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Abstract

There are studied popular methods of B. VonneguErkhcen, J. Slattery, S. TorZar measuring the interfacial tens
at the interfae between two immiscible fluids by the spinningmethod. There is provided the method for calaudathe
geometric parameters of the spinning drop, andeisilts to the emergence of a spinning drop atctrgre of the severe
cylindrical area that correspond to the range efrttio of the cube of the drop’s length to itsuwmeé of 24420, and the range
the ratio of the spinning drop’s length to its déaen 4.00-0.35.

Based on the obtained calculation results thereffesenl the method for dermining the interfacial tension by us
approximation dependence of the interfacial tengiom the given drop volume, its length, differencdluid densities and t
angular velocity of the drop rotation. There arseased methodological errors the offered and the known methods
determining interfacial tension according to theatieng drop method. A flow chart and the overalp@grance of the device t
implements the proposed method for measuring tieefatial tension is presented.

Keywords:a spinning drop, interfacial tension, length of tth@p, measurement, methodological error, the dgwolume of
drop.

Introduction B. Vonnegut dependency [3]

| | . 0 =0pa’R?/4, (1)
During some processes, such as extraction of ail,

an interfacial tension (IT) at the interface of grabr H. Princen dependency [42

aqueous surfactant and reservoir oil is an importan ﬁzg cr+l )

physical and chemical parameter [1]. It should bd r 3 (Crs)j/3 '

that the value of the IT at the specified interfaea be

in the range of 0.01 and 20 mN/m. Low values oflthe J. Slattery dependency [5]

(0.01 or less) can be measured only by devices that _ «\3 /

implement the spinning drop method [2]. 0= (R/r ) bpw /2, (3)
The spinning drop method means that the S. Torza dependency [6]

horizontally placed glass tube is filled with theakier o= n‘s/zprz(V/&))w/Af, 4)

fluid under consideration, such as aqueous surigcta
and a drop of the lighter fluid under consideratismch where Ap =p, —p, is the densities difference of heavy
as oil, is injected into this fluid, and then thebé¢ is and light liquids, respectivelyR is the largest real
turned around its horizontal axis with a certaig@ar radius of the spinning dropx, is the half of the length

velocity w. The appropriate dimensions of the spinning o . .

drop are measured depending on the method f8f the spinning dropr =33/ /(4n) is the radius of the
determining interfacial tension (e.g. its largeistnteter, sphere of lighter fluid of the volumé&/ , which is
length, volume) and the difference of contactingd$ injected in a tube with the heavier fluid;

densitiesAp, and the value of interfacial tensian is czApu)2/(40) is a characteristic parameter, which is

calculated based on the appropriate dependeneié [3 thte basis for calculating I&@ according to H. Princen
Now the widespread dependencies, regardless 0 0. . ) o
the date of their publication, are as follows: method; r~ is a dimensionless parameter, which is

determined based on J.Slattery Table [5], depending
the ratioR/ », (Table 1).

It should be noted that B.Vonnegut suggests to

* Corresponding author: apply the dependence (1) on the condition that
zarichna@nung.edu.ua X,/ R>4 [3]. H. Princen suggests to apply the
© 2015, lvano-Frankivsk National Technical dependence (2) on the condition thgt/ R>3.645 [4].

University of Oil and Gas.

All rights reserved. According to J.Slattery [5] if,, / R> 4, the dependence
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Table 1 — The data of the dependence’ = f (R/ %) [5]

R/ X rD R/ X rD R/ X rD

1.0000 0 0.7415 1.0000 0.2708 1.2570
0.9997 0.1 0.6432 1.1000 1.2543 1.2580
0.9980 0.2 0.4928 1.2000 0.2297 12590
0.9932 0.3 0.3332 1.2500 0.2262 1.2591
0.9840 0.4 0.3268 1.2510 0.2225 1.2592
0.9687 0.5 0.3198 1.2520 0.2183 1.2593
0.9459 0.6 0.3122 1.2530 0.2136 1.2594
0.9140 0.7 0.3038 1.2540 0.2081 1.2595
0.8710 0.8 0.2945 1.2550 0.2016 1.2596
0.8148 0.9 0.2837 1.2560 0.1932 1.2597

(3) has a methodological error that is less tha®0.

