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Water drops at their bolling point were projected
through a steam atmosphere to strike a surface which was
varied in temperature from 300 to 900 degrees Fahrenheit,
A high-speed motion plcture study of the collision process
showed that, except at low surface temperatures, the drop
flattened out on lmpact and rebounded in a state of
oscillation., Measurements of the change in drop diameter
on-collision indicated that the amount of evaporation due
to heat transfer from the surface was extremely small except
when the drop extensively wetted the surface, Solution of
a mathematical model of the initial impact dynamics and
models of heat transfer through a vapour film beneath the
drop and by direct liquid-surface contact confirmed
experimental observations.
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INTRODUCTION

When a small 1liquld drop strikes a very hot surface
1t flattens out and bounces away again without wetting the
surface, During this impact the drop 1s separated from the
surface by a thin film of vapour which minimizes the transfer
of heat from the surface to the drop. As the temperature
1s lowered, depending on the surface conditions and the
lmpact velocity, the drop may break through this film and
wet the surface, Then the amount of heat transfer 1s much
greater,

This phenomencn is of 1lmportance in the analysis of
the problem of cooling very hot surfaces, a problem arising
in continuous casting and certain other metal working
processes, It 1s also of interest 1n mist flow cooling in
nuclear reactors where the possliblllity of burnout occurs,
In an Atomized Suspension Technique (25) reactor and other
spray systems 1t 1s of interest to know what occurs when
spray drops strike the walls. The phenomenomis also of some
importance in understanding basiec bolling phenomena.

Drops of approximately 1/2 millimeter in size were
projected with velocities of from 1 to 10 feet per second
at surfaces ranging in temperature from 300 to 800 degrees
Fahrenheit, The impact was photographed using a high-speed

motion camera. The drops were caught on rebound in a pan



f1lled with silicone oil, allowing a size comparison before
and after impact which in turn indicated the amount of heat

transfer that occurred.



SUMMARY

Ehe -study of'the impact of a small drop on a very
hot surface is of importance in the analysis of the problem
of cooling of very hot surfaces and is of some importance
in undérstanding basic bolling phenomena.

At the commencement of this study, the only work that
had been reported on this problem was the investigation;by
Savie (1,2) of the impact of large drops on a wetted surface,
where the surface tension of the drop was not an important
factor. An investigation by Wachters was reported in 1965
on the impact of 2 millimeter drops on a very hot surface.

In this study, water drops at their boiling point
were projected at a surface which was varled in temperature
from 300 to 900 degrees Fahrenheit. An original jtechnique
was develpped to project these drops, of diameter from 300
to 700 microns, at veloclities of from 1 to 10 feet per
second.

A high-speed motion picture study of the impact showed
that, except at low surface temperatures, the drop flattened
out on impact and rebounded in a state of oscillation. The
drops were caught on rebound in an oil;filled pan. A measure
of the drop dismtbter before and after collision allowed an
estimate of the amount of evaporation and therefore the
amount of heat transfer. A mathematical model of the initial
impact of the drop was proposed, golved, and compared with

experimental results. Two models of heat transfer were



proposed, one assuming the existence of a vapor film under
the drop and one assuming direct liguid-surface contact.

The results indicated that usually well over half
the Initial kinetic energy of the approaching drop appeared
as vibrational energy in the receding drop with a fraction
being lost in viscous dissipation. The model of the impact
dynamics was in reasonable agreement with experiment although
the actual radius of the drop in contact with the surface
grew more quickly to a lower ultimate value than was
predicted by the model.

The amount of heat transfer that occurred was found
to be virtually negligible unless the drop wetted the surface,
The models of the heat transfer process confirmed this
hypothesis. Wetting did not appear to occur with surface
temperatures over 550 degrees Fahrenheit and at lower
temperatures appeared to be controlled by surface conditions

at the point of impact.



Review of the Worg of Previous Investigators

Introduction

When a liquld at its bolllng polnt 1s heated on a
hot surface, bubbles of vapour will be generated at the
surface and will rise to the top of the ligquid, The
formation of bubbles in the liguid itself requires that
the ligaid be "superheated" to a temperature considerably
above 1its boiling polnt. It can be shown that the pressure
inside a bubble due to surface tension forces ls proportional
to the inverse of its radius., Therefore, a high vapour
pressure and consequently high degree of superheat is
necessary for bubble formation, However, there usually
exists on the surface a number of "ready-made" bubbles,
typically small amounts of gas trapped in roughness
depresslions in the surface, Nucleatlon will occur preferen-
tially at these sites because a lower degree of superheat
is required, This nucleation at an interface 1s referred
to as heterogeneous nucleatlon, Nucleation 1n the free
ligquid phase is referred to as homogeneous nucleation,

As the temperature of the surface 18 progressively

increased, the rate of heat transfer contlnues to increase,
as does the number of buﬁble generating sites. As the
surface temperature contlnues to lncrease it ls observed
that the bubbling phenomenon passes from one of discrete

bubbles to one more of vapour Jets as successive bubbles



coalesce, At a certain temperature, called the critical
heat-flux temperature, the rate of heat transfer begins
to decrease with increasing temperature. This 1s caused
by a layer of vapour which separates and insulates the
liquid from the surface, This layer of vapour 1ls at flrst
quite unstable, covering only small patches of the surface,
Formation of this vapour layer is periodic or oscillakery
in nature, a phenomensn which has been shown to arlse out
of the instabllity of vapour-jet up-flows and liguid
down-flows onto the surface (26), As the surface
temperature 1ls further increased progressively more of the
surface 1s covered by the vapour film, The rate of heat
transfer reaches a minimum at a surface temperature
where eaﬁeptially all the surface ls covered by this film,
with atbest only transitory contact between the liquid
and the surface, This temperature marks the beginning
of film bolling which is characterized by a stable fllm
with regular generation of vapour bubbles at the liquid-
vapour interface, Beyond this point the rate of heat
transfer lncreases with increasing surface temperature,

These three reglons of surface temperature are
called respectively the "nucleate”, "transition" and
"film" bolling regimes,

When a small drop at its bolling point collides
with a surface at a temperature above its bolling polnt,
the dynamics of the collision and the amount of vaporization

of the drop that occurs will depend on whether or not the



drop wets or sticks to the surface. If the drop wets )
the surface an appreciable amount of heat will be conducted
into the drop, possibly causing nucleate boiling. If

the drop does not wet the surface, such as occurs when the
surface temperatures is high, the amount of’heat‘transfer
is very small. The drop is then lnsulated from the surface
by a layer ofvvapour underneath, and the collision of the
drop with the.surface is elastlic, like the bounce of a

rubber ball,



A, Dynamics of Impact

Consider a liquid drop at its bolling polnt colliding

with a hot surface 1n an atmosphere of 1lts own vapour,

If it 1s spherical and is not vibrating on approach it

may be completely characterized by the definition of its
diameter and veloclty, and 1ts properties: surface tension,
viscosity, denslty and temperature. The dynamlcs of the
collislion will be determlined by the wilscous, surface and
inertial forces which act durlng the collision., If the
relative magnltude of these forces 1s the same for two
collisions then the physlcal appearance of the collisions
will be the same, differing only in tlme scale,

If the collislon is not influenced by surface
tenslon or viscous forces between the drop and the surface
in collision, then the relative magnitude of the inertial
and viscous forces affecting the collision may be charactér-
ized by the drop Reynolds Number, DYs. Similarly the rela-
tive magnitude of the inertlal and/ghrface tension forces
may be characterlized by the drop Weber Number,ﬁggzg .

When the drop does not wet the surface it spreads
out to form a disc shape. The disc shape then contracts,
thrusting a column of fluld up from its center, away from
the surface, The drop eventually leaves the surface as a
vertical elongated body. The liquld leaving the surface
first has a higher velocity than the later fluild so that

the column continues to elongate as 1t moves away from



the surface. The surface tenslon forces act to restore
the spherical shape and in so doclng set the drop into
violent vibration or may cause the drop to break into
several parts,

When the drop partlally wets the surface the.
rebound is irregular, If the drop completely wets the
surface 1t does not leave the surface except as spray
for@ed by violent nucleate bolling.

The first attempt at a mafhematical description
of the process of impact was made by Savic and Boult (1).
They assumed in thelr solutlon that the surface tension
forces were virtually negligible and could be neglected,

By assuming the top of the drop to be a section of a sphere
they were able to sqlve the laFlsce Equation for potential
flow of the drop 1iquid‘spreading on the surface, Generally,
the larger the Weber Number the more accurate thls solution
will be,

Experimentally, they were able to photograph the
impact of large drops wlth a surface‘using a high-speed
camera, In all cases the drop completely wetted the surface.
The agreement between the model and thelr resuits abpeared
reasonable,

According to their model the initial impact pressure
under the drop is extremely large. This arises from the
assumption that there 1s no vapour underneath the drop
and that the drop liquld meets no resistance until it

contacts the surface, In actual fact the dralnage of vapour
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out from underneath the drop wlll cause the drop to deform
slightly before 1t reaches the surface,

In a later paper Savie (2) made some allowance for
the effect of surface tenslon forces near the surface,
The-soiution was not however adequate for low Weber
Numbers where the influence of surface tension is very
important, When drops do not wet the surface, the
expansion of the surface under the ‘drop requires a signi-
ficant expenditure of energy, having a very significant
effect on the dynamics. This influence of surface tension
cannot be neglected,

In a2 more recent study, Wachters (6) photographed
the impact of 2 millimeter dlameter droplets dropped from
a capllléry, tube onto a heated metal surface., The dynamics
of the colllslion were studied using photography with a
stroboscoplic flash and with & single flash synchronized
with the fall of the drop.

The deformation of the drop was found to be too
complex for any form of mathematical descriptlon. The
partlal differentlal equatlions were formulated for
potentlal flows of the drop during collision, Allowing
the surface tension: effeét term to approach zero, 1t was
predicted that on initial contact the velocity with which
the liquld spreads on the surface would be very greats.
Since this was observed experlimentally at high Weber
Numbers, Wachters concluded that the model was reasonable

and that therefore the effect of viscoslty was of little
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importance, It followed that the density, surface tension
and diameter were alone sufficient to characterize the
collision. This 1s expected to be an even better approxi-
mation at lower velocltles because the ratio of the Weber
to the Reynolds Number,iindicating the relatlive magnltude
of the viscous forces ahd surface forces, decreased with
decreaslng veloclty.

Wachters found that the residence time of the
drop on the surface was approximated by the perilod of
the basic mode of a vibrating drop as glven by Rayleigh
(7) for small deformations. This was not a valid approach
as it assumed that the time of lmpact and rebound were
functions of the diameter,Adensity and surface tenslon
of the drop along, lndependent of the lmpact veloclity.

In fact, Wachtefs found that for a glven size of drop the
residence time on the surface decreased with increasing
impact veloclty.

Wachters found that the dolumn of fluld formed
when the drop leaves the surface breaks into a number of
smaller drops when the Weber Number exceeded 40.} He
found that when the Weber Npymber exceeded 80, a droplet
would break up on ilmpact. In thls case the small droplets
formed contlnued to travel away from the center of lmpact,
It is probable that these breakup. phenomena are not sglely
characterized by the Weber Number, The Weber Number will,
on the basis of the principle of dynamic similarity,

determine the ratio of any dimension to the diaméter of
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the drop, but the time scale of breakup processes wlll be
a function of absolute dlmenslons, Eor instance, if one
consliders the breakup of a laminar jet, the tlme scale
wlll be proportional to the diameter of the Jet to the
2/3 power (21). Consequently breakup phenomena will not
be characterized by the Weber Number alone but should

be a function of the lnitlal drop dlameter as well,
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B, Heat Transfer from the Surface to the Drop

The first recorded sclentific observations of a
drop resting on a surface in fil@ boillng were made by
Leidenfrost (5). He noted that the drop did not wet the
surface and that the vapourization time was comparatlvely
long. This 1s now known as the Leidenfrost Phenomenon.

Wachters (6) measured the heat transfer to drops
at thelr saturation temperature gsing a callbrated
heat-flux meter, The change in size and the increase 1n
drop temperature on impact were measured for drops at
temperatureshbéldeowithéir bolling point, but no measurements
of heat transfer were posslble because of the relatively
large effect of convectlve evaporation on the size and
temperature of the drop as it travelled away from the
surface,

Experimentally, Wachters found that the amount
of heat transferred was sufficient to evaporate only
about 1/10 of one percent of the mass of the drop when
the surface temperature was above 500 degrees Fahrenhelt,
With lower temperatures the amount of evaporation was
larger, apparently due to heat transfer by direct contact
between the drop and the surface,

A steady;state model for heat conductlon and
vapourization underneath the drop was presented, assumilng
the exlstence of a vapour fllm beneath the drop. It:iwas

assumed that vapour lnertla was negliglible, that the under-
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side of the drop was flat and that there was no interaction
between heat conduction and vapour flow, This model could
be solved if the force écross the film and the area of the
underside of the drop were known, This area was measured from
experimental photographs and the force across the film was
calculated from experimental measurements of the change of
position of the center of gravity of the fluld body with time,

The surface underneath the drop was assumed to be at
a constant temperature, An‘.analysls wherein heat 1s conducted
across a film of average calculated thickness for a time
equal to the period of vibration of the drop indicated that
the temperature drop in the surface was negligible in
comparison to the total temperature differences, independent
of the drop size, The calculated film thickness was found to
be very small early and late in the collision process.
This was caused by the fact that durlng the initial impact
and the final pushing off from the surface the area of
contact underneath the drop was small and the rate of change
of momentum of the drop was large. The results of this
analysis indicated an amount of evaporation less than that
measured experimentally but approaching it at high surface
temperatures, Thls deviation was explained as belng caused
by partial wetting of the surface by the drop.

This study was extended to spray cooling of a surface,
An examination of the model indicated that the relatlve
volume change of a drop due to evaporatlion on lmpact was

proportional to the inverse of the drop radius to the l/h
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power, at the same temperature and Weber Number., The thickness
of the vapour film was calculated for a 60 mlcron drop to be
very small such that surface roughness could be qulte signifi:
cant in 1ts effect. The amount of heat transfer to the spray
drops was found to be much larger than predicted by the
model, particularly for oxide coated surfaces, This was
explained as belng caused by wetting and by the lnaccuracy
of the results,

The vapourization of a drop sitting on a hot surface
has been thoroughly investigated (3,4). Of particular
interest 1s fhe analysls of the problem of heat conduction
and vapour flow underneath the drop. Gottfried (3), like
Wachters, assumed that viscous forces alone were lmportant in
determining the vapour flow, Gottfried's solution was nearly
the same as that of Wachters, It 1s, in this model, difficult
to reconclle the fact that a uniform film thilckness glves
rise to a parabollc pressure dlstribution underneath the
drop whereas the hydrodynamic pressure at the bottom of
the drop 1s uniform, Thils assumption may, however, be made
more accurate by the lnfluence of circulation inside the drop.

Baumelster, Hamill, Schwartz and Schoessow (4)
obtained a more exact solution in that they were able to
solve the problem without neglecting lnertlal effects on the
interaction between heat conduction and vapour flow, The
partial differentlal equatlions for heat transfer and flow
were transformed, using a similarity varlable analysls, into a
set of ordinary nonlinear differential equations. These

were solved using an analog computor. A correlatlon between
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two of the transformed variables allowed the combination of
the solutions of the separate equatlions for vapour flow and
for heat conduction, allowing the formulation of a single
equation giving the heat transfer coefficient as a function
of the radius of the underside of the drop and the force
across the vapour fllm, A uniform film thickness was
assumed, In this case, an analytical solution was not
possible unless heat transfer by radiation was neglected,
This was Justifiable in that with a surface temperature of
606 degrees Fahrenhelt the amount of heat transfer by
radlation was ca2lculated to be less than 5 percent of the
total.

In a later study,Baumelster and Hamill (27) indicated
~that the inertia of the vapour flowing underneath the drop
was neglligible in its effect.

Savie {2) examined the problem of nucleate bolling
within cold drops during impact. The drops were in the
order of 1/10 inches in dlameter,

Both Savic and Wachters assume that bubbles breaking
through the top of a cold drop are responsible for the
atomization which they cobserved to occur, Subcooled
nucleate bolling may produce Iintense ultrasonlc vibrations
wlth the implosion of vapour bubbles, This could be responsilble
for this phenomenon.

Of particuiiar interest in the problem of heat
transfer to the drop is the posslbility of contact between
the drop liguld and the surface, The work of Bankoff and
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Mehra (8) and of Bradfield (9) indicates that liquid-solid
contact may occur even when the surface temperature 1is
well above the normal boiling point of the liquid, Bankoff
and Mehra proposed that such contact was the principal
means whereby heat was transferred from the surface to the
liquid in the transition bvoiling regime. Bradfleld photo-
graphed, from the side, drops sitting on a surface, and
found that such contact occurs with water drops resting

on a roughened surface as hot as 600 degrees Fahrenheit.

A calculation of the interface temperature indlcates that
the 1liquid will be heated to nearly thls temperature. It
is generally recognized that a liquid may be heated to
well above its normal boiling point in the absence of a
nucleation site, The work of Hooper (10) indicates that a
delay time of several milliseconds may be required for
homogeneous (1liquid phase) nucleation to occur. This may
also be a factor 1n stablilizing such contact.

Bradfield indicated that this wetting was enhanced
and stabllized by the addition of partlcles to the liquid
or by roughening the surface, but no adequate explanation
was provided,

The work of Burge (11) and Navick (12) on heat
transfer from impinging liquid metal sprays indlcates an
amount of heat transfer so large such that i1t could only
occur by direct contact between the sprayed liquild and the
surface, No attempt was made to examline the phenomena of

Impact., With no bolling occurting, the phenomenon is quite different



Mathematical Model of the Drop

Collision and Heat Transfér Process

An approximate model of the drop lmpact and heat
transfer process was formulated to determine the general
effect of wvarlous factors on the heat transfer process.

The model of the deformation and flow of llquid
at the surface was proposed on the basls of photographic
records of the actftal phenomena at medium to high impact
veloclities in cases where the drop does not appear to wet
the surface,

The equations arising from the model were analysed
on a digital computer, ylelding an estimate of the variation
with time of the silze of the bottom of the drop in contact
with the surface and the variation wlth time of the force
across the vapour film underneath the drop (Appendix L).
Using thlis information, assuming that the underside of the
drop was flat, it was possible to compute the approximate
amount of heat transfer during the impact process (Table III,
vI).

The model proposes that when the approaching drop
strikes the surface, the displaced liquid moves radially
away from the center of impact. The displaced liquid was
assumed to form & circular tablet of uniform thickness with
an edge of circular cross section. . The colliding drop was
assumed to remain spherical above the top of the tablet

18
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(Fig. 1, 2). Approximate energy and volume balances ylelded

equations which described the shape of the tablet as a function

of time, A calculation of the rate of change of momentum

with time in the direction normal to the surface ylelded an

estimate of the force across the vapour film,



20
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Figure 2

: This photograph, taken with a high

speed camera, illustrates the impact and:

- . rebound of a water droplet from a very ‘
hot surface. e
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FIG.2 DIAMETER 400 MICRONS
VELOCITY & FEET FER SECOND
SURFACE TEMPERATURE 900 oF
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Derivation of a Model Describing the Deformation and
Flow of a. Drop in Collision with a Nonwetted surface

Major Assumptions

(l).Energy and volume are conserved with no viscous dissipation.

(2) Liquid properties are constant and equal to the values
at the normal boiling point of the liquid.

(3) The drop remeins spherical with uniform velocity above
the Ttop surface of the tabular body.

(4) The drop liquid becomes a uniform part of the tabular
body immediately upon reaching the top surface of the
tabular body.

Balance 1

The volume of the spherical segment of the drop having been

absorbed in the tabular body is equal to the volume of the

tabular body(Fiq.1).

Volume of Tabular Body

R+ A/2
= R?A + ( 2rLdr
R

(3)° =(3) « ey
v=2(@)” . em?)
R + 4&/22 »
o ) g g
Volume of Tabular Body = R4 + 61%) 2 }QR +/ﬁ2%A_>

Volume of a Bpherical Segment = 1t G ( 3D - d) where
.3 2
d is the height of the spherical segment below the top surface

-
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of the tabular body.

Let the drop veloclty be V and let the drop contact the
surface at time equal to zero.

d=Vt + A (Fig. 1)

Therefore

GO (@ v - h) ea s B [ %]

Solving for R;

R = '7% + (Ag@'; -%> +_J§_K (vt + A)2 <§g -Vt - A))l/e

ees €quation 1
Balance 2
The surface and kinetic energy of the spherical segment
absorbed into the tabular body is equal to the surface and
kinetic energy of the tabular body.
The Surface Energy of the Spherical Segment 1s equal to
®Dad =YD (Vb + A) T

The Kinetic Energy of the Spherical Segment is equal to
v ).f L\ x (v + 8)2/ap - V& - A
(5 )( B)x e w2 v

The Area of the Base of the Spherical Segment is
Md(D-d) =1r(Vt + A) (D - V&t - A)

The Surface Energy of the Tabular Body is

(278® + TPAR +1TA% - 1r(Vt + A) (D-- V&t - A))W™
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In calculating the kinetic energy of the tabular
body, assume that the radial fluid velocity, U at any
point in the tabular body does.not vary in the axial
direction. Asgsume also that the axial velocity of the fluid

in the drop up to the top of the tabu;ar form has a constant
value V.

These assumptions are. expedient in allowing an estima-
tion of the magnitude of this kinetic energy. They may only
be considered a rough approximation, allowing the calgulation
of the radial velocity profile in the tabular body. Knowing
the radial veloeity it is then posgsible to caleculate the
kinetic energy of the tabular body. Some of the initial
energy of the drop is assumed to . exist as radial Rinetie
energy during the collision process, finally appearing as
surface energy in the tabular body. This acts to slow the
spreading of the tabular body on the surface.

Consider a radial section of the tabular body,
situated under the drop, of constant radius r (r<7#) during
a time intervale t(Fig. | ).

Volume in at the top of the section equals

T e (v + dA) At
4t

Volume out at the side of the section equals
ont (o + aA 4t> (U m;) At

where (A + dA At> and <U +dl. At> are average values ‘

v at 2 dt 2 ‘
of A and U during the time intervalat.
The increase in volume of the. section equals

Urlaa =Wr? aa at

dt

The volume in at the top of the section equals the volume

out at the side of the section plus the increase in volume
during the linterval.

Therefore
re® (v + dA3A—t = 2% <A +da at) (Uv+gult\At
dat a 2 dt 2

+Wre g At
dat


http:eq.ua.ls
http:exp.e,die.nt
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Diéviding by Ir réc:

r<V+c_1_Ag_)=2 A+ dA 2t tJ+_d_Qe_§,+rdA
dt dat 2 dat "2 dat
1im U = »V (rzn)

2K
At — 0

Consider a Toroldal Sectlon outside the area of contact
between the drop and the tabular body (r=s.),

Volume in at the inside

of the section at r =1

equals: 2WAA + dA At) U, At
dat

Volume out at the outside

of the sectlon at r = R

equals: 277’(A + 40 &) U
at "2

g4t

Increase in volume of the sectlon equals:
Tr? aaat - 4% asat
dt dt
The volume in at the inside of the section equals the volume

out at the outside of the sectlon plus the increase in the
volume of the sectlon during the time interval &¢t,

Therefore:
2’:7%@4-51_13., 4__1_:_)11 4t = 2’;Yr@+cm At) Ug ot
at 2/ ™ a& 2) R

T2 - A2) dAlt
dt

Dividing by Y2t and taking the limit as&t — o, one obtains:
2 Ay, = 2rauy + (r® - A%) ga

&
r =Ale <2 me).q_

dat
=



26

Therefore:
- 2V' “ r2 _ /12:|

2
=A_ |V+dA|l ¢ dA
A7 -;l“éf at (r220)
let Q = dA Pe=sr? (Va+Q)

Integrating to obtain kinetic energy

osrs/e

o2 5 2 2 4 2
dmV frAdro Vor <oV
f’*’ =j 7TaE = TIe

fo) 2

Agsume as a simplifylng approximatlon thati the curvature of
the edge of the tabular body may be accounted for in the
integral of the kinetic energy to an outer 1limit of r = R + A/3.

R + A/3 .
~ 1 P Qr
e Ad ] mes e w

,! - r[MQJ [ ]

R + A/3

- Jﬁi [;3 _ 2PQr + Q2r3} dr
A '

= ".T.;f" E’e in R ;A@ _ PQ [(R + A/3)2 ’/"-z:l"' %-Q-ER + A/3)u -Aﬂ]

Therefore, the total kinetlc energy of the llauld in the
tablet 1s then approximately equal to : -

% [—4::12- + P% 1n [_R_i/t_ééi] _ PQ[(R + A/3)% - ,12]

+ %2_ (:(R + A/3)u - /z.ujl]
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TotalrEnergx>Balance

Surface Energy of Spherilcal Segment + Kinetle Energy of
Spherical Segment = Surface Energy of Tabular Body + Kinetilc
Energy of Tabular Body,

Therefore:

wD(Vt + A) o +'-T’£V2 (vt + A)2 (1.5D - V&t - A)
gc

4

(2R® + TAR + A% - (V& + A) (D - V& - A))

[ + P? 1n [R iﬂAg;{l - PQ ((R + A/3)2 - 4?)

ﬁb)

v (Ra a3t M) .. ea. (2)

Where: = dA/dt
= 22V +Q)

= (Vt + A) (D - vVt - A)

o o

Calculation of the Force Across the Interface

The force across the film ls equal to the rate of change

of momentum of the drop., Assume that the liquld In the drop
loses all of its vertical component of momentum as 1t reaches
the top of the tabular form, The llquld in the tabular body
of fluild ls assumed to have no vertical component of momentum,

Force =dmv =V dSVblume)
—at ~° dt

F="Vp (vé + A) (D - V& - A) [V+g_%]
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Calculation Procedure

The obJjective was to obtaln values for the radius
of the tabular body in contact with the surface and the
force of impact as a function of time during the impact,

It was assumed that the spherical drop approached
and moved against the surface at a constant veloclty.
The volume of the tabular body equaled the volume of the sphere
assimllated by 1t (eq. 1). The surface and kinetic energy
of the tabular body equaled the initlal surface and kinetic
energy of the assimilated portion of the drop (eq. 2). A
simultaneous solution of the two equations was obtalned
at sequential intervals of time 1in order to obtain an
estimate of the rate of change of the thickness of the
tabular body (dA/dt). This was necessary for the solution
of equation 2,

The force of lmpact was assumed equal to the rate
of loss of momentum of the drop as 1t was assimilated into
the tabular body.'

The calculation procedure was to solve equation (1)
(p. 23) for R and to substitute for R in equation (2) (p. 27).
A root finding routine was used to solve for A, and R was
then calculated, Starting with time equal to a small time
increment, a solutlion was obtalned, time was increased by
one 1lncrement, and the solution was repeated, The calculation

was complete at the end of the lmpact perlod (disappearance
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of the drop into the tabular body), at which point the
total surface energy of the tabular body was equal to the
initial total surface and kinetlc energy of the drop.

Values of (dA/dt) were calculated as a linear
approximation using the value of A calculated for the
previous time increment, Difficulties with indeterminate
terms were overcome by tests inserted to detect and alter
such terms. A marching search routine was 1lncluded to
ensure that only the firét positive root value of A was
obtalned,

The linear distances 1ln the mathematical solution
were divided by the drop diameter and the time was divided
by (D - AMAX)/V, where AMAX was the final value of A, This
made the solution sclely a function of the Weber Number
and generalized time,

The time increment was chosen such that a decrease
by a factor of two produced no change in the fourth
significant digit of any of the calculated variables,

The computor program for this calculation may be
found in Appendix L. The completed solutlions are presented
for comparison with similarly dimensionalized experimental
values in Fig, 3 to 8., Typical results calculated using
this model may be found in Table III, p, 264,



Figures 3 to 8 |
. These figures illuatrate the
variation with time of the radius and
thickness of the tabular body of fluid

" in contact with the surface, All variables
are expressed in dimensionless form,

11, Experimentally measured point values may
- be compared directly with the curves

~ derived fromrthe 1mpa¢b‘dynamics_model.‘
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Heat Transfer to the Impacting Drop Assuming
a _Vapor Film Under the Drop

Assuming that a vapor film of uniform thickness exists
under the drop, it is possible to calculate, using the
solution of Baumeister, Hamill, Schwartz and Schoessow (4),
the heat transferred from the surface to the drop.

The integral of the pressure in the vapor film with respect
to the area underneath the drop equals the force across the
vapor film, This force is calculated from a momentum balance
in the previous model, ‘

P=et? o, (R - r?) (4)

29. %

Therefore Force arPZ'Tr‘rdr = 'rrggpj r [:Ra - r2_7 dr
o qe

o 2 L
mﬂﬁﬂlﬁa R
Ge
Solving for< :
5 0
RS, é/?

Neglecting radiant heat transfer and assuming that
$ = 0.0815 j 3 (Appendix F)
It may be shown that the heat transfer coeffiecient for

heat transfer from the hot surface across the vapor film
to the bottom of the drop is gilven by (5&:

H S(@%_?'Mg)"/‘(%) (-A%(%%}—E : e..c€d. (3)

For heat transfer from the surface
NEA)3 = 3( )\ + 0.5cpaT)
For heat transfer to the drop
AEA) = B(A - cpon)
The total a?ount of heat transferred to the drop is then
Q= memrdt
o
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The equlvalent volume of liquld evaporated 1s then given
by ¢ -

Volume =__Q
P
The equivalent percentage change in dlameter for small
amounts of evaporation can be calculated from

% AD/D = 100.0 x Volume/w DS,

The calculated values of % AD/D may be found in Table VI,
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Estimation of the Influence of Surface Drag on the
Spreading of the ﬁFog on the surface
Assuming that a film of vapor separates the drop from the

surface, the possibility of an effect of the vapor flow
on the spreading of the drop may be considered as follows : -

Assume that the undersurface of the drop expands in a manner
such that the surface moves outwards at a rate which is
proportional to the distance from the center, Consider a
small area 27 rdr a distance r from the center., This
area has a force on it equal to Z, 27T rdr where & 1s the
surface shean stress due to vapor flow in the fluid,
Assume that in time dt this small area will move away
from the center a distance of r dR dt, where dR 1s the
' Rdt dat
rate of increase of R with time, The total work done by
thi sh?ar stress during a time4t will be

]
PA)
{(5Y2’Tl’rdr(§_ _g_%) dt
0 o e
£+2
;{(gm:ﬁé;c dr dR 1

_ 3 V2,
Ty . a2 40,

£
24 o 3\/2g3 4 " |
°erzL7:,§_clz %&(ca_) B¢ "(/)..s
4)“-» 9.4871 ; (Appendix F )
(e (g} g
where h 1s as derived previously.

