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XU TINGXIANG

Xi’an — Liverpool*

- An Experiment Aimed at Demonstrating the Validity of the Free Energy
: Criterion Governing 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 film
breakdown has been presented.

4

Nomenclature
A — area, LG interface area, Dimensionless quantities
C' — specific heat, 2 ;
D — specific dimension of drop or ring, H — height,
E Ae — area,

— energy,
F;, F,, F5 — functions,
G — centre of gravity,

He — energy ratio.

s Subscripts
g — gravitational constant,
- H — height or thickness, a — air, vapour or gas,
i — order of designation of liquid [ — liquid,
fragment, 1 — initial, before film breakdown,
M — mass, 2 — final, after film breakdown,
n — number of liquid fragments, D — drop,
Q — free energy loss, R — ring,
R — radius of circle, Ee fice
U — specific bound energy, P — liquid component parts after break-
V — liquid volume, down,
p — liquid density, T — total,
0 — contact angle, C — liquid film,
o — surface tension, Q — interface, liquid fragment/solid sur-
¢ — loss coefficient, face,
A-— change in .., S — system,

* 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 BUROMECH 162 organized by the Insti-
tute of Fluid-Flow Machinery, Polish Academy of Sciences and the Technical University Karlsruhe
in 1982.
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18 Xu Tingxiang

g — to centre of gravity, - cal — calculation,
M — refers to inner diameter of Ring, mea — measurement,
E — refers to outer diameter of Ring, LG — liquid—gas,

V — interface, gas/solid surface, SG — solid —gas,
min — minimum, LS — liquid—solid.

1. Introduction

Liquid film breakdown has been studied by a number of people [1-6]. Several criteria
of liquid film breakdown have been established. The criterion of minimum free energy
is one well-known example. According to this criterion a liquid film which has a minimum
stable thickness will perforate because if it remained as a film its free energy would exceed
the value of the aggregate free energy contained in both the fragments and new gas/solid
interface.

Rupture of the film is spontaneous. It is irreversible, it incurs an entropy increase and
involves the dissipation of energy as heat.

In our experiments the phenomena of free energy loss were observed and revealed.
Experiments were done on some glass surfaces on which the films were formed and their
breakdown took place. Some readings, which are necessary for determining the free energy
of both the films just at breakdown and the liquid components after breakdown, were
taken for comparison of these free energies®).

2. Preparation of the test surfaces

Figure 1a shows some test surfaces of glass which were treated by using the special
technique of grinding. The following capillary conditions must be met concurrently by
the test surface at the instant of film breakdown:

(a) All liquid film must migrate to the wettable surfaces.

(b) The wettable surfaces must be completely covered by liquid.

(c) The geometry of the liquid components must permit the calculation of liquid/gas
surface area and of the location of the centre of gravity of the masses.

We spent many weeks attempting to fulfil these deceptively simple conditions. Block ma-
terials tried were glass, steel and PTFE. Glass was the final choice. The working surface was
ground with silicon carbide powder of average grain size 9 pm and size 3-19 pm, to ob-
tain a fine matt surface. The surface was then masked with adhesive paper exposing only
the surfaces which were to be non-wetting. These surfaces were treated with PTFE spray.
The masking paper was finally removed after the non-wettable surfaces had been gently
polished with paper tissue. =

About 30 combinations of block material, geometric shapes and dispositions and sur-
face treatment, were tried with limited success. Typical problems were ruptures in migra-

*) The experimental tesults presented in this paper have been used in the paper entitled Free
v Loss during the Breaxd.:: . ”Liquid Film by D. J. Ryley and Xu Tingxiang for the ,,International
ournal of Heat and Mass Transfer”.
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b) Wetting surfaces
: Non wetting surfaces
: Dimension of blocks,

M= Aas
Dy 95 {80
| Dy |30 {34
'Dc |40 [40

Fig. 1. Test surface; a) Photograph b) Size (thickness=9.2 mm)

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

Two successful test blocks 4 and B (Fig. 1) were studied. Their respective dimensions
are given in Fig. 1b. There may be other geometries and methods of preparation which
are also adequate. :

3. Experimental method

The experimental apparatus is shown in Fig. 2.

