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ADHESION OF SPHFRICAL PARTICLES TO PLANE SURFACES

by

N.L. Cross and H, Streteh

SUMMARY

1o The adheslon of spherical partioles to plane glass and quartz surfaces
has beon investigated under variocus humidity oconditicns, and compared with
the results obtalned 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 wi
inactive ones when examined in water vapour atmospheres of up to 61 /o R.H.
The values obtained with active particles msy be expressed in the emplrieal
form o

Z = ke-sR

in vwhich Z is the adhesion foroe of o sphere of radius R, k a parameter
concernad with the dielectric constants of the surfacos in contect, and s
with the humidity offect, i.e. change in the conductance of the surfases in
consequence of molsture deposition,

3. In atmospheres of near saturation humidity, the radloactive effect is
replaced by the even stronger adhesion produced by surface tension foroces.

4. A more exact theoretical treatmont is offored of the adhesion of an
inoctive sphorical purticle to o plane surfece than has beon previously
available.

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

(Sgd.) A.S.G, Hill
NLC/HS/RT e e e . Doputy Direotor:
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ADHESION OF SPHERICAL PARTICLES TO PLANE SURFACES

by
N.L. Cross and H. Stretch

INTRODUGTION

A knowledge of the basio mechanism underlying the retention of fall-
out particles on surfaccs is helpful in developing cffective decontamina-
tion techniques, In particular it is important to find out whether
radionotive end inanctive particles behave similarly in their. adhesion to.
surfaces under various conditions of humidity, so that a correcct
interpretation may be placed on results of field trials obtaired with
inactive simulants, :

Information of this kind is not to be found in published literature,
so a study as doscribed in the title was underteken, In i, glass, quartz,
and platinom inactive sphuros and plane surfaces, and radiocactive glass
sphores, wore examined in both water and aleohol vapour/air stmospheres.

A dircet weighing procedurc based on the use of o medified quariz fibre
torsion balance was used, moking it possible %o measure the adhesion force
with considersble acouracy, first balancing out the particle mass; a
feature not previously described in adhesion measurement techniques.

APPARATUS

The apparatus oonsisted essontially of a torsion balance and &
humidity chambor. Tho chambor was positioned below the balance so that
particles undor oxamination could bo suspendod from a balance stirrup into
the working arca of the chamber,

Torsion Balanco

A torsion balance was constructed, based on e design by El-Badry and
Wilson (1), from quartz fibres., Each part of the balance, c.g. beam,
quarts bow, torsion fibro, otc., was made by supporting selected fibros,
suitably placed in position on glass microscope slides and glueing them
at overlapping points with Durofix diluted 4:4 with amyl acctate. Whon
the Joints were dry, all superfluous fibre was removed with a sharp knife.
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Finglly, the beam was cemented ocentrally across the torsion fibre - quartsz
bow, and fine fibres, to which weight stirrups were fastened, suspended from
cach end. Tho 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,
tho 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 fibrc could be adjusted, By fitting the dial with a
vernier, 1/2000th of a complote revolution could be measured. Woights
could bo placcd on tho stirrups, or the different particles under test
suspended in tho humidity chamber, by lifting up the sides of the balapce
casc.

The dimensions of the fibres uscd in constructing the beam and torsion
fibre assombly are shown in Fig, 4, and Fig. 412 is a photograph of the
balance. )

Cortain modifications were mado to tho dcsign of El-Badry and Wilson,
as follows:

1. An optical method for tho determination of point of balance
was not used, Instead, an index fibre, projecting from the end
of the beam, was allowed to move botwoon two scalces, the front
one of Perspex, the rcar ongraved on brass, and the balance
point determined by a parallax procedure.

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

3, To avoid scparating the adhering surfaces by impact, on
adding the riders, adjustable stainloss stecl knif'c cdges wero
srranged to arrost tho bean.

4 calibration curvo, obtaincd by plotting dial readings against
known woights (tho riders) is shown in Fig, 2.

