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DATE 7th April, 1961.

ADHESION OF SPHERICAL PARTICLES TO PLANE SURFACES

by

N d,. Cross and H._tretch

SUMMARY

I * The adhesion of spherical particles to plane glass and quartz surfaces
has been investigated under various humidity conditions, and compared with
the results obtained using similar spheres made radioactive by the incorpora-
tion of traces of active europium isotopec.

2. Much stronger adhesion is found with active specimens than with
inactive ones when examined in water vapour atmospheres of up to 61 /o R.H.
The values obtained with active particles may be expressed in the empirical
form

Z = ko-sR

in which Z is the adhesion force of a sphere of' radius R, k a parameter
conc-ried with the dielectric constants of the surfaces in contact, and s
with the humidity effect, i.e. change in the conductance of the surfaces in
consequence of moisture deposition.

3. In atmospheres of near saturation humidity, the radioactive effect is
replaood by the even stronger adhesion produced by surface tension forces.

4. A more exact theoretical treataent is offered of the adhesion of an
inactive spherical particle to a plane surface than has boon previously
available.

(Sgd.) H.L. Green,
Supt., Physics Research Division.

(Sgd.) A.S.G. Hill ,

NLQ/HSAT 1Deputy Director.S . L - " : '•! .
MOD~~~~ A L~j:v~n;



RESTRICTED
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ADHESION OF SPHERICAL PARTICLES TO PLANE SURFACES

by

N.L. Cross and H. Stretch

INTRODUCTION

A knowledge of the basic mechanism underlying the retention of fall-
out particles on surfaces is helpful in developing effective deoontamina-
tion techniques, In particular it is importanL to find out whether
radioactive and inactive particles behave similrn.Iy in their. adhesion to.
surfaces under various conditions of humidity, so that a correct
interpretation may be placed on results of field trials obtain d with
inactive simulants.

Information of this kind is not to be found in published literature,
so a study as described in the title was undertaken. In it, glass, quartz,
and platinum inactive sphuros and plane surfaces, and radioactive glass
spheres, wore examined in both water and alcohol vapour/air atmospheres.
A direct weighing procedure based on the use of a modified quartz fibre
torsion balance was used, making it possible to measure the adhesion force
with considerable accuracy, first balancing out the particle mass; a
feature not previously described in adhoeion measurement techniques.

APPARATUS

The apparatus consisted essentially of a torsion balance and a
humidity chamber. The chamber was positioned below the balance so that
particles under examination could be suspended from a balance stirrup into
the working area of the chamber.

Torsion Balance

A torsion balance was constructed, based on a design by El-Badry and
Wilson (i), from quartz fibres. Each part of the balance, e.g. beam,
quartz bow, torsion fibre, etc., was made by supporting selected fibres,
suitably placed in position on glass microscope slides and glueing them
at overlapping points with Durofix diluted 1:4 with amyl acetate. When
the joints were dry, all superfluous fibre was removed with a sharp knife.

U. MI TED A1
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Finally, the boam was cemented centrally across the torsion fibre - quartz
bow, and fine fibres, to which weight stirrups wore fastened, suspended from
each end. The completed unit was mounted in a Perspox case; one end of the
torsion fibre was retained in a slow motion dial on the front of the case,
the other in a terminal at the back. This terminal was capable of rotation,
in order to set the zero reading on the dial, and of reciprocation, so
that tension in the fibre could be adjusted. By fitting the dial with a
vernier, 1/2000th of a complete revolution could be measured. Weights
could be placed on the stirrups, or the different particles under test
suspended in the humidity chamber, by lifting up the sides of the bala~ice
case.

The dimensions of the fibres used in constructing the beam and torsion
fibre assembly are shown in Fig. 1 , and Fig. 12 is a photograph of the
balance.

Certain modifications were made to the design of El-Badry and Wilson,
as follows:

I. An optical method for the determination of point of balance
was not used. Instead, an index fibre, projecting from the end
of the beam, was allowed to move between two scales, the front
one of Perspex, the rear engraved on braes, and the balance
point determined by a parallax procedure.