The test block with the surface fully prepared as described above, rests upon an adjus-
table surface carefully levelled to the horizontal. A liquid film is formed using a water
syringe to cover the entire area within the diameter Dy (Fig. 1b). The film is then made
progressively thinner by the slow withdrawal of liquid and its diminishing thickness is
closely monitored by the micrometer microscope, magnification 35, in order to obtain
the thickness at breakdown. Immediately after breakdown the respective maximum heights
of the drop and of the ring are measured. Liquid weights are forthwith determined with a
high precision balance by weighing the wet block, then removing 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 measurements,
observations were made of the time rates of evaporation. Evaporation during measure-
ments was found to be negligible.

To determine the contact angles of the liquid on the glass surfaces, the photography
in the plane of the prepared surface were used. The camera and lighting were arranged
to show the required angle in silhouette enabling the direct measurement of the angle
between the base and the tangent to the triple point. To photograph drop contact angles it
was necessary first to remove the ring.

After all readings were taken, the free energy of both film and components of liquid
can be calculated mathematically.

2%
-
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e e s L s

Fig. 2. Experimental apparatus

4. Free energy of the liquid film

Consider a liquid film of uniform thickness H (Fig. 3a) resting on a horizontal surface
within a closed adiabatic boundary of arbitrary shape but drawn for convenience as a
cylinder with a vertical axis. The film rests upon the lower surface. The space above the
film is filled with gas (air) which does not interact with the liquid. The film is taken to be
on the point of breakdown and the total energy within the system is: :

Eg,=(bound energy +free energy) in gas
+(bound energy +{ree energy) in liquid
= [Mal Ual +(Ma1 gHgal = Aal aSG)]

= +[My; U11+(MI}QH911+ACULG+ACO'LS)}- €5}

EFC\:1W119H911+ACULG+ACULS= (2)
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where Epc, is the free energy of the film; then equation (1) can be written
Eg =[M, Uy +(Myy gH oy + Ay 056) 1+ Myy Upy + Egey - . (3

The original liquid mass is

My =AcHcp

and if the height of its centre of gravity is

Hc
o
equation (2) can be written as
' ogH¢
Erci=Acoig| 1+ |+ Ac0Ls. 4)
201 g '
Defining
H.Z
He:ﬂ_f - (5)
: 2016

where He is the ratio of the potential energy of the liquid film to its surface energy in the
liquid/gas interface, equation (4) becomes

Epci=Acos(1+He)+Acoys (6)

in which the term A0, is constant for a given temperature, which fixes the magnitude

al Adiabatic boundary
= Vel i s
Maj
> Agl—
E’*'*HHGCH Ac
=) € i
= =
T X
: gl
e e
~Hgi1=Hc 2
b)
Ao iz /. A
M 4
a2
/\02\_&}/
v
e e {
Ig\/i/’;?'\ﬁ;“\ // < tI:
b
Fig. 3. Adiabatic chamber defining e 7 — ;%,_ ;\K /—\/'/
thermodynamic system; a) Liquid film }lqll ‘ My
intact just before fracture, b) Sessile i |
liquid components following fracture L‘,,,,ACL“_,.{
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Fig. 4. Variation of free energy, thickness and volume of liquid film with He

Ac=1256.6 mm? (4e=168.9)

of g1, but cannot be calculated because the magnitude of oy is unknown. A plot of

equation (6) is shown in Fig. 4:
Also from equation (5)

2H, %
o < eo"LG)
pg

2H %
VC = Ac ( eO-LG) o
pg

Equation (5a) and (7) are also given in Fig. 4 diagrammatically.

and then

S. Free energy in the system after film breakdown

(52)

(7

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

n

(or “components”) and the new gas/solid interface (Ac—), Agiy) will be created on the
1

test surface giving a situation shown conventionally in Fig. 3b. The shape and number of
the components depend upon many factors such as the texture 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 the
aggregate of the individual values of bound and free energy and is given by

Egy=[M,, Uy +(My, gH yp + A, 056)]