The energy contribution provided to the drop by this
influence in time &t is then equal to

AR = 0,;:#351[:,_0_4., (#)33 %AAR
whereeX = 3@'({%5/55L/2
R 4
- 1/4 (kA)3 \
h <§°=16,,r32(2'°2?=) (%)F/\SKA/\%M_QSSF ) 4
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A= (1 - cpat/)) Y3

This was included in the energy balance with negligible
change 1in the results, It may be concluded therefore, that
thlis force has no significant affect on the dynamics of
drop lmpact and recession,



Film thickness is given by
8 = &hEO ooooooo(eQO "‘)(4)

where\ o = 1/(1 + CpaT/3})

and h is the heat transfer coefficient for heat
transfer from the surface,

40
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Calculation of Maximum Pressure in the Vapour Film

The pressure in the vapour fllm is glven by

2
reg 2 [
where o« = llg:.F

R 730
' =
P 23‘ E [Re = r2] o...(GQ. 5)
R
The maximum pressure occurs at r = o when
2F
P! = <=
WRE

The model solutlons indicate that for the 3-700 micron drops
used the maximum pressure under the drop rarely exceeds two

atmospheres, This may, however, not be the case during the

initlal impact period,when the model of the dynamlc process

is not valid,

Calculations with very small drops, in the order of 10
mlcrons, indlcater that the pressure under small drops may
be very high, Results are presented in Table VII,
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F, Calculation of Heat Transfer wilth Direct
Liqgid - Surface Contact

If the drop liquid comes into direct contact with the

surface, heat will be conducted directly from the metal into
the liquid. If the 1iquid is assumed to be motionless then

a calculation of the amount of heat transfer is possible
assuming that both the surface and the liquid are semi-infinite
media in contact,

On contact the interface assumes a temperature which is
time - independent (8).

T, = (Tm - T1)/(1.0 + (KI/KS)(O%%/CL)Y/2)

+ T1

The total amount of heat transferred per unit area as a
function of time is then gilven by

Q = 2.0 KL(Ts - T1)(t/7 o) /2

The percentage change in volume of the drop that may be
caused by this amount of heat transfer is given by : -

100 AVOL/VOL = 600Q (area)/mX o D3
The fractional change in diameter is given by : -

LD .1 _ (1 -ovon) V3

D Vor,
where area is the assumed area of contact.

The percentage change in diameter was calculated as a
function of time for an assumed radius of area in contact
equal to the diameter of the drop on approach (Appendix L).
The calculated results for a 300 micron drop are presented
in Figure (9). An approximate range of contact time was
.0,0006 to 00,0010 seconds.


http:function.of
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EXPERIMENTAL EQUIPMENT

The function of the experimental equipment was to
produce the phenomena of the}impact of a small drop with a
hot surface, to yleld a photégraphic record of this impact
and to yield information which would allow the calculation
of the amount of evaporation of the drop due fo momentary
contact with the surface.

The equipment was made up of five functional units:
the drop projector, the target surface, the enclosure and
supporting structure, the drop catcher and drop size measure-
ment unit, and the drop impact photography unit. In addition,
there were a number of supporting facilities such as electrical
power supplles, controlled-temperature filnid-circulation
units, and apparatus superstructure. The following section
contains the informatién necessary to give the reader a basic
understanding of the design and function of the experimental
equipment. Further details may be found in Appendix B.

A great deal of experimental development was necessary
before the final éxperimentél equipment design was achieved.
Details of this development are outlined in Appendix A.

w
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THE DROP PROJECTOR

The drop projector was an assembly which formed a
drop, held it in film boiling in a spherical depression and
- then projected the drop upwards to strike a fixed surface at
a predetermined location (Fig. 10,-11).

The bottom of the device consisted of stainless
steel piston which could move a short vertical distance in
its containing brass cylinder. A rod with a conical head
was fastened to the top of this piston. A spherical depression
was cut into the center of the flat upﬁard-facing base of the
conical head. The entire head was heated to a high temperature
such that a small drop placed in the depression did not wet
the surface, but floated on & cushion of its own vapour.

The head was heated by an electric heater which contacted
the conical surface of the head when the piston‘was in the
lower position.

The drop was formed by condensation from the steam
atmosphere inside the apparatus onto a loop of glass capillary
tubing, cooled by cold water circulated through it. It was
dropped from the loop into the depression and was observed
sitting in the depression through a telescope with a scale
graticule. When it evaporated to the desired size, compressed
air was admitted through a solenoid valve into the cylinder.
The piston then moved gquickly upward to the top of the

cylinder, sending the drop toward the target surface.
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THE TARGET SURFACE ASSEMBLY

The surface with which the drop collided was situated
at the end of & small vertical platinum-rhodium pellet (Fig.12,
13 ). The end of the pellet was cut at an angle of 8 1/2
degrees to the horizontal, to .make.the drop rebound back into
the drop catching pan. It was polished to a mirror finish
(0.3 micron abrasive) for some tests and roughened (No. 600
grit silicon carbide) for others. It was suspended from
four vertical Nichrome wires welded to the top end, and was
heated by means of an electric current'flowing through these
wires. The power supply used was a 12-volt 1l00-ampere
variable unit. The surface temperature was measured by &
.platinum-rhodium thermocouple welded into the center of .the
pellet. The heater unit was enclosed in a Vycor tube which
was held in place by a fitting in the roof of the apparatus.
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THE DROP CATCHER

The drop was caught on rebounding from the surface in
a silicone;oil filled glass-bottomed pan (Fig.l4,15). The -
glass was coated with a layer of silicone rubber to prevent
the drop from wetting its surface. The pan was heated fo
115 degrees centigrade before insertion into the apparatus
in order to prevent water condensation in the oil from the
steam atmosphere inside. After the drop was caught, the catcher
was removed from the apparatus and a glass plate placed over
the drop in tﬁe oll to prevent diffusional evaporation of
the drop. The drop was then photographed with a magnification

of 30X using a substage microscope.
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THE ENCLOSURE

The enclosure was made up of three parts; a base, a
box encloslng the target surface and a glass pipe connecting
the two (Fig. 16, 17).

The base conslisted of short length of 3 inch diameter
flanged plpe closed off at the bottom wlth a flat plate. The
drop projector was mounted in the center of the base plate.

A heating element in the base plate served to boll water in
the bottom to generate a steam atmosphere inside the apparatus.

The glass pipe sitting on the top flange of the steel
plpe was heated with heating tape to prevent condensation and
thus allow necessary observation of the drop projector lnside.

The top of the apparatus consisted of a stainless steel
box designed to support the target surface and allow insertion
of the drop catcher. The impact of the drop on the target
surface was photographed through a double frontwindow. The
window was heated by glycol circulated through the window in
order to prevent condensation on the inslide. The light for
photography came through a tube in the back of the box. The
drop catcher was lnserted through a slot in the front.

A 0.0005 inch platinum-rhodium thermocouple, inserted
through the side of the box, was used to measure the vapour
temperature in the interior.

The entire apparatus was mounted on a heavy concrete

table designed to minimize vibrations.
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PHOTOGRAPHY OF DROP IMPACT

The impact of the drop on the surface was photographed

using a "Fastax" high-speed 16 mm. motion-picture camera
operating at 4600 frames per second. ILight for photography
was provided by a stroboscopic flash lamp synchronized with
the camera, and yielding an exposure time of approximately
3 micr&seconds. Details of tihie stroboscope can be found in
Appendix D.

Before operation, the camera was focused on a
horizontal "calibration" rod near the target surface. This
rod was positioned slightly off to one side of the point of
impact as determined from previous tests. Consequently,
focusing with the rod proJecting into one side”of the field
o£ view was equivalent to focusing on the point of impact of

the drop.



PROCEDURE

The basic procedure was to project & drop at a hot
surface, to photograph the impact and to catch and photograph
the drop after it had rebounded from the surface. The following
section is intended to allow the reader to understand how
this was done. A detailed account of the entire experimental

procedure may be found in Appendix C.
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Prior to an experimental test, the target surface
and the drop projector surface were inspected and cleaned.
The base of the apparatus was fllled with distilled water
and all the various heaters were turned on. After several
hours, the apparatus filled with steam and the flow of steam
out the top of the apparatus cleared the interior of air;

The drop catcher was cleaned with solvent and placed in an

oven at 115 degrees Centigrade. The camera and stroboscope
control circuits were prepared for operation and é potentiometer
was connected to measure the target-surface temperature.

Ten minutes prior to an experimental run, silicone
oil saturatad with water at 100 degrees centigrade was poured
in the drop catcher in the oven and a roll of film was loaded
into the Fastax camera. After loading the drop catcher into
the apparatus, a period of 15 minutes was allowed to clear
out any air. During this period the drop projector was
cleansed of superficial dirt. To do this, a drop was placed
in the depression and then removed again using the drop
former. The Fastax camera was focused on the calibration
rod and the stroboscope light was positioned in place.

A drop was formed! on the loop of glass tubing,
placed on the drop projector and observed until 1t evaporated
to the desired size. The camera was started and,after a
delay of l.25 seconds to allow theccamera to acceleiate?the
solenoid valve was activated and the stroboscope light started.

The drop was fired upwards and rebounded off the target surface



60

into the drop catcher.

The drop catcher was removed from the apparatus.
The glass cover was immediately placed over the drop in the
oil and the drop or drops were photographed using the subétage
microscope.with 30X magnification.

Approximately 5 times megnification was obtained on
the Fastax film. A measurement of the two image sizes
al;owed the calculation of the change in size of the drop
due to heat transfer from the surface.

A considerable number of experimental runs were
made with the target surface polished to a 0.3 miecron mirror
finish (Fig. 18). Ilater, a number of runs were made with
the surface roughened with No. 600 grit silicon carbide
abrasive (Fig. 19). This was intended to provide & superficial
indication of the effect of gross surface roughness.

The apparatus was later purged of silicone oil by
refluxing organic solvents in the interior. Runs were then
performed without any attempt to catch drops in an attempt

to observe any influence of the silicone oil in the system.
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ANALYSIS AND DISCUSSION OF RESULIS

Part 1 COLLISION DYNAMICS

(a) Deseription of Impact and Rebound of the Drop

When a drop hits a very hot surface the vapour
generated underneath the drop prevents 1t from wetting the
surface, If the impact veloclty is not too high, surface
tenslon forees hold the dreop together and it flattens out
into a circular tablet-shaped body (Fig. 20)., After flattening
out, the surface tenslon forces cause the tablet to contract,
wlth the liquid at the perimeter flowling toward the center,
The 1iquid in the center 1lifts away from the surface as &
column (Fig. 20) or, at high Weber Numbers, as a cone
shaped body (Fig. 2)(p.21).

The drop leaves the surface as an elongated body,
vibrating as 1t recedes from the surface. This vibration
is essentlally a flux between the surface energy and the
internal kinetic energy with oscillation about the drop's
center of mass,

Some of the initlal impact energy 1s lost in véscous
or fluid-friction dissipation inside the drop during lmpact
and rebound from the surface., The remainder appears as
vibrational and translational kinetic energy in the receding
drop. The recession velocity of the drop 1ls appreciably
lower than the approach veloclty (rig. 21). The ratio of the
recession to the approach velocity decreased with lncreasing
Weber number (Fig, 22). Normally well over half the initial

kinetic energy appears as vibratlonal energy in the receding
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FIG. 20

DIAMETER 580 MICRONS
VELOCITY 43 FEET FER SECOND
SURFACE TEMPERATURE 710 of.
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drop, the fractionrincreasing with Weber Number (Fig. 23),
Provided the drop did not wet the surface, it approached

very close to the surface only during the initial lmpact

and during the final "pushing off" from the surface, At

these times the surface area in contact was small, Between

the beginning and the end of the collision, the vapour

generated underneath the drop held the drop away from the

surface (Fig. 2).

(v) BREAKUP PHENOMENON

When the Weber Number of the approaching drop
exceeded a value of approximately 10, the drop separated
on leaving the surface into two or three small drops (Fig. 2,20),
This resulted in a decrease in vibrational energy in the receding
drops because of the increased surface area and therefore .
surface energy. Breakup did not influence the net kinetic
energy because there was no net force exerted on the mass of
the drops 1n the process, Usually after breakup these drops
receded from the surface at different velocities. They were
observed on occaslion to combine again a short distance from
the surface,

Wachters did not observe this occurrence with his
2 millimeter drops below a Weber Number of 20 {(6)., In
Wachters experiments the gravitational force was acting
toward instead of away from the surface, but the gravita-
tional acceleration was so much less than that experilenced
by the drop during impact as to be insignificant in 1its
effect., Thls breakup phenomenon will depend on the stability

of the elongating column of 1liguid formed when the drop
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leaves the surface, The fact is that although the slize of
this column relative to the size of the drop depended on
the Weber Number, the factors influencing the stability
depended on the actual size (21)., Therefore, the breakup
phenomenen was not solely characterized by the Weber Number
of the approaching drop,

Simllarly, drops were thrown off at the edges of
the flattened drop, continuing to travel away from the
center of impact, when the Weber Number exceeded 45 (Fig. 23).
Wachter's criteria was a Weber Number of 80, Part of this
difference may be explalned by the fact that Wachters used
cold drops with a surface tension of 84 dynes per centimeter,
making no allowance in this for the effect of drop heating by
heat transferred from the hot surface, All the photographs
taken during this study were with water drops at theilr
saturation temperature with a surface tension of 58,9 dynes
per centimeter,

(¢) Effect of Surface Phenomena on the Impact Dynamics

The recession velocity was not controlled entirely
by the dynamics of the drop impact and rebound when, at the
low surface temperatures, the drop stuck to or wetted the
surface, Wetting was not consistent in its effect and could
retard or prevent separation of the drop from the surface
or could, by blocking the flow of vapour underneath the drop,
cause the accumulation of wvapour which then blows the drop

off the surface (Fig., 24).

&
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'Figufe‘23

Thia photograph 111ustrates the
splattering of a drop on hitting a very
hot surface at a high speed, The break-
~ up 1is due to the forces of lmpact, There
- 1s no evidence in the photograph to

indicate that the drop wets the surface.
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FIG.23 DIAMETER 530 MICRONS
VELOCITY 7.6 FEET FER SECOND
SURFACE TEMPERATURE 470 oF



-~ Figure 2& |
This photograph of a colliding

’drop 11lustrates the way in which a drop =

-may be blown off the surface by vapour
 generated ben@ath it, , ‘
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FIG. 24 DIAMETER 530 MICRONS
VELOCITY 4.3 FEET IER SECOND
SURFACE TEMPERATURE 375 of.
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An estimation was made of the influente of surface
drag due to vapour flow under the drop, assuming that the
drop was separated from the surface by a vapour film (Section
2 ). The results indicated no appreciable influence. The
surface temperature did not appear to influence the drop
impact dynamics except in its effect on wetting.
(d) Mathematical Model of the Drop Impact

The model of tﬁe initial impact process, based on

a kinetic and surface energy balance, was found to be
sufficient as a first epproximation of the dynamic behaviour
of the drop during the impact period (Fig. 20). The deri-
vation of the model is given in section on.Heat Transfer
and Dynamics Models. The model results and the experimental
measurements are presented in dimensionless form, with the
tablet thickness, A, and the tablet radius, R, given as a
fraction of the drop diameter, D and the time giwen as a
fraction of the model total impact time, ((D-AEND)/v), where
AEND is the final value of the tablet thickness, as calculated
from the model energy balance, and v is the initial épproach
velocity of the drop. Presented in this form, the model
results are a function of the Weber Number of the impacting
drop only.

| The model was found to be unrealistic at the initial
instant of impact. Its weakness lay in the assumption that
the drop did not "see" the surface until it reached the top
of the tabular form. This assumption was evidently not valid

during the first period of impact, as the model generally
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predicted a radius in contact that increased more slowly
than was measured experimentaliy (FPig, 4, 5), This
assumption does however appear reasonable for the drop as a
whole, as measurements of the velocity of the top of the drop
indicated that it did not decelerate during impact (Fig, 25),
This is further supported by the analysis of Savic (2).

The model does not conform with the physical process
when the Weber Number of the drop is less than one, At
these low Weber Numbers the drop flattegs slightly but
there 1s no formation of a tabular body separate from the

impacting drop.
(e) Viscous Dissipation of Energy During Impact

During the process of impact, part of the initial
kinetic energy of the drop was evidently dissipated by
viscous forces inside the drop. This was indicated by
the fact that the maximum radius of the tabular form
measured experimentally was found to be less than the
model predicted (Fig. 7). The surface energy of the tabular
form was apparently less than the initial kinetic and surface
energy of the approaching drop. The ratio of the experimental
radius to the model radius was calculated for 31 of the
impacting drops., In order to determine whether or not
a significant correlation existed, this ratio was correlated
with the Drop Reynolds Number and the Drop Weber Number
using a very simple linear equation (Fig. 26). The
correlation coeffiéient for the Reynolds number was

0.7436, larger than the value of 0,6133 obtained



Figures 3 to 8
Theae rigures 111ustrate the

e ':variat;ion with time of the radius and
. thickness of the tabular body of fluid - .
"In contact with the surface, All variables‘j :

| -are. expressed 4in dimensionless form,
Experimentally measured point values may

" be.compared directly with the curves

- derived from the impact dynamics model, B
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Figure 25
This 1llustratel the fact that

“the tep of the drop does not decel.erate = - -
appreciably during impact, thus" supporting DR

the assumption {that no decel eration of .
‘the drop:occurs) used in the derivation

|  -of the 1mpact dynamics model,
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- PFlgure 26

v This lllustrates the correlation
between the Drop Reynolds Number and the
discrepancy between experimental results
and results calculated usling the impact
dynamlcs model, Thils tends to support
the hypothesls that this discrepancy 1s
caused by viscous dissipatlon effects,
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for the Weber Number correlation. Both correlations were
significant at the 89.9 percent confidence level for 30
degrees of freedom (18). On the basis of the larger
correlation coefficient for the Reynolds Number correlation,
it might be concluded that this discrepancy bétweeﬂ the model
and the experiment&lqresults wasg due to viscous dissipation,
but the possibility that it could have been partly a dynamic
phenomenen cannot be ruled out. For example, it might have
been due in part to an increase in the tablet surface area
and therefore surface energy caused by a depression appearing
in the top surface of the tabular body as the inertia of
the top part of the drop carries it down past the top surface.
This may be observed in the photographs of Wachters (6).

The ratio was greater than one for Reynolds Numbers
at the lower limit, perhaps due to the influence of surface
tension gradients beneath the drop. Surface tansiogAgradignts
could be caused by differences in temperature at different
areas on the drop surface.

The contraction of the tabular form generally
required two to three times as long as the impaet, the
dimensionless time increasing with Weber Number (Fig.4,6 ).
The actual residence time of the drop on the surface varied
from 0.6 to 1.5 milliseconds.

Part 11 HEAT TRANSFER TO THE IMPACTING DROP

(a) Experimental Measurements

The change in drop diameter on impact was determined

for drops of diameters from 300 to 700 microns, impecting
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the surface at normel velocities of from 2 to 8 feet per
second., Target surface temperatures ranged from 300 to
900 degrees Fahrenhelt, These results, wlth calculated
Weber Numbers, drop Reynolds Numbers and surface temperatures
are tabulated in Table I. (P, 256),

The percentage change in drop dlameter was plotted
as a function of Weber Number (Fig. 27). The percentage
change in volume, lndicative of the relative amount of heat
transfer was plotted as a function of surface temperature
(Fig. 28). Most of the data woss obtalned using a surface
with a mirror finish, A limited quantity of data were
obtained for a roughened surface, as indicated (Fig. 28).
(b) The Effect of Surface Temperature and Mechanism of

Heat Transfer

The amount of heat transfer was very dependent on
the surface temperature, tending to lncrease with decreasing
surface temperature, The amount of heat transfer varied
wldely with surface temperatures under 550 degrees Fahrenhelt,
Examination of the photographs of drops colliding with the
surface in this lower temperature region showed that a large
amount of heat transfer corresponded to an irregular rebound
of the drop from the surface, often with small drops of
spray being thrown off to one side (Fig. 29). Also, on
occasion, wet spots were observed on the surface as the drop
receded (Fig, 30). Conversely, a small amount of heat
transfer corresponded to a regular rebound with no spray

formation or evident wetting (Fig. 20). It appeared as 1if



Figure 27

This 1lllustrates the fact that
there 1s no significant relation between
the amount of heat transfer to the drop
and the impact Weber Number,



FiG.27 RELATION BETWEEN PERCENT CHANGE IN
DROP DIAMETER AND WEBER NUMBER.

Y T T T T T
@ ", )
b ao T
W .
2
5 30 . ..
2 .
g 2~°r . b o.
g lvoL .o ..: . ’ * -
(R Y | S — -
5 ® o0
<
w _|o°-
a . .
-2.0}
-30}
2 2 ] ] 3
0 20 40 60

WEBER NUMBER



VOLUME CHANGE

PERCENT

{ i LB ) ! ] ¥

FIG. 28 PLOT OF EXPERIMENTAL

. PERCENT VOLUME CHANGE
40,0 Ry AS A FUNCTION OF SURFACE
x TEMPERATURE
x
3°.°T_ e MIRROR FINISHED SURFACE
X ROUGHENED SURFACE :
x
o
100} x X
- x.° .
-~ : Xx ° .
. X P ° . °
0.0 e -
! - | ) L es \ B ] "
300 400 500 600 - 700 800 900

SURFACE TEMPERATURE (DEGREES FAHRENHEIT)

[4:]



Figure 29
This photOgraph of a colliding
drop lllustrates the way in which vapour
generated beneath a drop may blow a . -

hole through the middle of the flattened,
drop. '
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FIG. 29 DIAMETER 460 MICRONS
VELOCITY 41 FEET FER SECOND
SURFACE TEMPERATIIRE 408 oF.



Figure 30 : B
 This photograph of a collidihg

drop 1llustrates wet spots left on the
surface by the drop on departure from

the surface, The distribution of the wet
spots shows noAqrder or symmetry. -



DIAMETER 500 MICRONS
VELOCITY 41 FEET PER SECOND
SURFACE TEMPERATURE 320 of.
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the amount of heat transfer depended on the amount of wetting
and that extensive wetting occurred only when the surface
temperature was below approximately 550 degrees Fahrenheit°
The observations of Wachters confirm this hypothesis ((6),

p. 86, Fig. 3.17, 3.18, 3.19).
(c) The Vapour Film Model

For the case where no wetting occurs, Wachter's
model of heat transfer through a vapour film and the
similar model used in this study predict that the amount
of heat transferred by this mechanism will be very small
(Table II). The vapour film underneath acts to thermally
insulate the droﬁ from the surface,

(a) The Direct Contact Model

The amount of heat transfer experimentally measured
could only have occurred by direct contact between the liquid
and the surface, Comparison of the percentage change in
diameter that would be produced by direct conduction of heat
from the surface into the drop, predicted using a semi-
infinite heat-conduction model, with the experimentally
measured values shows that the experimental values (Table I)
were in fact occasionally several times greater than these
calculated values (Fig. 9). This could be attributed to the
effect of fluld flow across the surface during the impact on
the temperature profile in the liquid, to nucleate boiling
phenomena (17), or to liquid being left on the surface by

the departing drop.
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Bankoff and Mehra (8) indicate that direct contact
between the liquid and the surface may be common in the
transition bolling régime: (surface temperatures of 280 to
320 degrees Fahrenhéit for pool boiling on a polished surface
(15)). Bradfield (9) has observed liquid-surface contact
with a drop resting on polished surface at 600 degrees
Fahrenheit.

Heat transferred by direct conduction into the drop
may be partially dissipated by vaporization at the upper
surface of the drop during contact. The remainder may be
carried away from the surface as superheat. The amount of
superheat 1ln the drop leaving the surface necessary to cause
later evaporation of five percent of 1ts volume 1s appfnximately
30 degrees Centigrade,

This amount of superheat, distrlibuted throughout
the drop, 1s theoretically not sufficlent to cause homogen-
eous nucleation inside the drop (16). 1In cases where bubbles
were observed to form and growy, nucleatlon may have occurréd
on a particle of dust in the drop or 1n a local reglon of
high temperature, The lmportance of a delay time 1ln nuclea-
tion is unknown but possibly significant (10)(Fig. 31).

(e) Factors Controlling Wetting

No consistent relétion was discernible between the
dlameter and velocity of the drop and the amount of heat
transfer that occured, It appeared therefore that the amount
of wetting and therefore the amount of heat transfer was

controlled largely by local surface conditions at the point



Fisure 31

This photograph of a rebounding
drop illustrates the growth of a vapour
bubble in a drop after it has left the
surface,; This evidence supports the
. hypothesls that the drop leaves the -

surface in a superheated condltilon,
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of impact of the drop., A plot of percentage change in diameter
against Weber Number however, indicated that a large amount
of heat transfer was unlikely with an impact Weber Number
under 10 (Fig. 27).

In order for wetting to occur the drop had to approach
at some point to within deveral molecular d;émeters of the
surface, close enough for intermolecular forces between the
surfaces to be strong enough to neutralize the iIintermolecular
surface tension force maihtaining the liquid surface,

In theory the drop could never touch the surface
as long as vapour was belng generated at its bottom surface.
The rise in pressure underneath the drop could cause the
surface liquid to become effectively subcodled, perhaps
allowing a closer approach. The pressure underneath the drop
was calculated using the impact model propo;ed in this study
(Table VII)f The pressure underneath the 300 to 500 micron
drops studied was calculated to be only very slightly above
atmospheric pressure, such that this was not likely an
important influence, However, the calculated pressure
underneath 10 micron drops impacting with a Weber Number
of 10 was 1n the order of several hundred pounds per square
inch, This may explain why higher heat transfer rates were
obtained by Wachters with a spray system (6).

The model proposed in this study was not however
realistic for the analysis of the initial instant of impact,
In the first place the model assumes that the drop undergoes
flow and deformation according to a rigidly defined pattern
¥p.268
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which has no basls on any grounds other than it corresponds

approximately to the gross physical appearance of the collision,
Secondly, flow patterns and changes occur very rapldly during
the time Jjust after lmpac#, so that the results of the model
in this region of tlme depended upon the size of the time
iterations, The analysis of Savic and Boult (1) may be
consldered more exact for thls purpose, Thelr analysis
ylelded an inflinlite pressure under the drop at the lnitial
instant of lmpact. This analysis however neglected the
influence of the presence of vapour beneath the drop or the
effect of vapour generation and as such was not adequate,
Thus thls influence remains a matter of conjecture,

If one assumes that the drop never qulte reaches the
plane of the surface, 1t follows that the drop can only
wet the surface at polints of roughness projecting from the
surface. Since any roughness wlll not extend more than a
fraction ong mlcron above the surface, the drop surface
must approach to thls distance. The collision dynamics --
heat transfer model indicates that as the drop spreads out
on the surface, the vapour film becomes more than several
microns thick (Table I11)% Wetting can therefore only be
initiated during the fiirst contact of the drop with the
surface, Surface conditions at the very point of impact may
therefore be very lmportant in determining whether or not
wetting occurs,

*‘p.264
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In addition, the impact velocity had to be sufficlent

to bring the drop close enough to the surface for wetting
to occur, This was probzbly the reason why wetting was less
common with Weber Numbers under 10,

(f) Factors Controlling the Extent and Duration of Wetting

Once wettling does occur, surface tensilon forces will
determine whether or not the wetted area will grow, If the
surface tension between the liquid and the surface is small,
as with cold dropé colliding with a cold wettable surface,
then the wetted érea will grow very rapidly. With a high
surface temperature, the water-vapour surfaée tension willl
be low In the superheated region next to the surface, IThe
variation in surface tension along the liquid surface will
cause movement of the surface from the area of low surface
tenslion to the araa of 'high surface tension. This is referred
to as the Marangoni effect (28). This will cause the mowement
of surface liquid along the vapour-liquld interface away from
the solld surface tending to drain any fillm of liquid
advancing glong:the surface. More important, with increasing
surface temperature, the forces of molecular attraction
between the llquild and the interface wlll be lessened, The
wetting angle lncreases until at the liquid critlcal point
(705 degrees Fahrenheit for water) there is no difference
between the interfacial energy of the wetted and nonwetted

portions and no force at all tending to cause the wetted

surface to expand,
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This effect was quite noticeable in the photograph by
Bradfield (9) where quite a large wetting angle was observed,
The rate of growth of the wetted area could also be limited
by inertial and viscous forces in the liquid and vapour
£ilm,

The drop 1s spread out on the surface by the impact.
It is then pulled together by surface tension forces which
act to throw it off the surface again. In cases where the
drop wet the surface, the low surface tension of the liguld
at the solid interface and the generation of vapour under-
neath the drop usually caused the liguid drop to break away
from the surface again (®ig, 30). When the surface temperature
was low, under 300 degrees Fahrenheit, a drop on wetting the
surface occasionally remained on the surface, going into
violent nucleate bolling. ‘

As the wetted area expands over the surface, small
bubbles of vapour may be retained in pockets of roughness
in the surface, These could provide nucleation sites for
bubble formation and growth., The vapour formed may act to
geparate the liquid from the surface again, Drops were on
occasion evidently blown off the surface by this
vapourization phenomenon (Fig. 24), With the growth of
bubbles the potential heat transfer becomes much larger because
of the residual film of water left under the bubble (17). The
onset of nucleate bolling could quickly cool she surface to
the extent that wetting would be quite stable, This was

evidently what occurred in cases where the drop remained
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without rebounding from the surface,
(g) The Influence of Surface Roughness

At surface temperaturés of 450 to 500 degrees
Fahrenheit, added roughness appeared to increase the
amount of heat transfer (Fig, 28). This could be caused by
the cooling of roughness projections to a temperature where
wetting was more stable, At lower surface temperatures the
effect of roughness did not appear as pronounced, Perhaps
with extensive roughness the liquild did not fill the
microdepressions in the surface, such that heat transfer
was limited by conduction through a reduced area of contact
and the presence of a greater number of vapour pockets
allowed vapourlzatlicn to proceed easily to separate the drop
from the surface,
(h) The Effect of Silicone 01l

Measurements of condensate surface tension in the
silicone oll contaminated atmosphere inside the apparatus
indicated that the sillcone oll had no noticeable affect on
the water-water vapour interfacial tenslon (Appendix K),
The photographs of drop lmpact in a steam atmosphere without
sllicone oil contamlnation indicated that the sllicone oil
dld not aet to prevent wetting of the solld surface by the
drop, so that the drop collision dynamics were essentlally

the same as previously observed,



(1)

(2)

(3)

(4)

CONCIUSIONS

The amount of heat transfer between a surface and an _
impacting drop is negligible unless the drop extensively

wets the surface,

When wetting does occur the amount of evaporation of
a 200-800 micron diameter drop varies from approxi-
mately one to ten percent by volume unless the drop

sticks to the surface without rebounding,

Provided the drop has a certain minimum impact velocity,
the occurrence and extent of wetting is controlled
largely by the temperature of the surface and the

surface conditions at the point of impact.

