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ABSTRACT.

A Mach - Zehnder interfercmeter withOC mm. mirrors has
been designed and constructed for the study of refractive index
fields. The instrument can accommodate largetest-sections and
is mounted on a sprung cradle to isolate it from any external
vibration.

Transient heat tr=nsfer phenomena occuring during evaporation
and condensation in liquid vapour systems were studied, usiqg”
%he inferometer to measure the temperature gradients existing
adjacent to the surface. From these results values of the
condensation coefficient were calculated for propyl alcohol,
pure water and water with involatile contaminants. For all
systems studied the calculated values of the coefficient were
found to decrease as the rate of comdensation increases and it
was considered that this effect cannot wholly be attributed to
the small quantities of air sometimes present near the liquid
surface,

Coefficients obtained for water during condensation were
of the same order as those measured by other workers studying
evaporation. Traces of sodium lauryl sulphate, a surface active
agent , reduced the coefficient by a factar of about 3; a similar
reduction was found for a normal solution of sodium chloride.
Coefficients for propyl alcohol were less than those for water
by a factor of 20. Evaporation and condensation yielded

similar coefficients for all systems.
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NOMENCLATURE.
PART A. INTERFEROMETERYs

fringe spacing (cms.).

deflection of a vibration isolator (feet).
geometric length of cell (cms).

exciting frequency (cps).

natural frequency (cps).

focal length of the collimating element (cms).
optical path difference (cms).

number of fringes.

interferometer mirroxrs.

P = difference in glass thickness (cms).

r' = equivalent source radius (cms).

51

.~ = interferometer splitters.

§2

Tf & TForce transmissibility.

Td = Displacement transmissitility

u,v,w. = co-ordinate systen axes.

. X = image diameter (cms).

X3 92- ) = co~ordinates of points in snace.
) ¢

x',y',2'.

a = angle of intersection of two light rays (radians).

included angle of if - Z interferomet~r parallelogram.
wavelength of light.

refractive index.

angle between the light beam and liquid surface.
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PART B. MASS TRANSFER.

a constant in the half power series.

a constant in the half power secries.

specific heat (cals/gram. °K).

average velocity of vapour molecules {ome/sec).

geometrical length of cell (cms).
a constant as defined by equation 6.18..

surface area of the sample (cm?)

heat given up per mole of condensed vapour (cals/mole).
a constant in the equation x = 2I VK& .
k/c.p for the liquid phase.

latent heat of vapour (cals/gram).
molecular weight (grams/gram mole).
molecular density of gas phase (moles/cm3),

molecular density of gas phase at equilibrium conditions
(moles/cm®).

mass transfer (moles/cm?.sec).

net rate of mass transfer (moles/cm?.sec).

pressure in the vapour space.

nquilibrium vapour pressure at the surface temperature.
gas constant (ergs/mole. °k).

K%.K'.n-%'

liquid surface temperature (°C).

temperature of the vapour (°C).

change in temperature from time zero (T - TO) °c.
temperature of the vapour at which the saturation pressure
is equal to ¢ (°¢).

vapour volume (cm3).

distance from the interface (cms).

(8 =7T) secs.
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condensation coefficient.

Q
il

= point value of the condensation coefficient at time 94= 9 .

i1 R*

avoragelvalue of the condensation coefficient over the time

interval 4 =01t0 9% =9 .

gradient of the vapour pressure temnperature curve.

= a.p.p.H /K.

= a small time interval (sces).

=
|

= time (secs).

= wave length (cms).

= refractive index.
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CHAPTER 1.
INTRODUCTION.

The work described in this thesis had two objects. First,
it was desired to construet a goeneral purpose instrument by means
of which the interfacial behaviour of heat and mess transfer
processes could be studied in detail with quantitative acoursoy.
For this purpose, a Mach - Zehndor interferometer with a high
sensitivity, a wide field of view and adeqgin be working space was
designed and built.

Changes in chemical and physical properties of fluids are
frequently accompanied by proportionate changes in refractive
index. The extensive application of refractive index measurement
has, until recent years, heen restricted to purity determinations
and to the evaluation of density fields in aerodynamics. Optical
measuring techniques are indirect and produoe contour maps of
refractive index over a field of view in a plane perpendicular to
the light beam. No physical probes are required and measurements
can be made close to an interface.

Three optical phenomena, which are dependent upon refractive
index variation, have been used to study variations in system
properties of gases and ligquids:

1. Schljeren.

2. Shadow effects.

3. Interference.
of these interferometery is the least sensitive, and shadow effects
the most sensitive, to changes in refractive inde:x.

36

Weinbergﬁo and Holder and North” have discussed the relative
importance of these techniques and their avplications in the
fields of combustion and aerodynamics, but only infreguent
references occur to their use in the study of heaV «r macs

transfer. Schlieren and shadow effects are primarily intended *c
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present a visualization of the refractive index gradients but do
not readily permit quantitative studies. The simplest Schlieren
system, a knife edge placed at the focal point of a beam after
passage through a refractive index field, has been used by Goltz
and Sawistowsk125 to study interfacial turtulence during liquid =~
liquid mass transfer. The structure of flames and shock waves
has been investigated using Schlieren and shadowgraphyzz’ss. In
shadowgraphs patterns are produced by redistribution of light
intensity in a refractive index field, owing to ray deflections.
The essential feature of shadowgraphy, as distinct from schlieren
methods, is that the receptor is not opiically conjugate with the
test section.

Interferometery is the only optical technique which is
directly quantitative, but the optical equipment is usually more
complex. The number of fringe shifts on the interferogram is
related directly to the refractive index change along the light:
path. It should be emphasised that all measurements made by
interferometery are of changes in system properties and must be
related to an independent determination at one point if absolute
values are required.

In any experiment it is preferable that the refractive index
variations can be attributed to the zhange in only a single
property, or that the effeots of two @ operiies differ in
magnitude (e.g. for water the refractive index cocfficients are
82.5 x 10_6/00 and 14.65 x 10_6/atm. for temperature and pressure
respectively.)

In particular cases the effect of one variable may be
dotermined independently (a blank determination) and the appropriate
corrections made when variations of both properties occur
simultaneously; this technique is seldom practieable.

Three properties which have been measured by interferometery
aret
1., pressure = in the study of flow past aerofoils and turbine

blades7l.
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2. temperature - in combustion processes and heat transfer

56,67.

3. concentration - in thec determination of diffusion coefficients

70

and solute concentrations adjacent to crystal faces ~.

problems

Many different interferomecters have been used in these studies and
their comparative merits are discussed in art. 2.6..

It is desirable for the purpose of invesiigating heat and
mass transfer that the interferometer is capable of measuring
time - transient, refractive index gradients; in particular, those
occuring during the evaporation and condensation cf fluids. The
refractive index variation caused by the picssure changes in the
vapour will be negligible for pure fluids; or fluids with
relatively involatile solutes; the interferogramswill be directly
temperaturc profiles. The rate of mass transfer across the
interface will be proporticnal to the rate of heat transfer
in o0 tho liquid and, from a consideration of driving force, a
mass transfer cooffiocient may be calculatved which is called the
tcondensation coefficient'. This coefficient has been measured
by many workers44 for evaporation in liquid - vapour systems but
only Harvey29 has studicd condensation. 'n his apparatus variable
air-water vapour ratios were used and no account was taken of
temperaturc changes in the air causec by adiabatic pressure
changes. The coefficient for water evaporaion has been measured
by many workors44, it has keen related to the ambicnt temperature
by Delaneyl but its dependence upon the rate of mass transfer as

noticed in the present work has not been rccognized.
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CHAPTER 2.
THEORY OF INTERFEROMETRY

2.1. Formation of Interference Patterns.

Light interference patterns are readily interpreted in the
terms of the wave theory of light. Briefly, the theory is as
follows.

If two wave trains, of cqual wavelength and amplitude,
intersect at an angle « as shown in fig. 2.1., the net intensity
of light observed will be the algebraic sum of the intensities
caused by each separate wave. At points alcng BB' the peaks of
the waves reinforce giving a region of high intensity, whilst:
along AA' a maximum in one wave corresponds o a minimum in the
other giving a region of zero intensity. This system repeats
itself at rogular intervals across the place of intersection, the
size of the intcerval being a function of the angle of intersection.
The intensity profile which results is shown below fig 2.1. In
three dimensions, if there are no refractive index. gradients in
either beam prior to the plane of interscotion, the pattern
observed will be a series of bright, parallel, straight lines on
a dark background; these are called wedge fringes. The intensity
of light in the plane of the fringes varies sinusoidally in a
direction normal to the fringes. Thus tho dark fringes appear
narrower than the light because the intensity can never be less
than zero. The term 'intcrference' is misloading, for this
phenomens depoends upon superposition ard implies the absolute
independence of the two wave trains which together form an
interferenco pattern. The experiments of Eﬁertlg showed that one

bright beam, however intensc, has no effect on another crossing its

path.

2.2. Conditions for Intorference

There are seoveral conditions which must be satisticd by an

experimontal apparatus for it to produce observable interfercnce.



FIG 2.1.

Intensity

FRINGE FORMATION AND SPACING

4.
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These are:=

1) The light in the two wave trains, which combine to give
interference, must come from the same source.

2) Unless the light is monochromatic, the optical path
difference between the beams must be small.

3) The anglec of intersection between the emergent becams must
be small,

4) If tho light is polarised, the emergent beams must be in
the same plane of polarization.

The first condition is a practical consequence of the nature
of light; most nearlymnonochromatic sources radiate an unbroken
train of waves for about 10-8 secs. after which another train will
be emitted which will bear no definite phase relationship to the
former. The probability of any other atom or molecule giving risec
to an identical wave train is very small. In view of the
comparitively long perjiod rcequired to reoord experimental effects,
interference may be observed only when the beams originate from a
common source.

The second condition is a result of the destructive interference
which ocecurs between the various wavelengths present in light
sources which are not monochromatic. Consider two wave trains
W4 and W, from the same sourcc, each consisting of two wave lengths
Xl and.Xz intersecting at a small angle o and advancing towards the
right as in fig. 2.2. The optical path difference from the source
4o the position A is zero; and at position A reinforcement will
take place for all wave lengths, as illustrated by the dotted and
continuous waves in fig, 2.2, At a position B, where there is a
path difference of é}, the continuous waves are exactly out of
phase, whorecas the dotted waves are seecn to reinforce each other
to a2 limited extent. At position C the dotted waves are almost out
of phase whercas the continuous waves reinforce; this corresponds
to a path difference of Xi. As may be seen fringes caused by more
than one wavelength mask the clarity of those caused by a single

wavelength. Two cases of masking arc worthy of note:-



FIG.No.2.2. FRINGE MASKING.

p.16.
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1) If the spectrum of the source contains two or three
predominant wavelengths, the fringes will be of a maximum
contrast at the position of zero path difference and at
all other positions where the path differonce is an integral
number of each of thc major wavelengths. In the fringe
pattern for mercury light this phenomena is especially
noticable; it gives rise to 'beats'.

2) The extreme case of masking occurs in the fringe pattern
for white light in which only one high contrast fringe is
visible. The remainder are coloured, and the degree of
dispersion increases with distance from the central fringe.
Masking is so acute that only about 10 fringes can be
-detected.

The third condition applics rather to the observation than
to the production of the fringes and is illustrated by fig 2.3..
Two plane wave trains from the same source cross each other at
angles «y in fig. 2,3.a. and «p in fig 2.3.b. (the convention the
pame as in fig 2.1.). It is seen that the fringe spacing decreases
with increcase in «. If o is large the fringe spacing will be too
small for the fringes to be detected, even under high magnification
e.g. for the meroury green line in air a fringe spacing of only
0.01 em. is given for « = 0.31. At the other limit, if « is zoro,
the fringe spacing will be infinite and one fringe will cover the
field of viecw.

The fcurth condition stipulates that, if the original beam is
plane polari2od and is passed through a doubly refracting medium,
the emergent beam must be analysed on a common azimuth before
interference patterns will be visible.

2.3. Relation Between Fringe Pattern and Path Difference Variation

Consider light from a source (co-ordinates x',y',z')
travelling along two paths and intersceting at a point x,y,z.
The optical path will, in general, depend upon all these

co~ordinates. If the intensity from a source of unit volume



D.18.
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FIG.2Z.3.RELATION BETWEEN ANGLE OF INTERSECTION
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arriving at x,y,2, via each path is 'i', the total intensity is

I(x,y,2) = f4i cos? 1% dx'dy'az' (2.1.)

With a small source of dimensions Sx',Sy' ,Sz' y such that

st S KON

Sx’
and if the total intensity via each path separately is Io’

I(xy¥42) = 41, 0082 nl (2.2.)
A

The intensity is a maximum on surfaceswhere the path
difference is an integral number of wavelengths; these surfaces
correcspond to bright fringes. Similarly dark fringes occur where
the path difforence is an odd number of half wavelengths. Since
the fringes are surfaces of constant path difference the gradient
of the path difference 1 is normal to the fringes. Between two
oonsecutive fringes the path difference changes by A . Hence the
spacing between two fringes b is given by

begrad 1 = A (2.3.)

2.4. Relationship Betweon Fringe Pattorn and Inclination of

Wave Fronts. .

Consider two rays which intersect at an angle o« at the point
(x,y',z)"as shown in fig. 2.4.. Draw rectangular axes through this
point. Axis W {o be along the bisector of anglc a,and u to be in
the same planc but perpendicuvlar to W. v is then normal to y and
W. The path lengths of the two rays are 1, and 1,.

§1 &1z

By inspection - - 2.4.
Sv S v 0 ( )
el 81z 5.
Sw = &w — KHcos /2 (2.5:)
§11 &1z :
= - = u sin /2 (2.6.
Su Su / )

Henca as 1 = 11 - 12 (2.7-)
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51 s1 _

= = 2.8.
sv 8w (2.8}
Si. = grad.l = 2y sin /2 (2.9.)

Equation (2.8.) shows that the fring%hpassing through (x,y,z) lies
e

in a plane perpendicular to that of/two rays and that the rays are

incident on the fringe at equal angles but on opposite sides.

From equation (2.3.) and (2.9.)

2u b sin afy = A (2.10.)
As o is small, b = XA ‘
b knowit

In a given application with a light source oflfavelength y the
spacing depends solely upon the angle of intersection of the

emergent beams.

2.5, Limitations Placed by Dispersion.
T2

in the thickness of glass plates, placed in cach of the two beams,

Tanner ' gives a method of estimating the maximum difference

which can be allowed before dispersion markedly reduces the
contrast of the central fringe. He states that a reasonable
limit for dispersion is when the number of fringes caused by
dispersion becomes comparable with the number obtained in the

absence of dispersion; that is
M2 = P.)\.E@% (2.12.)
2PN

where M = number of fringes in the absence of dispersion, and

P = difference in glass thickness.

For orown optical glass at A = 5461, the Mercury Green Line,

82 _ 7 "2 . P
5?% = 3,48 x 10' em (IR

- 2
Hence P = 2.07T x 10 4 xM in. (2.13,)
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Thus, if it is required to ident.fy the unique central fringe
for white light, for which M is about 5, the difference in glass
thickness = 5.10“'3 in.. This limit is easy to attain in practice,

whereas that given by Tanner of 1.6 1073

in. would require much
closer tolerance in the sgize of splitters and of optical flats.
If fluids with p> 1 are to be uscd in the cells it shorld be
noted that it is the dif ference in thickness of the two glass
plates with their fluid contents which must be less than the

calculated limit.

2.6. Types of Interferometer.

A1l instruments which are designed to produce interference
phenomena are called 'Interferometers' and they may be classified
in two main groups, namely those which depend upon

a) Division of Wavefront,

b) Diwision of amplitude.
In both cases all the conditions for interfercnce previously
discussed must be satisfied.

a) Instruments in this group are those which, by any optical
effect, change the dir:ction & two parts of a wave front,
so that they intersect at a small angle in the desired plane.
A1l interferometers of this type require either a point:
gource nr a narrow slit parallel to the intersection of
the two wave fronts. If too wide a glit is wed the wave
fronts will not be identical and a clear interference
pattern will not be seen. The best known example of
this class is the apparatus of Young85 in which the division
is achieved by two adjacent slits both receiving light from
a single source. Other common examples are the Fresnel

49

b) Instruments of this type divide the primary beam into two

Biprism23, Lloyds Mirror'”, and the Rayieigh interferometer63.

secondery beams of approximately equal amplitude. which
subsequently intersect at a small angle to form an

interference pattern. In most cases splitting is achieved



by partial reflection 2t & half-silvered mirror. With

this method of division of the beam the same portion of

the wave front is split and hence any lrregularities will
occur in both of the secondery beams. There is, therefore,
no restriction upon the size or shaps of the source which
can be used with this type of instrument and this allows an
extended source to be wed which will give much brighter
interference patterns. This kind of interference is commonly
seen in thin filme, for example soap bubbles. Examples of
this group of interferometers are those of Jamin39, Mach53
and Michelson57. A further example of this type of
instrument is the fouwr grating interferometer of Weinberg

amd Wood79, which is geometrically similar to a Mach - Zchnder.
The use of gratings instead of plates effecis a large
reduction in cost.

A further classification is sometimes made which subdivides
these groups irto those instruments with two and those with
multiple secondery beams. Only two beam interferometors will be
considered and the above examples are of this case.

It was decided to construct a Mach - Zehnder interferometer
principally because it can be used to study a wide variety of
problems involving both high and low speed phenomena. The main
disadvantages of a Mach - Zehnder are its supposed difficulty in
operation and its high initial cost. Previous experience has
confirmed that in the past operating difficulties have been
exagerated and cost was considerably reduced by constructing mos+
of the instrument in the College workshops. The Weinberg - Wood
interferometer is not suitable becausc of the limited available
grating sizeo and the wastage of light which would prevent high
speed photography. The instrument is more suited to low speed

phenomenon of small field of view.

2+7T» A Mach ~ Zehnder Interferometer.

A Mach - Zehnder intorferometer has four vnrimary optical
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components; the geometric arrangement is shown in fig. 2.5.. Two
of the plates S; and Sy are semi-reflecting whilst the others My
and My reflect all the incident light. Light from a single source
can pass through the instrument by two different paths, SiM;S5, 9%
S4M5S5, and there will be two sets of emergent beams; one pair is
along M4S;E which is termed the cmergent beam and the other is
along M4S,W which is termed the waste beam. Only the 1light in
along M4S;E can be utilised and this redwes the efficiency of the
system to a meximum of 50%, but the vse of an extended source
reduces this limitation. In most instruments the angle @ is taken
as 60 or 90 degrees: further considcration is given to the choice
of optimum angle in the design section on page 28.

Several analytical studies of the Mach - Zehnder optical
system have been published since its increased use pa a research
tool in aerodynamics during and after the Second World War.
Kindar43 presented an historical survey of the development of the
instrument together with - comprehensive biblography, but restricted
his analytical studies to the conditions where ¢ = 45 and for

83

specific fringe onientations. Winkler ~ made the first complete
survey of the subject and considered the effects of the various
mirror movements and gave expressions for the limitations imposed

72

by imperfections in the optical elements. Tammer = provides the
most comprehensive of the analytical studies: he Ins collected
togethen the  zresults of many previous papers and has
digtinguished between those which are applicable to all {wo-beam
systems and those which refer only to Mach - Zehnder instruments.

The principle optical properties of the Mach - Zehnder
interferometen are:-

1) Only a3 small part of the source light is absorbed in the
system and the emergent beam contains nearly 50% of the
inlet light.

2) The dimensions of the parallelograms, at the corners of
which the optical platss are arranged; can e chosen to

give the required beam gpacing, but mt not s so large as
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to reduce frame rigidity. Light passes only once through
the test section and compensating cell,

3) The path difference may be adjusted to zero and therefore
the number of fringes required can be a minimum and the
intensity can be a maximum.

4) The instrument can be adjusted for usewith an extended
gource which can give sufficient light for the rccording
of high speed phenomena,

5) The instrument may bc adjusted by altering the pomition of
only the optical platcs on the emergent side of the test-
section and compensating cell, thus avoiding disturbing
their alignment with the inlet beans.

71 that “or a parallelogram

It has been shown by Tanner
interferometer five fine adjustments are requircd, These are
usually provided by

a) one plate being traversed, that is, moved perpendicular to
itself.
b) the rotation of two of the optical plates about their
horizontal axes.
¢) the rotation of two of the optical platos about their
vertical axes.
Alternatively two wedge-shaped compensating plates can be placed
in one beam, as in the Lutz Interfcrometer, and these can be
rotated relative to one another and tilted relative to the
incident beam. This arrangement is tometimes favoured because
it reduces the fine mirror adjustmonts reguired to one in the
horizontal plane and one in the vertical plane plus a traversing
motion. No compensating cell is needed but it requires an
additional mechanism for fine adjustment and ano*her pair of high
quality optical components.

The interferomecter is in correct adjustment when high contrast
fringes of the desired spacing and location are in view. (4
geometrical represeantation of thoe state of adjustment ic given

72_)

by Tanner This is equivalent{ to reducing the path difference
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to Zero for a particular wavelength and causing the beams to
intorsect virtually at an angle o in the plane of the cell.

As is scen from equation (2.10.) the fringe spacing is given

by

It is imporiant when choosing the working mirrors, that is,
those to which fine adjustments are fitted; to select those which
alter angle of intersection and plane o intersection independently.
If the working mirrors are chosen arbitarily it may be necessary
to couple the adjustments of two mirrors in crder to simplify the

procedure.
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JTAPTER 3,
INTERFEROMETER DESI1GN,

The basic optical arrangement of the Mach - Zehnder
interferouster, firsit devised in 1890 for siudying air flow

53,86

and ballistics , has remained unchanged, although in the

details of design it ies rare to find two instruments which
are identical., Many designs are recorded3’4’6’20’26’47, but:
there is little information on their relative merits or theix
cost. Although superior in many ways to other kinds of
interferometer, a Mach - Zehnder is expensive to manufaciure,
and the instrument described herc was for this rcecason designed
so that it could be constructed by ourselves. As a result the
cost of the instrument was much less than that of its commercial

equivalent. Details are given in appendix A.6..

3¢.1. Seclection of Working Mirrors and their Arrangement.

The detail design of the interferometer is determined by
several criterca:-
1) Plane of parallelogran.
2) Angle of parallelogran.
3) Dimensions of mirrors.
4) Choice of working mirrors.
5) sSize of parallelogram.

1) The plane of the interferometer %s usually either vertical
cr horizontal. If the mirrors are arranged in the vertical
plane, tho floor space required is reduced but the control
of the mirrors is complicated. The traversing mechanism
must be designed so that the weight of the optical plate and
its holder do not affect the movement in either direction;
in addition the optical flats bend under their own weight
and give curved fring9526. If the parallelogram is in the
horizontal plane accessibility to all components is much
improved and irregular shapes of cell can be accommodated

more easily. A large instrument is more stable in this
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plane and +the mirrors do not distort under their own weight.
It was decided to arrange the mirrors in the horizontal
planc.,

The anex angle of the parallelogram is equal to twice the
angle  of incidence of the light beams upon the optical

71, in his analytical study, has calculated

plates. Tanner
that the effect of imperfections in the optical flats decreases
with decrease in angle of incidence. ‘the severest restriction,
that of the permissible wedge angles of the semi-reflecting
plates, is relaxcd by a factor of 1.86 with a decrease of

angle of incidence from 450 to 300e The ratio of useful field
width to unit mirror width increases with decrease in angle of
incideunce but, for a given beam spacing, the path length
increases with decrease in angle of incidence. It is important:
that the path length should not be too large becauce of the
difficulty of designing a rigid structure: also the case with
which the instrument can be adjusted is inversely proportional
to the path length. It was Ceoided to use an angle of
incidence of 300 which far a givem minimun beam spacing of two
feet gives a workabler path length with not too strict optical
tolerances.

