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0.3

(0.18°)

0.3%
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A Novel Surface Tension Measuring
Method and Apparatus

|l ntroducti on

Themeasurement of surfacetens on playsanimportant roleintheresearch of themolecular forcesat
theinterfaceof liquidand air. DuNouy’sapparatusisthewidely used apparatus because of itssmplicity
and sufficient accuracy.* However, through the Du Notly’s apparatus, the surface tension of water (the
referenceliquid) could not beobtained, theactua moment of thering detachingfromliquidisnot detected,
thedecreaseof themoment armwhilethelever liftingisnot takeninto consideration, and the condition of
quasi-equilibrium stateis difficult to be satisfied by controlling the knob manually. In order to makethe
measurement of surfacetension moreaccurateand efficient, aPC-based automatic measuring syslemwas
designed and set up based on the Du Noly’s apparatus. The drawbacks of the Du Notly’s apparatus
described above areremoved in the newly created apparatus.

Principle and theory

Principleof DuNotly surfacetensiometer

Liquid holder Ring Lever Stedl wire Knob

Photo 1.Setup of Du Noly surface tensiometer

Thebasic principle of the Du Nolly’s apparatusis based upon the adherence of aringto theliquid.
Thetorsion of thewireisused to counteract thetension of theliquid film and to break it. If the apparatus
has been previoudly standardized by using water, it gives the surface tension of theliquid by asimple
proportion. Theequationisasfollow
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where y(y,,) isthe surface tension of the liquid (water) and 6 (8,,) isthe twisted angle

of the testing liquid (water), respectively.

Modi fi ed surface tensi ometer

Angular sensor
(modified from mouse)

USB camera _
\ / _ \ Stepping motor

Photo 2.Modified setup of Du Nolly type surface tensiometer

Theoperationa principleof themodified apparatusisbased on aformuladerived from thetheory of
eladticity. Consider acircular shaft that isattached to afixed support at oneend asshowninFig.1(a). If a
torque T isapplied to the other end, the shaft will twist, withitsfreeend rotating through anangle ji called
thetwist angleasshowninFig.1 (b). The specific relation existing between T and ji isderived intheory of
eladticity asfollow

—

T
=5 (2)
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where T isthe torque exerted on the shaft, G isthe modulus of rigidity or shear modulus of the
materid, Jisthe polar moment of inertiaof the cross section with respect to itscenter, and L isthelength
of theshaft. Therelation showsthat, thetwist anglejiisproportiona tothetorque T applied totheshaft and
thetorque can be determined by the measurement of thetwist angle.

@

T ®

Fig.1 Model of the theory of elasticity

Themodel of themodified apparatusisdemonstrated in Fig.2, where T, isthetorquefromtheknob
driven by stepping motor, T, isthetorqueinduced by the surfacetension of theliquid, and ii,,,ji. arethe
anglesof twist relativeto thefixed end respectively.

Fig.2 Model of modified apparatus



To show indetall, two free-body diagramsaretaken asshown in Fig.3and Fig.4.

Fig.3 Free-body diagram taken between A and B

InFig.3, afree-body diagramistaken by passing asection through thewireat any arbitrary location
between A and B. T,  representstheinternal torqueinthesection. T, isobtained by writing that thesum
of thetorques applied to theright portion iszero.

T tT,-T,=0 (3)

Accordingto Eq. (2), thetwist angle of the shaft rel ativeto the fixed end may be obtained by writing

@, = Taelo — (T1 _Tz)l—z

GJ GJ (4)

Inthesameway, by passing asection throughthewireat any arbitrary location between B and C, the
free-body diagramisdrawnasshowninFig.4.

Fig.4 Free-body diagram taken between A and B

Applying theequilibrium equation ontheright portion of thewireyields
Tege —T1=0 (5)



Hence, Eq.(6) isobtained by substituting Eq. (5) into Eq.(2).
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Since the twst angle of the wire at Cwith respect to the

(pC/B 1_6)
fixed end A (@.) is equal to the sumof the tw st angle of

B (¢g;) and the twist angle of Crelativeto B (@.,;), W have

= TP (7)

Substituting equation (4) and (6) into (7) yields

_(-T)0,  T0,

8
¢ G G (8)

Thetwo unknowns, T, and T,, can be obtained by solving the s multaneous Eq. (4) and Eq.(8)

T=cot % (o)
¥

_ D% _b
T,=GOQec *=-%
2 [ L I_2) (10)
In Eq.(10), if L =L,=L then
T, =52 g, ~20,) =K (g, - 2(;) (11)

Once, @; and @-.is nmeasured, T, can be cal cul ated according to Eq.

(11).
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Fig.5 Correction of moment arm

InFig.5, d representsthe length measured from thering to the center of thetorsion wire, W istheforce
pulling down by thesurfacetension. Thus,



T, =W [d [Cosg, (12)
W=2r(R +R,) ¥ (13)
usi ng Egs. (11), (12) and (13) the surface tension y can be obt ai ned

in terns of @, and @.and expressed as follow

y = KE(CDC‘ZDIDB) :Klw (_14)
2R +R,) [0 [Cosg, Cosg,

where y is the surface tension of the liquid, R,R represent the
inner and outer radii of the ring and K, K are constants.