2. When the adhesive force was greater than the opposing
force which could be supplied by the torsion fibre alone, the
latter was implemented by adding weights in the form of stain-
less steel riders.

3. To avoid separating the adhering surfaces by impact, on
adding the riders, adjustable staiinlss steel knife edges wore
arranged to arrest the beam.

A calibration curve, obtained by plotting dial readings against
known weights (the riders) is shown in Vig. 2.

Humidity Chiiber

Essentially this consisted of two Porspox boxes, one inside the other,
mounted on a common base. A few holes wore drilled in the inner box to
permit the free circulation of air.

A square Porspex chimney was positioned centrally through both boxes,
terminating at the base of the balance. The fibre supporting the test
particle was hooked to a weight stirrup, then passed through the balance case
base, as described under 'Technique of Measuramont', into the chimney,
terminating directly above a platform on which the test plane surface was
placed. This platform was capable of being raised or lowered by moans of a
screw passing through the base of the humidity chamber. In addition since
it was frequently necessary to clean the test surfaces, the complete
platform unit could rapidly be removed from the chamber.

RESTRICTFD
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In the first experiments, stray electrostatic effects were dissipated

by placing radIoactive materials in olose proximity to the test suwfaces,
and also by lining the inner box with copper foil, suitably earthed through
a low resistance path. Later, active materials were found unnecessary and
omitted. Finally observation ports through the lining were providod.

A photograph of the chamber qna a diagram illustrating the details
of the chimney and platform assembly are appended as Fig. 13 and Fig. 3
rospeatively. Pig. 14 shows the complete assembly.

Humidit

Known humidities were obtained inside the chamber by intdroducing
concentrated salt solutions of ktnown saturation vapour pressure (for
detail; see ref. 2). The api-ropriate solutions wore containod in 30 ml
beokers sitvtod in the courners of the chamber away from the humidity
measuring element, and in order to hasten tho attainment of' oquilibriim,
rolls of filter ,apor aboul 6 in. long were p'.aced in the beakers snd v.
small fai used to sti'r the humid air.

The o'regory' electrolytic hygrometer was finally selected to be
the monitoring element. The advantages and disadw tages which are found
with this type of' hygrometer arc outlined by Penman (3). The element was
placed in a corner of the outer humidity box and excited with a.c. through
a high value reqistor from a suitably loaded constant voltage transformer.
The potential drop across the olement, corresponding to a particular
humidity, was indicated on an a.c. vw.vo voltmeter. Teomporatero was
recorded by mens of a thermometer placod-as near as possible to the con-
taoting surfaces.

A calibration curve was prepared as follows:

n e olement, previously fixod into a rubber bung, 0 was insortodinto a 32 oz, bottle, immersed in a thermaostat at 24.5 C, containing a
saturated salt solution of' known saturated vcpour pressuro and voltages
rocoroed until a con3tant rouding, corrosponding to equilibrium humidity
condition above the liquid, was reaohed. A ploý of voltage against
humidity (recorded as relative humidity at 24.5 C) for a number of different
solutions was proparod, Fig. 4, and used in conjunction with a sot of tore-
poraturo compensation curves supplied by the manufacturers of the olomont,
in order to ascertain the humidity conditions existing inside the chamber
during adhesion measurement.

Further modifications and additions to the apparatus were required in
order that adhesion measurements could be made below 18 /o A.H. Initial
attempts to attain those lower humidities were unsuccessful because too
much water v•pour diffused into the balance end humidity chamber from the
surrounding air. Consequently the whole apparatus was mounted inside a
large glove box: Fig. 5. At the lower humidities largo static charge
effects reappoarod, and woro eliminated by lining the whole of the balance
box and chimney with stiff copper gauze and earthing it. Entry to the
balance was made through a hinged flap in one side of the gauze cube, thu
mesh of the gauze being such that the balance could be easily seen.

U. SREP . , ,Ti4L
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TECHNIQUE OF MEAStUR NT

I . Preparation of the bead suspension init.