+[M, Uy +( 3, M, gH,;+ Y Aviore)
1 1

+ Y Agors+(Ac—Agi) 05]- (8)
1 =

The free energy of the components is given by

Epp= ), M, gH ,;+ Y Apporgt ) Apii01s )
i 1 1

and the total free energy within the system is then given by

Epr;=Epp+(Ac— Z Apii) 0sa - (10)
1

Hence equation (8) can also be given by
Es;=[My; Upp+(Myy gHgar + App 056)1+ M2 Uy + Eprs : (8a

The formal approach followed thus far requires the recognition in both equations (1)
and (8) of all the energy quantities associated with both the gas and the liquid both before
and after breakdown. The original gas-wetted area on the walls and ceiling of the system
remains unchanged. But additional gas/solid interface is created after film breakdown.
To simplify understanding we assume that after breakdown a single liquid component
remains resting on a reduced base. In this case, equation (9) will reduce to

Eep=M, gH ;5 + Ay 016+ Ag1a 015 (9a)
and equation (10) now reduces to
Epry=Epp+(Ac—Agiz) 056 - (10a
Considering Young’s equation
Ogg—01s=01gC0s0 (11)
and equation (9a), equation (10a) will be
Epry =M, gH g5+ Aypp 016+ (Ac—Ag12) 016080+ Ac 0. (10b)

For the experiments to be described above, it is necessary that the liquid components
should have geometric or mathematical shapes permitting calculation of M,,, H,;, and
Ay;;. The most convenient bases were a circle which supported an axi-symmetric
sessile drop (‘““drop”) and an annulus which support a toroid of symmetrical*) profile

*) See also section 6.
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(‘ring”). The first and second terms in the right han d of equation (10b) can now be given
‘in the form of

b
M, gngz=P£ch S
FiAon

n which Ag,=A4y5/4c, and

Ayiz O-LGZZQIZFS Org Ac-
Here Fy, F, and F; are generally functions of 6 and the dimensionless height H — D
of the drop or ring. The dimension D is interpreted as the diameter for the drop and the

radical width for the annulus. F;, F, and F; will be discussed in section 6. Therefore
equation (10b) can be written as :

2HeF,

EFTZ =AC0-LG[j§ +1:1_le F3 +(1_ZQ12)COS 0] +ACULS' (100)

o125 1
If the liquid component has attained its steady state after breakdown its free energy

should be at its minimum value. Hence Ay, corresponding to minimum free energy can

be obtained by differentiating equation (10c) with respect to Ag,, equating to zero and

Fig. 5. Variation of free energy and area ratio for drop and ring when the profile is modelled as the
segment of a circle

I —E=(Erro)asn— Acors, 2—E=(Erra)min—Acous, 3—(Aoip)mins 4—(Aoir)min, 5—Free energy of film E=Erci— Actis
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solving, thus obtaining

(12)

= JH 1
(AQZZ)min = .

F(F;—cos0)
Substituting equation (12) into (10c) one obtains the following relation for the minimum
free energy of a stable drop or ring

2HeF,(F;—cosd) |
(Ert2)min=Ac01g <2 |}~~——?—-~ J +cos 0) +Acorg. (13)
In Fig. 5 the free energy expressed as (Epps)min— Acors calculated from equation (13)
is presented together with the corresponding (EQ,Z)min for both the drop and the ring when
their profiles were assumed to be taken as Fig. 7a. The free energy of the original film
Epc, obtained from equation (4) is also showii.

020

005

—
0 0 20 30 L0 50 60 70 80 90
Contact angle 6

Fig. 6. Variation of He and (Aoi2)min With 0 when:profile is the segment of a circle
1—Drop, 2—Ring

Previous investigators have assumed that the free energy of the film is conserved du-
ring breakdown and is 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 free energy
curve for the film by that for a drop or a ring gives the dimensionless number
He and (Zle)min corresponding to each contact angle 0 at the condition of breakdown.
Fig. 6 shows the variation of He and (ZQIZ)min with 0 for free energy conservation during
film breakdown.
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6. Determination of the contact angles