A drop in colliding and rebounding from a non-wetted
surface generally loses most of its kinetic energy,
the fraction increasing with the Weber Number, Most
of this energy appears as vibrational energy in the

receding drop.

ok



DISCUSSION OF ERRORS

The basic object of the quantitative part of the
experimental study was to measure the amount of heat transfer
from the hot surface to the drop. If the drop was at its
boiling point on hitting the surface and did not evaporate
due to any other cause, then the change in diameter of the-
drop was edquivalent to the amount of heat transfer from the
surface to the drop. It was necessary therefore to measure
the change in diameter of the drop as accurately as peésible
and to eliminate any extraneous causes of evaporation.

The change in diameter of a drop due to evaporation
on contact with the surface was very small, perhaps on occasion
less than 1/10 of one percent. Since the drops were only
0.03 to 0.07 centimeters in diameter, the change in diameter
was only in the order of 0.0002 centimeters (for a 1/2 percent
change in diameter). Consequently, extraordinary effort
was applied in examining and minimizing all possible sources
of error. A great deal of time was expended to th;s end,
a8 outlined in the Development Section.

a) Temperature of the Drop as it Approached the Surface

To ensure that the drop arrived at the surface at
its bolling point, the interior of the apparatus was closed
and purged with steam generated in the base for at least
15 minutes prior to projecting the drop. A measurement

of wet-bulb temperature inside the apparatus indicated that

95
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less than five minutes was required to purge the interior of
air after it had been opened. Care was also taken to avoid
pulling air into the apparatus in condensing water on the
drop former. An experimental test established a procedure
whereby the rate of generation of vapour in the bottom was
never less than the rate of condensation on the drop former.
These ﬁrecautions also ensured that evaporation of the drop
on recession from the surface did not occur due to unsaturation
of the interior atmosphere.
b) Evaporation of the Drop After Leaving the Surface

After striking the target surface the drop fell a

distance of several inches into the oil filled.pan. It

was considered unlikely that any superheat was retained in

the drop to be dissipated, without evaporation, in the oil.

A caleculation indicated that over 95 percent of this super-
heat would be dissipated in the 1/12 of a second necessary

for the drop to travel from the surface to the pan (Appehdix.H).
Any superheat in the vapour atmosphere through which the

drop travels would however give rise to additional evaporation.
This evaporation loss would be in the order of 1/10 of one
percent by volume for a 300 micron drop for every 10 degrees
Fghrenheit of superheat (Appendix E). Superheat was minimized
by setting the power input to the wall and roof heaters at
levels just sufficient to prevent condensation on the interior
surfaces. A eooling‘coil around the target surface heater
minimized superheat from that source. The flow of vapour'

from the base of the apparatus (which was superheated slightly
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as it flowed past the very hot drop projector heater) was
stopped just prior to projecting the drop by shutting off
the top stgam vent and allowing the steam to escape through
the bottom vent. A 0.001 inch diameter platinum;rhodium
thermocouple in the vapour indicated Qirtually no aupefheat'
Just prior to .drop projeection. There was unavoidably

some supkrheat close to the target surface but it was

probably not a major source of error.

c) Change of Drop Size After Being Caught

| There was some question as to whether or not the
drop changed in size after landing in the oill. An approximate
measurement of the solubility of water in the oil indicated
& solubility of less than 0.0l percent by volume. In any
case the oll was saturated with water at 212 degrees.Fahren;
heit prior to being poured into the drop catching pan. Any
water lost during the 10 minute period the pan stayedin the
oven was probably regained during the fifteen minute residence
in the saturated atmosphere inside the apparatus prior to
projeetion of the drop. The drop however was noticed to
change appreclebly if left sitting in the hot oil exposed
to the outslde atmosphere. This was caused by diffusional
loss of water through the oil to the.atmosphere and by thermal
contraction due to cooling. This diffusicnel loss was
prevented by the glass cover plate. If the oil was allowed
to cool however, supersaturation of the oil with water caused
the drop to grow. Measurements indicated that the double

layers of glass on the top and bottom retarded cooling long
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enough to allow several minutes for photography of the drop
wlthout appreclable error arising from this source,

d) Gain or Loss of Drops

A bubble of vapour was observed on occasion to form
and grow inside the drop as 1t receded from the surface, This
bubble on bursting could throw drops aside and result ln a
smaller drop being caught. This could occur after the drop
left the fileld of view of the camera and could cause an error
that would not be accounted for (Fig. 31).

The vibratlon caused by the drop projector was
hypothetically the cause of the appearance of small drops
of unknown origin in the oil (condensate from varilous
soufces). Sometimes as many as four or five drops appeared,
It was usually possible to select the proper drops from thelr
location in the pan but on occasion thls may have been a
source of error and was used as a basis for rejectlion of
appreciably negative results (Fig. 28).

After an experiment, the bottom of the oll-filled
pan was scanned completely in an effort to find all drops
caught, Very small drops could be carried aside by convection
currents in the vapour, Small drops were also lost when
the drop spattered on lmpact or was broken apart at the
surface by the vapourizatlion phenomena, With the range
of Weber Numbers used, this only occured when the drop
wetted the surfage at surface temperatures of 500 degrees
Fahrenhelt or less, The magnitude of this loss was

egtimated and accounted for by estlmation of the size
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and number of these drops. Generally error arising from the
source was quite small. The loss of a 50 micron drop from a
300 micron drop will result in an error of only slightly less
than 1/2 of one percent on the eqguivalent diameﬁer.

e) Measurement of Drop Size in the 0il

The drop caught in the oil was occasionally found to
be. slightly eccentric. This was probably caused by dust on
the droplsurface, sometimes visible and sometimes not. If
this ecceﬁtricity exceeded 1/2 percent, the experiment was
discarded. The error was accounted for by tabulating the
maximum and hinimum dimensions and using these to calculate
a probable range in the result. Error caused by fiattening
of the drop due to gravity force was negligible. (Appendix I).

Dimensions of the drop could be measured to better

than 1/10 percent accuracy. The magnification of the
substage microscope used to photograph the caught drops was
calculated from the photograph of & 0.020 ineh scale.
Exact correspondence wa.s found between the 0.020 inch scale
and the micrometer-stage tool»makers microscope used. fbr the
size measurements of the film-image. This microscope could
be used to measure dimensions within ¢ 0.0005 inches.

') Measurement of the Diameter of the Approaching Drop

The major source of error arose in the measurement
of the diameter of the drop as it approached the surface.
The roughly 5 1/2 times magnification used in the photography
was sufficient to yield an accuracy of better than 1/4 of

one percent when the drop was in perfect focus. However,
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the point of impact varied‘slightly so that the drop was
usually slightly out of focus. Also, the drop exhibited
slight vibratory distortion with drop diameters over 400
microns. Thesde two factors contributed to cause a ;onsider-
able degree of uncertainty in the actual diameter of the drop.
The degree of uncertainly 1s indicated in the calculated
confidence limits on the measurements (Tablelx*). The
confidence limits were calculated using a student's t tgst
probability'distribution from & number of measurements of
diameter in two directions. The number of measureménts
was lncreased with decreasing clarity of the drop up to
a maximum of 25. The test was got entirely valid as the
clafity of the image was usually worse in the di?ection of
travel because of blurring due to drop motion. The statis-
tical test was however Judggd to be better than a purely
subjective Jjudgement of a confidence limit.

There was probably some degreeﬂof systematic error,
caused by bias in Jjudging the middle of the b;urred edge
of the photographic image and by nonlinearity.in the relation
between photographic image density agd exposure.

The degree of flattening'of the agproaching d?op,
caused by aerodynamic foreces was estiméted to be less than
1/10 of one percent of its diameter (Appendix G). “

An error arises in the measurement of the approacping
drop size from the photographic image if a nonparallel light
source is used for photography. This is caused by reflection
of light off the surface of that portion of the drop on the
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side of the camera. The size of this error was measured by
selécting a straight uniform cylindrical rod of diameter
approximately equal to the size of the drop to be measured. -
The end of the rod was cut off at an angle to its axis. It
was then positioned with its end face oriented toward the
camera. The dimension of the shadow photograph of the face,’
meagured perpendicular to the axis of the rqd, yielded a
measure of the true diameter of the rod. This was compared
with the apparent diameter to yleld an estimate of the error.
This error was found to be less than 1/10 of one percent.
The wire from which the calibration rod was made
was found to vary in diameter from one point to another.
Its diameter at the point used for image calibration was
measured from the normal direction of view using the micro;
meter stage microscope with an estimated maximum error of
less than 0.15 per_cent°
Shrinkage of photographic film in processing was
measured and found to be approximately 0.1l percent. This
was automatically accounted for in that the calibration
rod imege was used to scale the photographs. |
g) Measurement of Drop Velocity

Drop velocities were calculated from measurements
of the_distance the drop moved per frame. The image of the
edgé.of the target surface was not clear. Therefbre, the
éalibration'rod was used as a point of reference. When the

calibration rod was not visible, the cross hairs on the film
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were used. The latter procedure gave rise to larger errors
because of the tendency of the Fastax image to bounce up
and down. The time period between frames was calculated to
within 1/2 percent using the timing marks on the film. The
maximum possible error in the velocity measurements varied
from 5 to 10 pereent depending on the sharpness of the image
of the.drop. The velocity measured was the velocity
normal~to the surface. The drop approaches the surface at
an angle of 8 1/2 + 1 degrees to the surface normal.
Wachters (6) found that the veloeity component of a
drop parallel to the surface remaiﬁed'unchanged during .
impact and had no effect on the dynamics of the collision.
There was more uncertainty in the validity of such an
assumption when the drop wets the surface. With an angie
of approach of 8 l/é degrees the tangential velocity component
was approximately 15 percent of the normal component. A
more important criteria of behaviour, the kinetic energy
of the tangential velocity component, was onlyrz percent of
the normal component. Thus it may be concluded that its
influence was not likely to be vefy'important.“

h) Target Surface Temperature

The target surface temperature was measured using a
thermocouple welded into the center of the platiﬁum;rhodimm
pellet within 1/8 of an inch of the surface. It indicated
the true surface temperatureé within a few degrees (Appendix J).
An error could have arisen in that sometimes the. surface

temperature changed rapidly due. to gquenching by condensate



accumulated inside the tube enclosing the heater section.
To overcome this possibility the surface temperature was
measured both before and after an operating run. If the
difference was more than a few degrees the observation was
discarded.

i) Estimation of the Total Error in Diameter Change Mea.sure-

ment

In the calculation procedure, the approach—diameter
measufement mean and confidence limit values were reduced
to actual dimensions and, with the Similérly reduced measure-
ment of the eaught;drop diameter, were used to calculate the
mean (most probable) and 90 percent confidence limit values
of the percentage change in diametgr due to evaporation(Tathgi}
The best available estimate of the overall experimental
accuracy is given ﬁy the variation in the experimental
‘resultes obtalned for surface temperatures above 600 degrees
Fahrenheit (Fig. 28 ). The variation in these results could
not be statistically analyzed because the numbér of drop
size measurements and therefore the number of degrees of
freedom:was diffépent for different experimental observations.
The variation in the diameter change appears however to be in
the ordér of one Qercent of the diameter. The major error
arises in the measurement of the diameter of the approaching

drop.



(1)

(2)

(3)

(4)

(5)

CONTRIBUTION TO KNOWLEDGE

The measurement of the amount of evaporation of a drop
of 300 to 700 microns 1ln dlameter on striking a hot
polished surface at a veloclty of from 3 to 8 feet per
second,

Further elucldation of the mechanism of heat;transfer
to,and of the impact and rebound dynamics of a small
drop striking a very hot surface,

Proposal and analysis of a model for the lmpact process
ylelding further information about the lmpact dynamlcs
and the heat-transfer process,

Development of an experimental technigue for projecting
a small drop upwards on a predetermined reproduczble
path,

Development of a technique for catching a small drop

in silicone 01l in a glass bottomed pan in order to

measure 1ts size,
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SUGGESTIONS FOR FUTURE STUDY

©o Of particular interest as an extension of this work
would be an in-depth study of the influence of surface
conditions on dfop wetting and heat transfer. This might
encompass such factors as surfage roughness and the presence
of oxide coatings on the surface.' Also of interest might be
the effect of adding materials to the liguid drop, although

this would'require the development of new techniques.
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APPENDIX A
DEVELOPMENT OF THE EXPERIMENTAL EQUIPMENT
AND TECHNIQUE

A period of three years passed between the definition
of the experimental objectives and their achievement. For
clarity, chronological order is avoided and the discussion
is looéely organiged under the headlings of various
experimental functions or tasks.

The objective was to observe the impact.of small
drops on a hot surface and to determine the amount of
heat transfer during this impact. If the drop was at its
‘saturation temperature then the amount of heat transfer
could be calculated from the change in diameter of the
drop. The drbp size region of greatest interest in the
problem of heat transfer to two phase flows from hot
walls is that produced by a conventional spray nozzlé€,
drop diameters in the order of 10 to 100 miecrons. It was
desirable therefore to abserve the behaviour of drops
as close fo this in gize as possib;é. “

Meaéﬁrement of the drop size and velocity before
impact could be accomplished By‘taking a sequence of
photographs of the drop at known time intervals just before
impact. Since the change in diameter of the drop on impact
was expected to be gulte small, in the order of a few
percent, the initial size of the drop had to be determined
as accuragely as possible. Consequently the drops had to

be photographed with maximum feasible magnification.
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This introduced difficulties since the depth of field of
a photographic system decreases with increasing magnifi-
cation, The drop had to strike the surface in the preset
plane of focus of the camera lens system, Early tests
indicated that the drop rebounds in a state of osclillation,
Consequently, photography of the drop just after 1t leaves
the surface did not provide a suitably accurate means of
determining ifs size. Thus it was necessary to catch and
hold the drop for size measurement, Elaborate precautions
had to be taken to insure that the drop dld not undergo
further changes in size between impact and measurement,

It 1s assumed 1n the following dissertation that
the reader 1s famillar with the apparatus as outlined in

the expérimental equipment section and in Appendix B,
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PROJECTING THE DROP

The objective was to produce a clean drop of the
right size and velocity travelling on a path such as to
strike the surface at a predetermined location. The
initial idea was %o take multiple-image photographs
of the drop side;lighted against a dark baekground using
a still cemera and a pulsed or stroboscoplec light. The
drop was to be obtained by a spray -from & nozzlé, Elimin-
ation of all drops but those on the right trejectory was
to be accomplished by & stack of plates with small axially
aligneédchdddass. A photodetectcf\woulé sense the appreach
of a drop on the correct path and activate the stroboseope}
The construction of a stroboscope was begun and tests were
made with a 4 x 5 plate camera with a iiqroébope mounted
in a lens hoard on the front. HNeither this photographic
technigue nor the drop-elimination technique were satis-
factory. Discussion with Dr. Westwater of the University
of Illinois indicated difficulties in using side-lighting
for drop photography. A test confirmed this difficulty.

A shift to motion picture photography was nece§sary when
chaﬁging from side to back-lighted or shadow photography.
An elaborate device was constructed to test the above
mentioned technique for extraneous drop eliminatiqn. It
proved unsatisfactory as the small drops appeared to be
deflected to one side in passing through the small holes.

Consequehtlyg the drops leaving the last hole were not
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necessarily on the correct path.

This failure led to the construction of a drop
projector, a device to fire a drop upwards to hit the
target surface at a predetermined location. The motive
power for“the drop comes from an air driven piston which
can move a limited distance in a vertical cylinder.

Several cylinder-piston assemblies were constructed during
development. Eachihad an increasingly 1&rgerlpist0n diameter
and less piston-cylinder clearance in order to decrease
vibration or whip at the upper &nd, and so improve the
accuracy of the device. The piston was made of stalnless
steel and the cylinder of brass. At first, no oil was

used as it increased friction between the piston and the
cylinder. However, the accumulation of corrbsion products
from the brass caused the cylinder to stick. This problem
was overcome by the use of a small amount of light siliecone
oll in the cylinder.

The top of the projector consisted initilally of
a vertical stainless steel rod extending from the piston,
with an axial hole drilled in the top end, and with a
teflon plug in the hole. The teflon plug projected beyond
the end of the hole. The end of the plug was smoothed with
fine emery paper and polished by rubbing on "Ditto" paper.
A small drop was formeq at the end of a stainless steel
.capilliary tube and placed in the centre of the teflon
surface. The piston was then moved quickly upwards in

the cylinder, by compressed alr. .When the piston came to



113

& sudden stop at the top of the cylinder, the drop on the
top surface pulled out into an extended body with the top
part breaking off ang continuing on in the same direction
of travel. The lower part remained in contact with the
surface. A plexiglass target was set up about 18 inches
away to test the‘accuracy of this device. >The aceuracy

was not satisfactory, probably because of the effect of
vibrations and because of slight irregularities in éhe
teflon surface. The accuracy was improved by roughéning
the teflon surface but was 5till not sazisf&cﬁory. Place=
ment of a hible in the middle of the t#flon surface and
substitution of paraffin wax for teflon did not improve
performance. A trial was made using a vertically oriented
capillary tube to hold the liguid at the top of the piston
extension but this also proved inaccurate. At this point
evolved the idea of holding the liquid drop in film
"boiling. A conieal depression was cut into the centre of

a brass top constructed aé described in the apparatiis section.
A spheriecal depressicn in the surface later proved. superior
to a conical one probably because of the relative immuntdty
of the drop to the effect of lateral vibrations. The édrop
has a tendeney to vibrate and bounce out of the spherical
depression. Thls 1s overcome by adjustment of the surface
temperature and by roughening the surface of the depression
with No. 220 emery paper. The surface must be sanded with
emery paper féirly frequently to obtain satisfactory operation.

The reason for this is not clear.
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This method of holding the drop yields very accuratd
results. The nearer the projector to the surface the more
féproducible was the point of impact. The projector was
positioned approximately 3 inches away from the surface.

This appeared to be sufficient to allow any drop vibrations
to be damped ouﬁ naturally before the drop arrived at the
surface.

This method did not prove successful with non-agqueous
liquids as they invariably Vvibrate and bounce out of the
depression.

It proved difficult to ensure an ébsolutely clean
drop on the surface prior to firing upward because of .the
preseneé of dust and soluble impurities in the water. The
drop, placed on the surface, was allowed to shrink by evapor-
ation to a much smaller size before being fired upwards.

This concentrated any impurities present. During operation
the drop projector was contained inside the apparatus and
although it could be observed through the pyrex pipe wall

it caul@ not be approached directly. The use of double dis-
tilled water fed in through a stainless steel caplllary tube
proved unsatisfactory. ThéAunavoidable application of heat
to the stainless steel/tubing in fabrication evidently.
promoted the formation bf corrosion products which contamin-
ated the water. Following modification, the drop was formed
by condensation from the steam atmosphere inside the apparatus
onto the outside of & vertical loop of glass tubing. Cold
_water was forced through the glass tubing from the outside.
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Difficulties arose also from the contamination of the
water drop with oil., This oll cameueither from the steam
atmosphere itself or arrived by surface flow along the support
of the drop forming device. The o0ll ¢ame from seepage from the
drop catching pan or from decomposition of the silicone rubber
cement., It was only present in minute quantities but became
a problem with the concentration of the drop by evapcration,
The problem was successfully avoided by allowing the vapor
generated continuously inside the apparatus to escape into the
room, minimizing the accumulation of 01l in the base, As an
added measure, the charge of distlilled water in the base was
changed frequently.

The presence of dust in the drop was a problem which
proved difficult to overcome, It came from a number of sources,
including the ceramic covering on the drop projector heater
and the insulation around the target surface heater wires,
Attempts were made to eliminate the dust from all possible
sources, Measures taken included covering the drop projector
heater with a teflon cap, rebullding the drop projector heater
using stainless steel instead of brass, and substituting a
teflon plug for the wooden plug used to block the drop
catcher slot. These proved only partially successful. The
problem was finally overcome by modifying the drop forming
loop such that i1t could be manipulated close enough to the
surface to pick the drop up again., Then, Jjust prior to an
experimental run, a drop resting on the surface and containing

any dust thereon may be picked up and washed off the former
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with further condensation. A new drop can then be placed on
the cleansed surface.

A measure of the slze of the drop in the depression
was obtained using a telescope with a scale graticule and a
large magnifying lens positioned near the outside of the
glass pipe.

The clarity of the image varied considerably with
the position of the telescope and magnifying glass. This
distortion was caused by irregularities in the pipe wall.
The difficulty was sufficlently overcome by successive trial
adjustment of the lens and telescope positions. Considerable
improvement was obtained in taping a flat disc with a hole
in the centre over the end of the telescope objective lens,
decreasing its aperture. The surface of the drop projector
was lighted with a small lamp throwing a suitable beam of
light. It was found that the size of the drop could be most
easily distinguished when lighted from the direction of
observation.

Superheat in the vapor in the upper box would have
caused a decrease in the size of the rebounding drop during
its travel from the surface to the drop catching pan. Since
the drop projector heater was‘a major source of heat, efforts
were made to reduce the heat losses from it. First it was
enclosed in a cemented shell carved from light porous
magnesia brick. The outside surface was covered with high
temperature resistant R.T.V. silicone rubber. On use the

rubber underwent decomposition, reacting with the steam and
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producing a contaminating volatile oll, The heater was
rebullt with a laminated asbestos-fibrous alumina-ceramic
cement structure. The heater wire was enclosed in woven
glass spaghetti and wound on the spool shaped heater core,
The insulation was then laid in layers on top. In a later
effort to eliminate dust, the heater was rebullt as before
on a stainless steel core and with the exterlor covered with

a teflon cap,
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THE TARGET SURFACE

The objective in designing a target surface was to
present & perfectly smooth, clean, flat, metal surfacé at a
known high temperature in the path of the drop. The surface
had to be large enough in extent and formed on a body thick
enough to be considered the boundary of a semi;infinite body.

L The choice of a polished platinum strip 0.010 inches
thick and 0.15 inches wide had an advantage in that it could
be heated to a very high temperature. by an electriec current
without corrosion.

The strip, approximately 3 inches long, was mounted
in plexiglass and one side was polished to a 0.3 micron
finish using a conventionai abrasive polishing technique.

It was then clamped at both ends to large copper bars project;
ing through the roof of the apparatus. .These provided electric-
al leads and held the strip in position.

Initially the intention was to use high maegnifica=
tion, #n the order of 60 times, in photography of the drop
impact. The strip had an advantage in that it could be
mounted very near to the glass obeervation window, necessary
because of the short focal distance of a high pouwer objective.
This was a matter of some concern before.the shift to 16 mm.
motlion photography, where the small film are& places a

maximum limit on the amount of magnifiecation.
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Initially the intention was to heat the'strip very
rapidly in order to avoid extensive supérheating of the vapor
inside. This was accomplished by effectively shorting the
strip in series with a fuse across a low-voltage transformer.
The fuse blows in a fraction of a second, by which time the
strip haé become very hot. The temperature achieved was
roughly proportional to the sguére of the fuse rating. The
temperature of the strip was measured using a large platinum-
rhodium thermocouple made with 0.05 inch wire and spot |
welded to the strip near the center. The temperatﬁre of the
strip was found to drop very'rapidly after the initial heat-
ing. Calculations indicated that the heat loss was largely
by conduction out the ends of the strip. The temperature
change could be followéd with a high-speed recorder, but the
exagt pointLon the trace corresponding to the time of impact
of the drop was difficult to determine. A relay controlled
circuit“was-then.buiif to maintain the temperature constant.
after the firing of the fuse. It was initially designed
to operate using alternatiﬁg current, but the 60 cycle
voltage variation upset the operation of both the high speed
recorder and the conventional chopperéémplifier recorder later
used in an attempt to measure the temperature. Provision was
then made to use a battery power supply.

It was discovered that when the strip was heated it
bowed out because of thermal expansion. In order to avéid
this,‘the strip was placed under a calculated amount of ten-

sion. This resulted in & lengthening of the strip and rippliné
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of the polished surface. A change o a Platinum-10% Iridium -
alloy strip prevented this from occurtung.

Since the drop did not strike the surface of the
strip at the same 1ocatiqn a8 the thermocouple, it was
necessary to calculate the temperature distribution aléng
the strip. This was difficult because the resistivity and
thermal conductivity of Platinum-10% Iridium at high temper-
atures was not available, and because the large thermocouple
constituted a heat sink of unknown properties. A platinum-
10% rhofiium strip was substituted and a number of 0.0005
inch platinum wires and one 0.0005 platinum-rhodium wire
were spot welded to the strip at poiﬁts spaced along the
edge. This allowed the direct determination of a temperature
profile along the strip. This gave rise to difficulties
becéuse it was necessary to clean and repolish the strip
periodical}y, and it was difficult to d§ so without breaking
the wires at the welds. Also, the more conveniént continuous
heating of the strip was contributing substantially to super-
heat in the steam atmosphere. A solution to these difficul-
ties was found in redesigning the target in the cargtridge
form deseribed in the apparatus section.

The surface must be repolished fairly frequently
because the metal tended to vaporize preferentially aﬁ the
grain boundaries, leaving a roughened surface. This was
not difficult because the éartridge.unit was easily removed.
The "Ceramo" thermocouple used to measure target surface

temperature was initially inserted into a hole in the top of
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the pellet. This yielded a temperature indication which was
uncertain due to heat conduction down the thermocouple from
the much hotter region above the pellet. Also, the stain-
less steel sheath was completely destroyed by corrosion.

To overcome this problem a V-shaped groove was filed into
the éide of the pellet down to the thérmocouple hole. A new
platinum-rhodium thermocouple with a platinum-rhodium sheath
was fitted into the hole and the groove was fiiled with
platinum-rhodium alloy using an electrical welding unit.

The alternatingpcurrent voltage used to heat the
target surfacé upset the operation of a chnpper-amplifier
recorder but a slide wire potentiometer was found satisfactory
in measuring the thermocouple e.m.f.

The cooling coll around the cartridge surface heater
unit was initially encased in "R.V.T." silicone rubber. This
d ecomposed in the steam atmosphere and had to be removed.
Initially "aerochlor' chlorinated hydrocarbon oil was circu-
lated thromgh this coil by a large "Haake" circulating unit.
The oil softened the "tygon" tubing used to.contain it,
causing it to burst.- Flexible stainless fjBeel tubing was
substituted as rigld tubing tended to transmit vibrations
from the pump to the apparatus. On testing, the temperature
rise in the cooling coil was found to be excessive, the oil
circulation rate being sevérely limited by the limited
pressure output of the "Haake" pump. The decision was made
to use tap water which was r?adily avallable at sufficient

pressure. The "Haake" unit was used as a basic heating unit
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along with an auxillary electric heater wound on the copper
tubing. A counter current heat exchanger was found necessary
to conserve heat. The "Haake" unit and electric heater were
later replaced by an "American Standard? steam heat exchanger .
of 1.2 square feet heat-exchange area. This operated success-
fully with throttling on the input and output with a consider-
able amount of steam being vented to the drain. The amount
of steam escaping into the room was cut down considerébly

by a jet of cold water played onto the copper venting tube.
The cooling coil was occasionally plugged with fragments of
scale but these were easily removed by reversing the input

connection.
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PHOTOGRAPHING THE DROP IMPACT

In order to photograph the drop impact at the surface,
it was necessary to build a window on the:.fpont of the appara;
tus and to maintaiﬁwits temperature high enough to prevent
condensation on the inside surface. This was to be accomplished
by having two circular windows with hot fluid circulating in
between. As originally constructed the inside window was
cemented directly into the wall with epoxy resin. It was
separated from the outside window by an elaborately constructed
spacing ring. The outside window was held in place with a
retaining ring screwed into the front wall. The hot fluid
flowed through fittings #mto the wall itself and thence
through channels in the wall and spacing ring and through
between the windows. It was designed in this way to make
the window assembly as thin as possible. This was necessary.
because, aﬁ the high magnification originally intended, the
focal distance was very short. A number of difficulties
arose., The fluid leaked out between the glass and the epoxy .
seal, around the threads of the retaining ring and through
flaws in the welding covering the channels cut in the stain=-
less steel wall. Also thermal stresses caused the glass to
crack. When lower magnification photography was decided
upon, the minimum thickness restriction could be relaxed.

The front wall and window assembly was rebuilt in the present
form, .which proved entirely satisfactory. It was important
however, to avoid evertightening the nuts on the fetaining
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ring as this caused the windows to crack. Very thin neoprene
gaskets were uéed; teflon being found toorigid to provide
an adequate seal.

Ethylene glycol was circulated through the window
a8 a heating fluid. It was heated and pumped Qith a size
FE-1 "Haske" unit. The glycol became filled with corrosion
products from the fittings in the pump and had to be replaced
frequently. A screen and glass wool filter in the lead
tubing helped reduce the amount of dirt. Plasticizer oil
was leached from the tygon tubing by the hot glycol. This
il had & tendency to colleéct on the windows after a period
of operation, meking it necessary to clean them frequently.
Thié problem was solved by polishing a dried film of deter=
gent onto the glass surface before installation.

In measuring the siZe of a small drop by photography,
e number of factors limited the preecision of the meéasurement.
There was the resolution of the lens systeﬁ, the basic
acutance or line definition of the film-developer cempination
and the quality of the image as determiried by the light inten-
sity, spectrum and incident direction, by the quality.of the
lens and by the distance of the object from tpe plane of
focus. The allowable minimum depth of fileld was limited by
the accuracy of the drop projector. The resolution of the
lens system was inversely proportional to ‘the mumerical:
Aperture, but so was the depth of field. Thus, decreasing
the lens opening increased the depth of field but decreased

the lens resolution and inereased the amount of light -
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reguired. The'absoiute distance resolution on film was &
product of the film image resolution and the degree of
magnification. The depth of field was however also inversely
proportional to the degree éf megnification. LAnother problem
arose in that the degree of magnification was limited by
the dfop veloeity, because two images of the drop prier to
impact were required in order to measure the drop velocity.
The problem was approached by assembling a lens system to
yield approximately the magnification desired followed by
a reduction of the lens aperture until the minimum desired
film exposure was obtained.