A bead of the required size was fashioned on the end of a fibre
prepared from the test material and excess fibre out off so that a stem
0.5-1 cm remained. A cellulose aeetate fibre, 5-15 P diameter, was
fastened to theo stem with diluted Durofix, and the other end cemented to
a small hook made from fine copper wire.

2. Procedure for cleaning the bead and tent plono surface.

Beads were cleaned by. immersion in isopropyl alcohol vapour for 5
minutos according to the method described by Putnor (4), It was not very
practical to clean plano surfaces in this way; instead they wore tr'eated
with Teepol solution, washed with water, placed in position on the measure-
ment platform, then dried aqs quickly as possible with grease-free filter
pr" ........ VV....... . n equilibrium in the humidity chamber.

3. Operation of tho balance.

Prepared bead units were lowered through the balance case into the
humidity chamber, after attachment to the weight stirrup. Suitable riders
wore placed on the balance and the boam freed by lowering the knife edges.
Balance point was found by rotating the torsion fibre, and the rider weights
and dial reading recorded. Next the platform was raisod until contact was
made between bead and plane surface, and torsion applied to the fibre,
weights added, etc. as quickly as possible, until a separation was
achieved. The now weights and dial readings were recorded, and the adhesion
force found from the difference botwocn readings.

4. Boad size deotrmination

After solooting the bead samples for symmetry, surface smoothness and
size range, diamotors were muasured at right angles to the stem, using a
travelling microscope.

RESTRICTED
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Mo following results were obtained:
S1is Adhesion ,in, saturated atMos2heres

TABLE -J

(water vapour atmosphere)

Bead. radius GClass on glass T ° hooj *
Adhesion (dynes) I_________

117.5 9.91 1 92
171 13.21 84
174 .13.39 6 84.
220 16.5•0 82
290 21.95. 83
42-1 33.05 85

TABLE 2.

(water vapour atmosphere)

Bead radius Glass on quarts 0/0 theory
pJ Adhesion (dynos)

117.5 9.5 88
220 16.1+5 82
290 21.9 83
421 32.35 84

* Th; theory dovnlopod in the appendix of this report is
unsuitable for routine caloulation of adhesion foroe, since it neces-
sitates the very precise measurement of relative humidity.

5RESTICTED
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TABLE3.J

(water vapour atmosphere)
Bea•radis •Platinum on platinum

Bead± raiu 0/0herIjAdhesion (dynes) °oter

4.6 12o '12 29
511 12.91 28

TABLE 4.

(n-propanol vapour atmosphere)

Bead radius Glass on glass '/o theory
M Adhesion (dynes)

117.5 3.53 100
220 5.4 82
290 7.46 86
421 9.95 79

2. Adhesion in 45-520/o R.H. water vapour atmospheres

TABLE 5.

Bead radius °/o R.H. Glass on flass
0/ Adhesion (dynes)

218 4.9 0.052
225 52 0.101
294 47 0.258
350 45 0.05
361 48 0.043
379 48 0.145
442 47 0.124
532 50 0.173
575 52 0.049
591 48 0.o46.

-ESTRICTED
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3. Adhesion in 168 o . a atmogheres

Bead radius °/ .Glass on glass
B P aAdhesion (dynes)

222 18 0-075
387 17 0.132
538 16 0.195

4, A wide range of values could be obtained for all beads-in
66-88°/o R.H. atmospheres; suggesting that in this region large changes
in adhesion resulted from relatively small humidity changes.

5, Adhesion of a bead fully, immersed in water

TABLE 7.

Bead radius Adhesion (dynes) 0/0 theory (see Appendix)

750 33.6 103

DISCUSS ION

MoParlane and Tabor (5) showed that adhesioV/hiumidity curves
derived from experimental data obtained using glass surfaces were similar
to ourves prepared by MoHaffie and Lenher (6), in which °/o R.H. was
plotted against calculated values of film thickness of water deposited on
glass surfaces at the appropriate humidity (the weight of water per upit
area was found experimentally). The curves showed no measurable adhesion
below about 750/o R.H. then rose steeply to denote strong adhesion at
850/o R.H., and maintained this value to saturation.

