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.Ąn Experiment Aimed at Dernonstrating the Validity of the Free Energy, Criterion Goyerning the Liquid Film Breakdown**

The criterion of the minimum free energy has been proved valid for the liquid film breakdown on a
horizontal surface. The exPeriments were carried out on some glass surfaces on which the films were
formed and their breakdown took place. The breakdown resulted in a free energy loss which could
be related to the mass of the film. Taking this into account, an amended equation-governing the Ńm
breakdown has been presented.
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Nomenclature

.A
c,
D
E

Fl, F2, F3
G
s
H
i

M-

o-

Z_

area, LG interface area.
specific heat,
specific dimension ol drop or ring,
energy,
functions,
centre of gravity,
gravitational constant,
height or thickness,
order of designation of liquid
fragment,
mass,
number of liquid fragments,
free energy 1oss,
radius of circle,
specific bound energy,
liquid volume,
liquid density,
contact angle,
surface tension,
1oss coefficient,
change 'in 

.. .,

D imensionless quantities

ł - height,
Ae - area,
1Ie - energy ratio.

Subscripts

a - air, vapour or gas,
/ - liquid,
1 - initial, before film breakdown,
2 - frnal, after film breakdown,
p - drop,
R - ring,
F' - free
P - liquid component parts aft€r break-

down,
T - total,
C - liquid film,
Q - interface, liquid fragnent/solid sur-

face,
,S - system,

n-
O-
R_
U-
V_
p*
0-

* DePartment of Power Machinery Engineering, Xi'an Jiaotong University, Xi'an, China; Re_
search Fellow, DePartment of Mechanical Engineering, University of Liverpool, England,

** This paper was presented at the Colloquium EUROMECH 162 organized by the Insti_
tute of Fluid,Flow Machinery, Polish Academy of Sciences and thę Technical University Karlsruhe
in 1982.

l Ęace IrG, z. §



l8 Xu Tingxiang

g - to centre of gravity,
M - refęrs to inner diameter of Ring,
.E - refers to out€r diameter of R.ing,
V - interface, gas/solid surface,

min - minimum,

cal - calculation,
mea - m€asurement,
LG - liquid-gas,
SG - solid-gas,
LS - liquid-solid.

1. Introduction

Liquid fllm breakdown has been studied by a number of people [1-6]. Several criteria
of liquid film breakdown havę been established. The criterion of minimum free energy

is onę well-known §xample. According to this criterion a liquid film which has a minimum
stable thickness will perforate because if it ręmained as a film its free energy would exceęd

the value of the aggregate free energy contained in both the fragments and new gasfsolid

interface.
Rupture of the fitm is spontaneous. It is irreversible, it incurs an entropy increase and

involves the dissipation of energy as heat.

In our experiments the phćnomena of free energy loss were observed and revealed.

Experiments węre done on somę glass surfaces on which the films were formęd and their
breakdown took place. Somę readings, which are necessary for determining the free energy

of both the films just at bręakdown and the liquid components after breakdown, węre

taken for comparison of these free energies*).

2. Preparation of the test.surfaces

Figure la shows some test surfaces of glass which were treated by using the special

technique of grinding. Thę following capillary conditions must be met concurrently by
the test surface at the instant of f,lm breakdown:

(a) All liquid filnr must rnigrate to the wettablę surfaces.
(b) The wettable surfaces must be completely coveręd by liquid.
(c) The goometry of the liquid components must permit the calculation of liquid/gas

surface area and of the location of the centre of gravity of thę masses.

We spent many weeks attempting to fulfil these deceptively simple conditions. Block ma-

terials trięd węle glass, steel and PTFE. Glass was thę final choice. The working surface wa§

grcund with silicon carbide powder of average grain size 9 pm and sizę 3-19 pm, to ob-
tain ą fine matt surface. The surfacę was 1hęn maskęd witb adhesive papęr exposing only
the surfaces which were to be non-wettirrg. These surfaces węre treated with PTFE Spray.

The masking paper was finally removed after the non-rvettąble surface§ had been gently
polished with paper tissue. 

