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SUMMARY

Experimental heat transfer data are presented for the steady film boiling
of water, aqueous detergent solution, and ethanol on harizontal cyiinders of
neminal diameters of 1/8, % and 3 inch. The data for water and detergent
solution were obtained for values of subcooling from zero, that is for saturated
film boiling, to about 150 deg F, and at superheat temperatures of 161 2°F,
1312°F and 1012°F.  For cthanol, the values of subcooling ranged frem zsro
to about 100 deg F, and the superheat temperatures were 698°F, 590°F and
486°F, (which in-dimensionless form are the same as for water).

Rates of heat transfer were found to increase with increasing subcooling
and superheot, end to decrease with increosing diaseter.  For the detergent
solution, two stable values of hieat flux were obtained fer some values of
superheat when subcooling was greater than about 50 deg F.

Photographic data are presented of film boiling under the above ceondi-
tions and also on 8 inch high vertical cylinders, 2 x 2 inch vertical flat
surfaces, a 4 inch diameter sphere, and a 2 x 9 inch horizontal surface.,

Correlations for subcooled film boiling wera derived from the test dato
, in conjunction with existing correlations and some new appreximate theorelical
solutions for heat fransfer in the liquid phase. The correiations take the form
of adding a heat flux for saturated film boiling to a heat flux which is erlcu~
lated from liquid parameters only.

The photographic resuliz show quite clearly that the liquid vapour intsr=
face is generally chactic at small values of subcooling (less than about 20 deg F)
but is generally smooth when subcooling is greate‘r ihan about 50 deg F. New

physical models for subcooled film boiling are proposed from these results.
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English Letters

B

™ O 0O

o]

Z

-—-I?U..QO:J
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AT
v

radiation parameter, equation 32
specific heat at constant pressure
diameter

denotes a function of

gravitational acceleration

constant relating force and mass = 32.174

heat transfer coefficient

latent heat of vaporization

modified latent heat of vaporization
(see section 3.5)

thermal conductivity

height

critical height

length

abbreviation far mineral insulated metal

covered

numerical coefficient
numerical index

heating rate

heat flux

parameters defined where used
teinperature

liquid subcooling Ts - TL

vapour superheat T =T
% w oS

vapour film thickness

tube wall thickness, equation 51
velocity in the vertical direction
velocity in the horizontal direction
vertical axis

herizontal axis

o

~ Units

Btu/lb degF
ft,in
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2
ft lbn/lbfs
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ft,in

ft,in
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Greek Letters

3 thermal diffusivity fl'2/’h
B coefficient of thermal expansion /degF
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o boundary layer thickness ft,in
€ radiative emissivity
>\c critical wavelength, equation & ft,in
>‘:: modified critical wavelength, equation 48 fir,in
>"md "most dangerous" wavelength, section 3.8.1  ft,in
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> ‘kinematic viscosity Frz/h
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o surface tension Ibf/fi‘
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—
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Nusselt number
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Prandt| number

Rayleigh number

modified Rayleigh number
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(Gr, Pr)
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1 2
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o
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Sc dimensionless subcooiing CL ATL/hfg
Sp dimensionless superheat Ce !!T,r/hfg

Subscripts
Vapour properties and parameters are generally written

without the subscript v where it is unambiguous to do so.

c refers to a critical value

co convective only; sce seciion 3.6

fg see h s

i at the liquid-vepour interface

L refers to the liquid, or bulk liquid

m mean value

v radiation

s at the saturation temperature (boiling point)

T temperature

t based on vapour film thickness

tcl turbulent single phase convection, equation 41
tot total

v velocity

v refers to the vapour

w at the wall, cr hot surface

Btu British thermal unit

oF temperature on the Fahrenheit scale

degF temperature difference on the Fahrenheit scale
ft foot

h hour

inch - inch



Ib,Ib pound mass
m

le pound force

s second.,
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°F-32
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CONVERSION FACTORS INTO SI UNITS
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Chapter 1
INTRODUCTION

1.1 Film boiling is a mode of heat transfer which occurs when a surface
that is considerably hotter than the boiling point of a liquid comes into
contact with the liquid. It is characterised by the development of a layer
of vapour which separates the liquid from the surface, and con cceur in a
number of situations :~ a) when a body is immersed in a tank of liquid,

b) when a liquid spray strikes a surface, and c) when a liquid flows inside
a tube. These are termed pool, spray and flow film boiling respectively.
The process is termed saturated film boiling when ull the liquid is at its
boiling point, and subcooled film boiling when the bulk of the liquid is
below its boiling point. In any liquid, film boiling does not normally
develop on surfaces cooler than the Leidenfrost temperature, corresponding
to the minimum heat flux in figure 1, but is replaced by transitional and
nucleate boiling. A descripticn of all the regimes of boiling can be
obtained from standard texts, (e.g. ref. 4). A more detailed introduction
to film boiling is given later in this chapter (section 1.2). The Leidenfrost
temperature in cryogenic liquids may be well below normal ambient temp=
erature, and the film boiling of such liquids can occur on cold surfaces,

In substances that are liquids at normal ambient conditions, the Leidenfrost
temperature is usually well above ambient temperature, and high surface
temperatures are required for film boiling to develop, such as in the
metallurgical process of quenching.

It is well known that subcooled film boiling, both pool and spray,
occurs during quenching. The fact that it is a relatively slow mode of
heat transfer and that it occurs during the critical initial stages of cooling
are both generally appreciated. Yet a literature search under the terms of
reference "Qu?nt:hing as a heat transfer problem” showed that there is
little published heat transfer data appertaining to quenching which would
enable cooling curves to be calculated.

It was therefore decided to investigate the problem of heat transfer

during quenching, restricting the scope of the investigation to subcooled
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pool film boiling. The results of this investigation are presented in this
thesis. ‘

A literature search was first conducted under the terms of reference
"subcooled pool film boiling". The search was extended to include satu-
rated film boiling when it was found that much of the data for subcooled
film boiling were extensions of data for saturated film boiling. A few
theoretical solutions were discovered for subcooled film boiling, but were
found to predict widely differing heat transfer rates. lnsufficient experi-

menial data were found to substantiate any of the theoretical solutions.

It was decided therefore to concentrate on obtaining, firstly,
accurate experimental data for subcooled pool fiim boiling, and secondly,
a semi-empirical correlation derived from these data, in conjunction with
existing theories as far as possible. Both these objectives have been
achieved. Experimental data have been obtained for the steady film boil -
ing of water, solutions of a detergeni in water, and ethanol, on horizontal
cylinders of diameters of 1/8, X and % inch. The bulk liquid temperatures
cover the range from ambient fo near the boiling points. The correlations
take the form of adding a heat flux calculated from vapour parameters to

one calculated from liquid parameters.

A photographic study has also been carried out with the above
cylinders, and with a sphere of 4 inches diameter, a 2 inch high vertical
surface, an 8 inch high vertical tube, and 2 x 9 inch flat horizontal
surface. The study illustraies some of the physical aspects of film boiling.
In particular it illusirates how the waviness of the liquid-vapour interface
and the release of bubbles of vapour vary with subcooling, superheat and

the liquid.

1.2 Description of pool film boiling

| Film boiling generally occurs only on surfaces hotter than the
Leidenfrost temperature which is the surface temperature at which the minimum
heat flux occurs in the boiling curve, figure 1. The value of the Leidenfrosi

temperature may be considerably different in different fluids. Under normal

e



ambient condifions the value in water may be several hundred degrees Fahrenheit,
in common organic liquids about 100 - 30005-', and in cryogenic liquids it may
be colder than normal ambient temperature .

No upper limit of surface temperature has been defined for the film
boiiing regime. Radiation, therefore, can be of considerabie imporiance as a
mode of heat transfer.

It is generally assumed that a complete film of vaj our separaies the sur=

face from the liquid.  The buik liquid is stationary in pool boiling.

In saturated film boiling, all the liquid is at the boiling point, und there~
fore temperature gradients exist only in the vapour as shown in the sketch. The

temperature difference between the surface and the boiling peint of the liquid is
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temperature profiles in velocity profiles in
saturated film boiling saturated film boiling

often termed the superheat, or vapour superheat. The vapour has o tendency

to rise because of its buoyancy against the liquid. The movement of the vapour
is constrained by the stationary surface, and by shecr forces at the liquid-vapour
interface. Liquid therefore rises with the vapour, resulting in velocity profiles

in both phases as sketched.
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In subcooled film boiling the bulk liquid temperature is below the
boiling point, although the interface remains at that temperature. The
temperature difference beiween the bulk liquid and the boiling point is
known as the subcooling or liguid subcooling. Temperature gradients exist

in both the vapour and the liquid as shown. As in the case of saturated film

&
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Velocity profiles in
subcooled film boiling

Temperature profiles in
subcooled film boiling

boiling, the vapour rises becouse of its buoyancy against the liquid. Move-
ment of the liquid is due to its own buoyancy os well as to vapour drag at
the interface.

The above sketches have been drawn with smooth liquid-vapour inter=
faces. This is not always the case, but the dynamics of the interface are
too complex to be dealt with here. They are discussed in detail in later
chapters.

In saturated film boiling, heat is transferred by evaporation of the
liquid, subsequent heating of the vapour, and the eventual vapour removal .
Thus large quantities of vapour are emitted from the upper regions of surfaces
on which the film boiling occurs. In subcooled film boiling, heat can be
transported by convection into the liquid, and the quantity of vapour emitted
may diminish and become zero. Heat iransfer rates are generally increased

by subcooling .

20
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1.8 A note on units

The British system of units has been used in this thesis because most
previous work, much of which is from the United States of America, have
used this system. This applies to papers appertaining to quenching as well
as to film boiling. Some conversion factors to S | units have been included

after the nomenclature. The system of units is of course irrelevant when data

are presented in dimensionless terms.
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Chapter 2

QUENCHING AS A HEAT TRANSFER PROBLEM

2.1 The subject of this thesis was decided after a literature search and
review under the heading "Quenching as a heat transfer problem" had been
carried out. The results of this work, which are discussed briefly in this

chapter, indicated, for heat transfer during quenching:

- the present state of knowledge,
~ where present heat transfer knowledge might
be applied,

~ areas requiring research.

2.2 General

Quenching is the rapid cooling of a meial pert to give it the desirable

properties of strength and hardness. These iwo properties depend on the
structure of the metal after quenching, which in turn depend on a) the comp=
osition of the metal, which is a metallurgical problem, and b) the speed of
cooling, which is a heat fransfer pioblem. All this can be conveniently
illustrated by drawing cooling curves on a transformation diagram.

A simplified transformation diagram for a carbon steel is shown in

figure 2, with some cooling curves, C1 - C4. Typically, a steel would

be soaked at about 1600°F until the transformation to austenite is complete.
Transformation from austenite begins at about 1300°F. The "nose" of the
transformation curve is at about 1000°F and one second. If heat transfer

rates are high the metal might cool along curve C] , and if they are low
along curve C 4° The hardest steel is obtained by cooling rapidly, as
shown by curv-';s C1 and C2 , to miss the nose of the transformation curve
‘cmd thus form 100% martensite. Cooling along curve C3 would result in

some ferrite being formed in the martensite and would produce a softer steel.
Slow cooling aleng curve C4 would produce a very soft steel .
When a solid body is quenched, the cooling rate is fastest at the

surface and becomes progressively slower towards the centre. Thus it is
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possible for the surface to cool as curve Cl , and the centre as C3, resulting

in complete hardening only near the surface. The proportion of unhardened
core increases with the size of the body. It is possible however to harden
throughout by using an alloy steel . For such steels the nose of the curve,
whilst remaining at about 1000°F, moves along the time axis and couid have
a value of several hours for a high alloy steel. But since alloy steels are
more expensive than carbon steels, the development of a quenching technique
which satisfactorily hardens the cheaper steels is economically desirable.
Rapid cooling as shown by curve C2 is required to pass the nose of

the transformation curve, but subsequent coaling may be much slower as

~ shown by curve Cz’ . In fact such slower cooling may be advantageous

because it reduces temperature gradients and consequent stresses in the part
during quenching, and so reduces the risk of cracking and distortion.

~ Thus an ideal quenchant would cool very rapidly at first and then -
more slowly. However, the reverse occurs in most cases because quenching
usually involves boiling. At the higher surface temperatures film boiling
occurs (usually termed the vapour blanket stage in quenching literature) ,
which has low rates of heat transfer, see figure 1. As the temperature of
the surface falls, transitional and nucleate boiling occur, with much higher

rates of heat transfer.

2.3 Heat transfer considerations

Calculation of cooling curves can be considered in two parts :
1. heat transfer by conduction within the body,
2. heat transfer from the surface.
Both are quite complex: heat transfer from the surface because it usually
involves boiling; and heat transfer by conduction because it is transient,
the thermal properties are temperature-dependent, heats of transformation
have to be considered, and the rates of heat transfer from the surface must
be known.
The prt;blem was set out in this way as early as 1922 by Heindthofer 6),
but until recently his definition has not been repeated in the majority of
publications. Much experimental data have been published as cooling

curves for the quenching of spheres and similar shapes. In this unanalysed
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form the application of the data is restricted to situations very similar to
those for which the data were obtained. Grossman and co-workers (7)
devised the concept of severity of quench, which largely eliminates heat
transfer considerations. A discussion of this concept is beyond the scope of
the present work, but can be obtained from the review by Dardel (8). His
review also covers work on heat transfer during quenching that was published
before about 1960.

2.4  Heat transfer by conduction

The problem of calculating the heat transfer by conduction in a part
during quenching has been treated with some success by Ecénomopolous and
co-workers. INumerical solutions of the conduction equaticns by computer
has enabled temperature~-dependent thermal properties and heats of transforma=-
tion to be taken into account. Calculated and experimental cooling curves
were compared (9) for a large shaft of about 33ft. in diameter with a 4 inch
diameter hole along the axis, and show satisfactory agreement. Thermocouples
were positioned at five radii, and the readings of the innermost and outermost
thermocouples were used as boundary values to calculate the cooling curves

at the other positions.

2.5 Heat transfer from the surface

Quenching is most often carried out either in a tank of liquid, or
with jefs or sprays. These methods cover a very wide range of heat transfer
rafes. Both involve the boiling of the liquid, but they are otherwise quite
different. Less cften, streams of gases, molten salt baths and lead baths are

used, and fluidised beds are reported to have some application.

2.5.1 Quenching in a tank of liquid - pool film boiling. Heat transfer

takes place from the surface according to the boiling curve figure 1.
Experimental data have been published occasionally in the form of boiling
curves, but most often as cooling curves or cooling velocity curves. No
theoretical solutions or empirical correlations were discovered.

Paschkis and co-workers (10 = 14) have presented experimental boiling
curves obtained from the cooling of a two inch diameter sphere from a

temperature of 1600°F in water, aqueous solutions of sodium hydroxide and



oils. In water, increasing the degree of subcooling increased the rates of

heat transfer over the whole range of superheat. The addition of sodium
hydroxide to water caused the replacement of film boiling by transition boil=
ing at higher body temperatures. This happened because sodium hydroxide was
deposited on the surface of the metal sphere as water was evaporated at the inter=
face. The surface on which boiling took pluce was therefore one of sodium
hydroxide. The relatively poor thermal conductivity of sodium hydroxide
meant that the surface on which boiling occurred was considerably cooler than
the body temperature. Heat transfer rates for "slow”, “"medium" and "fast" oils
do not differ significantly in the film boiling regime. Fast oils achieve higher
overall rates of heat transfer because film boiling terminates at a higher surface
temperature than in slow and medium oils, and rates of heat transfer cre higher
in the fransitional and nucleate boiling regimes. Similar data have been
reported by Stenzle and Schultze (15).