In addition they demonstrated that in high humidity atmospheres
adhesion resulted essentially. from the surface tension of a liquid film
formed between the surfaces in contaot, .in accordance with the expression

Z = 4myoocs

in which Z is the adhesion foroe. n d.aes, y the surface tension of the
liquid in dynes per om, a. the contact angle, and R the sphere radius.
None of the experimeAtal results agreed too well with the predioted figures.,
all results being 10-20 per oent on the low side.

RESTRICTED
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The results obtained in the present study compare with those of
MoFarlane and Tabor as follows:-

i. Similar results are obtained with both glass and quartz.
surfaoes at high humidity values, once again figures being
10-20 per cent below those predicted.

ii. As a consequence of the greater sensitivity of measurement
attainable with the torsion fibre balance, adhesion at
lower humidities has been measured.

iii. Similar low results are obtained with platinum surfaces, due
to incomplete wetting (an alternative explanation was
offered by MoFarlane and Tabor).

iv. Whereas previously adhesion has not been shown in alcohol
saturated atmospheres, in the present study values within
10-20 per cent of the predicted amount have been measured.

Reference to the thesis by MoFarlane, on which the paper by
MoFarlane and Tabor (5) was based, indicated that certain assumptions
used to derive the expression given previously were in error. One such
was that the liquid meniscus thickness was always small, but in fact,
experimental work demonstrated that thickness increased markedly as
saturation humidity was approached, so that while the effect might be of
little significance with large beads, it must be considered when the bead
radius was less than I mm. In consequence a revised expression was
oaloulated, as- shown in the appendix, which includes Figs. 6 (a-d) to
illustrate the argument.

Theoretical variation .of meniscus thickness with relative humidity,
for two bead sizes, is shown in Fig. 7, and the relation between the
assooiat d variable 6 (the sout-angle subtended at the bead centre by the
menisous)p and bead radius and humidity, is illustrated in Fig. 8 as
derived from the expression

In~p 2YL cos6 )se
pn RpRT -cs - see appendix

The decrease in adhesion as saturation humidity is approached is shown
as Fig. 9.

Finally, although the values recorded in Tables 1-4 are 8-18°0/c
below those predicted by MoFarlane and Tabor, they accord with revised
theory when the relative humidity at the time of measurement is very
close to saturation.

RESTRICT0D
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ADH3SION OF, UP1ZOACTM E PATICLEB

1I. Preparation of radioaotive heads

SSuitable glass fibres were taken and a bead, fashipned in the blow-
pipe flame. The hot bead was brought into contact with a minute qiiantity
of europium oxide, and the whole fused until the oxide appeared to be
distributed uniformly throughout. Fusion was continued until the bead
appeared to be spherioal and free from prominenoes *hen examined under a
miorosoope.

The beads were sized with a travelling u!iorosoope and submitted for
neutron irradiation.

The following table shows the bead sizes and the aotivity measured
on the second shelf of a oastle containing an end-window Geiger tube.
Overall counting effioienoy was about 3 O/o.

TABLE 8.

Bead radius o.p.m. o~p.me/radius (orn)

284 P 13,300 4.7 x 10o
320p 5,400 1.7 x 10'
450 5,000 1.1 x 10o

503 p 6,400 1.3 x" 10o
519p 11,000 3.8 x 105

Before counting, Na" was allowed to deoay.

Europium is found as a mixture of two isotopes, Eu 1 Sl in 48.80/0
abundance and Eul"s as the remainder. Eu03 has two modes of deeay, one
of 13 year half-life with emission of a 0.7 Mev beta radiation (the
excitation oross-seotion for this form is 3,360 barns), the other of
9.2 hour hrtlf-life with emission of a 1.8 Mev electron (oross-seotion for
this form 670 barns). Eui5' has a 16 year half-lifo-eand an excitation
cross Seotion of 125 barns. It may be concluded that.the bulk of the
activity associated with the beads resulted from 13 year Eut 2 .

RESTRICTED
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The following results wore obtained.