Humidity Chambor

Egsontially this consisted of two Porspox boxes, onc inside the other,
mounted on a common basc. A fow holos weore drilled in the inner box to
poruit the froc circulation of uir,

A squarc Perspex chimnoy was positioncd centrally through both boxes,
terminating at the basc of tho balanco. The fibre supporting the tost
particle was hookod to a weight stirrup, thon passed through the balance casc
baso, as describod undor 'Techniquo of Measurcmont', into the chimnoy,
tcrminating dircotly above a platform on which the tost planc surface was
placed. This platform was capablc of boing raisod or lowered by mcans of a
scrow possing through the basc of tho humidity chambers. In addition since
it was frequently nccossary to cloan tho test surfaces, the completo
platform unit could rapidly be removod from the chambor.
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In the first experimonts, stray electrostatic effects were dissipated

by placing radiocactive materials in olese proximity to the test suefaces,
and also by lining the inner box with copper folil, sultably earthed through
a low resistance path., Lator, active materials wore found unnesessary and
omitted, Finally observetion ports through the lining wore provided,

A photograph of the chamber gnd s diagram illustrating the details
of the chimney and platform assembly are appendod as Fig. 13 and Fig. 3

respecstively, Fig. 14 shows tho complete assembly.
Humidity |

Known humidities were obtained inside the chamber by intir-oducing
concantrated salt solutions of known saturation vepour pressure (for
deteils see ref. 2), The appropriate solutions wors containcd in 30 ml
beakers siitvatcd in the cormers of tho chamber awey from the humidity
moasuring olemont, and in ordor to haston the atiteoinmont of oquilibrium,
rolls of filter paper aboul 6 in. long wexo placed in tho beekers and »
small fan usod to stir the humid air,

Tho Gregory' clectrolytic hygrometer was finally sclected to be
tho monitoring eclement., Tho advantagos and disadventeges which aro found
with this type of hygromoter arc outlined by Ponmen (3), The olcment was
placed in & cornor of the outer humidity box and exeited with a.c. through
a high valuc resistor from a suitably loaded constant voltege transformor.
The polential drop across the oloment, corresponding to a particular
hunidity, was indicated on an a,c, valve voltmeter, . Tompecraturc was
rocorded by menns of a thermometer placed -as near as possiblo to tho con-
taoting surfaccs,

A calibration curve was proparcd as follows:

The olemont, previcusly fixed into a rubbor bung, was insorted
into o 32 oz, bottlo, immerscd in a thermostat at 24.5°C, containing a
saturated salt solution of known seaturated vepour pressurc and voltagos
rococded until a constant rcoeding, corresponding to oquilibriun humidity
condition above tho liquid, wes reusched, A plot of voliage against

hunidity (rocorded as relative humidity at 24.5 C) for a numbor of differont

solutiors was proparod, Fig, 4, and usced in conjunction with a sot of ten-
porature compensation curvos supplicd by tho manufacturers of the olomont,
in order to ascortoin the hunidity conditions existing inside the chambor
during adhosion moasureoment,

Furthor modifications and additions to the apparatgs were required in
ordor that adhosion moasurcmonts could bo made below 48 /o R.H. Initial
attonpts to attain thoso lowor humiditios wore unsvccossful bocausce too
mich wator vapour diffused into tho balance and humidity chamber from the
surrounding air. Consequontly the whole apparatus was mounted inside a
lerge glove box: Fige 5. At the lower huniditios large static charge
effects roappoarod, and wiro oliminatod by lining tho whole of tho balanco
box and chimnoy with stiff coppor gauze and ocarthing it, Entry to the
balance wes made through n hinged flep in onc side of the gouze cube, the
nesh of tho gauze being sucsh that the balenco could be easily scen,
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TECHNIQUE OF MEASUREMENT

1. Proparation of the bead suspension unit,

A bead of the required size was fashioned on the end of a fibre
prepared from the test material and excess fibro cut off so that a stem
0.5+ om remained, A cellulose asetate fibre, 5-15 u diameter, was
fastened to the stem with diluted Durofix, and the other end cemented to
a small hook made from fine copper wire.

24 Procodure for cleaning the hecad and test plane surfaoe,

Boads were cleaned by immersion in isopropyl aleohol vapowr for 5
mintes according to +he mcthod desoribed by Putner (4). It was not very
practical to clean plane surfoces in this way; instead they woro treated
with Teepol solution, washed with water, placed in position on the measurc—~
ment platform, then dried as quickly as possible with grease-free filter
PE” o can wlausuaw wv auvvesh 0guilibrium in the humidity chamber.

3« Operation of tha balance.