For a circular mirror the!field of view will be elliptical and
the minor axis will be equal to 0,81 of the mirror width for
an angle of incidence of 30°. Plates of 200 mm. diameter are
used which after taking into account the area wasted by the
plate retaining wing provide an elliptical field with a minor
axis of 6". To ensure rigidity the plate thickness is 24 mm..
It was first noticed ty Kinier1? that if the distance from the
focal plane of the test-section to S, is made the same as the
distance from M, to S, (seec fig. 2.5.), adjustmentt of the
fringes is simplified. In this case, if the axes of rotation
lie in the reflecting surface, rotation of My varies the fringe
spacing and orientation without changing the focal plane in

which the fringes are localised. Fringe focussing is then
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achieved by control of S, alone. Several other factors
favour the choice of M and S, for the working mirrors.

I2 beam alignment with the test section and compensating
cell is not to be upset when the instrument is adjusted

the criginal settings of My and 8; must remain undisturbed.
It was not considered that tho complication and expense of
fitting remote control to the mirrors was justified, hence
all the adjustments must be within easy reach from a single
position. Therefore the holders of M; and S, were designed
8o that each could be rotated about two perpendicular axes
and a traversing mechanism was fitted to M,.

5) The lengths of the parallelogram sides are chosen in the
ratio c¢f 2:1 in order 1o have the test section in the middle
of the longer side. With a 2 foot separation of the beams
and an angle of incidence of 30° this gives values of 4'6"

and 2'3" for the parallelogram dimensions,

3.2. Specification of Optical Components.,

It is essential tnat the fringes which are produced by the
interferometer are of a sufficiently high contrast to facilitate
accurate measurcments from the photographic records obtained.
Loss of contrast arises from three major causcs:-

a) Masking by reflection of light from components of the
apparatus and surrounding objects.

b) TInequality of light via the two paths.

c¢) Effects dependent upon the source size and optical component
imperfections.

In addition, design of the plate adjustments must be such that

lack of sensitivity does not restrict fringe contrast.

a) Reflections are reduced if the air-glass interfaces arc
coated, Adjustable irises in the inlet beam holp to ecliminate
stray light and the light beams in the interferometer

parallelogram are enclosed by tubes, coated internally
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with optical black paint. These tubes serve also to exclude
draughts and convection currents from the working beams:
these may give shifts of the order of one fringe.

The effect of reflection ratio (the ratio of the light
intensitics of the two emcrgent beams from a splitter) upon
fringe contrast has been investigated by Tanner7l. He shows
that if the %beam splitters have the same reflection ratio
there is little influence upon fringe contrast for mnatio
values of 0.25 = 0.73, but if the splitters have unequal

reflection ratios the emergent beam intensities will diffom

and fringe contrast will be reduced. Normal optical procedures

can ensupe that the ratio will be 50 + 2% and an identical
coating on each splitter will give cqual ratios.
The importance of optical component: inperfections increases

11 gives a method of

with inerease in source size. Tanner
estimating the effect of imperfections upon fringe contrast.
He divides the imperfections into two groups; those which
give a linear term and those which give a quadratic term in
the source plane pm th varistion.

The first group consists of wedge angles which exist in
the light boams, that is, caused by the splitter faces and
the cell windows not Leing parallel. These give rise to the
mnost serious restrictions in the design and operation of the
instrument; here we have allowed them to give a 5% reduction

in fringe contrast. Using thc following porticular values:-

Angle of incidence of plates 607
Refractive index of plates and windows 1.51
Thickness of plates 1.0 in.
Source wave length SSOOO‘A
Sourcc size 2r'/F = 6,10

calculation shows that, for tho pair of splitters, the optical
thickness must not vary by morc than 2588 10" in. For the
cell windows the tolerance is 1.05 100 in.. The tolerance

plaoced upon beam splitter thickress is easily achieved by

3
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standard optical workshop methods. The permissible
restriction upon wedge angle of the cell opiical plates

is more difficult to satisfy anml will be achicved in the
prosent apparatus by making one optical flat in each of

the colls adjustable with respect to the incident light
beams (cell design art. 7.2.a,). The method of adjustment
is described in art. 4.2.d..

The second group involve less severe restrictions and
we have permitted a 2% reduction in fringe contrast. Using
the same dimensions as above:-

The thickness of glass in the seni reflecting plates must
not differ by more than 0.15 in, nor must their refractive
indexes differ by more than 0.105. Likewise the sum of the
glass thicknosses in the windows must not differ by more
than 0.159 in. nor must their refractive indexes differ by
more than 0,.103.

The tolerances given here are much wider than those required
to give a negligible dispersion as calculated in art. 2.5.a.
end are therefore of no practical significance., The
intcerferometer optical plates are of crowan optical glass,
manufactured by Bornhard Halle Hachfi, of Berlin, and were
specified tc be plane parallel to within Mo in order to
give straight parallel fringes. The surface coatings aro of
aluminium covered with a hard quaxrtz layer to prevent

abrasion of the surface.

3.3, Mirror Mounts and Adjusiments.

The dimensious of the optical plates were fixed at 200 mm.
dia. and 24 mn. thick; each weighs three kilograms. This load and
the degrec of rigidity required influence the choice of mount
design. The traversing mechanism must be capable of ndjustment
to within one wavelength of lijght. For the sodium, mercury nnd

white light sources which will be used with this insirument one
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PLATE 3.1l.. OVERALL VIEW OF THE MACH - ZEHNDER

INTERFEROMETER .






PLATE 3.2.. INTERFEROMETER PLATE HOLDER M2 .
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wavelength is 1.8 - 2.5 10 “in.. For the rotational movement

of the mirrors a similar sensitivity will be required. This
degree of gsensitivity in adjustment may be achieved in several
ways and different methods were adopted for the rotation and
traverse. It is important that in all adjustments backlash
(froe movement) is entirely oliminated or a lack of 'feel' will
bo present in the adjustments which will make setting-up
diffioult. 1In addition to the fine rotation adjustments which
are %o be fitted to My and S; , all the mirrors must have coarse
adjustments which will be used during the initial setting-up.

In order to reduce manufacturing costs the four mountings wore
made identical, fine adjusitment being achieved merely by fitting
a large sizoe of handwheel to the micrometers. Plates 3.1, and
3.2, show the mountings of mirrors My, Mp, Sp; detailed drawings
arc given in the appendix A:7..

The optical plate is retained within its gunmetal holder by
a threaded ring. Flat cork gaskets are fitted in front of and
behind the plate to prevent direct contact with the metal holder
and the plate is supported around its edge by a soft rubber cord
located within n grove in the holder. The cork and rubber gaskets
take up any differential oxpansion between glass and gunmetal thus
preventing temperature stroesses in the glass.

For ease of adjustment, it is desirable that the platcs rotate
about an axis which lies a8 near as possible in the surface of
reflection. The mirror holder is supported by two pairs of gimbals
inside two concontric rings. The axis of the rings can be adjusted
so as to coincide with the face of the optical plate. The gimbals
and 1/4 in. dia. stainless steel rod and are run in mild steel
housings. The spacers between the rings aro of phosphor bronze.
The bearing assembly was made with 2 minimum of clearance and
was thoroughly lubricated with oil-based it lybdenum disulphide
beforo asscmbly. Plate movement is controlled by standard
micrometor heads acting a distance of 7" from the gimbal axis
and bearing against coil compression springs as shown in plate 3.2..
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Free movement is eliminated by this systom and the end load

on the micrometer threads is not sufficient to cause excessive
wetr or distortion. The end thrust can be adjusted by using
different springs or by preloading the spring. Micrometers

are used since they provide a checp, accurate smooth-acting
screw thread; and any readings which are taken are an
indication of the position of the adjustment, but these readings
are not essential because fine adjustment is carried out with
reference to the observed fringe pattorn. Three inch diameter
aluminium handwheels are fitted to the micrometer heads on M
and S; in order to give the required sensitivity. Locknuts are
fitted toc all the micrometers, and those fitted on the coarsec
adjustments of My and S, were tightoned «fter the preliminery
stages of setting up with no noticeable alteration to the state
of adjustment.

Owing tc theo considorable weight of tho optical plate and
its gimbal assembly (30 1bs.) it was decided to use a stendard
latho top-slide to providc tho basic runners for the traversing
mochanism. Othor designors have rocommonded that the lathe slide
should be avoided on the grounds that it is not usually able to
move oxactly parallel to itself. The charactoristic has not
boon overcome, but provided the two light paths are equated
early in tho sotting-up procedure the slight misalignmont
resulting causes no inconvenionce and is oasily componsated at
a later stage in the adjustment. Hovever backlash has not boen
satisfactorily eliminatcd by this design and in tho discussion
in art. 4.4., an altornative dosign is givon.

The traversing mochanism is shown in plate 3.2. As originally
constructed the lathe slide gaveo an advance of 0.10 in. per turn:
this being further gearocd down by 50:1 using a worm and pinion.
Tho worm is spring loaded in mesh to remove backlash and the
gears nay be disengnged by the operation of a simple cam, allowing
the coarso original lathe slidc movement to be used for tho
initial sotting-up. Tk backlash of the Ilathe slido is largely
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overcome by the two coll compression springs scen in plate 3.1.,
but these must oxert a considerable axial force to climinate
frec movement; and this mkes oporation of the lathe slide
difficult when working in opposition to the springs.

Remote control is usually effectcd eithor by flexible
Bowdon cables or by electric motors connected to the mnicrometers
by flexible couplings. It was decided not to install remote
control to the instrument as first set up,; but to make provision
in the design for its addition if found nccessary. This would
be done by Titting Bowden cables to the micrometer spindles.

In practice, it was found that the fringe pattorn could be
observed whilst manual adjustments wcrc being mrde, and thorefore

the cables were not used.

3.4. Vibration Isolation.

41l interferometers arc highly sensitive to external vibraiion
and vibrometers arce sometimes calibrated by intorferometeryl4.

In normal applications a movement of one +tenth of tho fringe
spacing is easily rocorded and this cocrresponds to a rclative
displacement of the optical plates of about one millionth of an
inch.

At present the interferometer is instnlled on the fourth
floor of a building adjacent to a road carrying considerable
traffic including Omnibuses. The building is of platform floor
construction and the instrument is situated at a corner adjacont
to two load benring walls, in order to utilise the maximum
obtainable wall stiffness. The building contains nany pumps and
compressors and other machincs most of which are mounted on
ineffective anti-vibration matting; in prrticular on the third
floor are several wind tunncls and their ancillary equipmont.

All of these contribute towards the high level of vibration
existing in the building. (Recent mecastvrenents made with = Hilgor
and Watts Seisometer in the older part of the building on the

second floor showed frequenciocs of 2-5 cps. and amplitudes of
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1.4 - 4 microns peak to peak54. The different construction of
the newer part of the building gives a lower natural frequency
but larger amplitude.)
Proevious designcrs have attompted to achieve froedom fron

vibration by mnany different tochniques. Tn,nner72

nountod an
instrunent on pncumatic-tired castors and these in conjunction
with 'Silentbloc! rubber brushes gave satisfactory isolation.

Hall26 and Loe47 used a similar suspension. Ashkenas and Bryson

4
used a system of rubber bands in tension together with o foot of
foam rubber in compression. ]3:'Lnnen:-sley'8 found that a one inch
thick shect of fonm rubber gave adequito isolation, but he uscd
a heavy framework of great rigidity. Sifficient rigidity would
be difficul® to obtain with the 200 mm. wlates arranged in a
parnllelogrom of 4'8tx 213",

ILiterature references to n comprehensive design procedure

14 and Den Hart0328 give

52

for isolntors arc rare. Crede
theooretical troatments whilst Macinate gives a bibliography
together with practical design dnte on the suitability of various
isolators. To achieve n low vibration tronsmissibility (the ratio
of the force communicated to the object with and without the
isolator boing prosent), the natural froquency of the systeom
should be many times lower than the fundamental exciting
frequency. For a system with one degreo of freedom (vertical)

and zero damping the force transmissibility (Tf) ~nd the displacc-

ment transmissibility (Td) are both cqual:

Tp = Ty = —;-*§£:§g~ (3.1.)
(f
n

where = fundamental exciting frequency

f
fn = natural frequency of the systom,

Dampingcﬁﬁcreases the amplitude magnification at resonznce but
increasos the transmissibility at froquepoies.>>V2fn. Therofore

in the oporational range of froquoncios the offect of damping
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is always to lessen the degrooc of isolation.

At first a rubber in conmpression systom of 'Tico! anti-
vibration matting was uscd but this did not prove satisfactory.
The static doflection was 0.25" under load and gave a naturzl
frequoncy of about 6 cps. It was decided to design a system
with a natural frequency lecss than 1 cps. For a static
deflection 'd' in. of an isolator, the natur=l frequoncy is
given by

f = 3,13 V1 (3.2.)
n: a

Therefore to achieve an fn less than 1 cps. a static: deflection
of groeater than 10" is required. The only practical way to
obtain this extension is by means of metal coil springs. 1In
order to sinplify the installation, two sprung cradles werec used

each with a pair of tension springs, all of identical specification:

Number of turns 46

Wire size 3 S.W.G»
Outside diameter of coil 2n
Unoxtended length 18
Extension under a load of 330 lbs. 1243 "
Natural frequency 0.90 cps.

Sponge rubber mats, 0.625" thick, were placed under the bases of
the cradles in order tc¢ climinate spring rcsonance and to
acconmalate floor and base plate irregularities. It wos decided
not to incorporate dampers in the system until they were proved
necessory in practice. The anplitude of vibrations induced
during optical plato adjustmont was found to be small and the

fringos were always visibloe.
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3.5. Fromework Design.

The interferometor framework can either be constructed so
rigidly that any vibration which excites the instrument produces
no vibration of importancec, or it can have a lighter construction
so effectivoly isolated from vibration thet no measursble
disturbancoe of the fringe pattern takes place. The largo size
of the interferoneter parallelogram (4'6" x 2'3") mnkes it
difficult to design o rigid enough structurc teo adopt the first
method and the high level of vibration present makes it doubtful
whother the second would be successful., Therofore the framework
was designed to give moderate rigidity but with a fairly high
nass to act as an inertia block. As discussed above, it was
nt first mounted on 'Tico! anti-vibration pads but these did
not prove satisfactory, and a suspension system incorporating
coil springs under tension was installed instead. The location
and the narrow docorway of the room in which the instrument is
placed limited the size and weight of any one part of the
apparatus. Therefore it was decided to construct the framework
of two all-welded components which could be bolted together on
installation. This limitation precluded an all welded structure
which would have given maximum 1igidity. The framework is shown
in plate no. 3.1.

The two main framework members are of 6" x 6" R.S.J. and to
these are welded the 5" x 4%%°R.S.J. which carry the mirror
asserblies and mirror bench supports. The plaiforms for the
mirror assemblies are of %" mild steel plaie, 33" diameter, and
are welded to the tops of the uprights. The cell support runners
are of 1%" M.S.A., which are extended at the inlet end to carry
the collimating element, an 8"' diameter Schlieren Mirror. Along
the axis of the emergent beam provision is made for a 1% metre
optical bench which is supported on 1%" M.S.A.. This bench
carries the optical elements nncessary to give the required

magnification of the fringe pattern. If the instrument is used
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in single shot photography the camera is placed on this bench,
but a cine camera must be mounted separately in order to isolate
its vibration. The framework cross members of 4" x 3" R.S.J.
and 2" x 3/8" strip are secured in place with 5/16" BSF high
tensile bolts. The total weight of the framework, less mirror
assemblies, is about 1100 1lbs.

It was decided to install the coil spring suspension after
the anti-vibration had proved unsatisfactory; hence two sprung
cradles were designed to accept the existing framework. Each
spring support, shown in plates 3.1. and 3.2., consists of a
vertical length of 5" x 24" steel charncl weclded to a mild steol
base plate 12" square and 3/8" thick. The top bracket is made
from 2" M,S.A. and of 2" X 3/8" strip. Tao load bearing sections
of the cradle are of 3" x 24" stuel channel and are clamped to
the main R.S.J.8 by two pieces of channel gripping the inside
edgos of the R.S.J. Each is fitted at both ends with 3/8" Whit,
eycbolis,; the upper being made with three inches of thread to
give a fine adjustment in frame attitude.

The framework @p constructed is unsymmetrical and was
preleaded with stocl blanks to cnsure that the centre of gravity
coincided approximately with the geometric centre of the structure.
The springs were all monufactured to an idomtical specification
but the tolerances were rclatively high, +3" on the specified
oxtonsion, and the eyebolts were adjusted to place the cell optical
axis in the horizontal plane. Provid.ng that the thrust faces of
the washers under the eyebolt muts are woll greased, the manual
effort required to adjust the attitude is small despito the load
per bolt being 2% cwt. Stops are fitted at the cradle ends to
prevent excessive movement in any dir ection, both for safety and
to rcduce theo possible amplitude of any vibration induced
accidentally or by manual adjustments. By restricting ampliiude,

the stops decrease the +time teaken for oscillations to damp out.
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3.6 Light Sources and the Inlct Cptical System.

Tho two important properties of a light socurce tc be used
in interferometery are its intensity and spectral band width.
Usually the higher the intencity the higher the band width.
Sources may be classified in three groups:-

1) Low intensity and narrow band width - a sodium 1amp.

2) Medium intensity and wide spectral twnd width - a high

pressure mercury lamp.

3) High intensity and wide bond width - a spark source.
The use of sources in the first group is restricted to the
initial setting-up of the instrument. A iaboratory sodium lamp
gives about 10,000 fringes which increase in contrast towards the
centre of the field, and its use in setting-up is described in
art. 4.2. The spectral band widih of a mercury vapour lamp
increasos as it heats up. When cecld it is a member of tho firet
group but as the operating temperature is attained the number of
visible fringes is greatly reduced and it is then an exemple of
the second group.

Sources of the second group provide sufficient light for the
photography of low speed phenomena, where exposures of the order
of milliseconds can be tolerated. Usually a filter is used with
this type of source to decrease the width of the spectral band but
this also reduces the available light, often by as much as 60%.

A white light source, with its unique central fringe, gives
absolute fringe numbering by which refracivive index changes can be
traced across a section where the fringe pattern is too complex to
be resolved.

Sources of the third group are used for the study of the ultra
high speed phenomena encountered in aerodynamics, where an exposure
of the order of microseconds is essential. This is achieved by
the discharge of a large capacitor ncrcss a gap between two
electrecdes, usually made of steel. The light from the spark is

not monochromatic and must pass through either an interference
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filter of a prism monochromator before reaching the camera.

For the purposes of thisrinvestigation it was decided to
provide three types of source; a sodium lamp, a high pressure
mercury lamp and a 1000 cp Pointalite (a white light source).

The same collimating system ;as adopted for each light source

in turn, the lamp being placed in the sowrce position as shown

in £ig.28H. The collimating element ies an 8" Schlieren mirrom M
which permits the inlet optical bench t be placed at an angle

of 20O to the interferometer axis with little spherical aberration.
Light from the source S is collected by lens L, an 8" RAF cnuers
lens, and is condensed by lens L, focal length 60", onto the slit
T. When necessary a filter is placed bitwsen L4 and Ly. The-

edges of the slit are defined by four raZor blades which can be
adjwe ted to give a slit of the desired size and proporiions. The
inlet optical bench is mounted on a framework made from Dexion.
No attempt is made to isolate the bench from vibration but it is

bolted to the floor to mw evont accidental movement.

3.7. Bmergent Beam Ontical System and Camera Arrangement.

When the interferometer is adjusted so that the plano of
localiZation of the fringes is within the length of the test-~
sectiony, the gas-liquid interface and the fringc pattern will be
in focus together. Even if the camera weorc to be placed dircetly
behind S, the focal plane would be 2'4" from the camera and the
field of view would be larger than required, giving a small image
of the fringe puttern on tho emulsion. A 20" ex W.D, lens was
placed adjacent to S, (fig. 2.5.) and formed an inverted image of
the fringe pattern at I, with a magnificntion of 1.30.

The choice of pholtographic technique was governed by the
desired magnification. If the magnification given by Lz was
adequa te no further lenses were used and photographs were taken
with the film plane at I;. If further magnification was required

the camera was fitted with a 25 mm. Yvar f1.8 lens together with
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extension tubes. The maximum magnification of 3.9:1 was
obtained using a 75 mm. extension tube with an object - image
distance (film plane - Iy) of 133 mm.. The depth of focus at
this magnification is very small 0.2 - 0.6 mm., but reduction
of image definition within 5 mm. of I, was hardly perceptible
and therefore, the accurate location of I, was not important.
The camera is mounted on a dexion frame independent of +ihe

interferometer framework.
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CHAPTER 4.
ADJUSTMENT AND USE OF INTERFEROMETER.
4.1, Objects of Interferometer Adjusiment.

An interferometer is said to be in adjustment when:-

a) The test-section windows are aligned perpendicular to the
beams and the plates are adjusted to give maximum field size
for the chosen beam spacing.

b) PFringes of the correct epacing and orientation are localised
in a vparticular plane of the test-section. This is eguivalent
to adjusting the beams to intersect virtually at a chosen
angle in the plane of the test-saction.

¢) The zero fringe (the fringe of maximum contrast) of the
waveleagth to be used is at the cenire of the field of view.
This is equivalent to reducing the path differcnce of the
two beams to zero.

a) The fringe contrast is a maximum for the source size and
fringe spacing to be used., This is equivalent to reducing

the source plane path variastions to a minimum.

4.2, Adjustment Procedure.

The procedure is divided into five stagess-—
a) Positioning of plate holders on the framework.
b) Location of visible fringes by geometric optics.
¢) Fine adjustmont by interference optics.
d) Insertion of cells and alignment of cell flats.

¢) ™nal adjustment for photography.

4.2.a. DPositioning of plate holders on framework.

The framework was assembled and installed in the laboratory
prior to positioning the plate bholders. Thick steel discs were
welded to the tops of the vvrights and in beolting the framework
togosther, carc waa takea that the discs were 211 on the sane .ievel

(a spacer was pinaced &t My of heighi equivaleni +wo the traversing

iy
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mechanism); this ensured that the mirror centres were in the
same plane. Steel spigots wore placed in the centre of each
disc. Standard lengths corresponding to the sides SiM4 and
M,S,; were constructed by drilling holes in a length of aluminium
chamnelj the soparation of the holes being equal to the standard
lengths. The centre pcint of My was established by drawing loci
of the point from S; and Sy using a pointed spiget in the end hole
of the ohannel as a scriber.