After determining the mathematical form of the profiles the contact angle 6 can then
be obtained for the drop or the ring by solving

V=Ay,DF,, (14)
the height of the centre of gravity from
H,=DF, (15
.and the liquid/gas interfacial area ffom |
Ayp=Ag;, F5. (16)
In equations (14) —(16), three functions Fy, F, and F; are as follows. For profile Fig. 7a,

_ 2—3cos 0+cos> 6

Drop: . e 17
1 [3(1+cos8) ,
o ( )—c059 ) (18)
2sin0| 4(2+cosf) ~
2(1—cosB)
el o vaen 19
? sin® 0 ()
Ring: 1= e 0(1 —sinfcosh), (17a)
1 4sin’ 0 ‘
Fy=— L RR N (18a)
2sinf| 3(20—sin26)
0
Fo=— . (19a)
sin 6

Fig. 7. Model profiles for cross section of drop or ring; a) Circular, b) Displaced circular, c) Elliptica.1
segment
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For profile Fig. 7b.

Diop:  F = )3( i (2—3cos 0 +cos’ 0)+3H(1 —cos 0+

3 (1 _cos 0
—2H 5in6)* (1 —cos ) +6H? (1 —cosf —2H sin 6) (0 —cos 0sin0)), (17b)

6H?sin* 0+3 (1 —cos@—2H sin ) sin 6+
H 1[+8H(1—cose—2ﬁsin0)sm3e ]
“1—cos0)2 [4H%*(2—3cos0+cos>0)+3(1—cos0—2Hsin 0)° -
[-(1—cos€)+6f—l(1—cos9+2ﬁsin0)(0—cos€sin9)]

—cosfp, (18b)

L

F, g fasreess (8H*(1—cos 0)+4H (1—cos0—2H sin 0) 0+
+(1—cos 0—2f sin 0)?) ; ’ (19b)
Ring:

F i (H (0—2sin 6+ cos0sin 0+(1 0)* (=
S —2sin : —cos0)?), : z
=T e0s )" si cos 0sin 0+ ) 5
F,= H il 4Hsm 0+3(1—cosf+2H sin 0)sin® 0 ;:o:uj, (180)

1—cos6| 6 H(G—sxn6+c050s1n0)+(1 cos)? »
F3=1+2_H_(0_—S_lri}). : (19¢)

1—cosé@ ;

The definition of the profile category and the selection of the appropriate functions
permit calculations of the free energy of a liquid component, whether drop or ring.

The experimental results given in Table I and Table IT show inat the contact angles
0 have good agreement for both drop and ring if these are considered to have the profile
Fig. 7a. Fig. 7b and F.g. Toclearly provide less satisfactory models. Forthe case Fig. 7a, Fig. 8
gives a comparison of the calculated and measured values. The agreement is generally close
for the drops. For the ring, the agreement is good at low values of 6 but worsens pro-
.grescively with increasing values of 6. This occurs because the ring profile is not quite
symmetrical about its centre causing an increase in 6 on the inside and a decrease in 6
on the outside. The asymmetry arises from an inward component of surface tension.
It is not possible to employ silhouette photography to determine 6 on the inside of the
ring, but it is reasonable to suppose that its value would be greater than that calculated
and present an error trend similar to that shown on Fig. 8 and defining a mean between
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.