Prepared bead units wore lowercd through tho balance case into the
humidity chambor, after attachment to the woight stirrup. Suitable ridors
wore placod on tho balance and the beam froed by lowering the knife odges.
Balanco point was found by rotating tho torsion fidre, and the ridor weights
and dial rending recorded. Noxt the platform was raiscd until contact was
modo betwoon boad and planc surface, and torsion applied to the fibre,
woights added, cote., as quickly as possiblo, until o scparation was
achiovod., Tho now weights and dial recadings werc recordod, and the adhosion
force found from the difforonce betwocn roadings,

4, Boad sizo dotermination

After scloeting tho bead samples for symmetry, surfacc smoothness and
sizo range, diamctors woro moasured at right angles to tho stom, using a
travelling miocroscopo,

RESTRICTED
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ADHESTON CTIVE PARTIC
Experimental '

~ Tho following rosults were obtained:
1. Adhesion in saturated atmospheres

TABLE 1,
(water vapour atmosphere)
Bead radius . lass on glass 0
H Adhesion (dymes) ot /‘()Z:!hﬁy _

147.5 9494 " 92
17 13.2 8l
A7 13.3% , . 84
220 16,50 82
290 24,95. ) : 83
424 - 33405 ! 85

TABLE 2.

(water vapour atmosphere) o

Boad radius Glass on quarts , )

B Adhesion (dynes) /o thoory
117.5 I 3 9.5 ’ 88
20 | 21.9 ; 83
42t 32,35 8i,

* Tho theory dovelopod in the appendix of this report is
unsuitable for routine caloulation of adhesion force, since it neces-
sitates the very procise measuremont of relative humidity,
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TABLE 3.

(water vapour atmosphere)

Bead radius * Platinum on platinum o
u Adhesion (dymnes) /o theory
L6l 12,12 29
514 12eNM 28
IABLE Lo
(n=propanol vapour atmosphere)
Bead radius Glass on glass °
u Adhesion (dynes) /o theory
11745 3.53 400
220 Selr 82
290 7.46 86
424 3.95 79

2. Adhesicn in 5222040 R.H, water vapour atmospheres

TABLE 5.
Bead radius o] Glass on glass

7 /o R.H, Adhesion (dynes)
248 49 0,052
225 . 52 Oe1 1
294 &7 0.258
350 45 0.05
361 48 0,043
379 48 0145
42 47 Out2h
532 50 0.173
575 52 0.049
5 48 0.046 .
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3. Adhesion in 16-18%/0 R.H, water vopour atuospheres
. . ca 7 X E 6 . s '
Bead ré.dius o V 7 ' Glass on glass:
u /o R, : ‘Adhesion (dymes) !
222 48 0.075 E
387 17 . 0.132
538 16 , Oqﬁ95

4, A wide range of values could be o'btained f'or a.ll 'beads in
66-88°/0 R.H. atmospheres, suggesting that in this region large changes
in adhesion resulted frow relatively small hum:.dity changes.

5, Adhesion of a bead fullx immersed in water

TABLE 7,
Bead :adius Adhesion (dymes) °/o theory (see Appendix)
750 | 33.6 . 103
DISCUSSTON |

MoFarlene .and Tebor (5) showed that adhesion/humidity ourves

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 saloulated values of filh thioknesa of water deposited on
gless surfaces at the appropriate humidity (the weight of water per unit
area was found experimentally), The ourves showed no measurable adhesion
below about 75°%/c R.H, then rose :steeply to denote strong adhesion at
85%/0 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 = myoosa_ .
in which 2 1s the adhesion force in a&nes', y the surfaoe tension of the
liquld in dynes per om, « the contaot angle, and R the sphere radius,

None of the experimental results agreed too well with the predioted figures,
all results being 40-20 per oen‘b on the low side. _
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The results obtained in the frésentlstudy obmpdﬁé with those of
McFarlane and Tabor as followsie -

i, Similar results are obtained with both glass and quartsz -
surfaces at high humidity values, onecs again figures being
40~20 per oent below those predicted, '

fi, As a oonsequence of the greater sensitivity of measurement
' "~ attainsble with the torsion fibre balance, adhesion at
lower humidities has been measured.

iii, Similer low results are obtained with platinum surfaces, due ‘
-~ to inoomplete 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 predioted amount have been measured.