The value of the parallelogram apex angle is not critical
to within a few degrees, and although the positions and lengths
of framowork components were calculated on the basis of an apex
angle of 60°, no attempt was made to es.ablish this angle
accurately during assembly. BEach mirror mount basec (saddle) is
secured to its steel table by four 1/4" BST set screws passing
through l/2‘“clearance holes in the saddle in order to accommodate
any inaccuracy in the hole location.

Prior to making any optical adjustments, the componcnts of
the collimating systom were arranged on their optical bench. The
slit was positioned by finding the focus of the mirror M (fig. 2.5.)
using a tolescope focussed at infinity. Lens L4 was placed at a
distance equal to its focal length from the source and L, was
arranged to give an image of the source in the plane of the slit.
The mirrors were then adjusted to give maximum field size. The
axis of the inlet optical system and the attitude of the Schlieren
mirror were arranged such that the collimated beam, which exactly
filled S, fell directly onto Mz. Sj was then adjusted such that
that the refleoted beam filled My; then M; so that the beam filled
So3 then My so that the beam filled S;.

4.2.b. Location of visible fringes by geometric optics.

The optical plates were made nearly parallel using a

71

modification of the method given by Tanner'~. As a conscequence

of having chosen the parallelogram sides in the ratio of 2:l
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together with an apox anglc of 60, it was nect possible to use

2 sheet of plane glass as the mirror in beams M5, nnd MySj

(fig. 4.1.) as in the original method. Instead a small mirror,

held in o saddle on an optical bench, wos used. The procedurs

vins as follows:—

1) Direct a narrow beam of collimated light along M;S;.

2) Bench in position 1 - 2, saddle in position 1, adjust mirror
such that reflected images are coincident.

3) Saddle in position 2 adjust mirror M, to make image coincide
with source, M; is then parallel to S,.

4) Bench in position 3 - 4, set mirr>r with saddle in position 3
and then with saddle in position 4 adjust M4 to be parallel
to Sq.¢"

5) Bench in position 5 - 6, set mirror with saddle in position 5
and then with saddle in position 6 2djust S; to be parallel
to Ms.

Little difficulty was experienced in aligning the images to
less than 1/64"; and providing that 2 standard technique was
follewed when setting the saddle clamping screw, and that the
distance of the source 54 was greater than six feet, sodium lamp
fringes were usually located on traversiag M,. For this purpose
e sodium lamp was placed on the inlet arm of the framework so as
to illuminate a ground glass screen situated just before S4. This
method proved simple and reliable in practice and required only a
minimum of auxiliary equipment. As a1l subsequent adjustments were
made to 3 and S,, the micrometer locknuts were tightened on M

and Sl-

4,2.ce Pine adjustment by interference optics.

The fringes locatod by the previous method were usually of
low contrast and before they were shifted to the desired plane: it
was necessary to improve their contrast. Firstly the fringes

were swung s0 as to be approximately in the vertical plane by
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rotating M, about its horizontal axis (henceforth called the

vertical adjustment) and thcn Mé was traversed towards the fringe

of highest contrast. The increase in contrast of sodium fringes
around the fringe of highest contrast is low and thHe adjustment
was simplified if the diffuse screen was illuminated half by
sodium and half by mercury light. The mercury fringes increase
in contrast more rapidly but as their number is far less than the
sodium fringes they are not visible until approaching the limit®:
of adjustment of the sodium lamp, The worm drive on the
traversing mechanism was used only when the mercury fringes had
been located. The sodium lamp was then removed.

The procedure adopted to improve the fringe contrast was a
modification of the !'Source-plane frings' method proposed by
Tanner71. A filter to isolate the 5461°A mercury line was
placed in position between L1 and L2 on the inlet optical benclh,
The technique was as follows :-

1)  Splitter S, was rotated about its vertical axis so as to
improve the fringe contrast.

2) Mirror M, was then rotated about its vertical axis in order
to restore the fringe spacing which was usually reduced by
stage 1 . }

3) This sequence was repeated two or three times.

4)  Splitter S, was rotated about its horizontal axis to improve
the fringe contrast.

5) Mirror M, was rotated about its horizontal axis to restore
the attitude and spacing of the fringes normally changed by
stage 4 .

6) Stages 4 and 5 were repeated until no further improvement
was obtained.

7) Mirror M2 was traversed to bring the central fringe back
into the middle of the fiel d of view.

During these operations the fringe plane was brought into the

central plane of the test section. The plane was located either

by checking for parallax with an object inserted in the beam or
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by using a telescope with a short depth of focus.

The ground gleass screcen was then removed and the aperture
of the source slit reduccd to 1/16" square. The lens Lz was
placed in position adjacent to S; and a screen located in the
plane Jp. The low contrast fringe pattern secn on the screen
was then improved using the 'Source size - fringe contrast!
method of Tanncr. This is essontially the: same as the previous
method but before each piir of adjw tments ihe source slit is
elongated in a direction perpendicular to the axis about whioh
the plate is to be rotated. During this stage the advantage of
the Kinder43 arrangement becamo apparcnt. When the fringe plane
was in the rogion of the test-section it was noticed that
horizontal adjustment of S, altered the fringe plane without:
appreciably changing the fringe spacing or attitude. TVertical
adjus tment of M, changed thc fringe attitude and horizontal
adjw tment the fringe spacing, neither affecting the position of
the fringe plane. This stage was comple ted when the aperture was

3/8" square and the frings pattern was of mximum contrast.

4.2.4. Insortion of cells and alignment of flats.

Before tho cells were plhced in position on the interferometer
framework the scparation of the pairs of optical flats was set to
within 0.001" using a comparator. This instrument is designed. to
oompare lengths to within 5.10'5" and the acevracy required tc
satisfy the: criterion for negligible dispersion as calculated in
art. 2.5. was easily atteined. Onc flat of each pair is mounted
in a throo point holder (see design art. 7.2.a.) and may be se#
at any anglo within 330 of the fixed flat. A vacuum tight closure
is ensurcd at all times by using an O-ring as the gasket. The
comparator readings were taken adjacent to onc arm of each holder
and any subsequent changes in holder attitude wero made using
the- other two knurled adjusters.

The- mountings of both cells are fully adjustable and the
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longitudinal axis of each may be swung in a horizontal or vertical
plane in order to align the optical flats perpendicular to the
light beam. The aperture of the slit on the inlet bench was
reduced to about 1/32" square and the cells arranged so that
the images of the aperture as reflected by the cell flats were
seen on the aperture plate. Firstly the test-section was blocked
off from the light beam and the compensating cell was set so that
the image reflected from the fixed flat coincided with the
aperture in the plate. The locknuts on the mountings were
tightened and the adjustable flat set so that its image also
coincided with the aperture on the plate. Tt was estimated that
the images could be mede coincident to vithin 1/3 of their
diamecter which equals 102", s shown ia fig 4.2. with a
collimating element focal length of 6u" the Flats will be
parallel to within 9 where

& = x
2f

1072

120

- 0.83 1072 rad.

The width of the optizal flats ias 1.5°%.

Maximum wedge thickness of glass and water plate is 1.5 10—4".
This is less than the theoretical limit as calculated in section
3.2. The same- procedure was followed for the test-section optical
flats. Both sets of flats were then parallel to each other and
perpendicular to the light beam, The compensating cell was
completely filled with theiigéggunder investigation and the
test~section half filled so that the interface was at the centre
of the optical flat,

A}

4.2.0. Final adjustment for photography.

Orn the insertion of the c2lls the fringe contrast was always

markedly reduced but fringes were always visible with an aperture
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of 1/16". Mirror M, was traversed to restore the central
fringe to the centre of the field of view. The source size
fringe oontrast method of Tanner was repeated to restore the
fringe contrast.

If the gas-liquid interface was not aligned parallel to
the light beam spurious fringes were observed. Howes and
Buchle37 give photographs showing the change in shape of the
spurious fringes as a function of the angle between the axis
of the light beam and the model surface which was an optically-
flat, face aluminised mirror. In th® case ol a cell containing
liquid and vapour the meniscus at the glass interface further
complicates the problem by giving diffruction patterns. These
take the form of a series of horizontal -ines parallel to the
interface on the liquid sidej in most cases these are of low
contrast when compared with the Mach - Zehnder fringes.

If the appearance of the sprrious fringes indicated that
¢ was little different from zero {the extreme cases of Howes
and Buchle were not found unless artificially produced) the
horizontal axis of the test cell was tilted slightly on the
framework by ;djusting the reoar screw of the three point mounting.
The collimating mirror was then rotated about its horizontal axis
to restore the coincidence of source aperture and images thus
making the light beam perpendicular to the cell flats; the referonce
cell was also readjusted perpendicular to the light beam. On
re-cxamining the spurious fringe paitivern it was apparent whether
¢> had been increased or decreased. The cycle was continued
until the fringe tops Imd a 'picket fence'! appearance whibh occurs
when ¢ = 0. It is important that all observations occur in the
same plane, that of the camera film, because the appearance of the
spurious fringes changes on either side of the focal plane.

Final adjustments were ma?g for photography whilst the cell

was under wvacuum. Venkatarman' = measured the piezo-optical

coefficients for water at 2300 and gives average values for

29

pressures around ore atmosphere of 14,65 lOHO/atm. Harvey
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found the cocfficicnt to be 22.07 10“6/atm. at 14°C for pressure
in the range 0 - 1 atmosphere. The chnnge in optical path length
of the cell which results from the decroase in refrnctive index

gives a fringe shirt of S = dp.L/\

where dp = change in refractive index.
L = geometric length
N = wave length of light.

22,07x10_6x415x2,
5461 3. 14™"

Therofore Fringe shift

1

4.5

On evacuation a shift of ten fringes was observed which suggests
that the separation of the optical flats decreases slightly
under vacuum. A decrease of only 2.1074" would ‘give a shift

of five fringes. The attitude and spacing of the fringes did
not change during evacuation indicating that the optical flats
remained plene parallel. Finally M, was traversed to restore

the central fringe to the middle of the field of view.

A.3, Photography.

A 16 mm. Paillard Bolex cine oaucra, model H 16 T, was used
for photographing interferograms. The camera has an indicated
speed range of 12 - 64 f.p.s. and oxposes 16.5 ft. of film per
cyclo of the clockwork motor. At 64 f.p.s. the exposure is
1/60 sec. per frame. The normal camera lens was used only for
run captions and it was removed for all fringe photography. An
image of the fringe planc was projected directly onto the
-photographic omulsion by Li. Exposure control of the film was
achieved either by stopping down L, or by adjusting the slit size.

A Chance glase finter was used to isolate the Mercury Green line
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ot 5461°A in the spectrum from the high pressure Mercury lamp.
The filter gave sufficient light transmission for the correct:
oxposure of Ilford HP3 film at 64 f.p.s. with Ly at £ 2,9 and

the slit at its mximum aperture of 5/16" dia.. The image size
on 16 mm. film of 10.45 x 7.40 mm wns only 5% of tho toinl
interferogram area and hence the light intensity on the emulsion
oould have been increascd many times by changing the focal length
of lens Lz. The film was developed commercially by Kay
Laboratories Ltd. using Kodak D 76 developer to give the standard
spced rating of 400 ASA:

4.4. Discussion of Desipgn.

The interferometer proved easy to operate and bring to the
required state of adjustment. The following are only minor
criticsms of the detail dosigni~
1) As proviously mentioned the inequality in easc of movement

of the lathe slide in opposite directions, owing to- the springs

acting along its axis, proved irksome in giving a 'lack of

feel! to this adjustment. If the back-lash in the slide had
been removed by forcing the male screw thread of the shaft
either to top or bottom of the female throad in the carriage
block by spring loading as is shown in fig. 4.3., tho torque
rejuived to mo¥e the carriage would have been the same in
elther dircection. In adiition this force would have romcved
any frec movement in the dovetail slidoways. The carriage
traverses only a small proportion of its design range and
hence the spring loading could have been designed to act
under the middle of the carriage, but this arrangemont would
require a bearing on the floating end of the shaft to take
the upthrust. Alternatively the spring could be placed under
the floating end of the worm and the consequent distortion of
the thread tolerated.

2) The lathe slide traverse, when using the reduction gear, was



3)

4)

5)

..55..

a little too rapid. A worm and pinion giving 100:l
reduction rather than 50:1 as designed would have given
greater control.

The attitude of the framework changed slightly from day to
day owing to the effect of temperature upon the tension
springs, in addition the springs tended to sag over a long
period of time suggesting that they were underdesigned for
a standing load of this magnitude. Both these effects are
characteristic of the type of suspension chosen and could
not be eliminated.

The mirror-mount design proved satisfactory, but the usage
made of the fine adjustments available on M; and 54 did not
warrant having their components mads of similar accuracy
to those of M; and S;.

Remote control would Inve been of assistance only when the
plane in which the fringes were being viewed was further

than arms-length away from M; and 5;.
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CHAPTER 5.
LITERATURE SURVEY.

5.1« Introduction.

In 1893 Hertz33

mercury into a vacuurij this was the first quantitntive study

published his paper on the evaporation of

of the evaporation phenomena of a single component system. He
postulated from the kinetic theory of gnses that for any substance
at a given iemperature there exists n maximum rate of evaporation
which is equal to the number of molecules which strike a surface
placed anywhere in the vapour phase and is also equal to the
number of molecules which strike the surface of the condensed
phase under equilibrium conditions. Therefore the upper limit

on the rate of evapecration or condensation is

N = 1/4 ng o £y moles/cmz.secu (5.1.)
where n, = molecular density of gas phase at equilibrium
conditions. moles/cm®.
¢ = average velocity of vapour molecules. cm/sec.

In his experimental work on mercury Hertz obtained values for
the rate of evaporation which were only 10% of the theoretical
rate.

In 1915 Knudsen45, using a more nccurate experimental technique,
obtained rates of evaporation equal to the thooretical mximum from
the surface of mercury which had been caretully purified, but only
30% of these rates from impure mercury. He introduced a parametor
'a' =<1, variously called the 'Mass accommodation coefficient or
the 'Condensation coefficient! defined for the gemeral case, where

the gas phase shows a pressure at the interface, by the equation

o

N = a.oc. (ng, - mn) (5.2.)
4
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where N = net rate of evaporation. moles/cm2.sec.

n = molecular density cf gas phase. moles/cm3.
This is called the Hertz: — Knudsen equation which has been a
bagic relationship for all subsequent work on mass transfen
in a single component system. Alternatively this equation may
be derived by considering individyal coefficients.

Rate of evaporation = a .. E. n

)

st

Rate of condensation = X e n.

z.
4
Net rate of evaporation = o, (@ .n_ - «n),

= o8 c

4
At equilibrium n, = n, and the net rate of transfer is zero.
Thus assaming a, and @, are independent of pressure and temperature,
act = aeo
Hence

N = e Eo (ne—n)-

)

This coefficient should not be confused with the energy
accommodation coefficient, which is the ratio of sensible heat
transferred by molecules striking the surface to the theoretical
maximum of sensible heat transfert the energy accommodation
coefficient is generally close to unity.

Knutke and Stranski44 give a comprechensive survey of the
literature on evaporation and condensation coefficients. &ther
biblivgraphies include those of Courtneyl3, Stovers9 and Rideal65.
Pau188 has compiled a list of evaporation cvefficients. A large
variety of experimental techniques have been used and we shall
classify them as follows:-

A. Fvaporation from a quiescont surface.

1) Evaporation into high vacuum of substances with

vapour pressures less than 0,1 mm. of mercury.

2, ZEvaporation of substances with vapour pressures higher

than 0.1 mm, of mercury.
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3) Condensation experiments.

B, Evaporation from a moving surface.

5.2.a. Xvaporation into high Vacuum.

For evaporation into high vacuum n = 0 in the Hertz -
Knudsen equation and heuce a knowledge of the vapour pressure
of the substance together with its rate of evaporation iuto
vacuum is sufficient to determine its condensation coefficient.
In order to maintain n at zero, the probability of evaporating
molecules being reflected back into the surface, after molecular
collisions, must be small. In most techniques this is achleved
by operatirg at high vacuums and making the separation of the
evaporacing surface and the condenser much smaller than the mean
free path of the molecules.

Using this method Wy111984 determined the condensation
coefficient of glycerol at 18°¢ as 0.052., He measured the loss
in weight of a snmple of known surface area placed under vacuum
for periods of up to 35 hours. The sample holder was withdrawn
from the thermostated cell for woighing. The vapour pressure of
the sample was found by measuring the rate of offusion of wvapour
through a hol® in platinum foil, the hole having a diameteor less
than the mean frec path of the evaporating moleculles, Wyllie also
discusses the relationship between 'free angle ratio! (the ratio
of the partition function for the rctation of the molecules in
the liquid o that for molecules in the vapour), as calculated by
Eyring and Kincard21 and the values of the coefficients which had
been measured by Altyl and BaraneavY. Condensation coefficients

and free angle raties for 0014, C6Hk,CH30H, 02H5OH and water are

almost equal, but for CHCl3 which does not form hydrogen bonds,
the moasured condensation coefficicent is less than one-third of
the ecalculated free angle ratio.

A mechanical torsion balance was used by Weasel81 to0 measure

the 'ovaporation pressurc' (the recoil of the evaporating molecules
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against the condensate) for cadmium and silver at temperaturec

near to their melting points. From a knowledge of vapour pressure
and molecular weight he calculated o = 0.996 for cadmium and

o = 0.920 for silvor. Rideal and Wiggins64 used a similar
arrangement for the evaporation of napthalene and sulphur
crystals: they found that rhombic and monoclinic sulphur showed

T

different evaporation pressures. Tschudin 5, Kramers and

Stomording46 found the cocefficient for sublimation of ice at

-60 to -80°C to bo greater than 0.94.

5.2.b. Evaporation at Higher Pressurcs.

FPor substances of higher vapour progsures than 0.1 mm. it
is not possible to maintain n = 0 and the term in equation 5.2,
caused by condensation must be included. As shown in 6.5. the

equatior may be oxpressed as
-1\_1 = [r ) ﬁ (ps - p) (5.3.)

The equilibrium vapour pressure p_ can be determined only
indirectly, by measurement of Ts the surface temperature. For
low mass transfer rates the difference (ps - p) is small and the
accuracy of this measurement is critical,

In a serics of papers from 1931 ~ 1936 Alty and his
00iwor£ersl measured the condensation zocofficient for water.
They determined a to be 0,036 and alvhough the accuracy of their
experiments has often been criticised, in view of the absence of
more relinble figures this value is still widely accepted. Alty
used severa!. experimental methods, the inost accurate technique °
being a modification of the Knudsen drop method, in which the
surface temperature was estimated by measuring the radius of
curvature and hence the surface tomporature of the drop. The
pressure in the gns phase was measured with a mercury manometer,
1 mm. from the evaporating surface. Evaporation of the droplets

which had detached from the nozzle, was prevented by a layer of
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0il placed in oach of the collecting vessels. Heidger has
suggested that impurities varorizing from the o0il may have
contaminated the drop surfegce. Schra,ge68 has objected to the
agsumption that the vapour pressure and temperature at the
surfnce are eonstants throughout the evaporation process and

also the assumption thnt gas and liquid temperatures are always
equal., Pruger60 has stated that in order to know the temperaturec
within 1°C the capillary constant of the pipette must be known to
within 0.5% Delaney16 has criticised the data on the grounds that
measurements at high and low temperaturces are inconsistant and
has pointed out that the method of calcvlation ignores any
possible depondence of the condensation coefficient upon
temperaturc.

B&ranaav7 measured the rate of evaporntion of benzoene,
chloroform and of the lower alcohols. He used a steady state
process in which the temperature of the evaporating fluid and the
small degree of under-saturation in the vapour werc recorded.

The total pressure in the system was measured on a mercury manometer
and the temperature was recorded by & 0.2 mm. diameter copper-
constantan thermocouple as the junction passed through the falling
liquid surface. 1In view of the probable inaccuracies of the
exporimental tecﬁnique the results show surprising agreecment.

In similar experiments Pruger60 uscd a copper-constantan
thermo:zouple in the shape of a spade, 0,04 mm, thick and C.7 mm.
long. The low degree of undersaturation of the vapour required
to msintain the rate of evaporation was controlled by fitting a
reflux cooler at the neck of the vessel. Tor 0014 he found that
the liquid was superheated by 3°C almost up to the surface. Tho
thickness of the surface layer across which the teméerature fell
to the vapour temporature was about 0.66 mm., this value varying
with the rate of ovaporation. Yor water he calculated that
« = 0,02 at 100°C and stated that the surface temperaturc : was
higher than the boiling tempeorature by 0.01 - 0.0500. Baraneav
using a less elaborate but similar technique found « = 0.040 at

30°C.



Jarvig and Kagarise4l compared the accuracy of a thermistern

and an infra-red radiometer for the measurement of surface
tempgerature. They concluded that the radiometer was insensitive:
$o temporature changes less tham 0.1°C, although it had the
advantage that it gave the temperature of a layer at the surface
of the liquid only 0.1 mm. thick. The thermister measured the
tomperature of a layer 2 = 3 mm, thick nnd was slower to respond
to rapid temperature changes but was sensitave to tamperatune
variations of 0.0500. Jarvis et al 40 have shown that a monolayer
which reduces the rate of ovaporation may increase the surface
tempernture by as much as 5 — 6°C,

Hammeke and Kappler27 measured the condensation snefficient
of water evaporating at a steady rate by determining the surfioce
temperature with a radiometer and the under-saturation with a
meorcury manometer. The vapoun wnas condensed in a cold trap and
the rato of cvaporation controlled by the speed with which wapour
was pumped out.

They steted that owing to a large coefficient of vxtinction
the radintion falling on the radiometer camec from a layer 0.0l mm,
thick. Temperature measurement was accurate to 0.0500 and they
calculated the coefficient. for water to be 0.045 at 2000, this
being independent of the rate of vaporisation. These authors
concluded that most of the heat is carried to tho surface by
convection currents and Delaney sugges’is that lag in the responses
of the barometer may have introduced appreciable errors. The
gensitivity quoted for the radiometer differs markedly from that
given by Jarvis and Kngarise.

Several investigators hove measured rates of evaporation in
a closed systom under non-stoady condjitions. In the experiments
of 131:.(:]»:51,'1:L a pample of 5 ccs of ethyl alcohol were allowed ‘o
evaporate from a depression in the face of an aluminium block,
which acted as a heat sink. The bleck was enclosed in & large

bell-jar which was evacuated and then isolated from the pump.
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The rise in pressure was measurcd on a mercury manometer and
the temperature of the sample was determined by a copper-
constantan thermocouple placed at the bottom of the sample.
He determined o from equation 5.3, which, if the pressure in

the gas phase is uniform, may be writton
g’Bg — olte
as “'véang Ly =27  (5:4:)

where F = the surface area of the alcohol sample. (cm2).

V = the volume of the beil-jar. (cm3).
Although his techniques for mensuring the rapidly changing
variables wero olementary, Bucka obtained good reproducibility,
calculating o = 0.024 for a sample haviag a tomperature between
12 - 15°C.