Equi pment

6.Detachingringandliquid holder
7.Stepping motor and power supply
8.Sted wire

9.Notebook PC (with LPT cable)
10.1-com (USB Camera)
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Fig.6 Construction of modified apparatus



Fig.6 showstheconstruction of themodified apparatus. Theadditiona key componentsimplemented
upon the base structure of the Du Noly’s apparatus are demonstrated asfollows:

1.A stepping motor ismounted on the thumb knob of the Du Notlly’ s apparatus. The stepping motor
isdrivenviatheparale port of the PC. Themain function of the stepping motor isto supply asteady and
constant torqueto turn the knob. In thisway, not only the quasi-equilibrium state could be achieved but
a sotheaim of automation of measurement wasfulfilled.

2.A mouse of PC was modified to serve as two encoders. One set of the position sensor of the
mouse was removed from the pc board and remounted at the middle of thelifting lever, which supported
thetestingring.

3.A PC camerawas mounted by the side of the ring to monitor the behavior of theliquid filminthe
processof experiment.

Materi als and Met hods

A.Samples
1.Water
2.Alcohol
B.Measuringmethod
The schematic functional block diagram of the automatic surface tension measurement systemis
shownasFig.7
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Fig. 7 Schematic functional block diagram of the automatic surface tension measurement system



Astheexperiment began, thelever will belifted by thestepping motor until thering detachingfromthe
liquid. During the process, picturesweretaken at each pulling step synchronized with the stepping motor.
A programwrittenin Visua Basi ¢ based on theimage-processing a gorithm analyzed the picturesinthe
real time. Inthe program, thered layer image was extracted from the color image captured by the USB
camera, and then transformed into binary image with asuitable threshold in each pulling step. Thefour
original images, red layer images and processed binary images during the experiment in sequence are
showninFig.8. Let D bethetotal number of pixelswith different binary val ue between two successive
binary images. Itisobviousthat D, increases abruptly asthefilm bresks.

D1 (50) D, (60) D3 (355)
Fig.8 (a)Original images shot by the USB camera, (b)Red layer images (c)Quantized binary images

In thisway, the detaching point of the ring and testing liquid could be detected precisely. At the
moment of detaching, thetwist anglesof @ and ¢ were obtained viathe modified encoder. With the
twist angles®@: and @, the surface tension of theliquid is cal culated based on Eq.(14).

Further more, the experiment can be performed several times automatically by simply pressing a
button of themouse. Theaverage va ue and standard deviation were cal cul ated as soon asthe experiment
finished. Thus, theautomation of measurementisfulfilled.



Results and di scussi on

A. Comparison between modified apparatus and Du Nolly’s apparatus
Therelaivemeasuring method (the same asthemethod of Du Nolly surfacetensiometer) canbealso
performed by themodified apparatus.
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Fig.9 Comparison between Du Nolly apparatus and Modified apparatus (in relative way)

4.Fig.9 showsexcd lent resultsof the 60 experimenta datapoint and clearly outperformstheempiri-
cal work of the Du Notly’s apparatus. The lower standard deviation is reached by the more precision
measurement of theangleof theunfixed side.

5.Theexperimentd dataof the modified apparatusliesbetween 23.0and 21.8, which areincludedin
the range of Du Nolly’s (between 24.2 and 21.5). The reasons for this better result are that the film
breaking point can be accurately captured and the angle can be measured more precisely by the higher
resolutionangular sensor.

6.The surfacetension of acohol measured by themodified apparatusis22.42 + 0.28 (dyne/cm) and
that of measured by the Du Notly’s apparatusis 22.7 + 0.7 (dyne/cm). The mean valueis closer to the
standard value of alcohol (22.39 dyne/cm).



B. Resultsof themodified apparatus

surface tension of water
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Fig.10 Surface tension measured by the modified apparatus

4.The surface tension measured by the modified apparatusis 76.33 = 0.64 (dyne/cm) asshownin
Fig.10 Incorporating the correcting factor?2 into theresults, an error between the measured value and the
accepted valueiswithin 0.3¢H.

5.Themoment arm of the pulling forceischanging continuoudy asthelever gradually rotates about
thetorson wire. By measuring the angle of thelever, the decrease of the moment arm of forceis math-
ematicaly corrected inthe modified apparatus.

6.Thefilm breaking point isgrabbed accurately through recorded imagesby USB cameraand thisis
another key factor toimprovethe accuracy.

While performing the experiment aphenomenonisobserved. Thelifting ringwasacce erated before
thefilm broke and this caused unstable factor that result in errors. The resol ution of the angular sensor
(modified by the mouse) implemented in the modified apparatusis 0.9°. However, the accuracy of the
surfacetension can befurther improved by usingacommercia availableencoder with resolution of 0.18°.



Concl usi ons

A nove surfacetensiometer wasinvented in thisproject. By introducing thetheory of elaticity, the
surface tension of the unknown liquid can be measured without comparing with the standard liquid. In
contrast to the existing method, thefilm breaking point can beaccurately grabbed by usngaUSB camerg;
thishasnever been done by any former researchers. Furthermore, the condition of quasi-equilibrium state
wasreached through the gppli cation of the stepping motor and the variation of the moment arm owing to
therotation of thelifting lever was corrected. With the proposed gpparatus, the accuracy within 0.3% can
be obtained.

Theautomation of measurement isfulfilled viathe application of computer. Repeated experiments
may beconducted automatical ly andthemeanand standard deviation of themeasurementsmay beca cul ated.
Rather than focus ng on tedious methods of gathering data, researchers can focuson resultsand concepts.
Another remarkable feature of this project isthat the communication ports between the instrument and
computer are al the standard devices of PC. Since no specia interface card is needed, the innovated
apparatus works perfectly even on anotebook PC.
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