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INTRODUCTION

Spinniﬁg cup atomizers are used industrially to produce an
airborne spray. Often the size distribution of the spray is important.
The size distribution of the spray depends on the physical dimensions of
the cup, éhe operating ‘conditions and the physical properties of the
fluid to be atomized.

A spinning cup atomizer can be considered in the following way.
The liquid to be atomized is fed centrally on to the surface of the cup
where it begins to thin into a liquid film under the centrifugal action
of the rotating cup. As the liquid flows film-wise to the lip of the
cup, where atomization occurs, it obtains energy from the cup.

Obviously, efficieﬁt atomization will occur if the liquid reaches the
lip of the cup after it has picked up sufficient energy and if it was
evenly distributed on the cup initially.

Chapter One attempts some of the more pertinent problems that
were considered-to‘be of interest, for instance the effect maldistribution
of the liquid feed on the surface of the cup, has on the resultant drop
size distribution. Likewise the experimental difficulties of accurately
moniforing the film thickness variations and the drop size are discussed.

The recognition that the film flow ultimately influences the
atomisation prompted an interest, both theoretically and experimentally,
into the film fiow on the cup. Chapter two is concerned with the early
experimental work in determining the liquid film thickness as a function
of the.physical properties of the test liquid and the operating conditions
as well as the distribution éf the liqﬁid bn the surface of the cup.

Photographic drop sizing was also tested as a viable drop sizing technique



during this initial experimental period.

The literature has been surveyed in Chapter Tree. Because of the
importance of the film fiow of the liquid on the cup prior to atomization
the film flow literature has heen examined in some detail. Initially
the film flow of a liquid down an inclined plane was studied before

- reviewing -the film flow of a liquid in a centrifugal field. As there
are similarities between the two cases and as the inclined plane
application has received a lot of attention it was thougﬁt that the
techniques used in the inclined plane work might be transferable to the
centrifugal case, Apart from a relatively short section on liquid
distribution on to rotating discs the remaining part of this chapter is
devoted to the atomization of the liquid and the sizing of the droplets
so produced, .

The design and operation of the experimental equipment and the
calibration that was needed is discussed in Chapter Four. Here the
optical technique, that of light extinction, which was finally used as
the method of determining the liquid film thickness for both the average
and continucus film thickness results is discussed. The drop sizing
technique is also described in this chapter. The drop sizer used was
in fact a charged wire drop sizer, This sizer is capable of handling
a large number of droplets in a shorf time period. Also it can be used
at the same time as the optical system described above, an added
advantage if both the film thickness and drop size distribution are
required concurrently.

The theoretical chapter, Chapter Five, considérs the fluid mechanics
of the liquid film flow on a spinﬁing cup. Various models are discussed:
the Nusselt and Nikolaev models which contain some of the inertial terms

in the Navier Stokes equation; the creeping flow solution which ignores



the inertial terms and are essentially the three dimensional solution
of the Navier Stokes equation,
The last chapter contains the discussions and conclusions of the
film thickness and drop size distributioh results. As this thesis is
c&ncarned with the liquid film flow on a rotating cup atomizer the discussio
are directéd towards the differences between the ideal smooth flow and
the wavy flow encountered in practice on the cup.  The transition from
the bimodal to continuous drop size distribution is noted and the effect
of volumetric flowrate on this transition is quantified, but only at one

set of operating conditions,



CHAFTER ONE

THE STATEMENT OF THE PROBLEM




" THE_STATEMENT OF THE PROBLEM

Experimental and theoretical work that has been carried
out by researchers has indicated that it 1slpossib1e to separate
the film flow rééime of a liquid on a spinning cup from the
atomization at the lip by carefully choosing the geometry of the
cup. This would appear to be. the case so long as the liquid is

initially evenly distributed on the cup and the waves that may be

. produced have insufficient inertia to influence the eventual

atomization.

Qualitatively it is relatively easy to observe the efféct
maldistribution of tﬁe ;iquid féed and wave formations h;ve on the
atomization‘03hotograph 5). Inevitably the question arises, what
is the quantitative effect of maldistribution and wave formations?
With this question in mind the research described in this thesis
was carried out., If the industrial usage of rotating disc
atomizers was limited to small throughputs the question asked

‘ !
above would become redundant. However, industrially these
atomizers are more often used in the sheet rééime, that is at
high liquid throughputs where the problems of maldistribution
and wave formations becomes of interest, especially for low
vigecosity liquids.

To assess the effect the film thickness distribution has
' ~on the drop size distribution it is obviously necessary for these

_distributions to be determined. In the case of the film thickness
digtributions continuous monitoring of the film thickness is

required if the instantaneous values are to be obtained, As the

speed of rotation can be relatively fast the probe used to'measure
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the film thickness has to have a response time several orders of
magnifude faster than the fluctuation or disturbances which occur
on the disce, Although the probe may be capable of detecting
these high frequency fluctuations the recording of the signal is
a problem which haé to be faced. Once again fast response times
will be neéessary if the signal from the probe is not to be
distorted.

To quantify the effect that the wave distribution has
on the drop sizé distribution,it is necessary to determine the
‘drop size digtribution as the drops are produced, that ig
adjacent to where the drops are formed, If this was not
observed mass transfer, coalescence and .drop rupture might affect
" the distribution obtained, This however imposes a severe
practical restriction on the sampling as the drop flux is at
its greatest in the region close to the cup. The sampling
method must therefore be able to handle a very large numbér of
.'drops as the frequency of drops passing through a specified area

.decreases.with_increase in distance'from_the lip of the cup.
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INTRODUCTION

The experimental techniques described in
Chapter Four grew out of the experience gained during the
initial experimentation period. Observations from the
-literature Qere often tested to ensure the téchniques adopted
'gavé the degree of accuracy required in the easiest-possible
manner. Some of the-methods tried were abandoned after a
~ short while, when such methods indicated difficulties or
inaccuracies thét could not easily be overcome,

In order to assess a spinning cup atomizer in any
one of the three atomization rééimes(]J it is necessary
"to know how much rotational energy has been transferred to the
liquid prior to atoﬁization ags azimuthal surface film
velocities of up to 50% lag have been'observed(z)- If lags
- of this order still exist when the film approaches the 1lip of
the cup the résultant atomization will inevitably be adversely
affected. |

| The film flow of an incompressible 11quid on the

inside sﬁrface of a rotating ¢up can he fully described by the
Navier-Stokes eduations. Exact solutions of these equations
are normally extremely difficult, therefore approximate

solutions are generally found. Classically the experimental

- investigations into the validity of these solutions have been

concerned with the measurement of either the local film thick=-

ness, the components of the tilm surface velocity or both of

these.
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2,1 Film Thickness Measurement

Devices which measure liquid film thickness can
be divided into several groups. These have been summarised
in Chapter Three. Suffice it to say the method of finding
the fiim thickness is important as it will dictate which value
~of the film thickness is found. Therefore serious thought is

necessary before adopting any particular technique,

2.1.1 Stationary Probe

The cup used during the early invegtigations (see
' Figure 2.1) was made of brass and was therefore thought to he
ideally suited to the capacitance probe technique of
measuring the liquid film thickhess. A brass probe of
approximately 8'cm2 in area was accurately machined to fit the
_ inside surface of the brass cup. The probe was initially
fitted flush to the surface of the cup before being displaced
slightly from it so that a uniform gap was left between the'
probe and thé cup. The capacitance between the isclated probe
. and the cup was measured so the air gap could be determined.
The liquid used during this period was mains water
- and so it was possible to assume that the capacitance measured
wag a direct function of the air gap (as the dielectric constant
of water is nearly two orders of magnitude greater than that
of air), The liquid film thickness was therefore found.as the
| différence between the air gap readings in the no-liquid flow and the
\1iquid flow conditions respectively. Measurements of the capacitance
| ;[were taken directly on an oscilloscope that incorporated a
‘ capacitance bridge network. By careful adjustmeﬁf of thg

trigﬁer level on the oscilloscope it was possible to record



the capacitance for consecutive revolutions on the storage
facility of the oscilloscope, It was.necesséry to match the -
values of the capacitance in the flow and no-flow conditions
at different positions on the cup due to a slight amount of
eccentricity which was detected by the probe.

. The air gap between the probe and the cup was
deliberately kept small so that thercapacitance change, when
liquid was present on the cup, was reédily detectable.
Unfortunately when the air gap was small two unwanted effects
were observed, The first of these occurred when the liqdad, N
usually in the form of a wave crest, bridged the gap between

the capacitance probe and the cup causing the probe to short

circuit, Although the short circuiting was possibly transient

in effect, small globules of the liquid had a tendency to sit -

on the face of the probé even when that face h#d previously
been coated with an anti-wetting agent such as P.T.F.E. ‘
Wetting of the capacitance probe was most pronounced during
start-up, probably because of the wave front that precedes
the formation éf a totally wetted surface. The second of
these effects concerned the positioning of the probe. A

gtationary probe affects the air flow which is a feature of

all types of rotary atomizers. The change in air flow near

the surface of the liquid film might in some extreme cases

cause disturbanceg that result in wave formations., Of these

" two effects mentioned the first is thought to be the most

- important as it limits the dégree of accuracy obtainable by

this method.



FICURE. 2.4. .

BRASS CUP USED DURING THE WITIAL
EXPERIMENTATION PERIOD. '
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Problems were experienced because of the geometry of
the cup. For insténce,'the probe could énly,be used at one
particular band of radii. If the film thickness at any other
" radius was required it would have necessitated a probe that had
~ beerf machined to the dimensions of £hg cup at that radius,
Although this particular problem is by no means insurmountable
it was felt that it severely limited the degree of flexibility
of this technique, Another of the proplems encountered
concerned the positioning of the probe at start up. The
theoretical equation, used to determine the initial air gap, is
only applicable for a parallel plate capacitor. If the probe
was not éet‘up exactly ‘'parallel' to the cup the capacitance
recorded would not be the same as the capacitance that would be
recorded if the probe was fparallel?, This can be more clearly
seen when expressed mathematically.

The capacitance of a parallel plate capacitor-in air

is given by:-

C = 8.85 x 10 X a farads o ’ (2-1.1)

where C is the capacitance in farads
a is the area of the capacitor (mz)

t is the distance between the plates (m)

From equation l2.1.1. it can be readily seen that the greatest change

in capacitance with change in air gap will occur when the distance

between the plates (t) is small. The following simple model
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demonstrates how the capacitance is affected when the plates

are not quite parallel.

Any capacitéf can be expressed as an infinite number of

capacitors 'in parallel,

i.e, = + 4+ C_ + —— 2.1.2
 i.e. C=cC) +C, 3 ¥+ C, =t C ( )

We could therefore consider the non-parallel capacitor to be

equivalent to, say, two parallei plate capacitors in parallel.

It is readily shown that the resultant capacitance is given hyt-

Co axt (2.1.3)

t =X
Hence the effective distance between the plates is seen to be less
than the average diatance between the plates. The presence of a
uniform layer of water on the cup would modify the equation
slightly.

C o ax (t-y) | (2.1.4)
(t-y)z-ﬁg

Obviously the errors‘involved depend upon the relative values of



8, -

the average'air gap at no fiow, (t),_and the displacement, (X).
However‘it is generally true fh;t if therplates are not
precisely parallel the liquid film thickness predicted will be
greater than that actually on the cup.

- In practice there are tw; more factors which
complicate the interpretation of the results.’ For true uniform
flow the film thickness decreases with increase in the radius
' of the cup. -Therefore, even if the probe wag initially set up
A'parallel' to the face of the cup, the liquid would form a
wedgeFShaped layer due to the thinniné o; the liquid with increase
in radius. This would affect the results as deséribed above.,
Secondly,.if wavés-were present in the liquid layer the recorded
capacitance would once more be affected. When there are waves
present on the cup the air gap would no longer be constant and
8o the situation again becomes apalogous with the preceding
treatment.

The results obfained using the capacitancé probe method

can be seen in Figure 2.2, There they are compared with the
(3-6)

results obtained by other authors for both centrifugal and’

gravitational force fields,

2.1.2 Rotating Probe

A stationary probe only gives information at a static -
frame of reference,‘that is, it scans a particular radius ag the
cup rotates past it. Any possible periodicity in the wave

motion thgt.is present on the cup may.be.lost or distorte&
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unless the flow at that given point on the cup is‘continuously
_ monitored, An attempt was made to construct a rotating
capacitance probé that could be fixed at any given point
adjacent to the cﬁp. No experimental results were forthcoming
due to a number of problems, including-noise at the rotafy.
contacts and wetting of the capacitance probe with small X
globules of ﬁater.

Two désigns of rotary contacts weré tried, The first,
~and the simplest, consisted of two carbon brushes touching the
previocusly cleaned surface of a circular, insulated, brass
contact that had been moﬁnted above the liquid distributor.
" This system proved inadequate due to a high level of noise, which
was attributed to the carbon brushes. A second design was tried
comprising of a perspex disc that was mounted, as before, above
the liquid distributor. A circular reservoir was cut into the
disc‘so that when it was filled with mercury, none was lost ﬁhen
’ the systep rotated. A clean platinum wire was dipped carefully
into the ﬁercury well thus completing the rotary contact. OCnce
" again noise was recorded at an unacceptable level., Although the
noise could possibly have been reduced it was decided to curtail
this line of investigation. Apart from the noise problem two
other problems not elsewhere mentioned were encountered. The
" first was due to the ironwork in the apparatﬁs, there being an
oscillating force field which wag detected as the probe rotated,
fhe second problem concerned the.size of the'capacitance probe.
Due to its area the_probe was monitoring an average film thickness

and not an instantaneous film thickness at a point, Theretore the
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.

probe was‘unable to detect the wave motion prepisely, whereas
7 information about the wave motion was regarded as important.

A mechanical design fault was also encounfered. As
the three-phase motor that drove the spinning cup was turned on
the value of the capacitance changed due to flexing of the T bar
that formed the carrier for the probe. Unfortunately it was not
possible to tell whether the arrangement acquired a steady state
deflection as the noise level previocusly mentioned did not allow

precise measurements to be taken.

2.2 Surface Velocity Measurements

When a l;quid film is accelerated on the ingside
lsurface of a spinning cup the unbounded surface, the air/liquidl
“surface, will attain a velocity which is a function of the
‘physicél properties of the liquid and the position of the liquid

on the cup. Consequently any theory regarding fhe liquid film
flow could be tested using surface velocity measurements. For an
orthogonal curvilinear coordinates system the overall velocity
can be represénted by its component velocities, namely the
meridional and a;imuthal velocities, 1In practice it is difficult
. to nmeasure the components of the surface film velocity at a
precise designated point. This being so, the surface. velocities
'_were found at a number of random positions on the cup and from
'uthis information the surface velocities, at tﬁe required position,
 were interpolated.

The éechnique used to measure the surface velocities

during this inves£igation was streak photography. Small paper
_ .diges, from a punch papér tépe'machine,were floated on the

surface of the liquid as it left the distributor weir lip. Due
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to the loﬁ mass of these markers it was assumed they quickly
reached the same velocity as the liquid surface as it accelerated
across the sﬁrface of the cup. Continuous lighting was used so-
that wﬁen the camera shutter opened exposure of the film
comménced. The shutter time was selected so that the paper discs
would trével one or two centimetres during the time the shutter
was open. Because of the movement of the discs relative to the
camera streak images of the discs were formed on the negative.
from which an estimate of the velocity of the péper discs was made,
The position 6f.the discs on the cup when the shutter opened was
naturally uncontreollable and so sufficient‘information had to bhe
amassed so that a graph of surface velocity against radius could
be drawn from which the surface velocity at any point was
available.

The extreme ends of the streak images were often
difficult té aésess. This was becauge the effective exposure

'i'time of the extreme ends of the streak was not the same as the

- main body of the streak, due to the fact that the marker had a

.finite diameter. This can be seen more clearly with the aid of

the following diagram.

- ff? T::fe _ whefg te = exposure time
{12 L4 o

.ABLi | _.JD

effective length of streak
as seen on the negative

A,B and C are three points on the negative when the shutter

opens, point A will be exposed instantaneocusly whereas.point B will
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be exposuréd for the time it takes the disc to'travel from A to B,
Likewise point C will be exposed>for the time it takes the disc
to travel from A to C; this will be the maximum exposure time,
assuming the velocity of the marker remaing constant. From C to
D the exposure at any point will be cqnstant and so thewéontrast
. in this band>will be greater than the areas at the ends.

The camera used, an Exakta, had a focal plane shutter
and so it was neceésary to compensate for the focal planing
effect i.e. the elongation of the image due to the shutter
acting as a slit which traverses-the négative whilst the image
-‘Ais moving. Aé the elongat;on of the image due to focal planing

is a direct function of the speed at which the imagé moves, it
‘is possible to find an effective exposure at any position on the
cup by measuring the length of streak when the bowl rotates at a
known spéed. A calibration of the effect that focal planing has
Ion the length of streak was obtained by measuring the streaks
produced by markers that had been stuck to the inside surface of
a dry cup;

The surface §elocity results obtained, an example of
which can be seen in Figure 2.3, contain an appreciable amount
of gcatter, This may be interpreted as the product of two effects,
" firstly, the surface velocity is a function of the waves that are
- often pfesent when a liquid flows film-wise on a rotating cup
.and secondiy, because of the geometry of the cup, errors could

have occurred when the data was extracted from the negatives.
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2.3 Photographic Drop Sizing

A series of photographs were taken of the spray in the
region close to the lip of the rotating cup. The slides that
were made were projected on to a scfeen from which the droplet
diameters were measured using.a pair of calipers. These calipers
were directly conneeteq to a potentiometer which could easily be
adjusted to give a read-out that was directly proportional to the
drop size diameter. The readings obtained were stored on punch

paper tape via a data logging unit. Only small displacements of
"the calipers were permitted as the voltage from the potentiometer
was proportional to the arc that the calipers described and not
the chord which represented the drop diameter. However, by
calibrating the output voltage in terms.of a chord (i.e., a drop -
diameter) the resultant-errors, with small caliper displacements,
are negligible.

In order to obtain a drop size distribution, a large
number of drops must be analysed. This meant that numefous
photographs were necessary as the number of clearly defined
droplets fisible on eaeh negative was relatively small, Collection
of the drop size data b& this method was therefore tedious and
lengthy. As the photographs had to be processed befofe the
quality and quantify of the data was known, the precise number of
photographs required to give a sufficiently accurate drop size
distribution was not predictable. This inability to qualitatively
decide whether a drop size distribution appeared satisfactory at
the time of the experiment meant that wastage:of phetographic

film and time was inevitable.
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If droplets are photographed whilst they are in flight
the number in each size range that will be in view will be a
function of the velocity, corresponding to that drop size range,
stuming thﬁt each size range has a unique, distinct, velocity.
- It i8 only when allzdrOplets have the same velocity that no
correction factor is needed to compensate for the spatial
distribution of the droplets.

When a photographic technique is used to measure the
'drOp size distribution of a spray it is therefore necessary to
determine the velocity distribution as mentioned above. The
velocity distribution is highly dependent on the speed at which
the disc rotates and so it would have to be determined at each
. of the operating conditions used., It can be seen that although
at first sight the photographic technique of drop sizing appears
simple the method is in fact quite lengthy and open to

experimental error.

2.4 Distributor Designs | ,

The distributor used during this early work was rather
crude (sece Figurel2.4.A). It consisted of a piecé of copper tube
that had been fashioned into a circular manifold. Numerous holes
had been drilled inte the manifold thus allowing the feed to be
spread equally around the centre of the spinning cup. The feed
issued, as a fine jet from these holes, onto the surface of the
cup causing the production of a series of helical waves., The
main value of this distributor was iés compactness as it did not
:‘obscure the field of viéw when the surface velocity photographs
were taken. None the 1esg it was decided to redesign the

distributor system. : - . ;
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The second design, see Figure 2.4.B, was constructed
mainly of wood so that it would float on the surface of the feed
to be digtributed thus allowing_a constantly variable clearance of
precisely tﬁe right value, 'In this way it was hoped th#t the
distributor would adjust itself to the flow conditions and as a
consequence produce disturbance~free liquid distribution., This
distributor was allowed to rotate freely for it was not clamped in
any way. Unfortunately it had a tendency of preducing secondary

.disturbances,as droplets which originated on the outside edge of
the distributor, impacted on the inside surface of the cup. This
digtributor also tended to pitch slightly causing uneven liquid
distribution, .