Delanoyls investigated the dependence of tho condensation
co-efficient for water upon tomperaturc. The sample was placed
on a thermostated block of coppor and the rate of inecrease of
pressurc in n closod system wnas recorded using an Alphatron vacuunm
gouge. The temperature of the water sample was measurcd using a
glass bead thermistor. Both instruments were linked directly to

high speed recorders. He cbtained the following values:-

Wator 43°¢ « = 0.0265
0 0.0415
Ice ~13 to -2 0.0144

The diamcter of the thermistor probe was 0.25 mm, hence in these
oxporiments positioning of the probe rmust be critical becausc of

the sharp temperature gradient reported by Prugerso. Furthermore,

it is probable thnt a probe of this size would alter the physical
situation a% the interfrcoe and affect the ratec of ovaporntion.

In order to avoid condensation on the pressure probe it was hentcd gtove

the vapour tempcrature nnd this mny have increased the recordbd

prosSsure.
Delaney correlated his results for water with thouc of Alty
and Pruger in an equation of tho form o = Ae_E/RT, ond calculated

E, the activation energy, to be - 1,523 cal/molo. The value of
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the coefficient he quoted for ice, a.= 0.0144, cannot be compared
dircctly with any other work although Tschudin has found « = 0.94
at -40°C.

Bogdandy et a19 measurcd the coefficient for ethyl alcohol
evaporating at a constant temperature in a closed system. The

results were interpreted by using the integrated form of cquation

504.

Y
in (ps ~p) = = a.% % %%f g $ + constant. (5.5.)

and was found to be 0.036. The liquid was contained in a copper
tube placed in a water thormostat nnd it was assumed that botih
the surface and the bulk liquid were ot a uniform temperature.

Harvcy29 used an interferometer to measure the surface
temperature when studying the evaporation and condensation of
wator vapour in the prescnce of air. A mixture of air and
snturnted water vapour in the ccll were allowed to chnnge in
pressurc whilst the rato of mass transfer wnas determined from the
temperature gradient in the liquid. No attempt was made to
measure the form of the pressure i1isc at the interface, nor was
nllowance made for the effect of adiabatic expansion or compression
of the air. Temperature changos of the order of 0.002°¢ wore

measurcd by the interferomectric technigue.

5.2.,c., 3Jondensation Experimonts.

Few investigators have measured rates of condensation of
vapoure onto solid or liguid surfaces. Volner and Estermann77
detormined the rate of condensation of mnercury at -6400 and
caleculated o = 0.85. Haward30 measurcd the rate of condensation

of molecular beams of iodinc and red mercuric iodide. He postulated
the formation of an unstable layer of yellow mercuric iodide to
account in the latter case for the low condensation coefficient
found. No data, other than that of Harvey, has boen publishcd on

the condensation of pure vapours onto the liquid phasc.
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5¢3. TFvaporation form n Moving Surface.

34,35,74

Hickman nnd Trevoy in a seriecs of papers have
described the uso of a flowing stream tensimeter (originally
developed for measurements of surface tension) to measure the
condensation coefficient for water and glycerol. This technique
differs from all those previously mentioned in that the surface,
from which evaporation takes place, is moving rolative tc the
gas phase and is being concsinually replenished. A stream of
liquid flows from the open lower ond of a vertical glass tube
and evaporation takes place from the cylindrical liquid surface.
In the experiments of Hickmnn34
a second glags tube placed 1.2 = 1.7 om, below the first The

on water the strocam rc-entered

pressure in the gnas phase was controlled by the rate of evacuation

and wos meagured by a mercury manometer. The data were evaluated

assuning thnt there was zero pressure in the gas phase and that

the surface temperature was equal to that measured by a thermcouple

adjncont to the stroam. The condensation coefficient was

calculatod to be gronter than 0.25, and if corrections were made

for the gas prcssure and the probable decrcase in surface temperaturec,

owing to evaporation, this value becomos greater than 0,65.

Trovoy74 in his work on glyccrol evaporating into a high vacuum,

in which there was little surface cooling, found o cqual to unity.
Heidger and Boudart31

ngitation on the evaporation of glycerol. Their method cf

investigated tho effect of mild surfnce

calculation rcquired no absolute pressure measurements to be
made, since the coefficiont was calculated from the rntio of the
times to give a chosen pressure rise in a closed system for the
$wo cases:
a) evaporation of glycerol from a pool of known

surface arca.
b) eovaporation and effusion of glycerol through a small hole,

of known diametor, in a copper diaphragm into the main vesscl,

A magnetic sitrrer was placed in the liquid and tests were carried
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out with and without the stirrer in operation. The condensation
coefficiont was calculated itc be 0.05 at 19.200 and no increaso
in « was reported during agitation even when the stirrer blades
were cutting the surface. The authors stote that the viscosity
and surface tension of the sample were sufficiently high to
prevent splashing on vigorous agitation. 1In fact, with glycerol,
it is unlikely that fresh surface for evaporation is produced by

this method of agitation.

5.4. Discussion.

Most previous workers have calculated values for the
condensation coeffiocient from measurements of mass transfer
across an interfacey only Alty and Harvey have considered the
heat flux during mass transfor. Many methods have been omployed
to measure the surface temperature but nono can be regarded as
accurate. All mothods except thoso of Hammeke and Kappler
and Harvey involve the insertion of either a termocouple junction
or a thermistor into the surfaco layers of liquid. The prescnce
of those dovices must affect physical and thermal conditions at
the interface. Again the sensitivity of an infra-rcd radiometer,
as used by Hammecke and Kappler, is low whon compared with the
accuracy of a thermcouple, although it gives the temperature of
a layer orly 0.05 mm. thick. The interferometric technique of
cf measwring interface temperature as used by Harvey is undoubtably
the most accurate but the presence of air above the liquid during
his mensurements make the results of doubtful value, owing to the
additional diffusion resistance in the gas phase. The advantagos
which make interferometers particularly suited to studying this
problem are as follows:=
a) There is no disturbanco of tho physical and thermal environment
at the interfaco.
b) Tre accurncy to which tempnraturo changes can be nmeasured is

proportional to the length of the light path in the liquid
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nnd this mensurenent can be made very sensitive.
¢) The proximity to the surince at which the temperature can

be measured is limited only by the available magnification

and ability to define bthe surface.

d) Temperature is given directly as a function of the distance
from the interface. ’
e) There is an instantaneous response to temperature change.
It is unfortunate that, owing to the impossibility of balancing
light paths in the vapour at the came time as in the liquid,
neasurements of temperature may be made in one phase only at a
time. Also this method may be applied only to o two dimensional
gystem, because the fringe shift is proportional to the total
change of refractive index along the light path.

It was decided to use tho interferometric technique of Harvey
and to apply it to the evaporation and condensationof pure
substances with only vapour in the gas space. The only additives
t0 the liquid would be relatively non-volatile surfactive agents
or inorganic salts. The small degree of departurc from equilibrium
in the vapour phase, necessary¥ to give a low heat flux at the
surfaco, would be difficult to maintain for operation under a
steady state. Thercfore it was decided to use a non-stendy
nethod in which the pressure in the gas phase would be changod
continuously, starting from its equilibrium value, by altering
the c¢ell volume occupied by the gos.

Two methods of calculating the condensation coefficient from
the results will be used: the first will depend upon the accurate
neasurement of the surface temperature, whilst the second will
utilise the temporature profile below the liquid surface. The

lrntter will provide a cheek on tho surface temperature measurement.
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CHAPTER 6.
THEORY.

6.1. Progress of an Experinent.

Figl 6.1.
Vapour py Tve

Pgs Ts'
Liquid 7T .
K = kl X +Vee
. CoL

Initially pure vapour is in equilibrium with liquid having a
quiescent surface., The pressure in the vapour (p) is then varied
as A continuous function of time (§) which causes condensation or
evaporation of the vapour onto the liquid surface. The: surface
temperature (Ts) and the corresponding saturntion vapour m essure
(Ps)-change at a rate governed by the kinetic rate of condensation,
tro pressure difference and the cordensation coefficient at the
intoerface. The temperature of the ligquid (T) is controlled by
conduction of heat from the interface and is nmcasured as a Bunction
of time-and distance from the intorface (x) by the interferometric

technique.

6.,2. Evaluartion of the: Interfacc Boundary Condition.
The Hertz. — Knudsen equation states thats

N = a.c (n, - n) moles/em?,sec. (6.1.)
)
We assumo thati—
1) +the ideal gas laws arc oboyed then tho pressure in the
vapour space p = nRT
2) there is a Maxwollian distribution of velocities in the

gas phase
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L
;L) =
“( nd ) :

where R = gas constant orgs/molooK
M = molecular weight grms/grm.mole
T = absolute tempcrature °K.

Thus by cquation 5.2.

¥ = ap(p, =1 (6.2.)

b

whero ¢ = (2nRMT)

Lot (T°) bo the tcmperaturc at which the saturation vapour
pressure is the pressurc in the vapour space (p)e.
For the small pressurc range over which the experiment is carried
out it can be assumed that the vapour pressure curve iz linesr,
and since the temperatures Ts and T never differ by more than
0.2%c |
p = BT + g (6.3.)
and b = B+ T (6.4.)

By substitution in equation 6.2.

-

N = adp (" -1) (6.5.)

The heat given up by each mole of vapour which condenses onto

the surface
H = M (L+C_ [r, =1 :]) cals/mole. (6.6.)

where L = latent heat of vapour cals/grm.
o = spesific heat of vapour oals/grm.oK
Thw total flux por unit area
Q = a(# 8 H (T* - ©) cals/sec.cn?, (6.7.)
! s 1ls/

This must be equal to the rate at which heat is conducted away
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from the intcrfacc into the bulk of the liquid.

Q = 5’( cals/sec.cn. (6.8.)
Be/g

where /%gza/ is the temperature gradient at the surface.
2 (S

X /Sé/:;/su o 4;;5' 2 (1% - ) (6.9.)

or 6 /= - ('I';E - Ts) (6.10.)
&x

whore ¥ is a constant with respcet to timc and small {emperaturec

Hence

changes and k  is the thermal conductivity of the liquid. (cnls.
Jem.sce. K. )

6.3.a. Unstendy state heat conduction equation.

Horo the liquid is stationary and not affectcd by convection
curronts even during cvaporation when the li%pid surface is
cooler than the bulk. All the heat flux will be conducted away
from the interface and the tomperaturc distribution will be

governed by a solution of

St 52 2 .11,
& - A 8 - e o

density of the liquid. (gem/em®.)

1

whoro /%_

It

c specific heat of the liquid. (cal/gram.oK.)

L

The solution of equation 6.11. must obey itwo boundary condivions:
a) Initially the system is in oquilibrium and there is no not

transfer of heat or mass and hence ro temperature gradiont.

Thereofore when § = 0, x> 0 T = To'
b) At the surface the tcmperature gradient: g%ggsiﬁ a known

+ .funetion of tine governed by “ho condensation coefficient
and the extent of departure from equilibrium conditions as shoum:

in equation 6.10.
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157 - ;X(T"" - ) (6.10.)

S'DC 5
When it is possible to express the temperature of the
surface of the liquid (Ts) in the form df a series of half powers

of the time:

N n/2
1. T =T =§L_bn\9 (6.12.)

where bn are constants,

Carslaw and Jaegarlz show that the solution of equation 6.11. is

™ = b T(%-&l).(t}&)n/z.inerfc: x (6.13.)
n 2Y&9
where Tt =T -~ To

n is any positaive integer

ol
and i means L[ﬁ
2L

(1) Application of the first boundary condition.

When & =06 and x>= 0, 1™, erfced = O for all n.
Thus T' = 0 =and hence T =~'I‘c ag required.

Also in equation 6.11., when § = 0, T_' = b _.

But Ts' = 0, when § = 0 and therefore b0 = 0,

(11) Arplication of second boundary condition.

By differentiating equation 6.13.

A - n/2 -t
é—Tl - ﬂ‘ B‘Z 'b o T(n/‘ +21) 0(4'9;) / Lorfc —..2{2 ; : (6.-'.4')

6.3.b. Solution wher the surface temperature cnn be measured.

At the surface x = 0, and it T 1 erfc 0 =

l .
2n"17_' é%’l & 1;
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2 -1/2
Therefore %_;_I'c_ ] = —; be £ % / (6.16.)
where f = 7—Qn/? + 1) (6.17.)

V& (n/2 + 1/2)

7* is the temperature at which the vapour pressure of the liquid
is equal to the pressure in tho vapour space and is obtained as
a function of time from the measured relationship between pressure
and timec.

!
put T - o ® L5, an/2 (6.18.)

o) n
TL

where a,. are constants.
At § = O trere is oquilibrium between the phases, then T * = T ,

it follows that a, = 0.
Substituting 6.13s and 6,18, into 6.10.

;E' . ] Si 6.1 .‘

T + TO = TS' + To -t | =2 ,S | ( 9.)

n/2 > n/2 \ nf2 - 1/2 .20
Z a.n'9 . = bn'e + ——"‘Y Z bnfn’-e (6 )

Hence, comparing coefficients of like powers of ¢

[
a, = by «.\an AT S (6.21.)
L ] f
and in general Y = bn + 1 = n + 1 (6.22.)
a - D
n m

In particular a, = bo -1 bl'fl

and since & = b =0 then as f # 0, b, = O.

From equations 6.19. and 6.22,
« = _k Ebi’l+1'fn+1; (6.23.)

n ar?ﬁ;
All values ofcﬁh should he +the snme and equal to o, provided that

the scries represen’ation of T_' and T' (equations 6.13. and 6.18,

-b
%n n

arce correct.



6.3.c. Solution when tho temperature profilcs can be measurcd

accurately.

The method above requires an accurnte moasurement of the
temperature at the surface {Ts) in order to define the scries
given in equation 6.12. The coofficients of thie series may olso
be calculated from the temperature profiles as follows:
Substitute x = 2I YK§ in equation 6.13.

T o= D bnT’ (n/2 + 1).(4e)n/2. i® erfe: T (6.24.)

where I is a constant.

Let T' =7 =T =/ o© gn/2 n > 2 (6.25.)
o <7 'n
. n/2
Thus by comparing powers 8f 9
T (nf2 + 1).2".i" erfe I

I' can bo chosen so that the relationship between x and ¢ can be

ensily and accurately measurcd from the intorferograms.

6.4, Summary of the proposed method.

1) During an experiment the pressure at the liquid surface can

be measured as a function of tine. Thon

P . ™. 7= p_;;:l_g _ . (6.27.)
| ( B o

The values of the constant B and of may be found from the
vapour pressure data using values in the region of T* and Ts.
Hence the values of a  are found from ™* - > ﬂnﬁn 2
Wo gencrally restrict n3» 1. "

2) The temperaturc distribution in the liquid is measured
directly from the interfercgrnms as a function of time and
distance.

a) If the surface temperature can be mecasured directly

bn is found from
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LI - = n/2
T T, - T, -ane/ n > 2

b) If the mensurement of surfaco temperature is not
aoccurate, bn can be determined instend by measuring
T at points x = 2I.YK8§, where I is chosen to give
convenient ranges of x and 9.

3) Knowing a.s b and £ we can calculate the values of the
coeffioient o from equation 6. 23, if the exporiments and
analysis have beon acourate, all L should be cqual,

It is assumed in this analysis that thoe oxperimental data may dbe
expressed acourately in the form of a half power sories of a
small number of teorms,
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CHAPTER 7.
EXPERIMENTAL.

7.1. Principles of the decign of the Condensation Cell.

As is secn from the above theory in order to usc the proposcd
method of calculation the following variables must be mensureds:
a) the pressurc of the vapour at the surface as a function
of timej
b) the temperature distribution in the liquid as a function
of time and of distance below the surface.

In order to calculate tho magnitude of the pressure and
temperature chenges o value of « = 0.01 was assumed for the
condensation coefficient.

Nothing was known of the probable form of the pressure rise
at the surface and as an approximation; a step change in pressure
wag ossumed at & = 0, The basic equation and boundary conditions
were as before with the simplificntion thot ™ is n constant and
not a function of time.

Trial calculatious showed that to produce a shift of three
fringos in 0.25 secs. a pressure change of 0.1% would be required
at the surface. In order to minimise and effects the cell should
be as long as possible in the dircction of the light beam consistent
with ths accuracy roquired,

a) The method chosen far pressure measurement must be applicable

to a range of progsures becguse the trinl calculations assuming

n step change in pressure may introduce considerable error.
In addition tho value assumed Yor o in order to desigm the
cell may have been in error by as much as a factor of ten.

A rapid response is essential (0 = full scalc in-< 0.1 sec.)
which requires an expensive mechanical recorder. It was
decided that a pressurc transducer in the form of a pressure
gsensitive -diaphragm would be most suitable, since it may be

placed so as to measure pressure in the liquid rather than
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in the gas which may be at o different pressure owing to

the net condensation. Conversion of the diaphragm

deflectifn into variation of an electrical property can be

effected in several wayss-—
1) A probe is placed below the diaphragm and this unit is

2)

3)

made one arm of a high frequency bridge. Variation in
the diaphragm position changes the capacitance of this
unit and altors the bridge balance.

An iron rod is attached to the diaphragm perpendiculax
to its surface. The rod is arranged along the axis of’
an induotion ooil and movemeni o the diaphragm will
affect the rod position. The ccil is part of & linear
trausformer and aence the output: will be a function of
the diaphragm deflection. The rod must be of a large
diameter for high accuracy and the method is more suited

66

to larger, more robust bellows ~nnd diaphragms .

A triodeo is marketed by RCA61 in which the =znede is a
shaft mounted in a diaphragm which forms the base of the
valve body. The shaft extends through the diaphragm and
displacemont of the shaft about the diaphrngm as a pivotl
will affect the valve characteristics. In the present:
system it would be difficult to produce safficient
movement of the electrode ~nd at the same time avoid
high goint leading on the very thin diaplragm necossary
for the low pressure difference to be measured. The
rotational complianco of the valve diaphragm is quoted
as 0.075 degrees/gram.cm. and this method is morc suited

18,59

It was decided to use tne firet technique of capiionce

to vibration measurcment

variation, partly because a commercial bridge unit: was
available in the college which converted the smnl)
residunl emf of the R.F. bridge into ~n amplituce
modulation of a 1.5 kc/s signal., This output could be

recorded from «n ogoilloscope using a drum camera.
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b) The temperature distribution will be given directly by

the interforograms revcorded by the cine camers.

T.2. Apparatus.

Te2.a. Cell Desigg

The physiical design of.the cell was dictated by three main
factors
a) Geometric path length greater than 4'.
b) Achievement of a piston compression and expansion.
¢) Measurement of a pressure difference of 0.17 wg, under
low absolute pressures.
A drawing of the cell isg given in the appendix A.7.2., and it
is also shown in plate T.l.
The optical flats 2" diameter and 0.5" thick are fitted into
the sides of a stainiess steel tube of wall thickness 0.25" and
of bore 3.75% In order to avoid strains in the glass the holders
arc designed to give an even sealing pressurc; the inside faces
of the flats are sealcd against soft 0 - rings, whilst the
securing plates are faced by soft cork gaskets which distribute
the load from the clamping screws. The holder of flat 'A' can
be tilted by adjusting the nuts on the 0.25" x 40 TPI studs, thus
permitting alignment of flat 'A' with the fixed flat 'B'. The
0 - ring 'C' maintains the vacuum seal and the locknuts on the
studs take the load. In order that the assembly may be inserted
in the comparator for the adjustment of the flats the flanges must
be demountable. They are screwed ornto the shell body and sealed
with Klingerflow PTFE tapc plus an 6 - ring, A stainless still
plate 'D! 0.125" thick is clamped between the lower flange of
the cell and tho top flango of the transducer cover. Thc pressure
sensitive diaphragm of copper = beryllium is sealed to this plate
which forms the floor of the cell. Initially the diaphragm was
fixed to the plate using AV 121 araldite and HY 951 hardener,
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both surfaces having been degrensed and roughened. It was found
that some of the liquids used slowly attacked the araldite, and
it was decided to clamp the diaphragm in position using 1/32"
Nebar as the gnsket materinl. The pressurc difference can never
be greater Shen 25" wg., and the 6 BA clamping bolts provide
adequate senling pressures. By placing the diaphragm in direct
contact with the earthed plate the sensitivity of the transducer
ig improved. Stainless steel bosses for vacuum pipe connections
are welded into the cell walls ard these are used for putting in
and taking out fluids., Provision i3 also made for the insertion
of two thermocouples - one in the liquid and one in the vapour
space. For all components in contact w:+th the test flnids EN 58 J
stainless s’eel is used, where possible, because it has excellent
corrosion resistance and can be machined.

Movement of the cover 'J', which is mounted on a PTFE bellows
made from a 4" pipe expansion joint (manufactured by Crane Packing
Ltd.), changes the cell volume. The bellows cover is made from
mild steel and is sealed using 0 ~ rings. Movement of the bellows
is controlled by the pressure difference across it, which may be
up to a maximum of 12 psi. Although only small pressure
differences are required to move the PTFE bellows (0.04" end
movement/cm. Hg. pressure difference) in comparison with a
stainless steel bellows of similar size, the PIFE bellows has
the disadvantage that it takes on a permanent 'set' when subjected
to a load for more than two or three minutes. This results in the
bellows not giving the expected movement when the load is released.
A tension spring is arranged as shown in Drawing no. 2 to

gupport the weight of the cover 'J' and eliminate hysteresis.

T.2.b. Reference Cell Design.

The reference cell is inserted in the light path S, as
shown in fig. 2.5.. Its purposs is to maintain an optical balance
with the test cell. The optical flat holders are of similar
design to those of the test section except that flat cork
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gaskets are used on both sides of the optical flats (fig T.1l.)
rather than the more oxpensive 0 ~ ring type seals which are
necessary for high vacuum work. The cell body is merde from brass
because non-corrosive fluils may be chosen to give equal optical -
path lengths.

T.2.¢c. Pressurc Transducer.

The diaphragms used in this work were of beryllium copper,
chosen because this alloy, when properly treated, has a high
elastic limit combined with low hysterosis. If tho work were to
be extended to more corrosive liquids a diaphragm of stainless
steel would be required which would be less sensitive and show
greater hysterosis, making reproduceability more difficult. The
diaphragms of 0.002" sheet wore made by Kelvim and Hughes to &
diametor of 2.625" ; two circular corrugations give the required
sensitivity and six radial ribs give rigidity for handling.

The movement of the pressure sensitive diaphragm is deteocted
by the change in capitance between it and a 0.5" diamoter flat
probe placed below it. This capitance Cp is one of the arms of
an R.F. bridge. Tho transducer design is shown in the appendix
Drawing noc. 2. The stainless steel probe 'L’ is.mounted in a
brass bush which is honded with araldite to a Distrene blank M,
Distrer.e s tho trade name of polystyrene, type 'Styron 666' as
marketed by British Resin Prcducts Ltd.. It is a polystyrene of
low impact strength with excellent electrical properties: a power
factor of 0.0004 and diolectric constant of 2.5, neither of which
vary widely with frequency, make it suitable for use in the
transducer components. The separation of the probe and diaphragm
may be changed under vacuum by movement of tho shaft 'N' which
bears against a Distrone pad on the probe cap 'P'. A 16:1
roeduction gear fitted below the cover plate Q combined with the
microncter thread of the shaft in the plate given an advance of

the probe of 0.00156" per turn of the knurled adjuster. A Wilson
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seal is used in the plate to alliow rotation ~and linear movement

of tho shaft. The seal is made by passing the shaft of 0.156"
dinmeter through a 0.0625" hole cut in ncoprene sheet. The

rubbor disc 'R! lies againct a oonical metal scat and the shaf+d

is lubricated with ApiezZon N greonse. Atmospheric pressure aids
the rubber olasticity in making the seal. A brass guard ring 'S’
is pinced nround tho probe to restriect lines of force. Leads from
this ring and the probe arc taken out of the ccll via two 4BA
brass studs bonded with araldite into the distrene plug 'T'.