Much comparative data were found, in the form of cooling curves and
cooling velocity curves, which illusirate that a wide range of rates of heat
transfer can be achieved from water based (16) and oil quenchents (17). The
quenching speed of water can be increased by adding a salt which acts in a
similar manner to sodium hydroxide described above, and can be decreased by
adding polyvinyl alcohol (PVA) to give a quench us slow as a fast oil (18).

The reduced quenching speed in the PVA solution is atiributed to the layer of
viscous gel which forms in the liquid at the interface. The quenching speeds
in oils differ because of their composition (10 = 14). Heat iransfer rates can
be improved by agitation, and by forced circulation of the liquid. Raising
the temperature of the bulk liquid usually decreases cooling speeds, and vice
versa. Speﬁiai methods of ultrasonic vibrations (19) and electric fields (20)

have keen found to increase rates of heat transfer.

2.5.2 Quenching by jets and sprays. This type of quenching is usually

carried out with air-water mixtures issuing from a number of nozzles adjusted
and disfribufed‘io give an even coverage of the surface. The liquid boils, and
rates of heat transfer vary with surface temperature in a manner similar to

that for pool boiling shown by the boiling curve in figure 1. Rates of heat
transfer depend on spray parameters such as drop size and velocity, composition
and intensity of the spray, and on the fluids. [t is stated (21) that the more
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powerful sprays disrupt the vapour film at higher temperatures, possibly as
high as 1300°F.

No theoretical analysis was found, but & number of publications
presenting experimental data were discovered. Unfortunately the experimental
data, even when presented in the form of boiling curves (22) have been presented
in terms of nozzle parameters, e.g. fluid supply pressures. Such a presentation
severely limits comparison and application of the data.

Approximate rates of heat transfer in spray quenchirg can be obtained
from references (23) and (24) in which a boiling curve for a tank of quiescent
water has been included with the spray boiling curves. Depending on supply
pressures, the rates of heat transfer achieved by the sprays may be greater or
less than the rates of heat transfer in the tank of water.

The following correlation is presented (25) for steady film boiling with

a 100% water spray on a steel sheet,

Nu = N Re"
Application is restricted however, because N and n vary with surface tempera-
ture, and the width of the test specimen is used as the characteristic length in

the Reynolds number .

2.5.3 Quenching in other media. Occasionally quenching is carried cut

in air or gas sireams, molten salt and lead baths, and fluidised beds. Heat
transfer rates are somewhat low, being no better than oil in the film boiling

or vapour blanket stage (26). The rates of heat transfcr do not become
extremely high at the lower surface temperatures in the manner associated with
the nucleate boiling of liquids. The empirical correlation

0.0015(T_ - T

h=0.93C 2

has been derived for a quiescent salt bath (27). The possible use of fluidised

beds has been assessed by estimating probable heat transfer rates from existing
heat transfer knowledge (28,29).

2.6  Conclusions

This brief review has illustrated how the structure of a steel after

quenching might be predicted by drawing cooling curves on a transformation
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diagram. The calculation of the cooling curve has been considered as a
heat transfer problem and divided into heat transfer by conduction within
the hateria!, and heat transfer by convection from the surface.

The problem of conduction within the material has been tackled by
Economopolous and co-workers, who have used numerical methods to solve
the conduction equations.

Almost ali the work for surface heat transfer is experimental and
unfortunately much of it has been published in unanalysed form such as cooling
curves. Therefore, much of the dala are suitable only for comparative purposes. X
Only a small proportion has been published as boiling curves, many of which for
spray quenching are suitable for comparative purposes cnly because they have
been presented in terms of nozzle purameters, rather than spray parameters.

The application of the principles of heat fransfer should ensure that
all experimental data are anlysed to have the widest possible application, and
to avoid the shortcomings mentioned in the previous paragraph. It should also
ensure that the latest heat fransfer knowledge is used, and that experiments are
designed to obtain data which apply to a wide range of conditicns.

It was therefore decided to examine heat transfer from tiie surface under
conditions appertaining to quenching in a tank of liquid. Because the most
critical cooling period usually occurs when surface temperatures are high, it
was decided to restrict the examination to film boiling, and in particular to
subcooled film boiling since the bulk liquid teruperature in quenching is usually

less than the boiling point.
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Chapter 3
LITERATURE REVIEW

3.1 The literature search at first covered only subcooled pool film koiling,
but was soon extended to include saturated film boiling when it became
apparent that most work on subcooled film boiling was in fact an extension
of work on saturated film boiling.

Work on saturated film boiling is reviewed only if it is relevant to
subcooled film boiling. The review is restricted as far as possible to natural
convection pool film boiling at normal gravity and atmospheric pressure .
Emphasis is placed on the film boiling of substances normally liquid under
these conditions rather than on cryogenic liquids. Other reviews are
availzble with different emphases (31, 37, 92), but they are mestly restricted

to saturated film boiling.

3.2 Saturated film boiling on the four simple geometries is first reviewed.
Horizontal cylinders and spheres are well covered by both theoratical and
experimental work; vertical and horizontai surfaces are not so well covered
though cover is adequate. Some methods are included for modifying the
coefficients of equations for horizontal cylinders, or spheres or vertical
surfaces so that the equations for one of these geometries can apply to the
other two. Various methods of including the enthalpy difference between
the liquid at its boiling point and vaﬁ:ur at its mean temperature are compared.
The effects of radiation on film boiling and its inclusion in the heat
transfer correlations is next reviewed.
Considerably less literature was discovered for subcooled film boiling
than for saturated film boiling. The theoretical solutions are extensions
of solutions alEécdy obtained for saturated film boiling but are more complex
because of the’cppeamnce of the liquid as well as the vapour properties.
In most cases the results have been presented either graphically or as
equations with graphical parameters, and often the information applies only

to water. It.is not possible to present a single non-dimensional equation
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for subcooled film boiling because two phases are involved. None of the
theoretical solutions have been supported by experimental work = little of
which was discovered anyway - and noempirical correlation has been found.
Most of the experimental work is for water and has been obtained from the
cooling of spheres and similar bodies, or for steady film boiling on small
diameter wires. Consequently comparison of the data has been made for
water only and, as far as possible, for horizontal cylinders of & inch diameter
by modifying equations to apply to this geometry.

The final section of the review dzals with interfacial dynamics, flow

stability and breakdown of the vapour film.

3.3  Saturated film boiling

3.3.1 Horizontal Cylinder. The first theoretical treatment for film boiling

on a horizontal eylinder was carried out by Bremley (30) who, after making
a number of simplifying assumptions and by considering the buoyancy of the

vapour, derived a relation which in non-dimensional form is:

Nu = N[Gr* Pr]* [% + %]* . )
The complete derivation can be found in reference (31).

The value of the coefficient N is 0.512 if the liquid surrounding the
cylinder is assured to be stagnant, and 0.724 if the liquid moves freely with
the vapour. Bromley obtained experimenial data for film boiling on tubes
of 3/16, %, 3/8, % inch diameter in water, n-pentane, liquid nitrogen,
ethanol, benzene and carbon tetrachloride which fell between the limits
given by these two values of the coefficient. He therefore recommended
the mean value of 0.62. '

The equation, like most others of similar type, predict a “convection
only" heat f[w_(__, deor 1O which a heat flux for radiation is added in the
manner described in section 3.6.

The assumptions made were:1) a continuous film of vapour separates
the liquid from the hot tube. 2) The film is very thin compared with the
diameter of the tube. 3) Heat travels through the vapour film by conduction
and radiation only. 4) The vapour film is laminar and is controlled by

buoyant forces and shear forces at the wall and interface.  5) The interface
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is smooth except in the region of vupour removal. 6) The vapour removal |
region is small compared with the periphery, but there is no constraint on
its removal . 7) Kinetic energy of the vapour film is negligible. 8) Vapour ‘
properties are evaluated at mean film temperature 3 (TW + Ts) . 9) The
latent heat of vaporization is the major item in the heat supplied to the |
vapour film. 10) The temperature of the wall is uniform. 11) The interface
is at the liquid saturation temperature and so is the bulk of the liquid.
12) Pressure in the fiim is not affected by surface tension. ‘
Erors introduced by these assumptions were assumed to be accounted
for by the selection of the coefficient from experimental data.
The superheat term, % + — , arises from the way in which the

Sp
enthalpy change from liquid to vapour is included in the dimensional equa~

tion. In this case the simple form of latent heat plus mean superheat is

used,
/ -
hey = heg * 3(CAT), . (3)
Later Bromley (32) suggested that this enthalpy difference is better approxi-
mated by
W =h. (1 +0.45p)° )
fa fg R

and the heat transfer equation then becomes

Nu=0.62 [Gr* Pr:|:![ [s"];(‘ +0.4Sp)2:| % (5)

This equation correlated the experimental data better than equation 2, though '
the difference wus slight. Because there are a number of expressions for
the enthalpy difference, a separate section 3.5, has been included to
compare them.
The qu.ations derived by Bromley use the cylinder diameter D as
the characteristic length predicting that the heat flux varies inversely as
the fourth root of the diameter, q cc D%,  The equations therefore
fail when the values of diameter are small and large because rates of
heat transfer on small and large cylinders do not tend to infinity and zero
respectively.(Under such conditions assumptions 2, 6, 12 and 4, 5 are

contravened). Empirical modifications were suggested by Banchero et al (33)
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resulting in the following equation,

Nu =a (-[!)- + ¢c) p? [Gr*Prﬁr £(Sp) (6)

The superheat term was not specified. From this equction the heat flux is
independent of diameter for large cylinders, and varies inversely with diameter
on- small sizes (i.e . the total heat transfer is independent of diameter).
The values of a and ¢ were obtained from experimenial data. They differ

for each liquid tested and are also dimensional .

The unsatisfactory state of affairs represented by the dimensional
parameters a and ¢ was eliminated by Breen and Westwater (34). They
presented test data for horizontal cylinders of diameters from 0.00012 to
1.85 inches in a variety of liquids which were correlated over the whole

range by:

Nuy, =(0.59+0.0693) [ory Pr]‘l*[g‘F 1+0.345p°] % @)

The diameter appears only in the coefficient and all terms are dimensionless.
Again for large diameters the heat flux is indeper.dent of size and for small
diameters heat flux varies inversely with size.

The characteristic length is the critical wavelength, Xc’ where
A -271/7—)-9‘:0- ' 8

It is the smallest wavelength that can grow in amplitude and allow the
release of vapour (section 3.8.1). This dimension had already been used
in equations for film boiling above horizontal plates.

For more accurate predictions of heat transfer, Breen and Westwater
recommended three equations, to be used according to the value of >\:./D .

For large cylinders, )\C/D<O.8
l. ]
Nuy, =0.6 [Gr*\  Pr] : [35 (a +o.34sp)2]3‘ : ©)

Medium cylinders, 0.8 < >\C/D <8

N =0.62 [ort P [E]?; (1 +0.345p)°] * . (10)




Small cylinders, 8 < \/D

Nu, —om(B)o 83[6* pe) * [ 0 +0.3asp2]% . ()

The first and third of these are asymtotic values of the general solution with

slightly modified coefficients to improve fit. The second is Bromley's

equation. The first still shows heat flux to be independent of diameter,

" and the third shows the total heat transfer Q is weakly dependent on diameter

(Qoe DO'W) . They suggest that this nearindependence at very small

diameters is because heat transfer is controlled mainly by the bubble release

" mechanism, which for small wires is controlled largely by surface tension.
Photographic studies showed that for D < Xc the wave pattern at the

top of the tube was one-dimensional, and for D = 1.7 )\c the wave pattern

was two=-dimensional (section 3.8.1). This change corresponds to the

change between the medium and large cylinder equations 10 and 9.

A semi-theoretical solution has been derived by Baumeister and
Hamill (35) which correlates the experimental data of Breen and Westwaier
somewhat better than equation 7.  The solution when simplified to apply

to standard gravity is:

Nu,, =0.59 [1+0.585 2 +-2-}?-g(>‘°)3]% X

Gy P x [% (1 +0.345p)° | 3 (12)

For small dicmelers qoc D -3 compared with D ~0.83 and I)”1 from

equations MNand7. The equation is really a modification of equation 7
because in the derivation it was assumed that equation 7 was correct for
large diameters. This assumption is well supported by experimental data.
The additional ‘@ssumption, which has been made frequently by Baumeister
et al, is that the bubble release pattern adjusts to maximise heat transfer.
Two correlations have been proposed which do not use the index
of . Sarma (36) by dimensional analysis of bubble release derived the

equation :
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. . 1,13
Nu-—N[Gr Pr (B+§[;)] (13)

where B and N are values to be determined experimentally. Sciance et al

(93) have correlated experimental data at atmospheric and rcduce‘ipressure

By | 10.267 [/ 127 0.267
Noy, =0.532[Gr  Prlk+so)] [(T__) } 4

‘c
But as pointed out by Clark (37) the data would almost be as well

¢orrelated using the index X. The significance of the value of the index

is discussed in section 3.8.

3.3.2 Vertical Surfaces. For laminar film boiling on vertical flat

surfaces, Bromley (30) proposed an equation similar to that for the
horizontal cylinder, using as characteristic length the height, L, of the
surface .

Nu =N [Gr* Pr]* [%+%] + - (19

The value of tne coefficient N was not given by Bromley, but evaluated
by Hsu and Westwater (38) to be 0.667 if the liquid is stagnant, and
0.943 if the liquid moves freely with the vapour.

A solution of the conservation equations for saturated film boiling
assuming the vapour flow to be laminar and the interface smooth has been
presented graphically by Koh (39). At atmospheric pressuré the results
lie between those given by the two values of the coefficient and equation
15. Frederking (40)also carried out an analysis of the conservation
equations and presented the simplified theoretical solution as

Nu =3[Gr* P # [-S-!P-] 3 (16)
In the light of:experimental data(the source of which is not stated )

modifications are recommended (41), and the equation then becomes

Nu =0.8 [Gr* Pr]? [;-+§.‘;] 3 (17)

This is of course the equation 15 with the average value of the two

coefficients.
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The above equations were compared by Hsu and Westwater (42)
with experimental data for vertical tubes from 2.6 to 6.5 inch high. They
found that the equations were reasonably accurate only for short tubes,
and underpredicted the rates of heat transfer on the others. Because of this
they concluded that the equations apply only when flow is laminar, (which
is what they were derived for) and therefore derived the following composite

equation to include both laminar and turbulent flows :
%

2h, u_ Re
NU:W + F(TUF) . (]8)
Y

The first term on the right hand side is a modification of equation 15 with
the coefficient of 3, and applies to the lower regions where the vapour
flow is still laminar. The second term is too complex to reproduce here,
but applies to the higher regions on the surface where the vapour flow is
turbulent. The position of transition is automatically included in the
equation, (see also section 3.8.1).