The third type of distributor tested, see Fipgure 2.4.,C,
was constructed entirely in perspex. This distributor was designed
to force the liquid feed into a small trough or-reservoir from
which the ligquid would spill out onto the surface of the cup. The
distributor rotated at the same speed as the cup thus minimising
the viscous shearing of the liquid as it passed between the base
. of the cup and the distributor lip. During the testing of this
distributor small air bubblés were observed emerging from the
- regervoir, These air bubbles were probably fqrmed ingide the
distributﬁr when the incoming feed was rotated by the four webs
that positioned the distributor on to the central shaft. For this
“distributor to work efficiently (i.e. no air bubble formation) the
distributor ﬁad to be flooded which.meant that itQ effective

working range was limited.
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A. CIRCULAR MAMIFOLD TYPE DISTRIBUTOR .
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" PERSPEX DISTRIBUTOR .
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INTRODUCTION

In the chemical industry film flow plays an important

- part in many of the unit coperations., There are several evaporators

which use thé principie of a thin film for enhanced mass transfer.

These include falling film evaporators, climbing film evaporators,
wiped film evaporators and boilers of.the Hickman-Badger type.

‘ Conseque&tly much interest has_ﬁeen shown in the film flow of a
liquid down vertical pipes and inclined planes, Most of the
experimental techniques used for measuring the film thickness on
rotating surfaces were developed originally for inclined plane
work. And so it is instructive to briefly follow the devqlopments
of film flow on an inclined plane before studying the specialised
case of rotating surfaces. .

Once film flow is established on a rotating cup the
liquid will discharge itself at the periphery in one of three ways
depending on the operating conditions ? as discrete droplets
(direct drép rééime); as ligaments (ligament rééime); and as a

lcontinuous sheet (sheet rééime). The atomization which occurs is
complex and although it does not always behave exactly as Rayleigh's
theory predicts, it is advantageous‘to study capillary jet
instability in order to_obtain.a grounding.in the theory under-

lying atomization.

.3.1 Film Flow Review
3.1.1 Laminar flow

The incompressible flow of a Newtonian fluid can be
fully described by the gquation of motion and the continuity

equation. " In general orthogonal curvilinear coordinates these can

be written(7) as follows; using the Gibbs notation:
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VF +-~.rv2.‘£. 3.1.1
vy = 0 . 3.1.2

The body forces have been ignored and so they have been omitted

from Equation 3.1.1.

3.1.2 Smooth two dimensional film flow under gravity

In rectangular curvilinear orthogonal coordinates the
. equation of motion c¢an be reduced to the following equations if
.the flow is steady and if the non 'linear inertial-terms are
ignored. | )

8in ©

1]
o

d%u

S - 3.1.3
58 v Y

Here, the viscous forces have been balanced with the body forces.

=

dy ¢ g cos ) 3.1.4
ap _
az - 07 | 3.1.5

Film flow only occurs in the X direction and the film.thicknes&
igs measured in the y direction. © is the angle the horizontal

plane subtends with the inclined plane. These equations are

‘attribuféd to Hopf(s)_ahd Nﬁsselt(ﬁ)

The boundary conditions needed to sclve the above
.equations are @ |
| 1, no slip af the. liquid solid‘interface ie u=0 at y=0
2, no interfaqialldrag‘at the liquid air interface

iedu=0Oat y = Smax
v :
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On integrating, Equation 3.1.3 becomes:

I ’ 2
u= g sin 0 (dy - ) 3.1,6
v 2

This gives a semi-parabolic velocity profile with a surface
velocity equal to

ug = gi sin @ 3.1.7
2V

. and a mean velocity of .
2

u = g_% sin © ' 3.1.8
m 3

from which it is possible to obtain the film thickness.
1/ 1/

2 3 3 .
§ = (S NRE 3.1.9
4g sin ©

NRE = 4.9Q (based on the hydraulic diameter) 3,1,10
“wDY

where

and Q ig the volumetric flowrate,

Wave Formation under two dimensional gmooth flow conditions

Numerous experimenters have observed interfacial
disturbances in the laminar region when studying film :Elov';' down
vertical surfaces. -The same disturbances have been noted for
liquids on inclined planes. However, as the inclined plane approaches
the horizontal position the onsef of wavy disturbances is
progressivelysuppressed until eventually onset does not occur
until the flow is turbulent.

*

: )
(59,10 ) on the inception

Mosat theoretical treatments
of wavy flow are gimilar, namely the addition of a small

perturbation into the Navier-Stokes equations. This yields
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equations of the Orr-Somerfield type whose solutions are
approximations and usually very complicated. Different
treatments give different Heyné;ds' numbers atlwhich wave
inception should occur, but usually the value of NRE for onset
varies from O to 12,

ai)

- - For wavy laminar film flow Levich has shown

the Navier—Sfokes equation may be written in the form

du udu vdu _ ~L P éu -2
3 + Sx + -—yr = é-', 3 * .byz 3= 3.1.11

]

assuming gravitational flow only the body force term JN

. Jx
being equivalent to the component of the gravitational
force congtant g. By using the normal boundary conditions and
agssuming that the velocity profiles are.semi~parabolic, namely

u= 34 (y - xi,l T . 3.1;12
) 28 '

- VNC T - -
%‘2*3‘3‘“%: %“g—g-—gé-‘i + gein ©  3.1.13

the continuity equation being

g_fz’ - f‘éfgﬁ o 3.1.14
-~

By agsuming

5= 5.01+2) ‘ 3.1.15

where ﬁ is the free surface deformation function,

Equétion 3.1.15 becomes

o5 632’ (c-8) (cz98) QZ ~32¢ (c-30) B+ g sin © - 3T , =
e oF 10 ®= (B)2 NS

3.1.16
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The first approximation to this when @ =c = O is

i = (5)%zsin @ 3.1.17
: 3V

This showsa that the mean velocity is not affected by the wave
formations.

More recently the film flow of a liquid down an inclined

. plane has been gtudied by a number of workers (12-16{

(16)

' . Experimentally, one of these has determined the increase in

surface area as well as the variation in film thickness over a

larger area of the plane,

" 3,2 Film Flow in Centrifugal Fields

In‘comparison with the amount of work that has been
" published on the inclined plane type of application very little
" has been published on the film flow of a liquid on a rotating cup

or dise. .So far most of these treatments have congidered the

smooth two dimensional laminar flow case only.

One popular method of describing the film flow in a

centrifugal field has been to modify the Nusselt equation by
.substituting the composite acceleration in place of the acceleration

due to gravity. This method was chosen by Espig(17), Egpig and

' (18
Hoyle( 3) and by Beardall ). The resulting modified equation

can be written as follows $=
_ \V
: 8<W2rsin 8 - o cos 9)1(3 = '3 Npg 3 3.2.1
.\rz . . 4

where the Reynolds number (Npg) is defined as in section 3.1.1 as

- 49 | |
YRE = HDv I A
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(1)

Theoretical treatments by Hinze and Milborn on a

(19)
on a

horizontally mounted rotating cup, and Emslie et al
flat disc, when rearranged and modified,to take the differences
in gecmetry into account, produce solutions which are identical
- to the modified Nusselt equation.

A more recent solution of the Navier-Stokes equation for
the film flow of an incompregsible Newtonian liquid on a rotating

. . (20)

conical disc was presented by Nikolaev et al . Using an

orthogonal set of conical coordinates, see Figure 3.l they produced

the following series of dimensionless equations:

1 :-.CL Cosh f.cosf + 02 Cosh B.sinB + C3 Sinh B.cosf3 + C4 Sinh B.sin.f

3.2.2
%z::Ci'Sinh B.sinf - C2 Sinh B.cosf + C3 Cosh B.sinf «~
C4 Cosh B.cosf} = cosa p + 05 3.2.3

2R

where f; and fkf are the dimensionless veloéities in the meridional
and azimuthal directions fespeétively; Cli Cz, Ca, C4 and C5 are
functions of L the dimensionless length in the '1' direction.

Equations 3.2.3. and 3.2.4. wefe found from the solution
of two linearised partial differential equations, these being;

a;fl L, 41 =0 | 3.2.4

5 |
gﬂ]"ﬁf + z‘g—f% + -‘-’_—"—E-“ = 0 3,2.5.



. FIG.3.1.

L CONICAL COORDINATE . SYSTEM (L.6,6)
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In Nikolaev's notation the dimensionlegs variables are defined

ast

in

] I
2k
| <
I
i
o 1L
=
Q

6] = -——-6— L = =— R = r _
wsin aQ sin & sin &

The conical coordinate system used can be seen in Figure 3.1.

(21)

Bruin , followed the work of Nikolaev et al but used
& spherical coordinate system and reduced the Navier-Stokes
equationg to their linear form, With the use of simplifying
assumptions and dimensionless groups Bruin developed four
manageable equations, He employed what he called his f.criterion,
in the further simplication of these equations. The S criterion
is essentially a ratio of the tangential velocity to the average
radial velocity and as such is an indication of the type of flow
on a cup. When -f\:, is so large that its square is much greater
 than itself (ie -ﬂ%-.-2>> L) the equations when solved give a
solution of the Hinze and Milborn type. In Bruin's notation this

- is given as - .
' + 1/

+ 3 3
st = (-—-?P—_) 3.2.7
- cot o _
. Fr
1/ '
+ 2 + :
where § =( : _‘_"'_) 63 Q, = Qo 14, Fr = w2r sine.
Ul 2 ginZar2(¥) ' g

;

3.2.¢8,9,10)
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r 18 measured from the apex of the cone and & is the half cone

angle.
U = v - G.— cotﬂ.> GS*';S -382) 3.2.11
wr gina Fr 2 :
Vo= E?.._l/ = (3. sina.-z.cosa.) _1:6"'8'2 -_]:S?) 3,2,12
(W) 2 ~Fr. 5
v 1/L - cot st§'3 _ 1814 5*)°%8
A .;_”_( cota =10 "+ 2.¢)
wr sina 3 Fr 4,
| 3.2.13
P =

. f-DRo = (cota.+ ;._) ((6* -6‘)) 3.2.14
ewv)r r sin @ Fr

Bruin then considered the case where--“'>1. Once again
' thellinear case was chosen which resultéd in the following two

aimultaneous equations;

R Fr :
-2U = W6é 3-2.16

These were solved using the complex function § =U ~ iw,

the solution being;

¥ =- 1/2_' i F(z)[tanh(8" /(21) ) sinh 5 /(21) ) + 1-cosh & V(2i)]

3.2.17

where F(z) = 1.- cota ‘ . 3.2.18
Fr : S

Taking the real and imaginary parts, the final solut:i.oné for U

and W were :

22 vz [- sinh8 sin § + Ep) 3.2.19

u

W

L2 pez) [1+ By = cosh 5 cos & ] P 3.2.20
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where?

Er = sin 28" sinh§ cos § + sinh 28" coshd sind 3.2,21
\ cosh 28t + cos 2§+ .

Ei = sinh 28" sinh § cosS - sin 287 cosh § sin§ 3.2.22
cosh 28t + cos 26t

One interéstipg variation of the solution for the film flow
on a rotating disc is attributable to Hege(zz). He developed a
‘relationghip which enabled him to predict the operating conditions
‘necesgary for what he called the optimum atomization in the
ligament rééime {see section 3.6). Thisg relationship provided an
identity between the volumetric flowrate and the speed of rotation

and so permitted him to substitute the operating conditions in

place of the volumetric flowrate. This resulted in the following

equation:
L] , 1 ’
& (.._2_.3’3 (.F_‘r_lfz ' s.2.23
r - Re . W 2 : e
where P : ;
Re = rw ' ' 3.2.24
v .

3.2

We = o w @ o o 3.2.25
o G .
2

Fr = r w 3.2,.26

0

It follows from the initial assumptions that equation
3.,2.23 will only predict the film thickness, at radius r, for the
case when the flowrate is at the optimum atomization value.
Aﬁ experimental investigation was carried out by Voinov
3)

and Khapilcn.va(2 on the film flow of a fluid on the inside surface

of a rotating cone, The film thicknesses they measured were in the
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range of 0.491 mm to 1.85 mm which are in fact quite substantial
when it is realised that the cones they used were relatively
large (w220 mm diameter). Their results tended to be greater
thén their theoretical prediction at the inlet and 'at the lip
their resﬁlts were less than their prgdicted values.

The work of Emslie et al(lg) previously mentioned was
mainly concerned with the possibility of using a centrifugal spin
6ff technique so as to coat colour television screens with a
uniform thickness of phosphor particles, As such they were
interested in the rate of change in film thickness with respect
to time, By assuming a series of initial contours they were able
. to predict the level of uniformity of the final liquid from the
characteristic curves they constructed. However, as they were not
interested in the steady flow of a liquid on a disc or cup their

work shall not be discussed further.

3.3 Experimental Techniques Used to Measure Liquid Film Thicknesses

The experimental techniques used to measure liquid film
thicknesses have, in the main, been developed for the inclined plane
type of application., Consequently some of the technigues are
hardly suitable for a rapidly rotating system where the film
thicknesses are generélly very thin. However, it is interesting to
trace the development of film thickness measurement as it indicates

lthe level .’ which the theoretical analysis has reached. These
techniques have bgen quite adequately reviewed by Beardallcls);

- however, as they are of congiderable interest a short account of the

various methods will be given.
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3.3.1 Probe and dial gauge

The use of a probe and dial gauge to measure film

thicknesses has proved very pOpular( 8,24—39)

. Initially
this technique consisted of lowering a probe until it
Just touched the surface of the film. By knowing the dial gauge
value of the inclined plane an assessment of the maximum film
thickness which would correspond to the maximum wave crest
height was made, Direct observation of the film was needed to
Judge when the probe touched the film.
A slig@t modification of this technique was introduced
_to overcome the difficulties in deciding when the probe touched
the liquid film, This modification was .essentially an electrical
circuit incorporating a light bulb so that an optical
indic;tion of when the probe was touching the film was given.
This technique was first adopted for spinning discs by

17 (3)
Espig and later by Espig and Hoyle and then by Voinov

2
and Khapilova( 3). The first two of these used the modified
~method in an attempt to correlate film thickness results using a

modified form of Nusselts Theory.

3.3.2 Photographic methods

Previously this method has only been used on the inclined
plane type of application,where generally the liquid profile has
been photographed, Two main criticisms have been levelled at this
technique; firstly, due to orthogonality, the wave crests tend to
obscure the trbughé in the three-dimensional wave reéion, and
secbndly sﬁrface tension effects at the gides of the inclined plane

influence the recorded film thicknesses.
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It is possible that this technique could be used for the
case where the film flow is on the outside surface of a rotating
"male'" cone. Once again the results obtained would be biased due
to the wave crests oﬁscuring the troughs as in the above case.

- Recently a photographic technique has been developed<15
to measure the interfacial area of a liquid film in a three
dimensional wavy flow, The experimental work, due to Clegg(lﬁ),
was based essentially on a light extinction technique where the
‘intensity of light passing through the film was dependent on the
dye concentration and the film thickness and hence followed
Beerts Law(31). In this technique the photograph was used as an
instantaneous record of the surface features of the falling film
over a large area.

This technique could be adopted for the film flow on a
rotating disc when orthogonality problems are not important
(cf. cups and other geometriesj. This would enable a substantial
section of a disc to be analysed and hence from relatively few

plates large amounts of experimental data could be gathered

quickly and accurately.

3.3.3 Electrical capacitance methods

' The electrical capacitance method is capable of high
accuracy and has been used successfully by a number of
' . (32-34) o C e
experimenters ~for the inclined plane type of application.
Essentially the air gap between the accurately machined capacitance
probe and the liquid surface is continually monitored by means of
a éapacitance bridge arrangement. If the dimensions of the probe

are correctly designed it is posaible to use this type of probe

t0o measure wave profiles, However the probe must be smaller than
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the wavelengths under invgstigafion, and must only be used in the
periodic flow ré&ime if instantaneous reéults are required,

In the case of a rotating disc the film thickness
monitored by this method would not normally be the instantaneous
film~thickness as the wave profiles aye not generally two
dimensiocnal nor are the wavelengths large, Difficulties would
occur if the instantaneous film thickness was required using
this technique as the probe would have to be very small,
Consequently to get meagurable capacitance values the aif gap
would have to be extremely small, in which case wetting of the

probe and cup eccentricities would become gignificant.

3.3.4 Electrical resistance

The electrical resistance technique measures the film
thickness indiregtly by continuously monitoring the resistance be twean
two probes set in the walls o% an inclined piane. High
accuracy may be obtained using this method when the fiilm thickness
is required in the two dimensiocnal wavy region, However, anomolous
results are obtained when this technique is used in the random or
three dimensional wave region. This technique is unsuitable for
measuring the film thicknesses on rotgting cups and bowls and it
is algo doubtful whether it is suitable for vaned disés due in
part to thelassociated problem of electrical 'noise! at the

rotary contacts which would be needed.

3.3.5 _Light Extinction
(16)
The light extinction method has been used by Clegg
(gsee 3.3.2) to measure the local film thickness and the interfacial

surface area for the flow of liquids down an inclined plane. The .

principle of light extinction can be expressed mathematically by
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means of the Lambert-Beer Law (31, This states that the intensity
of light passing through a liquid is a‘functién oft the incident
angle; the dye concentration; the film thickness and fiqally
the incident light intensity. |

- Experimentally a light beam_is passed through the liquid
' film and the exeunt intengity is monitored contihuously using an
optical light cell. Often it is necessary to add a dye to the
. 1iquid under test, this can affect the pﬁysical prOperties.
(e.g. surface tensién) and so this technique may only be used,
- when the change in properties is unimportant.
Refledtion and refraction are two Optical properties
~which must be considered where there are interfaces present in an
optics experihent. These have been considered in an investigation
by Hewit@ and Lovegrove(ss). The nature of the interface is also
of importance as the exeunt lipght intensity is sensitive to the
interface e.g. solid/air or liquid/air interfaces, -

By using a narrow beam and a large detector {(so as to

'catch' any refracted light due to wave fronts) this technique is

ideally suited to the continuous monitoring of the instantaneous

film thickness.

3,3.6 Radio-active tracer

Rapid and accurate average film thickness results can
be achieved using the radio-active tracer method. Jackson(ae)
used fhis method in an inclined plane type of application using
Yttrium 90 as the radio-active source.

Although in essence this method is extremely reliablg

care must of course be exercised, as is the case with all radio-

active materials.
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3.3.7 f-backscatter device

This technique, used by Beardall(ls) in determining

averaged liquid film thicknesses on the outside surface of a
rotating 'male' cone, can be considered to be a more SOphiéticated
application of the radio-active technique, The device consists of
a central radio-active source which is surrounded by a protected
detector., Emitted radiation is partially absorbéd by the film and
80 the detected backscattered radiation can be directly calibrated
in terms of film thicknesses.

This deviée has been used extensively in the paint
industry where it is used to measure the paint film thickness.

'Experience has shown that this technigue is capable of a high degree

of accuracy. ‘ .

3.3.8 The correlation of film thickness results

- The most generally accepted method of expressing film
thickness reéults, whether it be for inclined planes, vertical tubes
or rotating discs, seems to be by utilising what is known ag the
. Nusselt film thickness parameter.

' The modification of the Nusselt parameter which is

attributable to Espig and Hoyle(:3)

replaced the gravitational

l component, g cos &, by the centrifugal component, W2r sin a.

More generally the modified Nusselt equation, for a rotating cup,
 should be @

( 3 NRE)1/3 = § Wzr sina i'_g cosﬂ)l/S = N1 3.2.1
4 \F2 :

* .
where NT is known as the modified Nusselt film thickness parameter.

(20)
a

More recently the theories of Nikolaev et al nd

(21)

Bruin provided another method of correlating smooth, laminar

two dimensional film flow data, In both cases they developed
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‘the following relationship 3

sinh 286" - sin 26+
cosh 26t + cos 2&%

(using Bruin's notation) Io(8+) = 3,3.1

" where Io(5+) can be found experimentally from the equationt

”~

Io (67) = 4gf '_ | 3.3.2
: F(z)

where Qg is defined by equation 3.2.9 and F(z) by equation 3.2.18,
. Nikolaev produced a relationship between an
experimentaliy determinable group and the hyperbolic/trigonometric
group in equation 3.3.1 by solving the differential equation which
contained the pressure differential term. The solution, in its

simplifiéd form, was expressed as follows:

' w sin3a Losa_
Sinh 2Bo-sin 280 V1= 29, Y arR2y) - R 3.3.3

‘cosh 2Botcos 2Bo
L~ gsina + 6\'
Vw3V Rtana ¢ fwy3 Rl?tana

Thus the left hand side of the above equation can be
" ‘found for any value of B and the theory tested by plotting the

right'hand side and comparing the results cbtained,

Bruin's equivalent to equation 3,3.3 does not contain
two of the terms. The first is -cos o/R which is generally
'.small compared with the volumetric.flowrate. The second term
which is absent in Bruin's equivalent is the surface tension term
which forms part of the denominato} in equation 3.3.3. When a
liquid with a large surface tension is ﬁsed (e.g. water), the value

of this term can become significant if the radius is reasonably
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small, It is this term which can affect the value_of Tl such
that it can become significantly different from Io(5+), Bruin's
equivalent. |
Nikolaev illustrated the preceding relationshi; by
plotting Bo against ?1. {See Figure 3.2) fheir experimental data
when plotted fitted their relationship closely, however in the
range they choose the difference between a N;sselt type plot and
their theory is negligible. Some other experimental evidence

(2)

was used but only a couple of points extended into the

3
region where the two theories differ,
In the development of equations 3.3.3 several terms were
" omitted by Nikolaev. Of these only one becomes important and'then

'~ only when fo (or 6+) is less than or equal to Q.3. The full term

h¥-H

cos O 2 Ch Bo cos Bg
R Sh2Bo-sin 2By

When 3o is small‘%he hyperbolic, trigonometric function becomes

gignificant,
i.e. Bo Chg cos Bo
Shzﬁo-s in 250
.1 400
2 - 47.2
+3 13.9

For a low viscosity liquid such as water, cosa/R is usually high
e.g, cosa/R> 500 (say), thus for 3, > .3 this terms becomes

ingignificant.