This plug is bonded with araldite into a brass ring which is

scaled into tho boss by an 0 - ring.

T.2.de Pro-imity Meter and Camexra.

The Ficlden PM.2. Proximity meter, used in conjunction with
tho pressure transducer, is basically a radio frequency A.C. bridge
operating at 500 ko/s with its associated oscillater and detector
circuits. The bridge is constructed so th~t the large inherent
capacity of tho probe and connecting cnble is eliminntod. The
cnpncity of the probe diaphragm system is balanced ngninst a
voriable crpacity in tho proximity meter and tho null point is
indicnted a8 a minimum on tho meter dial. Any varintion of the
pressure in the cell results in the bridge going out of balnrnce
by ™ nmount proportional to the pressure change.

The output from the high impednance tecrminnls of the proximity
meter at 1.5 kc¢/s is fed into the Y plates of a Solartron CD 814
oscilloscope. Any change in the bridge brlance modulates the
amplitude of tho signal on the oscilioscope. A4 drum camera,
which has been modified to rotate at 19.4 rpm. is used with the
oscilloscope to expand the vortical trnce over a time axis. As
the drum camern is moving slowly it is not possiblo to usec tho
known freoquency of the proximity metor output ns o time calibr-~ticn.
A small torch bulb is used in front of the screen in circuit with
a Mnster Contactor Unit (an ex WD clock with mnke and break
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sontacts) to give pulses at hnlf second intcrvnls. The 500 pF
caprecitor (fig.7.2.) gives n rapid build up of currcnt in the
bulb which ensures good definition at the beginning of the blip
on the trace. The total pilse duration is about 0.04 sec..

The depth of focus on the camera lens was sufficient to
bfing the screen and bulb into focus at the same time. Ilford
GK5, green-sensitive, recarding paper proved adequate to record
the trace at a peripheral speed of 16.5 cm/sec. Ilford Phentrace
developer in a 4:1 dilution givirg a developing time of 5 mins.
at 16°C, followed by IF2 acid hypo fixer, was used. The brightness
of the oscilloscope beam was chosen s3> es to give the optimum

exposure between large and small wave amplitudes.

T.2.0. Temperatuie Measurement.

Three copper - constantan thermocouples are used to measure
the temperatures in the transducer cass and in the vapour and
liquid present in the cell. The hot junction of the +hermocouple
protrudes 0.125" beyond its procelain insulator into which the
two wires are separately aralditeda. Tnis insulator is then bonded
with araldite into a thin brass sleeve 0.125" dia. x 2" long which
is sealed into the cell wall by an O - ring compression fitting.
The e.m.f. of the thermocouples is measured on a Pye potentiemeter

used ir conjunction with a Secalamp galvanometer.

T.2.f. Ancillary Apparatus.

The ancillary apparatus serves four main purposes:-

a) evacuation of the complete cell and other equipment
without overstressing the diaphragm.

b) de~aeration and introduction of test fluids.

¢) calibration of the diaphragm movement.

d) compression of the vapour in the cell.

A flow diagraem is given in fig T7.3.. The ancillary apparatus
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is mounted on a separate bench and all connections to the

interferometer must embody a length of flexible tubing to

prevent any vibration being transmitted to the interferometer.

Thick walled 0.25" bore p.v.c. tubing was found to be satisfactory

and joints of glass - p.v.c. were easily made by heating the

p.v.c. to sof%éhing point in boiling water. The linkages were

made a minimum length of 8", curved +to approximately 5" radius,

which gives sufficient flexibility to allow a very large

amplitude of relative vibration of the interferometer and

ancillary bench.

1)  An Edwards Cenco -~ Hyvac pump, ctpable of pumping down to
0.001 mm. of Hg., is used to evacucte the system. A vapour
trap ccoled by liquid nitrogen or a freezing mixture of
solid carbon dioxide, depending upon the freezing point of
the vapour to be trapped, stops contamination of the pump
oil. The rates of ewacuation on the two sides of the
diaphragm are sontrolled by the needle valves Ry and Rj.

The pressure difference existing across the diaphragm is
indicated by the manometer 'L' which contains n~dibutyl
phthallate. The vapour pressure of dibutyl phthallate at:
25%¢ is 4,10 mm. Hg.. The pressure balancing unit 'B' as
shown in fig. 7.4, consists of a balloon to provide an extra
capacity for gas, which may be taken up by either phase, thus
siowing the rate of rise of pressvre difference. The
manometer fluid will blow over into the catchment bulb at a
pressure difference greater than 25" wg. and act as a relief
valve. The total pressure of the systenm is indicated by the
mercury manometer My, but if accurate measurements of low
pressures are reguired an Idwards 'Vacustat' with a range of
10 to 102 mm. Hg. can be fitted at R,

2) Fluids to be investigoted enter the system via Vyz into
flask F, which is unier vacuum. This effects a partial
de-aseration. Tue fluid is then sucked up into flask F, at

the top of the equipment where final de~aeration takes place;
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liquid is stored in this vessel and allowed to flow into

the cell by gravity feed when required, In order that
pressure differences may not occur when transferring liquids
by the 5' head available, all vessels are vented back to

the vapour space in the storage vessel via V24.

3} The diaphragm is calibrated by measuring the deflection
produced, on an arbitary scale for a known change in head
of liquid. A velume addition of 25ml corrcesponds to an
increase in head of 0.117". Wyq and Wy are 25 ml burrettes
graduated in 0.05 ml.. Liquils can be expelled from or
introduced into W, by manipulating the mercury rescrvoir

10 with a length

of flexible p.v.c. tubing. Liquid may be introducod into

F4, which is connected to Wy by V28 and V

B, via V9 from flask %3 to eliminate vapour locks which :
sometimes occur in the line adjacent to V.

4) The apparatus as shown in fig. 7.3. is for condensation
experiments. The effective volume of the flask Fg may be
varied by admitting or withdrawing vacuum oil via V16 uwsing
flask F6 as an oil storage vessel. Thus both the pressure
and the volume of air may.be varied which, for a test, is
allowed to compress the bellows suddenly by opening V6'

Por evaporation tests the unit shown in fig T7.5.
replaces that onclosed by the dotted line in fig. 7.3.
Tho %“ellows is preloaded with air and, for a test, the air

is allowed to expand intec R

1

which is maintained at a lower

absolute pressurc.

T.3. Zrocedure.

T.3+8. Cleaning and Assembling the Apparatus.

The optical flats of both cells were swabbed with absolute
alcohol and then washed in a trough of distilled wator to which
a drop of Johnson's wetting agent had been added. They were then
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wagshed in a strecam of distilled wator, dried and polishdéd in soft

lons tissue. All pyrox glassware was cleaned in hot chromic-
sulphuric acid and after & thorough rinsing in distilled water
dried in an oven. Stainless stecl components were degreased in
trichlorethylene and after etching in hot oxalic acid solution,
were washed in distilled water and dried in an oven. The rubber
0 - rings and the transducer shaft seal were boiled in caustic
soda solution and thoroughly rinsed in distilled water. The
vapour pressure of neoprene synthctic rubber treated in this way
is of the ordor of 104 mm. mainly from the release of hydrogen.
The p.v.c. tubing was washed in chromic-sulphuric acid and rinsed
in distilled water. Care was taken to avoid touching the inside
surfaces of cell components during assembly.

All 0 - rings were used dry but Dow — Corning silicone high
vacuum grense was used on the stopcocks and on ground glass seals.
It has been reported that this grease is completely insoluble in
wator2 and has no effec$ on the vapour pressure of the lower
alcohols®. Glass — p.¥.c. joints were made by softening the
plastic in boiling wa*ter. As a further precaution all these
joints were covered with Edwards Q compound (a substance like

4

plasticine of low vapour pressure 10 & mm. at 20°C consisting of
graphite mixed with low vapour pressure reeidues of paraffin oil
distillation) which adheres readily to degreased surfaces. Whore
this was not possible,; the joint was painted with acetone -
collodion solution from which the acetone quickly evaporates

leaving a tenacious film.

T.3.b. Evacuation,

R
V19’ Ves V9, vlo,,xz were closed. The cell was evacuated via
V4 and the relative rates of evacuation of the two sections of the
cell were controlled by nanipulation of the needle valvoes Ny and
No. It was found that the pressure differencc across the diaphragm

could be balancoe to less than 0.5" wg. under the highest rates of
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evacuation. If the valves were not used & large pressure
difference built up rapidly vwing to the inequality of the cell
volumes and prcssure drops in the pipe lines. It was not possible
to hent the cell under vacuum to accelerate degassing because of
risk of damage to the 0O- = rings and optical flats, and so a long

degassing period was necessary. During this poriod a vacuum of

3

better than 10 ° mm. was maintained. Vi, nnd V15 were then closed
and the remaining parts of the apparatus evacuated in the
ordinary way via V22, V25 and V29.

Teld.c. Introduction and De-neration of Test Fluids.

The water used for these experiments had been passed through
a de-iocaisation column and then triple distilled It was
de-aerated during thesec opcrations but re-absorbed air on st~nding
at room temperature. Vessel Fy was isolated under vacuum by
closing V21 and V22, also Vé4 and v20 wero closed and V19 opened.
Water was sucked up into Fp via Vé3 until the vessel was nearly
full. Violent de-acration took place as the water was let down to
the prossure inside Fy: the vessel was connected to other
components by long flexible links so that it could be shaken
vigorously to agsist evolution of the dissclved air. V34 was
oponaed slowly and the pressure of the air in the space above
the liquid was sufficient to transfer the liquid from Fp to Fjy
approximately 4' above it. V34 was closed before the liquid level
fell bolow the level of the central tube. Fp was then refilled and
the process was repeated until F4 was more than half fullj usually
two cycles werec sufficient. Vessel F; was then brought up to
atmospheric prossurc via T; and the excess liquid was drained off
via Vz3. Vacuum was then applied to Fy; via V19 to remove any
residual nir, after ten minutcs pumping the vessel was isolated.
During these processes of transfer and de-aeration a large
quantity of water vavour passed into the vacuum line and it was

important that this was trapped before it reached the vacuum
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pump. The same procedure was followed for the introduction of
other test fluids and it was 1:oted that the alcohols coninined
little dissolved air. The propyl aloohol used was Hopkin and
Williams 'Genexral Purpose Peagent' purity.

The prossure difference produced on sudden introduction of
liquid into tho cell would be equal to its vapour pressure at
the operating'temperature. In order to avoid this excessive
pressure differenco, air was admitted to the lower side of the
diaphragm viaj%i whilst vapour was admitted to tho test section

via V By this method the maximum pressure differenco was kept

24°

bolow 0.5" wg. When the prossures hac¢ baen balanced V,. was

oponod and liquid allowed to flow into the cell. The §QVel was
observed in the image casc on a screon by the intcrferometer beanm
and the vapour liquid interface was arranged to be approximately

at the centre of the optical flat. Stopcock V, was left opon during
this process and usually after raising and lowering the mercury
flask.F4 all vapour bubbles were elimiaated from the line to the
coll and from the burrette By. Occasionally this proved

impossible owing to vapour lock. Liquid was stored in 33 and could
be passod into tne cell via V9 to displace any bubbles of wvapour

which would hove destroyed the accuracy of the calibration.

7.3.d. Calibration of the Diaphragni.

It was decided to calibrate the diaphragm before each run
becauvse differences in static liquid head and initial probe to
diaphragn separation change the calibratior curve. During
evacuation of the cell and introduction of test fluids the
sonsitivity control on the proximity meter was set to Zero and
the probe withdrawn at least 0.020" from the diaphragm. Before
calibration the air snd water vapour pressure were balanced
approximately across the diaphragm as indicated on the butyl
phthallate manometer. The thrce inch static head of liquid in

the cell prestresses the diaphragm and removes any distortion
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remaining after heat trentment. The mercury - water interface
was set in the burrette By tc¢ zero at Vs O or 25 according to
whether the calibration was for evaporation or condensation;

The probe wns pushed towarls the diaphragm by rotating the
control shaft below the transducer cover until it made contact
with the diaphragm as indicated by the meter needle going hard
off scale. The probe was withdrawn about 0.0015" by rotating the
fine control one complete turn. The proximity meter wap then
balanced both for capacitance ancd resist~nce by manipulation of
the bridge controls. The sensitivity control on the meter was
set so as to give a reading of 60-70 »n the mester scale for the
maximum anticipated pressure change. The level of the mercury in
burrette By was recorded and the drum canera shutier opened for
approximatoly one second whilst the drum was rotating at normal
speed. The mercury level in the burrctte was changed by raising

or lowering flask P, and a further sot of readings taken. This

was repeated until :he calibration curve was complotely defined.
If at the end of the calibration the meoter reading given by tha
original burrctte level was more than cne scale division in error,
the calibration was repented. Any small differcnce in leak rate
between tho two parts of the cell made itself evident in a gradusl
drift of thc metor ncedle. The leak ratce of the transduccr was
alwdys the grenter and this was bnlanced by an adjustable lonk

to the vacuum line via,NZ. The leak rntc was constant and only
occasional adjustments were neccessary to maintain a constant meter

reading.

Te3.cse Run Preparations.

For condensation runs V5 was closed and the bellows cover
cvacuated via Vl7 and thon isolated by closing V6' Air pressure
was built up in Fpgto tho desircd value by opening Tz to
atmosphere, V17 and V18 werc then closed. For ecvaporation runs

V5 was closed and air admitted to the bollows cover via Tz to
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produce the required pressure. V29 wag closed and the flask _
isolated after evacuation by closing V31 and VBO' Stopceck V4

was closcd and the leak to the vacuum line re-adjusted to give

no drift of the proximity moter needle. After a now strip of

film had been placed in the drum camera it was switched on to

warm up and attain a constant specd. The Master Contactor unit
was started and the torch bulb checked for position and brilliance.
The fringe pattern was checked for orientation, spacing and for
spurious fringes 7hich, if.nrcseht, would have indicated surface
misalignment. The camera was fully wound and set at a nominnl

64 fps. Finally the osoillosoope brightness was turned to a

maximum and the room lights turned off

T.3.f. Run Procedure.

Time secs.

0 The cine camersg was started by pressing the
cnble relense.
2 The cine camera hnd attained constant speed.
The drum camera shuttcr wns opened.
3 Stopcock V6 was opened,
6 The drum camera shutter was clorod and the
cine camera stopped quickly to conserve film.
e nmagnitude of the pressure change produced was recorded
after a run from the proximity meter dial, but no similar check
could be made on the fringe shift because all signs of the
disturbnrnce vanished within two or three scconds. For this
reason results were usually taken in groups of two or three and
tho films developed and analysed before procecding with further
runs. Provided that the series of runs were carried out within
four to six hours of the introduction of the test liquid, the
amount of air leaking into the ccll wes nogligibly small and
theretore the cell was usually drnined and completely dried out

by evacuatlon only after each set of runs.

¥
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T.4. Run Rrogramme.

RUN No. , LIQUID TRANSFER PROCESS.

1. Purc water Condenaation
5.

8.
1l.
33. Evaporation
34.
35.
36.
7.
38.
39.

42. Propyl alcohol Condensation
43.
44. Bvaporation

46,

47. N, Sodium chloride soln. Condensation
48. Evaporation

49.

52. Water + Sodium lauryl sulphate Condens=ation
53.
54. Evaporation

55

7.5, Calibrations.

T7.5.a. Calibration of cine camera specd.

The camern is drivon by an electric motor and it was
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considcrod esscential that the speed of the film should be
ne~sured throughout the cycle of the spring. A group of four
Decatron units of a Labgear time period counter, which indicates
the pnesngo of milliseconds up to n total of 9.999 secs., was
photographed using H.P.3. film at a nominal speed of 64 fps..
The lons was used at mrximum aperture of F 1.4 and an object
distance of 1.75'. The work was cnrried out in the evening with
the neon lamps as the only illunination and the oxposure was more
than adequate even for the millirecond unit which showed the
total oxposure for each frame. The graph of time vs. Frame No.
is given in fig. 7.6. The average sreef betwecen frames 100 and
frames 450, over which period measurements were rccorded, was
constant at 62.5 Frames/sec - 0.016 sec/€rame. Over the total
run of the film, 662 fraomes taking 11.06 secs., the speocd was
59.8 frames/soc.

T.5.t. Calibration of drum camera speed.

In order to check the mechanism accuracy of the Master
Contrctar unit, the cluck was arrangec in circuit as shown in
fig. 7.7. so as to supply pulscs to the Labgear Timer on the make
of the contacts. The counter wns stnrted and stopped at the
beginning of successive pulses. The average time between pulses
was fornd to be 0.5007 secs. with o maximum deviation of 0,0007
seca. The separation of blips on the trace was mensured usirg &
travelling microscope.

e.g. For run No, 1. Speed of trnce = _8.28

: >
= 16.25 secs.

Thus lmm on trace = 0.00699 secs.

X
see EERATA.
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TeDec. Calibration of Magnification.

meas&gganmgnification of the fringe pattern on the film emulsion was
/By photographing o slit of known width at the beginning of each
sories of runs The slit was placed in the fringe plane which was
always ndjusted to be nt the contre of the tcst cell,
For run No. 1.

Overall magnification, cell to projector screen wm 87.50

Primary magnification, cell to film cnuision = 1.303

7.5.d. Calibration of Fringe Shift.

For these experiments the fringes were adjusted so as to be
orientated perpendicular to the liquid surface. " Under equilibrium
conditions no mass or hoat transfer takes plice and thus no
refractive indox gradients are present to distort the straight
wedge fringes as seen in fig. T.ll.a.. During a run, tomberatura
gradients exist and the fringe appearnnce is as seen in fig.
7.11.b.

An apparent shift of one fringe t-kes place when the optical

path length changes by one wavelength of the light being used.

No. of fringe shifts = D Dp
N
= D, Bu A
~ T
where %‘,-:- . 82.5 x 1070 /°C for water at 21.8°C.
N = 5461°4 D = 4.75"

Thus n shift of ono fringe represents a change in temperaturc
of 0.053300. The fringe shift contributed by change in pressurc

is less than 10—4, and over the temperature range considercd
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L = 4.10—6 /OC and hence the fringe shift may be considered
at?

a linear function of temperature.

T.5.e0. Calibration of Diaphragm movement.

During calibration, pressure on the dinphragm was determined
from static head of liquid above it. The surface area of the
liquid in the cecll was 84.44 cm? and therefore the nddition of
1 ml. of liquid giwe an increase in static hcad of 4.67 10’3 " wges
The burretto was graduated in 0.05 ml. and could be rend
accurntely to 0.0l ml.. Typical calibration curves are given
in fig. 7.8. and 7.9. which show the effect of changing plate
spacing and moter sensitivity. For convenience these plots were
taken at atmospheric pressure but similar results were obtained
under vacuum. ZEy using n combination of high sensitivity and
smnll plate soparationy high scnle readings may be produced for
small pressurce differences. The maximmr sensitivity was given by
sotting the control to S = 30 but for values of S > 24 the meter
was sensitive to any outside noise or movement., The manufaciurers
quotc A maximum deviation from scale linearity of less than 1.5%
of full scale deflection 2t S = 25. 1I+% was noticed that after
long periods of use the diaphragm lost some of its clasticity and
highor sensitivities were required te producc comparable scale

readings.

T.5.f+ Calibration of Bellows movement.

It is necessary at first to know approximately the prossure
differences required to move the bellovs a chosen distonce at a
required speed. This information was obtnined experimentnlly
during some preliminary runs. A typical result, obtained for the
evapcistion of water, is given in fig., 7.10.. The maximum occurs
because, although higher values of P ( the pressure above the

bellows ) cnuse greater initial bellows deflection, an opening
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V29 the rate of air flow is limited by the maximum flow rate
conditions in the pipe line *o FT and hence tho rate of decrease

of bellows loading is slow. Surfaco evaporation takes place at

a slow rate during this peviod and the maximum pressure

difference recordecd becomes smaller., The results were reproducible
after the bellows hysteresis had been eliminated by the insertion

of twnsion springs.



SCALE READING

80+t

70 t

60

50~

4 0t

30+

20

FI1G.7.10.

L 0.1" wg.

SENSITIVITY S5=6

i A 1 i | {

p.101.

4- 6 8 10 12 14
BELLOWS PRESSURE cm.Hg.

BELLOWS CALIBRATION



p.101a.

vapour
liquid
—>> c———
b
spacing.
b) s hift
S
— = vapour

\\ liquid

No. OF FRINGE SHIFTS - /b

FIG .No.7.11.

FRINGE CALIBRATION.



- 102

CHAPTER 8.
DISCUSEION.

The programme of runs letailed in 7.4.1. was completed and
the experimental dnta are presonted in A.2.1. - 22 as direct
measurements from the photographs together with the caleculated

values of *1 and TS'.

8,1. Evaluation of the Condensation Coefficient by Curve Fitting.

The methods for the calculation of the condensation coefficient
have been detailed in chapter 6. It was recognised at the outset
that a satisfactory correlation by series would be obtained only
if the series converged in a small number of tornc. In A.4.1. the
curve fits for the data of TK' and TS' arc given for a series
containing two to five terms describing the results of Run No. 8.
It is apparent from these series that rapid convergence does not
" occur. The number of data points available for curve fitting is
restricted since interpolation must be avoided; if the number of
terms in the series approaches the number of data points the
caloulanted curve will be irregular in shape to accommodate the
individual errors58. The root mean square devintion will decrease
for each increase in series length, but as the rate of decrease
falls with series length there is an optimum length. It has been
suggested by Angus? that the optimum fit (acceptable residuals of -
a series with the least number of terms) may be determined by
plotting the experimental values against the residuals for each
geries. A satisfactory fit is said to bz thet for which the
distribution on the graph is randomj if the distribution shows some
regularity or recognizable shape a better fit will be achieved by
including morc terms in the series. The distribution was found to
be random for all the series considered but for the series of two
terms the magnitude of the mexirum redisual often exceeded 15% of

the experimental value.
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a) From Surfnce Temperature Measurements.

The calculated values of &, found by the method of art.
6.3.b, are given in A.3.4. and A.4.1l. - 4., and are summarised
in Table 8.1l.. A sample calculation is given in A.3.4.. It can be
scen from the toble that the constants for any one series differ
according to the number of terms tnken, and that sometimes
negative volues are obtnined. Although the coefficients for Run
No. 1 vary, the nverage values nre of the order of mngnitude which
would agrec with the results of previous workers. The occurrence
of negntive values for the coefficients for Run Nos. 8 and 49 mny
be due to gross experimental error or excessive scnsitivity to

small errors .

b) Temperaturc Profilc Measurcment.

