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Drop andyss takes a multidisd plinary and integrated approach to monitor the drop growth in the
process of liguid forming into the drop, 0 as to mesasure the physicd and chemica parameters of the
tested liquids and to discriminate different liquids quditetivdy and quantitetively. In this paper, fiber
drop andyds (FDA), capadtive drop andyds (CDA), image drop andysis (IDA) and spectrd drop
andyds (SDA) are summari zed. Main features and gpplication fidds of each method are introduced.
The combination of variousdrop andysstechnoogies and its Sgnificanceare presented.
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1. Introduction

Liquid property study has long been a concern for industrid, agriculturd and environmentd sdence
Many theories and methods have been congtructed and gpplied for measuring various naturd parameters of
liquids. As we know, a great ded of information on liquid propeaties is contained intringcdly, or can be
encoded, in the process of liquid forming into the drop. This makes it posshle to andyze a liquid by
monitoring its drop growth. Drop andysis technology (DAT) is recently devel oping with the growing modern
optod ectronic technology and computer technology. It takes a multidisciplinary and integrated approach
induding opticd fiber, dectricd, spectrd and image methods. All these drop andysis methods will be
introduced in this paper in summarization and review.

Drop andysis has some remarkabl e festures compared with other instrumental methods. For example,
avaigdy of physical and chemica parameters of tested liquids can be potentidly obtained directly or indirectly
during a measuring cyde, induding surface tension, concentration, refractive index, turbidity and chemica
congtitution. Besides, a unique and definite liquid drop fingerprint (LDF) can be obtained through drop
andysis, judt like the fingerprint of a certain person. LDF is suitddle for fine discrimination among different
liquids and it can be usad for distinguish quaity goods from counterfeits, such as fake beverage, fake medicine
and fakewine What's more, drop andysis isa pall ution-free method to study liquid properties because thereis
no chemica reagent and reaction. And aso, Drop andyzer is favorable for red-time online measurement,
which makesit particularly useful for monitoring the manufacturing process of liquids. The above advantages
make drop andysis of extensive progpect in the fidds of environmentad qudity monitoring, pharmaceutica
technol ogy, food, beverage and other liquid-rdated fidds.

2. Drop analysis methods
2.1. Fiber drop anaysis(FDA)

Thefiber drop andysis method (FDA) was firg introduced by McMillan et d. in 1992 [1]. It is based
onthestudy of light intensity study passing through theliquid drop through aspedd drop heed pasitioned with two
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optica fibers. This novd technology extends the liquid andysis based on drop wei ght/volume study into a
whole new fidd.

Fig. 1 shows the fiber drop head in two forms of a fla cylindricd designin () and areverse cone
angle design in (b). A pendant drop is formed at the end of the drop head through a ddivery capillary.
Expeiments prove that the concave design in (b) can ensure the liquid fully wet the end surface of the drop
head. The modul ated light from an IR LED isinjected into the liquid drop by a source fiber positioned in the
drop head. A detector fiber, on the opposite side of the drop head, couples some of this injected radiation after
various reflection, refraction and absorption of the optical sgnd inside the drop, and transmits it to a
photod ectric transducer.
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Fg. 1. Thefiber drop heed: () A flat cylindrica heed; (b) Thedropheed witha 90° reverseconeangle
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Fig. 2. Thecoupled opticd signasin fiber drop endysis (after McMillan [1]).
(&) The propagetion of thelight inddethedrop duringitsgrowth; (b) Thefiber droptrace

Fig. 2(a) shows the propagation of thelight indde the drop during its growth. The sdient end face on
the fibersindi cates the effective domain within the emergence or acceptance angle Theray pathsdrawnin this
sdection of video recording are the ones that lead to light coupling from the source fiber to the detector fiber
via tatd internd reflections (TIR) indde the drop. The radiation, which enters the detector fiber within its
acoeptance angle is propagated in the fiber with low loss and received by the transducer. During drop growth,
the amount of coupled radiation varies reproducibly to produce afiber drop trace (FDT), asshowninFig. 2(b),
where the horizontd axis refers to the time series according to the acquistion intervad determined by the
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program, the varticd axisrefersto the uncdibrated output voltage signd corresponding to thelight intengity.