Bead rad~ius */0 itH. i.Glass to glass
Bd rAdhesion (dynes)

320 is 4.55
4,50 18 3.17
59 18 2.89
387 47 2.95
284 48 4.33
320 48 3.98
392 48 2.82
450 48 2.30
392 51 1.18
392 53 0.83
392 54 0,83
346 56 0.87
284 58 1.36
387 61 0.79
450 61 0.45
500 61 0.40
450 saturated 20. 0 This was the highest

value in a series.

The results are shown graphioally in Fig. 10, and expressed as an
equation

Z = ke-sR

in which Z is the adhesion force in dynes, k is the force when the charge
producing the adhesion is concentrated at the point of oontactt and depends
on the dielectric properties of the bead (1- : - shown on "-- gapli 'W&4V
adhesion force for a sphere of zero radius), s a parameter concerned wILL
charge loss, and R the sphere radius.

Values of s obtained by substitution in the above expression at
different humiditiec were plotted against 0/o R.H. to yield a curve sensibly
flat at low humidities but rising steeply at about 500/o R.H. The minimum
reading appeared to be concerned with loss of charge in dry air. The curve
beyond 500/o R.M. was similar to those prepared by Curtis (7) from
measurements of D. C. leakages over Pyrex surfaces at various humidities,
so that oharge loss resulted from increased conductance over the surfaces
in oontaot.

RESTRICTED
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It would seem that when adhesion results essentially from eleotrostat~ocharge built up on a dielectric surfaoe as a. consequence of the decay of

incorporated radioactive matter, the sorption of water vapour on the
* contacting surfaces causes weaker adhesion. At a certain humidityp however,

this loss is cancelled by increasing adhesion resulting from surface tension,
so that a further rise in humidity produces marked adhesion once again.

An equivalent circuit may be used to represent the charging conditions
in dry air. Active material is represented as a generator A producing a
current i, and the spherical particle by a capacitor C. R is the total
resistance resulting from the particle and air resistances.

The voltage developed will be v = Ri (1 - e't/C)
t being measured from the time at which charging commenced.

Attempts to evolve a more logical quantitative explanation of the
adhesion effect due to incorporated radioactivity were unsuccessful because
of the difficulty in establishing any charge-activity relation. Experimen-
tally, a surface potential measurement procedure was examined first, rnd
when this failed to yield any conclusive information, it was replaod by an
attempt to measure chcorge on a bead, using a modification of Millikan's
method. This involved suspending the bead between charged plates and com-
paring the deflection with that shown by a similar inactive specimen.
Both methods failed because of the difficulty of eliminating charges, of
much the same intensity as the radioactive charge, which were produced in
other ways. Unfortunately, any ideas of increasing the wanted effect by
increasing the activity are likely to be offset by difficulties in handling
the bead.

CONCLUSION

The investigation shows that a significant increase in adhesion may
occur in radioactive spherical dielectric particles, as comparei with
similar inactive particles, in low relative humidity conditions. At higher
humidities, where adhesion results from surface tension forces, no difference
can be detected between active and inactive particles.
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I The liquid film between a bead and elate

V To evaluate the adhesion force caused by the film it is necessary to
Sdetermine the principal radii of curvature at all points on the liquid

surface, By definition, the centres
of curvature for a given point on a

Ssurface must lie nortal at that
point. Also by definition, the

- principal curvatures lie in planes
such that the curvatures are
maximum and minimum.

Because of the symmetry about
AB in the diagram (Fig. 6a) one
principal centre of curvature (that
in a plane perpendicular to the
F aper) must lie on AB. The other
that in the plane of the papor) -- 1/

must of course lie somewhere in • _(
the plane of the paper. _ '

The effect of hydrostatic Pressure FiG. •,•

The pressure at P is related to
the pressure at Q by the relation-

p = pq- gx where g = acceleration (gravity)
p = density liquid

Using this equation, the force towards the centre of the sphere exerted by
the pressure in the film is.