Reference to the thesis by McFarlane, on which ths paper by
McFarlane and Tabor (5) was based, indiocated 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 faot,
experimental work demonstrated that thiokness inoreased markedly as
saturation humidity was approached, so that while the effeot might be of
little significance with large beads, it must be considered when the bead
radius was less than 1 mm, In consequence a revised expression was
caloulated, as- shown in the appendix, whioh includes Figs, 6 (a=d) to
illustrate the argument.

Theoretical variation .of meniscus thickness with relative humidity,
for two bead sizes, is shown in Flg. 7, and the relation between the
assooiated variable 6 (the swui-sngle subtended at the bead centre by the
meniscus), and bead radius and humgdity, is illustrated in Fig, 8 as

derived from the expression

P _2M ( cos 8 g .
1In P, = RART g I = oos 6 see appendix

The deorease in adhesion as saturation humidity is approached is shown
as Fign 9. ) . :

Finally, although the values recorded in Tables 14 are 8-18%/c
below those predicted by MoFarlane and Tabor, they acoord with revised
theory when the relative humidity at the time of measurement is very
close to saturation. ‘
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ADHESTON OF RADTOACTIVE PARTICLES
1+ DPreparation of radioaotive heads

Suiteble glass fibres were taken and & bead fashioned in the blow=
pipe flams, The hot bead was brought into conteot with a minute quantity
of europium oxlde, end the whols fused until the oxide appeared to be
distributed uniformly throughout, Fusion was continued until the btead
appeared to be spherical. and free from prominencos when exemined under & °

mioroscope.

The beads were s:i._ze.d with & travelling rlorosccpe and subumitted for
neutron irradiation, .

The following table shows the bead sizes and the aotivity measured
on the seoond shelf of a castle ocontaining an end-window Gelger tube,
Overall sounting efficienoy was about 3 °/o, :

TABLE 8.
Bead radius _ CeDoI, : 0oPelo/radius (om)
284 p 13,300 4.7 x 10°
T 3200 ' 5,400 . 1.7 x 40°
450 p 5,000 . : 14 x 10°
503 u 6,400 C 1.3 x 108
549 u 11,000 ' 3.8 x 10°

Before ocounting, Na“lwas allowed to deosy,

Europium 1s found as o wixture of two isotopes, Eufs! in 11-8.80/0
abundanoce ard Eufs3 gns the remeinder. Eu!®2 has’ two modes of desay, 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
942 hour half-life with emission of a 4,8 Mev eloctron (eross=seotion for
this form 670 borns). Eu'®® has & 16 year half-life-and an exoitation
oross seotion of 125 barns, It mey be concluded that the bulk of the
aotivity assooiated with the beads resulted from 43 yedr Eul®2,
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The fellowing results were obtained,
TABLE 9.

Bead radius ¢ Glass to glass
u /o ReHs Adhesion (dymes)
320 18 4,55
450 18 3617
59 18 2,89
387 47 2+95
28 48 Le33
320 48 3.98
392 48 2,82
450 48 2430
392 5 1418
392 53 0.83
392 Sk 0.83
346 56 ° 0,87
28 ‘ 58 1436
387 & 0.79
450 3| 045
500 61 0.40
450 saturated 20, O This was the highest

value in a series,

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

Z = ke.SR

in wkich Z 1s the adhesion foree in dynes, k is the foree when the charge
producing the adhesion is concentrated at the point of oontact, and depends
on the dieleotric properties of the bead (¥ i~ .shown on *“~ graph o3 Wi
adhesion foroe for a sphere of gero radius), s a parameter concerned wiih '
charge loss, and R the sphere radius,

Values of s obtained by substitution in the above expression at
different humidities were plotted ageinst °/o R.H. to yield a ourve sensibly
flat at low humidities but rising stoeply at about 509/0 R.H. The minimum
reading agpeared to be concerned with loss of charge in dry air. The ourve
beyond 50°/0 R.H. was similar %o those prepared by Curtis (7) from
measurements of D. C. leakages over Pyrex surfaces at various humidities,
zo that o}éa.rge loss resulted from inoreased sonductance over the surfaces

n contact,
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I% would seem that when adhesion results easentially from eleotrostatio
charge bullt up on a dieleotric surface as a consequence of the decay of
incorporated radioaoctive matter, the sorption of water vapour on the
contacting swfaces causes weaker adhesion, At a certain humidity, however,
this loss is ooncelled by inareasing adhesion resulting from surface tension,
8o that a further rise in hunidity produaes marked adhesion once agnin,

an equivalent oirouit may be used to represent the charging conditions
in dry air. siotive material is represented as a gsnerator & producing o
owrrent i, and the spherioeal paxrtiocle by a ocspaoltor Cs R 1s the total
resistanoe resulting from the partiocle and nir resistances.