Much simpler empirical correlations for organic fluids on vertical
tubes, including the data of Hsu and Westwater, have been propossd by
Borishanskii and Fokin (43) :-

11
For 2.8 x 107 <Grt < 1.4x10°, Nu, =0.28 (Gr})® (19)

1.4x10° <G, < 1.5x10, N, =0.0094 (Gr: 057 20)

The characteristic length is the thickness of the vapour film k- This means
that the values of the Nusselt and modified Grashof numbers are much
smaller than the corresponding values based on the diameter D. The
Prandtl number has been excluded since the values for the vapours

correlated differ only slightly.

-

3.3.3 Spheres S Frederking et al (44,45) have carried out an analysis of
the conservation equations for the sphere similar to that for the vertical

plate and presented the solution in the following simplified form,

Nu = 0.586 [Gr* Pr]”‘[-s%] i 21)

This,they contended, is only o guide and in the light of experimental
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work recommend (45),

Nu =% [Gr* Pr]:" [3+ g‘-p-]"‘ =3 [Ra’i] * (22)

This equation correlated test data between values of Raj of 10° and 108.

For values of Rc:"i between 107 and 109 the following equation is recommerded

Nu=0.14 [G* pr]? [—5+.§H 5. (23)

Equation 23 is said to be suitable for vertical surfaces and herizontal
cylinders when sizes are large enough for the heat flux to be independent

of geometry.

A rigorous analysis has been carried out by Hendricks and
Baumaister (46) by dividing the film boiling into two parts, cne for the
heat transf er across the laminar vapour film on the lower regions of the
sphere, and two, for heat transfer in the bubble release region. The two
parts were added on an area weighted basis.  Two solutions were presented,
for small spherés on which there is cne vapour dome, and for lerge spheres
on which there are many. The two solutions were matched at >\C/D =1.35

to give a general solution which takes the form,

Nu = f (Re*%; Bo¥) . (24)

The full expression is too complex to present here partly because the
dependence on Bond number is presented graphically. The experimental
data of Frederking et al (45) are well correlated by the expression .

The small sphere solution for single domes is valid for )\C/D> 0.7
which, although representing a diameter somewhat larger than the match-

ing position, compares with the values of \L/D of 0.6 and 1 reported

by Breen and Westwater (p 32), between which the change from a one=

to a two-dimensional wavepattern occurred on the horizontal cylinder.

3.3.4 Horizontal Surfaces The first analysis for film boiling above a

horizontal surface based on hydrodynamic considerations was by Chang

(47) whose resulting equation for saturated film boiling can take the .




non-dimensional form, 1011
Nu=0.294{Gr* P] {.55] 3 (25)
The choice of characteristic length does not matter.

The analysis by Berenson (48) based on the Taylor-Helmholtz
instability and model of the four models in section 3.8.1 resulted in

the 2quation

Nu = 0.673 [G* Pr]A' [% +'s']'§] # . (26)

Both these equations were compared with experimental data by
Hosler and Westwater for film boiling of water and freon above an 8 x 8
inch horizontal plate (49). Equation 26 was found to ke satisfactory,
gererally predicting rates of heat transfer a little less than the experimental
data, but equation 25 was found to predict rates of heat transfer of about

twice the experimental values. Equation 25 does however satisfactorily

predict rates of heat transfer for film boiling in cryogenic liquids (37 p.437).

A further analysis, based on instability and including the assumption
that the configuration of the vapour domes adjusted to maximise entropy
production, was carried out by Hamill and Baumeister (50). The resulting
equation is

3 [19 1 ] 1
s * P —
Nu =0.65 [Gr* P} # |5 + 5 (27)

which is similar to that of Berenson (equation 26).

3.4 Modification of Coefficients of Formulae

The formulae for any of the three geometries, horizontal cylinder,
sphere and vertical surface, may be applied to the other two by modifying
the coefficient. Eckert (51) states that if the height of a vertical plate
is 2.5 times the diameter of a horizontal cylinder then the values of heat
flux are the same. Frederking (40) (after Nusselt) quotes the ratio of
height to diaméter as 2.85.

Substitution of these ratios in equations of the form
Nu o< [Gr*] . , (28)

in which the diameter D, or height L, has been used as the characteristic
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dimension, results in the following ratios of coefficients :

Vertical Surface Horizontal Cylinder
1 0.796 (Eckert)
1 0.77 (Frederking) .

The value of 0.77 was also obtained from dota presented by Nishikawa
and lto (53) for the subcooled film boiling of water. For the sphere,
Frederking et al (45) state that the corresponding ratio is 0.88.

3.5 The Superheat Term f(Sp)

A number of different forms of the superheat term have been

encountered (see figure 3). They arise from the different expressions for
the enthalpy difference (hv - hL) between the saturated liquid and the
vapour.

In his original work Bromley (30)suggested that the enthalpy diff-
erence, often called the modified latent heat h;g’ may be calculated fro
&%(Tw+ T)

/
hv_h!.—hfg_h +

fg (C AT)V !

T

H

which for constant specific heat becomes
/ —
htg hfg +3(CAT),

Later (32) he stated that the following i IS G better approximation

/ (C AT)
F == (]'!‘0 4—}'—) ’

vzhich was further improved by Roshenow (31,54) to

Two other expressions for the enthalpy difference have been found,
hf +0.4 (C ﬁT) and h + 2—0- (C BT) , and sometimes the unmodified

m

(29)

(3)

“4)

(39)

latent heat hfg is used., AII these expressions, and the resulting superheat

terms are given in figure 3.

]

The commonest of the superheat 1erm5_|'s the original, % +§I'J- ’

very likely because of its simplicity.
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All the terms have been compared in figure 3 by calculating their
values to the power of . The values of superheat, Sp, at which the
present tests were carried out are also marked on the graph. Differences
are small especially at the lower superheats. Over the range from 0.3 to

1
1.0 the value of the term [‘} +-S-:E:| 4 compared with the torrect" term of

[-S]T)- 1+ 0.345p)2] i varies from 2 to 5% lower. Thus the additional
error introduced by using the term [3';+ -S-'!l;]% is only 1 to 2% provided that

the coefficient of the equation is suitably altered.

3.6 Effects of Radiafion

The equations for film boiling usually give a value for convective
heat fransfer o only, to which a value for heat transfer by radiation must
be added. The simple original analysis by Bromley (30) has been shown to
be accurate and to apply to other geometries.

The simple addition of the radiative and convective heat fluxes is
not valid because they are not inutually exclusive. Accepting Bromley's
assumption that heat trunsfer through the vapour film is by conduc tion and
radiation only, then additional radiation causes additicnal evaporation
thus thickening the vapour film and reducing conduction. By the order of

magnitude argument Bromley denved the equatien

G

For (Ew q, /ch<1o this equation is approximated to an error of less than

0.3% by

édco
hd—‘

£ 9 g9\ -}
L0 | %.62#2-"-)
qto qCD

= 32
qc,0+ Equr' (22)

=q ot & q[

The value of B can be obtained from figure 4. The term q, is the black

bedy radiation between two parallel plates,

- 4
95 G =T (33)
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Equation 32 implies that the vapour is transparent and that the absorptivity
of the liquid-vapour interface is unity, both of which have been shown to
be valid (55). Furthermore the results of the rigorous analysis in this
reference, which included radiative effects in the solution of the boundary
layer equations, agree with the simple analysis of Bromley to within a few
per cent.

The analysis of Lubin (56) for a vertical surface also resulted in the
equation 31, thus substantiating the derivation by Bromley and extending his
results to apply to the vertical surface. In the case of film boiling above a
horizontal surface (57 and section 3.7.1), B is assigned a value of 0.&8 in

the simplified version of a theoretical solution.

3.7  Subcooled film boiling

3.7.1 Theoretical Solutions . Among the early theoretical solutiens for

subcooled film boiling was that by Chang (47) who extended his solution
for saturated film boiling which had been based on the instability of the

interface. The solution takes the form:
Nu =N [Gr* pe*] " (34)

where for horizontal surfaces N=0.234 and n= 3

and for vertical  surfaces N~=0.72 andn=%.
The Nusselt number is based on the thermal corductivity of the vapour and
the superheat AT . The effects of subcooling are included in the modified
Prandt| number Pr* which is calculated from an equivalent thermal diffusivity

* . 7" Chang presented ©<.* ' graphically for water for AT, from 600

to 1600°F and at subcoolings of 5, 10, 50 and 100 deg.F. It can also be

evaluated from a complex implicit equation.

A number of solutions were discovered which apply to laminar film
boiling on a vertical isothermal surface. Sparrow and Cess (58) were the
first to publ ish a solution obtained by considering the problem as one of
two-phase natural convection. The six censervation equations (three for
each phase) were first fransformed in the manner carried out by Polhousen

(59), and then solved numerically for the following boundary conditions :
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at the surface v =0 No-=slip
v=0 Non=porous
T=T temperature continuity,
w .
isothermal surface
in the bulk UL =0 stationary liquid
liquid
T= TL
at the liquid= w =0 stationary interface vertically
vapour
interface
mo=m =m mass confinuity
Tv = TL = Ts temperature continuity
[k %]dx =m; hfg ~ [k _g_;l'_;][- dx energy continuity
1. =0 zero interfacial shear

It was assumed that the vapour formed a continuous film over the surface,
and that the interface was smooth.

The assumption of a stationary interface was made beccuse, they
state,an earlier analysis showed that for the saturated film boiling of water,
the velocity of the interface was unimportant. The assumption made the
solution of the equations easier. Setting the interfacial shear at zero was
based on the assumption that buoyancy would dominate motion, and mean
that movement in each phase would depend on its own buoyancy only.

Slip would therefore occur at the interface.

The results were presented graphically in terms of a computational

parameter P, and five fluid parameters.  The range of fluid parameters

were selected with water in mind and are :

-

Pr=1
PrL = ¥, 2
Sp= 0to2

Se= 0.05, 0.15, 0.3, 0.5 .



[fmf ] [E%L@]J;

= 0.05, 0.1, 0.15, 0.25 .

Under normal ambient conditions R 2 0.05; the higher values of R would
apply at higher pressures. The valuve of Pr = 1 is a close approximation

for water vapour.

Heat transfer results are obtained by substituting P in the equation,
_2 Z 172
No=3 [er]* o84+ . (35)
For saturated film boiling P = Sp, and therefore,
22 3 17 2
= ler]® [ossag] * (36)

At very high subcooling, when interfacial evaporation becomes
zero, the solution became exactly that for single phase natural convection.
This is a consequence of the assumption of a ctationary interface.

The conservation equations have been solved by Nishikawa and
Ito (53) without making the assumption of a stationary interface. Heat
transfer results were presented graphically fer the laminar film boiling of
water at atmospheric pressure on vertical surfaces and horizontal eylinders,
and the results are significantly different from the values obtained from
the solution of Sparrow and Cess (see section 3.7.3 and figure 5). Their
solution for the velocity profiles shows that the liquid reaches its maximum_
velocity at the interface.

Frederking and Hopenfield (41) have obtained theoretical solutions
for film boiling onvertical isothermal surfaces using the integrated boundary
layer equations. The assumption of a stationary interface was not made, but
otherwise the boundary conditions were much the same as those set out by
Sparrow and Cess. Two solutions were presented, one for small subcooling
(Se <1) and the other for large subcooling (Sc 3> 1). The results were
presented as general equations which include parameters that have to be
obtained from graphs;

At small subcooling, the liquid buoyancy was assumed to be zero

so that liquid motion was induced only by shear forces at the interface. At

41
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atmospheric pressure the general solution can be reduced to,

Nu=-§- (G P (1+A.50)]% [%] * (37)

L]

where A has an approximate value of 700 for water and 420 for ethanol.
The recommendations for solutions by Frederking et al of increasing
the coefficient and altering the superheat term were made and the

equation then becomes :
1 1
Nu=0.8 [Gr Pr (1 +A.5¢)]% [% +§H3 , (38)

At large subcooling, when Se»1, it was assumed that liquid
buoyancy was large and that the maximum velocity in the liquid occurred
at the interface. Vapour convection was zero. The general solution at

atmospheric pressure can be reduced fo :

Nu, =0.75 [Gr +Pr *] 3 (39)

L

which iivolves only liquid properties.  The appearcnce of the square of
the Prandtl number, which is characteristic of inviscid flow, in this case
arises from the assumption of a freely moving interface. The application
of equation 39 is restricted by the condition that Se>>1.  The maximum
value for water at atmospheric pressure is about 0.185, and occurs when the
bulk liquid is at the freezing point, so then equation 39 is inapplicable.
The interpolation for moderate subcooling between the solutions
for small and large subcooling was given as :
4 4 ] X
e

9 moderate = [q small + 9 larg (40)

The results of Frederking and Hopenfield (41), and Sparrow and
Cess (58) have been compared by Burmeister (61) with the results of his
own work for water at atmospheric pressure and the surface temperature
of 612°F. Burmeister obtained his solution for film boiling subjected to
pressure fluctuations, but since below a certain rate of fluctuation heat
transfer was independent of frequency the results can be adapted to
constant Eressure film boiling. ~He found that his own solution agreed
closely with the sum of the effects of subcooling of the other two solutions.

This he argues is reasonable since whereas Sparrow and Cess assumed zero
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interfacial velocity but included liquid buoyancy, and Frederking and
Hopen field neglected liquid buoyancy but assumed a freely moving inter=

face, he included both.

For film boiling on a horizontal flat surface, Hamill and
Baumeister have extended their solution for saturated film boiling (section
3.3.4) to obtain a solution for subcooled film boiling (57). A regular
pattern of vapour domes was assumed with the major portion of the heat
transfer occurring across the thin portions of the vapour film. Radiation
was included in the solution assuming a view factor of unity and no vapour
absorption. Inertia terms were assumed to be negligible and convective
effects in the vapour were taken to be zero. Thus the temperature
gradient in the vapour was linear. The assumption of maximum entropy
production was also applied.

The complete solution was presented in parametric form involving
the three modes of heat transfer = film boiling, radiation and single phase
convection. A simple equation was presented which is valid for inany

practical applications when |q1_ - qrcl[ < 2qco , nameiy,
qu=qco+0.88 ‘w * 0.12 el - 41)

The effect of radiation is added in a similar way to that recommended by
Bromley (3.6). The film boiling component, Yoo’ is obtained from the
solution for saturated film boiling (equation 27). The heat flux due to
subcooling is calculated from the single phase turbulent free convection

equation for heat transfer on a horizontal surface namely,

Nu, =0.14 [GrL PrL] 3, : (42)

The effect of subcooling on heat transfer is quite small, (see figure 5),
because of the:small value of 0.12 in equation 41.
The solution also predicts that film boiling is not possible at very

strong subcooling, when

q.r -qu|<— ].27qco .
Heat transfer then occurs by turbulent single phase convection. Thus

for example, in cold water at 75°F film boiling would not be possible on



a surface colder than about 1000°F,
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3.7.2 Experimental Data . A limited amount cf experimental data have

been found for the cooling of spheres and cylinders, and for steady film

boiling on wires of small diameter.

Data for the latter cover only smali

degrees of subcooling., Most of the data are for water, some details for

which are given in the next section.

liquids as listed below.

Data are also available for other

The data obtained in the steady staie seems to

show better reproducibility than that obtained by the transient technique.