+

About 30 combinations of block matęrial, geometric shapes and dispositions and sur-
face tręatment, were tried with limitęd success. Typical problenas wefc fuptures in migra-

ł] The experimental results presented in this paper have been used in the paper entillęd Free
Ełer3lLossduringtheBreani.::.tLiquidFilmbyD.J.Rylęya_ndXuTingxiangforthe,,International
Jcu::aj of t{eat and Mass Transfern',
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Fig. I. Test surface; a) Photograph b) Size (thiclgress:9.2 mm)

ting liquid which left residues on thę non-wetting area sBggesting a limit to the distance
water would travel while remaining intact; also the excessive provision of wettable area
which is only pańially filled.

Two successful tcst blocks A and 3 (Fig. 1) were studied. Their respective dimensions
are given in Fig. 1b. There may be otherleometries and męthods "i;..;";;;;;i,:;;are also adequate.

3. Experimental method

The expetimelltal appara,t"us is shown in Fig. 2.
Thę test.block with the surface fully prepareJas described above, rests upon an adjus-

tablę surface carefullY levelled to the horizontal. A liquid film is formed using a water
syringe to covęI the entire area within the diameter D, {Fig. 1b). The film is then ma,cle
progressively thinner by the slow withdrawal of liquid and its diminishing tbickness is
closelY morritored bY the micronretęr inicroscope, magnification 35, in order to obtain
the thickness at bręakdown. Immediaiely after breakdown the respective maximum heights
of the droP and of the ring are measured. Liquid weights are forthwitlr deterrnined with a
high Precision balance by weighing thę wet block, then remcying one liquid component
with absorbent tissue and reweighing. The weight of the dry block is known.

To ensure no significant evaporation of drop or ring occurred during measurefi}ent§,
observations were made of the time ratęs of evaporation. Evaporation during measure-
męnts was found to be negligible,

To determine the contact anglds of the liquid on thę glass surfaces, the photography
in the Plane of the Prepared surface were usęd. The camera and lighting were arranged
to show the required angle in silhouette enabling the direct measurement of the angle
betrłęęn thę basę and the tangent to the triple point. To photograph drop contact angles it
\ras necessary first to femove the ring.

Aftęr all readings were iaken, the free energy of both film and components of liquid
can be calculated mathematicallv.

l9
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F ig. ż.'Experimental apparatus

4. Free energy of the liquid fiłm

ConsideraliquidfllmofuniformthicknęssH,(Fig.3a)restingonahorizontalsurface
within a closed adiabatic boundary of arbitrary shape but drawn for convenience as a

cylinder with a vortical ąxis, The film rests upon ihe ]oT",,:",l1"e, 
Thę space above the

film is fillęd with gas (air) which doęs not interact with the liquid, The fiim is taken to be

on the point of breakdown and the total energy within the syslem is:

lf

Err:(bound energy+free energy) in gas

+(bound energy-lfree energy) in liquid

+|Mot(J "L+(M"1 
gHn6* Aaosc))

- + lM,rU,r+{M*gHgjn* Aęoro*Aco,s)], (1)

(2)Epcl: MrrgHrn* AęOy6* Ag6y5,
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where ,E"", is the fręę energy of the ,film; tlren equation (1) can be writtęn

Est:|M n IJ o| +(M oL g H nolł Ao1o56)1+ M l| U I|ł Erc, .

The original liquid mas§ is

M1: ArHę p

and if the height of its centrę of gravity is

,. Hn":
HC

ż

equation {2) can be written as

i oaH'.\
Erct: Ac6tc{ t +*' |+ Arorr.

\ l6uc/
Defining 

u,:,n,.,
, 2016

(3)

(4)

(5)

wherc He is thę ratio of,the potential energy of the_liquid film to its surface energY in the

liquid/gas interface, equation (4) becoines

Ercl,: Ac Otc(| + He') + AcOLs (ó)

in which the term A"o* is constant for a given tempęrature, which fixes the magnitudc

, oi tAdioboticboundoryl

Fig. 3. Adiabatic ,chamber defining
thermodynamic system; a) Liquid filln
intact just before fracture, b) Sessile
liquid components following fracture

Mo'l  , Ąo'l -
;. -- *Gol A^n. L

T 'Grr' l '
i t, A-
lLHqll =Hc/2

^ ?Cc2iUi2r 
i
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Fig. 4. Variation of free energy, ńickness and volume of liquid film with I{e
Ac: 1256.6 mmz (Ae :t68.9)

of o6, but cannot be calculated
equation (6) is sbown in Fig. 4:

Also from equation (5)

and then

because the magnitude of o* is unknown. A plot of

n-:PH'oro\*,,r:\ 
* 1 (Sa)

2Heo1.^\+

-t

ps )' (7)Yc:Ac

Equation (5a) and (Ą are also given in Fig. 4 diagrammatically.