] pq - gpR (i - cos a) z!la- sin ada, where a is the contact angle.
0

RESICTED

13.



i
1VUSTflIC'MfD

The vertical for'e0on the sphere is:

i[P gpR (I - oos0 ) 2frM sint 008 ca

1 0

IW

i.e. p qrM.2 sinue + rM'gp (i -oos
3e) - in2e

Atmospherio pressure P aoting on the sphere gives an opposing force ofI

NR2 p sin2 e.

The net foroo on the sphere due to pressure is therefore

(P - Pq) RM2 sin"r - :R gP[' (I -os) sin2e 3

As will be shown later, (P - Pq) is never smaller than 0.35 y/R i.e. for

Y 70 dyne/am, (P -Pq) > 2 dyne/°m2 ' Thus, when R is of the order

100 p radius, the second term of the above expression for the force is

negligible compared to the first term (<< I O/o).

Therefore the effect of hydrostatic pressure oan be neglected in all
pressure and force calculations when R is of the order 100 p or smaller.

Since the hydrostatic pressure is negligible the pressure inside the
film is constant at all points, and the pressure lifferenoe AP across the
surface is aiso constant,

i.e. y " + 13 = AP, where

r and r are the principal radii of curvature for a point on the liquid
1 2

surface.

PESTRI CTED
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(a) zero contact ansies

In Fig. 6b, the curve .IJ
representing the su-3 aoe of the liquid
film is defined by the equation

"+ constantr r
where r and r are the principal C, -
radii o4 curvature for any point
P on the surface. The sign H

convention adopted is that the
radius of curvature is positive
if it does not pass through the "./
liquid of the film.

Thus I - J- = constant. . 'i

When P is at ki. the point of
contact of the liquid with the K
sphere, then r = R. As P moves
towards I, r. &eoreases and is a
minimum when P equals I. I is
where the tangent to the curve
is parallel with OK. r also is
at a minimum at this point. As
P moves from 1to J, r and r,
increase again and at J r
and r, = constant. Thus the curve
HIJ is by no means circular. The
ourvature constantly changes as
does the centre of curvature . Mathematically, it proved too complicated to
solve analytically the differential equation 1 -onat to give r and r

in terms of R and 9, therefore a graphioal method was used.

For simplicity, the angles of contact were assumed to be zero, With a
given R and -, a likely valuu of r, was chosen fcr pcinz ': L uuIDW
In the equation evaluated using R = (rg)HO (i.e. r, = R at point H).

Starting from HO the curve HIJ was constructed in small steps: at each
step r. being measured and r, calculated together with the new centre of

curvature. When point J was reaohod, inspection showed whether the initial
assumed value of r, at H was too large or too small for the curve just to

touch the line ST representing the plate surface. Thus by successive
approximation the correct value of (r1 )H was obtained. AP then followed from
the equation:

RESTRICTED
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S(r')H is the value of ri at H.

The prooess was repeated for various values of 0 and it was found
that (r,)H closely approximated to the radius of the osoulatozy circle
whioh touohes the sphere at H and the plate at J.

Si.e. = R (1 - Cosq)
(1 + ocs e)

For the range 0 < 9 < 650 the difference between this radius and (rd)H

was always less than about 60/o of (r,)H. For 8 < 50 no differenoe could
be detected.

The error curve is shown as Fig. 11.

The conclusion is that the following gives AP to within 60/o error in
the range shown:

AP=••__° 0 < 9 < 65 0

(b) finite contact angles

This approach can presumably be extended to the case where the anglos
of contaot a or P are finite, by using the radius of the circle which outs
the sphere and the plate at the appropriate angles.

//

; \

\ ' N
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(rj (assumed)

whence 6Pu [o39 + 000 + 03 +c- a)U ! -coa e

No measurement has been made of the accuracy of the approximation in this
case, but comparison indicates that the larger a and P, the smaller the
range of 8 for which the approximation is reasonably aecurate.

Force on bead in contaot with the Plato

Zero contact angle assumed for simplicity. Force on bead due to the
liquid film:

Z = 2 ysin2 e + rM' sin2 8

using AP = tease =

Z = 2M y (1 + 0os 6)

As 8 o, Z 4[ly

This is accurate because the error in the approximation-for (r)H

is zero for very small 8.