Liquid Sugzgo::mg Geometry and Size - Authors
Methanol 0-27 Horizontal Wires 00315 in dia. |Tachibara &
Fukui (62)
Carbon 0-27 ditto ditto
Tetrachloride
Oil 20-200 Cylinder 1 in. x 0.32 in. dia. [Stenzle &
Schultze (15)
Oil T =20,60F | 0.8 in. dic. sphere Loskiewicz &
Gorczyca (63)
oil T =110F 2 in. dia. sphere Paschkis et al
(10 - 14)
NaOH soln. ditto ditto It

3.7.3 Comparison of earlier work. A comparisci of the theoretical and

experimental data for the subcooled film boiling of water has been made

and is shown_in figure 5. The fact that there are two phases and two

temperature differences, AT, and ATL , means that it is not possible

to compare the data in

dimensionless terms.

The comparison

was made only for water because much of the data, even from the theoretical

solutions, applies to water only. Wherever possible data have been taken

for, or adjusted to apply to the } inch diameter horizontal cylinder.

The
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equations for vertical surfaces were modified to apply to horizontal
cylinders by changing the coefficient in the way recommended by Frederking
et al (section 3.4). The data for the % inch diameter horizontal cylinder
therefore apply to vertical surfaces of height 0.685 inch, (} -+ (0 .77)4),
and spheres of diameter 0.417 inch, (:1-+(0.88)4) . Sparrow and Cess did
not present an equation for film boiling at very high subcooling, but stated
that the solution was exactly as for single phase free convection. Therefore
the following equation was used, taken from Jakob (60),

Nu =0.55 [Gr Pr, ] : 43)
The experimental data for spheres and wires have not been adjusted because
their sizes fall outside the range of application, given by Breen and West-
. water (section 3.3.1), of equations for {ilm boiling involving the feurth root
of the Rayleigh number. Radiation has been included where necessary in
the way described in section 3.6, taking €y = 0.9. The value of E’w =0.9

was used because this value was found to apply to the present results, section

(8.3.1).

The comparison shows that, in general, agreement is relatively poor,
The data which apply to horizontal cylinders were obtained from theoreiical
analyses. They show close agreement at the boiling point, but differ
increasingly with subcooling. It was expected that the data of Nishikawa
and Ito (53) would be greater than that of Sparrow and Cess (58) because
of the assumption of a stationary interface by the latter. The steep increase
in heat flux with small subcooling as predicted by the solution of Frederking
and Hopenfield (41) is rather surprising because the solution neglected the
buoyancy of the liquid. The very steep increase in heat flux predicted by
Chang (47) is due to the strong dependence on subcooling of the value of the
modified Prandt! number, Pr*.

The heat transfer rates given by the equations for large subcooling
are somewhat low. This is not surprising since they are not strictly applic-
able at the relatively small values of subcooling (Sc < 0.185) represented in
the figure. The data of Sparrow and Cess are lower than that of Frederking

and Hopenfield because the former assumed the interface to be stationary .




Rates of heat transfer are independent of superheat because only liquid
properties appear in equations 39 and 42, and because the diameter of the
cylinder was used as the characteristic dimensica.

The theoretical solutions for the horizontal surfacas differ widely,
one showing almost no change of heat flux with subcooling and the other
showing a very large increase.,

The experimental data for both wires and spheres do not show partic-
ularly close agreement, and do not substantiate any of the theoretical solu-

fions.

3.8 Interfacial Dynamics and Vanour Flow

In film bo.iling the vapour flow may be laminar or turbulent, and the
interface may be smooth, wavy, or involve bubble release. When the liquid
is subcooled, the flow of the liquid may also be relevant. From the literc-
ture the situation for saturated film boiling can be adcquately described .
Very little has been published that describes the situation in subcooled film
boiling.,

3.8.1 Saturated film boiling .~ When saturated film beiling occurs no heat

can be convected into the bulk liquid because all the liquid is at the boiling
point. Heat transfer is effected by evaporation of the liquid, and the removal
of the vapour thereby producefi . The situation is unsiable because a more
dense liquid is being supported by a less dense vapour (the Taylor instabiiity)
and the interface becomes wavy. Vapour can be released only when the
wavelength of the interfacial waves exceeds the critical value, Xc' because
only then can the waves grow in amplitude and ultimately form bubbles. The

value of the critical wavelength on a horizontal surface is given by ;
9.0
PN =2ﬁ/7—c | 8
c g EL-Q) ( )

The wavelength at which the amplitude grows the fastest is generally termed

" where }\md =3 )\c .

"the most dangerous, )\m d
The instability approach was first applied by Chang (47) and later
by Berenson (48) for the saturated film boiling on the upper surface of a

horizontal plate (section 3.3.4). Berenson postulated that the dominant

4
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wavelength was the one which allowed the amplitude to grow the fastest,
)\m q° The vapour generated flowed into a two-dimensional pattern of
domes or cells formed by the waves above the surface and was subsequently
released as bubbles (figure 6). The whole interface was chaotic, but the
configuration could be time averaged to which the principles of conservaticn

could be applied. A similar model was later used by Hamill and Baumeister

(50, 57).

From the above model Frederking et al (67) proposed four thermo-

hydrodynamic cases which resulted in four forms of the heat transfer ecuation.

1. laminar vapour flow Nu = N, [Gr* Pr] 2} [f(Sp)] % (44)
regular cell pattern
1
i * x
2. laminar vapour flow Nu = N2 [Gr Pr] 3 [f(Sp):l X (45)
random cell pattern
3. turbulent vapour flow Nu= N, [Gr* Prz] e [£(Sp) ] % (46)

regular cell pattern

213 1, )
4. turbulent vapour flow Nu = N4 [Gr*Pr ] 3 [,(sp) ] 3 (47)

" random cell pattern

The indices of & and %, which occur in single phase convection for laminar
and turbulent flows are now governed by cell pattern. When the index is 3
the choice of characteristic length is immaterial. The assumption of turbu=
lent vapour flow with inertia forces dominating viscous forces gives rise to the
square of the Prandtl number which is characteristic of inviscid flow.

When film boiling occurs on the other three simple gecmetries ~ the
horizontal cylinder, sphere and vertical surface = the‘ interfacial dynamics
are somewhat different (46) see figure 19. Consider firstly a high vertical
surface . At and near the leading edge the interface is relatively smooth
because the thin vapour film which exists there tends to damp out interfacial
disturbances. ‘The film is thin because the heat fransfer rates are locally
high. With increasing distance from the leading edge the vapour film increases
in thickness, because the local heat transfer rates decrease, and small interfacial .
capill ary waves appear which may have been generated at the lower stagnation

points (68). However, if the wavelength is less than the critical value }sc
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the waves cannot grow in amplitude. These two regions have been termed
the laminar and pseudo-laminar regions (46). With further increase in
distance from the leading edge the capill ary waves move further apart,
because of the increasing velocity of the interface, and eventually the wave-
length becomes >\c . This marks the onset of transition at which the ampli-
tude of the wave starts to grow. Eventually the amplitude will be such that
bubbles of vapour will depart from the interface, which marks the onset of .
turbulence.

In the cases of horizontal cylinders and spheres the interfacial dynam=
ics are greatly influenced by diameter, and in particular by the ratio )\C/D
(46). On small diameter cylinders (D << )\c) a single line of vapour domes
form above the wire and vapour flow is predominantly axial into the domes
because the dome spacing is considerably greater than the diameter of the
wire. Diameter has little effect on toial heat transfer (p. 32 ). On inter-
mediate diameters (D<= }\c) vapour flow becomes increasingly circumferential
but the one~dimensional wave pattern at the trailing edge is retained. This
is the region of Bromiey'§ model . In both the above cases the interface that
is not in the bubble release region is relatively smooth resembling the laminar
and pseudo-laminar regions on the vertical surface. On large diameter
cylinders (D> )\c) vapour flow remains circumferential but the wave pattern
becomes two-dimensional thus permitting a multiple dome configuration
similar to that above a horizontal surface. The change in wave pattern has
been reported by Breen and Westwater (34) (p.32) from photographic studies
to occur between diameters of about >\c and )\md,(ﬁ)\c). All the

. regions described for the vertical surface may exist on a large cylinder.

The behaviour on spheres is very similar fo that on horizontal cylin=
ders, the difference being that on spheres of small and intermediate diameters
a single vapour dome occurs on the upper surface. The largest diameter for
the existence c;'f the single dome was obtained theoretically (46) as

D=1.47)\c.,

The value of the critical wavelength )\c has so far been calculated
/
for a flat surface. On a horizontal cylinder the critical wavelength >\c

decreases with "'decreasu'ng' diameter thus (69) ,

D e S,
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-%
X, =2w[§.§(§.’§§) v % ] (48)

R

and \x’md = JT3->\; . The value of )\’c becomes significantly less than the
value of )\c for ratios of \}\C/D>- 3. The dominant wavelength of the comb

on the trailing edge on a horizontal cylinder has been observed to be slightly
greater than the most dangerous wavelength de (69,64), being about

2 Xc((’?) . (This compares with the postulation by Berenson above that \'m g
is the dominant wavelength in film boiling above a horizontal plate.) There-
fore the spacing between the positions of bubble release diminishes with the

diameter of the cylinder.

The transition from laminar to turbulent film boiling on vertical sur=
faces has been based on the transition of the vapour flow from laminar to
turbulent as well as on the dynamics ot the interface as discussed above. The
analysis by Hsu and Westwater (42) was based on the vapour film thickness
increasing with distance from zero at the leading edge to a critical value
according to the one=fourth-root power relationship. At the critical value
transition in the vapour began and their sketch indicates that the interface
starts to become wavy. The critical distance from the leading edge can be

calculated from the following expression :

1 3 |
eV = %"_) @ +.S_g_) Pr . (49)

Values calculated from this expression for water are shown in figure 7. The
critical Reynolds number Re* is based on the critical film thickness and was
given the value of 100,

A simpler approach by Burmeister (61) was to apply the single phase
natural convection criterion that transition occurs between Grashof-Prandtl
product (Gr* Pri of 109 and 10]0. Another simple approach suggested by
Frederking et al (44,45) was thcfv when heat trc;nsfer data can be correlated
without reference to geometry the flow could be assumed furbulent. From

1
their results transition begins and ends at values of Gr* Pr (% +-§-§) of about

7
3x10" and 2 x 108 respectively. Critical heights calculated from these

criteria are also shown in figure 7.
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There is evidence to support the trend predicted by Hsu and Westwater
that the critical height increases as the surface temperature decreases. Firstly
it has been observed that the interface is smoother at the lower surface temp-
eratures, Secondly, from conduction and radiation considerations of heat
transfer through the vapour film, the film is thinner at the lower surfoce tenp-
eratures. The increasing critical height predicted by the other two criteria
is due to the decreasing value of Gr* as the surface tempercture increcses.
The effects of the vapour film thickness cre not included in eithar of them .

The theoretical values of critical height by Hsu and Westwater, and
Burmaister have not been supported by experimental work. The criterion of
Frederking et al was deduced from experimental data, and the values of
critical height correspond roughly to the value of the diameter of herizontal
cylinders at which the change from dependence to independance on diameter
occurs, equations 10 and 11,

It has been suggested (46) that on the horizontal cylinder and sphere
fransition would occur at the position where the distance on the circumference
from the leading edge equals the critical height for the vertical surface as given
by Hsu and Westwater. Alternatively for the horizontal cylinder, Burmaister

suggested using the single phase criterion of GrPr =4 x 10° given by Hermann

(70).

3.8.2 Subcooled film boiling. It has been reported that bubble release from

wires (64) and spheres (13) diminisﬁiw?th increasing subcocling, and that the

interface becomes increasingly smooth (68).

3.8.3 Further considerations on interfacial dynamics and the breakdown
of film boiling. In film condensation it is common to increase heat

transfer rates,calculated by assuming a smooth interface,to account for the
effects of waviness (71). One might say that this is done in film boiling oo
because the theoretical equations, at least for saturated film boiling have
been modified according to experimental data. An analysis has been carried
out by O'Brien (73) who compared heat transfer rates through a wavy layer
and a slab containing the same volume of material. The results can be stated
simply to be the influence of geometry on conduction. Increases in the rates

of heat transfer occur because the surface area is increased whilst thickness

[ |
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is reduced . Applying this to film boiling then the greatest effect should
occur when the interface is most wavy.

The existence of waves in the liquid-vapour interface means that
soma parts of it are closer to the hot surface than others, and receive excess
heat by conduction. The excess hzat causes locai excess evaporation which
locally pushes the interface away (15). Thus film boiling is stable .

it is generally assumed that in stable film boiling no liquid-sclid
contact oceurs. Bradfield (74), however, has shown experimentally that
I.iquid-so!?d contact does occur, increasingly so, as the superheat decreases
towards the _Leiden_fros!' point. Film boiling continues, however, because
immediately on contact, the liquid is rapidly vaporized and thrown back.

Bearing this in mind, the onset of transition boiling, in which
liquid-solid coniuact is generally accepted, does not involve a sudden change
of process, and the so-called film breakdown at the Leidenfrost temperature
does not occur. The Leidenfrost temperature can be defined as the tempera=
ture at which the minimum heat flux occurs in a continuously changing process
from no liquid=solid contact through a little, to liquid-solid contact occurring
over a considerable proporticn of the surface. The sudden changes attributed
to take place at the Leidenfrost temperature have probably arisen because
most experiments have been carried cut with the heat flux as the independent
parameter. As soon as the femperature is reached where the slope of the
boiling curve is negative (figure 1) the extra heat demanded by the boiling
process is obtained by cooling the test piece, and generally the rate of cool=
ing is very rapid.

A tentative explanation as to why the Leidenfrost temperature for
water is considercbly higher than other liquids has been put forwerd by Stenzel
and Schultze (15). Liquid water has high values of surface tension, latent
heat of vaporization and thermal conductivity. On contact with the solid
the water tends to spread rapidly. A large quantity of heat is required to
cause evaporation and if the liquid is subcooled then even more heat is required
to supply that which is conducted into the liquid. Consequently a large temp~
erature difference is required to supply enough heat so that sufficient evapora-

tion occurs to maintain film boiling.




3.9 Conclusions

In general saturated film boiling is well covered both by theoretical
and experimental work. Many of the equations for predicting heat transfer

take the form,

Nu =N [Gr*Pr] " [f(Sp)" (50)

where n =% or 3. On small bodies vapour flow is laminar. On larger bodies
vapour flow can be turbulent. Dependence of heat transfer on size has been
eliminated from the above equation by using either n = 3 or the critical wave=
length, )\c, as the characteristic dimension.

The values of the coefficient N may be modified so that equations for
the horizontal cylinder, or vertical surface, or sphere, can apply to the
other two gecmetries. In fact, equations for all four simple geometries vary
little in both form and coefficient. For example if n =% and the character=
istic length is >\c, then N has the values of 0.6, 0.8, 0.67, 0.67 for hori~
zontal cylinders, vertical surfaces, spheres, and horizontal surfaces.

Stability of the vapour and interface have been well discussed. There
are two possible transitions; one, the vapour flow can become turbulent and
two, the interface can kecome wavy. It is not essential for the vapour to be
in turbulent flow when the interface is wavy and bubbles are released.

Subcooled film boiling is relatively poorly covered compared with
saturated film boiling. The theoretical solutions show wide disagreements,
and there are insufficient experimental data to support any of them. The
photographic studies are so few that an adequate visual picture of subcooled

film boiling cannot be described.

o2




Chapter 4
THE TEST CONDITIONS

4.1  Following the review it was decided that the main objecfives of
this work would be firstly to obtain experimental data over a wide range

of subcooling, and secondly to derive a simple coirelation for subcooled
film boiling. The additional objective of a photographic study was
included after early tests showed thai the visual picture varied considerably

with test conditions. The range of test conditions is summarised in table 1.