At point 1 and 2, the rays that first couple via TIR reflections in the remnant drop are nat within the
acceptance angle, and are consequently heavily atenuated once they enter into the detector fiber. From paint 3
to 8, thelight intendity signd gppears to be a curve from pesk to hdlow, since the reflection angle and opticd
path vary with the drop profile At paoint 9, the light path direction changes suddenly and the pathHength
shortens, which produce a strong separdtion peak when the drop fals off. It is obvious thet the coupled light
signd between the source fiber and the detector fiber is determined fundamentdly by the shape of theliquid on
the drop head for low absorbance liquids, sincethe numerical gperture (NA) of fiber and the fiber positions are
fixed.

Large quantities of experiments for different samples provethat, the FDT is unique for acartain liquid
under certain conditions, induding mechanical structure of the drop head, the position of fibersingdetheliquid
drop, the dectricd parameters in the processng drcuit and the drcumstance temperaure, humidity and
pressure Therefore FDT can be usad for fine dscrimination among different liquids. Moreover, the optica
dgnd is in fad a very fruitful source of information on the bulk propaties of the liguid. Priminary
invedtigations by McMillan et d. [2] have shown that the drop period is rdaed with the surface tenson and
dengity of liquids, the main pesk of FDT is corresponding to the refractive index and the separation pesk can
giveameasurement of viscosity.

However, because the FDT is rdaed with time, the speed of drop growth should be quite smdl and
gable so that the drop is under quas-equilibrium condition, on which the drop andysis is based. Since the
spead of drop growth essantidly depends on the flow contral of the feeding pump, it inevitably leads to a
heavy demand on the pump in practice. If the spead cannot be controlled precisdy, the repeatability of
measurement and the uniqueness of FDT cannot be ensured. This problem is even more serious when a
voldileliquid is messured.
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Fg. 3. The condruction of the capaditive drop sensor from acommon cylindrica capaditi ve sensor.
2.2 Capaditivedrap analyss (CDA)

Drop volume measureman is an agdong subject in surface science. Vaious methods have been
devd oped spedificdly for thispurpose The capacitive drop analysis (CDT) introduced by C. H. Wang et d. [3]
in 1999 provides ancther choice, through a specidly designed capadtive sensor, as shown in Fig. 3(b). The
capacitive drop sensor uses the drop head as one of its plate and a cylindrica ring plate which surrounds the
drop head and the space occupied by the formed drop, as ancther. The drop, which can be seen gther as an
extension of the drop head plae if the liquid is highly conductive, or as a didectric materid if it is less
conductive changesthe capaditance vaue dong with drop growth.

To smplify the mathematicd modd of the capacditive drop sensor, we assume that: (1) the drop is
highly conductive; (2) the drop, during formation, only extendsitslength intheaxis direction without changing
its dameter; (3) edge effects areignored. So the capacitance variation during drop growth from aresidud drop
can be expressed gpproxi matdy as:
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wheregyand £, are the absolute didedtric condant of vacuum and the relaive didectric constant of the

amosphere, respectivdy; h is thelength of drop growth from aresidud drop; Ris theinner radius of the
ringplateand r istheend radius of the drop head.
After s mplification the drop v umeis given by:
V =m?h @)

Then the rd ati on between the variation of capadtance (AC ) and thedrop vdume (V ) isobtained as
thefallowing:

k0
260&,

V =

AC ©)

where ko=r2InE.
r

Cdaulaions show that varidion of K, can bekept within 1% when 1 varies from 2.78-322 mm

and within 5% when 1 varies from 2.52-4.36 mm. Therefore K, can be regarded as constant when drops

do nat change very much in dameter. Inthis case, thedrop volumeislinearly rd ated with the capaditance
Since many liquids are not good conductors, errors will arise when using equetion (3) inthis case By
considerdtion of the effect of didectric constant variations, equation (3) can berewritten empiricdly as

kl(k2£| + Ea)

V=
€o€a (EI _ga)

AC @

where K;,K, are correction coefficients rdated to the structurd parameters of the drop heed; & is the
rdative ddedric condant of the tesed liquid in the red-time ewironment. When r =3mm ,
k, =11.23x107°m* and k, =0.185.