The vnlues of oy, calculated using the fringe profiles are
given in A.4.6. and a sample calculation in A.3.5.. Tho %emperature —
time data wns correlated and the values of bn deduced from the
caleculated cnalues of c The final stage of the calculation was
as beforo. The values of the cocfficient vary with the term of
the series and the order of the fit, nnd as before negntive values
occur. It had becn anticipated that this technique would provide
a check on the accuracy of surface tempernture mensurcment, as
used in the first method; but swing to the inadequacy of both

methods no recliance can be placed on eithor.



Tﬂble 8010
No. of
Run No. terms o,
in
serics
ne= 1 2 3 4 5
1.
Water cond, 2 0.0457 0.0132
3 0.1831 0.0376 0.0073
8.
Wnter Cond™ 2 0.0274  0.0112
3 0.0643 0.0281 0.0078
4 0.0477 0.0091 0.0017 =0.0016
5 0.0036 -0.0098 -0.0165 0.8350 0.0052
36.
Water ovap® 0.0830 0.0160
0.1730 0.0325 0.0085
487
F.NaCl Cond® 2 0.0332 0.0315
3 0.0379 0.0087 0.0025
3 0.0376 0.0240 0.0066
49.
N.NaCl Evap" 2 0.0893  =0.0042
k) 0.1880 0.,0208 0.0054
3 0.0938 0.0392 0.0073

8.2. Experimental Errors,.

The values of the coefficients caleculated from both curve

fitting vechniques shcw n large variation, indiecating a fault in
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tho theory. However, before modifying the analyticnl methods or
original premises it is appropriate to consider the experimental
errors and their effect vpon the measured variables,

a) MTrace analysis.

No provision was made on the oscilloscope for modulation off
boem intensity with trace amplitude. At high beam intensities
light scattering occurred on the face of the oscilloscope tube
and this caused appreciable errors at smnll peom amplitudes. The
intensity was chosen to reduce the scattering to a minimum but to
be sufficient to give an acceptable trace density at large
amplitudes. Traces of small width wers maasured accurately, using
a travelling microscope but at large amplitudes the definition was
not sufficient for this method. Comparabie accuracy was obtained
for the traces of width grenter than 0.75 cms. by using a
magnifying glass and scale graduated in divisions of 0.2 mm..

It proved impossible to eliminate 211 'mains ripple! from
the trace nnd this error was estimated at + 2% of the tracc width.
Calibrations of the diaphragm were made bofore each run to eliminate
the effect of creep, liquid lewel and metor drift. The method of
calibration by injection of fluid into the cell proved successful
but may be used over only a small pressure range, because of the
physical limitations of the cell. Over the small range of liquid
levels used the variation in cross sectional area of the cell was
negligible.,

b) Cino film shalysis.

Several methods have been used for the analysis of interferogroms
and these may be classified according to the method of fringe
centre location:~

i) Centre location by photmmeter.

IBinncarsle;y'8 used n Hilger and Watts photometer to produce

Profiles of light intensity from which he estimated the.

wagition of the fringe centres. He found it necessary to

orientate the fringe axis perpendicular to the photometer

traverses this required frequent adjustment of the
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interferogram when the radius of curvature of the fringe was

small. In the present wurk the high film magnification

necessary emphasises the grain of the film and it was found
thnt the photometer responded to the individuél agglomecrates
of emulsion. No major trough or penk occured on the trace

to locate the fringe centre,

ii) Centre location by eye.

The eye can detect smaller contrasits in an image seen
by transmitted rather than r:flected light. A high
magnification was used in this work from film to screen
and it was decided to trace the friige centre loci on a
transparent screen. Measurements from the tracings gave
fringe shifts which were reproducibls to + 5% at low shifts
and the accuracy improved with the mognitude of the shift.

¢) Time Scales.

The measurcment of temperaturc profiles from the intorferograms
and of vapour pressurec from the oscilloscope trace werec not made
from a common datum. A light flash would have given a time marker
on tho cine film but a pressuro pulse oc.a the diaphragm would have
been difficult to achieve without disturbing the test conditions.
Howover, since the start of the transienh conditions was well
marked, it was assumed in the cnlculations that the mensurements
were made from a common datum, the zero on the oscilloscopc trace
being well defined, but an error of up to one frame being
necessarily incurred on the oine film, Calculations for Run No. 8
are given in A.4.5. and show the effect of zero error. The
correction was considercd up to A maxirmum o1 four frames, and if
this error was significont tho canlculnted values of the condensation
coefficient should have converged within one frome correction.

No convergence wns achieved but ns would be expected the absolute
values of the coefficient diminished sinco the rate of mass transfer
was decrensed. The time 3scnle of the oscilloscope trace was
recalivrated for encli run, but the speed of the cine film was

assuwred constnnt over the whole sories of runs. This was confirmed
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by a final recalibration which agreed to within %ﬁ with that
prior to Run No. 1.
d) Surface alignment and refraction

If tho system was ideal the light beam would remnin paranllel
to the surface during its passage through the liquid. In a
practical system the beam is refracted by the menisci nnd by the '
temporature gradiont in the liquid. All liquids studied in this
work hnve positive contact angles at the air glass interfaces
liquids exhibiting negative contant angles would require the light
beam adjacent to the surface to be *ransmitted through an air
layer with the accompanying refractior.

Tho opticnl flate are easily set perpendicular to the
incident light beam but nnless the flats 2an be set accurately in
the verticnl plane there is no certainty that the light beam is
parallel to the liquid surface. Surface alignment by the
tochnique of Howes and Buchlo37 (art. 4.2.0.) was straightforward
but tedious because g sequence of adjustments had to be adopted.
Tho beam of light is refrncted by ite passago perpendicular to o
refractive indox gradient. This error is minimised by arranging
the fringe plane nt D/3 fron the oxit srindow, The problem
is more serious in aerodynamics whereo highor gradiecnts of
refractive index are encountered.

0) Pressure measurement.

Ti:e pressure transducer was described in art. 7.2.c. and its
calibration detailed an art. f.5.e. The calibration of the
diaphragm by hend of liquid was accurnte to less than 2% crror,
but the drift of the proximity meter and errors from the
oseilloscopo trace gnve an overall maximum crror of + 5%. The
static calibration was assumed to bo direcctly spplicable to the
dynamic performance of the dinphragm. This appecars to be not
strictly correct but a very good approximation. The diaphragm will
respond more rapidly to a rise rathor than to a fall in pressure
because of the head ¢f liquid above it. The anomalous pressuro

difference roadings recorded for the evaporation of pure water are
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discussed in art. T.4.a.

The magnitude of the expurimental errors has been discussed
and it is concluded that the variation in calculated values of
tho condensation coefficients ecannot be wholly attributable to
this sourco. Spurious values for the condonsation coefficicents
wore obtained for all rans calculated from the series fits of
four or more terms and it was concluded that the fitting of a
curve to a fow experimontal points containing smnll errors recults
in series coefficients which are not characteristic of the data.
A smooth curve was obtained from fi+ting the data to a series of

fow terms but the magnitude of the residvals was high.

8.3. Modificntion of tho Analysis to Calsulate the Average Value

of o up to Time 9.

Consider fig 8,1. in which T' and T_' nre plotted agninst

9. Tt con be seen that the first part of the curve of T' is
proportional to § to a powor of about unity. But, as is shown by
the analysis art. 6.2., it then follows that T, should be
proportional to & to a power of about 1.53 and that this is evidently
not so is seen in fig. 8.%..

. By the original assumptions the only factor which should
depend on time and which effects the rate of heat or mnss transfer

. . %
across ‘ho interface is (T ! - Ts')=

F¥ = app (T -1") (6.5.)

if (T°' - 7_') is plotted ngninst §, as in fig 8.2., whilst tho
driving force is low, TB', the resulting temperature, rises
quickly in spite of the fact that heat is conducted initially at a
high rate into the bulk of the liquid. However when (T°' - TS'Y
hns increased, the rate of rise of TS' falls off. A conclusion
which can siraightway be drawn from this behaviour is that the
proportionality constant in equat. 6.5. is a function of time, and

consequently that the condensation coefficient depends on the rate
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of condensation or surface age. We therefore modify our analysis
to take this into account and to calculate average values of the
condensation coefficient.

From equation 6.10.

Heat flux through the surface = -k 25‘I‘g
x
B

= +k¥AT'

= £(8)

where AT = (T*' - TB') is measvred and is a function of
time &. As before temperature distribution in the liquid is

governed by & solution of

6T _ g2%2
69 6x2 (6.11,)

and Carslaw and Jaegarl? show that the solution of this equation,
when the heat flux is a function or time, is given by

o ) *
j £7(8 -Y)Y ®ar (8.1.)

(o

T' = K% .
k.2

At a surface where x = 0O .
. e
T' = _K® (& - Y)T‘% a1 (8.2.)

Q

Put y = (8 -77)

o | ,
then . g f 23+ (6 - 1) E.(-ay)
1z

e

X gee ERRATH K70 AT (3).(8 - ¥y (8.3.)
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The value of « calculated from this equation will be the mean
value over the time interval & = 0 to § = 8§, and if the coefficient
is a constant, the calculated coefficients will be equal for all

time intervals.
The value of the integral at y = O is infinite and in oxrder

to integrate the function using the experimental values of AT,

we must split the limits of the integral:

86— €
Tg' = R"f ¥ dy + R!
, o &

where R' = K%. E\/.'n—% and V= AT(y) (9 - y)-%.

&
ey (8.4.)
-€

The valwe of & is chosen such that over the time range (§ - € )
to & the value of the function AT may be considered constant
and equal to C4. For convenience £ was set equal to 0,001 secs.,
for each run.

The detailed calculations for Run No. 1 up to time § = 0.12
secs, are as follows. From the data in A.2.1l. graphs of T*' and
TS' against § are plotted and, selecting identical abcissae, the
temperature difference (7! - Ts') way be tabulated directly as a
function of time &. This data is plovted on fig 8.2.., Values of

Nt were calculated as fullowss—

Table 8.2,
—
¥ AT (¢ - ¥) -
Secs. 0C

0 0 0.12 0.346 0
0.03 0.0061 0.09 0.300 0.020
0,06 0.0198 0.06 0.245 0.081
0.08 0.0329 0.04 0.200 0.161
0.10 0.0491 0.02 0.143 0.343
0.1095 0.0572 0.0105 0.1025 0,558

0.1190 0.0655 0.0010 0.0316 2.070
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“he first part of the integral is given by the area under the
curve between y = 0 and y = (& - & ). This may be measured
graphically, but it was found more convenient to use Simpson's

rule, which states that the area under the ourve'\V/(y) between
¥1 and y3 is given by

% (y3 = ¥1) (Y3 + 47 +¥5)

‘ where'“+ré is the mid ordinate. +he expression is exact only
when the function is a cubio, but the error caused by using
Simpson's rule is less than the error in the aata. By oareful
selection of the abcissae in the calculation of Y we nay avoid
plott}ng the ourve of ¥~ versus 8. Thus:

Table B8.3.
Time interval. 0 - 0.06 0.06 - 0,10 0.10 - 0.119
Y, 0 0.0809 0.343
47, 6.080 0.646 2.232
RS 0.:81 0.343 2.070
SV 0.1609 1.0699 4.654
y/6 0.01 0.00667 0.00318
A 0.00161 0.00712 0.01475

Total area = 0.0235

The Second part of the integral may be integrated explicitly
)

(=]
-1
R! 7" dy = RJ C1(8 - y) = dy.
e-€

e-€
= —2-R|-C]_'[(9 - y)%Jg —-€
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= 2,R'.Cq. ¥
= 0.0632 R'.C4
For Run No.l. at & = 0.12 ¢y = 0.0660 and T ' = 0.0610
Therefore by adding the two areas we obtain
T = R'(0.1235 + 0.0632 x 0.0660)
= R' x 0.0277
= 0.0610
therefore R = 2,20
From equation 6.9.

Rl

Wi

- k i
H. . @ ° X

0.0148

o]
it

and
This is the average value of the condensation over the range
$ =0 1%o % = 0.12, A similar calculation was carried out at
other values for the same experiment and a is plotted against
$ in fig 8.3..
Pigs A.4.1 - 12 show plots of o versus & for all runms.

It is mofe useful to plot point values of the condensation
coefficient (as opposed to average valucs over a time interval §)
against point values.of tne rate of mass transfer. The average
value of a variable Z over a time interval A$ = §; - §; may be

calculated if average values 7 are available over the time

* Lo ECRATA
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intervals 0 - &4 and 0 = ¥, from the formula

Z = Zz- 9‘2 - Zlo 91 (8.6.)
8, — 94

By choosing the values of A 9 as low as possible, the value of é
will tend to a point value, but difficulty in accurately
determining the numerator rsduces the value of the formula.

Point values of the condensation coefficient were calculated

for Run Nos 5 and 11 using a value of A& = 0.01 secs., the
results are plotted in figs. A;4.13. and A.4.14.. However, point
values of the rate of mass transfer can be calculated from this
data only by using the measured values of the condensation
coefficient. A correlation based upon these values would not
reflect the true variation and would be sensitive to errors in

50

fo 4 [}

8.4. Interpretation of the Results.

All previous workers have assumed that the condensation
coeffioient is a consturt at a given temperature and not a
function of the rate of mass transfer. It has beeir. found that
the coefficient for all liquids studied decreased on account of
a reducad driving force, the average values of tho condensation
coefficient approached a constant value.

When comparing cocefficients for condensation and evaporation,
the different rates of mass transfer must be considered., Also,
during evaporation the surface temperature will be lower than the
bulk and natural convection will take place in the liquid. The
temperature differences were always small (-<:O.2°C) and during the
maximum time interval of 0.25 secs. no disturbances which might
have beon attributable tu convection were observed on the

interfercgrams.

* see ERRATA.
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8.4.2. Pure Water.

The experiments on the condensation of water all gave
similar results. The average coefficients at short times were
greater than 0.07 whereas at longer times the curves tended to
cunstant values between 0,0145 and 0.0090 .

No previous data is available on water condensation and it
was hoped to compare and contrast the results with those for
evaporation, The experimental results of ™1 and Té-for the
runs on water evaporation when plotted against time & show that
at low val ues of 9, T; was greater than T*‘, indicating =
negative driving force. Although slow diaphragm response would
give low values of T*', this was not the case in experiments om
the evaporation of other liquids and solutions which gave positive
driving forces at all times. No physical changes were mafe in
the apparatus between carrying out these sets of runs and these
anomolous results remain unexplained. A graph of (TK' - Té)
versus & is given in fig.A.4.2. for the positive portion of the
data for Run No. 36. on the evaporation of water. If we assume
that the driving force has been underestimated; calculated values

of the coefficient will err on the high side.

Run No, & o
36 0.24 0.00754
37 0.24 0.00516
39 0.24 0.00725

These values are suprisingly low and owing to + he uncertainty of

driving force measurement little reliance should be placed on them.
In both gondensation and evaporation the scatter of points on

the plots of « versus & was high and the majority of runs wexe

typified by the data of Run No.5. as plotted on Fig.A.4.13..

The results of Run No.l 4. proved exceptional and are plotted on

Fig. A.4.14.3 this data emphasises the difference between point

»
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and average values of the coefficient. It is unlikely that the
average values truely become zonstant for in this case the point
values pass through a minimum. Previously determined coefficients
for water evaporation, whirh are described in art. 5.2., vary
appreciably with the experimental method used. For the nate of
mass transfer to remain constant, the surface temperature, supply
of heat and degree of undersaturation must not vary. TFew of the
methods satisfy these criterea and hencewill yield average

rather than point values of the condensation coefficient.

8.4.b. Propyl Aloohol.

The temperature refractive index coefficient of propyl alcohol
is four times that of water and the interferometric method of
measurement will be proportionately more sensitive. Fringe shifts
of a similar magnitude to those for water were observed for propyl
alcohol and thzse ou-rrespondingly low values of Ts' together witn
different physical properties (see A.l.) gave values of ¢ in the
range of 4 to 8 x 10.-4 at high values of §. The values for
condensation are higher than those for evaporation, but this
difference is possibly caused by the higher rate of mass transfer.

The only other pubiished value is that of Baraneav (a = 0.037)
for the evaporation of alcohol of unspecified purity. In the
present experiments 'general purpose reagent' purity was used,
the impurities present being limited to 0.01% of aldehydes and
ketores of similar boiling point and less than 0.001% of involatile
matter. Dow-Corning high vacuum grease was used for the ground
glass vacuum joints, since it has been reported that this is
completely insoluble in the lower alcoholssl. No softening of the
PVC tubing occurred during extended tests and it was concluded that:

there would be little contamination from this source.

8.4.c, Normal Sodium Chlor:de Solution.

Whenever a substance is dissolved in a ligquid the vapour
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pressure of the latter is lowered which results in an elevation

of boiling point at the ambiert prossure. This phenomena is one
of a group of colligative properties of solu&ion024, all of which
depend upon the number and 20t the nature of the molecules present.
The law of Raou1t62 is oboyed by most dilute solutions viz

o-
p P = X
o
P
whore po = <vapour pressure of the pume solvent,

P = vapour pressure of the solution,

x = mole fraction of tho solute.

For a molar solution of common salt in water at 210C

P —p = 18.56 x 0.018 = 0.335 mm of mercury

this slight reduction in vapour pressurc will not affect the
coefficient but it was thought that the different interfacial
structure may inhibit condensation.

The average value=s of « arc plotted against time in fig.
A.4.9. and A.4.10.. The calculzted coefficients for condonsation
and ovaporation are less than those for pure watoer: tho curves
tend to a value of 0.004 - 0.006 at lorg timo intervals., It is
probable that the coefficicnt for dilute solutions progressively

approaches thnt for pure water.

8.4.d. Water Containing Surface — Active Agents.

The experiments using small traces of sodium lauryl sulphate,
a surfactive agent, gave values of 0.003 for the coefficient at
high rates of mass transfer. At lower rates the ccefficient
approad’es that of pure watcr. The sodium lauryl sulphate was

introduced into the de-acration flask F, to give 3.10"5 normal
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golution. Much of thisagent would be lost to other surfaces during
solution transfer to the test cell and no measurements of surface
tension could be mde in the cell itself. He~:. bthe results cannot
be related to a particular concentration of surface active agent.
Davis and Ridea,l15 state that o may be lowered by as much as X 10'-4
by addition of surfactive agent, but other workers suggest that a
factor of 2 to 10 would be more realistic48. In the present work
it could not be tested whether a monolayer was achieved and no
comparable results for sodium lavryl sulphate are available.

The liquid surface was statiorary and the reduction in the
condensation coefficient must be due ‘o zoncentration of surfactive
agent at the interface. The agent will obscure possible areas for
interchange of molecules between liquid and vapour and, if present
in sufficient quantity, will cover the whole surface with a
monolayer. The blocking of the interface was suggested by Harvey29
to explain results of absorption experiments. Tho long iydrophobic
portions of the molecules, which are orientated perpendicular to
the true liquid interface, permit only those vapour molecules which
approach within a limited solid angle io strike the surface.

Long chain acids and alcohols have been used to reduce
evaporation by 30 - 40%, Suitable compounds for this purpose
should have a high surface pressure to spread over a maximum
surface area and must be permeable to oxygen molecules to avoid

water stagnation.

8.5, Mass Transfer in the presence of a Non-gondensable Gas,

The problems and techniques of degassing were discussed in
art. Te3.b.. Any air which remains in the cell or enters through
the leaks will affect the rate of transfer and the measured
pressures. The diaphragm responds to changes in total pressure
above it and if air is present the partial pressure of the vapour
and thus the calculated valie cof 71 will be low. This error will
be numerically small unless the percentage of air present in the

vapour space exceeds 10%, a condition which would be readily
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noticeable in practice on the manometer.

During condensation any cmall quantity of air, at first
evenly distributed in ths gas phase, may becons ».ogressively
concentrated at the interface owing to bulk movement of gas and
removal of condensable vapour. Baer and McKelvey5 have studied
the inflyencs.. of non-condensables upon the coefficient for
methanol., Their method, which was very simple and yielded
consistent results, showed a decrease in ¢, during condensaticn,
for increasing percentages of air  They found that o was vweduced
by a factor of 20 by the presence of 1% of air. Also, in the
presence of air, the absolute value of ¢ decreased with reduction
of temperature. This does not agree with the observatitns of
Delaney who correlated the coefficient for water svaporation as

~E/RT il

a function of temperature using ithe ceuciicn o = Ae
found that E = =1,523 cals/mole. Baer and McKelvey calculated
that the coefficient for methanol at 300°K was 0.016 when all air
hadbeen purged from the celly no data was presented for other
gsystems. They showed that diffusion through the inert gas (air)
should have a negligible effect upon «. From their data it
appears that the reduced coefficients in the presence of inexrt

gas are due to a blockirg of the intexrface.

In the present work coefficients were found te decrease with
increase in rate of mass transfer duvring both condensation and
evaporation. The reduwe tion in coefficisents during condensation:
may be explained dby postulating the build up of air at tle
interface but during evaporation the bulk flow will be away from
the interface and it might be oxpected that the interface would be
progressively cleared of inerts and the value of o increased. In

practice the opposite occurs.
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CHAPTER 9.
CONCLUS1ONS.

A Mach - Zehnder interfaerometer has been constructed with
8" optical plates arranged on a 60° parallelogram. The
instrumen. has been used to study the temperature gradients

existing in a liquid during interphase mass transfer.

Values of the condensation coefficient calculated theoretically

from half-power series representations of the experimental data

give inconsistent results. This is attributed to non-convergence

of the series and sensitivaty of the values of the series
coefficients to experimental error when longer series were

employed.,

A study of the experimental data suggested that the c.ndensaiion
coefficient varies with the rate of mass transfer. The
caloulated average values for the condensation coeffioient

decrecase with the increase in rate of mass transfer.

Values for water cordensation at low rates of mass transfer
are higher than those previously reported for evaporation

from a quiocscent surface.

Expressions for the rate of mass ransfer necessarily include
the calculated coefficients and no true correlation can be

presented.

The variation of the condensation coefficient with rate of
transfer may in some but not all cases be attributed to the
small percentages of air present in the cell. It is suggested

that air molecules will block the interface, rathor than thav
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diffusion through air is limiting the rate.
Evaporation and condensation of the fluids gav~ similar

results. The values for propyl alcohol are about one

twentieth of those for water.

The addition of sodium chloride or surfactive agents to

water also reduce the condensation coefficients.
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APPENDICES,
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APPENDIX 1.
PHYSICAL AND DERIVED CONSTANTS.