4.2 The choice of liquids was made bearing in mind that the heat
transfer correlation would require the knowledge of both liquid and vapour
properties, and that the vapour must be able to withstand without decom-
posing the relatively high surface temperatures necessary for film boiling

to take glace. These requirements limited the choice considerably.
Water, based on these requirenients, is an obvious choice. In addition it
is used in quenching, is cheap, easily available, non-texic and non-
flammable. Ethanol was chosen as the second liquid because its liquid and
vapour properties are known, under normal ambient conditions its boiling
point is well above normal ambient temperature, and it is available in pure
form. Aliliough flammable, it burns quietly, and is easily extinguished by
a blanket of carbon dioxide gas. Solutions of detergent in water were
tested as a third liquid. Detergent had been added to water in initial -
tests to try to reduce the random breakdown of the vapour film. Heat trans-
fer tests were carried out when it was found that two stable values of heat
flux could exist during film boiling at moderate and high valuesof subcool-

ing.

4.3  The ranges of temperatures over which the tests were to be carried
out were decided firstly for water. Since the main concern of the work
was to obtain data for subcooled film boiling, the tests were fo cover as
far as possible the full range of subcooling from boiling point to frezzing

point. Three surface temperatures were selected, 1612°F, 1312°F, and

-
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1012°F which in the quenching of steel correspond approximately to the
temperatures of respectively, immersion, transfermation begins,ond the -
nose of the transformation curve (figure 2). The deterger? solutions were
tested over the same ranges. Ethanol was tested over the came ranges of
dimensionless subcooling and superheat, and also at the surface tempera~
ture of 1012°F so that a comparison of the rates of heat transfer could be
made for the film boiling of water and ethencol on surfaces at the same.

temperature .,

4.4  The selection of the size and geometry of the test piece, whather
a sieady state or transient technique should be used, and the method of
heating are largely interrelated. If it is accepted thet correlations for
horizontal cylinders, vertical surfaces and spheres can be medified to apply
to any of these geometries in the way given in section 3.4, and that en
larger geometries rates of heat transfer are independent of geometry (p 35,
49 ), then the choice of geometry can be made mainly for recsons of
convenience.

No reliable evidence was discovered showing that rates of heat
transfer obtained from steady state tests were any different from those
obtained from transient tesis. Chromium plated spheres (65,66) and silver
spheres (10 = 14) have been used to obtain experimental data for the frans~
ient film boiling of water at high subcooling, but reproducibility was not
good (14). Cylinders of up to about 1% inch diameter, hected both
electrically and by cond ensing vapours, have been used to obiain data
for steady saturated film boiling. In subcooled liquids data have been
discovered for steady film boiling only on electricolly heated wires of
diometers up to about 0.04 inch (62,64).

The high values of heat flux and surface temperciures required for
the film boiling of water eliminate all methods of heating for steady film
. boiling except heat pipes and direct electrical heating. OF these iwo
electrical heating is the simpler. For cylinders of sizes larger than
wires it was thought preferable to use a tube to keep the current as small
as possible.  Even so a tube of one inch diameter and 0.02 inch wall

thickness would require about 1000 ampere fo generate a heat flux of



105 Bfu/hfr2 . If a metal strip is used instead of a tube, it can be easily

rolled to thinner than 0.02 inch and require less than the 1000 ampere,

but the problem of locating the themocouple arises (it can go inside a tube).
The problem of the power requirement is also relevant. The one

inch diameter tube already menticned would require, at the heat flux of

2
105 B/hft™, about 8 kW per foot length continuously. In contrast, a
transient test piece of the same size could be heated slowly in a furnace of

much lower rating.

4.5 It was therefore decided to try to develop an electrically heated
tube on which the subcooled film boiling of water in the steady state could
take place. [t was fhoﬁght that any test section developed to withstand

the high surface temperatures and generate the high values of heat flux
necassary for film boiling in water would be satisfactory for the other liquids.
Initially sizes were restricted to 1/8 and & inch diameter horizontal tubes.
Chromium plated copper spheres of larger diameters were considered for
obtaining experimental data for larger sizes, and also if the steady state

test cylinders of 1/8 and % inch diameter could not be developed to obtain
experimental data for high subcooling in water.  In fact the steady state
tests were extended to include tubes of % inch diameter, and the spheres
were excluded from the heat transfer tests. The range of conditions covered

by the heat transfer tests are summarised in table la.

The photographic study was carried out cver the same range of
conditions as the heat transfer tests. In addition, some larger geometries
shown in figure 9 were included. The conditions of the photographic study

are summarised in tables 1b and 1c.
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Chapter 5

APPARATUS AND PROCEDURE

5.1 The development of a satisfactory design of test-piece on which

the heat transfer data were obtained is described first. The additional
test-pieces used to obtain the photographic results and the rest of the appara-
tus are described briefly. The normal experimental procedure is next

described and finally some experimental difficulties are discussed.

5.2 " Development of the test-piece .

A test-piece was developed on which the steady film boiling of
water could take place over the range of test conditions given in the
preceding chapter.  As was expected, the design required no modification
for the film boiling of the other two liquids, namely detergent solution and
ethanol .

Initially a test-piece comprising a straight length of stainless steel
tubing about 0.1 inch diameter and six inches long was used. It was elec-
trically heated, and supported and held horizontally by two cuirent terminals.
A quortz-fibre insulated cromel-alumel thermocouple placed inside the tube
was used to measure the surface temperature. Film boiling was established
by first heating the test piece in air to above the Leicenfrost temperature,
and then immersing it in the water und at the same time increasing the heat~
ing rate .

With such a test-piece results could be taken only at the intermediate
surface temperature of 1312°F and at bulk water temperatures greater than
about 200°F. At the surface temperature of léiZOF the stainless steel
corroded and scaled badly and the thermocouple burnt out. At the surface
temperature of 1012°F and bulk liquid temperatures less than about 200°F,
local excess cooling of the tube occurred at the terminals resulting in
'local nucleate boiling which would spread and displace film boiling from

the whole tube,

To prevent the ‘spread of nucleate boiling, two ceraniic collars

were attached around the tube near each terminal as recommended by



Nishikawa (64). Film boiling was then possible between the collars at
the surface temperature of 1312°F in water down to a bulk temperature of
about 170°F.  The addition of a small quantity of detergent (0.025%) teepol)

allowed film boiling to persist down to bulk temperatures of about 150°F.

A satisfactory design of test~piece (figure 8) was developed from
this preliminary work by making three major changes :

1.  The tube was bent into a wide U-shape so that the

terminals and a short length of hot tube were held out of

water during testing. This prevented the oczurrence of local

nucleate boiling at the terminals.

2.  The test-pieces were made from tubing of nickel-chromium

alloy, Nimonic 75, which has good corrosion resistance proper~

ties under the conditions of testing. The alloy C262 by Fine

Tubes Limited was also used.

3.  MIMC thermocouples were used which were capable of

operating at temperatures of up to 2200°F. The metal cover

of the thermocouples were insulated from the test piece by a

silica-fibre sheath (trade name Refrasil).

To make the experimental data applicable to horizontal cylinders,
the sensing junctions of the thermocouples were positicned approximately
in the middle of the horizontal secticn. End effects were eliminated by
making the length of the horizontal section of the 1/8 and  inch diameter
test-pieces greater than 15 diameters. The length of the horizontal section
in the % inch dianieter test piece had to be limited to 10 diameters because
of power supply limitations (section 5.5), but this was considered sufficient.

The sensing junctions of the thermocouples were located approx-
imately on the axis of the tube in the % and % inch diameter tubes using
ceramic and asbestos bushes. Allowing them to be free to move resulted
in poor reproducibility of the value for the surface temperature (appendix A).
The thermocouples and insulating sheath were put into position before bend-
ing the tube. The radius of the bends were made relatively large, at least

17 inch, otherwise there was a tendency for the film to breakdown at the



bends .

The test-pieces were held in position by clamping each end info a
closely fitting groove in the end of each current terminal. The terminals
were made from copper and brass, and were nickel plated to prevent corro-
sion. The voltage tappings were velded to each tube after it had been
clamped in place, in such a way that during testing the tappings were
chove the surface of the liquid.

All the test=pieces were made from four sizes of tubing := 1/8 inch
diameter of 0.01 inch wall thickness; % inch diameter of 0.012 and 0.02

inch wall thicknesses; and % inch diameter of 0.02 inch wall thickness.

5.3  Test-pieces for the photographic study

Photogranhs were faken of steady film boiling on the 1/8, % and %
inch diameter test=pieces which have been described in the preceding
section, and also of film boiling on 8 inch high vertical cylinders, a 2 inch
high vertical surface, a 4 inch diometer sphere, and a 2 x 9 inch horizontal
surface. These additional test pieces are sketched in figure 9.

The 8 inch high vertical cylinders were made from tubing of  inch
diameter, of the same typesused to make the other tcst-pieces of this diam-
eter. Electrical heating was used and photos were taken of steady film
boiling. The thermocouple was positioned approximately three inches from
the top of the cylinder.

Photos were taken of transient film boiling on the other test-pieces.
They were made from copper and were chromium plated to prevent corrosion.
All were heated by gus flame. The thermocouples were positioned as
shown, in closely fitting holes. Thz sphere was holiow,*having been made

in halves which were screwed together.

5.4  Apparatus

The immersion apparatus comprised a gantry and a moveable cross=
member to which the current terminals were fixed and which could be raised
and lowered by a hand lever to effect immersion.

Glass and metal tanks were used to hold the liquids. Initially

glass tanks of about two and six gallons capacity were used so that the film
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boiling could be seen, and were used again later when photographs were
taken. Metal tanks of larger cepacity (10 and 18 gallons) were used when
rates of heat dissipation were high, so that the change of the bulk tempera-
ture of the liquid during a single test was insignificant. A portable immer=
sion heater=stirrer was used to heat the iiquids in the glass tanks with the aid
of the test-piece itself. The metal tanks had fixed immersion heaters.
Covers for the tanks were used when the liquids were hot to reduce heat loss
by evaporation .

The ethanol was tested in the 10 gallon metal tank except when |
taking photographs. To prevent the ignition of the ethanol by the hot test-
piece, the tank was partially filled with ethanol to about three inches from
the top and gaseous carbon dioxide fed into this space at a rate of between
about three and six litres per minute. A carbon dioxide fire extinguisher
was kept handy to put the flame out on the few occasions when ignition dic!
occur.

The heating circuit comprised a fixed transformer driven by a variable
transformer which enabled the power generated to be varied between zero
and maximum. The fixad transformer was rated at 16V, 250A continuous
output, 240V input. Much higher currents could be taken for short periods,
for example 500A for 10 minutes. In cases when the small step change of
the variable transformer was too large for uccurate measurements of power
dissipation to be made, a rheostat was included in the primary circuit.

The heating rate was measured between the voltage tappings using
a current transformer ond watimeter. The iemperature of the bulk liquid
as well as the surface temperatures was measured using MIMC thermocouples
and a digital voltmeter. The sensing junction of the thermocouple measuring
the bulk temperature was positioned at about the same level as the horizontal
section of the test-piece, and about % inch from it. Details of the calibra-
tion of the thermocouples are given in section 6.2.

The photographs were taken of film boiling in the glass tanks.. Some
were taken as silhouette pictures against a background of diffuse lighting,

and the others under direct lighting. Generally a high shutier speed

1 .
(ngs) was used in order to stop the movement of the bubbles and the

i



interface.

5.5 Normal Procedure .

The liquid was heated or allowed to cool to the bulk temperature
required, and then stirred thoroughly. Ice was added to water and deter-
gent solution to speed up cooling. The test-piece was heated in air to
approximately the surface temperature required for the test. The test-piece
was then immersed and at the same time the hecting rate was increased.
Short lengths of the hot tube were left above the liquid surface, and the
power input adjusted precisely to give the required surface temperature.
Readings for the surface and bulk liquid temperatures, and for heat dissipa=
tion were taken.

When the temperature of the bulk liquid was within about 20 deg F
of the boiling point it was possible to take readings for all three surface
temperatures from one immersion. At other bulk temperatures it was usual
to take, from each immersion, one set of readings for only one surfuce temp=
erature because temperature stratification occurred in the liquid. Normally

a set of readings could be tcken within one minute of immersion.

5.6  Experimental difficulties.

The simple open tank apparatus enabled results for film boiling to be
taken to within only one or two °F of the boiling points of the liquids. High
heat losses prevented the temperature of the liquid being maintained at the

boiling point. Special efforts were made to enable results to be taken at

the boiling point for the £ inch diameter test-piece in water. These involved

using two tanks, the one in which the film boiling tcok place was immersed
in water in the second which wos kept boiling and stirred. The tanks were
covered to reduce evaporation.

Temperature stratification of the liquid occurred during testing
when the subcooling was greater than cbout 20 deg F. This happened
because there was little evaporation to reduce the temperature of the liquid
at the surface, and because there were few bubbles to cause mixing. There=
fore to avoid uncertainty in the value of the readings for the bulk tempera=-

ture, only one set of readings for one surface temperature were tcken from
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each immersion. The reading for the bulk temperature was taken just before
immersion, and if there was any change from this value when the surface temp-
eratures were taken then the whole set was discarded. The problem was
particularly acute when the liquids were cold because the circulation of the
liquids would "short-circuit" in a inattei of seconds as shown in sketch (a).

To prevent this,two vertical plates were positioned parallel to the tube and
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about 6 - 12 diameters upart (sketch (b)). The plates extended along the
whole length of the test piece, to about § inch below it, and to within %
inch of the surface. Even o, to gei a relioble set of readings for cold
liquid it was essential that on immersion the surface temperature was within
10 deg F of the required value, and that the rate of power generation was
set to the correct value immediately. To do ihis, a few preliminary runs

had to be made.

The remainder of the experimental difficulties arose because the
heat flux was the independent parameter rather than the surface temperature .

The method used to establish film boiling was not satisfactory at
high subcooling in water (TL < 100°F). It was necessary to balance rather
precisely the rate of immersion of the test-piece against the simultaneous
increase in the heating rate, and not allow the temperature of the surface
either to fall below the Leidenfrost temperature or exceed its melting point.
The balancing of the rates of immersion and increase in heating rate was !ess
critical for the test-pieces made from the thicker walled tubing, probably

because of the higher thermal capacity of the test-pieces.



On occasions, film boiling would be replaced locally by nucleate
boiling which would then spread over the whole test-piece. .The position
of the breakdown of the film occurred almost anywhere on the test-pieces.
The causes were not established, but it did seem beneficial to clean the tube
periodically with very mild abrasive, and to make the radius of the hends
greater than about 13 inches. The speed at which the nucleate boiling

spread was found tfo incE:ase as the temperatures of the surfcce and the bulk

liquid were reduced. The chance of the breakdown occurring also increased .

The resulting thermal shock could cause considerable distortion especially in
cold water. The tube could become oval, and the straight horizontal and
vertical sections become bent so badly that the test-piece eventually had to
be discarded. The test-pieces made from the thicker walled tubing were
better able to withstand the shock than those madz from the thinner walled
tubing.