3.4 The Distribution of a Liquid on to a Spinning Disc

It is clearly obvious that the researchers investigating
inclined plane work were conscious of the need for good initial

liquid distribution, Carefully levelled weirs were used to prevent



FIG.3.2.. THE COMPARISON OF THE MIKOLAEV AMD
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&
=
Y

o
~

) [
9 WoWo 2 B s W T




33.

initial disturbances propagating from the weir. Unfortunately the
same precautions have not always been taken with spinning cups and

bowls. Hinze and Milborn<1’

show schematically that in their
experiments the feed was discharged straight from the delivery
tubé to the side wall. They quote thgt to achieve a uniform film
thickness it is necessary that: ’
l, the centrifugal acceleration must be very great with respect

‘to the gravitational acceleration o2r > 10g),
2., the rotation completely free from vibrations,
3. a uniform supply of liquid,
4. the liquid to be supplied to the cup wall where the wall

is only slightly conical, preferably cylindrical,
5. the wall surface must be perfectly smooth.
Fraser et a1(37) emphasised that prior to 1963.m05t workers
considered fhat slight disturbances caused by the initial distribution
of the liquid would smooth themselves ocut under the centrifugal |
acéeleration.l This, they point out, is only true i: the liquid can
be spread out on an infinite cup at low flowrates (i.e. thin films)
without breaking down into rivulets. A series of different
disfributors were designed and tested for 2-inch diameter cups.
These cups were 5 inches long with a 50 taper ending in a 300 taper
at the 1lip (see Figure 3.3). ;

The liquids they employed to teét the Qarious distributors

| varied in viscosity from 5 to 165 ¢S5 whilst the surface tension
variations (29-35 dynes/cm) and the density variations (0,81-0,83gm/cn)
were relatively small. The authors found that all the distributors
were capable of producing a uniform sh;et from the cup's lip but

the various opérating limits were'diffefént. Generally, rbtating
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distributors were found to be more successful than the stationary
ones and ‘those incorporating an internal reservoir were the most
successful of all.

For cups employing an internal reservoir and weir the
depth og the reservoir becomes of interest, Philips(ss) has shown
that an ;nnular magss of liquid when rotating in a horizontal
cylinder inhibits wave formations as long as the Reynolds ﬁumber'
is kept small. As thig work was done under zero axial flow
conditions, in order to approximate to Philips' conditions, a
' compromige on the depth is necessary. It must be small enough for
the Reynolds number (h;ﬁ) to be low yet deep enougﬁ so as not
" to seriously violate the zero axial velocity condition,

Espig and Hoyle('sé used a rotating distributor that fed
the liquid on tb a flat rotating disc. The distributor was mounfed
directly above the disc on to the central drive shaft and was
capable of\&ertical movement such that the gap between the
digtributor and the disc could be varied, The authors observed
; the occurrence of helical ‘waves at their highest flowrates. These
waves were presumably generated from the distributor and were
capable of being suppressed by the addition of a detergent.

In an article which is mainly concerned with aspects of
" atomization Hege(zz) shows a sketch of the three different types

of spinning discs that he investigated. It is interesting to note
that the flat disc used has a central well or reservoir, however

from the sketch there must be some doubt as to how effective his

reservoir would actually be.
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(18)

Beardall was interested in the coarsgse classification
of slurries from the inclined external surface of male discs. He
centre fed his slurries into a rotating distributor in much the
same way as Egpig and Hoyle. Wave formations were often observed
and'bhotographic evidence was supplied, Unfortunately the type
of distributor used by Beardall seems to be sensitive to the
volumetric flowrate and the rate of rotation. The peripheral gap
through which the liquid flows is fairly‘critical ag air can be
- entrained causing bubbles to appear on the film surface. Secondly,
" at even moderate rates of rotation water has a tendency to ‘'climb’?
the outside edge of the distributor and dischafge itself as discrete
droplets, These droplets on impaction with the liquid film
produce secondary disturbances.,

. An investigation was carried out by Voinov and Khapilova(za)
into the flow of a thin fluid layer on the surface of a rotating
cone. They distributed their fluid axisymmetrically by using a
deflector plate that had been shaped to follow the contours of their -
rotating'cone near its apex. The deflector plate was bolted onto
the cone and so rotated with it, thus helping to accelerate the
fluid up to the angular velocity of the cone. During their
investigation the flowrates used were high (350ccs/sec and 500ccs/sec)
whilst the speed of rotation was relatively modest (600 rpm and
'900 rpm). Presumably'these‘operating conditions would suit this
type of digtributor although from the experimental evidence presented
disturbances were possibly present in the fluid on the ingide surface

. on the cone.
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(39)

Boshof?f wag interested in ﬁhe possibility of
increasing the throughput of a spinning disc atomizer by
increagsing the disc's diameter without sacrificing the near
"monogized! characteristi;s of the direct~drop reéime of
atomization. He: used a flat disc of 141/4 inches diameter

which had a 90o edge. No mention of the liquid feed arrangement
was made other than the liquid was discharged on to the centre

of the disc although in his conclusions he states "it is essential
to feed the iiquid accurately to the centre of the disc". It

is not easy to tell whether the mode of liquid distribution on

to his discs affected his results. Certainly his correlation
coefficiént was not.very congstant, nor was it in agreement with
the result of ﬁéiton and Prewett(40). However in the communications
that foilowéd the presentation of his paper, Dr Muraszew obsgerved

that Boshoff's sampling technique was probably the cause of the

. erroneous results obtained.

3.5 The Operafing Equations for lLiquid Atomization

Before any equation can be used it is necessary to
determine the limits of its usefulness. In this particular‘case
" the type of atomizer initially used must be determined as well as
' the mode of droplet formation empioyed. A short characterisation
of the different types of atomizers ig therefore useful. This can

- be seen most clearly by referring‘to Figure 3.4.



TYPE, B. SPOKED DISC WITH INTERMAL

RESERVOIR.



 TYPE.C. CuP.

= TYPE.D. VANED DISC.
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-Aithough these four designs do not cover all the discs
used in practice they are representative of the most commonly
used rotating atomizers,

Atomization from the peripheral 1lip of a rotating disc

has “only been a subject of interest to éxperimenters(40-44)

over the last 50 years. One of the earliest workers was B;r(42)-
who studied the atomization from two designs of rotating disc
(Types A and B), When surface forces predominated and there was

individual droplet formation at the low feed rates employed, Bar

found the following equation held:
d = 0.525 ( i )°°5 | 3.5.1
‘ n Dé. ‘ ) -

For the case of friction and impact controlling atomization the

operating equation was found to be: ‘ .

d = 0.102§ 3.5.2
max
n~r<¢

C

. (40
Walton and Prewett( ) developed an equation for the

atomization of a liquid on a flat rotating disc (Type A). They
found that at relatively low flowrates a uniform main drop size
"~ "could be achieved but they also observed the occurrence of satellite

drops of considerably smaller diameter. They postulated that:

0.5
d = 0.428 (6" 3.5.3
max .

n ré.

However, at high speeds of rotation the constant has been found to be
0.495 (i.e. in the aerosol range) and at lower rates of rotation
‘ where_the qr9p1etsare:1arger (A~ 1mm) the constant is approximately

0.36.
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For large discs at small flowrates or high viscosities

to eiiminate slippage - the following equation held:

-0.522
o.041f » )
d = 6.855 D (“L ) (w DR, 3.5.4
D

- {43

Maraszew ) presented the gsame formula as Walton and

Prewett for small discs at high speeds but this was not
substantiated with data., At more ordinary operating conditions,
- lower speeds and greater flowrates, Maraszew suggested a

modification to Triebnigg's formulas45)

d = 4 ¢ q air resistance coeff,
max T Ve 3.5.5.
¥ @ V = velocity ft/min

If V = 2 /2 wnr then the above equation is comparable
_ with Bar's second equation.
. . (46)

Two operating equations were developed by Ryley
for flat rotating discs (Type A) of 2, 3 and 5c¢ms, diameter.
The rotational speeds varied from 19,000-70,000 revs/min and the
flowrates from 0.121 to 0.771 gm/sec. From Figure 3.5
it can be seen that this work was mainly carried out in the

rd
ligament regime. The general correlation of droplet sizes was

~quoted using the Sauter mean diameter criteria,

dsv | 611‘_;2) %)1'35 3.5.6,

dav = 3.8l x 10'5 (_'1_*)1'48( 1.41
r M

Whilst the maximum droplet size equation was given as ¢

- . 1. 1 . *
dy = 7.41 x_105(1)1 48( T) 4 (_@,L)l 3 3.5.7.
_ u nr \ T2

r
where T is the mass " flowrate at the lip of the disc gm/(cm-sec),

and L is the wetted periphery.
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In order to express quantitatively the extent of the
' (47)
dispersion in the spray Ryley used the Rosin-Rammler
equation i,e.

R = exp [ - (d/ﬂl)q] : 3.5.8

The-ﬁistribution constant q denbtes the uniformity of the spray,
thus if q is maximised the sgize distribution will be at its most
lpeaky. For each test conducted a value of q was obtained from

_ & Rosin-Rammler plét. These were then correlated giving the
following expression.

”

-3 n0.53 T-0.29 3.5.9

q =7.9 x 10

Rfley points out that this correlation is somewhat tenuous as the
experimental data, from which it is derived, contains considerable
| scatter. However, this empirical equat@on is useful as it enables
an operator to choose a spinning disc sc that the desired degree

T

of uniformity in the spray may be achieved,
. (48) '
Using vened discs (Type D), Friedman et al developed
the following equations by means of dimensional analysis,

» 0- L
dgy = 0.4 7 \° G(E, 2 ef L)O 1 3.5,10
e nr2 T T2 .

’ r
and dgax= 1.2 7 T \°'6 n Q.2 ea"L)o‘l 3.5.11
_ r ‘ ¢ nr2 T T2

.In their judgement these equations are quoted to + 30% or better.

It is interesting to note, as Ryley did, that the ratio dpax/dg,

for Friedman's work is 3 whilst for Ryley's work the value is 2,

Both Friedman et al and Ryley used coated slides (magnesium oxide

coatingsj during their investigations. Ryley however corrected his
' €49

results in accordance with the work of May » May showed that for

droplets over 200 um the crater-produced on impact with the magnesium
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oxide coating was larger than that expected. It was reasoned that
droplets over 200 um are structurally weaker and hence deform on
impaction.

Baryshev et a1(50)

investigated the atomization of
liquids from rotating discs with a coicurrent gas stream interaction,
Experimentally they covered a range from 500-3000 rpm on discs from
5=20 cms diameter. The liquid flowrates varied from 2.5 = 90 ccs/sec

whilst the gas velocity varied from 0,5 - 14,5 m/sec. Their results

were correlated into a dimensionless equation of the form1

%= )(gg E) (D )( 3,5.12
: D By Hg D3w2ﬂ-n _

the indices were found to be a = 0,10 b = -0,10; ¢ = -0,35; 4 = 0,05

and the constant, K = 1.10 where d is the arithmetic mean drop size.
The experimental results obtained by Baryghev have been
plotted on a log/log graph and found to give a reasonably linear
plot. Drop sizing was échieVed by using the familiar cil bath
technique and the usual corrections for the change in shape of the
"drops in the bath due to surface tension and gravity forces were
made, No indication was made of the droplet size uniformity,
i,e. the size distribution, and as only 200 to 300 droplets were
gized it is doubtful if an accurate size distribution could be
found with this amount of data. Dunsky et al(51 ) were interested
in the relative quantities and sizes of satellite drops formed
- from a spinning dise., Their work was conducted in the direct drop
rééiﬁe (flowrates from 0.03 to 1,7 cma/sec; angular velocity from
31.4‘to 660 rads/seci radius from 1 to 11 cms; density from O.89 to |
1 gm/cm3 and surface tension from 29 té 73 gms/sec2). They concluded

that the percentage relative weight of satellite droplets (E) could
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be expressed mathematically as E = E{w,V ,R,Q,0",&) from which they

developed the following relationship;

R0.30 [

An equation was also developed giving the size of

satellite droplet on the mass median basis$

dgpp g = Ll (gj /o 3.5,14
* w RE,

The experimental data given in support of equation 3.5.13 showé
considerablé scatter; however, this equation does show the trends
-most clearly.
The factors affecting the droé gize digtribution of a
spray from a spinning disc Qere invegstigated by Reusova and Lykov(sz).
Several experimental graphs were presented showing the dependence
of Sauter diameter, and the two Rosin=-Rammler coefficients with.
change in viscosity, surface tensidn and rate of disc rotation.
These were analyged to give a serieg of operating equations which
. ecan be used to predict the homogeneity of a given product,
Straus(sa) 1nvestighted the direct drop réﬁime and
observed that the mode of atomization was similar to the formation
of a droplet from a capillary tip except that there ié satellite
drop formation on a spinning disc. He conducted numerous qualitative
.experiments and found that in fact the atomization more closely
resembled the capillary tip than the Rayleigh instability mechanism,
Straus also concluded that the lip geometry had a significant effect
(40)

on the drop size whereas Walton and Prewett had .earlier

concluded the 1lip geometry did not influence the atomization.
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¥

The "capillary tip" theory of Straug was quantitatively
54
supported by Dunskii and Nikitin( ). They found the equation

governing the capillary tip mechanism can be written asg

ry (2g€,L/G’) = const = 2.0 3.5,15

"~

where Ty ig the drdplet radius (the constant, for Rayleigh
instability, would be 2.555) « Dunskii and Nikitin found that the
range of the constant varied from 1.87 to 2.14 with an arithmetic

' mean of 2,0 thus substantiating the earlier work of Walton and

Prewett and of Straus.

" 3.6 The Mode of Atomization from a Rotating Cup Atomizer

Once the liquid film reaches the periphery of the cup the
liquid must discharge, assuming that the operation is at steady-state,
The manner in which the liquid discharges has been summarised by
Hinze and Milborn( 1). They also studied the transition from State II
' lto State 1II, namely the transition from the ligament régime to the
sheet rééime. Fraser et a1(56) gsubstantiated the work of Hinze and
Milborn when they investigated the transition from the sheet régime
to the ligament rééime. |

According to Hinze and Milborn the three rééimes of liquid
discharge may be defined as follpwsz
State I "At.a very small supply rate a liquid torus is formed
around the edge. The diameter of this torus is determined mainly
by equilbrium conditions between centrifugal and surface-tension
forces. Because of disturbances the torus will be varicosely
deformed. Incidentally, drops will be formed singly at one or more

bulges of the torus by the action of centrifugal forces; these drops

are flung off from the edge...." This they describe as "disintegration

by direct drop formation".
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State II "At an increased rate of supply, the state of formation
of drops singly at the bulges of the torus may transit into the
formation of complete thin jets or ligaments. The number.of these
ligaments increases with increasing rate of supply up to ; maximum
value, after which the number remains constant, irrespective of the
rate 5f supply. Apparently, in this state the ligaments grow in
thickness with increasing rate of supply. The ligaments themselvés
‘are unstable for disturbances and break up into drops at some

distance from the edge of the cup." Thig they called "dis}ntegration

by ligament formation',

. State II1 "Still further increasing the rate of supply, a condition
is reached where the number of ligaments can increase no more, nor
can they grow in thickness. The ligaments are unable to consume
all the liquid supplied to the cup, The.result is that, roughly
speaking, the torus will be flung off the edge and a film will be

.formed extending to a certain‘distance from the edge where it breaks
up in an irregular way into ligaments and clots-of liquid,.." This

"~ they called "disintegration by film formation".

Hinze and Milborn developed the following equation to
express the number of ligaments on a rotating disc as a function

of the operating variables,

5/ 1/ |
(@. 2D3) 2 D ¢ 3.6.1
2 = 0,215 w e&; «Oe
(14 (: 1 j)

e
They assumed that transition from the ligament to the sheet regime

would occur if,

2 .
Q > constant x 2 § 1(max)U1 3.6.2

i.e. transition would occur when the ligaments were unable to

discharge all of the inflowing liquid. They found that the
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following operating equation fitted their experimental evidence
quite closely:

0,167

(@w ) (EEIVD;) = 1.77 3.6.3

This they plotted on log/log graph paper (see Figure 3.5). The
experimental agreement seemg to be very good even though the
authors accept some scatter in these results,

A more thorough mathematical treafment was made by
Fraser e; a1(56)when they considered the transition from
the sheet rééime to the ligament rééime. Firstly they assumed the
liquid was inviscid and so they were able to write down the

following balance:?

@ Qve 4ﬂx(dL+9) 3.6.4

where Vo is8 the contraction velocity and t'a' is.the sheet extent.
. Viscous forqes were then allowed for by using a simple function of
the Reynolds number,

Thus

Ve = Ko 4«3 (dL +a) 9 P 3.6.5
P (dri3a)

For transition to occur the authors argue that the contraction
velocity V¢ must exceed the radial velocity component and in such
cases the sheet extent, "a", tends to zero. After various

substitutions they arrived at.their operating equation -

4/ 1
(e nzd,,-3)(Q )3(‘\)%)@" /3 5 14.4 K, 3.6.6
- § ndua Q

With the use of the experimental data of Hinze and Milborn, Fraser

found the final form of their equation to be?
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5 3 4/, 0.19 ' '
P n“ay, Q »dL > 0,363 3.6.7
x ndL" Q

This the authors point out agrees quite closely with the semi-
empirical equation that Hinze and Milborn developed.

-

A series of photographs showing the effect of increasing
volumetric flowrate on atomization were presented by Hegeczz).
"These photographs illustrated how the ligament rééime is gengitive
to volumetric flowrate, indeed Hege proposed that there is an
optimum volumetric flowrate at set operating conditions, at which
the atomization is in its most ﬁniform state., A chart was
constructed, see Figure 3.6, which indicated'thé optimum conditions
necessary to achieve the stablest atomization in the ligament"

ré&ime. This chart is a plot of two dimensionless groups on

~ log/log paper, the dimensionless groups being @

Fr = r we ' 3.6.8
. .

L oo o 3.6.9
(vH€e

" where W+ = volumetric flowrate for the optimum atomization
"conditions,

These two groups do not contain any viscoﬁs‘force terms
and therefore it is not possible to compare_this chart with the
Hinze and Milborn chart.

Hinze and Milborn considered'the spacing between iigaments

on a rotating cup. A disturbance of the form o

3 = 3*ePt cos(ux) cos(so) 3.6.10

was chogen. The pressure balance at the outermost part of the torus

was then set up,-assuming'equilbrium.
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ie =-number Bteu + 1{“’ Dj“‘x (itz"' %t2 &% 4 éi):s-_-.

e 492 Jx2
3.6.11
INTERNAL PRESSURE '~ IMPACT EXCESS PRESSURE DUE TO )
NEEDED TO PRESSURE SURFACE TENSION
ACCELERATE THE
LIQUID

ie--numberStQB2 + 1QwD+ 45 G-S -k&;)-o 3.6.12

- From the form of the disturbance it can be seen that the disturbance

can .only grow out into a ligament if the exponential indice § is

positive, Eisenklam( 52 considered the same problem but approached

it from a slightly different angle. Using the instability theory

g .
of G 1 ‘I‘aylor(5 ) he concluded that the growth rate, (¥ 2, could

be equated in the following ways
2 acceleration - '

. - 6.1
¢ towards the k tanh kh 3.6.13

denger fluid

At equilibrium the inwards acceleration is given by WZD/Z.

Thus the neutral wave number would bet

9 1}

k= [wzn . % 2 3.6.14
c = J - |

By maximising the growth rate the wave number of the most unstable
digturbance is found. Eisenklam used as an example the

case where h 2 2/k and h & 0,4/k

when h 3 2/k kp =ke ie QAm= H 2% 3.6.15
— w (D
V3

and h g 0.4/k kp = ko Am = _3{ 3.6.16
V2
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From the single piece of photographic evidence presented the
agreement between the predicted and measured spacing of the
ligaments appears excellent, when the spacing is predicted assuming

h 3 2/k.