Comparison of the contact angle of the drops, D;=8.0 mm

Table 1

= \ = Contact angle
eight Weight -
T):pe of the H i\ W Profiles : ‘ Experimen-
drops Homl | [mg] a b | c ‘ tal value
| [degree] [degree]
2.746 114.0 84.7 101.5 151.6 98.0
2.110 81.0 70.6 86.6 . 121.9 81.0
1.676 63.0 60.3 778 1255 60.0
(2) 1.301 50.0 511 72.4 137.6 51.0
0.983 39.0 41.6 65.6 148.9 40.0
0.809 32.0 35.0 { 57.6 153.1 33.0
0.576 27.0 30.2 93.0 170.2 30.0
: 0.376 21.0 23.8 - = 24.0
| 0.231 170 19.6 — — 18.0
| 0.694 21.0 23.8 292 47.3 25.0
= 22.0 24.9 28.5 50.3 24.0
l 0.636 22.5 25.5 35.1 132.9 24.0
0.723 22.5 255 29.7 59.1 24.0
(b) | 0.665 18.0 20.6 2155 25.3 18.0
[ 0.549 13.0 15.0 1519 15.9 15.0
‘ 0.607 15.0 17.2 17.5 17.5 17.0
| 0.549 13.0 15.0 15:9 5.8 16.0
(2) Liquid placed for measur.ement purposes, i.e. no prior film breakdown.
(b) Following film breakdown.
Table 2
Comparison of the contact angle of the rings, D=40.0 mm, D, =34.0 mm
: - Contact angle
Height Weight .
Type of the H w : Profile ‘ Experimen-
rings a b iz tal value
b} [me] [degree] ' ~ [degree]
] 1.214 355.0 84.5 92.4 108.1 | 67.0
| 0954 309.0 76.9 105.2 139.8 57.0
0.694 241.0 65.3 121.8 158.1 49.0
(a) 0.520 153.0 46.0 64.5 129.8 41.0
0.405 116.0 36.0 50.1 124.1 30.0
0.289 83.0 26.6 38.6 134.6 22.0
| 0.173 64.0 20.6 20.2 1757 19.0
‘ 0.462 120.0 372 41.6 59.6 34.0
% 0.491 134.0 41.1 49.6 88.3 34.0
0.636 170.0 50.2 56.7 79.4 40.0
(b) | 0.809 200.0 571 5T7.5 58.6 48.0
| 042 113.0 35.3 36.5 40.4 00 |
| 0.549 134.0 41.1 42.1 44.9 | 41.0 i

a) Liquid placed for measurement purposes, i.e. no prior film breakdown.
(b) Following film breakdown.
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Fig. 8. Comparison of th e contact angles obtained from measurements and from calculation when th
profile is modelled by a circular segment. )
I—Drop, 2—Ring

7. Free energy loss at film breakdown

Fig. 9 gives experimentally the variation of the free energy of both the film and the liquid
components and new gas/solid interface with He. It is very clear that the free energy of
film is more than that of the aggregation of both the liquid components and new gas/solid
interface at the same He. The difference 4E, between them is also given in Fig. 9. It shows
that there exists a free energy loss during the film breakdown and that the free energy
loss increases 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 heat by viscous action and the system temperature rises. It should, in principle, be
possible to assess the extent of the energy degradation.

Considering the system as a whole at film breakdown there can b“ no loss of energy, ;
i.e. w*hin the adiabatic boundary

Eg =Eg,. (20)

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

My Uy +Epc; =M Up+Eprs
Hence, letting
AEF:EFCI —EFTZ (21
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Fig. 9. Free energy loss at film breakdown with He
I1—E=Epc1 —Acars, 2— E=(Err3)min— Acayrs for profile Fig. 7a, 3— E=(Epr2)min — Acows for profile Fig. 7b

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

AEF"—“Mlz Uzz"Mu Uj . (22)

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

My, =M, =M,
then
AEp=M(U,—-U,). (22a)

Equation (22a) can also be written:
A4Ep=M,; C;- AT, (22b)

where C, is the specific heat of liquid and AT is the temperature increase incurred by film
breakdown. AT actually is so small that it is not possible for it to be measured in the usual
way. Furthermore, in the engineeting context, film breakdown does not take place with
an adiabatic system, but in the “open”. This is also the case for laboratory experiments
and measurements must be made in that situation,
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Considefing equations (6) and- (13):

: 2HeF,(F;—cosf)]*
AEF=ACO'L(3{(1+H6)—2[ . 2(F3 ):' —cos@}- : (23)
1 =

Substituting He under which the film breaks down, free energy loss 4E; can then be cal

culated, for difference contact angles 0, according to equation (23).

Ect :
AE,

Epci—Acoys

¢ (24)

which is defined as the free er;érgy loss coefficient at the film breakdown and also is shown.
in Fig. 8.