The voltage developed will be v = Ri (1 - e-t/RC),
t being measured from the time at which charging commenced.

Attempts to evolve a more logisal quentitative explanation of the
adhesion effect due to incorporated radicactivity were unsuccessful becauss
of the difficulty in ecstablishing any charge-ectivity relation, Experimen-
tally, a surface potential measurement procedure was examined first, and
when this failed to yield any conclusive information, it was replaced by an
attempt to measure cherge on a bead, using o modification of Millikan's
method, This involvecd suspending the bead between charged plates and com-
paring the deflection with that shown by a similar inactive specimen.

Both methods failed boocause of the difficulty of eliminating charges, of
much the same intonsity as the radioactive charge, which were produced in
other ways, Unfortunetely, any ideas of increasing tho wanted effeoct by
inereasing the activity are likely to be offset by difficulties in handling
the bead.

CONCLUSTON

The investigation shows that & significant increase in adhesion may
occur in radicactive spherical dielectric particles, as comparei with
similar inective particles, in low relative humlidity oonditions. At higher
humidities, where adhesion results from surface tonsion forces, no difference
can be detected between active and inactive particles,
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APPENDIX 10 P, TP, (R) 35

The liquid film between s bead and plate

7 To evaluate the adhesion force ocsused by the f£ilm it is necessary to
determine the prinocipal radii of ourveture at all points on the liquid
surface. By definition, the centres
of ourvature for a given point on a
surface must lie mormal at that
point. Also by definition, the
prinaipal curvatures lie in planes
such that the curvatures are
maximum and minimum,

2
1
i
3
H

Beocause of the symmetry about
AB in the disgrem (Fig. 6a) one
prinoipal centre of ourvature (thot
in a plene perpendicular to the
aper) must lie on AB, The other
that in the planc of the paper)
must of course lie somewhere in
the plane of the paper,

The effect of hydrostatic pressurg

Thoe pressure at P is related to
the pressure at Q by thoe relation:

pp = pq - 8Xx where E

accelération (gravity)
density liquid

nn

Using this equation, the force towards the centre of the sphero exerted by
the pressure in the film is:

f )
j [Pq ~ &R (1 =~ cos a) J 2NR* sin ada, where ¢ is the oontact angle,

-}
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The verticel forde on the sphere is:

je [Pq - gR (1 = cosa) ] 2IR? sina cos ado

[

Leee pana sin’8 + IR’ gp {% (1 - oos®@) =~ sin®e }.
Atmosphorio prossure P aoting on the sphere gives an opposing force of
rmzp1 sin?e,

The net forcc on the sphers due to pressure is therefore

.(P1 - pq) MR? sin®g - HR’gp[g (1 = cos®@) = sin®8 }

As will be shown later, (P1- pq) is nevei smaller than 0.35 y/R i.e. for
y = 70 dyne/cm, (P1 - pq) > %? dyne/ouw®, Thus, when R is of the order
100 p radius, the second term of the above expression for the fores is
negligible compared to the first term (<< 1 °/0).

Thdrefore tho effeot of hydrostatioc pressurc oan be neglected in all
pressure and foree calculations when R is of the order 100 u or smaller.

Since the hydrostatic pressure is negligibleé the pressure inside the

£ilm is constant at all points, and the pressure difference AP aoross the
surface is also constant,

i.0. ¥ {% + % } = AP, where
1 2

r1 and ra are the principal radli of curveture for a point on the ligquid
surfaoce,
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(8) Zero oontaot angles
In Fig. 6b, the curve HLJ
representing the surface of the liquid

£ilm is defined by the equation
-1;1 + Jz-;. = oonstent

where r, and r_ are the principal
radii of‘ ourvelure for any point
P on the surface. The sign -
econvention adopted is that .the -
radius -of ourvature is positive . : v

if it does not pass through the . *\ Wpt
liquid of the film, R S

b
Thus LT " constant.