5. Free energy in the system after filn breakdown

After breakdown the film will disintegrate into a number of discrete liquid fragments

(or "components1') and the new gas/solid interface (A"-ŹAqt) willbe created on the

test surface giving a situation shown conventionally in Fig. 3b. The shape and numbęr of
the comPonents.depend upon many factors such as the texturę of the surface, the nature
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of the liquid, the local variation in wettability, the distance the liquid is capable of moving
along the surface and so on. The total energy within the system after breakdown is thę
aggregate of thę individual values of bound and free energy and is given by

23

E sz : LM nz U o2 + (M,2 g H no2 * Aoz o sc)7

łLMtzUtzł( Ź',,gHnlił b Ar,,oro)
11

n

+ | An,oLs+(Ac- Ao,,)oro].
1l

The free energy of the components is given by

_ Erp: Ź M,,sII*,* Ż Ay1,oy6* Ż Aq,,o*
LL1

and the total freę energy within the system is thęn given by

,' n

Ep72: Eppl(A"- Z Aqli) osc.
1

Hence equation (8) can also be given by

Esz:lMozu o2+(Mo2 gHno2* Aozoro)f + Mr"U D+ EFT2 (8u

The formal approach followed thus far requires the recognition in both equations (1)

and (8) ofall the energy quantities associated with both the gas and the liquid both before
and after breakdown. The original gas-wetted alea on the walls and ceiling of the system
remains unchanged. But additional gas/solid interface is created after film breakdown.
To simplify understanding wę assume that after breakdown a single liquid component
remains resting on a reduced base. Jn this case, equation (9) will reduce to

(8)

(9)

E rp : M p g H np ł Avn O 16 ł Aglz Orc

and equation (10) now reduces to

Errr:Eorł(Ag- Auz)Osa, 
'

Considering Young's equation

osc - dls : o.., cos 6

and equation (9a), equation (10a) will be

(10)

(9a)

(10a

(1 1)

(10b)Errz:MuOHn2* AsłzOroł(Aę- Aarr) OLG COS 0 +1c OLs.

For the experiments to be described above, it is necessary that the liqłrid component§
should have geometric or mathęmatical shapes permitting calculątion of Mn, HgD alo'd

Ayrr. The most convęnient bases węre a circle which supported an axi-symmetric
sessile drop ("drop") and an annulus which support a toroid of symmetrical*) profilo

*) §ee also section 6.



Xu Tingxiang

('ring"). The first and §econd terms in the right han d of equation (10b) can now be given
'in lhe form ofl

^ F"
lll,2 g H ntz 

: ps Hć - --*_1- . A cI l, Aotz
n whiCh A9lz:AqtzlAg, and,

Avtzot c: A9,,F.6tc. Ac.

Here Ą,F, and Ą are gonerally functions of 0 and the dimęnsionless height U:nln
of the drop or ring. The dimension D is interpreted as the diameter for the drop and the
radięal width for the annulus.Ft,F, and. F, wilt be discussed in section 6. Therefore
equation (lOb) can be written as

(10c)

If the liquid component has attainęd its steady state aftęr bróakdown its freę enołgy
should be at its minimum value. Hence Aqtz corresponding to minimum r.." 

"n"rgyi'inbe obtained by differentiating equation (10c) with respect to Aqtz, equating to zero,and

'9" ,
/z0'/ 7 Ą0o -1

f 2HeF, -l
E p 7 2 : A ę o y"|,7;ń l A ęt zFs + ( l -,4 p12 ) cos 0 

) 
+ A, o r, .