In the case of the % inch diameter test-piece, it wos not possible to
take readings for TW = 1012°F in water below about 150°F because breakdown
of the film occurred on the verrical sections. These sections were found to

be considerably colder than the horizontal section.
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Chapter 6
ACCURACIES AND ERRORS

6.1 In this section factors affecting the accuracies of the results ore
discussed, and estimates of the errors in the heat transfer results are made .
The accuracies of the temperatures and heat fluxes ore influenced by errors in
instrumentation, the system, measurements and calculations. The accuracies
of the correlations depend on the accuracies of the fluid properties as well .

In the photographic study, less attention was paid to obtaining accu=
rate values of both bulk liquid and surfece temperatures. Errers cre therefore
about twice those of the heat transfer results.

The errors have been combined, where appropriate, according to the

square-square root method given in B.51042 (75).

6.2 Temperature .

The bulk liquid temperaiures were measured using a MIMC thermo-
couple, ice point reference and digital voltmeter. Thiscircuit was celibrated
over the temperature range from 60 to 220°F to an accuracy of i% deg F.
This was the maximum accuracy of the digital voltmeter. A check calibration
carried out about halfway through the test programme revealed no change from
the original one. The error in the bulk liquid temperature was estimated to be
+ 1.deg F, which includes uncertcinties arising from the fact that liquid

temperature was not uniform throughout the test tank.

The surface temperatures were subject to errcis in the thermocouple
circuit, and to the temperature differences between the sensing junctions on
the axis of the tube and the outer surface of the tube.

The thermocouple circuits comprised MIMC thermocouples, ice refer-
ence points and digital voltmeter (DVM). The errors in the readings had to
be estimated from the manufacturers data because the maximum temperature
of the calibration bath was.ubout 500°F. However, the thermocouples were
checked at this temperature and rejected if the reading was outside the limit

given by the thermocouple manufacturer.
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The accuracies stated by the manufacturers of the equipment are :=

Thermocouples:below 750°F +5.4 deg F (+ 3K)
above 750°F +0.75%
DVM:range up to 23 mV (about 1030°F) + 10 WV (-_l-_ 3 deg F)
range up to 100 mV + 100 uV (+ 4 deg F)

The discrimination of the DVM was also +10 ,V on the 23 mV range anc'l
+100 )LV on the 100 mV range.

Usually during s teady film boiling the reading of the DVM remained
constant. Under difficult conditions, however, reading errers ofi 109 };\’
(+4 deg F) in water, and + 30 WV (+ 1% deg F) in ethanol were accepted.

From the above data, the azcuracies of the readings of the thermo-

couples used to measure surface temperatures were estimated to be :

ethanol +7 deg F
water and detergent (Tw= 10]2°F) + 10 ceg F
solution ( ]3]2°F) + 12 deg F

( 1612°F) + 14 deg F

These values represent random errors for ATV of approximately + 1.7% in

ethanol and _-I:l 1% in water,

The position of the sensing junctions on the axis of the tube meant
that average temperatures of the inside surface of the tube were measured.
Assuming that the surface temperature is uniform (see appendix A), the
temperature difference between the inside and outside surfaces can be cal-

culated from the following equation (72),

t t t
AT=q -kl"[iw Z%]..—A-_v};q—% (51)
w

Taking a value of 14 Btu/hftF for the thermal conductivity of the tube
material, the values of the temperature difference work out to be : in
ethanol, 0.4 to 2 deg F; in water, 1 to 6 deg F generally, but up to
9 deg F when a test-piece made from the tubing of % inch diameter and

0.02 inch wall thickness was being tested at 1612°F in cold water . Because
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the differences were usually small, and generally well inside the accuracies

of the thermocouple readings, no allowances were made for them.

Two thermocouples were used to indicate the het surface temperature,
so that one could be checked against the other. Normally readings from
the two agreed to within + 100V (£4deyF)in water and + 50,V (& 2degf) in
ethanol, so readings were taken from one only, and the reading of the other
was checked occasionally. [f the differences between the two readings
were consistently greater than the above values, the test-piece was discarded.
It was considered that either one of the sensing junctions had been displaced
from the axis of the tube and was no longer registering the mean temperature

or one of the thermocouples had lost its accuracy .

6.3 Heat Flux

The value of the heat flux in the herizontal section was taken to be

the same as the mean value between the voltage tappings. Errors in the
values of heat flux therefore arose from errors in the values of surface area
and heating rate, and also because the heat flux in the horizontal section
usually differed slightly from the mean value.

The accuracy of the values of the mean heat flux wos estimated to
be better than + 1.75%. The surface area was calculated at the test temp-
erature from measurements of diameter and length of the test-piece when cold.
An allowance for expansion was made of 0.16% for each 100 deg F rise above
ombient. The accuracies of the values of the areas have been estimated to
be better than +1%. The heating rate was measured using a wattmeter
and current transformer. The manufacturers accuracies for these insiruments
are 0.5% of full scale deflection (FSD) for the wattmeter and + 0.15% for
the current transformer, At 40% FSD, which was the smallest deflection
used, the accuracy of the wattmeter was therefore +1.25%. At 40% FSD
the wattmeter could be read to +0.5% of the reading.

The values of the heat flux in the horizontal sections were generally
a little different from the mean values because the electrical resistance of
the tubing varied slightly with temperature. Usually the vertical sections
were colder than the horizontal section. In ethanol the errors in the values

of the heat flux arising from this source were estimated to be less than + 3%.
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In water, the errors in the values of the heat flux were generally less than
+13%. Worse cases occurred in warm and cold water when the values of
the heat flux in the horizontal sections were estimated to be 2 - 3% higher

than the mean.

6.4 Fluid Preperties .

The values of the fluid properties were taken from a number of
sources, not all of which stated the cccuracies of the values. However,
indications are that the property values for water, water vapour and ethanol
liquid are accurate to within +4%. For ethanol vapour the figure is probably

slightly worse, about + 6%.

6.5 Calculations

The calculations were carried out using an electronic desk calculater,
“and the results were usually recorded to four significant figures.
For simple calculations, for example that for heat flux, the error due
to calculation (including rounding off) was estimated to be no more than +3%.
Fluid properties were evaluated at the mean temperatures, % (T, *

Ts) and 3 (TL + Ts). In the calculation of the vapour Grashcf number, Gr* =
g D3 Qv (QL - Qv) /jJ-vz , a mean valuve for the density difference

(QL - QV) was taken. It was evaluated (see appendix D), from the mean
value of the liquid density at the boiling point and at the largest subceoling,
and the value of the vapour density at the mean temperature between the
boiling point and the middle surface temperature.

The values of Gr* calculated thus are too large when the liquid
is at and near iihg:boiling point, and too small when the liquid is cold.
Maximum errors have been estimated to be +2.2% in water, and £ 3.5%

in ethanol. However in correlations for heat transfer where the % or % root

of Gr* is taken, effective error would be only about 1% or less.
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Chapter 7
RESULTS

7.1 The heat transfer and photographic results are presented in this
chapter, first in general terms and then for each liquid. Seme observa-
tions on self-generated noise that occurred when film boiling took place in
water and detergent solution are included. The range of conditions covered

by the results are summarised in table 1 (a, b and c).

7.2 The heat transfer results are presented graphically in figures 10 -
12 for water, 13 and 14 for the detergent solution, and 15 - 18 for ethanol;
and ure tabulataed in appendix C. The heat flux Dyt is plotted against the

liquid subcooling, AT, , with the surface temperature, Ter as the third

L’
parameter. The graphs show that in all cases heat flux increases with sub-
cooling and with superheat. Reproduc i bility.is éood in all cases. Lines
have been drawn through the points to represent average values. In some
cases the lines are smooth curves, increasing monotonically, and in others

the lines show distinct changes of slope.

The photographic results are presented in figures 21 to 34 and summ-
arised in the sketches of figures 19 and 20. They show that near the boiling
point much vapour isreleased as bubbles, and most of the interface is chaotic.
With increasing subcooling bubble release decreases, and the interface
becomes increasingly smooth. With increasing superheat both bukble

release and interfacial waviness increase.

7.3 Water

The heat transfer results were taken at surface temperatures of
1012°F, 1312°F and 1612°F for the cylinders of 1/8 and } inch diameters
(figures 10 and 11), and at 1012°F and 1312°F for rhe cylinder of % inch
diameter (figure 12). .

Results for the % inch diameter cylinder at 1312°F could not be
taken at values of subcooling greater than about 120 deg F because of

limitations of the power supply; and for the same reason, results were not




taken at TW = 1612°F. At the surface femperature of 1012°F, results could
not be obtained at values of subccoling greater than about 90 deg F for the
1/8 inch diameter cylinder, and 50 deg F for the % inch diameter cylinder,
because film boiling could not be established under these conditions. If

film boiling was established at higher values of surface temperature, and then

the heating rate slowly reduced, the surface temperature would fall but, before

the temperature of 1012°F was reached, film boiling was repleced locally by
nucleate boiling which then spread over the whole test-piece (see section
5.6). Otherwise the highest subcooling for which results could be obtained
were limited by the difficulty of matching the speed of immersion with the
increase in the heating rate (section 5§.6).

Special efforts were made (section 5.6) to enable results for saturated
film boiling on the % inch diameter cylinder to be obtained so that the trend
of the results betweeon 0 and 2 deg F of subcooling could be checked.

The heat transfer results for the 1/8 inch diameter cylinder, which
were obtained first, include results for distilled, de-ionised and tapwater,
and for tapwater that had been a) aerated (by bubbling air through the water
for several hours), and b) partially de-aerated (by boiling for a few minutes
and allowing the water to cool). Because there were no noticeable differ-

ences, only tapwater was used in subsequent tests.

The trends of the results for the 1/8 inch diameter cylinder are
shown by the faired lines which are smooth curves approximetely parallel.
The results for the % inch diameter cylinder behave likewise, except at the
surface temperatures of 1312°F and 1612°F between values of subcooling of
about 10 = 50 deg F. The results are then a little higher than smooth
curves would indicate. The results for the % inch diameter cylinder at
1312°F show a distinct change of slope, and between 60 and 72 deg F the
heat flux remacins constant. It seems that there are different modes of heat

transfer which depend on superheat, subcooling and dicmeter.

The silhouette photographs of film boiling on the herizontal cylin-
ders, figures 21 and 25, show clearly that the release of bubbles and the
trailing edge comb diminish rapidly with increasing subcooling, especially

at the lowest superheat (figure 21) resulting eventually in a smcoth interface




at the trailing edge. (The slight bli|-:>s in some frames at high values of sub-
cooling are caused by air which has come out of solution). The comb
persists to a greater subcooling on the larger cylinders, figure 25.

The photos taken under direct lighting, figures 25 = 27, 30,32, are
summarised in figures 19 and 20, The pronounced effects of subcooiing on
bubble release and interfacial disturbances are well itlustrated. Most of the
photographs are for the surface temperature of 1312°F only, because the
effects of superheat on interfacial disturbances were only slight.

At moderate and high values of subcooling, of greater than about
50 deg F, the interface is relatively smooth and the release of bubbles
virtually eliminated. Figure 25 shows that on the 1/8 inch diameter
cylinder the whole of the interface is smooth. Figures 25 and 26 show that
on the % inch diameter cylinder the interface is smcoth except for the slight
waviness above the upper surface. Figure 34 shows that even on the hori=
- zontal surface tha interface is relatively smooth especially at ATL = 89deg F,
except for disturbances caused by air that has come out of solution. On the
vertical cylinders (figure 27) and sphere (figure 32), the interface is only
slightly wavy in the upper regions, and quite smooth in the lower regions.

{1t was not possible to establish film boiling on the vertical cylinders at abeut
90 deg F because of power supply limitations).

At the very small value of subcooling of 5 deg F, the interface is
fairly smooth close to the leading edge only. Elsewhere it is highly chaotic,
and bubbles of vapour are released from above the upward facing surface of
the sphere (figure 32) and from over most of the vertical surfaces (figures 27
and 30).

The relatively small degree of subcooling cf about 22 deg F almost
eliminates bubble release from the vertical surfaces (figures 27 and 30), and

the interface is much smoother than for AT, =5 deg F. On the horizontal

7L
cylinders bubbles are released from the trailing edge. On the cylinder of
1/8 inch diameter the interface is otherwise smooth (figure 25). On the
cylinder of ¥ inch diameter the interface is relatively wavy (figure 25).

- ‘_"‘o

7.4 Solution of detergent in water

The addition of 0.025% and 0.019% of detergent to water had some

pronounced effects on both the rates of heat transfer and the trailing edge
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comb. The results for heat transfer on the 1/8 inch and  inch diameter
cylinders are presented in figures 13 and 14, and show that at moderate and
high subcooling there could be more than one stable value of heat flux for
each value of superheat and subcooling. The silhouette photos, figure 22,
show that the trailing edge comb persisted to much greater values of subcoc!-
ing than in water.

The discovery of these effects of detergent happenad by chance.
Originally the detergent had been added to water to reduce the chance of
the random breakdown of the vapour film (sections 5.1 and 5.6. It was
never conclusively established whether it did this or not). Tests were carried
out first for the 1/8 inch diameter cylinder over a wide range of subcooling.
In general, no differences were detected in the rates of heat transfer from
those for water, compare figures 13 and 10, except for a few results for
values of subcooling between 60 and 90 deg F, which were somewhat lower

“than the rest. At the time they were thought to be spurious, but would be
investigared further after testing the % inch diameter cylinder in water., Because
it was so much easier to establish film boiling on the % inch diameter tube, this
size was used to carry out further tests in the detergent solution.

The results of the tests for the J inch diameter cylinder are presented
in figure 14, Included, are the average values for water for the same diameter.
Results were not taken at values of subcooling less than50 deg F, which are
outside the range of "multi=stability", because the tesis for the 1/8 inch
diameter cylinder indicated that the results would be the same as those for
water. |

The results in figure Y show that at the surface temperatures of
1012°F and 1312°F twovalues of heat flux may occur at moderate and high
values of subcooling. The higher of the t'wo values of heat flux are slightly
smaller than the corresponding values for water, and the other, lower values
are considerably smaller, The lower values are only slightly dependent on
subcooling. The "duo-stability" at the surface tem;;;afcfure of 1012%F was
found to occur between values of subcooling of about 60 deg F and 90deg F.
At the surface temperature of 1312°F the duo=stability was found to occur
from 75 deg F of subcooling to at least 150 deg F which was the maximum

value of subcooling at which tests were taken.
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It was comparatively easy, within these ranges of subcooling, to
obtain either value of heat flux both on immersion and afier film boiling had
been established. The normal procedure of heating the fest-piece in air
was carried out. Then, on immersion the heating rate was set to give a value
of heat flux slightly less than the lower value of heat flux if the lower was
required, or slightly greater than the higher value if that was required. The
heating rate could be set correcily after about 20 seconds. The change fiom
one value of heat flux to the other after film boiling had been established is

illustrated in the skeich. If film boiling was taking place of the lower value

T

w

of heat flux, point A, the heating rate was increased slowly. At first the
surface temperature also increased, but when the change occurred, at point
B, the surface temperature suddenly decreased. To change the other way,
from point C, the heating rate was slowly reduced until, at point D, the
surface temperature suddenly increased. In both cases adjusiment of the

heating rate was necessary after the change to obtain the required surface

temperaiure .