WATER N.NaCl SOLUTION PROPYL ALCOHOL
Density /Z
(grams/oou) 1.000 1,038 0.807
Specifio Heat ey, ,
(cal/gran’c.) 1.000 0.931 0.585
Latent Heat L
(cal/gram mole) 10,520 10,520 12,000
Thermal Conducfivity
(cal/em.sec.°C.) 0.001418 0.001418 0.00C413
Temperature Coefficient
Refractive Index 82.5 x 10 114 x 10° 380x10%(at 15°C)
/°c
95.106 _
(gram moleAergs.gm)i) 0.598 0.598 0.328
]
(cm/secé5 0.0385 0.0382 0.0296
8 20°%¢ 0.00145 21.5°¢ 0.00152 20°c 0.00165
(dynes /om? °c) 21°¢ 0.00153 -
22% 0.00161
k/Hp
(om.) 20%¢c 0.000162 21.5°¢ 0.000147 20°C 0.0000634

21°¢ 0.000154
22°¢ 0.000146

constants for the surfactive solution were taken to be identical to pure
water. The main sources of data were the 'International Critical
Tables'(38), 'Properties of Organic Compounds' by Timmermans(73) and

the American Chemical Society monograph on sodium chloride(42),
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Water Condensation.

a) Cine Film Data,

-

TIME. FRAME NUMBER FRINGE SHIFT T
AT SURFACE X
gecs. cma. OC
0 0 0 0
0.0321 2 1.00 c.0196
0.0642 4 1.76 0.0343
0.0963 6 2.73 0.0532
0.1284 8 3.22 0.0628
0.1605 10 4,12 0.0803
0.1926 12 4.85 0.0946
0.2247 14 6.05 0.1180
0.2568 16 6.74 0.1315
b) Trace Data.
DISTANCE ALONG
PIME TRACE AXIS TRACE WIDIH Ap il
secs. cms., cms, 1/10" wge o4
0 0 0.055 0 0
0.0217 0.36 0.11 0,093 0.0145
0.0525 0.87 0.22 0.247 0.0385
0.0845 1.40 0.43 0.504 0.0786
0.1160 1.92 0.67 0.773 0.1208
0.1520 2.52 0.97 1.078 0.1682
0.1845 3.06 1.22 1.316 0.2055
0.2135 3.62 1.44 1.520 0.2370
0.2500 4.15 1.56 1.640 0.2560
Fluid bulk temperature = 21,8°C,

Average speed of trace

Fringe spacing

]

16.56 om/sec.

2.74 cma.

0.053°¢C.

Magnification: fringe plane -~ screen

= 8705
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A.2,2. Run 5. Water Condensation.

a) Cine Film Data.

TIME: FRAME NUMRER FRINGE SHIFT TS'
AT SURFACE XS
o,
Secs. cms, ol
0 0 0 0
0.0321 2 0.80 0.02905
0.0642 4 1.32 0.04790
0.0963 6 1.55 0.05630
0.1284 8 2.10 0.07620
0.1605 10 2.35 0.08540
0.1926 12 2.85 0.1035
0.2247 14 3,10 0.2090
0.2568 16 3.25 0.1180
b) Trace Data
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH Ap ¥
secs. cms. cms. 1/10" wg. %!
0 0 0,063 0 0
0.0304 0.5 0.171 0.156 0.0228
0.0608 1.0 0.376 0.418 0.,0612
0.0912 1.5 0.696 0.775 0.1130
0.1216 2.0 0.935 1.045 0.1520
0.1520 2.5 1,188 1.310 0.1910
0.1824 3.0 1,291 1.415 0.2063
0.2128 3.5 1,363 1.495 0.2180
0.2432 4.0 1.327 1.455 0,2120
Fluid bulk temperature = 21.6°C.

Average speed of trace

Prings spacing

16.60 cms/sec.

f

= 1,46 cms,

=  0.053%.

Magnification: fringe 3lan: = screen = 80.6
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A02-3. Run 80 Water Condensation.

a) Cine Film Data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X '
) 5EeCS. CIE « OC
0 0 0 0
0.032 2 0.72 0.037
0.064 4 1.15 0.050(5)
0.096 6 1.42 0.062
0.128 8 1,65 0.072
0.160 10 1.85 0.08X
0.193 12 2.3 0.094
0.225 14 2.31 0.101(5)
0.257 16 2.55 0,112
b) Trace data.
DISTANCE ALONG "
TIME TRACE AXIS. TRACE WIDTH JAV) e
secs. cms. cms . 1/10" wg. %o
0 0 0.088 - 0
0.0304 0.5 0.219 0.255 0.0398
0.,0608 1.0 0.368 0.475 0.0741
0.0912 1.5 0.%45 0.697 0.1088
0.1216 2.0 0.677 0.865 0.1350
0.1520 2.5 0.820 1.040 0.1622
0.1824 3.0 0.874 - 1,100 0.1715
0.2128 3.5 0.891 1.118 0.1733
0.2432 4.0 0.896 1.125 G.1755
Tluid bulk temperature = 21.7°0.

Average speed d° traco

Fringe spacing

Magnification

I

16.26 cm/sec.
= 1.216 cms.
= 0.053°C,

69.2

u
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A.2.4. Run 1ll. Water Condensation.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X_ T
86C8B. coms . 0.C
0 0 0 0

0. 032 2 0.62 0.0284

0.064 4 1.00 0.0461

0.096 6 1.20 0.0553

0.128 8 1.50 0.0691

0.160 10 1.65 0.0, 60

0.192 12 1.90 0.0876

0.224 14 2.20 0.1015

0.254: 16 420 0.1015

b) Trace data.
DISTANCE ALONG
TIME TRACK AXIS  TRACE WIDTH Ap T
secs. cme. oms. 1/10" we. %

0 0 0.103 - 0
0.0305 0.5 0.195 0.210 0.0314
0.0610 1.0 0.328 0.430 0.0642
0.0915 1.5 0.452 0.602 0.0898
0.1220 2,0 0.619 0.792 0.1182
0.1525 2.5 0.740 0.92¢ 0.1381
0.1830 3.0 0.865 1.025 0.1530

. 0.2235 3.5 0.860 1.075 0.1605
0.2440 4.0 0.895 1.097 0.1638

Fluid bulk temperature = 21.9°C

Average speed of trace = 16.42 cm/sec.

Fringe spacing = 1.158 cms.

= 0.053°C
Magnification = 68.7
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Water Evaporation.

a) Cine film data.

TIME FRAME NUMEER FRINGE SHIFT
AT SURFACE XS Ts'
56CS. cms., o4
0 0 0 0
0.032 2 0.32 0.0111
0.064 4 0.61 0.0211
0.096 6 082 0.0284
0.144 9 1.40 0.0434
0.192 12 1.55 0.0537
0.228 14 1.65 0.0571
0.256 16 1.7C 0.0%89
b) Trace Data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH Akp Tt
sces. cms . cms. 1/10" wg. v
0 0 0.085 0 0
0.038 0.625 0.100 0.021 0.0036
0.075 1,220 0.145 0.066 0.0136
0.107 1.730 0.230 0.150 0.0258
0.144 24340 0.370 0.271 0.0467
0.177 2.890 0.590 0,475 0.0818
0.206 3.910 0.730 0.630 0.1085
0.241. 4,435 0.870 0.780 0.1342
Fluid bulk temperature = 20.0
Average speed of trace = 16,20 cms/sec.
Fringe spacing = 1,53 cms,
Magnification = 18,5
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A.2,6, Run 34. Water Evaporation.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X T,
8CCS. ClmS., Oc
0 a) 0 0

0.048 3 0.58 0.0229

0.080 5 1,00 0.0396

0.112 7 1.35 0.0534

0.160 10 1.70 0.,0673

0.192 12 1,80 0.0713

0.256 16 1.80 0.0713

b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH AP ¥
secs. cms. cms. 1/10" wg. %

0 0 0.085 0 0
0.065 0.92 0.130 0.052 0.0089
0.107 1.72 0.160 0.083 0.0142
0.154 2.49 0.280 0.197 0.0337
0.192 3.10 0.535 0.391 0.0669
0.234 3.78 0.740 0.640 0.1090
0.280 4.52 0.920 0.840 0.,1438

Fluid bulk temperature = 20.1

Average speed of trace
Fringe egpacing

Magnification

L

16.10 cm/sec.

1,34

70.1

CIns

= 0.053°C
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be.2.Te Run 35, Water Evaporation.

a) Cine film data.

TIME FRAME NUMBLR

FRINGE SHIFT
AT SURFACE Xs !
secs., cms
C
0 0 0

0.048 3 0.85 0.0254

0.080 5 1.40 0.0419

0.112 i 1.70 0.0509

0.144 9 1.80 0.0539

0,176 11 1,92 0.0575

.0.208 13 2.00 0.0599

0.240 15 2.10 0.0628

0.272 18 1.80 0.0539

b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS 'TRACE WIDTH AP ¥
S6CH. cms . cms . 1/10" wg. %

0 0 0.070 0 0
0.041 0.67 0.110 0.045 0.0080
0.077 1.28 0.145 0.080 0.0144
0.117 1.94 0.210 0.143 0.0256
0.160 2.65 0.400 0.326 0.0585
0.189 3.14 0.610 0.535 0.0960
0.225 3.75 0.710 0.638 0.1147
0.262 4.33 0.720 0.700 0.1258

Fluid bulk temperature = 19.20

Average speed of trace

Fringe spacing

Magnification

i

i

16.64 cms/sec.
1.77 cm,
0,053%

7001
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4.2.8, Run 36. Water Evaporation.

a) Cine film data.

TIME FRAME NUMBFR FRINGE SHIFT
AT SURFACE Xs TS’
8e0S, cms . %
0 0 0 0
0.032 2 0.30 0.0103
0,064 4 0.60 0.0203
0.096 6 0.80 0.027¢C
0.144 9 1.10 0.0372
0,192 12 1.32 0.0446
0.256 16 NN 0.0541
0.288 18 1.70 0.0575
b) Trace data.
DIS'WANCE ALONG
TIME TRACE AXIS TRACE WIDTH AP 7
secs. ' oms. CmE . 1/10" wg. o
0 0 0.080 0 0
0.032 0.53 0.120 0.050 0.0089
0.069 1.13 0.150 0.105 0.0187
0.104 1.70 0.260 0.198 0.0352
0.138 2.26 0.470 0.420 0.0747
0.171 2.80 0.620 0.57¢% 0,022
0.203 3.33 0.750 0.710 0.,1262
0,227 3.88 0.850 0.815 0.1449
0.272 4.46 0.910 0.878 0.1561
Fluid bulk temperature = 19.400

Average speed of trace

Fringe spacing

Magnificatlon

1

16.42 cm/sec,

1.58 cms.
0.053%

T4.7
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A.2.9. BRun 37. Water Evaporation.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X 7!
8 S
SecB. cms, OC
0 0 0 0
0.032 2 0.40 0.0159
0.064 4 0.62 0.0247
0.096 6 0.82 0.0331
0.144 9 1.00 0.0399
0.176 11 1.10 0.0438
0.224 14 1.20 0.0478
0.272 17 1.25 0.0498
b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS  TRACE WIDTH AW il
Secs. cms . cms , 1/10" wg. og
U 0 0.08 0 0
0.035 0.56 0.10 0,023 0.0041
0.077 1.24 0.17 0.110 0.0197
0.165 2.64 0.60 0.651 0.1168
0.207 3.32 0.78 0.895 0.160T7
0.248 3.98 0.89 1.050 0.1884
0.292 4.68 1.03 1,250 0.2241
Fluid bulk tempgerature = 19.100

Average specd of trace

Fringe spacing

Magnification

n

16.16 cm/sec.

1.34 cms.
0.053%

T4.7
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£.2.10. Run 38. Water Evavoration.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFLCE X '
S 8
seCcs. CmSs ., ©
0 ¢ 0 0
0.032 2 0.52 0.0151
0.080 - 5 0.90 0.0261
0.112 T 1.13 0.0327
0.144 9 1.20 0.0348
0.176 11 1.37 0.0397
0.224 14 1,60 0.0464
0.272 17 1.89 0.0522
b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH  Ap Xl
BOCS. Coens., cms. 1/10" WEge 0
0 ¢ 0.070 ¢ 0
0.034 0.55 0.090 0.010 0.0018
0.073 1.17 0.140 0.045 0.0080
0.116 1.87 0.240 0.120 0.0213
0.156 2.50 0.420 0.260 0.0462
0.188 3.02 0.710 0.482 0.0856
0.225 3.61 0.950 0.695 0.1235
0.261 4.18 1,100 0.840 0.1492
Fluid bulk temperature = 19.400

average spoeed of trace

Fringe spacing

Mngnificntion

16.24 cms/sec-

1.84 secs.
0.053°%

T4.7
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A.2.11. Run 39. Water Evaporation.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X T
SCCB. crs. 0C
0 0 0 0
0.048 3 0.40 0.0107
0.080 5 0.56 0.0149
0.112 T 0.90 0.0240
0.144 9 1.12 0.0299
0.176 11 1.22 0.0326
0.208 13 1.40 0.0374
0.240 15 1.€0 0.0427
0.272 17 1.80 0.0480
b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH Ap T
SGCB. cms., cms., 1/10" wg. oy
0 0 0.080 0 0
0.028 0.45 0.110 0.039 0.0069
0.060 0.98 0.155 0.075 0.0133
0.091 1.48 0.190 0.105 0.0186
0.123 2,01 0.230 0.160 0.0283
0.152 2.47 0,410 0.294 0.0520
0.188 3.06 0.600 0.472 0.0835
0.221 3.60 0.780 0.656 0.1160
0.265 4.15 1.000 0.920 0.1628
luid bulk temperature = 19.500

Average speecd of trace

Fringe spacing

Magnificntion

[

16.32 cms/scc.

2.0l cms.
0.053°¢

T4.7
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2.2.12. Run 42. PrOH Condensation.

a) Cine film data.

PIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X_ T,
secs. CIis » OC
0 0 0 0

0.048 3 0.59 0.0038

0.096 6 1.10 0.C071

0.128 8 1.32 0.0086

0.160 10 1.41 0.0091

0.192 12 1.68 0.0109

0.224 14 1.98 0.0128

0.256 16 2.15 0.0139

0.288 18 2.15 0.0139

b) Trace dateo.
DISTANCE ALONG
TIME" PRACE AXTS TRACE WIDTH AP P
secs. cms . cms. 1/10" wg. %

) 0 0.065 0 0
0.023 0.38 0.110 0.030 0.0045
0.053 0.86 0.200 0.088 0.0133
0.081 1.31 0.350 0.182 0.0274
0.106 1.72 0.501 0.276 0.0417
0.134 2.16 0.670 0.380 0.0574
0.155 2.51 0.880 0.480 0.0724
0.18¢ 3.00 0.990 0.575 0.0867
0.215 3.48 1.230 0.695 0.1048
0.253 4.12 1.440 0.809 0.1220

Fluid bglkfkempernture = 20.0°¢

Lverage speed of trace

Fringe spacing

Mngnification

= 16,24 cms/sec.

= 1,765 cms.

= 0.0114°%C

= T4.7
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A.2.13, Run 43. PrOH Evaporation.

a) Cine Film Data.

TIME FRAME NUMBZR FRINGE SHIFT
AT SURFACE X, T,
Becs. CIms., OC
0 0 0 0

0.032 2 0.41 0.0029

0.064 A 0.67 0.0047

0.080 5 0.82 0.0058

0.096 6 1.06 0.0075

0.112 7 1.18 0.0083

0.128 8 1,36 0.0096

0.144 9 1.53 0.C108

0.160 10 1.72 0.0122

0.176 11 1.90 0.0134

0.192 12 2.05 0.0145

b) Trace date.
DISTANCE ALONG
TIME TRACE AXIS  TRACE WIDTH AD T
sers. cms . cms. 1/10% wg. %

0 0 0.057 0 0
0.023 0.370 0.170 0.098 0.0148
0.051 0.820 .220 0.2.5 0.0324
0.073 1.185 0.510 0.346 0.0522
0.098 1.58 0.770 0.510 0.0744
0.121 1.96 0.935 0.627 0.0946
0,146 2.35 1.240 0.828 0.1250
0.172 2.78 1.480 0.975 0.1470
0.198 3420 1.800 1.175 0.1722

Fluid balk tempersture = 20.1°¢

Averago speed of trace

Fringe spacing

Magnification

n

1.620 cms.,
0.0124°¢

14.7
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A.2,14. Run A4. PrOH Bvrporation.

a) Cine film data.

TIME FRAME NUMBLR FRINGE SHIFT
AT SURFACE X TS'
sSers., Ccms .
0 0 0
0.048 3 0.45 0.0030
0.064 4 0.56 0.0037
0.080 5 0.73 0.0048
0.096 6 0.86 0.0057
0,112 7 1.00 0.,0066
0.144 9 1.23 0.0081
0.160 10 1.42 0.0294
0.176 11 1.52 0.0100
b) Trace data.
DiISTANCE ALONG
TIME PRACT! AXIS TRACE WIDTH AP ¥
secs., cms ., cms. 1/10" wg. O
0 0.085 0 0
0.023 0.38 0.150 0.050 0.0075
0.035 0.57 0.220 0.107 0.0161
0.054 0.88 0.350 0.210 0.0317
0.074 1,22 0.490 0.337 0.0508
0.093 1.48 0.635 0.477 0.0719
0,132 1.83 0.790 0.665 0.1020
0.130 2,12 0.900 0.807 0.1217
0.149 2.44 0.99¢C 0.930 0.1403
0.167 2.74 1.080 1.050 0.1585
0.185 3.03 1.190 1.205 0.1720
Fluid bulk temperature = 18.2°%

Average speed of tracx

Fringe spacing

Magnification

16.40 cms/sec.

1.74 cms.

0.0114°¢

147
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A.2.15. Run 46, “ProH Evaporation.

a) Cine film data.

TIME FRAME NUMEER  FRINGE SHIFT
AT SURFACE X T !
BEeCSe. cns. OC
0 0 0 0
0.048 3 0.30 0.00180
0.064 4 0.62 0.00250
0.096 6 0.78 0.00371
0.112 T 0.74 0.00441
0.144 9 0.92 0.00550
0.160 10 1,02 0.0060%
0.192 12 1.25 0.CL742
0,208 13 1.32 0.00783
b) Trace data.

- DISTANCE ALONG
PIME TRACE AXIS TRACE WIUTH AP gl
seCS. cme cms. 1/10" wg. o4

0 0 0.090 0 0
0.013 0.21 0.10C 0.025 0.0038
0.024 0.40 0.140 0.058:  0.0087
0.040 0.65 0.220 0.125 0.0189
0.054 0.89 0.270 0.164 0.0249
0.070 1.14 0.380 0.256 0.0386
0.082 1.37 0.470 0.332 0.0501
0.100 1.62 0.570 0.416 0.0627
0.112 1.83 0.720 0.542 0.0817
0,124 2,02 0.790 0.610 0.0920
0.133 2,27 0.910 0.720 0,1087
0.1548 2.530 1.000 0.604 0.1212
0.1725 2.820 1.110 0.900 0.1358
0.1870 3.060 1,220 1,014 0.1530
0,2030 3.320 1.330 1.120 0.1690
0.2185 3.575 1.410 1.196 0.1803
Fluid bulk temperature = 21.0°0C

Avernge specd of trace = 16.44 cms/sec.

Fringe spacing = 1,9% cnms

= 0.0114°%¢
Mhgnification = T4.7
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N.NaCl Solution Condens *ion

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X, T,
B8GCS. CINS » 0C
0 0 0 0

0.032 2 0.310 0.0064

0.064 4 0,610 0.0126

0.080 5 0.710 0.0147

0.112 7 1.000 0.0207

0.128 8 1.160 0.0240

0,160 10 1.520 0.0315

0,176 11 1,780 0,0369

0,192 12 1.9c00 0.0394

0.208 13- 2.000 0.0415

b) fTrace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH AP T
sSecs., ons. cms. 1/10"‘W€- %

0 0 0.080 0 0
0.C31 0.510 0.150 0,082 0.,0134
0,060 0.975 0.245 0.173 0.0282
0,290 1.460 0.360 0.270 0.0441
0.121 1,980 0.550 0.410 0.0669
0.152 2,485 0.780 0.572 0.0933
0,184 3,000 1,020 0.738 0.1207
0.215 3.505 1.260 0.900 0.1470
0.24€ 4,020 1.550 1.087 0.1772

Fluid bulk temperature = 21.3

Average speed of trace = 16,36 cms/sec.

Fringe spacing

Magnification

= 1.915 cms,

= 0.0397°%

= T4.7
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A.2.17. BRun 48. N.NaCl Solution Evaporation

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X !
8eCS.e Ccmg.,.
0 0 0
0.032 2 0.41 0.0059
0.080 5 1.00 0.0143
0.096 6 1.16 0.0166
0.112 7 1.32 0.0189
0.144 9 1.70 0.0243
0.160 10 1.90 0.0272
0.192 12 2,42 0.0346
0.224 14 2.97 0.0425
b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH AV il
gecs. cng . cms, 1/10 " WG, OC
o 0 0.080 0 0
0,033 0.53 0.140 0.073 0.0119
0.051 0.83 0.130 0.112 0.0183
0.068 1.10 0.255 0.183 0.0299
0.085 1.37 0.335 0.250 0.0408
0.103 L.66 0.440 0.331 0.0540
0.121 1.96 0.550 0.409 0.0668
0.140 2.26 0.660 0.505 0.0824
0.160 2.58 0.840 0.612 0.0999
0.178 2,88 0.990 0.716 0.1169
0.196 3.16 1.170 0.840 0.137L
0.212 3.42 1.325 0.942 0.1538
0.230 3.71 1.480 1.043 0.1706
0.248 4.01 1.590 1.101 0.1820
Fluid bulk temperature = 21.3°%
Aveorago specd of trace = 16.25 cms/sec.
Pringe spaoing = 2.78 ems. « 0.0397°C
Magnification a  T4.7
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A4.2,18. PRun 49.N.NaCl Solutioén.. FEvapora: .on.

a) Cine film data.
TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X, TS‘
gecs. cms, OC
0 0 0 0
0.048 3 0.32 0.005%9
0.096 5 0.61 0.0113
0.128 8 0.90 0.0166
0.160 10 1,28 0.0236
0.176 11 1.46 0.,02E9
0.192 12 1.8¢ 0.0332
0.224 14 2.32 0.0429
0.256 16 3.10 0.0573
b) Trace data.
DISTANCE ALONG ,
TIME TRACE AXIS TRILCE WIDTH AP T
S0C8. cms., cms, 1/10" wg. °g
0 0 0.060 0 0
0.026 0.42 0.110 0.032 0.0052
0.039 0.62 0.130 0.050 0.0081
0.050 0.80 0,170 0.058 0.0093
0.074 1.18 0.200 0.122 0.0196
0.091 1.46 0.245 0.157 0.0253
0.110 1.76 0.335 0.232 0.0374
0,129 2,06 0.440 0.300 " 0.0483
0.169 2,71 0.565 0.431 0.0694
0.188 3,02 0.670 0.528 0.0852
0.206 3.31 0.745 0.600 0.096T;
0.246 3.95 0.910 0.764 0.1231
0.226 3.63 0.810 0.665 0.1072
Fluid bulk temperature = 21.5OC

Average speed of irace

Pringe spacing

Mngnification

f

16.18 cms/sec.

2.15 cos.
0.0397°%¢

4.7



A.2.19,

Run 52,
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Woter + Surfactive Agent. Condensstion.

a) Cine film data.