5Oo ri,

Ł'/

/-U

Uogł]
!

r,,,
\

,, 01,
He

Fig. 5. \'ariation ol free energy and area ratio for drop and ring when the profiIe is modelled as the
segment of a circlę
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Solving, thus obtaining
_ l- 2HeF " l+

( Aqt)^i,:|F,lr.:ńrOiJ . (2)

Substituting equation (12) into (10c) one obtains the following relation for the minimum
free energy of a stable drop or ring

/ f 2He Fr(F,
(f,pr:)^l.: Acotcl 2| --"""\L F,

- coso

']**"o, )no,o,,.
(1 3)

In Fig. 5 the free elergy explessed as (,E rr),",n- A"or" calculated from equation (13)

is presented together with the correspondin E (Aq,z|^,, ibr both the drop and the ring when
their profile§ węre assumed to be taken as Fig. 7a. Thę free energy of the original film
E 6.1 obtained from equation (4) is also showń.

Fig. 6. Variation of He and (Aą1)^1^ with d when profile is the segment of a circle
1- Drop, 2- R-ing

Previous investigators have assumed that the free energy of the film is consęrved du-
ring breakdown and js thus equal to the aggregate free energies of the liquid components
and the new gas/solid interface. Thus in Fig. 5 each intersection point with the freę energY

curve for the film by that for a drop or a ring gives the dimensionless number
He and_ (A,t)^i. corresponding to each contact angle 0 at the condition of breakdown.
Fig; 6 shows the variation of He and (Aa,r)^,^ with d for free energy conselvation during
film breakdown.

l§ź.

oI

E
F

c
1-E

ajld
l

Contoct ongle B
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' 
_ 6. Determination of the contact angles

After determining the mathematical form of the profiles the contact angle d can then
,be obtained for the drop or the ring by solving

V: Aq2DF t,
thb height of the centre of gravity from

H4:DFz
.and the liquid/gas interfacial area ffom

Ay12:AqtzFz.

In equations (14) - (16), three functions F1, F2 and F.. are as follows, For profile Fig,la,

(14)

(15

(16)

(17)

(1B)

(19)

(I7a)

(18a)

(19a)

Drop:

Ring:

2-3cosO+cos30
D-

"- 6Ńni0 '

F,: l 
[3(1+cos0)'-"or0l,' 2sin0|4(2+cos0) l

, _2(I-cos0)l 3 - ----;- L- 'Sln- d

IF,:-.(1-sinOcos0),' 4sin0'

l r 4sin36 lF"__| _-cosol,'}sin0|3(20-sin20) l
0D-

' 3 -s-in 0'

o) b) c)

Fig. 7. Model profiles for cross section of drop or ring; a) Circular, b) Displaced circular, c) Elliptical
§egment
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For profile Fig. 7b.

1Drop: Ft:^; ^.(łU'ęZ-3cosO+cos30)+:ł1l-cos0+3(l-cos0)"'

- 2Esin0)2(1-cos0)+6.112(1-cos8- 2E sin0)(0-.cosOsin0)), (17b)

_ r [Oa2sino0+3(1 -cosl-2{sin0)2sin0+l lH |1|+8H(t-cos6-2Hsin6)sin30 ) l ..^.rz: L_cos,l; -cos0|, (lSb)

L L (l-cos 0)+6rttl-cos 0+2Hsin0)(6-cosOsinO)J )

F. :.--f 
^., 

(8H2( l - cos d.; + 4H ( l - cos 0 - 2H sin 0) 0 +- (t -cos 0)"

i(l-cos 0-2Hsin0)2);

EF,:: ;(u1O_ZsłnltcosOsin6+(1-cos0)2),' (1 -cos 0;' '

_ H r1  Hsin30+3(1-cosl+2Fsin7)sinz0 -l
t,:-| -. -co.l l.- t -cos0|_ 6 H(O-sinO+cosOsin 0)+1l-cos0;' ]

zŃ (a-'sin0)F.-l+ '" l -cos0

(19b)

Ring:

(I7:-,

(18c)

(19c)

The dęfinition of the profile category and the selection of the appropriate functions
permit calculations of the free energy of a fiquid componónt, whether drop or ring.