It is interesting to note that for a gilven magnifi-
cation, the maximum depth of field obtainable was dependent
only on the amount of light available andAindependent of
the focal length of thellens. A longer focal length lens
has the advantage of being farther from the object, thus
reducing angular distortion.

The Fastax lenses with extension tubes were first
used for photography of the drop impact. MagﬁifiFatien was
approximately 2 times. The FaStgx 7.5 K.W. arc light was
used with a large parabolic reflector designed to concentrate
the light. It did not provide sufficient illumination for
any higher degree of magnification. In later work with the
stroboscope the magnification was raised to about 5, using .
a 1.5 power microscope objective and a ¥, power ph9ﬁographic
(B & L Ultraplane) eyepiece. The aperture of the objective

lens was reduced by a metal dise with a hole in the center
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to the point where the amount of light admitted was just
sufficlient for the task. The lens systems_mounted in a
standard microscope tube fitted onto the Fastax extension
tubes, had only 5 times magnification because the eyeplece-
to-film distance was less than the standard 25 centimeters,

In choosing the film a number of letters were
written to various companies requesting their assistance,
Ansco was extremely cooperatlive, suggesting that a fine
grain fllm with extended development yields results superior
to those obtained using a faster £film.. Their Versapan was
compared in tests with several other brands and was adopted
as yilelding superior results. It was interesting to note
the lack of correspondence between film granularity and
acutance or line definition. It was also noted that line
definition can be improved if the film is the limiting factor
by underdevelopment followed by treatment with an image
intensifier solution.

The film was initially in a one quart quantity of
"Acufine" developer for approximately 5 minutes at over 80
degrees Fahrenheit, Better results were obtalned using a
one gallon quantity of Ansco "Hyfinol" developer at 70
degrees Fahrenheit,

In running 100 foot lengths of film at its maximum
rate through the Fastax W.F, 4S, camera, it was necessary
to use a 400 foot balanced reel on the takeup spindile.
Otherwise the initial tension on the film was too great,
breaking the film. It was not possible to run a length of
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film through the camera more than once as the film on

running was cracked slightly near the perforations and broke
on the second run. Also, the use of the 220 volt rather than
the 115 volt input to the Goose Control usually caused the
film to break.

The problem of aligning the optical axis of the
camera with the surface was difficult because of the small
depth of field. One technique used was to hold the point
of a sharp needle on the surface with the needle held
ineclined to one side in the plane of focus of the camera.
When the point of the needle was just vislble but not its
reflection, -then the camera.Was correctly :Aligned. ' This
method had the disadvantage of tending to mar the highly
polished surface. Ancther tecpnique, somewhat less precise,
was to focus first on the front and then on the back edge
of the target surface, nobing the relative position iof the
two. The angle of the c¢amera is then adjusted juntil both
the front and back edge of the surface when in foeus are at
the same level in the field of view: The optical axis of
the camera 1s then parallel to tpe aurfage, After measuring
the angle of the camera using an adjustable protraetaf and
level, it was.simple to duplicate the alignment.

Before the impact of a drop could be photographed,
it was necessary to focus the camera on the point a#~whieh
the drop will hit. This was accamplished‘ét first by -focusing
the camera on anneedle point prepositioned at the point of
impaét. This was later replaced by a calibration rod of known
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diameter positioned near to the surface and located such
that it always projected at right angles slightly into the
field of view. It was far enough to‘one side to avoid being
hit by the drop and provided an ever: present size reference
on the film. This was desirable because film had a tendency
to change size slightly in processing and according to
ambient temperature and humidity. The magnification was
changed slightly on occasion by accidental movement of the
lens. This was later prevented by cementing the lens in
place with rubber cement. This calibratidn rod also prov%ded
a fixed point oé reference in the field of view. This was
desirable because the front edge of the target surface was’
not in focus and was therefore not clear enough to provide
& feference location for drop velocity measurement. The
cross hairs on the film image were mot suitable for this
purpose because the film image tended to bounce or move up
and down, an unavoidable phenomenonwith a rotatipg prism
camera.,

It was difficult at first to adjust the positton
of the camera. This was overcome by the insta;lation of
a cross-feed from a lathe between the tripod and the base
of the camera.

With shadow photography if the light source is not
parallel, light will be reflected obliqugly off the curved
sides of a drop, ylelding an image which is indistinct and
undersize. To test the degree to which this was occurring

the calibration rod was cut off obliquely with the end face
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oriented away from the light. The dimension of the shadow
image of this face perpendicular to the axis of the rod
was then the true diameter of the rod. Initial tests
showed this error to be considerable. Masking of a large
part of the area of the ground-glass screen behind the sur-
face reduced it to a tolerable value. The use of the light
source was not very efficient and could probably be improved
to allow greater depth of field and/or greater magnification.
The light for photography passes through a stainless
steel tube passing through the back wall of the apparatus.
It was intended to eliminate any heat radiation from the
light source. It was filled ariginally with distilled water,
but bubbles of gas<formed on the walls and glass ends of
the tube when the tube was heated. The water was therefore
replaced by glycerol. The tube was at first completely
© sealed. On heatingg the expanding ligquid forced its way
out through the seals at the ends and on coqlingg air was
drawn in. A small vertical tube was installed in the‘top
of the tube, allowing for expansion of the 1lighid. The tube
had to be chacked for bubbles before operation., The glyceirol
in the tube turned yellew in use, perhaps due to the influence
of the intense ultraviolet light from the flash tube. The
glycerol had to be replaced every few days as this yellowing
reduced the light intensity econsiderably.
The drop approachingﬂthe surface was found to be
quite spherical except for fairly large drops of around 700

microns in size. A problem then arose in measunihg the:
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equivalent spherical diameter of a vibrating drop. From a
brief consideration of the physical deformation occurrirg
the decision was made to measure the moximum and minimum
dimensions of the image in all available frames, The

dquivalent diameter for each frame was calculated as follows:

- 2,1/3
Deq (Ihino x pmax. )

The actual diameter chosen as correct was the maximum,Deq
caleculated. This assumes that the drop is a prolate elip-

soid.
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SIZE OF THE REBOUNDING DROP

Initial tests showed that the drop rebounding from
the surface was not spherical but highly deformed. Initial
attempts to measure the volume assuming radial symmetry
indicated that the method was not sufficiently precise.
Also it was evident that in many cases that the drop shape
was not radially symmetric. The decision was then made to
catch the drop, to remove 1t from the apparatus and to
measure its size from a microphotograph.

An elaborate apparatus was constructed to catch the
drop. It was designed such that it moved into place
underneath the target surface after the drop had passed.
The drop when rebounding would presumably fall into the
catching pan. The oil in the 1/2 dmech long by 1/4 inch
wide pan was prevented from spilling when the pan was moved
rapidly into place by a sliding glass cover. A pair of
solenoids and a push button switch served to move the
catcher assembly into place and to draw the glass cover
baek at the end of travel of the major assembly. After
the drop was caght the glass cover could be replaced and
the whole catcher removed from its stainless steel sleeve.
The drop could then be photographed from below through the
glass bottomed pan.

Tests of this device indicated that the drop often
did not rebound directly back on the initial line of travel.

This erratic rebound may have been caused by either turbulence
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in the vapor in the top part of the apparatus or by some
phenomenon associated with the eollision itself or more
lprobably, by both. The variation was such that the apparatus
had to be disesarded and the small pan replaced by a much
larger stationary pan.

The present method of catching the drop was then
adopted. The apparatus was not designed initially with
this in mind, and the target was very near to a vertical
front wall. Consequently it was necessary to incline the
target surface forward so that the drop would rebound
backward into the catching pan. This inclination had an
unanticipated advantage in that in aligning the camera
with the surface, the drop arrives on an oblique path, °:
travelling through the plane of focus. The best imaée of
several may be selected and the coineidence of the path of
the drop with the plane of focus is not quite as eritical a
reguirement.

In constructing the drop catching pan some difficulties
were encountered with stress cracking of the glass bottom.
The substitution of "R.V.T.! silicone rubber for epoxy
resin as a sealant proved most successful although care
had to be taken to clean the oil off the rubber after use as
the oil tended to soften the rubber. It was alse found
advisable to allow the rubber to set in an oven at a tem-
perature of 120°C. This kept the glass in compression and '’

notably decreased its tendency to crack.
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. The drop getching pan was filled with Dow-Corning
silicone fluid having 20 centistokes viscosity. At first
 the drop, ‘after landing in the oil, settled down onito-a
» glass surface treated with General Electric SC87 anti-
wetting agent (dimethyl dichlorosilane). It waswassumed
on the basis of work-by Rupe (24) that the anglé of contact
between the water-oil interface and the oll-glass interface
was such that the drop could be assumed to be spherical.
Considerable experimental work with e high .surface tempera-
ture yielded drratie results. On reducing the surface
temperature, the percent evaporation calculated from experi-
mental measurements was almost invariably negative. A
consideration of all posaible sources of error led to the
conclusion that the image of the drop after being cuught was
too.large. Measurements of the size of the image indicated
e variationAin diameter around the circumference much as
several percent. Photogrgphy from the side of drops resting
on a treated glass surface in silicone oil indicated a
contact angle in the order of 140 degrees. (defined as the
angle between the water-glass and water-oil interface).
vcalculations based on measurements of the width of the base
in contact and the diameter indicated-an error of =1.4 10.5
percent, E

In & private communiéation, Dr. Stedman of the

- . Netional Resea;ch Couneil, Ottawa, Ontgrio, indicated the
'likelihooq‘that the drbp might oscillate slightly in moving

onto the5éurface,an&7th§t since there 1s a difference in
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-

the contaet angle depending on the direction of the last
motion of the line .of contact, this would result in an
eccentricity of drop shape.

Numerous oil=soluble emulsifiers were used to reduce
the surface tension of the silicone oil but were not effective
in preventing thié wetting effect. This may have been because
the oll-glass interfacial tension.was simultaneously
increased. The use of mineral oil yielded satisfactory
results at low temperatures, but the results were again
unsatisfagtory at 100 degrees centigrade.

A solution o the problem was finally founé in -
coating the surface of the glass with & thin film of General
Electric "R.T.V." translucent silicone rubber. This was .
accomplished by dissolving the uncured rubber in roughly
twice its volume of carbon tetrachloride. This was made
up in a volume of approximétely 5 cublec centimeters and
spread on the glass surface using a glass rod. The carbon
tetrachloride was allowed to evaporate and the rubber to
cure at room temperature. Precautions were taken throughout
this Pprocedure to minimize dust contaminétion of the coating.
When the silicone oil was added to the pan it penetrated
the rubber surface, reducing the interfacial tension to a
negligible value and ylelding a water-surface contact angle
of effectively 180 degrees. Qualitative tests indicated
that the refracﬁivegindex of the rubber and silicone oil
were not significantly different, so that minor irregularities
in the rubber surface idid not distort the image of the drop
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when photographed from below. It was not necessary to coat
the glass cover with rubber. Treatment with SC87 was
sufficient because the drop of water contacts it only
momentarily if at all. The spacing between the glass cover
and the rubber céated'base plate was more than one millimeter,
sufficient Spaciﬁg for the largest drop.

The surface was found to age with use so thét some

wetting occurreéd. This tendency was overcome by adding a
few drops of oil to the rubber solution before spreading 1t
on the surface, by wetting the surface with silicone oil
from a dropping bottle after rinsing with carbon tetra-
chloride (procedure after every experimental run) and by
the use of a mixture of Dow-Ccrning~50-es. 200 and 20}@5.
555 silicone fluids. Both these have a density only very
slightly less than that of water, Slighi eccentricity was
still occasionally encountered if particles of dust in the
fluid came into contact with the drop.

Several measures were necessary to prevent condensate
from entering the catching pan. Condensate faliing from the
roof was a problem especially when the surfaee temperature
was low and the heat condacted from the surfaae heater into .
the roof was not sufficient to compensate for heat 1osses
+through the insulation. A thin stainless steel roof was
installed to protect the back portion of the catcher. Two
small cartridge heaters were cemented to the roof with "ther
‘mon" high thérmal conductivity cement. The power input to

these was controlled to reduce condensation to a minimum.
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A heater was installed in the.léwér part of the front wall
to prevent condensation there. it was also discovered that
if the catcher was heated too hot, above roughiy 115 degrees
centigrade before being inserted into the box, it caused
any condensate withughtbhiitceamelidnccontact to boil
vigorously, spiattering smail drops into the oil pan. A
certridge heater was installed in the handle of the drop
cateching agsembly to prevenﬁ the ecatcher fro¢ cooling exgess-
ively whilé sitting in the steam atmosphere, prevénting
condensation on the metgl at the front edge of the catching
pan. |
) In proposing this thesis, one must be certain
beyond all reasonable doubt that the size of the drop,fag
calculated from a measurement of the diameter of the image
éﬁ the microphotograph, is the samé as when the drog left
the target surface. The process of development included an
examination of all possibleAséurces 9% e{ror and an effort
to minimize and whére possible to eliminate them. Since .thé
amount of evaporation at the surface is very small, any smell
factor could result in a very large error,‘ -
The drop will evaporate to some extent during its
passage from the target surface to the surfage of the oil.
This will be caused by superheat in fhe drop and superheat
in the steam; this latter condition is difficult to avéid'
since heating surfaces are réquired to prevent coqdensation
and becausé large heat sourcés exist in the surface and

drop=-projector heaters nearby. The temperature of the



137

atmosphere was measured using a 0.0005 inch diameter thermo-
couple, fine énough to yield an accurate gas temperature.
Initially the superheat was in the order of 20-30 degrees
centigrade. Thils was reduced to less than ten degrees by
surrounding the target heater with cooling coil, by thoréughly
insulating the drop}proéectbr,heater and by reducing the
power input to all other heaters such that their he&t‘oﬁﬁput
was just sufficient to prevent condensation . The evaporation
of the drop due to superheat picked up at the surface or due
to the thin film of very hot vapor directly adjacent to the
target surface was considered as a legltimate part of“the_
phenoﬁena and was ignored. Evaporation could also bercaused
by air in the steam atmosphere. Air was introduced during
the process of an experimental test with the opening Qf the
side port and with the introductionjof the drop catcher. A
wet-bulb temperature measuring device was constructed in
vhich a small thermocouple (0.0005 inch diemeter) was placed
in a drop of water. It was found that the wet bulb tempera-
ture recovered to its eguilibrium value within several minutes
of opening the apparatus, indicating that a delay of 10
minutes after introduction of the droy catcher was more than
sufficient to ensure a pure steam atmosphere(Fig. 32).

With the drop catching assembly in place, ‘the vapor
Jetted up through the hole in the assembly. During a test
this jet would blow the rebounding drop away and had to be
eliminated. Initially this Jet was eliminated by introducing
'a quantity of cold water into the boiling water in the base.
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FIG.32  DEVICEFOR  SATURATION
TEMPERATURE ~ MEASUREMENT
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The alternative procedure of venting off steam at the base
was adopted to avoid the possibility of drawing in air by
this procedure.

The next possibility to be considered was the change
in size of the drop from the time it entered the oil until
it was photographed. Before being placed in the catching
pén, the oil was saturated with boiling water. It was then
placed in the pan of the bfeheated catcher assembly in an
air oven at 120 degrees centigrade. - The surface of the pan
was covered with its sliding glass cover to prevent‘the
entry of dust and to retard the escape of water vapor.
The catching assembly was then placed in the saturated steam
atmosphere in the box for at least 15 minutes before & drop
was caught. It was assumed that during this period the oil
cooled to near 100 degrees centigrade, and that it reassuﬁed
its water saturated condition. On removal from the saturated
atmosphere the o0il will lose its saturation and the drop may
change in size considerably in a rélatively short time. In
order to prevent this loss, the drop was covered with a
glass cover enclosing'it in a layer of oll between two
glass surfaces. -Another effect may occur at this point,
'.since when the oll cools, the solubility of water is less and
the drop may increase in size. In order.to minimize this
effect the gléss cover was preheated to 120° C. and the
bottom of the pan was insulated by a layer of air and an extra
glass bottom. Every effort was made to photoéraph the drop

as soon after removal from the saturated atmosphere as
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poséible, Initially a fairly‘high degree of megnification
was used in the photography of the drops. This was reduced
to a much lower value of approximately 20 in .order that the
drop be located and brought into view more quickly. It

then required only about 1 1/2 minutes to photograph a single
drop.

In taking these microphotographs, a problem of
camera vibration during photography was solved with the
adoption of a "Pentax S.l.a.” 35 mm. camera body and flexible
cord shutter release. The use of a green filter and a
collimated lighting system resulted in improved results.
Illford F.P.3 film used with Acufine developer yilelded
‘better line resolution than other combinations tested.

In the development of the apparatus considerable
experience was obtained in the construction of electric
heaters. This experience leads to the conclusion that

where possible, package heater units should be used.



APPENDIX B

The foregoing 1s a very detalled description
of the experimental apparatus intended as a gulde for its
assembly or for a critical analysis of its function., A
simplified outline may be found in the "Apparatus" section
in the main body of the theals,

141
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THE DROP PROJECTOR

The drop proJjector was an assembly whlch formed a
drop, held i1t In film boiiing in a spherical depression
until 1t vapourized to the desired diameter and then
projected it upwards to collide with the target surface
(F1g.10). |

The size of the drop was estimated by observation
through a telescope with a linear scale graticule, The
drop was lighted from the directlon of observation using a
150 watt spot lamp,

The top of the projector was a solid 30 degree cone,
3/4 of an inch across the base, with 1ts base facing upwards,
It was constructed of brass with a 1/4 inch diameter platinum-
10# rhodium center and a nickel plated top. A shallow
spherical depresslion was machined into the center of thg top
surface. Thls surface was finished with No, 220 silicon
carbide abrasive, The cone was fastened by a hollow 7/32
inch dlameter stalnless steel shaft to the top of the drop
projector plston below,

"The 1/2 inch diameter 2 1/4 inch long stalnless steel
plston was contalned in a brass cylinder, The plston could
move upward a distance of only 1 1/2 inches before 1t was
stopped by a brass top screwed onto the top of the cylinder,

The plston was driven upward by compressed air;
admitted into the bottom of the cylinder at the desired

Instant through a solenold valve, The alir pressure was
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preset wlith an adjustable pressure-control valve, Provision
was also made for evacuating the alr system using a water
Jet ejJector, for use in pulling the plston down.

At the lower end of the plston's travél, the conlical
surface of the top of the projector came in undiform contact
with an electrical heater, This served to heat the top of
the projector to a high temperature such that a drop of
water would slt in the depression in film bolling. The
heater conslsted of a stalnless steel spool, wouhd with
Nichrome wire and encased in thermal insulation, It was
mounted on two "U" shaped stainless steel springs fastened
to vertlcal bars attached to the outside of the cylinder,
The heater‘was enclosed in a teflon cap to reduce heat
losses,

The cylindrical body of the drop projector was
screwed lnto a brass shaft which passed vertically through
a 3/4 inch stainless steel Swagelock fitting in the bottom
of the apparatus,

The drop of water was formed by condensafion on a
loop of glass capllltyry: tubing, (Fig.1l). When the drop
was large enough it fell by gravity from the end of the
loop into the depression in the top of the drop‘projector
a short distance beldw. The giass tube was moved away before
the drop was filred upwards,

One end of the glass tube was mounted with RTV
silicone rubber on the end of a stainless steel caplllary-

tube which was sllver solmered at a lower level into a
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larger vertical 1/8 inch stainless steel tube, The larger
tube was fed through a 1/8 inch Swagelock fitting in the
base of the apparatus, slliding in the teflon ferrules in
the fitting. A handle attached to the 1/8 inch tube below
the base, allowed manipulatlion of the drop former. A
positioning device was locked with a set-screw onto the 1/8
inch tube near the base, It operated by means of a pin
which dropped into a hole in the top of the base plate.
A threaded rod projecting through the base plate allowed
external adjJustment of the distance the pin drops down 1hb6
the hoie. Thls enabled the reppovduction of a preset position,
allowing placement or removal of a drop from the spherical
depression. (Fig. 16).

Condensation on the glass loop was caused by
forcing cold water from a one milllliter glass syringe
through a dirt filter, a long enpension'gaﬁillary tube,. through
the glass 10op and out into the bottom of the appesatus.
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TARGET SURFACE &SSEMBLY

Directly above the drop projector was situated the
target surface with which the drop colllded., The surface
was made at the end of a cylindrical platinum-10% rhodium
pellet, 1/4 inch in diameter and 3/8 inches long (Fig.}?).
The end of the pellet was cut off at an angle of about 8 1/2
degrees from a right angle., The flat surface was pollshed
to mirror finish., A standard abrasive paper pol&ﬁhéng
technique was used, the filnal abraéiveAbeing 0.3 micron
alumina slurried in water,

The pellet was held in place with the axls of the _
cylinder vertical by four vertical 30 gage Nichrome wiresTwhich
were silver soldered 1 1/2 inches above the pellet onto twd
flattened copper tubes., The pellet was heated to a high
temperature by means of an electric current flowing through
the Nichrome wires., Power was supplled from a 12-volt
100-ampere-capacity transformer, and controlled with a
variable transformer on the high voltage silde.

A 1/25 inch Ceramo platinum-10% rhodium thermocouple
with a platinum-20% rhodium sheath was welded into the
center of the pellet, This was done by cuttling a V. shaped
slot in the slde of the pellet near to the bottom. A
0.041 inch hole was drilled axially into the pellet as far
as the groove, The thermocouple was inserted into the hole
and the groove was filled withuplatinnm rhodium alloy using

an electric argon welding unit, The thermocouple led up
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the centgr between the two pailrsof Nichrome wires and out
at the top between the copper leads, It was insulated from
these leads by a porcelaln insulation and a length of woven
glass "spaghetti",

The Nlchrome wires were lnsulated with flbrous
alumina and the whole unit was enclosed in a 4 1/2 inch
long 1/2 inch diameter Vycor glass tube, The pellet
projected from the lower end of the tube, The inside
diameter of the glass tube at the lower end was reduced
by melting untll there was very little clearanqe between
the glass and the pellet,

The copper leads and the thermocouple were cemented
to the Vycor tube at the top with silicone rubber. This
also served to seal off the top of the tube. The thermocouple
was encased in rubber up to a terminal block, serving to
protect the fine wires, Two large flexible stranded copper
wires were sllver soldered onto the copper leads a short
distance from where they emerge from the Vycor tube. These
led to an electrical terminal block m;unted on the top of
the apparatus.

The Vycor tube was held in place by a 1/2 inch
stalnless steel Swagelock fitting with teflon ferrules,
This fitting was screwed lnto the roof of the apparatus,
Slip between the ferruldés and the Vycor tube allowed
vertlical and rotational adjustment of the target surface
positlon, The heater~-target surface assembly was posltioned

wilth the polished surface 1nclined toward the observatlon
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window@in}the_front of the apparatus.

The Vycor tube was firmly enclosed in a 2-inch long
cooling coll made with 1/8-inch copper tubing. Tap water,
heated to 215-220 degrees F, 1n a 100 psl steam heat exchanger,
was forced at 60 psig through the coil, With vapor flashing
in the coil, the external surface temperature of the coll
was maintalned at close to the bolling point of water at
atmospheric pressure, This served to maintain the surround-
ing vapour temperature at near to saturated conditions by
absorblng heat generated by the target surface heater. The
circulated water temperature was indlcated by a chromel-
alumel thermogouple in the tube leading from the top of
the heat exchanger. The temperature was controlled using

a gate valve on the inlet steam line.
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ENCLOSURE

The functions of the enclosure were to support
the active components in pesition, to allow necessary access
to these components, to maintain the deslired saturated steam
environment in the interior &nd to allow clear visual observation
of the interior where necessary.

The enclosure was made up of three parts: the base,
the box enclosing the target surfacé, and the glass pipe
connecting the two (Fig.16),

The base was made up of a 3~-inch sectlion of 3-inch
inside diameter stainless steel pipe with a 6-inch diameter
7/16-inch thick flange welded.on the top end and a large
13 1/U-inch diameter 1/2-inch thick flange welded on the
;ower end, The bottom end of the plpe was closed off by a
1/2-inch thick, 8 1/4-inch dlameter stainless steel base
plate,

The drop proJjector was mounted in the center of
the base plate., Holes nearby accommodated the drop former,
its: helght adjustment screw and the water inlet to the base.
A 300 watt heating element cemented into the bottom of the
base provided heat to boil water in the base and thus to
generate the steam atmosphere 1lnslde the apparatus, The
bottom plate was fastened to the flange above with four
3/8-inch diameter bolts which screwed into the bottom plate,
large l-inch holes ln the flange allowed some lateral adjustment
of the relative position of the two. A 1/16-inch thick
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teflon gasket insures a leak proof seal between them;

The whole apparatus was suspended in a 12-inch
diameter hole in the middle of an 800 pound concrete
anti-vibration table. A l-inch wide steel ring around
the edge of the hole contalned three levelling screws on
which rested the large base flange.

The top 6-inch flange contains two radial holes,
one to accommodate the electrical lead to the drop-generator
heater and one to allow an optional path for the escape
of steam, .

A 3-inch nominal diameter, 8-1lnch long glass pipe
connected the base to the top part of the apparatus., The
pipe was fastened top and bottom with a standard iron
flange and asbestos lnsert and was gasketed at the top‘
with.teflon covered asbestos, The bottom flange around the
glass pipe fitted tightly over three steel pins fastened to
the top flange of the base and was held in place by bolts
which screwed into the pins., This allowed removal of the
top part of the apparatus without disturbing the allgnment
between the drop projector and the top part of the eqﬁipment,
A thin rubbe?,impregnated paper gasket was used between |
the glass plpe and the base, This was used to minlimize
the effect of the tightness of the pin bolts on the
alignment, The glass plpe was heated using a Elat‘rubber
coated heatlng tape, This prevented condensation on the
inslide surface, allowing visual observation of‘the drop

former and drop pr¢jector,
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The top of the apparatus consisted of a 6-inch
diameter 7/16-inch thick circular stainless steel flange
to which was fastened a stalnless steel box, The box was
deslgned to support the target surface, to allow photography
of phenomena occurlng at the target surface and to allow
Insertion of an oll filled pan into which the drop falls
when it rebounded from the surface, Provision was made
to prevent condensate from interfering with the flring
or catching of the drop, and to allow maintainance of a
water vapour temperature lnside close to the saturation
temperature of 100 degrees centigrade,

The amount of heat transferred to the drop during
collision was calculated from the change in drop dlameter.
The drop dlameters were measured from a photograph of the
drop taken Just before collision with the surface and a
photograph taken of the drop in the catchling pan. It was
therefore essential to maintaln, in the box, as close to a
pure saturated steam atmosphere as possible,

The front of the box consisted of a vertica1~rectang—
ular plate 4 inches wide, by 4 1/2 inches high, inside
dimensions, Near the bottom of the front plate was cut a
rectangular slot 3/8-inch high and 3 inches wide. This
allowed insertion of the drop catching pan. When the
catching pan was not inside, the slot was blocked by a
teflon plug. The plug extended 1 3/4 inches into the inside
of the box, preventing any condensate falling from the roof

of the box from readhing the drop projector below. A 75 watt
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cargridge heater element was clamped in a groove in the
éntslde of the front plate Jjust above the slot. This was
used to prevent condensatlion on the inside of the front wall,

A 5/8-inch diameter circular double window was
positioned in the center of the front plate. Hot ethylene
g3¥col) circulated between the panes in the window prevented
condensation on the inside, allowing observation of the
target surface directly behind the window, 4

The 8ides of the box were constructed of 1/8-inch
thick stainless steel plates, 4 1/4-inch wide by 4 1/2-inch
high, inside dimensions. A 3 inch by 3 1/4-inch rectangular
hole, was cut in one of the sides, This hole was covered
by a 1/2-inch stainless steel plate in which was situated
an observation hole and two fittings., The observation hole
was 2 inches in dlameter and was covered by an easlly
removable brass plate, This allows momentary obsermatlon
of the interilor without major disassembly,.

The two fittings in the plate were used to accommodate
a gas-temperature probe and a calibration-prefocus rod
assembly., The temperature probe, a platinum-rhodium
thermocouple, was held in a teflon insert in 1/4-inch
"Swagelock" fitting. The thermocouple, made with 0,0005-inch
wilre, ylelded an accurate reading of vapour temperature at
1ts immedlate location, The prefocus rod assembly was a
device which positioned a small stainless steel rod near the
target surface, Thils rod was used as a Peference to prefocus

the camera and as a known dimension to scale the phbbtograph.
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The support fitting for the rod allowed its temporary
removal and 1ts return to the preset location near the
surface, The support fitting consisted of a 1/4-inch diameter
stalnless steel shaft sliding perpendicularly through the
side of the box iﬁ an extended brass tube., The tube was
screwed tightly into the wail of the box. On the outside

of the box a brass collar was held on the shaft by a locknut,
The collar contalned a pin, orlented parallel to the axils

of the rod, which fitted tightly into a hole in a flange at
the outer end of the brass tube. The actual calibration

rod was "L" shaped with one end held by a locknut in a radial
holw at the inner end of the atainless steel shaft, The
callbration rod was in the same location whenever the pin

was seated in the hole, This location could be altered

by loosening the locknut in the collar,

The back wall of the box consisted of a 1/2 inch
phick stainless steel plate of the same dimensions as the
front wall, The light necessary for photography of a drop
at the surface entered through a horizontal 3/4 inch
inside dlameter stalnless steel tube passing through the
back wall. This tube was held in teflon ferrulés in a
Swagelock fitting positioned in the back wall directly
opposlte the viewlng window in the front wall,

The tube was 6 1/2 inches long, closed at the out-
side end by a glass window and at the inner end by a frosted

glass window, It was fllled with glycerine for the purpose
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of extinguishing heat radlation from the light source,.