"3.7.1 The Mechanisms of Atomization

-The break up of a capillary jet has been characterised

9 60
by Ohnesalorgwe{5 ). Using the experimental data of Haelein( ),

he
'congtructed what is now known as the Ohnesorge chart. This chart,
Figure 3.7 is a log/log plot of & number against jet Reynolds |
number, the % number in this case is a ratio of the Weber number

- and the Reynolds number, Four different regimes were classified;.

-these were?

1. 8Slow dripping from an orifice, no jet formation
2, The Rayleigh mechanism of capillary instability
3. The break down of a liquid sheet due to sinuous disturbances.

4, Complete atomization of a jet,.

Zones I, II and III on the Ohnesorge chart correspond
to the 2,3 and 4 régimes indicated above,

' 61
Marshall( )

s proposed that the three rééimes of
atomization observed by Hinze and Milborn could be considered
equivalent to the first three rééimes attributable to Ohnesorge.
That is, the direct drOp_rékime is equivalent to section one, the

ligament régime is equivalent to section two and finally the sheet

rééime is equivalent to the third section,
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3.7.2 The Break-up of Capillary Jets

The early classical study of the instability of capillary

62
- jets was made by Rayleigh( ). This work assumed that jet break up

would occur when the amplitude of a disturbance grew to a value of

one half of the undisturbed jet diameter. Rayleigh produced a

linear theory, which assumed irrotational flow but did not take

I3

into account viscous forces.
The amplitude of the disturbance, at any time t, was
defined by the following equationg

€ =€ e at where ¢ is the amplitude !

‘q is the growth rate 3.7.1

From Rayleigh's analysis q; the growth rate, was found to bet

_ _ :
a ={_@ (23R I, (wRy/AN\A - (2—«110/'7\)2) '5 3.7.2
CLRo3\ A 1, MR/ A) | 7.

=/_I3 z (2 Ro) where I I are Bessel
C1Ro A functions of zero and

1lst order.

From ihis the maximum growth rate was found to cbrrespond to a
wave number of K = 0,697 (k = 24q¢vRo/)\).

' 63
The instability of a capillary jet was shown by Plateau( )

to be depéndent on the surface tension, an infinite cylinder of
liquid being unstable because of the surface tension forces. From
his work he showed that if a surféce wag deformed slightly then the
deformation would be unstablé if the product, kR, was less than
unity and stable if it was greater than unity. This work led
Plﬁteau to conclude tﬁat a cylindriecal jet would break up into
pieces of length 2MR. Later Rayleigh proved that the jet would

not in fact break up into lengths of 24R.
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Capillary instability of a jet where the viscous forces

(64)

are not controlling the break up is governed by the equationt
?,°+8F,=T(% +}1?> 3.7.3
1 2
where 1l +1 = &m +_ﬁ.;) +e_62+m2) i(kZ+mp )
R, R, R +€6" 2 R2/e
3.7.4

where viscous forces are controlling the equation is modified

slightly,
ie @4-5 -2n€,éuw> = T/ 1 l) 3.7.5
F T R R,

which results in the final form of the éﬁuatiou:

'2x2(x2+y2) 1. (x) | 1=-2x Il(x) Ic( ) -(x4—y4) = J xIs(x) (l-xz)
x2+y TeCy) I,(x) ' Io (x)

3.7.6

" here J= TR 3,77

More recéntly the instability of jets has been studied

by Chandrasekhar(64), Yuen(as), Goedde and Yuen(sa), Donnelly and

Glaberson{67) and by Rutland and Jameson(ss). Yuen calculated

the higher order'terms of the surface deformation and found that
non-sinusoidal surface deformation was a non-linear effect.

" Donnelly and Glaberson had earlier concluded that Rayleigh's
agssumptions that the break up was not affected and the non-sinusoidal
surface deformations were due to higher harmonics. Rutland and
Jameson based their étudy on the work of Yuen and obsefved the

presence of secondary waves, which Yuen's theory predicted, but

Yuen discounted, as he regarded this prediction to be caused by

a breakdown in his theory.
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(68,69)

Rutland and Jameson corrected two of Yuen's

and C22) whilst Yuen showed there was a further

o
unpublished error in coefficient d31' It appears likely(7 ) that

coefficients (b22

there is an error in coefficient css;however the effect of this
coefficient is thought to be relative;y unimportant in predicting

the wave profiles,.

3.8 Sizing of Droplets

The method of drop size analysis used in an investigation
affects the results that are obtained, For insfance, if'a spray
was photographed and an anaiys;s was made of the negatives, the
resultant drop size distribution woulq probably be quite different
from the analysis of droplets captured {n, say, an oil bath
sampling device. Because of this it is important to decide at
what stage the analysis must be performed, e.g. immediately after
atomization has occurred, that is in the atomizing region, or
after the sﬁray has travelled a fixed distance. For ligquids which
are appreciably velatile, the problem of sizing'becomes acute, It
has been reﬁorted<7l) that a 100y drop of water at room temperature
and 90% relative humidity when igsued from an atomizer, will have
reduced, by evaporation, to 90u after 1 £t and will have disappeared
altogether after 63/4_ft. This highlights some potential hazards
inrdrop gizing but it does not deal with all the problems,

Fraser and Eisenklam(72) state "The method of sampling
must also be congidered since the drop size on a particular surface
- will be quite different from that of the drops in flight". For
that reason alone the location of the sampling device must be

recorded as sampling can often be a function of the location, as in

the case of fan nozzles where droplets produced at the extremes of
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the *'fan' are often coarser than those from the middle,
. There are a number of commonly used sampling devices.
These can be categorised into two main groups, those that retain

an image of the spray and those that do not. In the firét group
' ( 39,46,48,49)

one can list the slide coating techniques and the
0il bath method( 50,72-75 ); Algso to be included in this group
(76-78

are the techniques of photographing the spray in flight

79-82)
and that of sizing the solidified droplets of waxes( ’

. - 86
metals( 83-85) or final product from a gpray drying tower( ).

The sizing techniques most commonly used for solidified pfoducts
are sieving and microscope counting. All of these techniques have

practical drawbacks e.g. the coating techniques.provide a soft

LS

layer of either magnesium oxide or soot into which the droplets

impact and cre%te craters, The diameters of these craters are

87)

not always the same-as the drops which produce them(

49)

for larger droplets. Indeed May( showed that for drops over

s especially

200 um the crater produced in a magnesium oxide coating was larger
than that expected. In these cases correction factors have to

be applied to get the true size distribution. The o0il bath
technique has associated problems. Firgtly the sample often has
to be phdtographéd within ﬁinutes of it being collected otherwise
| gsignificant changes in size might be obhserved, Secondly.the
droplets deform in the oil due to surface tension effects.l This

(72)

relationship is well known 30 correction is relatively

'straightforward. Photographs give rapid aécurate information of
the frequency of drop;ets in the field of view, however double
flash photographs, or c¢ine film, would be necessary to assess the
velocity profile of the various drop sizes as their spatial

. ' 78y
distribution is a function of droplet velocity( ). Another



52.

(88,89)
technique that has been used records an image of a stain

produced when a droplet which contains a dye is absorbed on
chromatographic paper. Thia technique is especially suitable to
larger droplets, (>100 um),. Calibration is quick and relatively
easy when a microburette is.employed. Like the coated slide and
0lil bath methods this téchnique is sensitive to spray
concentrations, the right exposure time having to be found by
trial and error. The disadvantage of using the solidified product
is that it is only applicable to waxes, metals and similar feeds.
The solidified produqt also contract on cooling and so the actual
drop size would have to be calculated from thermal expansion data.
However, even this is not the précise picture as solid droplets
have heen observed to rupture due to the outer surface forming a
crust whilst the centre is still molten.

The second group of sampling devicés consists of: a
gravimetric techniquecgo{; a light extinction technique and a
eiectrically charged wire device., The gravimetric technique as
used in a‘commercial unit relies on the spray sedimentjng on to a
sensitive balance, As droplets impinge on the balance the mass

.is continuously monitored, fhus'the weight fraction is found. This
method must be suspect as it assumes that the spray does not
preferentially impact on the wall of the sedimentation column and
that ié is notloriginally spalially distributed into the column.

44
Fraser et al( ) used the photometric technique of

(9L

Sauter which allows a rapid drop size to be recorded but

unfortunately does not give the drop size distribution.
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The method employs a rectangular beam of light which
is shone through the spray cloud (Figure 3.8). The light
absorbed by N droplets of mean drop size dg is given by?

A = Nﬁdﬁz 3,.8.1
4 be

where be is the area of the rectangular beam. These droplets

will occupy a given volume €,

where € = N ¢ dg3 3.8.2
-—-']1—5-6 ‘
= b Q 3.8.3

Vdg

where Qr; is the volumetric flowrate thrqugh plane c and Vg is
the velocity of the mean drop size.

Sauter reasoned that as the concentration of droplets
inereased the probability of an eclipse also increased., From a
statistical analysis he showed the actual light (A) that should

be absorbed by N droplets is related to the measured value (A') by}

A = 1n (1 - At/100) _ 3.8.4
Combining these equations, 3.8.1, 3.8.3 and ‘3.8.4, gives:

dg = 1.5 Q1, : 3,.8.5
Vdg 1n (1-A'/100)

This procedure was modified by Fraser et a1(44)

by’
altering the value of Qi for their geometry, as Sauter's work
investigéted a confined spray from a twin fluid, venturi type
atomizer, They quote that the light absorption as measured on. a

galvanoxﬁeter via two photo-multipliers | (°n".*' acting as a control)

was accurate to within i 1/2 per cent.



FIG.3.8.

DROP SlZIUG USING A PHOTOMETRIC TECHN\QUE
- AS USED BY FRASER.

q)]
PARALLEL )
LIGHT BEAM
LIGHT SOURCE 4
APERTURE SLO0T
\I \l -~ ,( \‘ 'l -~
| ] \. / ‘| (
. I ‘ ) - ’ .‘ l ' ;_tfln
ro NPV
‘ ! \\ / v
\ sp:wf/_. -
'COMFINES

\- PHOTOMULTIPLIERS COMMECTED TO BALAMCED BRIDGE SYSTEM

+




54.

: (92
The charged wire device ) provides a rapid method

of analysis for droplets, especially applicable to aqueous sprays
due to the short rigse-times in charging the droplets.

When a droplet impinges on to a charged wire it acquires
part  of that charge. However, the cﬁarge acquired is not constant
over all the surface of the drop. Indeed at the point of
contact the charée density can be shown to be zero. The size
of the drop will determine thé height and duration of a pulse.
Hence by recording the pulses over a sufficiently long period the
distribution can be found. ‘

A serieélof correction factors are required. This.is

so, as the size of drop that touches the wire influences the

effective catchment area. {See diagram below,)

da
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The equipment has first to be calibrated in the
environment in which it is to he used. This is to ensure that
no environmental electrostatics bias the resﬁlts obtained.
Gardiner(gz) suggests two methods for calibration: for droplets
up fo 300 um a vibrating pin was sugggsted and for droplets

over 300 um a vibrating hypodermic needle(93).

© used the charged wire

Steen and Chatterjee
| techniqﬁe to size droplets in the size range 1500 um to 5000 pm,.
They used liquids of varying electrical conductivity and expressed
their resulfs in the form of a log/log plot of pulse height
(Channel Number) against drop diameter. Although there appears

to be some scatter in their experimen§a1 results the trends are
mosticleariy evident., They discuss the relationship between the
gize ofhéhé ﬁﬁlée he¢ight and drop producing it. Theoretically

it appears that the pulse height will be proportional to the

drop size when the drop size is small compared with the charged
wire, and is proportional to the square of the drop diameter when
fﬁe drop is large compared with the wire, This was worked out on
the basis that in the first case,the.system was equivalent to a
sphere obtaining charge from a point source and in the second case
it was equivalent to the two flat plate capacitor system. One
interesting conclusion they draw is the effective catchment area
'_may in fact be larger than that predicted by thé collision thecry,
. especially when the charge density is large. Howev;n due to the

complexity of assessing this factor only mention ‘was made of this

probability.

4
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4,1 Introduction

It was clear, from a review of the literature, that there
are a number of desipgn points that must be observed if a liquid is
to be atomized efficiently by a spinning cup. The literature cites
the case for vibrationless rotation, for even liquid distribution
and a steady feed supply. The initia; experimental work confirmed
the need for thé correct liquid distributor design in order to
minimize the propagation of gpurious disturbances,.as these could "
otherwise affect the film flow of the liquid and its eventual
atomization at the periphery of the cup,

To give ease of access to the spinning cup, the equipment

waé degigned ih such g way that each section could be removed
leaving the rotary system on its own, Such tasks as cleaning the
cup in use and adjusting the front silvered mirror which formed
part of the optical system were consequently made easier.

The equipment can be seen in Photographs 1 and 2,

4,2 The Rotary System

The rotary system employed was essentially the same as
that used by'Beardall(ISD. This consisted of a three phase, 0.5 HP
electric motor which provided the drive, via a vee belt, to the
central spindle assembly on to which the cups were secured. The
Qpindle assembly had preloaded bearings to help overcome the
possibility of any lateral dispiacements which could resuilt in
ogclllations being transferred to the liquid. The whole assembly

was bolted very securely on to a cement and brick plinth, which

was built on a vibrationless concrete pad mounted in the floor,
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The perspex cups used throughout the investigation wére
designed to incorporate an internal reservoir and weir. These
cups were fully interchangeable and so only one integral base and
distributor was needed. A photograph of the three cups, the
integral base and distributor can be seen in Photograph 2.

The liquid under test was féd vertically from above
into the feed tube of the integral bhase and distributor where it
lwas foﬁnd that the liquid formé& a dynamically stable head, Some
rotational energy was transferred to the liquid (whilst it was iﬁ
thig section) by meansg of viscous drag on the tube wall and the
nut and gpindle arrangement, Liquid passed from the feed tube
into the internal reservoir through small radial holes that had
been drilled into the feed tube assembly. By virtue of the
distributor rotating at a constant angular velocity, the liquid,
as it passed through the drilled holes, reached the same speed
of rotation as the cup. As this liquid was dischanged under the
surface of the liquid in the reservoir, entrance disturbances due
to impaction were minimised. |

A uniform supply of liquid into the reservoir is essential
if the discharge at the weir on to the conical surface of the cup
is to be steady. This uniform supply was achieved as the
dynamically stable head previously mentioned acted not unlike a
capacitor in that it smoothed out minor fluctuations in the feed
supply. No indications of disturbances which propagated inside
' the reservoir were observed, Indeed under the conditions.where
these would be most manifest the discharge at the weir was at its

smoothest. DBecauge of the low speeds of rotation used during this



8.

experimental work aerodynamic forces inside the reservoilr section
L]
were not regarded as impertant, especially as there was only a

‘relatively small air gap between the liquid in the reservoir and

the central feed tube.

-

4.3 The Liquid Supply

In order to maintain a uniform supply of liquid, of
constaht optical density, a closed circuit liquid supply systenm
L was adopted (Figure 4.1), This consisted of the following
arrangement, A header tank delivered water via a rotameter bank
to the feed tube of the spinning cup. After atomization the
liquid drained into the bottom reservoir tank from the spray
collector, From there it ﬁas pumped back into the header tank
after being filtered through a glass sinter filter. Excess liquid
drained directly back into the bottom regervoir from the header tank,

The header tank produced a pressure head of about 10 ft
of water to the rotameter bank. The tank was made of stainless
steel so there were no corrogion problems. This was important as
suspended matter would certainly have interfered With the optical
techniques used to measure the film thickness of the liquid on
the conical cup surface,

Flowrates were measured during the initial experimentation
'period with the aid of the rotameter bank. Unfortunately these
could not be used once a light extinction technique was chosen to
measure liquid film thicknesses as it was impossible to gsee the
rotameter floats through the dye solution at all but the smallest
flowrates. Becauée of this, flowrates were measured by collecting
the liquid over a known time period, after which it was weighed

directly.
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Once atomization had occurred at the periphery of the
cup the resultant spray had to be collected so that the dye
solution could be returned te the bottonm reservbir. To minimise
migst formation, due to the impaction of high velocity droplets,
the droplets were made to impinge obl;quely upon the surfaces
of the spray collector. Because of the small volume inside the
spray collector it was hoped that the relative humidity would be
very high and hence evaporation from the droplets would be

minimised, once steady state was achieved,

4,4 The Optical System used for Film Thickness Measurementsg

A diagram of the optical system uséd to obtain the time
averaged film thickness results can be seen on (Figure 4,2}, A
24 volt, 24 watt light bulb, connected to a Farnell L30B stabilised
power supply, was used as a light source, This power supply was
guaranteed not to change the output by more than 0.02% so long
ag the mains supply did not change by more than 10%. Some 10 min
were necessary befofe the light supplied to the photo-voltaic
cell became steady, this was due to the inevitable heating of the
bulb and its surroundings, and thus was the time taken fo; the
system to reach thermal equilibrium.

Light from the filament passed through a convex lens
before it was deflected by & front silvered mirror that wasrmounted
ﬁnder the perspex spray collector. The front silvered mirror was
fully adjustable and so &he angle through which the beam was

'
deflected and hence the radius at which the beam passed through
the conical surface of the berspex cup was controllable., Monitoring

‘the intensity of the beam as it le_ft the surface 'of thc cup was
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achieved using a Ferranti photo-voltaic solar cell. The response
of this cell was made linear by short circuiting it with a 2k-n-
resistance, .

When light passes through a substance, the angle at
which it will leave that substance is‘a function of the incident
angle and the refraétive index, ie Snellt's Law must be obeyed.
When a light extinction technique is used to measure film
thicknesses on spinning discs, the light beam will only pass
straight through {ie at a normal to the surface of the disc) if
the flow is completely steady. Once irregularities occur on the
liquid surface, the exeqnt light beam will be rgfracted, and so
the érea over which the beam can be detected must be large in
order that all the light is continuously monitered. It was
specifically for this reason that the Ferranti light cell was
chosen. Furthermore the response of this cell is known to be
independent of the position at which the beam strikes the surface
" of the cell,

Calibration of the optical system proved difficult, In
some initial experiments a lasef with a_knoﬁn peak wavelength was
used, Consequently it was relatively easy to match this wavelength
on a spectrophotometer and calibrate, using the null point technique,
with a sample taken from the bottom reservoir. (A Lambert-Beer Law
relationship had previously been confirmed during an accurate
calibration test,) Without any liquid on the cup the laser's light
output was observed to be cyclic in nature. In fact it was later
found that the ambient light was cgusing this cyclic effect.
However at the time it was decided to abandon the laser ags a light

source and adopt the light bulb and lens system described above,

'
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-

Once the 24 watt light bulb had been adopted the
spectrophotometer could no longer be used as the calibrating
ingtrument because the bulb emitted "white light", that is, it
emitted a continuous spectrum over the visible range. Thus no
disfinct wavelength could be matched on the grid of the
spectrophotometer. To overcome this problem, calibration was
carried out on the inclined faces of the cups using a 1 mm
spectrophotometric cell,

A sample of the iiquid was taken from the bottom
reservoir after the pump which transferred liquid from the bottom
reservoir to the header tank had been operating for some time.
This precaution was taken to eliminate the possibility of taking

-a sample that was ndf representative of the bulk of the liquid.
A;curately weighed amounts of this sample were then taken and
diluted with known amounts of water. These diluted samples were
thoroughly shaken to ensure complete mixing.

A clean 1 mm spectrophotometric cell was filled with
clear water by means of a Pasteur pipette. In this way no water
managed to contaminate the outside surface of the cell, Care was
taken throughout not to touch the outer surfaces of the cell as
this would have affected the calibration., The cell was then

; placed on the previously cleaned inclined conical surface of fhe
spinning cup in use so that the light beam shone through it on to
the centre of the rectangular face of the gilicon scolar cell,
Because of thq intensity of_the'ambient light the surroundings
had to be blgcked out.  This was achieved by placing a matt black

wooden cover on top of the spray collector, see Photograph 1.
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A reading, in millivolts, was taken from the digital

'volt meter which formed part of the data logging unit used during
the experiméntal runs, This vo;tage was directly proportional to
the 100% trénsmission light intensity and as such it was used to
represent 100% light transmission. The diluted samples were each,
in turn, transferred to the cup in the spectrophotometric cell

and tested. The d;gital volt meter reading was taken for each
sample and transformed into a transmission reading. The usual

plot of IOgarithmic transmission against concentration yielded a
straight line which passed through the origih. As the absolute
éoncentration wag not known the dilution of the original sample

was used in place of the concentration. . The accuracy in calibrating
using this technique was understandably less satisfactory than that
usually achieved by a spectrophotometer, however with care sufficient
accuracy ;as cbtained to assume the Lambert-Beer Law held under the
operating conditions,.