The experimental results given in Table I and Tablę II show i,ira-i ;iie 3cntact angles
0 have good agreement for both drop and ring ifttrese are considęred to have the plofile
Fig.7a, Fig. 7b and F.g. 7c'clearly ptovide less satisfactory modęls, Forthe case Fig,7a, Fig. 3

gives a compa";son of the calculated and measured values. The agreement is generally close
for the drops. For the ring, the agreement is good at low valuęs of d but worsęns pro-
gres:ively with increasing values of d. This occurs because the ring profile is not quite
symmetrical about its centre causing an increase in d on the insidę and a decrease in d
on the outside. The asymmetry arises from an inward component of surface tension.
Itis not possible to employ silhouette photography to dęterminę 0 on the inside of the
ring, but it is reasonable to suppose that its valu-e would be greater thąn that calculated
and present an erlol trend similar to that shown on Fig. 8 and defining a mean betwęen
inside and outside vaiues in general agreement with calculated values.

The part-elliptical profile (Fig. 7c) did not give a good representation for these experi-
ments but was used successfully by Dr. D. J. Ryley et al. [6, 7] for small sessile drops
axi-symmetric about a vertical axis.



Table 1

Comparison of the contact angle of the drops, Dr:8.0 mm

Contact angle

Type of the
'd.opa

Type of the
rings

Height
H

[mm]

2.746
2.,1,10

1,676
1 .301

0.983
0.809
a.5,76
o.376
o.ż31,

0.694
0.723
0,636
0,723
0.665
0.549
0.607
0.549

Height
H

Imm1

1.214
0.954
o.694
0.520
0.405
0.289
0.173

Weight
W

Img]

l14.0
81.0
63,0
50.0
39.0
32.0
27.0
ż1.0
17.o

21.0
22,o
22.5
22.5
18.0
13.0
15.0
13.0

Weight
W

lmg]

Profiles
a|b

Idegree]

Experimen-
tal value
Idegree]

84.,l
70,6
60.3
51 .1

41.6

35.0
30.2
23.8
19.6

101.5
86.6
77.8
,12.4

65.6
57.6
93,0

151 .6
121.9
1.25.5

137.6
148.9
153.1
170.2

47.3
50.3

l32.9
59.1

25.3
15.9
17,5
15.8

98.0
81.0
60.0
51.0
40.0
33.0
30.0
24.0
18.0

ż3.8
24.9
ż5.5
25.5
20.5
15.0
17.2
15.0

27.2
28.5
35.1
29.7
21.5
1 5.9
1,1.5

15.9

25.o
24.0
24.0
24.o
18.0
15.0
17.o
16.0

(a) Liquid placed for measutement putposes, i.e. no prior film breakdown.
(b) Following film bręakdown.

Comparison of the contact angle of the rings, Da:40.0 mm, Du:34.0 mm

Contact angle

Profile
lb
I

Idegree]

92.4
Io5.2
I21.8
64.5
50.1

38.6
żo.ż

Tab| e 2

Experimen-
tal value
Idegree]

355.0
309.0
241.o
153.0
116.0
83.0
64.0

83.5
76.9
65.3
46.0
36,0
26.6
20.6

t08.1
139.8

158.1
129.8
|24.1
1'34.6

175.,|

6,1.0

5,1 .0

49.o
41,.0

30.0
22.o
19.0

o.462
o,491
0.636
0.809
0.462
0.549

120.0
134.0
170.0
200.0
113.0
l34.0

31.z
4t.l
50.2
57.t
35.3
41.1,

4l,6
49.6
56.7

57.5
36.5
42.1

59.6

88,3
79.4
58.6
40.4
44.9

34.0
34.o
40.0
48.0
30.0
41.0

a) Liquid placed for measulement purposes, i.e. no prior film breakdown.
(b) Following film breakdown.
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7. Free energy loss at film breakdown

Fig. 9 gives experimentally the variation of the free energy of both the fllm and the liquid
components'and new gas/solid interface with He. It is very clear that the freę energy of
film is more than that of the aggregation of both the liquid components and new gas/solid
interface at the same He. Thę diffefence lErbetween them is also given in Fig. 9. It shows
that there exists a free energy loss during the film breakdown and that the fręe ęnergy
loss incręases with He. In fact, the breakdown process is spontaneous and therefore ir-
reversible and accompanied by entropy production. Expenditure of energy is necessary
to modify the sizes and locations of the enclosed gas and liquid. This energy is degraded
into heąt by viscous action and the system temperature rises. trt should, in principle, be
possible to assess the extent of thę energy degradation.