The inner end of the tube was poslitlioned approxlimately

1 inch behind the target surface and was masked wlth a
clip-on copper plate. The plate had a 3/16 inch wide

by 1/8 inch high rectangular hole positioned such that the
hole was directly-behind the target surface whenviewed
from along the plane of the surface. This reduced the
area of the light source, minimizing the error caused by
oblique reflection of light at the sides of the drop and
calibration rod, The end of the calibration rod was cut
off at an angle, with the end face visible from the front,
The vertical size dimension of this face was always equal
to the true rod dlameter, ydelding a measure of this reflection
error,

"1 'The top .of the box consisted of a 1/2 inch stainless
steel plate 4 inches wide and 4 inches long, inside dimen-
slons, The fitting holding the target surface assembly
was positioned in the center, 3/8 inches from the inside
of the front plate. The inlet and outlet tubes to the
target surface heater cooling coll were sealed together
with silicone rubber through a hole 1n the top. Steam
passed out at the top of the box through a 1/2 inch Swagelok
fitting near the back corner, Two 75 watt 115 volt cartridge
heaters were attached with hligh thermal conductlvity cement
to the outside of the top of thg*box, for use 1n minimizing

condensatlon on the roof.
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The base of the box consisted of a 1/2 inch stainless
steel plate., The front part under the target surface was
cut away leaving a rectangular hole in the bottom of the box,

The box was gasketted to a mounting plate resting
on top of the glass pipe with a 1/16 inch thick teflon
gasket and was held in place by four bolts through two
exterior mounting brackets positloned at the bottom front
corners of slde plates, These bolts fitted through slots
in the mounting plate cut parallel to the front plane of
the box., This allowed sideways adjustment of the position
of the box, Elongated holes in the.mounting bratkets allowed
adjustment forward or back., Provision for adjustment was
necessary to allow alignment of the target surface and the
drop projector.

The Joints between the walls of the box were
sealed wlth silicone rubber, applied as a self setting
paste immediately before assembly.

During operatlon a steam atmosphere was maintained
inside the equlipment, Steam was generated continuously by
the boiling of distilled water in the base. The steam
flowed up through the apparatus and out through the top
of the box, sweeplng any air along with 1t., The steam
could be condensed as desired 1ln a glass condenser and the
condensate returned by a 1/4 inch stainless steel tube to
the base, Provislon was made for the addition or drailnage

of the water from the base.
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In order to measure the time perlod necessary to
sweep the apparatus clear of air, a device was constructed
to measure the wet bulb temperature in the interior (Fig.32).
This was mounted inside the 1/2-inch side plate on the side
of the box, A jet of water from a No, 24 size hypodermic
needle formed a water drop on the end of a glass fiber.

A ball of 0.0001-inch platinum wire fused onto the end of
the fiber helped hold the drop in place, After formation

of the drop, a 0.005 inch platinum-rhodium thermocouple

was pushed into the drop. The thermocouple indicated the
temperature of the drop, equivalent to the wet bulb
temperature. Thermocouple conductlon error may be neglected
with a thermocouple wire of this diameter,

Condensate formed on the inside of the equipment had
to be prevented from falling into the drop catching pan or
onto the surface of the drop projector. Condensate in the
pan could fall from the roof or from the front of fthe box.
In order to prevent this, the front waﬁl was heated by glycol
circulated through the window and by the heater above the
slot. The power to this heater was regulated such that it
was Just sufficlent to prevent condensation on the lower
front wall, An inverted "V" shaped slot milled into the
Iinside of the front surface was effectlve 1n deflecting
to the side any drops of condensate running down the front
wall, A peaked roof made with 0.,002-inch thick stainless
steel sheet sat on the floor of the box and shielded the

catching pan from condensate falling from the back 2/3 of
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the roof. Condensation on the roof near the front was
largely prevented by the flow of heat from the target
surface heater, balancing the loss of heat through the
insulation above, This heat input was not sufficient when
the surface heater 1s on low, The addltional heat then
required was provided by two 115 volt T5-wattcartridge
heaters cemented to the top of the box with "Thermon" high
thermal conductivity cement., The base of the box and the
top of the mounting plate just below was cut and contoured
such that all condensate flowed through a hole ln the plate
and through a 1/4 inch stainless steel tube to a poiﬁt below
the drop proJjector surface,

It was imposslble to prevent all condensate from
falling onto the drop projector. Thus during the apparatus
heating period the drop proJjector surface was covered with
a small cover which was thrown aside by operation of the
piston before an experimental test,

The outslde of the equlpment was almost completely
covered by insulation. The lnsulation was constructed with
cut sections of l-inch thick rigid "Thurane” foam fasténed
where necessary with cellulosé tape, The top of the bhox
was Insulated with loose fiberous alumina insulation held
in place by the slabs of foam which extended beyond the top
of the box. The glycol and bolling water lines were insulated
with strips of cloth. The great inflammabllity of this
Insulation necessitated the location of a fire extingulsher

nearby.
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THE _DROP CATCHER

The drop was caught after rebounding frpm the target
surface 1n'a 1 15/16 by 2 inch rectangular glass bottomed
pan partially filled with silicope oll (Fig. 1#). The pan
~was cut in a 5 1/8 inch long 2 1/2 inch wide 5/16 inch
thick brags plate., This plate was fastened to a handle
which clamped against the outslde of the front wall of the
box, with the plate projecting through into the interlor,
The plate projected 2 1/8 inches beyond the end of the pan to
accommodate a sllding glass cover for the pan. The drop,
travelling in a vertical path, passed through §.hole in
the plate in front of the pan., On hltting the forward
inclined target surface it rebounded backward into the pan.

The oil used consisted of a mixture of Dow Corning
Silicone flulds: 7T parts 200,20 c¢s. fluld to 1 part 555
fluid., A mixture is used to obtaln a denslty very close
to that of water,

Since the pan had to be removed from the saturated
environment in the box before 1t could be photographed,
the drop had to be'protected from a decrease in size due
to the diffusional loss of water through the oil into the
air., This was accomplished by insertion of a gldss cover
into the oil immedlately after the catching pan was removed

from the box. The cover rested on four flat glass chlps
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positioned in the corners of the pan, allowlng a clearance

of 1 millimeter for the drop resting on the bottom of the
pan. If the oll was allowed to cool it became supersaturated
with water and the drop' had a tendency to ilncrease in size,
Cooling was retarded by the two glass covers on the top

and by a double window with an air space on the bottom.

The drop was prevented from wetting the glass by a coating

of translucent silicone rubber applied in a 0014 solution

and allowed to set,

The rubber solution for coating the glass was
prepared by dissolving approximately 5 ce. of General
Electric translucent RTV silicone rubber in about 10 cc.
of carbon tetrachloride containing about 1 cc, of sllicone
fluid, A small quantity of the solution was spread over
the clean glass bottom of the pan, The glass chips were
inserted and also covered with solutlion. The assembly was
then placed in a dust free cupboard untll the coating set.

The catcher assembly was heated in an oven to
approximately 110 degrees centigrade, before lnsertion
into the box. During its residence in the box its tempera-
ture was maintained by a 75 watt 3/8 inch diameter cartridge
heater in the handle, The glass cover was heated in the
same oven but was not removed until Just prior to its
insertion into the oil.

The catcher was carried whéen hot, using a nylon

handle which screws into one end.
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PHOTOGRAPHY

The drop was photographed with a "Pentax SLI" 35 mm.
S.L.R, camera attached to a substage microscope. A photographic
eyeplece was used to yield a flat plane of focus, Light
was provided by a source and collimating system posltioned
above the stage. A size reference dimenslon was obtalned
using a microscopic scale, A magnefief clipped onto the
camera viewer was used for fine focusing. A cable release
on the shutter was used to minimuze vibration.

The lens comblnation used ylelded approximately
12 times magnefication on film. It was desirable to keep
the degree of magneficatlion low in order to minimize the
time necessary to locate and photograph the drop caught.

Impact of the drop at the target surface was
photographed using a Fastax W,F, 4ST16 mm, movie camera
operating at a framing rate of approximately 4600 frames
per second, One hundred foot rolls of Ansco Versapan
negative film were used, and developed with Hyfinol developer
in a portable movie film developer. Light for photography
was provided by a syncronized stroboscope described in
Appendix C, The camera operation 1s controlled by a
Fastax Goose Control unit. A push button switch started
the camera, After approximately one second, allowed for
camera acceleration, an adjustable event delay timer in

the control unit opened the solenold valve operating the
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drop projector and closed a relay in the stroboscope
éontrol timer, starting operation of the stroboscope unit,
All circuits resumed the off position when a relay 1n the
camera detected the passage of the end of the fi1lm past
the camera drive mechanism,

The lens system on the camera consisted of a
conventional microscope with 1.5 power objective and 7
power Bausch and Lemb Ultraplane photographic eyeplece,
These were mounted at the end of a number of extension tubes
and a cross-halr marking attachment. The degree of
magnification was adjustable wlith varliation of microscope.
position. Most of the work was done wilth a magnification
of approximately 5 times, During the later part of the
experimental work the microscope was cemented in position
with silicone rubber. Thedperture of the mlcroscope was
adjusted with a ring disc located behind the objective in
order to take full advantage of the amount of light to
obtain maximum depth of fleld, Before operation, the camera
was focused on the prefocus rod. The location of the rod
was set such that, in the correct position, the rod projects
slightly into the fleld of view, thus providing a reference
dimension and location in the finished photographic record.
Adjustment of the camera position was facllitated by the
mounting of a lathe cross fed between the camera and the

conventional Fastax mounting tripod.



165

A time reference on the film was obtained by a neon
timing light pulsed by a Fastax crystdl oscillatér at 100
cycles per_secondj The camera speed was controlled by a
rheostat in the Goose control unit, invariably set at its
maximum allowable value of 200 volts, A timer in the Goose
control unit stopped the camera 1n the event of a faillure
of the relay in the camera,

The spot light used for prefocusing the camera and
the stroboscope flash lamp were both held in position on a
‘mounting frame bolted to the table behind the apparatus.
The light from the flash lamp was concentrated by a 6 inch
diameter 4 inch focal length fresnel lens and a silvered
3% inch long cone attached to the lamp housing. Directly
prior to operation the stroboscope lamp was poslitioned in
place with the end of the cone touching the end of the tube
projecting from the batk of the box.
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Influence of Surface Roughness

An attempt was made to determine superficlally the
influence of a gross surface roughness, To do thls, a
reflection mlcrograph of the highly pollshed surface was
taken with 67 times magnification (Fig. 18), This provides
a record of the nature of the surface, The surface was
then sanded in many directions with 600 grit silicon carbide,
A similar micrograph offthis surface was also taken (Fig, 19).
The roughened surface was 6hen ysed in a series of tests

to determine the effect of thls roughness on the heat transfer

process,
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Recommendatlions for Improvement of Experimental Apparatus

1. A new optical system may be designed to make better use
of avallable light allowing an increase in the photo-
graphic depth of fleld.

2. Substitution of a sillicone oll for the ethylene glycol,
presently belng used as a heating fluild for the observa-
tion window::, will prevent the formation of corrosion
products which cloud the glycol. This will necessitate
the substltution of metal for the plastlic lead tubing,

3. Institution of a separate steam generating system allowing
continuous condensate dralnage will minimlze oll contamin-
ation of the interior atmosphere,

4, Elimination of an air leak near the bottom of the drop
proJector and use of a bottled-gas supply may result
in more consistent projector operation,

5. Installation of a small heater on the upper sectlon of
the vycor Uiubge encélosing the target surface heater will
prevent condensation on the inslide of the tube, This
condensate forms when the power input to the heater is
low and may cause a rapld drop in target surface temper-
ature at any time,

6. Substitution of quartz fibre insulation for the spun
alumina Insulation about the target surface heater
wlll eliminate a majJor source of dust in the 1interior
of the apparatus,

7. Installation of a cooling coll around the outside of
the drop projector heater wlll resultr in a marked reduct-
ion in vapour superheat 1n the interior of the apparatus.



APPENDIX C

The followying is a very detailed description of
the operating procedure for the experimental apparatus,
intended as a guide for_ its operation. A simplified outline
may be found in the "Procedure” section in the main body of
the thesis.

168



169

OPERATING PROCEDURE

This section 1s organized under four headings : ;
Preparation for a Series of Tests, Preparation for an
Experimental Run, Test Procedure, and Procedure for Auxiliary
Tests. The first section describes mebhods of assembly or
preparation of equipment where the procedure is not self-
evident.

For the test procedure itself, a chetklist was found
to be absolutely essential in order that no detail be forgotten.
The heédings for the checklist are given in the second section.
The apparatus was made of a great many individual components
and thus has low reliability. The operator had always to
be alert to Qetecf and rectify the failure of & component

before it ruined a test run.



PREPARATION FOR A SERIES OF EXPERIMENTS

Target Surface Preparation

The target surface was lnspected and cleaned before
each series of experimental runs. In removing the target
Burface assembly from the apparatus, care had to be taken
to prevent the surface from becoming marred through contact
with the edge of the retaining fitting. When replacing this
asseitbly inside the apparatus, the copper cooling coil inside
had to be pushed firmly onto the vycor Jacket; otherwise it
projected down past the surfgce and blocked the light.

When the surface was to be polished after being
marred or scra@@hed, the Vycor Jjacket was removed and the
pellet-heater unit mounted in cold setting plexiglass. It
was then polished using a series of abrasive papers. It had
to be mounted or a perfectly flat surface could not be obtained.
After polishing, the plastic mount was burned off in a gas
flame. If only minor cleaning and polishing was necessary,
the unit could be left in the Vycor Jjacket. The hole
between the Jacket and the pellet was filled with rubber
cement prior to polishing to prevent the entry of polishing
compound. The surface was then polished with 5 micron and
0.3 micron alumina on wetted lens cleaning tissue. After
poiishing, it was washed with distilled water and. the rubber
seal removed. Any rem&ining rubber was burned off in a gas

flame. The surface was then washed with distilled water and
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the unit replaced in the apparatus.

In obtaining a roughened surface, the surface was
sanded with light pressure in every direction with No. 600
grit silicon carbide paper.

Reflection micrographs were taken of both the smooth
(Fiz.18) and the roughened surface (Fig. 19). |

The heater wires expanded considerably on heating,
such that the level of the surface when hot depended on
the heater power input. The target surface had to be near
enough to the calibration rod when hot, s¢ that both could
be seen in the field of view of the camera. Thus the level
of the heater Jacket in the Swagelok fitting had to be

adjusted by trial according to the surface temperature desired.

Drop Projector Heater Adjustment

The drop projector heater had to be adjusted to the
lowest effective power input. If it was too low, the drop
on the surface when it became small, would suddenly Jjump
off the surface. If it:was toorhigh~it.added an’ undesirable
“okoessi-of superheat to the vapour in the apparatus.
Adjustment was made on that basis. The other heater power
inputs were adjusted such that they were just sufficient to
perform the function of preventing condensation. The correct
roof heater adjustment depended on the target surface.heater
power input. The drop catcher heater was adjusted so as to
maintain its temperature at 100 degrees centigrade, &as indi;
cated by a thermocouple inserted into a hole in the handle.
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Apperatus Alignment:

Before operation, it was necessary to align the drop
projector, the hole in the drop catcher, the target surface
and the calibration-prefocus rod. Alignment of the surface
and the drop projector was accomplished through movement of
the box at the top of the apparatus on 1ts circular supporting
plate underneath, or if necessary, by movement of the base
plate under the large flange at the bottom of the apparatus.
A drop was placed in the depression at the top of the drop
projector using a glass syringe and & needle extended with
e long curved length of capillary tubing. The tubing was
Ihserted through the port in the side .of the stainless steel
box at the top. The drop was allowed to evaporate to a
diameter of about one millimeter, at which time it was
fired upwards. After loosening the four mounting bolts,
the position of the top box was adjusted in successive trials
until the projected drop hit the target surface reasonably
near to its centre. The location of the point of impact
on the surface was observed using a small, angled mirror
made by polishing one end of a stainless steel strip and
bending this end up. The callbration-prefocus rod was
positioned with its end approximately 1/16 inches away from
-the drop on the surface and with the axis of the rod inter-
section near to the front edge of the circular area wetted
by the drop, roughly 1/4 of a diameter from its front edge.
This yielded a best first approximation of the correct
position. Further adjustment was made after a trial photograph
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of the drop rebounding from the surface. If, on examining

the film, the receding drop was in focus but not the approaching
drop, then, in order to improve the focus, the prefocus rod had to
be moved toward the camera., In accomplishing this, the camera
was positioned as in performing an experimental run and wes
focused on the prefocus rod. The camera was then moved back
until the rod was Judged to be as much out of focus as was
the-image of the incoming drop. The position of the rod

was then adjusted until again in clear focus. If the reced=-

ing drop was more out of focus fhan the approaching drop,

e similar procedure was followed, with the camera belng moved
forward. In projscting & drop with the apparatus cold, the
power to the drop projector heater had to be increased to
compensate for the increased heat losses.

In order to align the drop catcher, the catcher
aessembly was placed in the apparatus with the hole through
which the drop normally passes blocked wlth a pane of glass.
The catcher was seated firmly agelnst the adjustable stop
which was mounted on the front of the apparatus to the right
of the slot accommodating the drop catcher. Thils stop,
consisting of an allen screw and a lock nut, was adjusted in
successlive trials until the projected drop hit the glass in
the centre of the hole. The apparatus required realignment
only after major dlsassembly. The Jolnt between the glass
pipe and the base was self-aligning, allowing access to
the drop former and projector without disturbing the

alignment.,
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Preparation for an Experimental Run

~Before turning the apparatus heaters on, the depression
in the drop projector war-washed with distllled water to remove
any dirt on the surface. It was then covered to prevent
any dirt from falling condensate from collecting in the
depression during the heating period. The drop former was
cleaned using caustic solution and distilled water to remove
traces of oil.

Before removing the top of the apparatus, the camera
and tripod were moved to one side. The viewing lens and lens
holder were removed and the light used to illuminate the
drop projector was moved to & table nearby. The target
surface thermocouple lead was disconnected at the terminal
block. The boiling water lines to and from the target
surface heater cooling coll were dlisconnected at the Swagelok
fittings near the top of the apparatus. The three bolts,
locknuts and washers at the top of the aligning pins on the
base of the apparatus were then removed. The top of the
capparatus was then lifted clear of the drop former and swung
counterclockwise across to the top of the concrete table.

.The glycerine in the light conductlion tube was checked
and replaced if necessary. It had a tendency to turn yellow
under the influence of the intense ultra—viélet light.

The platinum surface of the depression was sanded
lightly with No. 220 grit silicon carbide paper. Following
this, it was rubbed with a dry sheet of lens cleaning paper
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wound on the end of a pencil. It was then wiped with a
damp sheet of the cleaning paper.

The drop former was raised to 1lts maximum height and
& small beaker was slipped underneath. It was cleaned by
pouring concentrated caustic solution and distilled water
over the glass loop. The drop former was then placed with
the end of the loop in the depression and the positioning
pin at the bottom of the sypporting rod in its hole. The
tubing was then bent slightly if necessary and‘the positioningé
device helght-adjustment screw adJusted’from beneath the
base of the apparatus until the end of éhe glass loop Jjust
cleared the bottom of the depression. The drop former was
then raised and a small circular stainless steel plate was
placed across the. top of the'drop[projector. The top of the
apparatus was then replaced and the various fittings recon-
nected. In tightening the bolts on the alligning pins, every
effort was made to tighten them firmly slowly and evenly.
This wag to minimize the effect of variations in bolt
tightness on alignment.

Care was necessary in manipulating the drop former
to aveid shorting the electrical connection to the drop-
projector heater. It was possible in 1ifting the drop
former to bring its supporting tube 1nto‘contact with the
ungrounded lead to this heater.

Distilled water was then allowed to flow into the
base of the apparatus from the funnel connected to the

condensate return tube at the left of the apparatus. Any

AR
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excess was drained off through the drain tube beneath
the apparatus until the water level was Jjust below the
lower steam vent. The heater-circulation unit was turned
on to circulate hot glycol between the windows. The variable
transformers controlling the power input to the base heater,
the glass pipe heating tape, the drop projector heater, the
roof heater and the front heater were all turned on. The
target surface heater control was turned on and get to
provide heat sufficient to prevent condensation on the surface.
At the end of the heat up period, approximately 1 1/2 hours,
the target surface heater control was set to yield the
desired surface temperature. The steam to the heat exchanger
was turned on along with the water jet on the steam drain
vent from the heaﬁ exchanger. This water jet served to
reduce the amount of steam escapling into the room. The
tap water to the heat exchanger and cooling coil was. turned
on and & check made to ensure that it was flowing properly.
The roof heater contfiol was adjudted with any change
in the surface heater control setting such that the heat
input was just sufficient to prevent condensation. Approx-
imately two hours were required for the steam atmosphere to
£1ll the entire apparatus, as indicated by:the issuance of
steam from the top steam vent.
Both drop catching assemblies were cleaned and the
.glass bottom of each was coated with silicone rubber. The
sliding glass covers were cleaned and placed ovef the panc

and both assemblies were placed in the oven at 115 degrees
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Centigrade. The two cover glasses were cleaned, treated
with anti;wetting agent (General Electric SC-87) and placed
in the oven in a folded piece of lens cleaning paper.

The cleaning procedure consisted of washing the oil
away with ecarbon tetrachloride from a wash bottle, followed
by scrubbing with a stiff paint brush wetted with a concen;
trated solution of laboratory glassware detergent. The
detergent was rinsed off with distilled water and the surface
dried flth cleaning tissue. The glass surface was then treated
with anti-wetting agent, General Electric SC-87, as follows.
One drop was placed on the surface and wiped over the
entire surface with cleaning tissue. It was then wiped
off until no trace could be observed on the surface. It was
then flushed with distilled water and any remaining drops
around the side were absorbed onto a wet paint brush. The
cleaning process was intended to remove all traces of dust
and%dirt. Washing with carbon tetrachloride was done in a
ahood in order to prevent contact with the vapours which are
poisonous even in small concentration&%

In preparing the oil, the bottom of a small erlen=-
meyer flask was covered with about a quarter of an inch of.
water. The silicon@pil was poured in to a depth of about

half an inch. The flask was then placed on a little stand

in a beakéy.large enough to allow a cover to be placed over

AT

the top without coming in contact with the flask. Distilled
water was boiled in the bottom of the beaker for at least one

half hour prior to pouring the oil into the drop catching pan.
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The chromel-alumel thermocouple in the tube from the
heat exchanger and the target surface thermocouple lead were
connected to a potentiometer, A mixture of crushed lce and
water was placed in a thermos flask contalning the thermo-
couple reference Junctlons, Both temperature indicatlons
were checked to ensure proper operation.

The potentlal of the bolling water thermocouple was
adjusted to between 4,15 and u.aor;y operation the control
valve on the steam inlet to the heat exchanger. Only minor
adJustment became necessary as the steam flow was turned on
or off using a gate valve in the steam line, poslitioned
above the control valve,

The Fastax camera was positioned on the tripod at
an angle of 8 1/2 degrees, and focused approximately on
the target surface. The tripod was positioned using marks
on the floor made for the purpose,

The camera control cables were attached according
to instructions outlined in the Fastax manual., Three
cables were connected to the camera; the timing marker
cable, the 115 volt power cable, and the camera power cable
from the Goose control, The sprocket wheel plckup cable was
connected from the camera to the pulse amplifier, The
stroboscope relay control cable was connected from the

stroboscope control timer to the 115 volt plug
swiltched through the event timer in the Goose control,
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The push button switch cable was connected to the Goose
control and the Goose control power cable was connected
to the 115 volt mains. The two fllament power switches
on the stroboscope were turned on at least 15 minutes
prior to cperation. The swltch on the letdown trans-
former in the high-power line to the stroboscope was
turned off (red button pushed in). The timing sequence
switch on the Goose control was set at an indicated 200
volts. The camera run tlmer was set at 1.5 seconds.
The event delay timer was set at 1.25 seconds. The
stroboscope conbtrol timer was set for a delay of 0.05
seconds and a run time of 0.20 seconds. The three
switchea on the side of the camera were bturned on,
completing the preparation of the camera and strobos-
cope. Further information regarding operation of the
stroboscope may be obtained by reference to the
stroboscope sectlon, Appendix D.

The telescope was clamped %o a vertical rod
positloned several feet from the apparatus. It was
pointed down toward the drop projector surface at an
angle of approximately 39 degrees. A magnifying
lens was positioned along the line of sight of
the telescope, as close to the drop projJector
as possible. It was clamped in ﬁl&ce using an
extended clamp from a nearby rack, and is lnclined
80 as to be perpendicular to the axis of the line
of sight of the telescope, as close to the drop
projector as possible. The position of both the

telescope and lens had to be adjusted until a



oo~

180
satisfactory view was obtalned. This was necessary because
of irregularities in the glass pipe. This Wwas tested by
placing a drop on the surface and allowing it to evaporate
under observation to the size to be projected. With the
lens and telescope used, 1 division on the scale imposed
on the image was rouvghly equivalent to 100 microns. In
attempting to project a drop of a speciflc size, a delay
between starting the camera and projecting the drop must
be anticipated. The change in size during this d~lay was
Quite marked and inereased with decreasing dropysize. The
surface of the drop projector was lighted by a spot lamp
directed through the magnifying lens, positioned sufficiently
to one side so as not to blocﬁ the line of sight of the
telescope.

The micrography apparatus waes preset such that a
a drop caught in the pan would be nearly in focus when
the drop catching assembly was placed on the stage. The
reflex camera was loaded with Illford FP3 film anduthé
shutter speed is set to 1/35 of a second.

A 500 millildter beaker was filled with distilled
water and a 1 milliliter glass syringe was placed nearby.

The slde port in the top of the apparatus was opened
to view the interior and to ensure the absence of condensate
from the front part of the roof and the front wall. The

«callbration rod was chetked to ensure 1ts correct position.
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TEST PROCEDURE

A 100 foot roll of 16 millimeter film was cseated
firmly on the top spindle in the Fastax camera with approx-
imately 18 inches of film hanging down. The position of
the viewing prism was adjusted into alignment with the
camera viewer. The door of the Fastax was then closed.

The stroboscope lamp and cable were placed on top of the
stroboscope power supply housing and a flood lamp was
positioned on the frame behind the apparatus to light the
surface for the purpose of focusing the Fastax camera. A
Fastax 400 foot balanced loading spool was placed nearby.

The power input to the tanget surface heater was
adjusted to yield the desired temperature.

The beaker containing the prepared olil was removed
from the boiling water and allowed to sit on the bench for
five minutes in order to allow small drops of water in the
oll to settle out. The oll was then poured into the drop
catcher to a depth of about 1/8 of an inch. The addition
of more o0il than necessary was avolded because it tended to
spill and contaminate the interior of the apparatus. The
glass cover, shoved aside for the addition of the oil, was
then slid back over the pan and the catcher allowed to remain
in the oven 10 minutes prior to its installation in the

apparatus.
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The drop former was swung aside and the drop projector
piston was operated if necessary to ejJect the cover aside.
The teflon plug was pulled out and replaced, causing any
condensate on its surface to fall into the bottom of the
apparatus. The drop projector was operated again to remove
any water fallen from above. In operating the drop projector,
compressed alr was turned on and the control regulator
adjusted to yield the desired pressure. The button activating
the Goose control was depressed starting the timing sequence
and activating the event timer which operates the solenoid
valve admitting alr to the drop projector cylinder. The
camera and stroboscope did not operate at this polnt because
neither is turned on. Following operation a toggle valve
was closed which shuts off compressed air from the regulator.
The water Jjet ejector was turned on and the ball valve from
the compressed air system opened. After a period of about
10 seconds the push button was depressed again, opening the
solenoid valve and allowing the drop projector piston tq
fall into its original position. The toggle and ball valves
were then reset to their original position. Before the
catcher was placed in the apparatus, the correct positioning
of this valve was verified and the set air pressure was
recorded on the operation checklist.

Prior to loading the drop catcher, the camera was
pivoted aside, the teflon plug was pulled almost all the
way out and the drop catcher clamp and a screw driver were

positioned nearby. A nylon handle was screwed into a threaded
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hole at the end of the drop catcher handle. The drop catcher
was then removed from the oven and carried to the apparatus.
The teflon plug was removed and the glass cover over the drop
catching pan was slid forward. The drop catcher was then
gently inserted into the slot and the side of the handle
sectlon was pushed to the right tight against the set screw.
The clamp was hooked over the two serew studs on the left
hand side and the screw in the clamp was tightened, holding
the drop catcher firmly in place. A check was then made to
insure that the catcher was positioned firmly against the set
screw as the tighténing of the screw ln the clamp had a ten;
dency to move it away. The plug from the drop catcher heater
was connected to the socket on the end of a cord from a
preset variable transformer. The nylon handle was then
removed, completing the installation of the drop catcher.

The Fastax camera was repositidaed in place and the
clamp on the rotating shaft of the tripod was tightened.
The floodlight behind the apparatus was turned on. The camera
was fogused on the prefocus rod with the sides of the rod
in exact foecus, and the end of the rod Just visible in the
field of view. ”ﬁﬁ§ necessary adjustments were made using the
height adjustment wheel on the tripod and by the lateral and
front adjustment screws on the lathe crossfeed on which the
camera was mounted. The floodlight was then turned off. The
door of the camera was opened and the film was threaded over

the sprocket wheel and onto the loadling reel on the takeup
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spindle. Care was necessary to ensure that the camera was
not Jjarred out of focus and that the takeup loading reel
was well seated onto the spindle. The door was closed and a
check made to ensure that the red light was on at the side'
of the camera.

The floodlight was removed from behind the apparatus
and the stroboscope lamp hqusing was screwed onto the frame
and pushed into position.

The drop former was then positioned over the depression
in the top of the drop projector. A drop was formed by foreing
water through the capillary tubing to the drop former using
the 1 cc. syringe. A drop which fell off the capillary into
the depression was allowed to rest there for approximately
15 seconds. It was then picked off the surface by contacting
it with the end of the drop former. The drop former was
then moved aside quickly, shaking off the lifted drop.

Another drop was then formed and allowed to fall into the
bottom of the apparatus. The drop former was then repositioned
over the dgpression.

Care had to be taken not to condense water too quickly.
Otherwige air was pulled into the apparatus. This was indicated
by the absence of steam flowing from the vent at the top of
the apparatus.

Fifteen minutes after the insertion of the drop
catcher, a clamp was closed on the tubing leading from the
steam outlet at the top of the apparatus. Simultaneously a

clamp was opened on the tubing leading from the outlet coming
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from the side of the top flange of the base section. This
stopped steam flow out the top, allowing it to flow out the
bottom. In this way a positive pressure was maintained in
thezgpparatus at all times.

The stroboscope main power switch was turned on
followed by the switch on the side of the letdown transformer.
A correct voltage reading was verified on a power-supply
voltage meter.

A drop was then formed and allowed to. fall into the
depression. The drop former was swung aside. At this time
the térget surface thermocouple e.m.f. was measured by a
Rubicon potentiometer. The drop on the surface was then
observed until it reached nearly the desired diameter,
whereupon the push biytton was depressed starting the controlled
sequence of operation of the equipment.