The amount of light that passes through an interface is _

governed by the nature of‘the interface., During the calibration

the surface of the cup was kept perfectly dry and so the interface
was perspex/air, Obviously with the spectrophotometric cell

present there were additonal interfaces, air/glass, glass/water,
water/glass and finally glass/air, Each of these interfaces permits
a certain fraction of the light through and therefore the 100%
transmission voltage recorded during the calibration was a function
of these interfaces. The inference of this is important, namely
that the voltages recorded, for the case where theré is no liquid

on the cup and where there is an infinitely thin layer of liquid,

will not be the.Same' as the interface in these two cases is
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different, This technique was chosen to measure the local film
thickneés and so the important voltage reading was the one where
there wa; an infinitely thin ;ayer of liquid left on the cup.
Experimentally this was found by recording the voltage continuously
and cutting the liquid supply off. The liquid film thinned until
surface tensgion forces broke the film up into a series of rivulets.

Correspondingly the voltage increased-until rivulet formation

occurred after which the voltage decreased. Hence the maximum

voltage represented most nearly, the condition of an infinitely
thin liquid layer present on the cup.

The ratio of the voltage when there was a liquid film and

" when there was an infinitely thin film present was taken as the

transmissién under the operating conditions. Hence the film
thicknéss was calculated with the aid of the calibration graph.
A similar approach was adopted in the calibration for
the cqntinuoué film thickness experimental‘runs. A sample was
taken from the bottom reservoir and samples of this were diluted
accurately as previously stated, These diluted samples were
transfefred'to the spectrophotometric cell, as before, and the

readings were taken as traces on a Ultra-Violet Oscillograph. The

.gignal fram the silicon light cell was amplified with an integrated

circuit amplifier -(741) so that a specific galvanometer could be
used, This galvanometer was chosen as it was sufficiently damped
and therefore would not have the characteristics of a ballistic
galvanometer. Hence the trace would more accurately represent the

profile of the liquid on the cup.
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Two major related problems were encountered during this
part of the experimental work. The width of the chart was not
wide enough for the complete 0-100% transmission to be recorded,
This meant that the calibration could not be checked as the 100%
transmissiOn.value was not known. Likewise the 100% transmission
reading wﬁs not knoﬁn for the case, wheré the cell was absent and
an infinitely thin iiquid layer present. However this was
overcome by taking digital volt meter readings and extrapblating
these on to the chart scale.

The light bulb and leng system proved inadequate as the
filameni's image monitored by the silicon light cell was too large.
A laser was tried and found to be perfectly acceptable, Because
of the characteristics of a continuous laser beam it was not
necessary to focus the beam with the aid of a lens system.-

By using a Vanguard X-Y reader the experimental data
was extracted from the UV charts. The instrument.was zeroed and
the scale adjusted so that convenient readings were obtainable,

- As the Vanguard has a step length control, this feature was ﬁsed
so that film thicknesses recorded would not be biased due to the
operator. The instantaneous voltage corresponding to an
instantaneous film thicknesswas therefore taken everj 2.5 mm,

i

This reading was stored by a teletype.

4.5 The Charged Wire Drop Sizer

The charged wire drop sizer used during the experimental
2

investigation was essentially the same as that used by Gardiner(9 ).
The high voltage, c, 1000 volts,was achieved by placing ten 90 volt '

dry cell batteries in geries. As the current demand was so slight
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this system was considered to be satisfactory, and so more
gophisticated pdwer supplies were not needed.

The wire used was a length of single core copﬁer‘
coaxial wire of 0,813 mm diameter., The sheathing was removed
f}om the last 13" of the wire thus exposing this section, This
length was deliberately kept short for tweo reasons, Firstly
.only a short sampiing length was required as the spray produced
from the spinning disc was almost perfectly horizontal in the
sampling zone close to the disc. Secondly an unprotected length
of wire acts as an aerial and so picks up spurious ‘noise’
which would show up as a pulse and thus could be counted as a
drop gtriking the charged wire, .

The gignal was amplified a nominal ten times usging an
epsilon amplifier befbre being fed into a Laben 100 channel pulse
height analyser, Because of the presence of upwanted 'noise; -
probably due to thrystor control circuits = an anticoincidence
' device was cénstructed. This device sensed the pulses which were
on the mains and produced a standard voltage of known pulse
shape, These pulses, when fed into the anticoincidence input on
the pulse height analyser, produced a }dead time! so that no
signal during that time would be counted and analysed, hence
minimiging the error due to noise. .

.Calibration of the charge wire drop sizer was
accomplished in two ways. For the top end of the gcale ~»2500
to 3000um a hypodermic needle was.filled with a sample of the

ligquid from the.bottom regervoir. By keeping the level of the
sample in the hypodermic constant it wa; possiblélto produce a

stream of mono-gsized free-falling droplets. The charged wire was
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' angled such that this stream of droplets struck the wire. Thus
it was relatively easy to collect a known number of droplets and
to weigh them, thereby finding their diameter, and observing
which éhannel number these droplets were placed in, By‘chapging

lthe'initial height of the liquid in the hypodermic syringe it was
possible to change the diameter of the droplets élightly so a
number of calibration points could be found. However this was
not found to be necessary experimentally-as the chanpge in diameter
per unit change in éhannel number is small at this end of the scale.

Advantage was taken of the ability of a spinning disc
- to produce a clearly defined narrow distribution of droplets in

the so~called(1) Direct-Drop Rééime. This régime has been

documented by Walton and Prewett(4c0 and an operating equation

has been experimentally verified, This equation was used to
predict the diameter of the main droplets produced under the
operating conditibn, whilst the channel number corresponding to
the main drop was observed experimentally from the pulse height
analyser. By altering the rate of rotation a number_of main peaks
were identified and the resulting straight line through these
points passed through the point.found by experiment in the top end
of the size range, It was therefore concluded that this was‘_
evidence enough to accept these éalibration-charts as accurate.

| Care was taken throughout the calibration and ensuing
experimentation not to alter the electrostatic environment.

Indeed it was found necessary to earth the liquid ingide the

hypodermic syringe so as to ohtain a narrow size distribution,

As a consequence of this the liquid discharged into the rotating



67.

distributor was also earthed even though it was probably
adequately earthed via the bearings of the shaft on which the
cup rotated.

The pulse height analyser was gset up in the following
way:* rise time of 1lQu secs Voltage‘Of 1 volt for the
100 channels. The analyser was set on automatic cycle for a
measured sampling time of 300 secs and a dead time of 90 secs.
.The amount of noise was always measufed before the run so as to
check thaf the results obtained were not significantly affected

by the general noise level.

4.6 The Ancillary Equipment

.Density Determination

The density of the dye solution was found using a
specific gravity bottle. The results obtained were found to be
consistent and within the range of'accuracy required for the

' investigation.

Surface Tension Determination
Thé surface tension of the liquid was found using a
~ Du Nouy Tensiometer. Before the instrument was used it was
calibrated as recommended in the manufacturert's handbook.
Experimental results were obtained using the rihg method,
thg accuracylof this method has been quoted to within 0,1 dyne/cm.
Howeﬁer thé method is slightly operator-sensitive and a correction
€ 95)

.'factor should be introduced to allow for the meniscus that

forms around the ring;'
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5,1 Introduction

The film flow of a liquid on a rotating qonical surface
can be fully described by the equation of motion and the
continuity equation., Due to thg complexity of these equations
some simplifying assumptions must be made before any worthwhile
analytical golution can be found,

The assumptions made throughout this work aret the
liquid flowrate is steady; the liquid is incompressible and

Newtonian; the whole operation is carried out isothermally and
isobarically, hence the viscosity and density are conétant, finally
the flow is smooth, that is there are no wé&es present.

At very low Reynolds numbers (i,e Re < 1,) the film
flow on the disc would correspond to creeping flow. Under such

conditions the film flow has been found(17)

» as expected, to
obey the modified Nusselt theory. Once the Reynolds number becomes
| gsignificant (i.e. Re 3 1) the inertial terms in the equation of
‘motion begin to take effect and so deviation from the creeping
.flow equation might be expected.
Due to the apparent symmetry that exists in the film
flow on a conical disc it would appear that the flow is axisymmetrical.

However even in the creeping flow case the flow cannot be considered

t0 be axisymmetrical with respect to the rotating disc as the

conditions which are necessary for axisymmetrical flow( 7)) are}
a¥
w = 0 5.101
and
ig.v = 0 5.1.2.

. That is, the velocity vector is independent of the azimuthal angle
and that the azimuthal velocity component is everywhere zero,

(see Appendix 5.1)
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The flow, with respect to the disc, may be considered
~to act in two directions, that is in the meridional . direction

and across the thickness of the film. In this case the flow in

the meridional direction will be by far the most significant.

Due to the magnitude of the meridional velocity it is possible to
consider this case as a unidirectional flow problem. Alternatively
this.case may be solved wifh the aid of the stream function
technique.

Once slippage occurs in the azimuthal direction, that

is once there is an azimuthal vélocity gradient, the flow on the
disc becomes‘more complicated. Under this condition the flow is
three dimensional with the azimuthal and meridional velocities
being predominant, as such, the flow could be considered to be
essentially two dimensional., Superficially it would seem that

fhis problem could be solved using a stream function type of
solution. However, solving this two dimensional case is not
ipossible by the stream function technique as the flow has a degree
of symmetry about the axis of rotation which prohibits.the meridional
. velocity being represented by the first derivative‘of the gtream
function with respect to the aszimuthal angle. This may be shown

mathematically as follows :-
- i - . o3 ’ a ‘
V=hixyy i, hzhsgy_ +1,0 -1, hh a'” 5.1.3
Q4 Ql
where equation 5.1.,3 satisfies the continuity‘equatfon(
It can readily be seen that the meridional component will
. be zero because of the symmetry in the azimuthal direction (in the

above notafion this will correspond to the i, component). The

1
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second component of velocity (the 12 component) is zero as we are
taking the two dimensional case (i e the velocity across the

thickness of the film is negligible).

5.2 The Equations of Motion

s

The film flow of a liquid on a rotating conical disc can
be fully described by the equation of motion and the continuity
equation. Using Gibbs notation for an incompressible, Newtonian

.liquid these have been summarised as follows &=
¥

QCA‘_’ +!-v‘_’)-uv v =~-qf 3.1.1
Jt

v.! =0 3.1.2

It should be noted that in equation 3.l.lthe body force terms have
C7)
been omitted. Using the following vector identities

equation 3.1.1 can be modifieds

1/2VV2 - vV x(¥yxV) 5.2.1

=
"
<
I

«
<5
H

=V, W. V-V x(V¥xV) 5.2.2
The result, after taking the .curl of the modified form of
" equation 3.,1.1 will be 3

33_ (gx V) -9xVx (7x V) + 0 yxyxyx V=0 5.2.3
t .

If the flow was axisymmetrical equation 5.2.3 could be expressed

in terms of a stream function as follows 22—

. 2 2 2 ' .4

i h & (E - ; - i = 5.2.4
"”’H( P -9 x By EIYP - Lh wE § =0

~ When the inertial terms are omitted and the flow is steady we
obtain the well known equation @

E4I'J=0 - - 5.2.5
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where the operator E2 is represented by?

EZ = hyhy aa_(hgh] é>+ 55_(1131&2 8) 5.2.6
h G\ By q, 1, _hL 532

3

Here the solution of equation 5.2.5 will repreéent
creéﬁing flow under axisymmetrical flow conditions.

As there is a high degree of axial symmetry, that is, the
scalar velocity in the azimuthal direction is a constant at
. constant radius_and position in the fluid, then a similar type
of approach as used ahove can be adopted to represent the three
dimensional case, At gteady state conditions, equation 5.2.3 can
be considered to comprise of two parts, namely the viscous and
inertial terms. Because of the above méntioned symmétry the
volumetric flowrate can be assumed to act principaliy in the
meridional direction and across the thickness of the film. This
enables a gtream function to be used (Appendix 5-2) even though

-the flow is not axisymmetrical., The viscous term in equation 5.2.3

can then be written as follows -

e 4E (@) w246 @)
' , 1 3 2 3

-ig .1 o a . B.2.7
h_h . |
1’2

Whilst the inertial term is given by @

..y:::!vaxzh hlf‘zhs -1, L ( 65_(\&111, ( __Q_) Vah, (.YP.)))
*4, L. ( (Vrh Ei(vﬁ) + vehy 35-( Y.@.)))

2

ST RN O ‘0

3
C’QE%E Y+ Vgh, r( )) ‘5._2.8
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Once again, the creeping flow solution will bhe exactly
as before, that is the solution of equation 5.2.5 However once
the inertial terms are taken into account the equations to be

solved are non-=linear and therefore difficult,

5,3 The Nusselt Model

This model was originally formulated for the film flow
of a liquid down an inclined plane., It is essentially a simple
. model in that only pure creeping flow is considered, that is the
.non-linear inertial terms were neglected,

;If we assume that the plane down which the liquid is
flowing is infinitely'wide, go that wall effects can be neglected,
‘and the plane is vertical, then the system is more easily
represented uging a rectangular coordinate system. By assuming
sfeady viscous flow, i.e. no waves present, énd that the presspre
.gradientracross the'film is neg;igible, then the equatioq of
motion inclﬁding the body forces can be represented as follows $

PVXVxV =vP =g 5.3.1

Here the gravity vector g has been represented by the divergence

C98)

of the scalar, @ + In the & direction (the'vertica; direction)

“we will have ;

ézuz - 5.3.2
; W e

" hence

i

2
_ o L.
Ug %,yﬁnaxz) 5.3.3

"Equation 5.3.3 predicts a semi-parabolic velocity profile where
velocity is zero at the surface of the plane (at y = 0) and is a

maximue at the liquid/air interface (at y = amax)'
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.It follows that the volumetric flowrate is given by:
, 5 ‘

max

Q

d
Uﬁ y

(fv") gf,‘m - _ 5.3.4
- 3 .

Hence the Nusselt relationship

5(5’255 =(% Neg N4 5.3.5

where once again the Reynolds number is based upon the hydraulic

n

radius.,

For the case where a liquid is flowing film-wise on a
rotating disc a Nusselt type solution can be found, For a flaf
disc cylindrical coordinatgig{é_most convenient. Here the Z&

direction is along the axis of revolution,

. From the modified form of equation 3.l.1we have
15 = : 5.3 6
VYV V o+ VV.V) -VxVxV = 0O | .3.

where the body forces have once again been omitted.

. The Z component gives us ¢

32_11!; = ".\_\’_2_1' ‘ : 5.3_.7
82 ) 4 .

" from which we get

Ur = wir |36 -3z | . 5.3.8
Y 2 |

For the case. where the film flow is on a rotating conical surface a

sipilar solution is obtained, namely :
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Ur = a - w2r3 E? + E? + 3? + E? + 10+.....
‘ _ ﬁ 2 6 ] 12 15
b
- E__ .1_:'3 += E + 27 + _t_g + seeves
v 6 10 14 18 J
ha
- b t i E's + £5 + £7 + £9+| en e
3 5 7 9
s 'J 5.3-9

where the constants a and b and the variable t are defined in
Appendix 5-3, in which a full derivation is also given. For this
:'solution a spherical coordinate system was chosen. It should be
noted that this solution is the general solution for the case where
© ig greater than zero and less than 180°, Equation 5.3.8 is
therefore a limited solution. of équation 5,3.9 as indicated in

' Appendix 5-3.

5.4 The Nikolaev Model

Nikolaev and his co-workers attempted to solve the equation
of motion for an incompressible viscous fluid by linearizing these
equations using the familiar dimensionless analyzsis techniques.

The orthogénal curvilinear coordinate system they used was the
conical one. This syqtem caﬁ prove to be awkward as it becomes

| difficult to separate the variables. Nikolaev decided‘to overcome
this problem by ignoring a term which he considered ingignificant.
However there must be some doubt és to the validity of this
.assumﬁtion as the terms which femain when this term is included

are not always insignificant.
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In conical coordinates the metrical coefficients are

found to be (with reference to Figure 3.1)

hy = 1,

1 sina=58cosa

The ;ssumption that Nikolaev made was the § cosa part could be
ignored as it was much smaller than 1 sina Although this is true,
metrical coefficients are differentiated and so according to

~ Nikolaev éar_l_o would not exist whereas it is in fact
. 6 . :

dhy = - cosa
?ggﬂ (lsinapﬁcosa)z
" Each time that hy ig differentiated with respect to § the film
thickness, another term would be lost irrespective of the
importance of that term.

The effect of ignoring the § cos a part of the metrical -
- coefficient in the azimuthal direction is-apparent when the full
equation is compared with equation 3.2.4. Whereas equation 3.2.4
contains the fourth derivative only, the full equation contains all

the lower derivatives as well as a term in fﬁ . the dimensionless

- velocity. Without detailed information about the mode of flow

it is impossible to decide which derivative is the controlling
term, if indeed anycone in particular is controlling. For that
- reagon the solution found by Nikolaev must be regarded with

suspicion,

‘5.5 Solution of the Creeping Flow Equation

At low Reynolds numbers the inertial effects, which make
the equation of motion non-linear, are insignificant, The solution
of the equation of motion under this condition will therefore be

the solution of the creeping flow equation.
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i.e. E4(n[r) =0 © 5.2.5

.

The symmetry in the azimuthal direction indicates fhat the stream
function (T) is not a function of the azimuthal angle. Hence the

stream function may be defined as -

-

¥ = R(.ECO) ' 5.5.1

This of course assumes that the variables are separable,

If an infinite cone is considered, rotating at constant
angular velocity w, with a éonstant volumetric flowrate Q, then
as the radius becomes very large the film thickness would become
very small, hence the meridional velocity component would tend
towards zero. This suggests that the.st?eam function is inversely

proportional to some power of the radiugs., Let us therefore assume

that the stream function may be defined as follows 2-

If-_- r"n.f(g) o ‘ 5.5.2

where n is a positive constant.

For a spherical coordinate system we have!

¥
E2 (I‘I) = r-(n+2) " n(n+l) + cot Qﬁ + %'?'f 5.5.3
‘ a9
= pom2)g \
= n(n+l) + cot © 5.5.4

where F

ol
. - + .
($

pi~

thus it follows that ¢

E4(tp=o
= r-(n+4) (n+2)(n+3) + cot O d}i + §2F 5.5.5
- de 3 o2

the solution for f(9) being ¢

£(6) = D+E(t+15 34151 t7-+ vesees) 5.5.6
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where D, E and t are functions of ©

t — co0os g 5.5.7
2 12 30 56 A
+Db _1_:_3+gt5'+g_§_t7+ﬁt9+
3 15 315 945 i
+ (n+2)(n+3) 34 + 5 ez 8 . |+a
8 72 160 N
65.5.8
E=at -~ (n+2)(n+3) j:__a + _1_:_5 + _1_:_7 + £9+ res
6 20 42 72
6 8
- b t + t + -t_ + t + [N
2 12 30 56
-~ n(n+1l)t - e 5,5,9

where a, b, d, e and n are constants that depend on the assigned
boundary conditions.

The boundary conditions used in the solution of .
equations 5.3.2, 5.3.7 and 5.3.9 can be used here, for both the

r and © directions, That is @

Ur Ug =0 at §
ge %_9

and u. = U 0 at § = 0, the solid liquid interface.

{1
I

§ , the film thickness
mnax

The last condition needed to solve for these constants can be

expresséd in terms of the volumetric flowrate ¢

Q = 2«0{6 - tfo) ' 5.5,10

where W& and Wb are the values of the stream function at the air/

liquid and 1liquid/solid interfaces respectively,
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If the curl operator acts on equation 5.2.7 the

following equation ig true in the creeping flow case!

BCON

A similar reasoning as used in the case of the E operator
~acting on the stream function may be used here. As the film
decreases in thickness with iﬁcrease in radius we would suspect
..the amount of tangential slippage to decreasé. Also as the

radius r approaches infinity the azimuthal'velocity would.approach
‘infinity as well. Hence we wogld expect the fungtion (Ug/hs) to

©  be proportional to some function of the radius,

.. Eﬂ = sin29 R(r)

hauf

1f a solution of this form is suggested it is found that @
Ug = Wr gin © .
This is the condition of no glip in the azimuthal direction,

| 5.6 Potential Flow

The potential flow equation in its invariant form can
be expressed as @

‘ o = o , ' 5.6.1

In terms of the metrical coefficients this becomes

DGR NRACE A ACR O

Thus the potential flow equation can be seen to represent the
continuity equation where the velocity vector V. has been replaced

by the gradient of a scalar, grad @.
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This equation is the same as Laplace's equation,

solutions of which are well known(97). In spherical coordinates

the general solution of Laplace's equation is @

g = (rl_ln_l) Pz (cos 9)(sin mID 5.6.3
- r cos

where the function Pﬁ {cos ©) is described by a modification to

b

Rodrigue's formula, namely.:-

P ) = ;n - ™2 & 2t 5.6.4
n Il s dl.l.m+n .