CDA convets the change of drop volume during drop growth to the change of cgpadtance of a
capacitive drop sensor. It has been proved to be capable of measuring drop volume with an accuracy of
approximately 2 ul . The ability of CDA to messure surface tension based on the formula (5) of Harkins and

Brown was dso explored:

o= dVv,.gF
r
where o is the surface tenson (MN/m), d is the density of the liquid (kg/m?®), g is the locd
acoderation of gravity (m/s?),r  isthe outer radius of the capillary tube (mm), and V, isthedrop volume
for dow dynamic equilibrium conditions (mm3). F is an empiricdly derived correction factor as the
following:

©)

F =0.14782+0.27896X —0.166X 2 (6)
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Experiments provethat the maximum differences between the measured va ues of surfacetenson and
the reference vaues are never more than 1 mN/m. The remaining differences might be caused by the
inaccurecy of empiricd factor F , as wdl as the conicd concave design at the end of the drop head since
equation (6) was derived for adrop head with aflat end surfece

CDA is suitable for measuring both drops in equilibrium and those in the process of formation. It is
paticularly useful for voldile liquids, in which case the measurement of drop volumes using flowmeters and
pump may be superseded. Furthermore, CDA can dso be used to study liquid concentration and it was found
out that the cgpacitive vari aion for the agueous glycerol solutionislinearly dependent on concentration.

The main disadvantage of CDA results from the didectric congtant of the tested liquid. As mentioned
abovein formula (4), the drop volume (V) can be got from measured variation of capadtance (AC) only if
the didectric condant of the tested liquid (&) is known. Because & is lagdy influenced by the
environmental temperature, the messurement result isrddively inaccurateif & is decided from handoooks.
Thusthere must be ared-time device for measuring €.

2.3 Fiber-capadtivedrop analysds(FCDA) and theliquid drop fingerprint (L DF)

The variation of the drop growth spead or liquid-feeding soeed will produce a problem thet the fiber
drop trace (FDT) in FDA isirreproducible for a cartain liquid and isincomparable for dfferent liquids. Itisan
essantid trouble of the drop andysis based on FDT in measuring property parameters and in discriminating
liquids. Therefore a new representation of volume-based fiber drop trace (VFDT) is developed [4,5] to solve
this problem, by merging FDA and CDA into fiber-capadtive drop andysis (FCDA). Fig. 4 isthe principle of
FCDA[€].
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Fig 4. The prind ple of fiber-capacitive drop andyss.

Fig. 5(8) and (b) show the time-based FDT and the drop volume varidion of the pure waer on the
condition that the feading speed becomes dower gradudly. There are obvioudy some differences in the four
continuous FDTs. Fig. 5(c) shows the volume-based fiber drop trace (VFDT), which uses the indant drop
volume asthe horizontal axisinsteed of time

VFDT isactudly an overl gpping curve of time-based FDT in some successi ve periods of drop growth
basad on the drop valume. It can be found that the VFDT isof excdlent repeatahility, which provesthe VFDF
is no longer influenced by the variaion of feeding speed. This can be explained by the following quditetive
explanation: thelight intensity detected by thefiber after TIR (totd internd reflection) inside the drop depends
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ontheingant shape or vaume of the drop, which determines the opticd path, no metter how long to form this
ingant shape[5].

Equivalent of Light Intensity Signal Drop Volume ()
35004 20
3000+
Al
25007
20004 40
15004
1000 o
500 - o
a T T T T T T T T T T T T
2000 4000 6000 2000 10000 12000 1] 2000 4000 4000 BOOO 100000 12000
Titne Series Tine Senes
(a) )

Eguivalent of Light Intensity Signal
3500+

3000
25004
2000
15004

1000+
5004

0 T T T T T
0 20 40 6l 80 Drop Velume (ul)

()
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sgnd or time - based fiber droptrace; (b) Thedrop valume sigrd; (c) The volume— based fiber drop
trace

The new representation of VFDT makes the FDT independent from the speed of drop growth and the
voldtility of liquid, and accordindy ensures the reproducibility of messurement againgt the variation of the
feeding speed of the pump. In addition, the VFDT is more favorable for fine discrimination of liquids sinceit
improves the comparability of the FDT of different liquids. VFDT can be cdled the liquid drop fingerprint
(LDF) directly.

As has mentioned above in CDA, the drop volume lies on the didectric congtant of the tested liquid
measured redl-timely. Because the capadtance variation (AC ) islinearly rd aed with time during drop growth
anddso AC islinearly rdaed withthe drop volume (V) for acertainliquid, it is gppropriateto congruct the
capacitance-based fiber drop trace to exdude the infl uence of feeding speed. The cgpaditance can be regarded
asthe eguivdent drop valume. Thus theliquid drop fingerprint is free from the didectric congtant of thetested
liquid with spedid reference to gpplications of liquid discrimination.
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Fig. 6. Liquid drop fingerprints of different liquids.
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Fig. 6 shows LDFs of some kinds of liquids, induding pure water, LanTian beer, mature vinegar,
LaoChou soy and JanLian rice wine. The horizontd and verticd axes are expressed in voltage signds, which
is dbtained from A/D card after the processing drcuits of fiber Sgnd and capaditive signd. Visud features and
guditetive differences can be obsarved in LDF. The equivaent drop volume and the light intengities of
differant liquids are different. The pesk heights and the pesk shgpes, and the areas surrounded by the LDF
curves and the horizontd axis are different too. In generd, LDF is powerful for fine discrimingtion among
different liquids by using the information extracted from the LDF of samples and constructing a mathemati ca
modd or database for identification.