Therefore pressures difference at the boundary of

S. Torza suggests to apply the dependence (4) fovo fluids at the poinf is as follows:

cr® >100
X | R>67.

to the

[6],

which corresponds

ratio

Pas = Paz = Por~ Poz—ApY6?/2. (1)
Due to the gravitational force the rotation axis of

Therefore it is necessary to assess methodologidhe drop shifts to the rotation axis of the tubettat

errors of the mentioned methods for calculating 1Dy

the spinning drop method, to develop recommendsitio

for their application.

Theoretical part

value of y’=RApg/(nw) [6], where g is the

Ucceleration of gravityn is the dynamic viscosity of

the heavier liquid. But the shape of the spinnimgpd
does not change in this case.
On the other side, the pressures drop across the

To assess the methodological errors of the abo\%]ases interface at the pofs as follows:

mentioned methods we have made
calculations of geometrical dimensions of the sjpign
drop.

Let us consider a horizontal spinning tube 1, dille
with the fluid 2 with greater fluid density, andetfiuid
drop 3 with a lower densitp, (Fig. 1). We assume that

the pressure at the axisnside the drop (O) equaypy,,
and outside the drop py,. In this case, the force of

gravitaty is neglected, and it is assumed thabttes of
rotation of the tube 1 and the drop 3 coincide.

Figure 1 — The rotary tube filled with the heavier
and lighter fluids under consideration

Therefore the pressurg, at point A in the
middle of the drop is the following:
Pa = Por+P1Yw/2,
wherey is the distance from the poiAtto the axis.

Similarly, the pressure outside the drop at thetpoi
A is as follows:

Pa2 = p02+sz2(*)2/2-

®)

(6)
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Pa~Pa =0(YR+YR), ®)
where R, i R, are the radii of curvature of the drop

surface at the point A of the plane of Fig. 1 ahdhe
plane perpendicular to the plane of Fig. 1, respelgt
[7].

Besides, the pressures differenfp, across the
phases interface at the level of the horizontadtional
axisx at the poinO is as follows [7]:

Po1 = Poz =AP =20/ Ry, 9)
where R, is the radii of curvature of the interface of the
spinning drop at the poif@ (Fig. 1).

Therefore having regard to the (8) and (9) the
dependence (7) is as follows:

o(YR+YR) =2/ R-bp ju?/2.  (10)
The equation (10) is a strict equation that dessrib
the shape of the spinning drop dependingopdp and
win the absence of gravitational force.
If R=ds/ dy, R,=y/sing, where s is the
length of the profile arc of the spinning drog, is the

angle between the axis x and the normal to thetpbin
at the surface area of the spinning drop [7], then
equation (10) is as follows:

do_ 2 _w'yAp_sing

(11)
ds R 20 y
Having introduced a new variable
a’= 0/(Ap(o2) =1/(4c), we obtain
db_2_ ¥ _snp 12)
ds R 2a y
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Having multiplied the left and right parts (12) &y A(I3 /V)Z . B(I3/V)+ c

we obtain the equation in a dimensionless form that 0 = ApedV (18)
describes the surface area of the spinning drop: 12/V+D
d(dj/)a) zﬁa_%(zaj —L;(bd (13) It should be noted that in this case the spinning
drop in the central part is not strictly cylinddi@ad has
Other variables, included in (13), can be calcdatethe form of an elongated ellipse. It is offeredcarry
using the following dependencies [7]: out the measurement of the interfacial tensiomby the
d(y/a) _ spinning drop method at low angular velocities lod t
d(s/a) =cosp, drop’s spinning that result in emergence of thietktr
cylindrical area at the drop’s central part thaéslaot
d(V/as) y 2 result in the device vibrations, which occur at glro
FICE} = 2“( j sing, (14) spinning at high velocities.
The assessment of the relative methodological
d(x'a) = sind errors d,.,0f the offered approximation dependence
d(s/a) (17) for all vaIues(ISIV)tabin a specified range of