Considering the system as a whole at film breakdown there can.be no loss of energy,
i.e. w'ohin the adiabatic boundarv

'a

us1 _ Err. (20)

However, the gas free energy quantities are ęithęr small or unchanged. Thęręfore, we can
have, from equations (3), (8a) and (20):

M n U r, * Erct : M p (J n ł Errz,

//,,/
,.' ,/" ,,/

l" ",/ //

Hence, letting
lE7:Epę1- Eup (żl
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Fig. 9. Free energy loss at film breakdown with fle
]-E-Erct- 4go6,f-E=(Errz\^t_ AcosforprofileFig,7a,3- E:(Eprr)-la-,łcorsforprofileFig.7b

which is defined a§ the free energy loss at film breakdown, then

lEo:7,4rr(J n- Mn(JĄ ,

Actually, the mass of liquid is unchanged within the system, i.e.

Ml:Mrr:114,
then ' 

/E5: M {L/ p_ U t,) ,

Equation (2żu) can also be written:

030i

t22,}

(22a}

(22b>AEu:114r, Cl, lT,
rvhere C, is the specific hęat of liquid and lT is thę temperature increase incurred by film
breakdown. lT actually is so small that it is not possible for it to be measured in the usual
waY, Furthermole, in the engineefing context, film bręakdown does not take place with
an adiabatic §y§tem, but in the "open". This is also the case for laboratory experiments
and measurement§ must bs made in that situation.
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Considering equations (6) and (13):

, l._ ^f2HeF2(F j-cos0)l} )^' Acor,o<0+He)-2l -'=" l -cos0l. Q3).LF-(LF,])

Substituting He undęr which the fiIm breaks down, free energy loss l-Eo can then b,e cal
culated, for difference contact ang|gs d, according to equation (23),

Let

- /E,
' Er., - Acoł,s

(24)

which is definęd as the free onęrgy losś coęfficient at the film breakdown and also is ńown
i n Fig. 8,

0

012

0,1

0,0B
\\,

0

00

002

I

Fig, 10.

It is clear that from equation (24}

Free cnergy 1oss coeffcient a t §i* Łiełrci,ł.:, ..il;ł
_Block .4, ?- 3logk !!

0 3 ,0.Ą
-eXlU

E pę, - E p72 * ć {E rrt - Ac o.',,),

05

Ęe,

(25},

Substituting equations 16) and (13) into equation (2$ one obtains, after some manipu-
lation:

(1 - ć)2 H e2+ z 
[r 

r - ć) ( l - ( - cc,s u -aUI:-: 0 llH 
e + (I_ ć _ cos 0)2 : 0 (26)

whichcan bę considered as an amended criterion of minimum free energy governing liquid



32 Xu Tingxiang

i,0

30

l

i
!

i

ln

1

2

3

4

.e

N
C)

l<

20

\\
Ń \'\
\, ,\ \\\.\ \ r\r

\ 
,\\

\\ \

,\ś

0,25

0lr 0.?--7Y

)
He: AeAn,'rFi

1l

l ^72
He:::\Ol2 1l _ł a -lr*ri)

2r

30"\

Fig. 11. Relation between He, Ę and, (Aa,r)^,o

1 - E e for d,gop, 2 _ Ile for ring, 3 - (i ap)^i^, 4 _ (A o, il^r,

film breąkdown. For the profile Figure .7a, He can be obtained directly from equation
(26) when 0 and Ę are specified. Relations between He and (Aąlz),^^ with ś and, 0, fot
Profile Fig.7a, are shown in Fig. 11. Fdr a given ring and drop geometry it is seen from
equation (26) and Fig. 1l that the loss coefficient { is related to the geometry of the liquid
compon€nts defined by the respective values of 0 and He. Undęr the same condition of
the contact angle 0, He obtainęd from thę original minimum free energy criterion (ć:0)
is larger than that obtained from the amended minimum free energy criterion (ć+OS.
-It męans that practical critical film thicknesses are thinner than thosę calculatęd from the
original minimum free energy critęrion at the same con-tact anglea.