Whon P is at H, the point of s
oontaot of the liquid with the K
sphere, then r_, = R, As P moves
towards I, r, 8coresses and is &
pinimum when P equals I, I is Yy A
where the tangent to the curve ' o o e
is parallel with OK. r, also i1s
at a minimum et this polnt. As
P moves from I to J, r, and r,
inorease again and st J r, = «
and r, = oonstant. Thus $ho ourve
HIJ is by no means circular. The )
ourvature constantly changes as S )
does the centre of cwrvatuwre . Mathematlcally, it proved too compllicated to
solve anelytically the differential equation % - % = oonst to give r, and r,
' 1 "=

in terms of R and 8, theroforc a graphical method was usod.

For simpliocity, the angles of oontact were assumed to¢ be gero, With a

givoen R and 8, & likely valus of r, was _chosen for point Il &l Ui uuns vaiiv

in tho equation evaluated using & = (r,)y, (1.c. ¥, = R at point H),
Starting from H, the ourve HIJ was constructed in smell steps: at each

step r, being measured and r, oaloulated together with the new centre of

ourvature. When point J was reached, 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 sucocessive
approximation the correot velue of Ty )H was obtained., AP then followed from
the equation:
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4. .

Ap&y[m_,k%} _ S N

(r,)g is the value of r, at He

The _process was repeated for various valuas'of ® and 1t was found .
that (r,)H olosely approximated to the radius of the osoulatory sirele

which touohes the sphere at H and the plate at J,

L. (r)y = R (1 - 00s9)

(1 + cos 8)

For the range 0 < O < 65° the difference between this radius and (r‘)H
was always less than sbout 6°/0 of (r1)H. For 8 < 5° no difference oould
be detected. :

The error ourve is shown as Fig. 11.

The conclusion is that the following gives AP to within 6°/o error in
the range shown:

AP:hgx{%oi—:s-s—é] 0<9<65°

(b) finite contact angles

This epproach can presumsbly be sxtended to the ¢ase where the angles
of wntaot ¢ or § are finite, by using the radius of the cirele which outs
the sphere and the plate at the appropriate angles,

. I .

ST i

SN SV SRR P z
-
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In Fig, 6o the radius of oirele = -

= (::-1 )H (essumed)

whenoeAPn% [Wﬁiﬁ)—i]

1 e-'do_s 2]

No measurcment has been mede of the accuracy of the approximation in this
oase, but comparison indicates that the larger ¢ and §, the smaller the
range of © for whioh tho approximation is reasonably accurate.

Foroe on bead in oontact with the plato

Zero contact angle assumed for simpliecity. Force on bead duec to the
liquid film: .

Z = 2IR vy sin® & + MR®AP sin? @

= 2y {oose }
using AP R 1 ~ces®

Z = 2IR y (4 + cos §)

As 8 " o, 2 * WRy
This is accurate becmuse tho error in the approximation for (r')H
is zero for very small 8,

As8*3,z°~2my

Duo to the approximation for {r )H this is some 15°/0 lows, The oorrect
value for Z is 2,35 MRy (from the graphicsl solution), ~

Foree to remove bead from plate

If, as tho bead is lifted from the plate, the force on it inereases
befors finally deoreasing, then the forooc to remove the bead will not equal
the force on the boad when in contact with the plate. If, on the other hand
the force dooroeases as the bead is 1ifted, thon the foree required to remove
the bead will equal the force when in contact with the plate.

To deoide botween the two, mocssitates the calculation of the volume
of the liquid film and (r )H and 8 for varicus distances of separation between

the bead and plate. The general caloulation is very complicated and has not
been carried out,
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A sinmple appro:d.msﬂbion has--boen used which 1s accurate for small 6
end smell h taking the liquid as a oylinder e9 shown,

rlr F’\ ‘
In Fig, 6d the volume of 1iquid, V, is given by

3
V = MR*sin®e {ER + 1-0936} - rm?(1-«:056)‘(2—0058)

Radius of osculatory cirole r:
g+ (1-c0s8)

Z1+coses

L] &

v
V remeins constant, IR® 1s determincd for & given value of &,

h = 0, % is also determined,

Then 8 is reduced slightly and % calculated, Using this value % is re=-

caloculated,
Iypical example
825 h = 0.y =275%x10" £=14.90x 107

8 = l+.5° % = 4,82 x 107° -1-.-%5' as before -1-11-'- =. 2,46 x 1073

This shows that as h incroases, O deoreases and r inoreases

As AP=-x

{20038 -
R

R }, AP must deorease as h inoreases,

B

ﬁ+1 - cos®
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therefore 2 must dsarecase as h inoreaseas.

ation is that the foroe on the bead is at a maximum when the
bead is in oontaoct with the plate.