In the particular problem at hand the velocities in the
r and 6 directions, that is the meridional direction and across
the thickness of the film, are invariant with change in azimuthal
angle. For these conditions to be satisfied the constant m must

. be zero, leaving a general solution of the form:
2 =(r“ £° (cos @) . 5.6.5
r~n-1 n

‘The solufion of this equation excludes a solution for the azimuthal
velocity compo'p,ént .

As in the case of the solution of the creeping flow
equation, equation 5.2.5, the meridional velocity is expected to
decrease with increasing radius. To satisfy this condition the
solution wiil be of the formi

p = 1 5 apy 2™t | | 5.6.6
zﬁn! :

where T cos © 5.6.7



the components of velocity in the r and 6 directions, see

Figure 5.1, being i

Up = hy gﬁl = —(ntl) o —(n+2) 1 u(uz-l)n-l 5.6.8
r 2n=1¢pn-1)1
Ug = hg gp_ = r"(“*z)_l__ @2 5.6.9°
: 0 212 (n=2) !

As the constant n is a pogitive integer it is immediately
evident that n must be an even number when @ is in the range
0 < 6 < 1/2. Such conditions make the value of U, always positive
and U9 always positive which is exactly what is expected.

To find the particular solutions to equations 5.6.8 and
5.,6.9 the prescribed boundary conditions-have to be met. These
equations cannot be solved using the boundary conditions used to
solve the creeping flow equations., One common method by which
these equations are solved is to equate the velocities to either
their respective maximum or average velocity at a known finite
point and then to assume a velocity at infinity. However in this
~ cagse this technique is not fruitful as neither the acerage velocity
nor the surface vélocity can bé defined accurately. If this
. solution is solved in conjunction with the creeping flow equation,
that is by adjusting the conditions until there is continuity across
the boundary (the imaginary boundary between creeping flow and
pbtential flow) the general solution so formed should be capable
. of being extended to higher Reynolds numbers. This type of solution
‘would seem to be more easily sdluble using the faciliﬁies of a

computer as not only have the velocities to match at the boundary

but also the gradients have to match as well.



FIG.5.1. THE SPHERICAL COORDIMATE SYSTEM,

" FOR THIN FILMS: ° | o
R - S = r(wsb-cost)
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5.7 Numerical Methods

The three dimensional solution of the Navier-Stokes equations
has been solved by von Karman(QS) and 1ater.by Cochran(gg) for the
case wbere liquid is entrained by a rotating disc, the axis of which
is peypendicular to the disc's surface. The solution depends on the
fluid being of "infinite" thickness above the disc and as such this
solution does not fully corregspond to a thin film of liquid being
spun off a rotating disc. However this is conly a boundary condition
_problem, thus the general form of the equations must be true no matter
what the film thickness is in practiée. For the steady f}ow of én

-

incompressible fluid the equations of motion and continuity may be

written astll) H

F2 - G° + FH

= FiI 5.7.1

2FG + GIH = G | 5.7.2

HH® = P% + H% : 5.7.3
.

2F + HY = 0 5.7.4

where the cylindrical form of these equations has been used and

Vp = wr F(I) Vﬂ

=wr G(1) v = ViFw H (1)
_ 1/ _ N ‘ _
I = C%) 29 ‘ 7 5.7.5

and the boundary conditions were defined as,

"F=0 G=1 H=0 atI =20 5.7.6

F=>0 G—> 0 H—>«q (a constant) as I —™ o0 5.7.7

Using these boundary conditions two sets of infinite series
were found for F, G and H. At large values of I the first set was:

-al -2al -3al
F = Ae : - A2+B2 0 + A(A2+Bz)oe + sees

2 o2 4 o
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~al 2 -3al
Gﬂ - B e bt B(A +B ) - e + LI )
12 a4
. - -3al .
H=-a+ 24 el . A%4B% e 2al A(A?+Bz).e ot
a )

2 a3 6 a

At very small values of I the second set was found to be 3

b 13 + LA N 2

F=al -1 -1
2 3
G=1+b1+.]_.‘a13 + caese
3
H=—a 12'!'_1_13 + 'EEXER]
3 .

The constants A, B, a, b, and ¢ were chosen such that both
the values of F, G and H and their derivatives (F?, G! and H') remained
continuous when these two series were matched. When these results were

integrated numerically the constants were found to be 3

b
]

1.208

H

A=10,934 B

Before adopting this approach tp the solution of the thin film case the
question must be asked, are these assumptions applicable to this case?
Of these assumptions the most dubibus is the one where the axial velocity
component is regarded as independent of radial position {equation 5.7.5).
This most clearly is not true when the radial distances are small,
‘however, at moderate values of radial distance this assumption should
not invalidate this approach.

At the surface of a flat disc the boundary condition is the
same.ﬁs the one déscribed by von Karmaqn. That is

F=0 G=1 H=0 atlI =0 _ 5.7.6.
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At the liquid/air interface the boundary conditions will be ¢

F*=0 G"=0 H=~-0 at I =1 max 5.7.8

The solution for F, G and H near the surface of the disc is therefore
as before, Their solutions at the liquid/air will come from the
solution at the interface.
. 2 2
At the interface F'' ~ F -~ G

and G'' % 2FG
If we introduce a complex function P these equations may be solved.

Yy = F+1i6G . .

therefore IF' t A2 l|12

the solution of this being :

o .4 7 10
IMC;"'_ Y“g +q 2- g 3 + s
~ 24D 168D 4320D

Thig solution is in a highly undesirable form, that is a series in §
rather than I. Due to this the numerical method becomes involved.

However one route that might be used to obtaim a series solution in

terms of I is to assume a power series of the form :

c + 2 c+
V — a. I -+ al Ic 1 +a2 Ic+ +331 3"“ $eeens

Using regressionrfechniques it should be possible to curve fit the above
serieg to the previous series, Unfortunately only a small range of I
values may be used as the first series is only the solution gt the‘liquid/
air interface. This may not in fact be a serious d;awhack as the laminar
boundafy layer should extend over a significant proportion of the film

thickness, thus the proportioh affected by the solution at the iiquid/air
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As the boundary layer can exist over a substantial proportion of the
film the method adopted by Oyama and Endou (106) can be used.

If a modified form of Taylors (107) argument is applied, the Navier
Stokes equation in spherical co-ordinates may be written as follows:

Vr ;—YE.-I»-:@-&—f—‘g-—v-szvf 579
T % r % §0° o

v 2o, %% Wk v 82

* &« r 8§06 r r® s 5.7.10

whilst the continuity equation in the approximate form is:

§Vr 2v

—_— ¢ =t +_:1_-_l__ﬁﬁv =- 0 5.7.11
6. r r §0 . '
by defining \ = rsinaf(0)

T ) ‘

V“s = r sinah(@)

the above equations become:

r sin « (fz—hz) = {-‘f" - sinagf' -’ 5.7.13
tr

2r sino fh + sinagh' = %fh 5.7.14

3sinaf +20 2 o ¢ 5.7.15

By changing the co-ordinate system we can define the angular cb-ordinate-
© in terms of the dimensionless film thickness. (I).

Henice if:
: _ L1y, . |
(6-a) = r(w) I | 5.7.16

where a is the half cup angle; and if

f = wF(I) | _ |
g = ww) e | | o - 5.7.17
h = wH(I) ‘ ‘

then the equations become:

sin o (FZ-HZ) = F' = gin a GF'
2 8in o FH + gin a GH' = H"

3F + G' _ = 0

where F, G and H are functions of I.

5.7.18
5.7.19
5.7.20
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For thin film flow it is assumed the film is completely within the
boundary layer. Hence the boundary layer equation must define the
flow within the film. The boundary-layer momentum integrals are:

sin o {/F% a1 - /H? 41} + sin a fOF' a1 = [F]lmax 5.7.21

2 sin o« /FH dI + sin o /G’ dI = W] s
Now JGF' dI . = [GF]E;Halx - JG'F dI ' - 5.7.23
from continuity: = [GF] max 4+ 3/7% a1 5.7.24
similarly JGH' dI = [GH] 3% + 3/FH dI 5.7.25

These identities may be simplified knowing the boundary conditions,

at .- I =0 F = 0 G = 0 H = 1.
I = L .. FﬂFImaxGNO H = Hp .
F' = 0 G' = k H' = 0

Hence the boundary layer momentum integrals become:

sin o {4/F2 a1 - /u? a1} = [p']Imax 5.7.26

‘sina S/FH I = [u']Tmax 5.7.27
If it is assumed that the function E and H ;ave the form:

F = al + bI | | 5.7.28

H = 1.+ AL + BIZ ' 5.7.29

then it is possible to solve for a, b, A and B using the boundary
conditions and the boundary—layer momentum 1ntegral equations, These
values have been found to be:

a = =2bIy
A = -2BI.
B = 10 sinaI'pax b

3(-3- sina Il'max b=2)

whilst b is found from the equation:

2.4 4B -2 822 1% 1 m 2

. -0 32 - . 4B 8
sma{-l-s-blmax. L5 Ty * 75 B Ima}_(

<< ],
Hen;e when Imax 1

b = ~}gin o
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2
d h : = y——r 4 -
and therefore v - sin a (8 8 187)

r a

where & is the film thickness for small angles
§ = r(0 - a)f=rdo

ie, I =w5(§)i

The form of this equation is similar to the Nusselt model.

Deviations from the Nusselt model will therefore occur once Ipmax, the
dimensionless film thickness, can no longer be considered to be very
small. - .

Now the volumetric flowrate is given by:=-

2nr sin of 5’ S

max r

Q

3
41Er2 w2 sinzoL 5 b
3 max

rearranging, this becomes:

3
3 (NRE) = (N’t'f') -2 ’ 5.7.30
4 sin

. *
where the Reynolds number (NRE) and the modified Nusselt parameter (NT)

are similar to those used previously except that the body force term
is not includéd in N:{. this time (sge}_egns. 3.1.1. and 3.2.1.).

As the coefficient 'b' in eqn. 5.7.30 is a function of I oy O0LYs
the dimensionless film thickness andamlodi:@ied Nusselt parameter may be

considered independant of I__ ,hence a Nusselt type relationship will

hold if Imax and thus b remain constant. This will result in a family of curves

* .
of NRE against NT ~
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The first condition that has to be met for axisymmetrical

flow is defined by equation 5.1.1.

i.e. é}f_ = 0 5.,1.1
a2 ’
- where v = i V. +

i + i Vv
LNt LVt iY,

Thus equation §5,1.1 may be writfen as

i V. 4+ i V_+ i V = 0
'bé—ﬂ LVt L,V * V) =
In spherical coordinates the metrical coefficients are:
h =1, h =

1 h = 1,
. = ————t—
T .9 r 2 r sin ©

The differentials of the unit vectors are as follows @

dqz h

TR JORERE 1O

Hence the products that arise from equation 5.1.1 will be:

o (g A ) A A R G
s “\dp ( *3q, \n ) \S 2
+V,h, & /1
%( ) 5Q2 (h)>
In terms ‘of the spherical coordinate system thig will be:

( Vr Vo s1n€) _2%!3 - Vo coae) __3@)_2+ Vrsin® +

U cos ©

diy= i h._é_ Lo i, _
3_15 ! ‘}ql, h3 gﬂ_ _é— _)



By considering the symmetry of the flow and assuming
that we are obsérving the flow with respect to the cup then the
coefficients of the unit vectors 11 and,i2 will be zero. The
coefficient of the unit vector}_3 cannot be zero except in the

unreal case when there is no fiow of liquid.
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For the case of a liquid flowing film-wise on =a
rotating conical disc we can consider the stream function to be

a function of the velocities in the r and © directions

i.e. T = T (r, o)

-

This means that the velocity in the azimuthal direction does not

directly influence the stream function. Thus we can say':

i X i h +.i .0
hy i Vlf 12h33-g-+121hag-3 4

' Hence if we are to define the velocity vector in terms of the
. stream function we must include a term to take account of the

azimuthal velocity,

vV = i. V +

, -
hy L xVF + ;%

_If this is to prove satisfactory it must satisfj}the continuity
equation

ie ﬁ,! =0

el e s

oG 4 G ) 40

ca

Hance it can be seen that continuity is observed.
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APPENDIX 5-3

Derivation of equation 5.3.9
Wy -.usz =g

or 'Z‘V V -vaxV +”vxng =g

-wzr sin 9 -1 Cin ] ) -g cos O
r2sin © §6
. ' . . 2 2 4
gin @ Sd' sinO%Vr = gcos ©8in 0 ~-wr sin o
.00 o

= c¢os ©

e
L
n

-gin @

e d sino g}lr; ='g't'-w2r(l—t2)“
at dt ; -

ie ad_ @-tz) vz ) = gt -wra-t?
t at 7 .

2
ie (1-tH dvr -2t %v'__r_ = gt wor (1-t2)
dt2 t .

. Solution of the complementary function

_Assume solution of the form

Y = ¢ (ap + a1t + agt2 + a3t3 . antn)

¥y = aoct®l 4+ aj(c+1)tC + ag(c+2)tSFL 4 ...+ al.,(c+n)1:"’-'bn"'l
ot ‘
) 2V = aoc (C-l)tc-2 + al (C'I'l)c tcal o+ 32 (C+2) (c""'l)tc "‘"‘ s sees
ot '

When these are substituted back into the complementary function we

will have an equation of the form $

c=2 - c=1 c ct+l
t LI N =
Aot + Alt + Az + A3t L+ 0

To solve, the coefficients (A's) are equated to Zero

(c-2) coef?f . a_ cle-1) =0 .. e=0Oor1

{c~1) coeff .8y (c+1l) ¢ = O V. oa=o0



91,

e coeff a = c a

(c+z) °

a.ca.=a. = Qete i e odd coeffas = 0O

(c+2) coeff a = ¢ a
(c+4)

-

More generally =z = c a_ when n is even.
(ctn)

Solution of indicial equation is:

3 +_1__t5 + .1_t7 + secseet)

vV = a0(1+t+_]_._ t
3 5 7 ;

r

Full solution:

let R = (gt - wlr (1-t2)) _z_-i
v

LetVr:A+B(t +}-t3+£t5+£t7+..li..)

3 5 7
where A and B are functions of t.

if%w = B (1+t2+t4+t6+......)
t ‘

Substituting back into original equation gives us

then A'+B'(t+£t3+lt5+_1_t7+....)=O
3 5 7
ézvr = BrastZeh®s L) 4B 2trat3eotorst s vese)

. . -~ l; L . .
" hence - ‘312 - wzr(t-g_s) 12' + Db
B = 2 3 )
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Now A

I
h‘\')
>
o
ot

3 5 7

=—£_E £3+1t +_]_.‘t +1t9'|" ses e
w 3 15 35 63
i + W21‘3 t2 -1 t4-l t6 - Lta -1 tlo- T
v o2 6 45 140 315 .

' Hence full solution in the range -1 < t < 1 where t = cos ©

vr=a-wir3 £2+_§'4+36+£+1:10+....
) o 2 6 9 12 15

b - N

= . ﬂ

5 »
"Er_z_ Ea +1;_+i+ t9+ cseenseen
w 6 10 14 18
i !
- b t+£3+.1_:.5 +£7+1:_9+ t....oﬁ
3 5 7 9
— -

The values of a and b, the two constants of integration, may be found

once the boundary conditions are determined.

Boundary conditions (see pigure 5,1)
when © =a t=cosa =T (say)

then Vr =0

When @ = © t = COS. emil’l

min

then-gvr= o)

“hence b = =w2r [P+¥3 P°+ %4 p% 24 p7y. 1= 14 er?[rPepip0spts. . ]

1+ P2+ P4+ PO+ P8+ ,,]

=P (sa&)




Hence a=b{ T + 2? +
3

+ wzr3 12 +
Vv 2

'_This solution can be tested by taking the case where a = 90

i e the flat disc case.
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T (IO IR B S L + ..,
Y | 6

7

(4.

T L LS
6 9 1z 15

(¢}

for this case a = 0 as T = cos 900

Hence | v

for thin films b .£=-w2r3 P as terms P2 and greater —> 0
v
- w2r3- Pt - E?
bi g B 2
= w2r 5max . 5—_§_2
pr g 2

This ig of an identical

form to equation 5.3.8.
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‘DISCUSSIONS AND CONCLUSIONS OF THE EXPERIMENTAL WORK

6.1. The Averaged Film Thickness Results
6.2, The Continuous Film Thickness Regults
6.3. The Drop Size Distribution Results

6.4, Suggestions for Further Work
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6.1, The Averaged Film Thickness Results

Before an attempt was made to record the instantaneous film
i
thickness results it was felt that the light extinction technique should
be thoroughly tested by obtaining the time and position averaged film
thicknesses and comparing these with the results of other authors. To
obtain these results the signal from the silicon light cell was fed
into a data logging unit. This unit accepted the signal and integrated
it over 1/5(‘)1:11 sec, Thus the value recorded by the digital voltmeter,
which formed part of the data logger, represented the average value over
1/50th seq, during which time the disc travelled a finitg distance. The
system was slightly more complex as the liquid was also méving in two
orthogonal directions with respect to the cup., A distribution of
averaged film thickness results was obtained as thg film thicknesses
recorded were found to be a function of the orientation and position
of the waves as the disc traversed the probe a;ea. Time averaging of
an individual reading was inevitable, however, due to the relatively short

period over which the signal was integrated the time averaging effect

was not found to be predominant.

These results, Tables 1-8 inclusive, have been plotted in

the way described by Espig and Hoyle(a), that is the Modified Nusgselt

»

Parameter against Reynolds number, see Graph 1, This plot compares
favourably with the graphs obtained by Beardall(la) for film flow of
liquids down the external surface of a rotating "male" cone, Throughout
the whole of this work the liquid under test was mains water which
contained a nigrosine dye; no other liquids were used as it was felt

that this liquid exhibited the desired properties for the continqous

£ilm thickness experiments.
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These same results have been plotted in accordance with
‘Bruin's Theory, see Graph 2, Tables 1-8, In contrast with the work of
Nikolaev where the presented experimental work followed the theoretically
predicted curve clesely, this work contains considerable scatter. It
might be concluded that this work suffers from large experimental errors,
however it is equally possible that‘the obtained results cannot be
coﬁpared directly as they do not represent the same physical phenomenon.
The difference being that Nikolaev's data sﬁpposedly represents smooth
film flow on an infinite cone with no wave formations present whereas
the data presented in this investigation would certainly represent the

wavy filp flow conditions on a finite cup.

The results obtained using the optical technique were biased in
several ways., When waves were present on the cup the signal recorded by
the data logging unit was the average value corresponding to the area
'under the gignal/time curve. This average was taken as the linear average
of the sighal whereas the'average corresponding to the logarithm of the
signal should have been taken due to the exponential relationship
defined by the Lamﬁert-Beer Law. At least fifty of these so-called
average signal Qalues were taken from the data logging unit. The
arithmetic average of these readings was then found and transformed
into a film thickness. As in the case of the integrated signal recorded
by the data-loéging unit a more precise average film thickness value
would have been obtgined if each of the fifty or 80 readings was
transformed into a film thickness before the mean was found. However,
errors involved in averaging the signals from the data logger before
finding the rilm:thicknesses have been found to be ingignificant,

that is they are less than 1%.
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When helical waves were present on the cup, see Photograph 5,
the volumetric flowrate through these waves became important, With
reference to the photographs it can be seen that the large ligament has
been formed as a direct result of the helical wave on the cup. On
either side of this wave there appear to be regions of relatively smooth
film flow. Without detailed information regarding the volumetric
flowrate through such waves their effect on the relatively smooth flow
regions cannot be predicted. If, however, these waves are regarded as
areas operating at some known step change in volumetric flowrate and hence

thickness, their effect can be easily quantified. A simple calculation

shows that this error is relatively small.

The amount of scatter in.the experimental results shown in
Graph 1 and consequently Graph 2 is of interest. It is possible that
these average film thickness results contain a high degree of
linaccuracy inherent in the method used for their determination. This
should not be the case as this technique is capable of high accuracy
although the light extinction technique is normally used in precision
ingstruments such as spectrophotometers, Furthermore the control test,
that of base-line stability proved excellent, the base-line drift was
in the order of 1% or less. This indicates that the recorded scatter

was not solely a function of experimental error.