For the profile Fig. 7b, equation (26) remains valid, but reference to equations (17b),
(18b) and (l9b) for the drop and (17c), (18c) and (19c) for the ring shows that each equation
now contains H:glp thus introducing a further unknown and requiring an additional
equation as fo)lows:

27)

(28)

for thę drop, and
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for the ring, where

, POAc
Otc

which is directlY ProFoltional to the cube of the ratio: diameter of unbroken film/its thick_
ness (D./fI.).

__ Combining equations (l2), Q6), and Q7) or (28), the relations of He, Ę, (Agz)a^ andH can be solved for a given l..

, 8. Conclusions

This work leads to the following conclusions, For a horizontal surface:
1. It is Possible to verifY exPerimentally the validity of the free energy criterion for the

breakdown of a liquid fllm for selected cases where the residual liquid components ęach
hayę a simple geornetry. The chosen test surface constraints were a circular afea su,roun_
ded at some distance bY a narrow annular'area, both rend,ering wetting possible. The wider
intervening annular area was rnade non-wetting.

2. The liquid film wetting an annulus has a cross section which can be modelled tly a
circular Segmęnt (Fig- 7a) for small contact angle and a small width. For a larger wijth,
the section is a narrow plane between ends which are circular, Fig. 7b. The model (Fig. 7a)
is generally used throughout this work.

3, TheconditionsinconclusionQ)apply alsotothesessiledrop. For alargecontact
angle and small size, the segment of an ellipse (Fig. 7c) gives.a closer model.

4. There is a minimum stable film thickness at which the film has minimum free energy
and breaks down.

5, During the act of breakdown there is a free enelgy ]oss in the form heat arising from
the sPontaneous and therefore irreversible nature of the change. The curves of loss-coefffl_
cient, {, shown in Fig. 9, suggest that the losses increase both with thę increasę in norr_
-wetting area to be crossed by the migrating liquid and also with the increasę in He. Thę
former suggests enhanced fluid friction losses in transit, The ręason for the latter is not
clear- EsPeciallY interesting is the linear variation of-( with He for both casęs,4 and, B.

6. Equation (26) describing free ęngrgy loss during film breakdown can be regarded
as an amended equation governing tiquid film breakdown.

7. Under the condition of the samę contact angle 0, He obtained from the original
minimum free energy criterion (ć:O; is larger than the practical value which can'be-ob_
tained from the amęnded equation of liquid film breakdown.
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Doświadczalna ilustracja słuszności kryterium energii swobodnej w odniesieniu do Przerwania
filmu cieczowego

s tres zczeni e

płaska powierzchnia poziomo lezącego bloku szkła została poddana obróbce, w wYniku której

niektóre obszary można było zwilżyć wodą a inne były niezwilżalne. Utworzono kolistY obszar (zwil-

żalny, ,,kropla") otoczony pierścieniem (niezwilżalnym),który z kolei znajdował się wewnątrz drugiego

lvąskiego pierścienia (zwilżalny,,,pierścień"). Wszystkie okręgi ograniczające te obszarY bYłY wsPÓł-

środkowe.
Cały obszar objęty zewnętrznym okręgiem pokJyto warstewką cieczy. Grubość warstewki zmniej_

szano, doprowadzaląc do jej perforacji i pokrycia przez wodę obszarów zwilżalnych. Mierzono wyso_

kość i masę cieczy zatównopoczątkowej warstewki jakteż kropli i pierścienia. Pozwoliło to na obli-

czenie wyjściowej energii swobodnej oraz łącznej końcowej energii swobodnej.

W opisanych warunkach zańodzi strata energii. Można ją odnieŚĆ do masY filmu cieczowego,

Geometrię powstałych powierzchni można obliczać dzięki odpowiedniemu zamodelowaniu Profili
pierścieniaikroplikrzywymiumożiiwiającymianalizę'Najlepszedopasowaniezapewniałfragment
okręgu.