Fig. 10. Free cnergy loss coeffcient a i fim Yicascpia aice He
- —Block £, 2= Slosk 2

It is clear that from equation (24}
Epci = Epry+E(Epcy— Ac 01s) (25

Substituting equations (6) and (13) into equation (25) one obtains, after some manipu-
lation: :
4F,(F3—cos0)

(1—cf)zHe2+2[(1——5)(1—5—0‘",59)————1:—— :,He—i-(l——é—cos@)zzo (26)»
1

which can be considered as an amended criterion of minimum free energy governing liquid.
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Fig. 11. Relation between He, ¢ and (Agi2)min
1— He for drop, 2— He for ring, 3 — (4 oip)min s 4— (Ao1r)min

film breakdown. For the profile Figure 7a, He can be obtained directly from equation
(26) when 0 and & are specified. Relations between He and (Zglz)min with & and 6, for
profile Fig. 7a, are shown in Fig. 11. For a given ring and drop geometry it is seen from
equation (26) and Fig. 11 that the loss coefficient ¢ is related to the geometry of the liquid
components defined by the respective values of 6 and He. Under the same condition of
the contact angle 0, He obtained from the original minimum free energy criterion (¢=0)
is larger than that obtained from the amended minimum free energy criterion (£#£0).
It means that practical critical film thicknesses are thinner than those calculated from the
original minimum free energy criterion at the same contact angle 0.

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

2
He= —dedy Fi 25
e

for the drop, and

Aegélz

He="""22(1 NTY A Y (28)
TT
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for the ring, where
_PgAc
0L

which is directly proportional to the cube of the ratio: diameter of unbroken film/its thick-
ness (Dq/Hy). ‘

_ Combining equations (12), (26), and (27) or (28), the relations of He, &, (ILTle)min and
H can be solved for a given A.

Ae

(29)

¢ 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 film for selected cases where the residual liquid components each
have a simple geometry. The chosen test surface constraints were a circular area surroun-
ded at some distance by a narrow annular area, both rendering wetting possible. The wider
intervening annular area was made non-wetting.

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

3. The conditions in conclusion (2) apply also to the sessile drop. For a large contact
angle and small size, the segment of an ellipse (Fig. 7¢) givesa 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 energy Joss in the form heat arising from
the spontaneous and therefore irreversible nature of the change. The curves of loss coeffi-
cient, &, shown in Fig. 9, suggest that the losses increase both with the increase in non-
-wetting area to be crossed by the migrating liquid and also with the increase in He. The
former suggests enhanced fluid friction losses in transit. The reason for the latter is not
clear. Especially interesting is the linear variation of & with He for both cases 4 and B.

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

7. Under the condition of the same contact angle ¢, He obtained from the original
minimum free energy criterion (¢=0) is larger than the practical value which can be ob-
tained from the amended equation of liquid film breakdown.
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Doéwiadczalna ilustracja slusznosei kryterium energii swobodnej w odniesieniu do przerwania
filmu cieczowego

Streszczenie

Plaska powierzchnia poziomo lezacego bloku szkla zostata poddana obrobce, w wyniku ktorej
niektore obszary mozna bylo zwilzy¢ woda a inne byly niezwilzalne. Utworzono kolisty obszar (zwil-
zalny, ,,kropla’®) otoczony pierScieniem (niezwilzalnym), ktory z kolei znajdowat sie wewnatrz drugiego
waskiego pierscienia (zwilzalny, ,,pierScien”). Wszystkie okregi ograniczajace te obszary byty wspol-
Srodkowe.

Caly obszar objety zewnetrznym okregiem pokryto warstewka cieczy. Grubo$¢ warstewki zmniej-
szano, doprowadzajac do jej perforacji i pokrycia przez wode obszaréw zwilzalnych. Mierzono wyso-
koé¢ i mase cieczy zaréwno poczatkowej warstewki jak tez kropli i pietscienia. Pozwolito to na obli-
czenie wyjsciowej energii swobodnej oraz lacznej konicowej energii swobodne;j.