Difficulties arose which prevented results from being obtained ouf~
side the ranges of subcooling given above. The difficulties can be explained

with the aid of the following skeiches. When trying to obtain the value of
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the low heat flux at values of subcooling less than about 60 deg F and 75
deg F at surface temperatures respectively of 1012°F and 13]2°F, film boil-
ing at the low heat flux was first established at a surface temperature below
that required, i.e. at point A in sketch (a). On increasing the heating
rate, the surface temperature increased at first, but befcre ihe required sur-
face temperature could be reached, spontaneous change occurred at point B
to the high value of heat flux. The opposite occurred when carrying out
the opposite procedure for trying to obtain values of the high heai flux at
the surface temperature of 1012°F at values of subcooling greater than about
90 deg F, see sketch (b).  Film boiling at the high value of heat flux,
point A,changed to film boiling at the low value at point B before the sur-
face temperature could be reached.

Resuits for the low vaiue of heat flux could not be obtained for the
surface tempercture of 1012°F at values of subcooling greater than 90 deg F
because breakdown of film boiling occurred at surface temperatures higher
than 1012°F - point C, sketch (b).

The surface temperatures at which the changes occurred (points B
and C) varied considerably from test to test, by up to 100 deg F. The
changes seemed to happen quite spontaneously. The limits of duo-stability
are therefore only approximate, and with perseverance and improvements in

technique it may be possible to extend the ranges.
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The slight visual difference between film boiling at the high values
of heat flux and at the low values is shown in figure 24. At the high values
the comb on the trailing edge is regular and well formed, whilst at the low
values the comb tends to be ragged without all the peaks existing. The diff-
erence was more noticable during testing thon the photos show .

(fig 14)

The results for the surface temperature of 16]20Fnindicme that
numerous values of heat fiux are possible at values of subcooling greater than
about 110 deg F. Some of the additional values of heat flux were associuted
with self-generated noise, discussed in secticn 7.5, A thorough invesiigation

could not be carried oul becauze of the lack of time.

25 Self-generated noise

Self-generated noise ozcompanied fiim boiling in water and deter-~
gent solution at high values of superheat ( ATV > 1000 deg F) and sukcool-
ing (A‘[’L> 110 deg F). Because of a shortage of time, only a superficial
study of the occurrence and the effcets could be made.

Whether the noise was gererated or not was governed by the valuves

of both temperature differencas in the manner shown in the sketch. The noise
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would fade quickly at the temperature limits indicated, through changes in
subcooling of about 5 deg F, and in superheat of about 20 deg F. The
noise was easily audible, and the frequency varied over a limited range,

which was esiimated to be between 60 Hz and 100 Hz.



The onset and loss of noise generally showed a hysteresis, and the
indications were that rates of heat transfer were slightly less when noise was
being generated than otherwise. At a subcooling of 112 deg F, and with a
heat flux of 115,000 Btu/hﬂ2 , the surface temperature stabilised at about
1550°F without noise, and at about 1590°F when noise was being generated.
This is equivalent to a change in the value of heat flux cf about 23%.

When noise was being generated, alternate light and dark lines
were seen in the interface on the trailing edge of the cylinders. The lines
were about 1 mm apart, at right angles to the axis of the tube, and were

assumed to be the waves associated with the generation of the noise.

7.6 Ethanol

The results for ethanol were obtained for the same values of

dimensionless superheat and over the same range of dimensionless subcooling
~ as the results for water. The corresponding surface temperatures are 485°F,
550°F and 698°F, and the results are presented graphically in fi gures 15, 16
and 17. Results were also obtained at the surface temperature of 1012°F for
horizontal cylinders of X inch diameter (figure 18) to compare with the results
for water at this surface temperature. )

The faired lines obtained for the results for the 1/8 inch diameter
cylinder (figure 15) are smooth curves approximately parallel, similar to
those for water. For the Z inch diameter cylinder, figure 16, (except at
TW = 1012°F), the faired lines are nearly straight but again approximately
parallel.  The results for the & inch diameter cylinder show a distinct change
of slope similar to the results for water on this diameter. The slopes of the
lines are steeper at the small values of subcooling, and the values of subcool~-
ing at which the changes of slope occur increase with superheat.

The results for the surface temperature of 1012°F, figure 18, show
somewhat greater scatter than the results for the other surface temperatures.
The results group approximately according to the test session during which
they were obtained. (The test sessions were at least one day cpart to allow
the ethanol, which became hot during testing, to cool down). Carbon was
often deposited on the surface of the tube during testing. !t had to be

cleancd off before the next test otherwise the vapour film was liable to
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break down and nucleate boiling occur. The amount of carbon deposited was
very sensitive to the value of heat flux; if this was less than 50,000 Btu/hft2
the amount deposited was negligible, yet at the value of 53,000 Bru/'hftz a
thick coat was deposited.

The silhouette photographs of film boiling on % inch diameter hori-
zontal cylinders, figure 23, show that the comb and bubble release diminish
with increasing subcooling, but are not eliminated - as is the case in water -
even at the highest values of subcooling (93 deg F). The comb and bukble
release are more pronounced at the highest surface temperature.

The photos of film boiling of ethanol on the 2 inch high vertical

surface, figure 31, illustrate very well the effects of subcooling and super=~

heat on interfacial waviness and bubble release. At the surface temperature
of 698°F, and with AT =28 deg F, the interfacs is chaotic and much
vapour is released as bubbles. With decreasing suf)erhedf and with increas-
- ing subcooling, bubble release diminishes, and the interface beccines smocth
near the leading edge and takes on a distinctive wave pattern on much of the
rest of the interface.

The photos of film boiling on the vertical cylinders, figure 29, show
that bubbles of vapour are not releasad even at the relatively small subcool-
ing of 28 deg F. This resembles film boiling on this geomeiry of the other
two liquids at similar degrees of subcooling (figures 27 and 28). At ATL =
90 deg F the interface is a little more wavy than the interface in the film
boiling of detergent solution at about the same degree of subcooling and

dimensionless superheat.




“of heat flux calculated from the correlations are compared with the original
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Chapter 8
ANALYSES AND CORRELATIONS l

8.1 In this chapter the photographic results are analysed first, and the
phenomena of the interfacial disturbances end the stability of the flows of the
vapour and liquid are discussed. From the heat transfer resulis some correla-
tions for subcooled film boiling are developed in two parts : 1) equations fer
the "vapour heat flux, qv" are developed from existing correlations for satu=
rated film boiling, and 2) equations for the "liquid heat ﬂux,qL" are developed
from approximate theoretical solutions. The validity of the correlations are

discussed bearing in mind the analysis of the photographic data. The vealues
experimental data. Finally, the results for the detergent solution are discussed.

8.2 Interfacial dynamics and flow stabilities

‘ In subcooled film boiling the flow of the liquid is governed not cnly
by its own buoyancy, but also by upward movement and waviness of the inter-
face. The dynamics of the interface, and the stability of the vapour flow are
extensions of those for saturated film boiling which were introduced in chapter
1 and discussed in section 3.8.1. A briel summary of the vapour flow and
interfacial dynamics is as follows : on horizontal cylinders, spheres and
vertical surfaces the vapour moves upwards becausz of its buoyancy against
the liquid, and, because of interfacial shear forces, the interface and adjacent
liquid also rise.  The vapour flow is laminar near the leading edge and the
interface is relatively smooth.  With increasing distance from the leading
edge the interface becomes increasingly wavy, bubble;s of vapour are released
and the vepour flow becomes turbulent. Above a horizental surface the inter=

face is chaotic with bubble release over the whole surface.

The photographic results were presented in the preceding chapter,
and have been summarised in figures 19 and 20. The pictures of film boil.ing L
at small degrees of subcooling largely substantiate the earlier descriptions for
saturated film boiling, although in some cases the interface does not uppear

to be very smooth at and near the leading edge, for example on the sphere



(figures 32 and 33) and vertical surface (figure 30 . . )at &TL =5 deg F.
This may be because film boiling is also occurring underneath downward facing
surfaces.

The most noticable effects of increased subcooling are the progressive
extension of the smooth interface downsiream, and the progressive reduction
of the release of bubbles of vapour (figure 20). In water, the release of
'vapour is completely eliminated even from above the upward facing surfaces
of the horizontal cylinders,(figures 21, 25+ ..} spheie (figure 32) and
horizontal plate figure 34). On the 8 inch high vertical cylinders, the
release of vapour bubbles is completely eliminated in ethanol and detergent
solution as well as in water (figures 27 - 29).

The extension of the smooih interface downstrecrn as subcooling
increases is an indirect result of the increase in the rates of heat transfer.

The smooth interface in the vicinity of the leading edge is due fo the high
_degree of damping imposed on the interface by the thin film of vapour that
exists there. The film is thin because heat transfer rates are locally high

and because most heat is fransferred through the film by conduction . Higher
rates of heat transfer due to increased subcooling make the film thinner and
thus extend the smooth interface further downstream. Assuming that flow is
iaminar, local rates of heat transfer, and consequently film thickness, are
approimately proportional to the fourth root of the distance downsteam. The
extent of the smooth interface is therefore highly dependent on the film thick-
ness and heai flux. By doubling the value of heat flux, for example by
increasing subcooling in water from about 20 deg F to 120 deg F, the film
thicknes§ would be approximaiely halved, and the extent of the smooth inter=
face increased sixteenfold. This is the sort of increase indicated by the
photos. It follows therefore thaton smaller geometries, when other conditions
are the same, a greater proportion of the interface will be smooth.

The release of bubbles is dependent on subcooling because the
increased rates of heat transfer offect the growth in amplitude of the inter=-
facial waves. The growth is influenced in two ways. The first is due to the
increased damping of the thinner vapour film as explained above. The onset
of bubble release as well as the ;ansel' of the wavy interface is moved down=-

stream. The second may be explained as follows ; consider a wavy interface.




A bubble is formed by the amplitude growing and the "dome" breaking off.

The interface at the top of the dome is most distant from the hot surface and
therefore receives less heat than the average over the whole interface. The
amount of heat reaching the interface in the dome can be less than that removed
locally by the liquid, in which case condensation would occur. The growth of
the dome and eventual bubble release depend on the balance of the local con-
densation and the extent to which vapour moves into the dome from other areas.
In subcooled water the local condensation becomes so large that the amplitude
of the waves cannot grow sufficiently to form bubbles of vapour, even in the
interface above upward foucing surfaces. '

Figures 21 = 23, 30 and 31 show that the effects of increasing the
superheat are opposite to those of increasing the subcooling. This can be
explained in terms of the vapour film thickness, because in all cases the film
thickness increased with superheat. The increase in film thickness can be
-deduced from considerations of heat conduction and radiation through the film.

Comparison of figures 21, 22 and 23 for the film boiling of water,
detergent solution and ethanol on % inch diameter horizontal cylinders, indi-
cates that surface tension may be important in the formation of the comb on the
trailing edge. The surface tension of water is about 4.0 x 1073 lbl,/ft at its
boiling point, and the values for detergent solution and ethanol at their boil-

ing points are about 1.5 and 1.2 x 1073 lbi,/ft respectively (appendix D).

Instabilities in the vapour and the liquid cannot be seen in the
photos. In the vapour, the transition from laminar to turbulent flow for sat-
urated film boiling has been discussed in the review (section 3.8.1). In
subcooled film boiling, because of the thinner vapour film, the position of
the transition would be further dewnstream. It may be possible to estimate
the position, from similar considerations to those used by Hsu and Westwater,
and to include the effects of subcooling but this is outside the scope of this
thesis. . It would involve a discussion on whether it is valid to consider a
laminar vapour film when the interface is disturbed.

Instabilities in the liquid in subcooled film boiling may be due to
its own buoyancy or to interfacial waviness. At high values of subcooling,

when much of the interface is relatively smooth, the effects of interfacial




waviness may be insignificant, and the flow of the liquid would depand on its

own buoyancy. The flow could become turbulent at some critical distance

from the leading edge. Using the single-phase criterion that transition occurs
between values GrPr of 108 and 1010, then in water at high subcooling
( ATL

of between one and five inches. Therefore on sizes such as the 4~inch sphere

>100 deg F), transition would occur at heights from the leading edge

and 8 inch vertical cylinders, subcooled film boiling with turbulent liquid
flow could occur.

More relevant, however, to the present heat transfer resulis is an
induced or pseudo-turbulence impcsed on the liquid by the wavy interface.
It has an enormous effect on heat transfer into the liquid as will be shown in
the analysis of the heat transfer results, especially at small values of subcool~-
ing where the interface is highly chaotic. The pseudo-turbulence may explain

the chc;xnges in slope in the graphs of the heat transfer results for the  inch

‘diameter cylinders (figures 12 and 17). At small 'subcooling the interface is

generally chaotic, and a smooth interface covers only a small proportion of
the tube. The effect of pseudo-turbulence could therefore be large. With
increasing subcooling the smooth interface moves progressively downstream
covering a larger proportion of the tube. The pseudo-turbulence would,
therefore have a decreasing effect and presumably, at the changes of slope,
is no ionger effective.

" The theoretical solutions which have been carried out after making
the assumptior. that the interface is smooth are not, therefore, strictly applic=
able at small values of subcooling when the interface is wavy. The solution
for subcooled film boiling above a horizontal surface (57) in which the inler=
face was assumed to be wavy, is not strictly valid at moderate and high values

of subcooling. Some new physical models are proposed in section 9.4.

8.3 Correlation of the heat transfer results

The present heat transfer results for the subcooled film boiling of
water on % inch diameter horizontal cylinders are corapared with earlier work
in figure 5. The results do not support any of the solutions which apply to
the % inch diameter horizontal cylinder except near the boiling point, and
there are no earlier experimental data for this size and geometry. Some new

correlations have been developed which are based on the properties of both
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the liquid and the vapour. This approach had already been suggested by

Frederking and Hopenfield (41) and Hamill and Baumeister (57) who add a
heat flux for the liquid to a heat flux for the vapour according to equations
40 and 41.

The present correlations ure based on the assumption that in
subcooled film boiling heat is transferred in two ways : 1) by evaporating
liquid, and 2) by convection into the liquid. The first gives rise to a
vapour heat flux, q, dependent on vapour properties, and the second to
a liquid heat flux, q - deperndent on liquid properties. The two values
are added to give the total heat fiulx thus,

UGot = 4 T A - (52)

Since the curves in figures 10 = 12 and 15 = 17 are essentially parallel

and beccuse the liquid-vapour interface is at the saturation temperature,

- it was assumed that the vapour heat flux q, Was independent of subcooling.

Therefore q, had the value of the heat flux at the boiling point, dg and
Gt = 9% T 9 - (53)

The proposed correlations for subcooled film boiling are therefore

in two parts, one for saturated film boiling and the other for liquid heat

transfer. The data for water at the three surface temperatures of 1012°F,

1312°F, and 1612°F and for ethanol at 486°F, 590°F and 698°F for the

three diameters of 1/8, % and % inch (figures 10 = 12 and 15 = 17) have

been used to develop the correlations for subcooled film boiling in conjunc-

tion with existing equations for saturated film boiling, and some new approx=~

imate theoretical solutions for liquid heat transfer. {Some of the present

data for the subcooled film boiling of water on 1/8 and % inch diameter

horizontal cylinders were earlier correlated in this manner - see section

8.5.2).