The camera. was swung aside and the drop catcher was
preparéd for Yemoval by connecting the nylon handle, disconnect-
ing the heater connector and removing the clamp. The cover
glass was brought from the oven and placed in the oil immedilately
on removal of the catcher from the apparatus. The sliding
glass cover was repositioned over the pan and the catcher
quickly transported to the stage of the microscope. A
weilght was placed on the handle of the catcher to balance
it in position. The microscope light was turned on with a
green filter in position. The camera shutter was cocked and
the microscope focused on a drop. Pictures were taken of all

drops in the pan as quic%ly as possible. The pan was then
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scanned completely under the miecroscope to ensure that no
drops were missed. The catcher was then removed from the
stage and a picture of a micro scale was taken using an
exposure time of 1/8 seconds.

The water in the base of the eguipment was then
changed to reduce the olil concentration in the base. The
steam flow valves were reset and the teflon plug was cleaned
and repositioned in the slot. A period of 30 minutes was
allowed after steam began to issue from the top of the
apparatus before commencing another test run.

The drop catcher was drainec ,of oll, cleaned and
prepared as previously. The drop catcher required 30 minutes
in the oven to reach the required temperature.

When shutting down the apparatus both the target
surface heater and.  the drop projector heater were left on
low in order to prevent condensation on them. The water was
not drained from the base until some time after shutting off
the base heater. Otherwise the temperature in the base rose
enough to melt the special composition solder on the drop

former support.



OPERATION CHECKLIST

Switches, Steam, Water On.
Oil, Catcher Ready-.

Base Water Changed.
Temperature Measurement Set.
Camera, Stroboscope Ready.
Drop Observation Setup Adjusted.
Cooling Water Temperature 0.K.
0il in Catcher.
Microphotography Set.

Target Surface Power Set.
Interior Check.

Drop Projector Operation 0.K.
Valves Set, Record Pressure.
Load Catcher.

Focus, Load Camera, Position Stroboscope.

Clean Projector Surface.
Steam Vent.

Stroboscope Voltage On.
Drop On.

Drop Former Out of Way.

Preset Potentiometer to Surface Temperature.

Fire Circuits.
Stroboscope Voltage Off.

Read, Record Surface Temperature.

Photograph Drops Caught.

187
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PHOTOGRAPHIC FIIM PROCESSING

The 16 millimeter movie film was developed in a
Land F Portable Cine Processor obtained from the Superior
Bulk Film Co., 442 North Wells St., Chicago 10, Illinoils,
U.S.A. The light, available for the development of reversal
film, was removed and the drive gear ratio was changed from
1:1 to 2:1, increasing the contact time to 200 seconds
for a 3 roller tank and 140 seconds for a 2 roller tank.

The machine was troublesome in operation. The mylar
leader tape was carefully tightened before operation,‘but
even then the film occasionally rode off the drive wheels,
Jammed and broke. The friction slip drive on the takeup
spool was occas ilonally troublesome and corrosion inside
due to fixer contact was extensive and will necessitate
perilodic repairs. On arrival many of the cans leaked slightly
and had to be repaired. On the whole, no complaint can be
made, as the unit was much more economical than others
available and the availlability of such a processor on hand
was found to be essential for this type of study. Later
modifications eliminated most of the difficulty.

One gallon of developer was divided between the first
two tanks. Hyfinol developer weas used, manufactured as a
dry powder in cans by the Ansco (General Analine and Film,
439-447 E. Illinois St., Chicago, Illinois 60611, U.S.A.)
and widely avallable. This yielded a development time of
approximately 5 minutes. It is not possible to give an
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exact development time, because contact with the develéper

is intermittent. After development of 100 feet of film,

150 milliliters of Acufine replenisher were added to each
tank. The developer was replaced after development of 700
feet of film. The tank no. 3 contained 1l.25 liters of stop
bath and tank nos. 4,5, and 6 containdAnsco "Rapa-fix" fixer.
The fixer in the fourth tank was replaced when indicated by
cloudiness (underfixing) in the developed film. Fixer from
the 4th tank was added to the 5th, and fixer from the 5th

to the 6th, after the fixer in the 6th tank had been discarded,
improving the utilization of the fixer. The seventh, ninth
and tenth tanks contained distilled wash water. The eighth
tank contained Kodak Hypo eliminator solution which was
replaced at the same time as the developer.

Care was necessary in threading the machine in order
to ensure that the emulsion side of the film passing through
was always facing out in golng over the spools. Otherﬁise a
dirty film resulted, which was impossible to clean.

Prior to developing, the solutions in tanks No. 1 and
2 were heated or cooled as necessary to 30 degrees centigrade.
The solutions in the tanks increased in temperature during
operation of the processor.

The 35 millimeter film from the microséope camera
was developed for 4 1/2 minutes in a developing tank using
"Acufine" developer. After development, was the tank washed
out with water and then fixer solution was put in the tank

for the specified length of time. The temperature of the
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solutions was not critical, although, in order to obtain max-
imum acutance or line sharpness an effort was made to ensure
that they were at approximately the same temperature,

The developer solutlion was replenished with 15
milliléeters of "Acufine” replenisher solution after each
roll of film was developed. One gallon: of developer was
sufficient to develop 60 rolls of film,

The developer solutlon was placed in alr tight
bottles when not in use as it deterlorated by oxidation
very ropldly, especially when at the high temperatures i1n
the continuous processor,

The continuous processor remalns threaded all the
time as the film being developed remained between two lengths
of mylar tape, To load the film, one of the lengths of tape
was wound onto the feed reel., One end of the film was
stapled onto the end of the tape wlth the emulsion side
facing in and the film overlapping the tape. All the lights
were turned out and the complete flilm was wound onto the reel
from the Fastax takeup reel, Fifty feet of film was then
wound onto a prepared 50 foot size spool (until it was filled),
and the film was then broken. The film on the 50 foot spool
was then wound onto the original 100 foot reel. The end
of this film was fastened with tape and the reel placed in
the original can for later use in a normal speed camera, The
lights were turned on and a second exposed length of film
was stapled on, emulsion side in with the leading end over-

lapping. The procedure for stripplng off the front 50 feet



190

was repeated, and the end of the tape leading through the
processor was then stapled onto the end of the second film,
The feed spool rotated clockwlse as the fllm passed into

the machine, The tape was pulled taut completing preparation

for operation,



APPENDIX D

Description and Operating Instructions

for the Operatlon of the High-Power High-Frequency Stroboscope
in Synchronization with the Fastax Motionpicture Camera
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Function and Application

The functlon of the stroboscope was to generate a
serles of very high intensity pulses of light of very short
duration in synchronizatlon with a Fastax motion camera
running at apprpzimately 4600 frames per second., With a
flash durdation of 3 milcroseconds, 1t decreased the exposure
time by a factor of about 15. Thils resulted in an appreciable
increase in the clarity of the ilmage when photographing a
moving object., With a flash energy of 2 joules per flash
and operating in synchronization at a frequency of 4.6
kilocycles, 1t provided the same amount of light per frame
(photograph) as would be provided by a 45 kilowatt continu-
ous light source, Since the fastax exposure time per frame
was only 1/5 the frame period, most of the output from a
continuous source would not bF usable,

The high intenslty and compact size of this light
source made 1t particularly useful for mlcrographic work.
Since the image velocity equals the pfoduct of the object
velocity and the magnifilcation, a short exposure time wlth
its stopping action was important., The brigptness of the
light allowed the use of a slow film with good.line definition
and allowed a small lens aperture with a consequent increase

in the depth fleld,
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The unit was applied in this study for the shadow
photography of the impact of small drops on a hot surface,
It is expected to find wide application in the future study

of a wide variety small scale dynamic phenomena,
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Component Functions

The bulk of the stroboscope consisted of a large A
direct:current high;voltage, power-supply (Fig, 34). ~Three high
voltage transformers wlth mercury vapor tube rectifiers were
connected to a choke and capacitor bank, necessary to smooth
out the ripple and to decrease the voltage drop off under
operating conditions, The voltage at ﬁhe supply output
was approximately 5000 volts., This could be altered if-
desired by changing the taps on the input transformer,
which 1s located between the input switeh and the high
voltage transformers, The steady state power rating of the
supply was 12 kilowatts, During operation at high frequency
the power output was approximately 20 kilowatts, but since
the operation time was less than one second the overload
did not strain the system, Some time, however, was allowed
after operation for thermal recovery.

Prior to operation, the lamp or discharge capacitor
was charged by the flow of current from the main supply
bank. When a positive pulse of 100 volts or more was fed
to the hydrogen thyratron from the pulse amplifier;, the
tube 1lonized, shorting the discharge capacitor across the
flash lamp and causing it to flash. The charging choke
and resistors between the maln bank and the discharge capacl-
tor ensured that the voltage across the thyratfon remained

down long enough for 1t to deilonize. The capacitor then
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charged again by the flow of power from the main bank and
through the RL shunt across the lamp. Because of energy
storage in the charging choke, the voltage on the discharge
capacitor was lncreased ower that on the main capacitor bank.
The hold-off diode functioned to prevent this charge from
leaking back,

The frequency of such a circuilt was limited by the
time allowed for the thyratIon to delonize, If the
thyratron for any reason falled to delonize 1t began to
conduct continuously. The circult was then protected by
three speclal fuses in the main power switch, These will
blow inside a few seconds, providing adequate protection
for all components,

A reductlon in the thyratfon heater voltage from
the specified 6.3 volts was necessary in order to reduce the
delonlzation time to a sufficiently low value. This decrease
reduced the temperéture of a lithium hydride reservoir,
reducing the hydrogen pressure in the tube, Forced air
cooling stabilized the thermal balance 1rrespective of alr
currents in the room, Reductlon of the hydrogen pressure
also reduced the current carrying capacity of the tube,
excessive reduction causing erratic operation and, eventually
preventing ionization entirely. Consequently the voltage
was adjusted up or down until satisfactory operation was
obtained, Thils was accomplished by changing the input

taps on the two series connected filament transformers.
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Since the characteristics of the tube changed with age,
periodlic adjustment was necessary,

The magnetic pickup in the Fastax camera conslsted
of an iron spool wlth a point at one end and a magnet
attached to the other, A coll of fine copper wire was wound
on the spool, with the ungrounded leads passing back to a
pulse amplifier, During camera operation an iron plece
passed the pointed end of the pickup every frame lnterval,
This disturbed the magnetic field about the bar, inducing
a voltage across the coll of about 100 millivolts. This
voltage was fed to the pulse amplifier, which fires when
the voltage from the coil reacted a certain level, The
output pulse, a 150 volt splke of several microseconds
duration, was sufficilent to lonize the thyratron, causing
the lamp to flash, The poslition of thepickup in the camera
was adJjusted by trial until satisfactory synchronization was
obtained. |

A variétion in frequency due to magnetic ’thomogen_
eity of the Fastax sprocket wheel led to the addition of a
cup shaped extension on the side of the wheel, Precisely
spaced slots in the side of the cup serves to drive the
pickup.

The pulse amplifier consisted of a conventiénal
trigger circult., It required an input of not less that
100 millivolts of approximately sine wave form. Special
features included a high voltage filament transformer on

the output tube and a high voltage output capacitor, It was
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grounded only at the thyratfon cathode in order to minimize
the effect of pickup. (Fig. 35).

A voltage regulating transformer was placed in the
110 volt input to the unit 1n order to stabllize the
supply forithe pulse amplifier,

Large resistances composed of a number of small
reslstors connected in serles shunt the high voltage to
ground at the maln bank and at the discharge capacltor.
These serve to allow the high voltage to bleed off after
operation, The maln bank resistor was also used as a connect-
ion point foritthe meter indlcating the voltage on the mdin

capacltor bank,
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Development

The construction of a stroboscoplic light source
was started initially with the obJjective of taking multiple
image photographs of a small drop travelling toward a target
surface, After hearing of Dr, Westwater®s difficulties in
obtaining this type of photograph the decision was made to
use the stroboscope, already under construction, for shadow
photography and to synchronize it with the avallable 16 mm.
Fastax camera. A mechanlcal oscillator, already constructed,
was put aslde for possible later application,

We were assured of the assistance of Dr, M, Gunn of
the Electrical Engilneering Department and Mr, G.T. Peck of
Ernest Turner Electrical Instruments Ltd., England.

On 1inltlal testing, heavy sparking was encountered
from an unknown source, This was overcome by grounding the
capacitor cases, Large high voltage variations were obtalned
" untll the centre ground taps on the transformer inputs were
disconnected, On initial operating trials the discharge
capacitor falled in a spectacular fashion, After efforts
to obtaln a domestlic source were unsuccessful a special
noninductive capacltor designed for the application was
obtalned from England. Several thyratTons were destroyed
by continuous conduction overload before the installation

of speclal fuses with the correct life under overload.
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Efforts to operate the unlt met wlth 1little success untill
reallzation of the lmportance of reducling the thyration
heater-reservolr voltage below its specifled value. A later
attempt to use a thyration wlth a separate reservolr heater
proved unsuccessful, Performance of the thyratron proved
erratic until 1t was enclosed and cooled by a blower,

Synchronlzation of the camera with the stroboscope
was obtained 1lnitlally using a magnetic plckup on the teeth
of the Fastax sprotket wheel, Varilations 1n timing due to
magnetic nonhomogeneity 1n the sprocket wheel were ellminated
by the addition of an extension on the side of the sprocket
wheel, Some Jitter was encountered due to pulse feedback
into the input, Thls was overcome by removing all ground
connections but one on the plckup-pulse amplifier circult,
The pulse amplifiler had a tendency to fall on occasion due
to high voltage feedback lnto the output tube, The
frequency of fallure was reduced by the insertion of a
HV 1solatlon filament transformer on the output tube,

The construction of the stroboscope resulted in a
considerable saving in cost over that required to purchase
a commercially avallable unit, A considerable saving in time
could have resulted 1f complete specifications and instructions

had been available prlor to construction.
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Component Specification and Source

Main Power Supply Fuses

Fusetron FRS 24 Dual-element Bussmann Mfg. Division,
McGraw-Edisaon Co., St. Louis 7, Mo, U,S.A. Local Supplier
Dosco Electric, Hamilton,

Letdown Trapsformer

3 Phase autotransformer: 1 lnput 550 volts, oubput
taps 150, 200, 250 volts, Rateéd 12 kllowatts, Hammond
Transformer Manf, Co., Guelph, Ontario.

High Voltage Transformers

Single Phase Transformer: %nput 230 volts, output
plus 9000, zero, minus 9000 volts. Manufactured by Canadian
General Electrlec. Supplled as U,S8. Government Surplus by
Scientific Specilalties Div., P,0, Box 141, El1 Cerrito,
California.

Hlgh Voltage Lead Wire

Canada Wire and Cable GTO 15, Stranded wire with
polyethylene and PVC insulation, Rated 15000 volts,
Supplied by Northern E;ecétic, Hamllton,

High Voltage Rectifilers

8728 Mercury Vapor Rectifiers, Filament 5 volts,
7.5 amps, . Caps: Safety Plate Grip SPP-9 N.R.C. Inc.
Bases: E.F, Johnson Co, Né: 123:211-100;§iA11 supplied by
Zentronles, Hamilton, Fllament transformers Audio Development

Co. No. A5699A and General Electric 7477922 Stock No, TF-210,
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all rated at 10 KV isolation. Filament transformers supplied
as surplus from Lectronic Research Laboratories, 715 Arch
St., Philadelphia 6, Pa., U.S.A,

Hold-off Diode

866A Mercury Vapor Reactifier Fllament 2,5 volts,
5 amperes, Tube, cap and base supplled by Zentronlcs,
Hamilton, Filament transformer Kenyon No, S-10694, Insulation
15 KV test supplled as surplus from Lectronic Research
Laboratories, 715 Arch St., Philadelphla 6, Pa,, U,S,A,
Shunt Resistor on Main Bank

Series connection of 20 of 470K two watt resistors
mounted on an insulator board.

Voltage Meter

Is connected in serles with a variable resistor
and carbon resistor across the last 470K resistor in the
main bank shunt resistor., The meter is a Triplett Model 420
0-100 D,C, microamperes. The variable resistor is adjusted
such that 10 KV on the main bank ylelds a reading of 100
microamperes, A Techtronlc Oscllloscope with a high voltage
probe was used in adJusting the calibration, The materilals

were obtained from Zentronics, Hamllton.

R
o fa
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Discharge Capacitor

0.1 microfarad 10%, 15KV working voltage, noninductive
Dubilier Nitrogol made in England. Suppller Ernest Turner
Electrlcal Instruments Limited, Chittern Works, High Wycome,
Bucks, England,

Hydrogen Thyratron

5C22 hydrogen filled tube. Filament 6.3 volts 10
amperes, Base and tube supplied by Lectronic Research
Laboratories 715 Arch Street Philadelphia 6, Pa,, U,.S.A,
Fllament transformers American Transformer Co, Filament
Transformer Spec. No, 26395 Rated 35 KV, Two units:
outputs in series input 110 volts and 220 volts - taps selected
to yleld desired output voltage. Supplier Lectronic Research
lLaboratories,

Flash Lamp, ILamp Housing and Lead Cable

The flash tube 1s a small bore quartz tube fllled
with xenon under high pressure., It 1s speclally designed
to yield a short flash time (2-3 microseconds). It has a
rating of 4 kilowatt seconds, the maximum power dissipation
at any one tilme, Any excess over this will reduce the life
of the lamp. The complete unit was supplied by Ernest
Turner Electrical Instruments Ltd,, High Wycombe, Bucks,
England.

Pulse Amplifier

The pulse amplifier was designed and bullt at McMaster

University using components from local suppliers,
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Stroboscope Troubleshooting

If the stroboscope falls to operate properly check
all connectlions to ensure that they are made and secure.
Check also to ensure that all switches are properly positioned
and that all controls are adjusted to thelr desired values,
If a stroboscope unit rfallure is indicated, attempt to
achleve satlsfactory operatlon by carrying out the following
steps., With each operation stand with hand on the main
power switch, ready to turn off if continuous conductlon
is indicated by a loud hum and a bright blue glow in the
tubes, which does not cease when the lamp stops operating.
Proceed with great caution,

a, Check fuses,

b, Disconnect thyratron at top and turn on power

to check function of power supply.

¢, Replace flash lamp and try operation.

d. Substitute new tubes in pulse amplifier,

e. Change thyratron heater voltage from 5.5 to 6.3

volts 1In steps of about 0.2 with successive trials.

f. Substitute new thyratrfon and repeat part e,

g. Seek further assistance,

A screw driver placed across the terminals of the discharge
capacitor when the meter indicates that most of the charge
has dissipated through the shunt resistors will ensure that

no charge remains on the high voltage supply. The voltage
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of each of the thyratron fllament transformers may be

increased by connecting the input leads to terminals
closer together, The power to these transformers may be
turned off using the two switches on the front of the power
supply.

The 1ife of the lamp is limited, perhaps to as far
as 50,000 flashes., If the intensity starts to drop off as
evidenced by a fading 1n density of the photographs, the
first actlon taken should be to note the effect of substituting
a new lamp. Yellowing of the glycerol in the light conduction
tube could also cause a drop in light intensity so that
this possibllity should be investlgated.
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Stroboscope Operating Instructions
Become completely famlllar with the operating instructions
and design of the stroboscope before attempting to
operate, Exercise extreme care as the voltages lnvolved
are lethal, The lamp is a source of intense ultravidlet
radlation and as such can cause burns and eye damage.
Turn on power to tube heaters and pulse amplifier.
To accomplish this, plug the 110 volt énd 220 volt into
thelr respective wall sockets and turn on the three
toggle switkbhes on the front of the chassis, Leave
on at least 15 minutes before turning on the high
voltage power,
Connect the trigger signal lnput cable to the left hand
coaxlal plug on the front of the trlgger pulse amplifiler,
Although no extensive testing has been done it 1s expected
that the stroboscope will trigger satisfactorily on a
signal of about 100 millivolts and which approximates
a: sine wave in form, The upper limit of frequency is
probably in the order of 8 kilocycles per second.
The pulses from the amplifier do not reach the thyratron
unless a 110 volt AC signal 1is fed in at the two pole
connector on the front of the pulse amplifier, This
may be operated through the event timer on the camera
control and should be set such that the number of

flashes at any one time does not exceed 2000, The pulses



211

are fed from the amplifler to the thyratron through a
coaxlal cable connected %o the coaxlal connectors on

the right side of the pulse amplifler and on the front
of the maln chassis,

Set the timers controlling the delay and duration of
operation to yleld the minimum usable time of operation,
The l1life of the lamp decreases rapldly with lncreased
loading. At 1000 flashes per run (4 kilojoules loading)
the expected 1ife is 100 runs ($1.30,per run), The life
of the lamp wlll be more than proportionately greater
with a decrease in loading. Aglng of the lamps 1s
marked by a falling off in flash lntensity.

Check the basement swiltth to ensure that the 550 volt
power is on in the Chemlcal Engineering wing (3 position
switch positioned vertically up). If the switch is in
the down positlon check wlth the Metallurgy department
before changing, Check to ensure that the Jjumper bars
on the saturable core reactors are disconnected, If
necessary dlsconnect bars wlth switch locked in the off
(horizontal) position. Before turning on power check
to ensure that all concerned are aware of the llve
voltage on the AST reactor heater banks, Turn on the
switch on the saturable core reactor housing after a
check to ensure that the switch in room A214 1s off
(down position) (lock combination 35:14—45).
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Before turning on stroboscope power check to ensure
that the switch on the slde of the let down transformer
if off (red button depressed). Turn on main switth
and the switch on the side of the transformer, Check
the meter on the front of the chassls to see 1f the volt-
age 1ls on, Do not leave the high voltage on any longer

that necessary as the life of the capacitors under load

is limited.
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APPENDIX E CALCULATION OF DROPLET EVAPORATION LOSS

CAUSED BY VAPOUR SUPERHEAT

Any superheat 1n the vapour in the top of the
apparatus will cause partial evaporation of the drop
during its travel from the target surface to the drop
catching pan, 8Since the objective 1s to measure the
amount of evaporation due sgdlely to surface~contact, this
willsresult in an error., The magnitude of thls error may
be estimated as follows.

A 300 micron water drop wlll settle 1in alr at a
terminal veloclty of approximately 30 feet per second (13).
The drop rebounds from the surface at a velocity of approxl-
mately 2 feet per second and will accelerate as it travels
toward the catcher pan, The Nusselt number for evaporation

of the drop is given by the expression

%’i - 2.0 + 0.6 (Re)Y/2 (pr)Y/3

The resldence time in the superheated vapour is
proportional to the inverse of the veloclty, The Nusselt
number, as gilven by the above equation, 1s a much weaker
function of veloclty. Therefore, the higher the velocity
of travel over the fixed distance between the surface and
the catcher, the less will be the amount of evaporation.

Assume that a veloclty of 2 feet per second is
maintained by the drop. The resldence tlme of the drop in

travelling two inches from the target surface to the oil
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pan will be approximately 1/12 seconds.
For a 300 micron drop travelling in saturated steam

at 2 feet per second,

Re = 9,12
Pr = 1.06
hD

T =3.85

Total volume evaporated = Total Heat Transferred,

Assuming 10 degrees Fahrenhelt of superheat, the volume
percent evaporation will equal

1004V _ 1200 kaTt  hD
Vo, o\ D2 X

= 0.3%
Generally the amount of superheat will be less
than this, Vapour temperature measurements taken indicated
that the amount of superheat was less than 3 degrees when
the steam was wented from the bottom of the apparatus.
In conclusion, therefore, it may be stated that
the error due to this Influence is small compared to

other errors.
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APPENDIX F VAPOUR FLOW AND HEAT TRANSFER BENEATH THE DROP
A drop sltting in flilm bolling on a hot surface is
separated from the surface by a vapour film, If it is
assumed that the film thickness 1s uniform,and that heat
transfer 1s by conductlon across the film from a surface
at uniform temperature, then 1t is posslble to write and
solve the coupled partial differentlal equations describing
both the heat transfer from the surface and the flow of
vapour from the drop. This was accompllished by other
workers (4) In this case, by the use of a digital computer
for the numerical solution of the equations, a more accurate

solution was obtalned,
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A computer program was prepared to solve numerically
the set of ordinary non linear differentlal equations arising
from the transformation by the method of simllarity of the
partial differentlal equations describing flow underneath
a drop sitting in film bolling on a hot surface, The trans-
formation used was ldentical to that of Baumelster, Hamill,
Schwartz and Schoessow (4), the object belng to obtailn
numerical results more accurate than those which they obtalned
using an analog computer. The equations were solved using
a 4th, order Runge-Kutta-Gill routine available on the
computer, The transformed equations were as follows : -~

(6112 - 246 =1 +¢""'

266 = Y -4

where

7(z) = 27 y(f)
5(2)= Tav ¢ (#)

(=% %

The simllarity transformatlions were

wr~2¥(z>
w= r$'(2)

p;ézxﬁgﬁ(ni-rz+£X%ﬁ>
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These were made on the governing partial differential

equations as follows : -

el BB on )

Ué W w BC W \il P&
Ji- /O %S% ~+T€§;§ +-%-<5r +§§§£>

r oZ
The marching solution of the ordinary differential

equations was advanced from the inlitial conditions : -
{ =0, $=o, @t =0, =0

by 1ncrementing<n17, referred to as DEL in the program
output, after speclfyling @". The number of lterations,
found to be sufficlent, was usually 150, The results are

tabulated in table A for the end boundary conditlon at which

¢' = 0.0

TABLE A

9 b £ (DEL) y b (0)
0.00008 -0,05000 0.,0998 0.00000 0.05
0.00067 -0,09999 0.2000 0.00000 0.10
0,00225 -0.14994 0.3000 -0,00001 0.15
0.00533 -0.19974 0.4001 -0,00005 0.20
0.01042 -0,24922 0.5007 -0,00009 0.25
0.01803 -0.2989 0.6009 +0,00032 0.30
0.02866 -0.3478 0.7019 -0,00082 0.35
0.04287 -0,39566 0.8037 -0.00183 0.40
0.06123 -0, 44217 0.9066 -0,00375 0.45
0.8434 -0.48677 1.0137 -0,00711 0.50



218
The followlng correlatlon was obtained by Baumeister, Hamill,

Schwartz and Schoessow (9) for use in obtaining a closed

solution for a heat transfer coefficient : -

at §' = 0, $ = 0.086§ 3

The following correlation was obtalned from the data in

Table A using a computor library program : -

Correlation Standard Error of Estimate
Saquared
at €>' = 0 @ = 0.0815f 3 0.78 x 10~/ on 14 DF.
b1

p" = 0-4871f 0.13 x 10~} on 12 DF,
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APPENDIX G ECCENTRICITY OF THE DROP DUE TO AERODYNAMIC FORCES

A measurement of drop size 1is made from photographs
of the drop before it strikes the hot surface, In so dolng
it is assumed that the drop 1is spherical and that varlations
in measurements taken in different directions will vary
under a random influence of minor drop vibration and lack
of lmage clarity, Aerodynamic forces on the moving drop
could, however, cause a directionally blased error 1f not
acounted for,

These forces wlll cause the drop to be other than
perfectly spherical. Analysls of the degree of distortion
was made on the assumptlon that the distorted shape was a
spheraoid with 1ts axis in the direction of motion (14).

The fineness ratio, h, of the spherold ls the
ratio of the length of the axls in the direction of motlon
to the diameter perpendicular to it. It was glven by Hughes
and Gilliland (14) as a function of

2.3
y/Q = (Re) 5/Stl.

where Su =

3

Re = 4V

b

For a 500 micron water drop travelling in steam at 5 feet

per second,

_ (32,2)(58 gg)(ogoogzge,aualzgw‘s)
(26.83)(0.0125) (0.0125) (6:72)(6.72) (107°)

= 11240,
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(O.@ﬁ)(5.0) - 36‘3

¢ T (26.83)(0.@125)(6.72)(10:55(2.5ﬂ)(12)

QLa = (36,3)2°35 - o.m
11240

From table 1, part C h = 0,9987
Eccentricity = 0,2%

The variatlon in measured drop size due to vibration
and lack of lmage clarity was much larger than this, This

error was therefore neglected,
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Appendix H The Rate of Loss of Drop Superheat

It is quite 1ikely that the drop left the target
surface after impact in a superheated condition. If the
drop did not lose thils superheat before entering the oil
then the assumption that the amount of evaporation is equi-
valent to the amount of heat transfer would not be valild,

The following calculation indicates that 1if the drop
surface 1s malntained at the saturation temperature, then
over 95 percent of the superheat present on leaving the
surface would be dissipated by conduction alone in the 1/12
second of travel to the drop catching pan. The previous

assumptlon is therefore assumed to be valld,
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Degree of Loss of Superheat

Q, = Cp ‘Egi (To - Too) for a sphere (30)

For a drop of constant temperature the Blot modulus

is infinlty.

Ratio of Final/Initial Superheat ae
2
To

0.29 0.01

0.60 0.05

0.77 0.10

0.95 0.25

Thermal Diffusivity a' = 0.001553/(0.95)2 cm?/sec.

- 0 = 1/12 sec.

Therefore 2@ = 0.359 for a 200 micron drop.

To

Therefore, more than 95 percent of the superheat
in the drop is lost before the drop reaches the catching

pan.
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Appendix I Error in Measuring Drop Diameter due to

Gravity Deformation in the 01l

The change in dlameter of a drop sitting on a non-
wetted surface due to gravity deformation was calculated in
an approximate manner, The objective was to determlne
whether or not there was appreclable error in assuming !that
the drop was spherical instead of flattened at the bottom in
measurlng the diameter and calculating the volume from it.

If the drop 1s assumed to remaln spherical except for
a flattened portion at the bottom, then the product of the
pressure inside the drop due to surface tension and the area
of the flattened portlion must equal the weight of the drop
less any boyant force upon the drop. Equating the volume
of drops resting and not resting on the surface; it is
possible to derlve equations relating the dlameter of one
to the other.

The equations, derived as described, are as follows :

Z = ﬂkx3y)1/2 eeeo(2)
Hey- (2 - 22)Y2 | (2)

8(y3 - x3) = H(H2 + 383) ...(3)

P\ ( %)1/2
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Knowing X5 0 ando, 1t 1s possible to solve for y.