24 1magedrop analysis(IDA) and fiber-imagedrop analyss (FIDA)

Along with the recent devd opmentsinimage technology, it is possibleto record theliquid drop shape
to study theliquid properties. Calleaguesin university of Toronto devd op acomputer software package named
axisymmetric drop shgpe andysis (ADSA) [7,8] to determine liquid-fluid interfacia tension and contact angle
by fitting the Laplace equation of capillary to an arbitrary array of coordinate paints sdected from the drop
profile Image drop andysis (IDA) [9] is devoted to the dynamic measurement of a growing drop during the
drop formation basad on ICCD. The technique combines recent advances in digitd image acquistion and
processing to monitor the drop growth red-timey and to make andysis of the characterigtics of drop shepein
various dages.

Figs 7(a) and (b) are the profile records of pure water and 100% ehanol taken by a CCD camera
during their drop growth under quasi-eqilibrium condition. It is obvious thet the drop shapes of two different
liquids are different, which suggests that the drop shape determined by the liquid propaty may be used for
discriminating liquids and for property measurement.

After the ingant shgpe in the process of drop formeation are captured and stored red-timdy by the
CCD image acquisition system, then theimage processing system plays the rd e of edge detection and profile
reproduction. If thereisaradicd change of theimage grey in the edge areq, the gradient gperator is favorable
for detection because a narrowest edge line can be got in this case But in fact the image usudly becomes
ambiguous because of the noise caused by the sengtive components and transmission channd's, dthough the
origind image itsdf may be a step change. Inthis case, Sobd operator or Lgpladan operator combined with
catain threshold is useful for edge detection. Fig. 8(a) and (b) are the detected edge curves of pure water and
100% ethanal in one drop formation period through Laplacian operaor edge extraction.
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Fg 7. ICCD prdfilerecords of liquids during their drop growth. (a) Purewater; (b) 100% ethand .
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Fg. 8. Theedge curves of drap profile (8) Purewater; (b) 200% ethandl.

Besides drop shape andysis, IDA provides a choice for drop volume measurement. Because the drop
shgpeisrddivey smple and fixed, a rectangular image process ng region, which indudesthe tested drop and
pat of the drop head, is defined for edge detection as shown in Fig. 9. The drop volume is the difference
between the volume of the growing drop and that of the remnant drop, cd aculated from the profiles combined
by the drop and the drop head insidethe rectangular region.

e drop head

—— V1 the frst pixel section of image process region

¥ .
the ouline of __J

remnant drop

— 1 x.
the ouling of m\_&

the pixel secton of remnant drop

¥ the pel zection

— J’; the lowest puzel section in the process
growing drop of drop growth
. rectangular -
left start pomt of mmage process | right start point of
edge detection region edee detection

Fig. 9. Drop volume messurement inddethe rectangular image processing region.

After thepixd postions of the edges (X) are determined by using Lol adian operator, the drop volume
is cdculated from:
2 - 2
V, = D[J'y‘(xmax_xmin) Etdy— Yimin (Xmax_z(min) [
Y1

dy] @)
where X o Xin  Tefer to the pixd positions of two boundary paints of a drop in the same sedtion;

Y1, Vi, Ymin @€showninFig. 9; D isthe coeffident of volume eguivaent, which convertsthe pixel unit to
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thevolume unit (mn). D isdefined as:

3
D= { L(r:;m)} ®

where L istheactua width of the drop head insde the rectangular image processing region (mm);
d isthedifferencein pixdl postions (X, — X,,,) ©f thedrop head insidetheregion.

Since L isdeermined after manufacturingand d  is measured basad on data collected redl-timely,
the volumewill beindependent from erors of optica parameters, such as focuslength of the CCD cameraand
light intensty.

The remarkable advantage of IDA is that thereis no need to determine the didectric congtart of the
tested liquid and it can be used for measuring unknown liquids. IDA is favorablefor valdileliquidssSnceitisa
non-contact measurement. IDA isinsengtiveto the dectricd parameters of liquids. IDA provides nat only the
volume, but dso the shape information of the drop during its growth. Studies on the drop shgpe are turned into
digita process, which providesapotentid prospect for further andysis.