FRAME NUMBER

TIME FRINGE SHIFT
AT SURFACE X_ T !
8ecca. cmg, O;C
0 0 0 oy
0,032 2 0.40 0.0113
0.048 3 0.57 0.0162
0.064 4 0.68 0.0193
0.080 5 0.90 0.,0255
0.112 7 1.13 0.,0320
0.144 9 1.47 0.041T
0.160 10 1.64 0.0466
0.176 11 1.67 0. 0474
0.192 12 1.72 0.0488
b) Trace data.
_ DISTANCE ALONG

TIME TRACE AXIS TRACE WIDTH Avp T
secs. cms. oms. 1/10" wg. o

0 0 0.070 0 0
0.027 0.445 0.130 0.076 0.0123
0,041 0.660 0.160 0.110 0.0178
0.058 0.930 0.210 0.168 0.0272
0.072 1.160 0.270 0.236 0.0381
0,087 1,410 0.365 0.343 0.0564
0,102 1.640 0.467 0.450 0.0727
0.116 1.880 0.585 0.573 0.0927
0.131 2,120 0.695 0.693 0.1121
0.143 2.315 0.810 0,813 0.1315
0.157 2.540 0.950 0.959 0.1550
0.167 2.695 1.060 1.068 0.1735
0.181 2.920 1,200 1.209 0.1952
0,193 3.125 1.350 1.360 0.2198
Fluid bulk temperature = 21.2°C

Average speed of trace 16,26 cms/sec.

Fringe spacing = 1,88 cms.

= 0.05337¢

Magnification

= T4.7
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Water + Surfactive Agents.

Condensation.

a) Cine film data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE XS TB'
secs, cms. %

0] 0 0 0
0,032 2 0.400 0.0095
0.064 4 0.620 0.0148
0.080 5 0.750 0.0178
0.096 6 0.810 0.0193
0,128 8 0.95 0.0226
0.160 10 1.050 0.0250
0.176 11 1.250 0.0207
0.208 13, 1.550 0.0369
0.224 14 1.650 0.0393

b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH IN: 7
secs, cms. cms. 1/10" wg. o,

0 0 0.065 0 0
0.026 0.425 0.120 0.075 0.0121
0.048 0.790 0.150 0.108 0.0174
0.070 1.165 0.240 0.190 0.0307
0.095 1,580 0.280 0.290 0.0468
0.121 2,000 0.430 0.422 0.0681
0.149 2.460 0.595 0.595  0.0962
0.177 2.935 0.820 0.832 0.1345
0.201 3.330 1.000 1.020 0.1648
0.239 3.960 1.260 1.285 0.2077
Fluid bulk temperature = 21.2°C
Average speed of trace = 16.66 cms/sec.

Fringe spacing = 2.24 cns.
= 0.0533%
Magnification = T4.7
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Water + Surfactive Agen .

Evaporation.

a) Cine film data.

TIME FRAME NUMEER FRINGE SHIFT
AT SURFACE X 7!
s5ecH. cms. °p
0 0 0 0
0.032 2 0.30 0.0079
0.064 4 0.55 0.0145
0.080 5 0.70 0.0185
0.096 6 0.80 0.0211
0,112 T 1.00 0.0264
0.144 9 1.30 0.0343
0.160 10 1.40 0.0370
0.176 11 1,50 0.0396
0.192 12 1,61 0.0425
b) Trace data.
DISTANCE ALONG

TIME TRACE AXIS TRACE WIDTH Dp T
Secs. cms. cms . 1/10" wg. %

0 0 0.02 0 0
0.017 0.290 0.070 0.060 0.0095
0.037 0.620 0.180 0.140 0.0222
0.052 0.870 0,240 0.235 0.0373
0.085 1.080 0.265 0.280 0. 0444
0.081 1.350 0.370 0.390 0.0618
0.094 1.570 0.500 0.456 0.0787
0.107 1.790 0.580 0.587 0.0932
0.119 1.995 0.685 0.710 0.1128
0.133 2,220 0.770 0.818 0.1300
J.148 2.475 0.860 0.938 0.1490
0.163 2,720 0.950 1,068 0.1697
0.177 2.960 1.070 1,155 0.1835
0.190 3,180 1.080 1.260 0.2000
Bulk fluid temperature = 21,4°%

Average speed of trace = 16.70 cms/sec.

Fringe spacing = 2.02 cms,

0.0533°¢C
Magnification Ta.7



A.2.2%2. Run 55.
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Water + Surfactive Agent Evaporation.

a) FPine Film Data.

TIME FRAME NUMBER FRINGE SHIFT
AT SURFACE X_ T’
secs. . cma. g
0 0 0 0
0.048 3 0.35 0.0038
0.080 5 0.42 0.0055
0.112 7 0.52 0.0080
0.144 9 0.71 0.0123
0.160 10 0.80 0.0151
0.192 12 1.09 0.0224
0.224 14 1.30 0.0276
0.256 16 1.65 C.0364
b) Trace data.
DISTANCE ALONG
TIME TRACE AXIS TRACE WIDTH AD e
secs. cme . cms. 1/10" wg. og
0 0 0.025 0 0
0.015 0.240 0.060 0.060 0.0094
0,032 0.525 0.140 0.132 0.0208
0.046 0.755 0.220 0.200 0.0315
0.063 . 1,030 0.250 0.245 0.0386
0.076 1.240 0.310 0.3L6 0.0482
0.093 1.502 0.410 0.405 0.0637
0,126 1.725 0.502 0.502 0.0788
0,122 1.980 0.580 0.585 0.0921
0.139 2.260 0.630 0,705 0,1110
0.157 2.550 0.810 0.870 0.,1400
C,172 2.790 0.900 0.992 0.1562
0.187 3,040 0.920 1.080 0.1700
0.204 3.315 1,020 1.170 0.1842
0.219 3.560 1.090 1.276 0.2008
0236 3.840 _ 1.170 1,303 0.2050
0.256 4,150 1.260 1.462 0.2302

Bulk fluid temperature 21.6%C

n

it

Average speed of trace

Fringe spacing - = 2.10 cms.
= 0.0533°

Magnification = T4.7

16.38 cms/sec.
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APPENDIX 3.
SAMPLE CALCULATIONS.

A 3.1, Calculation of temporatures T ' and T ' as funotions of

time from the cine film,

Techniques of fringe evaluation are discussed in the text
(art.7.2.b,): the method chosen was that of fringe tracing. BEvery
frame was not andlysed in ordér to reduce the amount of data to be
processeds a suffioient number of frames were selected to define
the curves of fringe displacement versus time as plotted in fig.
A.3.1, and A.3.2.. The curves shown of fringe displacement at
different depths as functions of time were not used in calculations,
but are presented to illustrate the profiles. The fringe sparing
over the width of the emulsion was measured on the projected image
and an average value calculated. It was assumed that the error
introduced by taking the average Spacing over the whole of the
interferogram would be less than that of a single measurement
adjacent to the fringe being studied. The temperature of the
fluld was calculated frem the reading of the thermocouple in the
cell and the correspondeing value of %% selected. The temperatune
change necessary to cause & shift of one fringe width was then

computed as.shown in art. 6.5.d. using the equation

AT = Fan/am

where D is the geometric length of the fluid plate in the test:
section,

Far Run No. 1. -6
AT 54,67 » 10

4.875 x 2.54 x 82,5 x 10~

6

L}

0.0533°¢

As shown in art. 6.5.a. the camera speed may be assumed

constant for the duration of a run and equal to 62.5 frames/secn
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= 0,016 sec/frame. The mngnification of the fringe pattern was
then calculated by mensuring ca the projected image the width

of a known slit placed in the fringe plane. The data was then
plotted as graphs of T ' - { (fig A.3.1. and A.3.2.). The dota
was analysed to a value of § = 0.25 secs.,; above this value the
transducer prersures were frequently off scale and as § npproached
0.50 secs. the surface. temperature fell as a fresh eguilibrium was

established.

A.3.2., Calculation of the temperature T“' ag o function of time

from the oscilloscope trace.

The pressure calibration of the diaphzagm was checked before
each run by introducing known pressure differences and recordi+—#
the change in band width on the oscilloscope trace, as described
in article 6.5.e.. The calibration curve for run 1. is given ir
fig. A.3.3. The cross sectional area of the cell ai the optical
flat mid-point is 84.44 cm? and the addition of 1 ml. of liquid of
density f’L will result in an increase in pressure on the diaphragm

given by

Ap - L

5.54 % 84.42
= 0-00467 FL inoWO'go

Definition of the oscilloscope trace at large amplitudes was poor
owing to the necessity of reducing over exposure at small
amplitudes. Thus it was aot always possible to use a travelling
nicroscope to measure width. Measurements made at large amplitudes
with n ruler and magnifying glass were nccurate to within # 1%,

The time calibration of the oscilloscope trace was calculated from
the soparation of the 'blip' time markers. Owing to the flexible
pulley drive of the camera drum and system backlash, variations
occurred in drum speed. These wore small, but any gencral trend

could be detected by plotting the speeds for each section.
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FIG.No.A.3.3. DIAPHRAGM CALIBRATION
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For run No, 1 over the test interval the time marker sepnration
wns 8,28 cms.
Therofore 1 mm. on the trace = 0.5007
8.2

= 0.0060 sccs.

In 6.3.b. we wefing T ' = T - T,
Also from the vapouxr pressure curve, p = T + p
Hence T' = P -~ P, |
B:
For water at the bulk fluid temperature of 21.800, B = 0.645 in.w.g./oc
Therefore 1 o 1,55 (p - po)GC
The data for this run No. l. are tabulated in A.2.1., and the plot
of (p - po) versus & is shown in fig. A.3.4.

A.3.3, Curve fitting by Least Squares.

The curve fitting was carried out uwsing the University of
London Mercury computer. The Library Program 1000, written by J.H.

Caldwuil of RAE Farmborough, computed the coefficients in the series

n
F(Z) = &O+a12‘+3222+-.-.......-.... +nnZ

for a list of m pairs of data, using the test condition of
obtaining the lenst sum of the squares of the residuals.

The data input requires:the specification of several
parameters in addition to the pairs of data. These describe the
order of fit required, the reclative importance of the pairs of
data and the output style. The pregram offers the facility o
alternative print styles:

a) coefficients of all the series up to power ‘n' plus the vnlues
of the maximum residual of each series.

b) the above data together with the medicted values and the
residuals.

As in &3l computers the output phase of the operation is far

glower than the calculation steps and hence in order to use the
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minium computer time, the complete output wns used only for test
purposes. In order to uso this program to fit a half - power series
it wns necessary to change the variable; for run No. l., where the

coafficients of the series

1 3/2 2
T!E| = (’11\9‘§+a2\9‘+a3\9‘/ + seessocns +an3‘n/

4
. . L
were required, the transformation 2 = T 'a, Y = 8% was used.

9
A similar substitution was used for series starting at the

second or third term.

A.3.4. Caleculation of the Condonsation coefficient frum the

corrrlation of surface temperaturce T ! with time.

Tirstly the data of 71 versus § was correlated in a half
power series, using the computer program as doscribed in £.3.3..
Cocfficients were cnlculated for the series which commenced at
n = 1(9%) and n = 2(91) and are tabu%ated bglow.

For the series T' = aie% + agd + azd /2+ a,92

4
Coefficients for Run No. 1.

Two term seories a3 = =0.9931 and aqg = 0
ap = +1.295 ag = +0.1679
ag = +1.469
Three torm series ag = —=0,167 and a; = 0
ag = +1,768 ag = +0.2094
ag = =0.7213 az = +3.274
By = -2.+755

The first coefficient in each of the series starting ot 9%'is
negative and this would result in o negative value for the
condensation coefficient a4 from equation 6.24.. Series starting
at 91 hhve positive furst cocfficients., The power serios fits

for TS' comnence at one higher torm, nomoly bz in the second cnses
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. 32 2 5/2
T, b38 + b4& + bse
Two term series b3 = +4.236 Three torm series b3 = +7.598

e =7.029 = ~28.55

by
bB = +31.13

L

The constant fn+1 as in equation 6.23. was defined by equation

S1T. £ - T—knAZ + 1)
ke
- where ]q(n) = h[ﬂdzn-l. o~V at.
o

From mathematical tables

X 1.5 2.0 305 3.0 305 4.0 4.5
Tx 0.8802 1.0 1.329 2,00 3.23 6.00 11.63

Henoe

£3 YK = 1.329 . £5 VK = 1.615 £, VK = 1,946

The values of L the condensation coefficient, were then caloulated

as followst-

n bn+.1 fn+]:v.]K bn+1'ﬁh+l;VK %, bn (an - bn) VK‘X; %

2 4.236 1.329 5.620 0.468 - 0.468 12.07 0.0457
3 -7.209 1.502 -9.750 1.469 4.625 -2,796 3.49 0.0132
3 -28.55 1,502 -42,8 +3.274 T7.598 -4.32 +9.92 0,0376

«, is calculated from equation 6. 23..
The vale of an~should, of course, be independent of n. The constants

uged in calculating ®, are given in A.1..
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A.3.5. Calculation of the Condensation Coefficient from the

correlation of fringe shift av depth x,(Tx[l,with time 9.

A description of the- method is given in 6.3.c., the
calculations for RUN 8 are given below. The method requires
the measurement of the fringe shift at depth x and time ¢ where

X = 2IYK%., For convenience I was chosen at 0.50.

Frame No. Time 2YK9 x! Fringe shift Tx'
S5eC8,. wms. cms. o]
c
2 0.032 0.0135. 0,469 0.510 0.0222
4 0.064 0.0192 0.663 0.770 0.0336
6 0.096 0.0235 0.813 0.820 0.0378
8 0.128  0.,0271 0,938 1,000 0,0436
10 0.160 0.0303 1,050 1.100 0.0483
12 0.192  0.0332 1.115 1.200 0.0523
14 0.224 0.0358 1.242 1.350 0.0588

where X' is the measurement on the magnified image (for this run
the magnification was 69.2).
‘"™is set of data together with data of ™ - § as given in

apperdix A.2,3., was correlated uwsing the computer program,

2 term fit: ay = +0.201 cy = +0.901

3 term fit: 8, = +1.152 cy = +10,61

33 = +1.687 0-4 =a "46.82

8:4 = —5.145'; 05 = +54057

From equation 6.26,
o
bn = ( n
n
I z* 13. 2™, 1" erfo L.

the coefficients bn were calculated wing the c data as shown below,



a ]ﬂgg + 13 ha

2 1.00 4

3 1.329 8
2.0 16

5 3.230 32

Values of i, erfo L were taken from Carslaw and Jaegar

0.5.
0.5
0.5

e erfc 0.5

0.0216

0.0216
0.0060
0.0016

c
n

40,901
-1.459

+10.61
~46.82

454,57

T

b
n

+3439
-60 37

+46.4
-244.0
+326,0

. From

these values of an_and bn’ condensa tion coefficients ®, were

caloulated using the relation of equetim 6,22,

o b i‘nw-l bn+1.fn+l

2 +3.39 1.135 +3,85
3 -6037 10329 -8.46

3 -244.,0 1.502 =367.0
4 39.0 1,615 531.0

a
n

0.201
0.429

1.520
1.687

bn’ a, - b
- 0.20%
3.39  2.90
- 1.520
4644 =447

=5.145 ~244.0 239.0

n

VK.Bﬁn

+18.45

+2.,90

+40,6
+8.20
+2,22

ocn_

0.07 ..
0.0113

+0,1568
+0.0317
+0.0036
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Coefficients from surface temperature oorrelation.

5 term series

¥ VK %
& = +0.,6150 b, +0.50760 +0.934 +0,0036
ay = -6,766 b3 +11.38 ~2+,530 -0.0098
8, = -72.92 b5 +161.2 +32.0 +0.8350
a5 = +45,91 bs -120.0 +1.345 +0.00%2
.4 term series

YalK o
g, = 0, 1656 b, +1,614 +12,35 +0, 04TT
ay = +7.495 b4 +1.51T +0.444 +0, 0017
a4 = —=11.14 b5 +3.227 -0,413 ~0,0016
3 term series
g, = +1.152 by +14. 40 +16, 60 +0, 0643
ay = +1.687 b4 -61.33 +7.26 +0,0281
2 term series
g = +0.2007 b2 +1.251 +7.07 +0.0274
a, = +0.4290 b3 =1.79T +2.90 +0.0112
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Ad4s2, Run 36. Water Evaporation

2 term series

B/ATK %n
a, = +0.152 b3 = 2,257 +19.76 +0.0820
33 = +0.803 b4 = =3,696 +3,81 0.0160
3 term series

Yk %
ay = +0,842 by = +22.98 +41,2 +0.1730
34 = +3,730 b5 = =02,43 +T.T74 +0.0325
ag = -6.120 b6 = +94.86 +2.,035 +0,0085
A.4.3. Run 47. N.NaCl Condensation,
2 term series
a, = +0.219 b3 = +1,422 +8,.64 +0,0332
ay = +0.999 b, = —2.311 +8,18 +0.0315.
3 term series

Bﬂﬂwk “n
8y = +0.036 b2 = +0.265 +9,84 +0.0379
a, = -0,029 b3 = =0,501 +2.27 +0, 0087
ay = +1.390 bh = +0.,824 +0.656 +0.0025

B/nVK %n
ap = +0.352 b3 = +42.59 +9.78 +0,0376
a3 = +0.154 b4 = -~10.15 +6.24 +0.0240
ah = 41,23 b5 = 12,11 +1,72 +¢. 0066
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Avdede ,Run 49, N.NaCl. Evaporatiom.

2 term series

X/nVK o
&‘3 = +O.935 b4 = "'0. 355“ "'"10 09 —0. (1042
3 term series

YHVK aﬁt
aq = +0.,0064 b, = +0.275 +48.8 +0, 1880
a, = -0, 03" b3 = ~1,140 +5,41 +0.0203
By = +1,06 b4 = 42,050 +1.40 +0, 0054

¥alk %,
gy = +0.606 b4 = <5.330 410.2 +0.0392

A.4.5. Calculation of the effect of Zero error in the time scale

of T '.

It was assumed that at time § the true time was ($ + ) fuom

the initiation of the condewsa+tion.

Data fits were made for two

term series and values of VK. X’n were calculated for Run 8.



0.5

1.0

1.5

2.0

n+l
+1.433

+1.175

+0.9T4

+0,821
~0,532

0731
~0.318

+0.508
+0.021

0,360
+0.249

n
1,135
1.329

1,135
1.329

1.135
1.329

1,135
1,329

1.135
1.329

1.135
1.329

1. 135
1.329

-1

03 ~

0.201
0.429

0.201
0.429

0.203
0.429

+0,201
0.429

0.201
0.429

0.207
0.429

0.201
0.429

~1.48
=0.9T4

~0,821

-0.703:

~0.508

-0.360

VK. ¥,

+7.44
+2.35.

+6.64
+2,16

+5.5C
+2,04

+4.64
+1.81

+3.98
+1.50

X 2 .BT
—O- 351

+2,03
+0.48
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A.4,6. Calculation of N from fringe shift measurements at depth
L' o8 & function of time for R, 1.
Run 1. I = 0.60 Water Condensation
FRAME 9 2VKS xt Fringe shif+: T
2 0.032 0.01356 0,712 0.460 0.00889
4 0.064 0.01918 1.008 0.900 0.0174.
6 0.096 0.02348 1,232 1,23 0.0238
8 0.128 0.02700 1.422 1.46 0.0282
10 0.160 0.03035 1.592 1,58 0. 0306
12 0,192 0.03322 1,740 2.22 0.0429
14 0.224 0.03515 1,881 2.75 0.0532
16 0.256 0.03840 2,016 3.12 0.0604
n‘ ]"% +1 2™ 1%, orfa: L. e b
3 1.329 g 0.0166 +1,984 +11.25
4 2.000 16 0. 0042 -3.,358 -25,10
3 229 8 0.0166 +3,602 420, 4
4 2,000 16 0.0042 -13.72 ~102.0
5 3.230 32 0,0010 +15.01 +145.0
n bn+1 fn+1'\[K % bn thK %
2 11.25 1.329 +0.468 0 +0.468 40,0016
3 ~25.10 1.502 +1.469 +11,25 ~9,780 ~0,0378
2 " 20.4 1.329 +0.,209 0 +0.209 40,0081
3. ~102.0 1,502 +3,274 +20.4 ~17.10 ~0,0661
4 145,0 1.61% -2.755 -102,0 +99.50 +0.3850
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2.4.7. Calculation of o from fringe shifts T_°!.

Run 42. L = 0.60 Propyl Alcohol Condensation,
FRAME 9 2VKS x! Fringe Shift o
3 0.048 0.0128 0.574 0.210 0.00136
6 0.096 0.0181 0.812 0.280 0.00182
8 0.128 0.0209 0.438 0.350 0.00227
10 0.160 0.0234 1.050 0.395 0.00256
12 0.192 0.0256 1.15¢C 0.450 0.00292
14 0.228 0.02717 1.241 0.490 0.00318
16 0.256 0.0296 1.329 0.530 0.00344
n T‘g‘- + 1; 2" 1%, erfc . c, b
3 1.3p9 8 0.0166 +0.180  +1.022
4 2,000 16 0.0042 -0.330  -2.460
4 2,000 16 0.0042 +2,000  +14.95
5 3.23 32 0.0010 ~8.597 -83.00
6 6.00 64 0.0002 +9,482 +98.80
n bn+1 fn+1.VK %n Ln Y an %y
2 +1.,022 1.329 +0,106 0 +12.8 +0.0275
3 ~2.4€0 1.502 +0.795  +1.022 +16.3 +C, 0350
30 +14.95 1,502 +1.03 0 21,8 +0.0468
4  -83,00 1.615 +1.34  +14.95 +9.84 +0.0211
5 +98.80 1.855 2,81  -83.00 +2.27  +0.0049
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APPENDIX 6.
COST OF INTTRFEROMETER

ITEM £

Optical plate. - 430
Complete mirror mounts 300
Framework and suspension 150
Schlieren mirror and mount 90
Camera and accessories 130
Optical benches, light sources and lenses 100
Traversing mechanism 50
Miscellaneous 50

£ 1300

Bach ivem includes workshop costs where applicabloe.
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APPENDIX 7.
MATERTALS LIST DRAWING NO. 2.

Itsm Description Material No. Off
A Adjustable flat holder E.M.S. 1
B Fixed flat holder E.1L S,

c 0 - rings Neoprene

D Diaphragm plate. . M.S. 1
E P.T.F.E., Bollows, P.T.F.E. 1
r Upper split flange. Al 1
G Lower split flange. Al 1
H Bellows cover., M.S. 1
J Bellows top hat. E. M. S. 1
K Securing ring. Al 1
L Probe, B M. S, 1
M Blank, Distrene 1
N Shaft. E.M. S, 1
P Probo.cap. Distrene. 1
Q Lower cover plate. Brass 1
R Nooprene sealing ring. Neoprene 1
S Guard ring. Brass 1
T Plug. Distrene 1
U Mension spring. Steel 1
v Compression spring. Steel 1
W Diaphragm. Mo - Cu 1

Thermocouple glands 2 PP51Bl1 DOWTY Seals.
Fixed flat 1 PP52B1
Adjustable flat 1 PP52B1
Flange seals 2 PP52C21
PTFE Bellows 1 PP52B28
Diaphragm plate 2 PFH2B24
3 PP51B5

Vacuum connections
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Bellows cover 1 PP49B43
Adjustable flat - balancing
cell 1 PP51B30
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