The results for a 1000 micron drop are tabulated as

follows : -
A (W y(microns)
0,005 | 1000,07
0,010 1000,28
0.020 1001.11
0.050 1007.56
0.100 1035.87

The silicone oil used has a specific gravity between
1.1 and 1.0, The water-sllicone o0il interfaclal tenslon was
more than 10 dynes/cm. Therefore/Cyb-would be less than 0,01
and the error in assumlng the apparent dlameter equal to the

true diameter is negligilble,
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APPENDIX J Estimatlion of Error in the Measurement

of Surface Temperature

The platinum-rhodium thermocouple used to measure
the target surface temperature was welded into the mlddle
of the pellet, approximately 1/16 of an inch below the metal
surface, Since the pellet was heated from above the thermocouple
Indlcated a temperature above the true surface temperature,
It is difficult to estimate .~ the convective heat transfer
from the surface, Using a formula glven by McAdams for a
heated surface faclng down in air (3), a rough estimate of
the heat transfer coefficlent at 500°F, 'may be obtained :

h =0,12 ( at/L)0:25

= 0,7 Btu/hr.sq.ft,.°F,

A coefficilent for heat transfer by radiation may
be estimated from Fig, 28-8 of Bennett and Myers (31),
as belng approximately 4 Btu/hr,sq.ft.°F, The thermal
conductivity of platinum-rhodium 1s approxlimately 15
Btu/hr.ft.°F., Therefore, the thermocouple error at 500°F.,A&;

may be estimated as follows : -

-“—ATJ—A-P-' = hA A%

h = 4,0 + 0.7 = 4,7
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Error, t' = (4 00-212
1 12)115

= O 47°F,
The error in temperature measurement is not large

enough to be considered significant; even at the higher

temperature where the radlant heat transfer coefficient

willl be ten times as large.
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APPENDIX K SURFACE TENSION MEASUREMENTS

Surface tension measurements’were made using the
Pendant Drop methad (19, 20). A drop was suspended from
the end of a 1/8 inch stainless steel tube inside the
apparatus in a steam atmosphere, The 1/8 inch tube was
mounted in a 1/2 inch stainless steel tube passing through
the fitting in the roof of the apparatus which normally
accommodated the target surfacde assembly., The mask was
removed from the end of the light conductlion tube, and the
tube was moved back as far from the window as possible. Light
for photography was provided by a 300 watt flood lamp posltioned
6 inches from the outside end of the light conduction tube.
The drop was photographed through the window using a 55mm,
lens on a 60mm., extension tube, with a 35mm. Pentax S.V.1
camera body, Magnification was nearly unity. Kodak Improved
Panatomic X was used with a lens opening of f£/1.4 and a shutter
speed of 1/125 seconds, This is a superior film for.this
application because of its high contrast and antihalation
properties.

A drop was formed at the end of the 1/8 inch tube
by injection of water from a leak proof glass syringe through
a 3/4 stainless steel capillary tube soldered into the top
1/8 inch tube., The apparatus heater settings were as
described previously, but no water was circulated through

the target surface heater cooling coil.
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A sample of condensed water,characteristic of the
interlior atmosphere,was obtained by drawing steam into the
syringe and allowing it to condense until a sufficlent sample
was obtained., Surface tension measurements for distilled
water were obtained by filling the syringe with distilled
water from the tap. Measurements with distilled water were
taken only after every effort had been made to cleanse the
Interlor of all traces of silicone oil.

Six measurements of surface tension were obtained
from separate photographs for condensed water and for
distilled water according to the method of Fordham (19).
Small droplets of oll were observed in the condensed water,
The experimental results are shown in Table VIII, Using a
Students "t" test, there was no significant difference in
surface tension between the condensed water and the distilled
water at the 90 percent level of significance. The degree
of magnification on the film was obtained from a measurement
of the outside diameter of the 1/8 inch tube,

The mean value of surface tension 60,9 dynes per
centimeter compares with a value of 58.9 dynes per centimeter
obtained from the literature (13). The technique used in
these measurements was not sufficiently refined to warrent
any conclusions regarding this difference;, especially on
consideration of the well known fact that very small concen-
trations of impurities may have a very large effect on surface
tension, 'One may however, conclude that the presence of a
small quantity of silicone oil in water does not have a large

effect on its surface tension.
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Table VIII Surface Tensiop Measurements

A, Sample of Condensate from the Interior 6f the Apparatus

Frame d(cm) d (cm) Surface
Number Tension
1 0.3661 0.3114 60.7

2 0.3664 0.3100 61.5

3 0.3686 0.3139 61.2

5 0.3691 0.3171 59.9

6 0.3730 0.3205 6112

7 0.3698 0.3158 61.1
Mean 60.93
s.D, 0.52

B, Sample of Distilled Water form Tap

Frame d_(cm) d (cm) Surface
Number Tension...
10 0.3713 0.3210 59.6
12 0.3725 0.3205 60,9
13 0.3727 0.3198 61.4
14 0.3688 0.3151 60.7
15 C.3749 0,3234 61.2
16 0.3754 0.3224 62.0
Mean 60.97
S.D. 0.74

Water Density 0,95838 gm./cc.
Image Magnification 0,9654
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Test of the Significance of Difference

Pooled estimate of the standard deviation of means
S(X) = 0.698

St = 8?535 i 60;2% = 0.10

3*0.9,10 = 0,129
Therefore, if one assumes no difference between the

means, the probability of belng wrong in the assumption is
less than 10%.
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- SAMPLE CALCULATION OF SURFACE TENSION

Measurements of Width of Image of 1/8 inch tube:
0.1276, 0.1278, 0,1278, 0,1279, 0.1274, Mean 0.1279
Measurements by Micrometer of Diameter of 1/8 inch tube:
0.1238, 0.1235, 0,1234, 0,1230, 0,1236, Mean 0,12346
For Frame 1
d, = (0.1493 x 0.12346 x 2.54)/(0.12788)
= 0,3661 cm.
d. = (0.1270 x 0,12346 x 2,54)/(0,12788)
= 0.3114 cm.
S =d/d = (0.3114)/(0,3661) = 0,8501
From Fordham (19)
Surface Tension = 980.667 x 0.95838 x (0.3661)2 x 0,482
= 60,7 dynes per centimeter.
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APPENDIX L - COMPUTER PROGRAMS

The comput :r programs in Fortran IV used during
the course of this study are presented in the followilng
sectlon, The program for the solution of the model of the
drop collision is preceeded by an abbreviated outline of
the logle flow, intended to ald in 1its interpretation,
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Logic Flow of Program for Solution of

the Model of Drop Collislon Dynamics

Read Constants, Drop Diameter, Weber Number.

Calculate the Sum of the Initial Surface and Kinetic Energy

(23)
(100)
(7)

(SUBR)
(SUBR)

(219)

(SUER)
(SUBR)

(30)

Set Counter I = 0, Time = O,

Increment I = I + 1, Time (I) = Time (I - 1) + DT,
Set Search Limits for Tabular Body thickness, A,

Set A(I) = Lower Limit.

Calculate Radius of Tabular Body, R (I) (equation 1).
Calculate and Sum all terms in the Energy Balance
(equation 2),

Increment A (I).

Calculate R (I) (equation 1).

Calecylate and Sum all terms in the Energy Balance
(equation 2),

Multiply the last two values of the sum of terms
together (RNO), If Multiple is not negative return
to (219).

If Multiple'is negative perform Fibonacecl Search on
A(I) between the last two values to best approximate
a root value of A(I) yilelding a zero Sum of all terms
in the Energy Balance (equation 2),

Calculate, R(I).

Calculate Force of Impact, F(I).

Calculate the Rate of Change of A(I) with time.



(6)

(43)

(200)

(75)

234
Calculate the Coefficilent for Heat Transfer from the

surface (equation 3).

Calculate the total heat transfer during the time

interval, QDROP,

Calculate Total Heat Transferred, QTOTAL(I) = QTOTAL(I-1)

+ QDROP,

Calculate Film Thickness, FILM(I) (equation 4).

Test Is Tabular Body Energy equal to Initial Total

Energy.

If not return t¢ (100), I = I + 1, Time (I) = Time (I-1)
+ DT,

Calculate the Maximum Pressure under the Impacting

Drop (equation 5).

Calculate Percent Change in Diameter from Total Heat

Transferred.

Calculate dimensionless values of R(I), A(I), F(I),
Time (I).

Interpolate to obtain values for R, A, F for even
values of Time,

Output.
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MODEL OF DROP COLLISION DYNAMICS

NOMENCLATURE
PHYSTCAL CONSTANTS
GC = GRAVITATIONAL CONSTANT IN GMeCMa/DYNF CiMeSQe
LAMBDA-LATENT HFAT IN CALORIES PER GRAM
RHO=~LIQUID DENSITY IN GRAMS PER MILLILETER
RHOV~DENSITY OF VAPOUR IN GRAMS PER MILLILETER
CPV=VAPOUR HEAT CAPACITY IN GRAM CALORIES PtR GRAY ULGREL (.
THRMCV~-THERMAL CONDUCTIVITY OF VAPOUR IN CAL/SEC«CMeCEG Ce
‘MU= VAPQUR VISCOSITY IN GRAMS PER CMe SECe.

VARTIABLES

D=DIAMETER OF APPROACHING DROP IN CENTIMETERS

V=VELOCITY GOF APPROACHING DROP IN CENTIMETERS PER StCOND

RUN-REFERENCE NUMBER

WEBER-WERER NUMBER

R(I) IS RADIUS OF UNDERSIUE OF DROP IN CENTIMETERS

A{Tl) IS THICKNESS OF TABULAR BODY IN CENTIMETERS

F(I) IS FORCE ACROSS VAPOUR FILM IN DYNES

TIME(T) IS TIME FROM DROP CONTACT WITH SURFACE IN SFCOMDS

HSURF= HeTe COEFFICIENT FOR CONDUCTION FROM TARGET SURFACHE
IN GRAM CALORIES PER SECCND SQ CEMe DFGREE CENTIGRADE

TDIFF-TEMPERATURE DIFFERENCE BETWEEN SURFACE AND DROP IN UiGe Co

QTOTAL-HEAT TRANSFERRED TO DROP UP TO TIME(I)

PEVAP-PERCENT CHANGE IN DIAMETER DUE TO EVAPOURATION

FILM=FILM THICKNESS IN CMe

REAL LAMBDA

REAL MU

DIMENSION A(300)9TTME(300)9R(300)9DADT(3OO)9F(3OO)
DIMENSION HSURF(300)sTDIFF(300)sQTOTAL(300)sFILM{300)
DIMENSION FF(30)sVA(11)sALPH(10)

DIMENSION VEL(300)

COMMON RHO»GC oV sPIsDsSIGMASCST o UKL 9CAICBsCCoCD»CEICF9CGClialI sy
1TABSEI sDAsDT s LAMBDAS THRMCV e TDIFFsF sCPVIRHOVIRRsESUMsMUIBDsSL59PO
2VREFSFC.

PI=3e¢14159

GC=1a0

CST=(3414159/12e)+(10s /3.)“(3.14159*3 14159/64)
SIGMA=58,9

RHO=495838

RHOV=(453e59)/7(10000,0%#30452%248317)

MU=04015/7100,0

LAMBDA=9T7043%045556

CPV=0446

THRMCV=(0. 021*251-98*9 0)/(3600 0%#2654%12e0#5e0)
CA=PI1/8.0

CB={CA¥*¥%#2)={1¢0/6¢0) .

CE=SIGMA*PI
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CF=PI#RHO/440
READ(59970) NJsLIMITsLIMIT2sANOI
NJ IS THE NUMBER OF SETS OF INPUT DATA (NO, OF RUNS)
ANOI IS THE NUMBER OF D/V INCREMENTS FOR THE ITERATION
KL=0
DO 78 LJ=1sNJ
READ(59971) RUNsDWEBER
READ(59777) DTEMP
777 FORMAT(F1545)
V=SQRT (( SIGMA#WEBER) / (D*RHO) )
- BD=PI#V#RHO/GC
EC=PI*(D*#%#3)/6,0

SOLUTION OF PART ONE OF MODEL

CC=PI#D*SIGMA

CO=((RHO*V¥*V ) /{24 0%#GC) )} *(PI1/3.0)

CALCULATION OF TIME INCREMENT

DT=D/ (ANOI*V)

CALCULATE INITIAL TOTAL SURFACE PLUS KENETIC ENERGY OF DROP
TESTC=PI#D*D*#SIGMA+RHO#VEVEPI#* (D*#340)/{]12¢0%GC)

DEFINE FIBONACCI SERIES UP TO F(30)
FF({1)=1e0
FF({2)=240
DO 10 LLL=3+30
10 FFILLL)=FF{LLL=1)+FF(LLL=2)
CNA=(VUa163%440#GC/PT)%%0425
CNB=RHOV# (THRMCV##34,0) /MU
CNC=CNB#LAMBDA
CND=CNB#*#0+5#CPV
HFCF=(LAMBDA~- CPV*DTEMP)/(LAMBDA+U.5*CPV*DTEMP)

23 1=0
TIME(1)=0,0
PMAX=0e0
100 I=1+1 .
TDIFF(1)=DTEMP
IF(I«EQel) GO TO 5
TIME(I)=sTIME(I«1)+DT
DA=A(I=-1)
GO TO 7
5 TIME(1)=DT
DA=040
7 CONTINUE
SET SEARCH LIMITS FOR A(I)
X0=04000001 .
IF(IeGTe3) X0=0e75%#A(I=1)
AN=D=-V#TIME(])
IF(XNeLEsCe0O) GO TO 3
2 QC=XN+V#TIME(TI)
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UC=QCH*QCH (1+5%D=0C)
TERM=XN#XN#CB+UC/ (34 0%XN)

ROOT VALUES ARE ALL DETERMINATE EXCEPT THE TERMINAL VALUE AT TIME
EQUAL TO VT-As BUT SELECTED TRIAL VALUES OF A USED AS BOUNDARIES
ON THE ROOT FINDING ROUTINE MAY PRODUCE INDEIERMINATE TERMS
ZER% AND NEGATIVE TESTS ARE INCLUDED TO AVOID INDETERMINATE TERMS

4 t

IF(TERMeGTs0.0) GO TO 3
XN=XN=0.00001
GO 7O 2
3 YO=FN{(XOsTIME(I)sDADT(I))

IF(YOLGT«0s0) GO TO 308
GO TO 219

308 WRITE(6+963)
IF{X0sLE«0«00001) GO TO 307
X0=04C00001
GO TO 3

307 WRITE(65961)

FIBONACCI SEARCH

219 XR=X0
YR=YO
X0=X04+0, OOOl
IF{X0aGE«XN) GO TO 220
YO=FN(XCOsTIME(I)sDADT(I))
RNO=YR#YO
IFIRNOSLT«040) GO TO 221
GO TO 219

220 XU=XN

221 XN=XU
X0=XR
YO=ABS{FN(XOsTIME(I)sDADTI(I)))
YN=ABS(FN(XNsTIME(I)sDADTI(I I )]
S=(XN—XO)*(FF(LIMIT 1Y/FF(LIMIT)Y)
X1=XN=~S
X2=X0U+5§
Y1=ABS(FN(X1sTIME(I}sDADT(1)))
Y2=ABS{FN(X2sTIME(I)sDADT(I})))
LL=LIMIT=-2
DO 30 NOFIB=1lslL
IF(YleGEWY2) GO TO 20
XN=X2
YN=Y2
X2=X1
Y2=Y1
X1=X0+(XN=X2)
Yi= ABS(FN(XI,TIME(I)vDADT(I)))
IF(X1eLTeX2) GO TO 30 :
XX=X1
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YY=Y1
X1=X2
Yi=Y2

S X2=XX

Y2=vYY
GO TO 30

X0=X1 - , A

YO=Y1 ° B - ; ¥
X1=X2 -

Yi=Y2

X2=XN=(X1=X0)

Y2=ABSIFN{X2sTIME(I}sDADT(I)))

IF{X1eLTeX2) GO TO 30

XX=X1 ‘

YY=Y1

X1=X2

Yl=Y2

X2=XX

Y2=YY

CONTINUE

A(I)=(X14X2)/7260

Y2=ABSIFN{A{I)STIME(I)sDADT(I)))

F({I)=CH

RRRR=(A(TI)*A(]1)%CB

1+((V*TIME(I)+A(I))**2)*(1 S#D=VH#TIME(I)I=A(TI))}/(3.0%A(T1)))

IF(RRRReLE«DeO) R{I)=040
IF{RRRReLE«OeO) GO TO 43
R{IN==(PI*A(I)/840)+RRRR#*#045

CALCULATION OF HEAT TRANSFER AND PERCENT EVAPORAIION
ASSUMING UNIFORM VAPOUR FILM THICKNESS AND TEMP. DIFF.

CNE=(CNC/TDIFF{T)1+CNDI®F{T)

IF(CNEeLE«Oe0O) HSURF(I)=0e0
IF(CNE.LE«QC40) GO TO 6

CHSURF T =(CNA/RIT)I*{{CNE)%%0, 25)

43

QSURF=HSURF (1) %24 0%PT#R( 1) *R( 1) #TDIFF (1)
QDROP =0 SURF #HF CF

" IF(I+EQe1) QTOTAL(I)=QDROP#DT

IF{14GTal) QTOTAL(I)=QTOTAL(I=1)+UDRUP*DT
CHID=140/(140+CPV#TDIFF(I)/(340%LAMBDA))
FILM(T)=THRMCV#CHID/HSURF (1)

CONTINUE |

RR=R(1)

ESUM=SL5 :

TEST=PI*SIGMA% (24 O%R{IT)¥R(II+PI*ACT)®R(TI+ALTI*ACT 1= (v*#TIME (1) 4
1ALT) )% (D=V*#TIMECT)=~A(T)))=ESUM °

TEST DOES SURFACE ENERGY OF TABULAR BODY EQUAL INITIAL ENERGY
IF(TEST.LTSTESTC) GO T0.100 L

IEND=I L 1
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CALCULATION OF MAXIMUM PRESSURE UNDER IMPACTING DRCP
IN POUNDS PER SQUARE INCH ABSOLUTE

ASSUMING PARABOLIC PRESSURE DISTRIBUTION UHDER DRGP
DO 20U I=1+1END
PC=14+696+(2e0%164504%F (1)) /(PI#R(I)*R(1)*1000004.0)
IF(PCeLE«PMAX) GO TO 731

1I=1
PMAX=PC
CONTINUE

CONTINUE

PERCENT CHANGE IN DIAMETER FOR SMALL CHANGES IN DIAMETER
DVOLEQ=QTOTAL(IEND)/ (LAMBDA*RHO)
PEVAP=(20040#DVOLEQ)/(PI*(D%*#340))

DIMENSIONALIZATION OF VARIABLES

AG=(D=A(TEND)) Z(V%D)
FG=RHO#D#*D#*V %V

DO 37 I=1.1END
TIME(I)=TIME(I)/TIME(IEND)
R(IN=R(I)/D

A(I)=A(I)/D

F(I)=F(I)/FG

CONTINUE

WRITE(69956)

WRITE(69143) RUNsIWEBER

WRITE(69954)
WRITE(69948)

LINEAR INTERPOLATION ROUTINE

M=0,40

-~ o

M=TTIM+0e1

IF(TIME(T)«GETTIM) GO TO 77

GO TO 76
TPROD=ATTIM=TIME(I=1))/(TIME(I)=-TIME(I=1})
CAA=A(I=1)+TPROD*(A(I)=A(I=1))
CRR=R(I=1)+TPROD*(R(I})=R(I=-1))
CFF=F(I=1)+TPROD*¥(F(I})=F(I=1))
URITE(69949) 19TTIMeCRRICAASCFF
IF(TTIMeGTe0e99) GO TO 22

GC TO 75 :

CONTINUE

WRITE(6+968) IIsPMAX.
WRITE(6+975)

WRITE(695976) (IsFILM(I)sHSURF(I)sI=19IEND10)

WRITE(69954)
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WRITE(65141)PEVAP
STEMP=2124C+DTEMP#*940/540
WRITE(69983) STEMP
WRITE(65112)

78 CONTINUE
99 STOP

112 FORMAT(1H1)
141 FORMAT(3X927HPERCENT CHANGE IN DIAMETER=9FBe4// /)
142 FORMAT(25Xs8HDVCDTI=9E2047/)
143 FORMAT(2X911HRUN NUMBER #sF10e195X920HWEBFR NUMBER EQUALS sF10e5/7)
355 FORMAT(8F1C45)
356 FORMAT(F15e5)
9UU FORMAT(2F1Ue5+215)
948 FORMAT(3Xs1HIs10Xs
1 THTIME(I) 915X94HRII) 216Xs4HA(T) 916XsaHF(I))
949 FORMAT(I5s5E20e7)
950 FORVAT(5E2Ce7)
951 FORMAT(//11€C9+E2Ge7)
952 FCRMAT(6E20e7)
954 FORMATI(//)
955 FORMAT(20Xs2110)
956 FORMATI(///7)
957 FORMAT(5E20e79110)
958 FORMAT(2E20.7)
961 FORMAT (1X9e1lH*)
962 FORMAT (1Xs2H#%)
963 FORMAT(1Xs3H%%3#)
968 FORMAT (2HC ,Is.sx,sHPMAx—,F1o 492X s 4HPSIAZ /)
970 FORMAT(311GsF10e5)
971 FORMAT(3F1545)
975 FORMAT(3Xs1HIs6X9s20HFILM THICKNESS (CMe) s6Xs5HHSURF /)
976 FORMAT(I5+2E2047)
983 FORMAT(3X920HSURFACE TEMPERATURE—;FIO 192X9s18HDEGREES FAHRENHKETI 1)
END

FUNCTION FN{ASsTIMESDADT)

DIMENSION TDIFF(300),F(300)

REAL LAMBDA.

REAL MU

COMMON RHO’GC9V;PI9DaSIGMA CS19JKLsCAICBCCaCDsCEICFaCGICHICIsCUo
lTABSEI9DA9DT’LAMBDA97HRMCV9IDIFF’F’CPV’RHUV’HN9EOUN9MU9BD9JL5oPDa
2VREFEC ‘
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QC=V#T IME+A
SC=D~-QC
UC=QC*QC* (1. S*D-QC)
DADT=(A-DA)/DT
S5C AND A MUST ALWAYS BE GREAT:R THAN ZERO
21 RRRR=(A*A%*CB+(UC/(34U%A)))
IF{RRRR«GT«0e0) GO TO 85
R=Uoo o
GO TO 86
85 R==CA#A+SQRT{RRRR)} - .
IF(R.LE.0.0) R=0.0
86 CONTINUE
SL1=QC*CC
SL2=CD#UC
SL3=CE*# (24 0#¥R*R+PI#A¥R+A¥A=QC*SC)
IF{SCeGT40a0) GO TO. 88 ;
SL4=040
Q=DADT
RSQ=QC*S5C
P=RSQ*(V+Q)
GO TO 87
88 Q=DADT
RSQ=QC*SC
P=RSQ#*(V+Q)
S=R+{A/3.0)
THETA=R#*#2
IFI(THETA«GT«RSQ) GO TO 84
SL4=(CF/(4e0%A) ) #{(THETA®V ) %*%2)
GO TO 87
84 CONTINUE
SLa={CF/AY*# L LI(RSQ*V)%%2)/44,0)+P*¥P*ALOG{S/SQRTIRSQ) ) ~P#Q*(S*5-RSQ)
1+Q#Q* ( ((S¥*#4)~RSQ*¥RSQA) /440))
87 CONTINUE
F(I)=BD*P
CH=FI(1)
IF(F(I)eLEeOe0) FD=0,0
IF(F(I)elLE«Q40) GO TO 90
TRI=1e0/(1eC= CPV*TDIFF(I)/(6.0*LAMBDA))

BC=0.48714
FD=(4eO%BC/340)%( ( (44 O%PI%MUXTHRMCVETRI*IDIFF(I) % (F(1)%%3 ))/
1{0e172%LAMBDA*GC*RHOV) ) ¥%0,25)

CJ=RSQ '

9U SLL5=(R~=RR)*FD+ESUM
FN=SL14+SL2=~SL3=SL4+SL5
RETURN
EMND
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SOLUTION OF SIMILARITY TRANSFORMED EQUATIONS FOR
FLOW OF VAPOUR UNDERNEATH DROP

PROGRAM ASSEMBLED BY WeFePETRYSCHUK

INPUT INFORMATION

CARD ONE- NUMBER OF CASES FORMAT (1018)

CARD TWO~- 59 NOe OF OUTPUTS LT 500s NO, OF ITERAIIONS
BETWEEN OUTPUTS FORMAT(1G18) '

CARD THREE D2PHI(O)s DEL STEP LENGTH FORMAT(2F10e5)

OUTPUT INFORMATION
DELsPHIsDPHI sPSI sDEL*PHI» AS TITLED ON OUTPUT

DIMENSICN Y(545500)sYI(10)sYY(5)sYKI(5)

EXTERNAL F

READ(55999) NCASE

DO 2 KPROB=1sNCASE

READ (5+999) N1sN2sN3

DO 3 I=145

YI(1)=0a0

READ(5+998) YI(3)sH

WRITE(69996) KPROBINCASESYI(3)

CALL RKG(FosYsNIsN2sN3sYIsH)

DO 1 J=1sN2

Z=Y{(KeJ)}#Y(1eJ)

WRITE(69997) Y(SsJ)sY(1sJ)sY(2:J) sY(35J)

CONTINUE

STOP

FORMAT(1018)

FORMAT(5F1045)

FORMAT (25X sF20e494F20e5)

FORMAT({1H1 950X s 19HTHIS IS CASE NUMBERsI3s2Xs2HOF»I3/29H
1 INITIAL CONDITION FOR D2PHIsFB8e4//40X9s3HDELS17X93HPHI
216X s4HDPHI » 14X s SHDDPHI )

END

SUBROUTINE F(YYsYK)

DIMENSION YY(5),sYK{(5)

IFIYK(1) eLTe(=el)) GO TO 1
YK{1)=YY(2) '

YK{2)=YY(3)

YK{3)=YY(2)#%2=2, O*YY(l)*YY(3)-1 0
YK(4)==YY(3)=2,. O*YY(I)*YY(Z) :
YK(5)1=1e0

RETURN

END
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PROGRAM FOR COMPUTATION OF TOTAL HEAT TRANSFER AND EQUIVALENT
VOLUME OF LIQUID FVAPOURATED FOR TRANSIFNT DIRECT CONTACT
HEAT TRANSFER USING SEMI INFINITE MODEL

DROP OF WATER AT 212 DEG F .
THLRMAL PROPERTIES IN GRAM CALORIE CENTIMETLR UNITS

NSO NNN N

REAL LAMBDASKLsKSsLVOL
KL=0,001553

KS=0,093 v
ALPHAL=04001553/(0495%0,95)
ALPHAS=04093/(20e5%04036)
LAMBDA=539455

READ(5906) J

DO 50 N=1sJ

READ(59900) TOsTBOILSDTIMETIMLIM
READ(59904) FoD

AREA=Z3414159#F#(D%¥%2) /440

DVOL=3,14159%(D%%3)/6.,0
TSURF=(TO=TBOIL)/(1e0+(KL/KS)*SQRT(ALPHAS/ALPHAL))+TBOIL
WRITE(69905)

WRITE(6s9U1) TSURF»TO

WRITE(69907) DsF

TIME=0,0
TDIFF=TSURF-TBOIL
CONST=3414159%ALPHAL
WRITE(6+902)

10 TIME=TIME+DTIME ,
QTOTAL=20%KL*TDIFF#SQRT (TIME/CONST)
LVOL=QTOTAL*AREA/LAMBDA |
PEVAP=LVOL#10040/DVOL
DELD=1+0-(140~LVOL/DVOL)*%04333333
DELD=100,0%DELD
WRITE(65903) QTOTALsPEVAP»TIMEsDELD
IF(TIME.LE.TIMLIM) GO TO 10

50 CONTINUE
STOP

900 FORMAT (4F1545)

901 FORMAT (3Xs13HSURFACE TEMP=sF154553Xs 11HMFTAL TEMP=3F1545/)

902 FORMAT(12Xs18HTOTAL HT/UNIT AREAs13Xs9HPCTeEVAP«s17Xs4HTIME

119X9s9HPCTe DD/Ds/)

903 FORMAT(10XsF1545910XsF1545910XsF1545510XsF1545)

904 FORMAT(2F1545)

905 FORMAT (1H1)

906 FORMAT(I5)

907 FORMAT(3Xs11HDROP DIAMa=»F10s 5;5Xo?7HFRACTION OF CSA IN CONTACT=»

1F10457/)
END
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ANALYSIS OF DATA FROM EXPERIMENTS OM DROPLFT ROQUMCE NOFF A PLATF

THE PROGRAM IS DESIGNED TO CALCULATE THREE RESULTS FRO% ONF SET
OF EXPERIMENTAL MEASUREMENTS=- THE MEAN AND THE TWO 95 PERCENT
CONFIDENCE LIMITS CALCULATED FROM THE EXPERIMENTAL DATA.