Theliquid drop fingerprint (LDF) can dso be obtained by merging IDA and FDA into the fiber-image
drop andysis (FIDA). Because bath of these two methods are based on photod ectric converson prindple
mutua coupling influence must be diminated. The ultraviolet light source is specidly sdected for fiber drop
sensor to avoid the possibl e effects on the drop profile captured by CCD.

2.5 Spectral drop analyss (SDA) and 3-D liquid drop fingerprint

Fiber drop andysis reved s the variation regularity of thelight sgnd passing through the liquid drop
during the drop growth. Generdly the monochromatic light source is used. Even though the white light is
employed, it is consdered as an intendty source but not a spectrum source with some waved ength width. The
coupled light intensity is affected by mechanica and opticd properties of thetested liquids and it is different for
different liguids becausethe profile and va ume of the drop during its growth are different. However infact, the
collected light intengity is nat only dependent on the drop itsdf and resulted differences in totd interna
reflection and optica paths insde the drop, but dso dependent on the composition of the liquid, because
various liquids consst of various substances which have different absorption in the light sgnd of different
wavdength. Therefore the spectra drop andysis [10] is devel oped to sudy theliguid compostion by studying
the absorption spectrum of the multi-wavd ength light signd passing through theliquid.
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Fg. 10. The prindple of fiber-capaditive-image-gpectrd (FCIS) drop endysis
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Fig. 10 is the schematic diagram of fiber-capadtive-image-spectrd (FCIS) drop andysis. The fluid
with gtabilized flow rate and minute flow flux is supplied by a computer-contrdled micro-flow feeding pump
and formsinto asdtiated and uniform liquid drop through the liquid drop sensor. Thelight signd emitted from
thelight sourceisinjected into theliquid drop sensor through the input optica peth. The light intensity Sgnd
passing through the drop is collected and transmitted by the output optica path and is sent to the computer in
two ways. One is transformed to the dectricd sgnd by a photodectric transducer and is sert to an A/D
converter viaan amplifier and filter drcuit. The ather istransferred to aFFT spectrum andyzer, which changes
thelight intensity Signd to the absorpti on spectrum of theliquid.

After introducing the spectra andlysisinto the liquid drop analyzer, a3-D liquid drop fingerprint can
be obtained by merging the light intengity signd from the fiber drop sensor, the drop volume signd from the
capacitive drop sensor or CCD image processing and the absorption spectrum sgnd from the FFT infrared
spectrum andyzer. Fig. 11 isthe 3-D liquid drop fingerprints of ethanadl and propanal, in which the spectrum
sgnd is express in form of rddive spectrd curve Rddive spectrd curve is gat by the light intengty
percentage reaive to the maximum onein dl wavdengthsin the same drop volume, and it makes 3-D LDF
unrd ated with theingant drop profileor volume. It can be seen thet 3-D L DF covers amore extensve range of
physicd and chemicd propeties on liquids, and it enhances the capability of drop andysis in fine
discrimination among different liquids because it is nearly impossble to get the same 3-D LDF for two
different liguids under the same testing system.
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Fg. 11. The 3-D liquid drop fingerprints of ethand and propand.

3. Conclusions

Drop andysis technology is devoted to reved the intringc charaderidics of liquids based on
monitoring the drop formation process. Fiber drop andysis (FDA) makes use of the spedid light-transmission
ability of optical fibers, to detect the liquid propertiesingde the liquid drop. Capadtive drop andysis (CDA)
converts the change of drop vdume during drop growth to the change of capadtance, through a specidly
designed capacitive sensor composad of the drop head and acylindricd ring plate. Image drop andysis (IDA)
makes the profile record of the growing drop directly by usng CCD camera, and the colleted image can be
stored for edge detection and drop volume cdculation by using digitd image prooessi ng technology. Spectra
drop andysis (SDA) is to dudy the liquid compostion by studying the dbsorption spectrum of the
multi-wavdength light sgna passing through theliquid.

By means of technology combination and sgnd amal gametion, the unique liquid drop fingerprint
(LDF) can be obtained. Sampling tests show thet different liquids have different LDFs, different brands of the
same kind of liquid have different LDFs too. Another condusion is thet the same liquid with different
concentrations will aso produce different LDFs. Experimentd results prove that LDF isthe overdl database
ontheliquid property andit is feasibleto discriminateliquids based on LDF.
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