Having solved the dependencies (13) and (14) for | iod in the followi _
different values ofRR, / a at the moment of reaching the Va!Ues was carried out in the following way:

o 3 3 3
anglep =90 , we calculate the appropriate geometrical Simeth :H%J -(?/J J/("\i/] . (19)
parameters of the spinning drop. calc tab tab

The initial conditions in this case are as follows: where (aS/V) and (aS/V) are calculated
y=x=s=V=¢=0, 1/Ry,=1/R=1/R; (15) calc tab

and the final ones are: according to the dependence (17) and the valudisein
R/ a=4Y3, R,/ a= 2043 /3, R/ R =3/2. (16) Table (a3 /V) are correspondingly calculated for every

If the final conditions (16) are reached, the,gjye|3/v under the Table 2. The mentioned relative

parameters do not increase according to (16), Bad tyehodological errors are shown in Table 2 and they
surface area of the spinning drop is strictly aytinal in not exceed the absolute value of 0.00082, which

its central part, i.eR - «, R, = R. satisfies the requirements for determining the @y
of the IT by the spinning drop method.
The results of calculation and their discussion It should be noted that in order to implement

B. Vonnegut and J. Slattery methods it is necesgary
The results of calculation of the dimensionlessneasure the largest radiu® of the spinning drop,
parameters of a Spinning droms(/V’ |3/V’ R/ r, which is Signiﬁcantly affected by the coefficieot the
tical M of the tube with the tested fluids:
cr®, 1/(2r) by the Runge — Kutta method of the 4thOIO cal zoomat-otthe Hbe Wi © tested Tluids

. . . M = Rmeas/ R’ (20)
order equations (13) and (14), taking into accdasy where is the largest measured radius of the
and (16) for1.0582651% R, A< 1.058267367978 Rieas g

. spinning drop.
and ¢ =90° that correspond to the relatidr (2r) = 4, This coefficient can vary in the range of 1.332 to

are shown in Table 2, whete= 2x,. It should be noted 1.340 [8]. Determining the specific valug depends on
that the calculation was carried out with an eobthe many factors and can lead to significant additional

end values2.22010% Besides, during the process ofeT0rs Of the obtained results. .
calculation there is preserved the 32 width o{ H. Princen dependence (2) provides that there was

geometrical values of the spinning drop parameters. or'me_d a strictly (_:ylln_dncal area at the centre toé
spinning drop during its rotation. The area appesrs

The calculation resultsa®/V for the range of high angular velocities of the drop rotation.
I3 /V =24-120, which corresponds to the variable The author [5] indicates that S. Torza dependence

1/(2R) in the range of4.00- 9.35 were applied for (4) is recommended to be used for the ratios

obtaining the approximation dependencexO/R > 67, which also require high angular velocities

3 (13 _ _ of the drop rotation. This leads to vibration ofvides
alV = f(l /V) of the following type: that implement the above mentioned H. Princen and
S. Torza methods.

2
a’ A(|3/V) +B(|3/V)+C Therefore, during measuring the 1§ by the

V: 13/V+D ' 17 spinning drop method we recommend to achieve such
_ 6 _ _ angular velocities of the drop rotation, at whibb tatio
Véhf;e 628_ 589310 . B=0.003261 C=0.259,  tio ¢ iibe of its length to the volume of the drof/

is within the range of 24—-120, corresponding tortte®

Then the values of the IT can be calculated in ¢ o spinning drop length to its diameter 4.0859.

the following way:
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Table 2 — The calculation results of geometrical pameters of the spinning drop