INPUT VARIABLES DEFINED
RN=EXPERIMENT NUMRER (DECIMAL NUMBER)
THREE EXPERIMENT NUMBERS ARE USED FOR EACH SET OF MEASUREMENTS
TEMP IS THE MEASURED TARGET SURFACE TEMPERATURE IN DEGREES Fe
PRESS 1S THE DROP PROJECTCR AIR PRESSURE IM PSIG.
APF=DROP ADVANCE PER FRAME ON FILM IN INCHES
F IS THE FRAME FRFQUENCY IN FRAMES PER SFCOND
SPRAYDI(N) IS THE ESTIMATED AVERAGE DIAMETER OF SPRAY DROPS
SPRAY(N) IS THE NUMBER OF SPRAY DRCPS LOST
L IS THE NUMBER OF DROPS CAUGHT A
ALPHA IS AN INPUT CONTROL NUMBER(DECIMAL NUMBER)
DAF~ DROP DIAMETER ON FILM IN INCHES
COF-DIAMETER OF IMAGE OF CAUGHT DROP IN INCHES
PROGRAM ACCOMMODATES A MAXIMUM OF FIVE CAUGHT DROPS
CR-ACTUAL DIAMETER OF CALIBRATION ROD IN INCHES
CSF=SIZE ON FILM OF 04020 SECTION OF MICROSCALE IN INCHES
A MAXIMUM OF 200 EXPERIMENTS CAN BE HANDLED AT ONE TIME

M IS THE TOTAL NUMBER OF EXPERIMENTS TO BE CALCULATED AT THIS TIME

CALCULATED VARIABLES DEFINED
DA(I) IN MICRONS--~APPROACH DIAMETER
V(I) IN FT/SEC —=APPROACH VELOCITY
CD{IsN) IN MICRONS=--DIAMETER CF DROPS CAUGHT
EQCD(I) IN MICRONS--VOLUME EQUIV. DIAM, OF ALL DROPS CAUGHT
PERCT '‘DIFF IS THE DIFFERENCE BETWEEN THE DROP DIAMETER
APPROACH AND THE COMBINED DIAMETER OFTHE DROPS CAUGHI PLus
ESTIMATED SPRAY LOSSs EXPRESSED AS A PERCENTAGE OF THE DIAMETER
ON APPROACH
WEB(T)-=WEBER NUMBER
REN(I)~= REYNOLDS NUMBER
DMOM IS DROP MOMENTUM IN GM.CM./SEC.
TEMP-SURFACE TEMPERATURE IN DEGREES FAHRENHEIT

PRESS~DROP PROJECTOR AIR PRESSURE IN PSIG

LIQUID PROPERTIES -
VISC~VISCOSITY IN CENTIPOISE
SIGMA= SURFACE TENSION IN DYNES/CENTIMETER
RHO-DENSITY IN GRAMS/CUBIC CENIIMEIER

PROGRAM FOLLOWS
DIMENSION CDF(35095)sRN(350)sTEMP(350)sPRESS(35C)
DIMENSION DAF(350)9APF(350)sF(350)sCR(350)sCRF(350)sCSF(350)
DIMENSION DA(35C) sV(350)sCD(35055) sEQCD{350) sWER(2350) 4REN{350)
DIMENSION TAU(BSO),SPRAYD(BSO),GPRAYN(RSO)
DO 88 1=15350
RN(I)=0Ue0
SPRAYD(1)=040
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SPRAYN(I)=0.,0C
DAF(1)=040
CD{I9+1)=0.0
CR(I92)=04D
CD(I93)=040
88 CONTINUE
READ (53999) MsVISCsSIGHAIRHO
DO 100 I=1eMs3
READ(59998) RN(TJoRN{I+1)sRNUI+2)sTEMP(I)sPRESSI])
READ(5+998) APF(I)eF (1) sSPRAYN(I) sSPRAYDI(I)
READ(5+G98IDAF (I )Y s DAF(I+1)sDAF(I+2)
READ(5+999 )L s ALPHA ,
WRITE(B9223) RNII)sAPF{T)»DAF(T) »ALPHASL
223 FORMAT(4F1565915) .
IF CAUGHT DROP UNIFORM SET ALPHA=2.,0 AND INRPUI ONE SET OF
CAUGHT DROP DIAMETERS
IF CAUGHT DROP NOT UNIFORM SET ALPHA=0,0 AND INPUT THREE SETS OF
CAUGHT DROP DIAMETERS
IF(LsLESl) L=1
READ{5+998) (CDF (I sN)sN=1sL)
IF(ALPHALGE«14C) GO TO 37
READ(59998) (CDF(I+1sN)sN=1sl)
READ(59998} (CDF(I+2sN)sN=1sL)
35 READ(59998)ICR(I)sCSFI{I)sCRFI(I)
GO TO 38
37 DO 48 Jd=1lsl
COF(I+1sJJ)=CDF(T9JJ)
COF(I+29JJ)=CDF(T9JJ)
48 CONTINUE
) GO TO 35
38 CONTIMUE
WRITE(g89223) CDF(Iyl)’CDF(I+19I)9CDF(I+2’1)’CR(I)9I
DO 22 KK=1s2 .
LL=T+KK
TEMP(LLY=TEMPI(I)
PRESS(LL)=PRESS(I)
SPRAYN(LL)=SPRAYNI(TIJ
SPRAYD(LL)=SPRAYDI(I)
CSF(LL)Y=CSF(I)
APF(LL)=APF(I)
FILL)Y=F(I)
CRILL)=CRI(I)
CRFE(LL)Y=CRFI(I)
22 CONTINUE
NN={+1
KL=I+2
DO 10 K=1sKL
IF(SPRAYN(K)eLEeOel) GO TO 5 , '
CDF (K s NN )“(SPRAYN(K)*((SPRAYD(K))**3))**0 333333
GO TO 6 . _
5 CDF(KsNN)=0,0 L . Co
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10
100

55

600U
500

400
401

992
994

965 FORMAT(1H193Xs3HRUN»7X9s6HAPPRCH8H

997 FORMAT(2XsF6elsFl0elsF8elsF1llelsF9, 1s3F9 19F13e5

998
999

CONTINUE

SUM=U,.0

DO 2v MM=1sNN
COU(KyMM)=COF (KsMM) %5084 0/CSF (K)
SUM=SUNM+{ (CD{K MM} ) #%3,0)
CONTINUE .
IF(SUMJLFE.0eC) GO TO 4
FQCD(K)=(SUM)#%#0,333333
GO TO 10

EQCD{K)=0.,0

CONTINUE

CONTINUE

DO 55 I=1sM

DA{I)= DAF(I)#CR(I)*2540UesCRF(1I)
VII)=APF({I)*CR(TII*¥F{T)/({CRF(I1%124,0)
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WEB(I)=(14440%2454%2¢5A%RHOMDA(TI) #VITI®V(I))/i{10000.0%SIGMA)
REN(TI=(144e%2454%%2% DACLII¥VII)I*RHO)/(6eT72%453459% VISC)
TAU(T)=3614159%(( (RHO*(DA(I)#%3,0))/(16U%SIGMA) ) #%U45)

TAULT)=TAU(I)71000000.,0
CONTINUE

=0 .

DO 400 I1=14Ms10
WRITE(69995)

DO 500 J=1s10
WRITE(69994)

DO 6U0 K=1493
N=K+{(J=1)%3+(]I=1)%3
I=1+1
DIFF =

(DA(I) = EQCD{I))*10040/DA(TI)

WRITE(62997) RN(I)sDA(I}sVII)sEQCDII)SDIFF, ,
1 CD(I91)9sCD(I92)sCD(Is3)sWEB(I)sREN(I)sTEMP(I)sPRESS(I)sTAU(I)

IF(NeGE«M) GO TO 401
CONTINUE

CONTINUE .

WRITE(69994)
CONTINUE
WRITE(69994)
WRITE(65992)

STOP

FORMAT (1H1)
FORMAT(3Xs128(1H=)/)

APPRCH» 10H VOL=FQUIVs3X

1 5HPRCNT s 15X 98HDIAMETER s 12X s SHWEBER »6X s SHKEYNULDS
993X s 4HTEMP s8X95HPRESS 35X 93HTAU/4X 9 3HND 498X
2 5HDIAM.sQX,QHVEL.’SX,SHDIAM-,4Xa4HDIFF916X96HCAUGHT 12X

3 6HNUMBER s 6X s 6HNUMBERYZ /)

1F1245)
FORMAT(5F1545)
FORMAT(I593F15, 5)
END

sF13e09FBal9F124a1
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988
997
998

999

500
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ROUTINE FOR CALCULATION OF DIAMFTER MEASUREMFNT MEAN AND
95 PERCENT CONFIDENCE LIMIT USING ONE SIDED STUDENTS T TEST

READ IN T VALUES FOR 1 TO 25 DEGREES OF FREEDO“ FGOR 95 PERCENT
CONFIDENCE LIMIT

DIMENSION T(50)sDATA(50)

"REAL MEAN

READ(539999)(T(N)sN=1925 )

READ J» NUMBER OF SETS OF READINGS
READ(5+998) J

WRITE(6+997)

DO 10 I=1sJ

READ Ls RUN NUMBER AND Ms NUMBER OF READINGS
READ(5+998) LM .
READ(59999)(DATA(N)’N 1sM)

SUM=0,0

DO 20 N=1M

SUM=SUM+DATA(N)

CONTINUE

A=M

MEAN=SUM/A

S=0.0

DO 30 N=1M

S=S+(DATAIN)=-MEAN)#%2

CONTINUE

SXBAR=SQRT(S/(A#({A=1.0)1))

SXBAR IS THE ESTIMATE OF THE STANDARD DEVIATION OF READING NEANS

TTEST=T{M=1)
CLIM=TTEST*SXBAR
H=MEAN+CLIM
P=MEAN=-CLIM
WRITE(69500) LM
WRITE(6+501) MEAN!H’P;SXBAR '

WRITE(7+988) PsMEANsSH

CONTINUE R

WRITE(69997)

STOP

FORMAT{3F1545)

FORMAT(1H1)

FORMAT(1018).

FORMAT(10F845)

FORMAT (2Xs8HRUN NOe 3s1532XsI1599H READINGS)

FORMAT (2X s5HMEAN=9F10e492X9s2HH=9F10e492Xs2HL=sF10e4 92X,
16HSXBAR=9F10e47/)

END
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CALCULATION OF LINEAR REGRESSICN CONSTANTS AND
CORRELATION COEFFICIENTS FOR TWO SIMULTANEOUS DATA SETS

DIMENSION X(100)sY(100)2(100)
READ(55900) NsANO

READ(559C1) (Y(T)oX(T)sZ (1) sI=1aN)
CA=0.0 7

TaMMONdM!
[N eoNeRe NeNeoNe]
Ce & ¢ & & o
s ODOOOQOC

oo nou

©

‘DO_ 10 I=1sN
A=A+Y (1)
B=B+X(1)
C=C+Z(1)
D=D+X({1)%#%2
E=zE+Z{1)%#%2 .
BA=BA+Y (] )%*%2
F=F+X(I)*Y(I)
G=G+Z{1)%*Y(I)
10 CONTINUE

H=D~(B*#2)/ANO
HZ=E-(C%*%2)/ANO
AA=F=A%*B/ANO
AZ=G-A%*C/ANO"
XBAR=B/ANO

YBAR=A/ANO
ZBAR=C/ANO

COEFZ=AZ/HZ

COEFX=AA/H
CONSTZ=YBAR=-COEFZ#*ZBAR
CONSTX=YRBAR=COEFX#XBAR
BB3=BA=(A%%2)/ANO
RX=AA/SQRT(H*BB)
RZ=AZ/SQRT(HZ#BB)

WRITE(69902) CONSTXsCOEFXsRX
WRITE(69902) CONSTZsCOEFZIRZ
STOP
900 FORMAT(154F1045)
901 FORMAT(3F1545) v
902 FORMAT(3Xs2HA=sF20e795X92HB=9F20e795X92HR=3F20e7/)
END
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AEND

AREA
a

a

Cp

D

de
ds

249

quenclature

Thickness of the tabular body of fiuid formed
on collision (cm.).

Thickness of the tabular body of fluild at the
end of the impact period (cm.).

Area of contact between the Drop Liquid and the
Target Surface (sq.cm.).

Proportionality constant (1/sec.).

Thermal diffusivity sq.em./sec,).

Specific Heat at Constant Pressure (cal./gm°C.).
Drop Diameter (cm.).

Height of spherical segment (cm.).

Maximum diameter of pendant drop in horizontal
direction (em.).,

Diameter of pendant drop in the horizontal
direction a distance de from the bottom of the drop.
Energy contribution due to shear stress (dyne cm,)

Force with which the impacting drop pushes on
the surface (dynes). o
@Gravitational acceleration (cm./sec. ).

Gravitational constant (gm.cm./dyne sec.?).

Heat transfer coefficient (cal,/sec.cm.2°c.),

Thermal conductivity of the vapour (cal./cm,sec.°C.).
Thermal conductivity of the vapour(cal./cm.sec°C,).

Thermal conductivity of the drop liquild
(cal./cm.sec.®C.).

Thermal conductivity of the target surface material
(cal./cm.sec,®C.).

Distance from the top of the drop to the

surface (em.). 3

Manipulation variable (cm.”/sec.).

Pressure in the vapour film (dynes/sq.cm.).

Prandtl Number for the Drop in the Steam
Atmosphere,
Rate of change of A with time (cm./sec.).

Total Heat Loss from the drop in travelling
from thetarget surface to the surface of the
oil (cal.).
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Total Heat Transferred to the drop at a time
t after impact with the surface (cal,).
Radial distance (cm,).

Radial distance to the line of contact between
the drop and the upper surface of the tabular
body (cm.).

Drop radius (cm.,).

Radius of the circular area of the tabular body of
fluid adjacent to the surface {(cm,).

Reynolds Number for the Drep Falling in a Steam
Atmosphere,

Distance A or R (em.).

Value of Students t (statistical test),

%ime 3fter drop contact with the target surface
sec,).
Error in surface temperature measurement (°C.).

Constant Interface Temperature (°C.).

Bulk Temperature of the Target Surface (°C.).
Bulk Temperature of the Drop Liquid (°C.).
Dimensionless Time (sec.).

Initial Average Drop Temperature on rebound (°C.),

Aver?ge ?rop Temperature as the drop enters the

oil c.).

Temperature Difference between the surface and

the drop (°C.).

Radial Velocity of fluild in the tabular body (cm/sec)

Radial Velocity of fluid in the tabular body at
r = (cm./sec.).

Vapour Velocity in the radial direction (em/sec)
Drop Velocity (cm,/sec.).

Volume of the Drop (ml.).

Approach Velocity of the Drop (em./sec.).
Recession Velocity of the Drop (cm./sec.).
Vapour Velocity in the axial direction(cm/sec).
Axial Distance from the surface (cm,).
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Greek Letters

Proportionality Constant (1/sec.).

Thermal Diffusivity of the Surface Material
(sq.em,/sec.).

Thermal Diffusivity of the Drop Liquid(sg.cm./sec.).
Vapour Film Thickness (cm.,)

Drop Liguid - Vapour Surface Tension(dynes/cm.).
Sensible Heat Correctlon Factor,

Drop Liquid Latent Heat (oal;/gm.).

Constant = 3,14159

Dimensionless transformation Variables (4),
Dimensionless transformation Variables (4),

Drop 1liquid density (gm./cec.)

Drop-liquid vapour density (gm./cc.).

Vapour density (gm./cc.).

Drop liquid viscosity (gm./cm.sec).

Drop-1liguid vapour viscosity (gm./cm.sec.)
Vapour viscosity (gm,/cm,sec.)

Kinematic viscosity (sq.cm,/sec.).

Surface Shear Stress (dynes/sq.cm.).
Dimensionless coordinate,

Time of Travel of the Drop from the Target surface
to the oil (sec.).
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APPENDIX N Equipment and Material Details

(Sources of Supply Given Where of Interest)

Substage Microscope: Officilne Galileo No, 125418
wlth liquid source.

Suppliler of Lamps for Mlcroscope:

Microscope Lenses: Objective: Bausch and ILamb 48 mm.
n.a, 0,08.

Eyeplece: Bausch and Lamb low Ultraplane,

Camera: Pentax Sia, Serial No, 670701
used with a Pentax microscope adaptor and a Pentax
magnifier clipped to the eyepilece,

Film: Illiford FP 3 100 ASA tungsten light, 35 mm,
Purchased in 100 foot rolls and loaded in 30 exposure
lengths from a daylight loader into Pentax casettes,

Silicone 01l: Dow Corning Silicone fluld: mixture 7 parts
200 fluid (20 e¢s.) and 1 part 555 fluid.
Available from Dow Corning Silicones Limited,
1 Tippet Road,, Downsview P,0,, Toronto, Ontario,

Silicone Rubber: General Electric RTV 108 - Translucent.
Avallable from local wholesale electrical appliance
dealers.

Oven: Labline Natural circulation oven, 3 1/2 cublc foot
size, 1200 watts. For supplier details see McMaster
University Chem, Eng. reference number 78,

Film Measuring Microscope: Hllger and Watts Engineers
Microscope Unit C, Serlial Number 97972, England,
For supplier detalls see McMaster Unlversity Eng,
Gen, ref., no. 10022,

Alr Pressure Filter Regulator: Conoflow Model FH 2051,
0-125 psig. regulatilon,
Supplier Baker Instruments Limited, 185 Davenport
Rd,, Toronto 5, Ontario,
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Air Pressure Gauge: Wekster - 0-60 psig., 1 psi., subdivision,
Air calibrated, 6 inch face,
For suﬁplier detalls see McMaster Chem, Eng. Ref,
No. 114,

Varlable Transformers : -

Target Heater Control: Amertran Serial Number N,P, 32322,
Input 115 V., 15 amps; output 0-150 V,, 30 amperes,

Other Heaters controlled using form 1 KVA Superior Electric
"Powerstate”" and two 200 VA Ohurite Cat, VI-2F
variable transformers,

Target Heater Transformer: Ignal Transformer, Wires for
output 12 V,, 100 amperes,
Supplied by Lectronic Research Laboratories, 715
Arch St., Philadelphia 6, Pa,, U,S.A,

Spot Lamp: Burton Medlo-Quip Co. Model 1200, 100 watts,
Supplied by Fisher Scientific, 184 Railside Rd.,
Don Mills, Ontarlo,

Telescope: Griffin and George Ltd.,, London England.
Standard cathetometer telescope with 1 1/2 inch
objective extension and modification for scaled
graticule,

Solenoid Valve: Asco 1/8 inch orifice 1/4 inch pipe connections
Cat, No, 826222, Rated differential pressure, 130 psi.
Supplier: Davis Automatic Controls Limited
4251 Dundas St., W., Toronto 18, Ontario.

Glycol Circulating Unit: Haake Model Fe, Serial No, 621730
Contact thermometer (thermostat) 0-100°C,, Heater 500
watts capacity.

Supplied by Fisher Scientific, 184 Railside Rd.,
Don Mills, Ontario,

Heater Units: Cartridge Heaters: 75 watts, 120 volts
3/8" diameter Cat, No. C203.
Base Heater: 500 watts. 3 inch radius, circular
loop, Steel Sheath.
Supplied by the Canadian Chromalox Company Ltd.,
210 Rescale Blvd., Rexdale P,0,, Toronto, Ontario,
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Viewing Window Glassess: 3/4 diameter X 1/8 inck thick
circular optical quality discs,
Supplied by Swift Lubricator Company, Elmyra,
N.Yo 3 U‘S‘A.

Drop Catcher Glass: Optically flat 3 1/4 X 4 lantan slide
glass cut with a carbide tip tool and ground with
emery paper (on metallurgical polishing wet).

SC-87 Drysil Anti Wetting Agent (Dimethyl-dichloro-silane)
obtalned from the Industrial Products Department,
Canadian General Electrilc, 940 Lansdowne Ave,,
Toronto 4, Ontario.

High Speed Motion Picture Camera: Fastax WF4ST, Serial

No. 416 ST3. Controlled by Fastax Goose Control
Unit Model WF-358 Ser, No. 1339. Time marking on
film obtained using Wollensak Pulse Generator,
Source: Minnesota Mining and Manufacturing Co.,

Revere-Wollensak Division,

850 Hudson Avenue,

Rochester, N,¥Y.,, U,S.A,

Thermocouple Wire:

Target Surface: 6 inch length, 1/25 inch OD Ceramo PT-20%
Rh Sheath.
Pt-10% Rh thermocouple 36 gauge wire,
Supplier, Thermo Electric %Canada Ltd.,
Bramptén, Ontario,
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Table 1

Experimental Measurements

Surface Drop Drop Measured Weber - Reynolds Experimental
TEIREES U | (ntorons) | (Fect/svcond) | Gnange. wamber | Tomber | Nember
in Diameter

323 501 5.1 4,4 12.6 2110 187
331 432 b 1 -4.7 11.0 1820 184
333 540 b5 +0.2 16.6 2500 185
334 415 4.0 -2.7 10.1 1720 186
336 392 3.4 -0.3 6.9 1380 182
337 393 7.1 -7.8 29.5 2860 262
341 162 3.9 0.1 10.4 1840 183
3&4 291 6.3 +1.1 17.6 1900 259
355 Lo2 3.4 -0.7 8.6 1730 196
357 344 7.0 -1.0 25.6 2490 261
362 680 4,9 -0.7 25.0 3450 205
364 346 6.3 -4.2 20.9 2260 267
366 358 5.0 0.0 13.4 1830 298
366 348 5.7 «2.3 17.1 2040 299
367 705 5.1 +2.2 27.2 3700 209

0%2



Table I - Continued
Surface Drop Drop Measured { Weber Reynolds | Experimental
Temperature | Diameter | Velocity Percent Number | Number Reference
?°F) (micron (feet/second) | Change Number
in Diameter

— T — — T A :

367 536 8.5 -2,6 57.8 he60 300
368 687 4.4 -2.0 19.8 3090 203
368 665 5.3 0.2 28,4 | 3640 206
369 617 4.4 +0.7 18.4 2820 208
373 269
373 635 5.2 4.3 28.5 | 3700 204
374 601 h,o +0.2 14,7 2500 207
374 373 6.7 -2.9 25.7 | 25% 270
375 589 4.3 +2.6 16.1 2580 202
375 491 b7 ;0,2 16.0 2350 210
376 537 4.5 2.4 | 16.7 2510 211
378 668 4 +0.5 16.6 2790 213
380 359 6.6 -1.2 23.6 2440 260
392 462 2.5 -0.8 R 1200 175
392 352 6.7 -6.6 24,2 2450 263

L62



Table I - Continued
Surface Drop Drop Measured Weber | Reynolds | Experimental
Temperature Diameter | Velocity Percent Number | Number Reference
?°F) (micron) (feet/second) | Change Number
in Diameter

394 375 4.3 ;3.0 10.6 1670 264
395 372 7.5 -2.9 31.5 2870 252
398 550 b4 -0.9 16.1 2500 177
oo ”63v 3.8 Qo.s 10.2 1830 174
401 uiyy 2.2 0.7 3.4 1030 176
§Q3 493 3.5 0.0 9.1 1772 179
4ol 581 4.4 -19.3 16.9 | 2620 172
407 521 4.4 -1.1 14,1 2350 171
408 457 5.1 6.8 11.6 | 1930 170
408 4ok 4.0 +0.7 11.9 2030 178
408 361 5.7 -1.9 17.5 2110 255
409 418 5.6 0.2 19.9 2420 290
&10 392 6.4 -0.5 24 .6 2600 291
410 372 4,7 -0.3 12,2 1790 292
410 338 5.2 -2.2 13.6 1790 254

8se



Table I - Continued
Surface Drop Drop = Measured Weber Reynolds Experimental
Temperature | Diameter } Velocity Percent Number | Number Reference
%°F) (micron) | (feet/second) | Change Number
~ in Diameter

410 ASé 603 ;3,3 27.2 2960 293
h1o 375 6.6 -7.0 25.0 2560 294
13 351 5.2 -5.5 14,h 1880 253
438 549 8.2 -6.0 55,2 4610 235
45 643 b5 -0.8 19.8 | 2990 240
146 462 3.0 -0.9 6.2 | 1420 245
450 394 5a2 -3.5 15.9 2100 287
&54 309 6.6 -7.9 20,6 2110 284
455 632 5.6 -3.1 30.2 4660 239
456 b7 &.1 +0.2 12.0 2010 2&1
457 325 5.9 -11.1 16.9 1970 283
460 316 4.5 -2,0 -9.7 1470 250
462 435 4.2 +0.2 11.7 1890 242
463 313 4.9 -3.0 11.3 1570 251
466 581 5.9 -0.2 30.3 3520 230

652



Table I - Continued
Surface Drop Drop Measured Weber Reynolds | Experimental
Temperature Diameter { Velocity Percent Number Number Reference
€°F) (microns) | (feet/second) | Change Number
in Diameter

469 527 7.6 4.7 46.0 4130 232
b0 576 h,5 +0.8 17.3 2640 234
&71 323 6.5 -3.6 20.8 2170 249
472 ﬁ9ﬂ 6.4 +0,8 30.8 3270 231
479 523 7.9 -6.2 49.3 4250 233
494 329 6.3 -10.2 19.5 2120 295
513 337 7.1 -17.3 25.8 | 2u70 296
515 376 4.2 - 1.0 9.9 1620 297
523 4rr 4.6 +1.6 15.5 2280 144
523 355 5.3 -1.0 15.0 1930 279
525 4h5 2,6 -1.9 4.5 1190 135
525 556 b4 +1.6 16.0 2490 140
526 702 h,7 -4.3 23.6 3410 147
527 565 6.9 +0.9 bo,2 3990 227
528 674 4.9 +2.1 eh.2 3380 148

092



Table I - Continued

Surface Drop Drop Measured Weber Reynolds Experimental
Temperature Diameter |(Velocity Percent Number | Number Reference
€°F) (microns) |(feet/second) | Change Number

in Diameter
533 588 4,1 -0.6 15.2 2510 138
533 570 3.3 +0.7 9.3 1930 225
534 514 2.6 +0.7 5.1 1360 137
539 561 h.h -0.8 16.5 2550 149
539 606 5.9 +1.5 31.4 3660 220
539 575 6.4 +0.7 35.6 3790 226
541 546 4,2 -0.6 14.4 2350 150
544 551 42 -1.1 14.3 2360 152
547 534 8.3 -0.8 55.8 4570 229
687 652 4.8 -1.3 22.6 3220 166
691 525 4.3 0.4 14,7 2330 165
692 613 4.2 +0,7 16.5 2670 164
702 572 4,2 +0.2 15.0 2460 169
704 545 h,5 -1.1 16.5 2520 167
705 595 4.4 +0.6 17.1 2670 161

192



fable I - Continued

Surface Drop ) @rop Measured Weber Réynolds | Experimental
Temperature | Diameter [Velocity Percent . Number | Number Reference
%°F) (microns) [(feet/second) | Change Number

A , in Diameter
705 525 5.3 0.8 |9 | 2350 168
709 ses | 3.3 0.3 | 9.8 2010 162
713 622 | a7 $0.7 20.1 3030 156
713 596 | 3.1 -0.8 8.8 1920 163
714 671 4.9 { -0.6 24.8 3420 159
725 568 | 4.3 | -0 15.9 | 2520 160
g2 | 5% 3.7 -0.6 1.2 | 2090 | 104
880 536 2.9 ’ +0.4 3.1 1090, : 193
899 Bé& 7.5 +0.1 32.2 2950 273
895 317 6,0 -0.8 17.1 1950 275
895 329 | 5.0 +3.6 1 12.6 1710 278
898 —- 302 5.5 +1.2 13.9 1720 277

c9e
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Table II - The Percent Change in Diamefer during the Inltial
Impact Period for a 40O Micron Drop, calculated using
the Dynamics and Vapour Film Heat Transfer Models,

Surface Percent Change Weber
Temperature in Diameter Number
260 0.004 2
400 0.012 2
600 0.017 2
800 0.020 2
1200 0.021 2
260 0.005 10
400 0,014 10
600 0.021 10
800 0.025 10
1200 0.026 10
260 0.005 30
400 0.014 30
600 0.020 30
800 0.024 30
1200 0.024 30
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Table IIT =~ Typlcal Calculated Deformation of a Drop during
Impact, obtained by solution of the Impact

Dynamics Model.

Weber Number 10, Drop Size 400 microns, Surface Temperature 500°F

giggn%igg EZE%Z:t $2%§§2§8302§ Force gf Impact|Film Thickness
(TV/CD=-AEND) (R/D) (/D) (F/ D V2) (microns)
0.1 0.29 0.01 0.89 -
0.2 0.37 0.16 1.50 6.5
0.3 0.40 0.23 1.75 -
0.4 0.42 0.30 1.70 T.2
0.5 0.43 0.36 1.44 -
0.6 0.42 0.40 1.00 8.0
0.7 0.41 0.44 0.70 -
0.8 0.42 0.45 0.39 9.8
0.9 0.42 0.46 0.17 -
1.0 0.42 0.46 0.00 -
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Table IV - Radilus of the Area of the Drop in Contact with the
Surface and Thickness of the Tabular Body at the End
of the ilmpact Perlod, tabulated in order of increasing
Weber Number, calculated using the lmpact Dynamics
Model.

Weber

Number R/D A/D

0.05 0.119 0.820
0.1 0.162 0.760
1.0 0.419 0.460
2.0 0.552 0.350
5.0 0.808 0.210

10.0 1.081 0.130

15.0 1.252 0.100

20.0 1.412 0.080

30.0 1.806 0.050




Table V -~

Surface Temperature (°F)

Calculated Average
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s of Experimental Measurements

_of Drop Diameter C

hange on Impact with a Hot

Surface,

Percent Change in Diameter

Range Mean Mean Standard Number of
Deviation | Measurements
323-341 333 ~2.00 2.23 6
344-380 367 -1.23 2,50 19
438-479 4e1 -2,04 2,43 14
523-547 533 +0.19 2,01 16
687-725 705 -0.33 0.72 12
872-898 888 +0,65 1.62 6




Table VI - Illustration of the Relation Between Drop
Diameter and Percent Change in Diameter
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due to Evaporation During the Impact Period,

asterived“usin;wpheﬁlm-acp_i:namieswand

Vapour Film Heat Transfer Models,

Weber Number 10

Surface Temperature

Percent Change in Diameter

For a 10 Micron

For a 400 Micron

(°F) Drop Drop
260 0,008 0.005
300 0.014 0,009
400 0.022 0.014
500 0,028 0,018
600 0.036 0,021
700 0.039 0.024
800 0,041 0,025
1200 0,040 0,026
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Table VII - Maximum Value of Pressure Beneath Impacting
Drops Calculated at Intervals ofi‘Dimensionless
Time Using Impact Dynamics and Vapour Film
Heat Transfer Models.
Drop Surface Ma ximum Time Total Number
Diameter Temperature Pressure Calculated of Iterations
(Microns) (°F) (psig)
10 260 175 (44/79) 79
10 400 168 (44/79) 79
10 500 168 (44/79) 79
10 600 206 (1/78) 78
10 700 261 (1/78) 78
10 800 330 (1/78) 78
400 260 0.305 (10/54) 54
4oo 400 0.305 (11/54) 54
400 500 0.303 (11/54) 54
400 600 0.303 (11/54) 54
400 700 0,303 (10/54) 54
400 800 0.303 (11/54) 54
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Table IX - Typlcal Calculated Values of Confidence Limits
on Experimental Measurements of Chahge in

Dismeter on Impact,

i 20 |03 Tz fomberct,, , |Bopentenni
(Microns) |Change in!Limit iameter before | Number
Diameter Impact

501 :4.1 ;h.o to ;4.6 7 187
540 0.2 {-0.7 to 0.9 10 185
462 -0,1 -0.,4 to 0,2 18 183
343 -1,0 |-1.1 to -0,§ 12 261
358 0.0 |-0.4 to 0.3 ol 298
601 0.2 }-0.6 to 1,0 9 207
687 -2,0 |-2.8 to -1.3 12 203
492 -0,7 {-1.8 to 0.5 12 196
705 2,2 1,0 to 3.5 6 209
523 -6.2 |-4.8 to -7.5 14 233
359 -1.2  |-1.6 to -0,9 12 260
384 0.1 0.5 to -0.3 6 273
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