A number of explanations can be put forward to account for
this scatter, The first and most obvious of these is the modified
Nusselt theory is only applicabie for smooth unidi;ectional flow on
an infinite conical cup. Wave distributions would violate the.initial

assumptions on which this theory 1s based. If, however, the standard
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deviations of these distributions were found to be relatively small

there remainsg the possibility that the presence of these waves would

not violate the theoretical assumptions to such an extént that the
general theory should be discarded. The sgecond point that needs to be
emphasised is the modified Nusselt theory is only applicable to an
infinite system, one in which the liquid continues to fthin?! with
_1ncreasing radius. No account is made in this theory of the liquid
"capacitance" at the torus. Intuitively one may argue that for

modest volumetric flowrates per unit length of periphery the effect

of the torus will be to retard the incoming liquid. The overall effect
being a thickenlng of the film in the wvicinity of the torus. Whether
this thickening could be traced back from the periphery of the cup to

the weir that distributes the liquid onto the cup i1s highly debatable.
Certainly it is a possibility. Some Justification for this proposed
thickening exists. If Fig 2.3 is examined it'can be seen that for small
’distances from the 1lip of the cup the magnifude of the surface meridional
velocity component is extremely small. Indeed if these values are
extrapolated to the 1lip itself the estiﬁated surface meridional velocity
would be #ero. Obviously this is uniikely as'the system was operated

at constant volumetric flowrate. The most plausible explanation of this
result is the method of estimating the surface velocity was not sufficiently
accurate to detect.these low velocities. None the 1939 in the vicinity éf
the lip the gurface meridional velocity has been found to be much lower
than the theoretical value at the q?evailing operating conditions.

‘These experiments were conducted in the transient direct-drop/ligament
ré&ime, for the sheet ré%ime the_same conditions of hold-up would not

apply presumably.
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Considering the environment in which the film thicknesses were
measured, that is one containing a large number of airborne droplets,
there must have been a real risk of droplets of the dyed liquid
impinging on the light cell and artificially affecting the results
obtained, Little could be done about this possibility as by necessity
the air gap between the moving film and the light cell had to be
maintaineq g0 as not to affect the film flow itself. Observation of
the light cell showed little if any contamination. As a result it was
concluded that this risk of droplet impaction on to the light cell
surface although real, coﬁld be eliminated by careful inspection of the

probe surface after each experimental run.

6.2, The Continuous Film Thickness Results

‘After being satisfied that the‘optical technique accurately
recorded the time and position averaged film ;hicknesses it was then
‘necessary to determine whether the same apparatus could be usgsed to
monitor continuous film thicknesses. It soon became evident that
the 24 watt light bulb was inadequate as an image of the filament
was produced. This image was approximately 4 mm long and 1 mm wide
and so it was relgtively large compared with the waves which it was
supposed to scan. A laser was chosen as the replacement light source,
see Photograph 2, this laser produced a parallel light beam of
“approximately 1 mm diameter. Under the no liquid flow condition the
oﬁtput of the light cell, using the laser as the light_source, was

found to be extremely stable.
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An option was available on how to record the signal from the
light cell, It was decided to store this signal using the facilities of
an ultra-violet oscillograph as this enabled a rapid qualitative
assessmentlof the results to be made. To test the accuracy pf the output

a8 stored on the U.V, recorder some idea of the attenuation of the
galvanometers was necessary. To this end a small strip of blaék adhesive

tape was stuck on the underside of the conical section of one of the

- .

perspex discs such that it interrupted the light beam as it passed by
each revolution. The output on the U.V, recorder was then comﬁared

‘ with the width of the signal expected from a knowledge of the relative
sizes of the =trip and the efféctive diameter of the cup. It was

found that the attenuation wag insignificant, however, it was noted that
the strip of adhesive tape gave an excellent indication of the speed of
rotation of the disc and so it was retained for this purpose. Some
preliminary work using the U.V. recorder indicated the presence of small
waves immediately preceding the main waves. These waves had previously
_been noted when a photographic study of the wave formations had been

undertaken. The detection of these waves was therefore considered to

be further qualitative proof that attenuation was not a serious problem,

N\

Al
The continuous film thickness results have béen plotted and
o (100)

. found to fit the log-normal probability distribution law » These
results can be seen in Graphs 3-7 whilst the data is shown in Table 9.

As the instantaneous film thickness results closely fit the log-normal
probability distribution law it follows that there must be negligible -
periodicity in the region where these results were obtained. This is
compatible with the results of Telles and Dukler(;o;) and Hewitt et 31(102).

Telles and Dukler found that for all but the smallest Reynolds numbers
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the film is random in nature whilst the photographs of Hewitt et al
showed that no two waves are alike in the region furthest from the
entrance of an inclined plane, Although these authors conducted
their experiments on inclined planes their results would appear to be
applicable to the spinning cup case. Indeed at the distributor of the
spinning cup periodic waves were observed under stroboscopic lighting at
small flowrates thus providing additional confirmation that there is a
similarity between a spinning disc and an inclined plane. A further test
was made to ensure that there was no periodic wave motion over a large
proportion of the disc. The signal from the silicon light cell was fed
after amplification into a F.M, tape recorder. Sufficient data was collected
in order that a Fourier analysis could be made. This was done automatically
using aHewlett Packard Fourier Analyser. As there were no dominant peaks
it was concluded that the waves were in fact randomly distributed.

From Graphs 3~7 it is possible to determine the arithmetic mean
: andrstandard deviations .of these continuous film thickness distributions.
The mean values can be used to determine the modified Nusselt parameter,
the result of which can be seen in Graph 8. The results shown in this
graph are coenslstent with those obtained using the 24 watt light bulb,
that is the time and position averaged film thickness results.
Consequently, it was felt that these continuous film thickness results

-

were accurate, within the limits of experimental error.

. The gsecond parameter which together with the mean value completely
characterises the distribution is the standard deviation. The standard

deviation for a log normal probability distribution is expressed as the
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logarithm of the ratio of the film thicknesses at either the 50% and 16%
or the B4% and 50% probabilities'respectively. When this ratio is plotted
against the - modified film thickness parameter

.the resulting ., plot yields
a straight line relationship, see Graph 8. Qualitatively it can be seen
from this graph that for a given speed of rotation the ratio defined above
decreases with increasing liquid throughput. Thus the film becomes more
amooth as this group increases. As only oné liquid was used during this
investigation the effect of viscosity was not established. Intuitively
one would imagine that an increase in viscosify would decrease the

" amount of waviness on the cup. However this effect needs to be

investigated more fully.

.6.3. The Drop Size Disgtribution Results
| The drop size distribution results which were measured using

the charged wire drop sizer can be seen ih Graphs 11~-25, Tablés 11-25,

These results fit the log-normal probability distribution law quite closely,

except at the extreme ends of the distpibutions. Poasibly there is a case

‘for using the Upper Limit Distribution(loa) 80 that the coarse end of the

distribution could be defined more closely. However for most purposes the

log-normal probability distribution law adequately defines the spray using

two values only, the arithmetic mean and the standard deviation. If the

Upper Limit distribution law was used three values would have to be

defined to completely characterise the spray. In.addition, to-the arith-

metic mean and the standard deviation, the maximum drop size would also

be required.
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At low flowrates or high speeds of rotation the spray

| digtribution becomes bimodal (c¢.f. the Direct Drop Rééime). In fact

the transition from direct drop to ligament formation as predicted by
Figure 3.5 is not clearly defined, rather this transition seems to be
diffuse, A;l the distributions presented in this work should correspond
‘to the 11gament-rééime of atomizatioh, however photographic evidence.
indicates that direct-drop formation‘occurs coﬁcurrently with 1igament

fofmation - Photograph 4.

The transition from a bimodal distribution to a continuous
distribution h;s been plotted in Graph 26, All the values in this
graph were obtained using the 14,8 ¢m cup at 9.6 r.p.s. It can be
seen that the ratio of the means {that is the satellite to main drops)
increases with.incréasing volumetric flowrate until the distribution
becomes continuocus., At no time does the aritﬂmetic mean of the main
'dréps approach a constant value, This raises an interesting point,
The operating equations 3;5—1—4 predict the drop size at low volumetric
flowrates when the mode of atomization is supposedly in the Direct Drop
rékime. No mention of the volumetrié flowrate is given., This unwittingly
imp;ies that so long as the flowrates are small its effect on the
- atomization is also s@all. However, most clearly this is not always
the case (see Graph 27). Indeed this graph indicates the arithmetic
"mean drop size decreases with increasing volumetric flowrate. This
observation quélitatively sSubstantiates the théoretical work outlined in
Appendix 6-1. Of course, for a épinning cup atomizer operating in the
Direct DrOp rééime the number of atomization sites on the toruslis not -

congatant, nor is the-éingle droplet formation a steadyustafe proceés.
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This being so the volumetric flowrate into the stem of the embroyonié
droplets becomes indeterminant analytically. If this equation could be
applied to ligament formation the volumetric flowrate term could then be
equated to the overall volumetric flowrate and the spacing between the
ligaﬁents. Unfortunately this equation is only applicable to single
drop formation, see Figure 6.1,

The charged wire drop sizer waé calibrated using one of these
four coperating equations, Obviously as the volumetric flowrate has been
shown to affect the arithmetic mean drop size at otherwise constant
operating conditions then the credibility of using the cup in the Direct
Drop regime for primary calibration must be questioned. Quantitative
measurements taken from a high speed cine film (of which Photograph 3 is
an example) indicate that the operating equation was accurate within + 16%.
This however may have been entirely fortuitous, None the less the results
describe the transitions adequately even if there is some doubt as to the

precise numerical value of these measurements.

6.4. Conclusions

Neither the modified Nusselt theory nor the Nikolaev/Bruin theories

totally describe the smooth film flow of a liquid on a rotating cup except
e (e ?
when the dimensionless film thickness parameter (I or 5 = - )
max max \v

is extremely small. This infers that deviations from the Nusselt, and
similar models, occur when the dimensionless thickness parameter can no
longer be considered small, This has been verified experimentally using
the model described in Section §,7, namely the three dimensional solutim
of a modified form of the Navier Stokes equation. It can bhe seen that the
experimental data presented in Graph 1 lies between the operating band

used during these investigations,  This indicates that the three dimensional

solution more nearly represents the fluid motion on a spinning cup, even
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though in practice the results were obtained when wavy flow was present.

The continuous film thickness distributions were found to fit the log
normal probability law quite closely. This, coupled with the fact that
no dominant peaks ﬁere found when a Fourier analysis was made of the
film thickness distribution leads to the conclusion that there is no
periodic tendency when the film thickness is investigated at some
distance from the liquid distributor.

The standard deviations of the continucus film thickness distribution
decrease with increase in modified Nusselt film thickness parameter. The
conclusion reached from this evidence is that as this thickness parameter
increases the film will become smoother until eventually the standard
deviation approaches zefo. This appears to occur in the regime whére
there is transition from ligament to sheet formation,

The drop size distribution results were also found to fit the log
normal probability law when the distribution was continuous. Bimodal
distributions were also found and it would seem from the scant evidence
available that the continuous distribution was only obtained once the mode
of atomisation was entirely that of ligament formation.

The standard deviations obtained from the drop size distribution data
indicate that as the volumetric flowrate of the liquid to be atomized
increases under otherwise constant conditions, the standard deviation of
the size distribution also increases even though the d50 drop size remains
essentially constant, Consequently as the standard deviation of the drop
size distribution increases whilst the standard deviation of the film
thickness distribution decreases it must be concluded that there is no
direct correlation between the iﬁpaction of the waves into the liquid

torus and the spread in the drop size distribution,
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Suggestions for Further Work

The influence of viscosity on the amount of waviness on the liquid
film surface should be investigated,

The apparent periodicity of the surface waves, observed visually
usiné stroboscopic lighting, in the region of the weir distributor
should be examined to see if indeed these waves are periodic,

An attempt should be made to find the steady state solution of the
equations of motion, The most promising approaches would seem to
be that of solving the equations as outlined in Chapter 5 (Sections
5, 6, 7). Hoﬁefully small perturbations might then be introduced
into these solutions in order that a periodic solution might be
found. ’
Using correlation techniques the waviness in the vicinity of the
lip of the cup should be monitored along with the signal from the
pulse height analyser, that is the signal due to the spray, thereby
determining whether there is any direct correlation between these
two events.

The approach, as outlined in Appendix 6-1, should be considered
more deeply as this might well explain what is happening in the
direct drop regime,

The transition from the bimodal to the continuous distribution

should bhe quantified by observing this occurence at other speeds

of rotation and also by using different discs,
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Appendix 6-1

For single droblet formation, that is where there is no jet
formation, the mechanism of drop formation may be considered using the
following simple model. Consider the forces acting on the liquid torus.

These may be listed as follows:

1. force.due to the addition of mass into the droplet
2. force due to the excess pressure
3. force due to surface tension

4, centrifugal force due to the cup's rotation,

Applying Newton's second law of motion (see Fig 6-1) the rate

of change of momentum may be equated as follows:

d(mv) vydm = mdy _ mﬁ?

¥
Tat = ettt oat T 4t

(?1'9) - ‘J'l:dz

(104, 105)

It has been shown that:

2
Ay _Vdn _ -da’p; | 171 g
at at = iz a2

_ 1

and mdv qgiel1d?R
at = 6

PR

Hence the diameter of the resultant droplet may be found from
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- where q = volumetric flowrate into each undetached droplet

d = diameter of the droplet

d_= diameter of. the stem

¢ ='velocity of the incoming mass into the undetached droplet

= internal pressure of droplet

P = external pressure of continuous phase.

For the case where the volumetric¢ flowrate term is extremely

small and the b’/dl t‘er_m is large compared with ¥, then the operating

equation proves to be similar to equations 3.5 1-4 namely:

[+%
1§
B

Y
m (O R
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. NOMENCLATURE

Symbol Units  Eqn.
a area of capacitor : m 2.1.1.
a extent of liquid from the lip of the cup " em 3.6.4.
a a constant ' - 3.5.12.
a _a constant o : 5.3.9.
A a constant ' - ‘ - 5.7.7.
b  the reservoir depth
b a constant | 3.5.12.
b a constant 5.3.9.
.B a constant : . 5.7.7.
c a constant 3.5.12.
e . the capacitance of a parallel plate
capacitor farads 2.1.1.
c constant (subseript 1,2,3,4,5) ' 3.2.2-3
d a constant ; - 3.5.12.
d droplet diameter | _ cm. 3.5.1.
D - the spinning disc diameter B "' © o cm. 3.1.1.
D \Athe hydraulic diameter ' em. 3.1.10.
f .. the dimensionless velocity I : _ © 0 3,2.2-3-6

(subseript £, @, &)
f(6) a function of 6 ‘ : ‘ 5.5.1,
F a functiqn'of f(e)‘ - ' e R "5.5.3.

F -a function of © ' . _ 5.7.1.



Symbol : Units Eqn.

B gravitational force constant cm, sec
G a function of © 5.7.1.
h metrical coefficient (subscripts 1,2,3
“and 1, 8, §) | , 5.1.3.
H a function of 6 ' . 5.7.1.
i unit vector (subscripts 1,2,3 and r,0,¥) 5.1.2.
- I Bessel Function (subscripts 1 and 0)
I the dimensionless film thickness ' 5.7.5.
k - wave number : o , 3.6.13,
K a constant 3.5.12.
| the length from the apex of the cone to any'
point on the cone ' 3.2.6,
L. the dimensionless length from the apex of the
cone to any point on the cone - 3.2,6,
m- the mass of a droplet . Co o - . Appendix
' - < 61
n the rotational speed : : sec-1 3.5.1.
* '
No the modified Nusselt film thickness

parameter



Symbol " ‘ C ‘ Units Eqn..

: dynes/

o) pressure ) ‘3.1.1.
P dimensionless pressure : . 3.2.14,
q the Rosin Rammler distribution constant 3.5.8.
q growth rate : : 3.7.1,
q - invariant co-ordinate (subscript 1,2,3) 5.2.6.
Q volumepric flowrate: | - cefseec. 3.1.10.
r . radial co-ordinate 5.2.8,
r the radius from the centreline of the cone

to any point normal to that centreline ‘ 3.2.6.
r the radius of a droplet (subscript d) ‘ 3.5.15
R the radius of a spinning disc ' : cm. 3.5.13.
R the dimensionless radius - 3.2.3.
R the Rosin Rammler distribution variable ' 3.5.8.
t .  the distance between the plates of a parallel

" plate capacitor m 2.1.1,

t time - - sec. -3.1.1.
t a variable equivalent to cos. 8 +5,3.9,
T the mass flowrate per wit length of gm/

periphery (cn-sec) 3.5.6.

' ] dynes/ -

T surface tension ' em? -3.7.3.
u - velocity ‘ | ' : "~ cm/sec  3.1.3.

U dimensionless velocity : ' 3.2.11,



Symbo1l ' . Units Eqn.
v velocity | em/sec  3.1.1.
v dimensionless velocity 3.2,12
W angular velocity : radians/ 3.2.6.
sec
W ~-dimensionless velocity 3.2,.13.
W angular velocity | “radians/ 3.2.1.
sec.
x ‘the‘displacement due to the inclination
of a parallel plate capacitor _ m 2.1.3
y the thickness of a water layer between the
plates of a capacitor - m 2.1.4.,
¥ rectangular co-ordinate - 3.1.3.
Z rectangular co-ordinate 3.1.3.
g ~ the number of ligaments from a spinning
- disec. - 3.6.1.



o

Units Eqn.

the half cup angle | | radians 3.2,3,
a constant 5.7.7.
.the dimensionless film thickness 3.2.2,
“surface tension gzgeél 3.6.4.
the film thigkness | cm 3.1.6.
amplitude of a disturbance 3.7.1.
the disturbance function at the free

éurfaqe of the liquid torus 3f6'10'
angle that inclined plane subtends with

the horizontal radians .3.1.3.
Spherica; co-ordinate

wavelength, Rayleigh instability:theory‘ 3.7.1.
viscosity

kinematic viscosity | : | nglsec 3.1.1.
dénsity- | | o ' gm/cc | 3.1.1,
surface tension 2z§es/ 3.3.3.
surface déformétion function 3.1.15.
azimuthal co-ordinate ;

the scalar in the potential flow equatiqn 5.6.1.
stream functiqnl‘ 5.2.4.

gravitational force scalar
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TABLE 1

D = 11.9 ¢m. ¢ = 1,073 rads v = 1,04 cP ¢ = 1.0 gm/cc
REYNOLD'S SPEED OF FILM MODIFIED BRUIN'S BRUIN'S
NUMBER ROTATION | THICKNESS | NUSSELT THICKNESS | INTEGRAL
R.P.S. | CM. PARAMETER PARAMETER | PARAMETER
155 6.9 .0107 4.74 . 704 .322
8.1 .0098 4.83 .70 .3
8.9 .0092 4.84 675 .276
9.9 .0082 4.66 645 .267
11.0 .0078 4,77 645 .248
12.1 .0072 4.67 .629 .237
212 6.9 .0149 6.60 .98 b
8.1 ,0129 6.40 .92 41
8.9 .0120 6.35 91 .38
9.9 L0111 6.32 .88 .37
11.0 .0104 6.35 .86 .34
12.1 .0095 - 6.20 .83 .32
397 6.9 .0167 7.40 1.1 .825
8.1 L0144 7.15 1.03 77
'8.9 .0131 6.94 .99 .71
f 9.9 0123 7.00 .97 .68
11.0 .0113 6.90 .94 .64
12.1 .0105 6.85 .91 .61




TABLE 2

D = 11.0 cm. a = 1.1 rads v = 1,01 cP @ = 1.0 gm/cc

REYNOLD'S | SPEED OF FILIEI MODIFIED BRUIN'S 'BRUIN'S
NUMBER ROTATION THICKNESS NUSSELT THICKNESS INTEGRAL
R.P.S. CM. PARAMETER PARAMETER PARAMETER