Relative
Rela a/v /2R A, R/r cr’ I/ (2r) error

6meth '1CP
1.05826519000000 0.01207p 3.967485 24.027738 0158624.942706| 4.651580 81.00
1.05826544000000 0.01194f 4.002410 24.413P65 0888B414.995526| 4.67632f 63.00
1.05826569000000 0.01180pb 4.042143 24.855768 01%8]195.055622| 4.704411 54.00
1.05826594000000 0.011644 4.0883715 25.375108 0197935.125450| 4.736950 31.00
1.05826619000000 0.011458 4.143540 26.002P21 07&1/$625.208792| 4.775656 8.30
1.05826644000000 0.01123p 4.211987 26.790843 08%7255.312071| 4.823426 14.50
1.05826669000000 0.01095p 4.302137 27.846485 (0556785.448046| 4.88599% 36.50
1.05826694000000 0.01056P 4.434309 29.431645 0%6115.647237| 4.977001 56.40
1.05826719000000  0.00990p 4.686718 32.5805630 0694926.027195| 5.148518 70.40
1.05826736707000 0.00718D 6.208348 54975953 0480868.312249| 6.12943% 62.10
1.05826736732000 0.00706Q 6.301242 56.533652 0140(098.451627| 6.186788 54.00
1.05826736757000) 0.006893 6.438971 58.882718 08%83698.658191| 6.271318 69.00
1.05826736782000 0.00658p 6.711838 63.681884 0467959.067634| 6.437267 82.00
1.05826736797009 0.00578[L 7.549940 79.605536 03459210.324878 6.934428 92.00
1.05826736797034 0.005774 7.558256 79.772487 05459010.337351 6.93927P 1.60
1.05826736797059 0.00576p 7.566886 79.945949 06458810.350297 6.944298 0.71
1.05826736797084 0.00575P 7.575957 80.128478 06468610.363904 6.949579 0.25
1.05826736797109 0.005751L 7.585154 80.313y57 05458410.377700 6.954931 1.25
1.05826736797134 0.0057483 7.5946Q3 80.504836 04858210.391874 6.960428 2.25
1.05826736797159 0.00573p 7.604241 80.698961 0368010.406337 6.966033 3.28
1.05826736797184 0.00572)7 7.614698 80.910891 00657810.422019 6.972111 4.33
1.05826736797209 0.005718 7.625155 81.122099 07457510.437704 6.97818} 5.46
1.05826736797234 0.0057009 7.636348 81.349422 03457310.454524 6.984699 6.58
1.05826736797259 0.00570D 7.647518 81.575Y85 088700.471249 6.99117p 7.77
1.05826736797284 0.005690D 7.659487 81.819126 02456810.489203 6.998116 8.94
1.05826736797309 0.005680D 7.671582 82.065400 06456510.507344 7.005131 10.20
1.05826736797334 0.005670D 7.684685 82.332617 07466210.527001 7.012726 11.40
1.05826736797359 0.00565P 7.6981Q2 82.606F11 08865910.547129 7.020499 12.80
1.05826736797384 0.00564(7 7.712339 82.898036 08855610.568484 7.02874Pp 14.10
1.05826736797409 0.00563p 7.727584 83.210658 0585310.591351 7.037564 15.60
1.05826736797434 0.0056283 7.743249 83.532738 01455010.614880 7.046635 17.10
1.05826736797459 0.005610D 7.759714 83.872417 06454610.639639 7.056174 18.60
1.05826736797484 0.005596 7.777233 84.232P97 0A54210.665813 7.066251 20.20
1.05826736797509 0.00558(L 7.796059 84.621631 09458810.694064 7.07712p 21.80
1.05826736797534 0.00556p 7.8164Q6 85.043P231 06668410.724589 7.088855 23.50
21.05826736797559 0.005548 7.838202 85.496024 0.453000 10.757283 171 25.30
1.05826736797584 0.005530D 7.861331 85.977621 01462510.791962 7.114728 27.20
1.05826736797609 0.00551L 7.887149 86.517p56 07451910.830705 7.12957} 29.10
1.05826736797634 0.00548P 7.914847 87.098p68 09451310.872282 7.145501 31.20
1.05826736797659 0.00546p 7.945797 87.748936 05450710.918679 7.163251 33.40
1.05826736797684 0.005440D 7.980886 88.490018 03%(0010.971312 7.183360 35.60
1.05826736797709 0.005411 8.020131 89.322630 03849211.030182 7.205819 38.00
1.05826736797734 0.005378 8.065740 90.295156 00848311.098594 7.23187Y 40.40
1.05826736797759 0.00533P 8.119349 91.445053 03447211.179010 7.262446 42.90
1.05826736797784 0.00529L 8.186734 92.901p64 09445811.280119 7.300794 45.30
1.05826736797809 0.00523(L 8.273372 94.789562 0944111.410048 7.349927 47.50
1.05826736797834 0.00514(7 8.397831 97.536697 09%41711.596769 7.420256 49.00
1.05826736797854 0.00503P 8.563025 101.2424801438693| 11.84453p 7.513075 48.10
1.05826736797874 0.00477p 8.999145 111.36466(130902| 12.498714# 7.755492 40.40
1.0582673679787% 0.00474p 9.056786 112.73G30429913| 12.585176 7.787282 22.00
1.0582673679787¢ 0.004704 9.125893 114.394568128739| 12.68883p 7.825246 36.00
1.05826736797877 0.00465p 9.219631 116.663204427167| 12.829444 7.876637 54.00
1.05826736797878  0.00457] 9.359544  120.09108424862| 13.039315 7.953038 82.00
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Block diagram of the device that implements ouwvolumeV of the drop and the density differentg of
methodology is shown in Fig. 2 and thus it allow§he tested fluids, which are injected by the operat
measuring the IT by the spinning drop method. through the keyboard beforehand, and the input
information about the angular velocity of the drop
rotation wand it's lengthl. If the ratio is less than 24,
then the voltage at the input of the block 7 autiicaly
increases, resulting in the increase of angularcisi of
the drop rotation and thus to the increase of ttup d
length|. If the ratio is greater than 120, then the voltage
at the input of the block 7 decreases, resulting in
reduction of wand |, respectively. It should be noted
that the electronic computer unit 11 informs therapor