% = 2Ry (4 + co0s@). * '

Genoralised velues of AP

TABLE 4.

Henoe, tentatively, the forece to remove the bead from the-plate is

19.

AP using radius AP using result ©/o Error in using
e° of o¢sculatory obtained osculatory
oircle grophicelly radius for AP
5 523 % 523 % 0
13 75 3% Tho 3.4 2
26 17,7 16, 8% . 5
30 13..0% 12, 2% 6
45 48t £ he55 § 6
60 2,00 & 1,97 & 2
75 0.7 £ 0.85 % -6
90 0,00 ¥ 0,35 £ -
HESTRICTED
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TABLE 2,

"

PIESH B+ w1 it onpaintab o

Goneralised values of Z

8 7 using radius of 7" using result
iy osoculatory oirele ﬁ& obtained graphically
0 12,57 12457
5 12455 12455
13 12,40 - 12443
26 11.92 11¢34
30 ' 11.73 ' 11417
60 9.43 9.36
75 7 8,35
90 6.28 7.38

Film in Equilibrium with air at fixed vapour pressure

The Gibbs-Kelvin equation may be p = vapour pressure over film

expressed in the form: po = vapour pressure plane liquid
surface .
M mol, wte liquid in vapour

density liquid
gas constant

nd = .ﬁ‘_{l +% }, where
2 tomperature (sbsolute)

po pRT 1‘1

nunnn

+3 oo

It has been shown previously that

,1+1_}_ é‘l +'ooseg_1 N 20058 _
roTr )7 |R(1 ~00s8) "R jTR(T - cos)

1

D . .2 cos8
Henco 1n P, RpRT |1 - co0s8

Thus for a given valuc of the rolative humidity of the air, there is one
value of 8 for which tho film is in equilibrium,
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SUMMARY
1+ Hydrostatioc pressurs may be nogleocted with small beads.

2, The pressure inside the film is oconstent at all points.

r

AP = y Cl + % ) = constant
1 2

e }0<9<65°/o
_ 2y {0056
S &P = R L1-cose error < 60/0

zero contact angles
' Correct values of AR, 0 < 8 < 90° are shown in a table.

5. For finite contact angles a or f:

Sy {cose + cosf + cos(B8 + a) -1}
“R 1 = cosg

6., Forece on bend due to film
Z=2N0Ry(1+ cosB).

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

8+ Tho equilibrium value of @ for air of fixed vapour pressure is given by:

Ry o =2 cos8
ln(po) R BT |1 - 0086

zero oontact angles
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BEAM & TORSION FIBRE ASSEMBLY.
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|Nbs.x/ 3
FIBRE a
J X
£
.

LI
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x

A
1

DIMENSIONS OF FIBRES USED.

LENGTH (em) DIAM (APPROX)"

(MicrONS)
(a) FRONT TORSION FIBRE., 5 20-40
(5) REAR TORSION EIBRE, 5 20-40 j
(€) CcROSS HORIZONTAL MEMBER . 2 : 150
() MAIN HORIZONTAL MEMBER, 10+1 (INDEX) 240
() ™MAIN VERTICAL MEMBER. | ABOVE'd) | BELOW (48
({) SIDE VERTICAL MEMBERS. o2 -~0'3 =1
(8) HORIZONTAL BRACE FFIBRE. 10 40
(W) BRACE FIBRES. S 8o
(0 QUARTZ BOW 26%X0'3 120
(¥) SUSPENSION FIBRES (CELLULOSE 5 5-10
ACETATE.) | '
. () STIRAUPS. 23X08 8o
) QuARTZ STEMS. 250
v} CAPILLARY NIPPLES, /4" DIAM X [/4"LONG, 350 BoRe .
FIG. |
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