W opisanych warunkach zachodzi strata energii. Mozna ja odnie$¢ do masy filmu cieczowego.
Geometriec powstalych powierzchni mozna oblicza¢ dzicki odpowiedniemu zamodelowaniu profili
pierScienia i kropli' krzywymi umozliwiajacymi analize. Najlepsze dopasowanie zapewnial fragment
okregu. E

Na skutek poczatkowej straty energii swobodnej koficowa energia swobodna jest mniejsza od wyjs-
ciowej energii swobodnej, a grubo$¢ filmu na konicu przemiany jest wieksza od jej wartosci odpowiada-
jacej koficowej energii swobodnej. Uwzgledniajac strate energii swobodnej przedstawiono skorygowane
réownanie opisujace przerwanie filmu cieczowego.

xcnepHMenTATbHAS H/LTIOCTPAIHS NPABHIBLHOCTH KpHTEpHst cBOOOIHON DHEPrHH IO OTHO-
* [HeH#I0 K Pa3phiBy JKHIKOCTHOM TICHKH

>
— Pe3ome

TInockas TOBEPXHOCTH TOPH3OHTATBHO DACIOJIOXKCHHOLO CTEKIISHOro OloKa IOoJBEpranach ob6pa-
6oTKE, B Pe3yIbTaTe KOTOPOM HEKOTODPHIE 30HBI MOXHO OBIIO CMAUMBATh, 4 IPYrie OCTAaBAJIUCH HECMA-
yppseMbivi. OGpa3oBaHA Kpyrosas 30Ha (cvaumBaemasi, ,,Kallia’), OKDYXCHHas KOJbIOM (HecMadm-
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Ba€MbIM), KOTOPOE OYEPENHO HAXOIMIOCH BHYTPH BTOPOTO Y3KOrO KOJbMa (CMaidBAEMOTO, ,,KOJIbIO"")
Bce OKpy:KHOCTH OTpaHHYMBAIOLIME STH 30HBI, SBIAIUCH KOHILICHT PHYECKUMH. ;

Best 30Ha oXBavyeHHAsi BHEHIHEH OKPYKHOCTBIO GbIa LOKPbITA TIECHKOH XKUAKOCTH. TonmuHy mies-
Ki TOCTENCHHO YMEHBIIAOCh, IIPUBOIS K € MepHOPALAE H K MOKDPHITHIO BOTON CMAYMBACMEIX 30H. U3-
MEPSIIaCh BbICOTA M Macca XUAKOCTH, TaK HAYANbHOM IUICHKH KAk KANElh I KONbIa. DTO IMO3BOIHIIO
BBIYUCIATEL BBIXOZIHYFO CBOGOMHYIO SHEPIHIO M CYMMADPHYO KOHUEBYIO CBOOOMHYIO SHEPTHIO.

B omucarnbIX yc/ioBrAX mMeroTes NOTepy sHepruy. VX MOKHO OTHECTH K MAacce XUIKOCTHOH IUIeH-
Kii. 'eOMeTpUIO BO3HUKIUMX TIOBEPXHOCTEH MOXKHO OUPEJENUTE HA OCHOBE COOTBETCTBEHHOIO MOJIENH-
DOBaHUs HPOMUICH KONbLA M KATUIM KPUBBIME HO3BOJISOMIAMIL NPOU3BOMNUTE aBa/m3. Haumyymee mpuc-
mocobenue obecneynmBan hparmMedt OKPYX HOCTH.

Benencreue mammans HavanbHOM TTOTEPH CBOGOMHOM SHEPTHM KOHLEBAsS CBOOOIHAS SHEPIrUs OKa3hl-
BACTCS MEHBINEN OT BHIXOAHOM CBOGOMHOM SHEPLHM, a TOJIIMHA MJIEHKA Y KOHIA HUPEBPAIICHHUS ABASETCK
DONBITEHOT €€ 3HAYEHMS, OTBEYAIONIETO KOHIEBOH ‘CBOGOIHON SHeprud. VYUTHIBAS HOTEPIO CBOGOIHOM
SHCPIMH HPE/ICTABNIEHO NPOKOPPEKTHPOBAHHOE YPABHCHIE OMMCHIBAIOLICE DPa3psIB KUIKOCTHOM IICHKH.

4