about the value of the ratid /V.

If the ratio 13/V is in the range oR4-120, then
the calculation of the ITo is made based on the
1 — monochrome light source; 2 — heavier fluid unde approximation dependence (8),' It should be noted th
consideration; 3 — a spinning drop of the lightleid under ~ the program provides for making measurements of IT
consideration; 4 — a glass tube; 5 — collet holdg¥; electronic ¢ for different values of the ratit® /V in the range of

engine; 7 —a unit of the length change of thersipipdrop;  24-120. Additionally, the operator launches the
8 — measuring electron microscope; 9 — displacesnod measurement mode.

10 — video input device; 11 — electronic computst;u

10

12 — keyboard; 13 — a unit for the drop formatidraaiven Information about the parametetd/V, w, o,
volume; 14, 15 — plugs Ap, V, | is shown on the monitor of the electronic
Figure 2 — Block diagram of the device for computer unit 11 after the measurements are maue, a
measuring IT using the spinning drop method a relevant document with the measurement results is
formed in a database.
Firstly, the glass tube 4, closed with the plugi$4, Fig. 3 shows the overall appearance of the device

filled with the heavier liquid 2, for example, aqus  that implements the offered measurement method of |
surfactant, and then the tube is filled with a d®pf g

the lighter liquid under consideration of the glyic
specified volumeV using the drop forming unit 13 of
the lighter liquid under consideration, such as @il
dosing microsyringe of the appropriate volume can b
used as the unit 13. The glass tube is closed thith
plug 15, preventing the formation of air bubblesitin
and it is horizontally set in a collet holder 5.