268 6.9 .0134 '5.92 .878 1.17

8.1 .0119" 5.87 .845 1.07

8.9 0111 5.82 .822 1.01

9.9 .0099 5.59 T4 .95

11.0 .0090 5.45 741 .90

12.1 .0086 5.59 746 .86

312 6.9 L0154 - 6.79 1.01 1.36

8.1 - .0136 6.70 .97 1.24

8.9 .0127 6.70 .95 1.18

9.9 L0117 6.63 .92 1.11

11.0 .0108 6.55 .89 1.05

12.1 .0100 6.50 .87 1.00

325 6.9 .0154 6.80 1.01 1.41

8.1 .0139 6.83 .98 1.3

8.9 .0131 6.90 .95 1.22

9.9 .0115 6.51 .90 1.15

11.0 .0108 6.55 .89 1.09

12.1 .0100 6.45 .86 1.04




TABLE 3

D = 11.0cm. « 1.1 rads = 1,01 cP ¢ = 1.0 gm/cc

REYNOLD'S SPEED OF FILM MODIFIED ' { BRUIN'S BRUIN'S
NUMBER ROTATION THICKNESS NUSSELT THICKNESS INTEGRAL

R.P.S. CH. PARAMETER | PARAMETER | PARAMETER

363 6.9 0173 7.65 1.13 1.57

| 8.1 .0152 7.50 1.08 1.44

8.9 .0141 7.41 1.05 1.37

9.9 .0128 7.21 1.00 1.29

11.0 .0117 7.12 .97 1.22

12.1 .0108 7.01 .94 1.16

439 6.9 .0183 8.10 1.20 1.91

8.1 .0166 8,17 1.18 1.74

8.9 .0151 7.96 1.12 1.66

9.9 .0141 7.98 1.11 1.34

11.0 .0128 7.76 1.06 1.28

12,1 0119 7,69 1.03 1.40




TABLE 4

D = 10.0 cm. a = 1.1 rads vV = 1,01 eP e '= 1,0 gm/ce
REYN_OLD'S SPEED OF FILM MODIFIED BRilIN'S BRUIN'S
NUMBER ROTATION | THICKNESS | NUSSELT THICKNESS | INTEGRAL
R.P.S. CM. PARAMETER PARAMETER PARAMETER
325 6.9 .0174 7.4 1.14 1.01
8.1 .0155 7.36 1.10 . 0.92
8.9 .0143 7.25 1.06 0.87
9.9 .0129 7.04 1.01 0.82
11.0 .0121 7.09 1.00 0.78
12.1 .0112 7.00 0.97 0.74
388 6.9 .0192 8.15 1.26 1.25
8.1 .0174 8.26 1.23 1.14
8.9 .0163 8.25 1.21 1.08
9.9 .0152 8.29 1.19 1.02
11.0 - .0139 8.15 1.15 0.96
12.1 .0130 8.13 1.13 0.91
514 6.9 .0220 9.35 1.44 1.66
8.1 .0200 9.5 1.42 1.51
8.9 .0190 9.61 1.41 1.43
9.9 .0177 9.65 1.39 1.34
11.0 .0167 9.78 |  1.38 1.27
12.1 .0157 9.8 1.37 1.21




TABLE 5

e = 1.0 gm/ce

D = 10.0 em ¢ = 1.1 rdds v = 1.04 ¢P

REYNOLD'S SPEED OF FILM MODIFIED BRUIN'S BRUIN'S

NUMBER ROTATION | THICKNESS | NUSSELT THICKNESS { INTEGRAL
R.P.S. - CM. PARAMETER PARAMETER PARAMETER

143 7.8 .0113 5.22 0.73 0.47

8.6 .0103 5.09 0.72 0.42

9.6 .0096 5.12 0.70 0.40

10.5 0090 5.09 0.69 0.38

11,4 . 0085 5.10 0.69 0.36

12.1 .0079 5.18 0.68 0.34

184 7.8 .0115 5.31 0.74 0.60

8.6 .0102 5.03 0.71 0.55

9.6 . 0095 5.08 0.70 0.52

10.5 - .0090 5.09 0.70 0.49

11.4 .0084 5.03 0.69 0.46

12.1 .0078 5,09 0.67 0.44

285 7.8 .0126 5.85. 0.81 0.94

8.6 L0114 5.63 0,80 0.85

9.6 .0108 5.76 0.79 0.80

10.5 0098 5.54 0.76 0.76

11.4 .0092 5.52 0.75 0.72

12.1 .0086 5.61 0.74 0.68




TABLE 6

D = 10.0 cm o 1.1 rads v = 1.,03¢P 4 1.0 gm/cc

REYNOLD'S | SPEED OF FILM MODIFIED BRUIN'S BRUIN'S

NUMBER ROTATION { THICKNESS | NUSSELT THICKNESS | INTEGRAL

R.P.S. CM. PARAMETER PARAMETER PARAMETER

138 7.8 .0100 4.21 .69 42

' 8.6 .0092 4.32 .67 .39

9.6 .0087 4.37 .66 .37

10.5 .0080 4.32 .64 .35

11.4 .0075 4,35 .62 .34

12.1 .0069 4.28 .61 .32

227 7.8 0124 5.21 .86 .69

8.6 0114 5.36 .83 .65

9.6 .0105 5.28 .80 .61

10.5 .0098 5.29 .78 .58

11.4 .0092 5.34 77 .55

12.1 .0085 5.27 .75 .52

- 288 7.8 .0137 5.75 .95 .87

8.6 0125 5.88 91 .82

9.6 .0115 5.78 .88 .77

10.5 .0105 5.68 .84 74

11.4 .0099 5.75 .83 71

12.1 .0091 5.64 .81 .66

308 7.8 ~.0139 5.85 .96 .93

' 8.6 .0127 5.96 .92 .88

9.6 .0123 6.19 .94 .83

10.5 L0112 . 6.05 .90 .79

11.4 .0104 6.04 . .87 .76

C12.1 .0099 6.14" .87 .71




TABLE 7.

D = 14.0 cm. a 1.1 rads v = 1,05 cP ¢ = 1.0 gm/ce

REYNOLD'S | SPEED OF | FILM MODIFIED | BRUIN'S BRUIN'S
NUMBER ROTATION | THICKNESS | NUSSELT THICKNESS | INTEGRAL
| R.P.S. M. PARAMETER | PARAMETER | PARAMETER

65 7.8 .0079 4.02 .54 14

' 8.6 .0076 4.10 .54 .13

9.6 .0073 - 4.28 .55 .13

10.5 .0070 4.23 .55 12

11.4 .0068 4,44 .56 12

12.1 .0063 4.38 .55 11

77 7.8 .0077 3,92 .53 .17

8.6 .0073 3.97 .52 .16

9.6 .0073 4,28 .55 .15

10.5 .0066 4.00 .52 .14

11.4 . 0062 4,09 .51 14

12.1 0061 4,24 - .54 .13

103 7.8 .0091 4,63 .62 .22

8.6 .0081 4,40 .58 .21

9.6 0077 4,51 .58 .20

' 10.5 .0071 4,30 .56 .19

11.4 0066 4,35 .55 .18

12.1 .0062 4,27 .54 .17

159 7.8 .0100 5.09 .68 .34

8.6 .0091 4,95 .65 .33

9.6 .0085 . 4.93 .67 .31

10.5 .0079 4,78 .63 .29

11.4 0074 4.87 .63 .28

12.1 .0071 4.93 .62 .26




TABLE 8

D = 140 cm. o 1.1 rads v = 1,05 cP ¢= 1.0 gm/ce

REYNOLD'S SPEED OF FILM MODIFIED BRUIN'S BRUIN'S
NUMBER ROTATION THICKNESS NUSSELT THICKNESS INTEGRAL
R.P.S. CM. PARAMETER | PARAMETER | PARAMETER

173 7.8 ,0103 5,21 .70 .37

8.6 .0096 5,22 .69 .36

9.6 .0088 5.16 .66 .34

10.5 .0083 5.03 .66 .32

11.4 .0076 5.01 .63 .31

12.1 .0073 5.07 .64 .29

256 7.8 .0128 6.52 .88 .55
8.6 .0120 6.53 .86 .53

9.6 .0113 6.61 .86 .49

10.5 .0105 6.35 .83 .47

11.4 .0098 6.46 .81 .45

12.1 .0093 6.45 .82 .42

292 7.8 .0133 6.75 .91 .61

| 8.6 .0123 . 6.70 .88 .58

9.6 .0114 6.68 .87 .54

10.5 .0106 6.41 .84 .52

11.4 .0097 6.39 .80 .50

12.1 .0089 6.18 .78 47




TABLE 9
‘D = 82cm  a = 1.1 rads v = 0.996 cP P = 1.0 gn/ec
A ]
7.8 R.P.S. 9.1 R.P.S. 12.4 R.P.S. 7.8 R.P.S. 11.5 R.P.S.

FILM CUMULATIVE | FILM CUMULATIVE | FIIM CUMULATIVE | FILM CUMULATIVE | FILM CUMULATIVE

THICKNESS 7 THICKNESS 7 THICKNESS 7 THICKNESS 7 THICKNESS 7
.0272 1.57 .0280 .327 .0166 6.6 .0166 5.45 .0109 9.5
.0266 2.74 .0276 .65 .0162 14.8 .0161 8.05 .0104 14.2
.0258 5.3 .0271 1.96 .0157 28.4 ,0155 14.6 .0098 21.0
.0252 12.4 0261 3.59 .0149 48.8 .0149 25.7 .0093 31.6
0241 21.4 .0253 9.8 .0140 66.2 .0144 37.9 .0087 46.7
.0238 34.1 .0244 16.7 .0134 84.4 .0137 50.4 .0082 61.0
0234 55.1 .0234 28.1 .0125 94.2 .0133 61.6 .0076 76.5
.0222 72.3 .0225 44,7 .0128 71.7 -
.0220 83.7 .0217 65.4 .0123 1 79.5
0212 93.8 .0209 80.0 .0118 85.7
.0207 99.1 .0200 90.8
.0200 99.5 .0192 94.1

' .
REYNOLD'S 899 898 890 375 200

NUMBER -




TABLE 10

D = 82cm. o = Llrads v = 0.99%cP ¢ = 1.0 gn/cc.
| | \
- -ARITHMETIC MEAN STARDARD MODIF IED NUSSELT REYNOLD'S
FILM THICKNESS DEVIATION PARAMETER : NUMBER
.0086 0.0736 5.1 200
.0136 0.0531 - 5.91 375
.0148 0.0414 8.9 890
.0222 0.0374 10.75 898
.0240 0.0253 | 10.42 899




TABLE 11  (Graph 11) o o - TABIE 12 (Graph 12)
FLOWRATE = 1010 gm/min. ' : 'FLOWRATE = 1140 gm/min.
SPEED OF ROTATION = 8.6 R.P.S. : SPEED OF ROTATION = 9.6 R.P.S.
DISC DIAMETER = '5.82 inch dia. DISC DIAMETER = 5.82 inch dia.

SURFACE TENSION

~ 67.4 dynes/cm, SURFACE TENSION 67.4 dynes/cm,

5

DROP SIZE CUMULATIVE FRACTION DROP SIZE CUMULATIVE FRACTION

@ BY NUMBER pm . BY NUMBER
640 ' .0027 -~ 640 .0062
740 . 1044 _ 740 ' .1498
840 .3036 840 . 3604
920 .4528 ' 920 E 5147
990 .5613 990 .6337
1040 : .6498 1040 .7288
1110 C L7246 ' 1110 : .7991
1150 , .7912 . 1150 : .8491
- 1205 .8456 1205 © .8832
1240 .8844 ' 1240 .9079
1300 .9099 1300 9254
1340 .9299 1340 .9408
1380 ' <9449 : 1380 .9529
1420 9574 : : 1420 .9628
1450 .9669 1450 .9715

Mean Drop Diameter = 950 ym R © Mean Drop Diameter = 920 um

d : d

329 (main) = 1.25 22 {(main) = 1.27

16 , ' %16



" TABLE 13  (Graph 13) o - TABLE 14  (Graph 14)
~ FLOWRATE = 1190 gw/min. FLOWRATE = 440 gn/min
' SPEED OF ROTATION = 10.5 R.P.S. ' * SPEED OF ROTATION = 7.8 R.P.S.
DISC DIAMETER = 5.82 inch dia. DISC DIAMETER ' = 5.8.inch dia,
SURFACE TENSION = 67.4 dynes/cm. _ - SURFACE TENSION = 63.7 dynes/cm.
DROP SIZE - CUMULATIVE FRACTION DROP SIZE CUMULATIVE FRACTION
pm BY NUMBER pm BY NUMBER
640 .0112 635 .052
740 «1777 740 ‘ .218
840 L4070 " 840 .325
920 .5709 . 910 .382
990 .6910 ' 990 .418
1040 . .7710 ' 1040 LA45
1110 . .8260 1100 .483
1150 . 8661 1140 .350
1205 .895 . 1200 : .651
1240 o .917 . 1240 .763
1300 934 - 1300 . .864
1340 .9486 1320 .928
1380 .9590
izgg :ggz; Mean Drop Diameter = 1180 um
d
: _ - 750 . _
Mean Drop Diameter = 880 yum | _ ' T-f]; (main) = 1.09
d - - . ! b . . -
'522 (main) = 1.31 | : Satellite Drop Diameter = 800 um
16 ' : ' d5 (satellite)
d (main) *

50



' TABLE 15 (Graph 15) TABLE 16 (Graph 16)
' FLOW RATE = 513 gm/min. FLOW RATE = 390 gm/min.
' SPEED OF ROTATION = 7.8 R.P.S. * SPEED OF ROTATION = 9.6 R.P.S.

DISC DIAMETER
SURFACE TENSION

5.82inch dia.
63.7 dynes/cm.

DISC DIAMETER 5.82inch dia.
SURFACE TENSION = 63,7 dynes/cm.

n

DROP SIZE CUMULATIVE FRACTION DROP. SIZE CUMULATIVE FRACTION
Hm BY NUMBER pm BY NUMBER
740 043 635 .0005
840 194 740 .066
910 .318 840 .238
990 407 910 «337

. 1040 474 990 . 405
- 1100 .525 1040 .512
1140 .572 1100 .686
1200 .620 1140 . 845
1240 .674 1200 .932
1300 .730
1320 795 , .
1380 .849 Mean Drop Diameter = 1040 um
1430 .887
dso
. i (main) = 1.1
Mean Drop Diameter = 1190 um 16
';é'q (main) = 1.18 Satellite Drop Diameter = 840 pm
16 d50 (satellite) _. 0.81
Satellite Drop Diameter = 940 um E;)- (main)
dSO | (satellite) )
. (main) +79

50




TABLE 17 (Graph 17) o o : TABLE 18  (Graph 18)

FLOW RATE = 520 gm/min. _ h - FLOWRATE = 640 gm/min.
SPEED OF ROTATION = 9.6 R.P.S. "~ SPEED OF ROTATION = 9.6 R.P.S.
DISC DIAMETER = 5.8linch dia. DISC DIAMETER = 5,82inch dia.

SURFACE TENSION = 63.7 dynes/cm. | SURFACE TENSION = = 63.7 dynes/cm.
DROP SIZE CUMULATIVE FRACTION DROP. SIZE " CUMULATIVE FRACTION
m | BY NUMBER ym BY NUMBER
635 ' .012 ' ' 635 .001
740 134 _ 740 052
840 .310 840 .252
910 435 910 .40%

990 .542 . 990 521
1040 651 1040 .641
1100 .755 1100 . 765
1140 .833 1140 .861
1200 .880 1200 ' .922

‘Mean Drop Diameter = 1010 ym o Mean Drop Diameter = 1000 um
4 o - d..
22 (main) = 1.15 o 2 (main) = 1.12
16 . _ 16 ‘
Satellite Drop Diameter = 840 um Satellite Drop Diameter = 860 um

529 (satellite) _ 0.83 i o | Eég (satellite) 0.86 -

dsq (main) - dsq (main)



TABLE 19  (Graph 19) s  TABLE 20  (Graph 20)
 FLOWRATE = 890 gn/min. , o FLOWRATE = 1240 gm/min.
SPEED OF ROTATION = 9.6 R.P.S. | ~ SPEED OF ROTATION = 9.6 R.P.S.
DISC DIAMETER = 5.82inch dia. DISC DIAMETER ® 5.8linch dia.
- SURFACE TENSION = 63.7 dynes/cm. : SURFACE TENSION = 63.7 dynes/cm.
DROP SIZE 'CUMULATIVE FRACTION . DROP SIZE | CUMULATIVE FRACTION
m BY NUMBER ym ' BY NUMBER
740 .070 1 o 740 .089
840 .278 840 . .298
910 .439 910 = 462
990 , .556 990 - .582
1040 .662 1040 - .676
1100 _ .753 1100 751
1140 .833 1140 .810
1200 - .888 1200 _ .852
1240 .921 1240 .883
Mean Drop Diameter = 930 pm - o _ B Mean Drop Diameter = 950 um
. | w _
50 . _ _ o d
d (main) = 1.18 o 390 (main) = 1.23
16 - : d16
Satellite Drop Diameter = 910 um '
d50 (satellite) 0.93

-d_SE (main)



TABLE 21  (Graph 21) | o : ‘. TABLE 22  (Graph 22)
| FLOWRATE = 1350 gn/min. - . FLOWRATE = 630 go/min.
SPEED OF ROTATION = 9.6 R.P.S. E © SPEED OF ROTATION = 11.4 R.P.S.
“DISC DIAMETER = 5.81inch dia, ~ DISC DIAMETER 2 5.8inch dia.
SURFACE TENSION = 63.7 dynes/cm, ' - SURFACE TENSION = 63.7 dynes/cm.
DROP SIZE CUMULATIVE FRACTION DROP. SIZE CUMULATIVE FRACTION
um _ BY NUMBER | um ~ BY NUMBER
740 . .098 ' 740 .10
840 .310 840 348
910 ‘ 470 910 .553
990 .584 990 .755
1040 674 1040 .882
1100 743 - ' :
1140 .800
1200 .843 |
1240 874 Mean Drop Diameter = 900 pm
| - g, :
Mean Drop Diameter = 950 wum- . ' S (main) = 1,17
d
: ai’- ‘(main) = 1.26

16




TABLE 23

FLOWRATE

SPEED QF ROTATION
DISC DIAMETER
SURFACE ‘TENSION

(Graph 23)

740 gm/min.
11.4 R.P.S.
5.82inch dia.
63.7 dynes/cm,

TABLE 24

FLOWRATE

SPEED OF ROTATION
DISC DIAMETER
SURFACE TENSION

(Graph 24)

= 1500 gm/min
11.4 R.P.S.
5.8%inch dia.
63.7 dynes/cm.

.

1]

DROP SIZE CUMULATIVE FRACTION

pm © BY NUMBER
740 .103
840 .358
910 .578
990 .769

1040 .883

1100 .936

. Mean Drop Diameter = 895 um

ds0

46

(main)

= 1.16

DROP SIZE CUMULATIVE FRACTION
“um BY NUMBER
740 .182
840 .395
910 .345
990 .651
1040 .725
1100 .781
- 1140 .823
Mean Drop Diameter = 900 pm
d
22 (main) = 1.28

16




TABLE 25

FLOWRATE

SPEED OF ROTATION
DISC DIAMETER
SURFACE TENSION

(Graph 25)

= 1800 gm/min.
= 11.4 R.P.S.
= 5,8linch dia.
= 63.7 dynes/cm.

DROP SIZE CUMULATIVE FRACTION
um " BY NUMBER
740 .168
840 366
910 .512
990 .619
1040 .694
1100 .750
1140 794
Mean Drop Diameter = 910 um
d .
359 (main) = 1.26

16
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ADDENDUM

Page .8 -_" - Paragraph 3, add "(see sections 3.1 and 3.2)" at.the -l

B end of ihis paragfaph. L -
Page 18 - Eqn. 3.1.10. (i.e. based on the hydraulic dismeter).
"Page 31 Delete the word "experimentally" from the statement

before eqn. 3.5.2-

' Page 38 ‘ Eqn. 3.5.6. add "where the Sauter mean diameter
dev = Endsf End2“.
Page 47 . 3. " ,.... down of & liquid jet due to ss...™
: ' ‘ y o _
Page 49 . ' - ' Lagt paragraph, first sentence, delde "Chandrasekhar (64 Dn
Page 54 - Paragraph 2, add sentence at end of paragraph "As this

technique is sensitive to the eledtrostatic environment,
‘it is necessary to calibrate this drop sizer where it is
to be used". |
- Paragraph 3,_delete "oatchment area" insert "collision |
diameter", | ' | |
Page 57_. . ~ Paragraph 1, first sentence, add “‘see Fig. 4.3" at the
o - end of this sentence. ' . - ‘. |
\Page 62 - _ Paragraph 1, add WThe accuracy should be within + 54" at
_ | | end of paragraph. | o 7
" page 64 | } Last paragraph, second sentence, " «eees by placing ten
| nominal 90 volt dry cell ..., ™ | -
"‘Page 95  ' S .-Paragraph‘1,‘£irst sentencé, add asterisk (Table_1;8*)
B ~then add footnote "efjhere D in these tables refers to the

dismeter at which these results were obtained".



Page 95 _‘7 ' Paragraph 2, first sentence, delete "biased in

several ways" insert "potentially inaccurate in

two ways", ’

" Page 96 e . Paragraph 2, third sentence, delete "although"
‘ - ‘ ' ingert "as". |
Page 105;_j7_va f‘Appendix 6-1, delete "and mdv = ,...." insert

" “furthermore midv = ... "
- dt

Nomenclature T (units dynes/cm); K_(units dynes/cm)
and G'(units dynes/cm). | o
Table ;f add “5;82 inch éﬁp".

Tables é—B add ﬁ6,2 inch cup".

‘ v






