figure 14. Picture taken from the place where the o
installed. The height of each optical fiber is 3 mm
channel to optical fiber tip).

ptical fiber were
(from bottom of the

The same can be done for frequency calculationge ahe
proposed wave generator creates a periodic distaebm the gas-
liquid interface. Then, the maximization for the rredation
coefficient will be found twice, once for the deldgtween the
signal passing through the two optical fibers andtlaer for one
entire wave period.

The theoretical values for velocity for each thieka can be
obtained by the following equation (Moody, 1990):
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Figure 15. Wave velocity for each average thickness and frequency

compared with theoretical data.

v=,h0lg 4
where h is the film thickness ang is the local acceleration of
gravity. The experimental wave velocity results evepmpared to
the theoretical values and showed good agreement.

For the film thickness measurement, the uncertsnivere
evaluated by combining the uncertainties of the iowsr
measurement devices, including the Type A uncestaof the
oscilloscope signal. To calculate the expanded rtmiogy, it was
used a factor of two for 95% confidence level (twstandard
deviation). The expanded uncertainty for the filrhickness
measured by this technique was found to be 0.22 Th.expanded
uncertainty of the velocity was calculated by comig the
uncertainty of the measurement devices and wasdfearbe 0.01
m/s.

Conclusion

The objective of the present work was to develogila
thickness and velocity measurement technique Uais®y intensity
measurement in liquid film flow. This work, whiclomprises both
theoretical and experimental studies, was sucdgssfonducted
and provided important results.

The utilization of optical fibers with big core dieters
increased the measurement range (up to 4 mm) dmaeal great
installation tolerances, when compared to smallecdrameter
fibers. For this type of optical fiber the anguatrors in installation
are acceptable and do not cause any relevant effiettte quality of
the measurements.

A theoretical model was proposed for the opticatrgimena
present in the film thickness measurement. Therétieal results of
the model were compared to a simple experimentguairplanar
mirror. The overall calculation procedure was prbye be valid,
although differences between theoretical and ewparial results
were found. These differences were caused by tkeofiscrylic
fibers that introduced distortions in the beamnstty distribution.
The acrylic optical fiber with 500 pm was less talg to
manipulation, causing accumulation of damages énfiter. These
damages caused deviations in the intensity digtabwof the beam
that emerges from the optical fiber.

A controlled experiment was conducted with one-disienal
waves in a short channel. The wave frequency waged/eby
changing the vibrator's frequency and the film kiniess was
modified by changing the liquid volume. The refaenfiim
thickness was obtained by the analysis of photddgcagata taken
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through the transparent channel walls, allowing ¢cbmparison to
the results taken by the laser technique. The teeshiow that the
use of big core optical fibers can increase theson@snent range up
to 4 mm film thickness. The experimental results foe film
thickness presented a good agreement with theereferthickness
taken from photographic data. The interface wavep@gation
velocities presented small uncertainties and gogréesment with
the theoretical data.
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