Then, using the keyboard 12, the electronic
computer unit 11 is turned on and the process of
measurement begins. As a result of this a constani
voltage influences a unit of the length change haf t
spinning drop 7 causing the rotation of the outghaft
of the motor 6 and the glass tube 4 filled with thsted
fluids with a certain angular velocityp. At the same
time the monochrome light source 1 is turned on,
resulting in passing of light rays through the glasbe 4
with the fluids and a video signal with the infortoa -
about the form of the spinning drop 3 comes toiripet Figure 3 — The general view of the device for the

®, -t

of the measuring electron microscope 8. In order to measurement of the interfacial tension by the
measure the total length of the spinning drop 3 a spinning drop method

research operator manually sets the position of the

measuring electron microscope 8 by the displace fod It should be noted that the suggested measurement

at the level, at which the image of the drop isthest technique of ITo and the device, which implements it,
contrast on the screen of the electronic compubér uallow us to make measurements at low angular
11, such as a computer, which passes through tle® vi velocities of the drop rotation up to the formatioha
input device 10, and at this point it gives a slgnastrictly cylindrical section at its central partdathey can
through the keyboard 12 to measure the lehgththe also be used for obtaining the dependence of axtiif
spinning drop 3. tension at the interface between two fluids attthee,
Electronic computer unit 11 calculates the ratiovhich is important during the study and applicatafn

13/V and controls the calculation of this ratio in theSurfactant solutions, such as in technological @sees
range of 24— 120 based on the information about the®f 0il and gas production.
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PekomeHAaauil Woao BU3HAYEHHA MiXKdpa3HOro HaTary
Ha MexXi noainy mMixk oBOMa piauHaMmu meToaoM o6epTOBOI Kpanni

1.C. Kicine, O.b. bapua, IO.M. Kyuipka

lsano-Ppanxiscokuii HayioHATLHUL MeXHIYHUL YHIGepcumem Hagmu i 2azy;
eyn. Kapnamcoxa 15, m.16ano-@panxiscok, Yrpaina, 16019, Vrpaina

PosrmsiayTi Bimomi meronuku b.Bonmeryra, I'.Ilpincena, II.Crmerrtepi, C.Top3a BumiproBaHHS MiXk(ha3zHOTO
HATATY Ha MEXIi pO3AUTY NBOX HEPO3UMHHUX OJHA B OJHIH pimWH 3a METOIOM 00epToBOoi kpamii. HaBemeHo
METOJIMKY PO3paxyHKy T€OMETPUIHHX TMapaMmeTpiB 00epTOBOI Kparuli, a TaKoXK ii pe3yNbTaTH JO BUHUKHECHHS Y
MEHTPaTbHIN YacTUHI 00epTOBOI KpaIuli CTPOro MWTIHIPUIHOT MIJSTHKH, IO BiAMOBINAIOTH Aialia30HaM BiTHOIICHD
KyOy IOBKWHM Kparuti 10 ii 00'emy 24—120i gosxuHu 00epToBOi Kparuti a0 ii giamerpa 4.00-0.35.

Ha ocHOBI oTprMaHKX pe3yibTaTiB PO3PaXyHKY 3alPOIIOHOBAHO METOIUKY BU3HAUCHHS MiK(a3HOro HATATY 3
BUKOPUCTAHHSIM anpOKCUMAIIHOT 3aJIe)KHOCTI MiK(a3HOTO HATAry BiJ 3aJaHOro o0'eMy Kparut, ii JOBXKHHH,
pi3HHII TYCTHH JOCHIJUKYBaHUX PIOMH 1 KyTOBOi LIBHIKOCTI oOepraHHs Kpart. OLiHEHO METOIMYHI IOXHUOKH
3aMpoINOHOBAHOT 1 BIIOMUX METOAMK BH3HAYCHHS MiX(]a3sHOro Harsary. HaBeeHO CTpYKTypHY CXeMy i 3araibHUi
BUTJIST IPUJIAY, SIKUH pealtizye 3alpornoHOBaHY METOIUKY BUMIPIOBaHHS MiK(a3HOTO HATATY.

KitouoBi ciioBa: sumiprosants, 008xCuna Kpanii, MemoouuHa noxubka, mixcgasnuii namse, obepmosa
Kpanais, 06’ em kpanai, npunao.
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