As 8 "" ,Z 2r y

Duo to the approximation for (r)H this is some 150/o low. The correct
value for Z is 2.35 My (from the graphioal solution).

Force to remove bead from plate

If. as the bead is lifted from the plate, the force on it increases
before finally deoreasingp then the force to remove the bead will not equal
the force on the bead when in contact with the plate. If, on the other hand
the force decreases as the bead is lifted, then the force required to remove
the bead will equal the force when in contact with the plate.

To decide between the two. R oessitates the calculation of the volume
of the liquid film and (r). and 8 for various distances of separation between

the bead and plate. The general calculation is very complicated and has not
been carried out.

RESMICTED

17.



tiRESTRICTED

A simple approxim on .has--been used whioh is aoourate for small 69
and small h taking the liquid as a oylinder as shown.

In Fig. 6d the volume of liquid, V, is given by

V = 3sin2e + 1 -Cosa] - 2:0-(1-oose)2(2-oose)

Radius of osculatory circle r:

r + (1-oose)
R (1+oose)-

V
V remains constant. r4 is determined for a given value of 9..

h
h O , is also determined,

Then 8 is reduced slightly and h oalculated. Using this value - is ro-R R

calculated.

Typioal example

50. h 0# 2.75 x 10-r. 1.90 x 1 0-3

e= .5 ° 0 1.82 x10 ase R = 2.46 0-
R beor

This shows that as h increases, 9 decreases and r increases

As A? • = . i...s 3 AP must decrease as h inoreases,

+ 1- Cosa

RES TRICTED
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therefore Z must dec'ease as h increases.

The indioation is that the foroe on the bead is at a maximum when the
bead is in oontaot with the plate.

Hence, tentatively, the force to remove the bead from the plate ip

I
Z 2Mry (0 + oosS).

-• ~~TABLE 1,J..'

Gonoralised values of 4P

AP using radius .AP using result 0/0 Error in using
80 of osoulatory obtained osculatory

oirole graphioally radius for AP

5 *523 X 523 - 0
I R

13 75, 3 74. 37 . 2

26 17- 1 6. 8-

Ro R
.'R R2 2

45 4.81 X 45
R R

6o 2.oo0 1 97  2
R R

75 0 . 71 Z 0 . 85 Y -16
90 0.00 X 0 .35 V -z

90R R

r(STRI CTED
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TAL 22

Generalised values of Z

using radius of using resulte-osculatory circle obtained graphicyly
Ry

0 12.57 12.57
5 12.55 12.55

13 12.40 12.13
26 11.92 11.34
30 1l.73 11.17
45 10.72 10.30
60 9.43 9.36
75 7.91 8.35
90 6.28 7..38

Film in Equilibrium with air at fixed vapour pressure

Tho Gibbs-Kelvin equation may be p = vapour pressure over film
expressed in the form: po = vapour pressure plane liquid

surface
M = mel. wt. liquid in vapour

in• -- + whre p = density liquid
po pRT 1 r ' 1hre R = gas constantPO r I rT = temperature (absolute)

It has been shown previously that

Ir -r 2 R(1 -oosO) R 71 -coose)

Hence in 2*4 r
PO RpRT L1 - 9osej

Thus for a given value of the relative humidity of the air, there is one
value of 6 for which the film is in equilibrium.

RESTRICTED
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I1 Hydrostatic pressure may be neglected with small beads.

2. The pressure inside the film is oonstant at all points.

F P 2) L constant

r 0 <ea<65 0 /0
.usP I -o-5 error < 00

zero contact angles

4. Correct values of AP, 0 < e < 900 are shown in a table.

5. For finite contact angles a or P:

AP =osX 089 + osp+ cos(e + a).,1R I- I - cost '

6. Force on bend due to film

Z = 2 R R y (I + oosG).

7. It may be tentatively assumed that this is the force required to
remove the bead.

8. The equilibrium value of e for air of fixed vapour pressure is given by-

p0  pR RT [ " osej

zero contact angles

RESTRICTED
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