Na skutek początkowej straty energii swobodnej końcowa energia swobodna jest mr-riejsza od wyjŚ-

ciowej eneigii swobodnej, a grubość filmu na końcu przemiany jest większa od jej wartoŚci odPowiada-

jącej końcowej energii swobodnej. Uwzględniając stratę energii swobodnej przedstawiono skorygowane

równanie opisujące przerwanie filmu cieczowego.

3rccnepnuerrTaJlbHaf il.|ulroc:rpaqn9 npaBuJlbuocTl{ KpaTepl{f cBo6oAnofr 3nePrnn Ilo oTIIo-

" iuelrnro K pa3pblBy xrłAnocTnofi Ir"tleHKIl

-/Pe:roue

flirocrax noBepxnocTr ropIł3oETaJILHo pac[onoxenl{oro cTeKJulIIoro 6rroxa noAsePranacs o6Pa*

6orxe, n pe3yIbTare KoTopoń HeXoTopLIe 3oltbl Moxl{o 6rrło cMaBrsaTb, a ,4pyrlre ocTaBaflu.cb EecMa-

tI!BaeN161MIl. O§paroraxa KpyroBa, :orła (crnrawraaeMar, ,,KaIIJIr"), orpyxer*tuul KoJIbIIoM (xeclłaurł-
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aaevrru), KoToPoe oqePeAHo llaxoAnnocb BHYrPff BToPoro Y3KoIo KoJIbIIa (cuałmaerrroro, ,,xoIrqo'')Bce orpyz<rrocrrł orpal*'u.Balofirye 3TI{ 3oHbI, frBII*JIIĄc.o Xo'ĄefiTprqec*'o.{.
Bcx sora oxBaqefiEafi rrrerrrrreft oKpyxĘocTslo 6lrła norpr,rra EneHKoź xIłAKocTE. Torrrquuy nnex_

XU IIOCTeIIe}iHO YMeIGItraJIOCb, IIPłBOA' r ee neP$Opagrrł n K 11o1ęp6lTtrIo no4oft cuałuraeurx goh. łlg_
Mep-f,nacb BEIcoTa }1 Macca xIłAKocTIł, TaK EaIIajIBĘoŻ rrreurn Kax KaIIeJIB Ił Kon6IIa. 3ro no:po,rEno
BLlltEcJTt,ITb BblxoAHyto cnooołnyro )Heprjłrc u{ cyMMapHylo KoHueByro cso6o4Hyro fHeprfirc.

B orntcarłrr,rx YcnoBIlrX fiMeloTcq IIoTepI{ 3neprrłn. I4x lroxrło oTI{ecTI{ K Macce xIłAKocTĘofi ,,,,e.,_xrł' IeorrłerPrłIo Bo3lllł(ryfix nonePxrrocreż Moxno oIIpeAeJILlTb Ha ocHoBe cooTBeTcTBeHEoro Mo.łeJII(_
poBaH}IR ńpoStłeń Ko,tbua lf Karuilł KpllBbIl\&I no]Bołf toilłl,fM}f npou]BoAuTb aHafiI{3. Hał,ryn-ee opnc-uoco6łerqe o6ecuequeaI (|parueur oxpyxiaocTll.

BcneAcrsrłe.EaI7rw:rrfl uaqanlxoź IIoTepIł cro6oguofi )Heprrł],t KoHI]eBa, ceo6oAĘax 3geprrłfi oxa3rl_
BaeTc' MeIII}ItreŹ or rr,lxo4rłoż ceo6ogxoń 3§epDIlIl, a ToJIIIIIłI{a nJlerłftI4 y Koltqa [peBpalqeg1{ .fiBJUIeTca6o:rsńefior ee :*auerrrłx, oTBer{arciliero r'órrqenoź .cao6oA$ofi orteprrł. Vqrrsrsax IIoTepIo cso6oAEoft
9HeprłI{ EpeĄcTaBJIeHo npoKoppeKTItpoBaHHoe ypaBĘcĘle oIMcLIBaIotrIee pa3pblB xfiAKocTHofi IIJIeEKR.

F