8.3.1 Correlation of the vapour heat flux q,- A number of correlations

for the prediction of heat transfer in saturated film boiling have been reviewed
(section 3.3). It was decided to test the present data against first of all
equation 2 by Bromley with N = 0.62, then equaticns of this type but with
different terms for f(Sp), and finally against equation 12 by Hamill and
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Baumeister.

The results for the saturated film boiling of water and ethanol were
obtained by extrapolating to the boiling point the faired lines that represent
the mean of the results for subcooled film boiling (figures 10 =12 and 15 = 17;
and appendix E). To reduce the recults for saturated film boiling to dimen-
sionless form the "convection only" component had to be obtained by subiract-
ing a value for the heat transferred by radiation. This was carried out in the

manner given in section 3.6, i.e.

9%, = 9 ~B €, 9 (32a)
The value of: the emissivity of the wall, €, Was not known so qeo WOs
evaluated for the two valuves of 0.75 and 1.0. (Later a more accurate
value of 0.2 was deduced).

.The values of the Nusselt numbers, Nu, were calculated from the

- values of q__ and plotted against the modified Rayleigh number Ra’]‘ =

Gr* Pr (3 +'Slp' ), for each value of emissivity, see figure 35. The vapour

properties were evaluated at the mean temperature of the film, (T +7T),
woos
(appendix D), and the diameter of the cylinder, after being corrected for

thermal expansion was used as the characteristic dimension. Equations

(54)

of best fit, (nos. 54 and 55), and equation 2 have been drawn. (55)

From the graphs in figure 35 it was possible to deduce a more
accurate value of 0.9 for the emissivity, based on the ossumptionthat the
one-fourth index of the equations is correct. [f the valuz of the emissivity
is correct, the points lie on a line which has a slope of §. If the value of
the emissivity is low, the values of 9, Gre over-estimated and the values
of the Nusselt number are too high. Results in which the proportion of
heat transfer by rodiation is large are affccted to a greater extent than those
in which the radiative component is small.  Therefore, the results at high
superheat are affected more than those at low superheat, and a line joining
the results for a given liquid and tube diameter, line A figure 35, has a
slope of less than k. Conversely if the value of the emissivity is too large,
such a line; line B figure 35, has a slope of greater than 1. Furthermore,
the results for water are affected to a greater extent than those for ethanol,

and therefore the results for water lie above those for ethanol when the value




of the emissivity is tco small, and conversely if the value is too large.

The results wererecalculated taking the value of the emissivity to
be 0.9, and are plotted in figure 36. The line of best fit, selected visually,

has the equation,
Nu=0.55 [Gr* Pr]:]f [ %-’rsl_t * (56)
Py -

The data is correlated with less scatter than in figure 35, which is a further
indication that the value of 0.9 for the emissivity is more accurate than
either 0.75 or 1.0.

THe value of the coefficient in equation 56 is somewhat smaller than
the value of 0.62 recommendad by Bromiey, but is within the limits of 0.512
and 0.724 given by his simple theory. The values of the coefficient are
slightly different when different superheat parameters are used (figure 37).

The values become 0.59 and 0.54 respectively ifs—:;- and 751; (1+0.34 Sp)2

are used equations 57 and 58). The data is not noticeably bztter correlated

by using the superheat term ! (1+0.34 Sp)2. (57)
® (58) .

The results for saturated film boiling were finally compared with
equation 12, taking a value of 0.9 for the emissivity, see figure 38. The
ratio of the critical wa\;elengih to diameter ( >\C/D) varies from 4.76 for the
1/8 inch diameter cylinder in water to 0.75 fer the % inch diameter cylinder
in ethanol. The agreement between the results and equation 12 depends on
the value of this ratio: for the smallest value the agreement is good, for
the largest the results are abeut 15% too small.  Consequently, equation

12 has not been considered any further.

8.3.2 Correlation of the liquid heat flux'qL. From equation (53) the

values of the liquid heat flux can be calculated by subtracting the heat
flux for saturated film boiling from the total heat flux:

q =95 ~ 9 (53a)
Values of q_ have been calculated from the results for water and ethanol,
taking the mean values of the experimental data (see figures 10 = 12 and
15 = 17). The mean values were taken for each diameter and superheat at

intervals of subcooling of 10 deg F in water starting at the bulk temparature
<

82




el

of 200°F, and at intervals of 18 deg F in ethanol starting at a bulk tempera=
ture of 158°F. (see appendix E).

At large values of subcooling in water the values of the liquid heat
flux, qy for the 1/8 inch and for the & inch dicmeter cylinders vary little
with superheat, and in subsequent calculations the average value of q could
be used. At large values of subcooling in ethanol on the 1/8 and % inch
diameter cylinders, q is slightly dependent on suparheat. At small valuves of
subcooling all the values of g, were noticeably dependent on superheat and

no meaningful average could be used.

Th;e first attempt at correlating the results for liquid heat transfer
was based on the simplest theory for single phase natural convection: values
of the Nusselt number were plotted against the Grashof-Prandt! preduct, GrPr,
figure 39. The properties of the liquid were evaluuted at the liquid film

temperature, % (T, +TJ), ond the diameter of the cylinder, corrected for

expansion, was used as the characteristic length in both NuL and GrL
(appendix E). The results for small values of subcooling, for which the values
of heat flux were noticcably influenced by superheat show considerable scatfer.
The results for large values of subcooling in water, for which average values
for heat flux, q, were used, seem to be lumped together. (The division of

the results according to liquid and diameter, and the equations in these

figures will be discussed later).

The use of the diameter of the cylinder as the characteristic dimension
is not strictly correct because heat transfer into the liquid occurs at the inter=
face. Estimation of the size of the interface is difficult, especially at small
values of subcooling when it is wavy and irregular. Examination of the
variation of the liquid heat flux with cylinder diameter showed that only at
moderate and high volues of subcooling does the heat flux decrease with
increasing diameter, indicating laminar flow. At low values of subcooling
heat. flux increcsed with diameter.

In view of the fact that of low values of subcooling the liquid heat
flux is a relatively small proport%on of the total, it was decided to ignore
the poor correlation of the lres:.:lts at small subcooling for the time being,

and to go ahead with correlating the results for high subcooling, using the




cylinder diameter as the characteristic dimension.

An approximate theoretical solution for liquid heat transfer was
carried out (appendix B), The integral boundary layer equations were solved
by assuming simple prcfiles for the velocity and temperature. The resulting

equation for heat transfer is
Nu, = N [C-rPrz] i (88)

where the value of N varies slightly with the actual profiles chosen. Since
the value of N would be selected from experimental dota, its theoretical
value is unimportant. Equation B8 with N = 0.75 is the same as equation 39,
The values for the Nusselt number have bean plotted against
GrP2 in figure 40. The water data at high subcooling are-
_-we--II co:;;elafed by equation 59, but the ethanol data are moved very much to
the right. This is due to the relatively high value of the Prandtl number for
‘ethanol (about 10) compared with the value for water (about 21), and suggests
that the Prandtl number is over-represented.

The appearance of the square of the Prandtl number in the above
solution is partly due to the assumption that the velocity and temperature
baundary layers are of equal thickness. This is true only for Prandtl numbers
of one. At other values of Prandtl number the two thicknesses in natural con-

vection are related thus :

8, = ST JPr (BS)
The approximate solution of the boundary layer equations (appendix B) then
becomes : _
EY
Nu = N[GrPr ] {%'m‘w*‘ L g LA (810)
30Pr /Pr

which reduces to

Nu= N’ [GrPr—i ]’} (810a)

for large values of Prandtl number.

|
1 }5 :
——————) varies only

30Pr /Fr

slightly with the value of the Prandtl number: the term has the values of
0.516, 0.54, 0.569 and 0.576 fcr volues of Prof 1, 2, 10 and co respect-

The value of the term % - Tﬁlﬁ: +

ively. Therefore the values of the Nusselt number have been plotted against
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the values of the product (GrPr%)L, see figure 41. The results for water and
ethanol are brought somewhat closer together without upsetting too much the

results for water at high subcooling.

The equations for liquid heat transfer vere selected from figures 39 -
41 to correlate well the results at high subcooling when the liquid heat flux
is a large proportion of the total heat flux. Since the data for water and -
ethanol did not show particularly close agreement, an equation for each

liquid was selected :

2,C.28

for water Nu,=0.386 (GrPr )L , (59)

L

for ethanol NUL=0.151 (GrPr% )i% . (60)

The index of 3 in single phase convection is nermally associated with turbu-
lent flow, and the index of 0.28 could indicate mixed laminar and turbulent
flow. These points are discussed in section 8.4.2.

The following equations have been selected for both liquids :

based on GrPr Nu, =0.42 (GrPr) 02, 1)

based on GrPr“}_ NUL =0.34 (GrPr%) 82? (62)
£e 1.

based on GrPr Nt.lL =0.6 (GrPr?) L - (63)

and the index of &

All the equations 59 - 63 for liquid heat flux were cbtained by visual align-
ment for best fit.,

8.4 Discussion

8.4.1 Vapour heat transfer. The correlation of the results for saturated

film boiling presented no great difficulty. The value of 0.55 for the
coefficient of the equction 56 is somewhat lower than the value of 0.62
recommended by Bromley, but within the extreme values of 0.512 and 0.724

which were obtained by assuming first a stagnant and then a freely moving

interface. The value of 0.55 for the coefficient and the velue of 0.9 for
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the emissivity of the hot surface were selected because they resulted in the
most accurate correlation of the test data. A small change in the value
of emissivity from 0.9 to 0.75 would necessitate a change in the value of
the coefficient from 0.55 to 0.59, and the correlation of the results is
slightly less accurate (figures 35 and 36).
The use of the different superheat terms, '515- and -—515- (1+0.34 Sp)2

correlates the results almost equally well provided that ccefficients of 0.59 and
0.54 respectively are used (figure 37). From the comparison of the superheat
terms presented in figure 3, no difference in accuracy would be expected over
the small range of Sp, from 0.39 to 0.73, covered by the results.

The smallest ratio of the critical wavelength to diameter ()\C/D) is

about 0.75 for the % inch diameter cylinder in ethanol. According to Breen

“and Westwater (section 3.3.1) this is about the smallest ratio for which data

can be correlated by equations such as equation 56 which use the diameter

of the cylinder as the characteristic dimension. The results were tested
against equation 12 which used >\c as the characteristic dimension and so
covers a wide range of sizes. The results, however, fall into groups depend-
ing on the value of )\C/D, with only those for large )\C/D being well corre~
lated.

The fact that the present results for saturated film beiling are not
correlated well by existing equations mi ght cast doubts on the accuracy of
the results. They were obtained by extrapolating the surves representing the
mean of the data for subcooled film boiling.  The extranolation is considered
accurate because the slopes of the curves are quite small near the boiling
point, and the extrapolation was over one or two deg.F only. The present
results fall within the spread of the test data used to substantiate equations
2 and 12.

8.4.2 Liquid heat transfer. The velues for the liquid heat flux were

obtained by subtracting the values of the heat flux at the boiling points from
the mean values of the data for total heat flux. At low subcooling therafore,
the small values of q  were sensitive to errors in the two values of heat flux
from which it was calculated. The values of liquid heat flux were in no way

affected by the correlation of the results for saturated film boiling. Heat
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transfer by radiation was taken to be independent of subcooling because the
latter has no effect on the two "surface" temperatures Tw and Ts' or on the

emissivity of the hot surface.

The suggested correlations for iiquid hect transfer are not entirely
satisfactory because the results for water and ethanol are not well correlated
together, and also because many of the results at low subcooling are not well
correlated (figures 39 = 41).

The division of the experimental data belwe; high and low subcool-
ing may be based on the dependence of the liquid heat flux on diameter. At
low subcooling the values of the heat flux increased with diameter, and at

high subcooling it decreased. The changes occurred at the following degrees

of subccoling :

water  T_(°F) 1012 T, (deg F) 42 - 52
1312 about 52
1612 52 - 62

ethenol 486 about 87
570 about 87
698 >87 .

It was expected that the changes wouid correspond to the changes of slope
in the heat flux=subcooling curves, figures 12 and 17, but this was not found
to be the case.

| The visual difference between high and low values of subcooling is
that the interface is relatively quiescent at high subcooling, but is highly
disturbed, due to waviness and bubble release at small subcooling. Inter=
facial disturbances have therefore scme effect on hect transfer into the
liquid. .

The above division classifies most of the ethanol results as "low
subcooling". This is supported by the continuing bubble release from the
trailing edge of the cylinders (figure 23) and the relatively poor correlation
of many of the results especially for the % inch diameter cylinder. For
water the results at high subcooling are independent of superheat, and bubbles

are no longer released.

The equations for heat transfer into the liquid nos. 59 - 63, were




-88

selected to be accurate at high subcooling because the liquid heat transfer
then constitutes a large proportion of the total. The results for water are
best correlated by a formula based on (GrPrz)L. The use of this preduct is
sirictly correct only for Pr=1; in the present results the values for water
are between about 2 and 3. The ethancl results are best correlated using
the product (GrPr%: )L. The use of (GrPr% )L is strictly correct only for
very large values of Pr, but the values for ethanol, between about 10 and
12 in the present tests, are large encugh to be only slightly i error. Equa=-

tions for both water and ethanol are based on either (GrPr)L, or (GrPr% )L'

The use of (GrPr 2) L causes separation of the result: of the two liquids
(figure 4D).

The approximate theoretical solutions for heat transfer into the
liquid (appendix B) could serve only as a guide to thz form the equations
‘might take, not only because the method of solution was not exact, but also
because rather sweeping assumptions were made to simplify the boundary con-
diticns. The values of the coefficients of all the equations have been selec~
ted from the experimental data.  The equations of best fit, nos. 59 ~ 62,
do not have the index value of  which the approximate solutions predicted.

The fact that the indices in equations 59 = 62 cre not % could
indicate that the liquid flow is not entirely laminar. Thus even at high
subcooling the interfacial disturbances might still impose a pseudo-turbulence
in the flow of the liquid. The index of 0.28 for water differs only slightly
from %, and might indicate that the effect of the pseudo-turbulence was small.
This is supported by the photos, figures 21 and 25, which show that the inter~
face is smooth on the 1/8 inch diameter cylinder, and only slightly wavy on
the upward facing surfaces of the % inch diameter cylinder. The index of
3 in the equation for ethanol suggests that the flow was pseudo-turbulent over
the entire surface. However, the photos of film boiling in ethanol at high
subcooling figures 23, 29 and 31 show that this was not the case.

An alternative explanation may be based on the fact that the total
effect of the pseudo-turbulent flow on heat trarsfer depends on the proportion
of the cylinder surrounded by the disturbed interface, and how vigerously the
turbulence is induced. Since large cylinders are surrounded by a greater

proportion of disturbed interface (section 8.2), the enhanced rates of heat
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transfer will be greater than on the small diameters, and this will have the
effect of steepening the line of best fit.

The poor correlation of most of the results for low subcooling may
be explained as over~-estimation of the volues of the Nusselt number, or
under-estimation of the values of the Grashof number, both of which could
be caused by the wavy interface. The over-estimation of the values of the
Nusselt number could arise from the higher rates of heat transfer associated
with the pseudo-turbulent flow of the liquid. The effect of the pseudo~
turbulence is greater on larger cylinders, at higher superheats and at small
subcooling, because the waviness of the interface and bubble release which
induce the pseudo-turbulence are more extensive and vigorous. The results
for the 1/8 inch diameter cylinder, and for water on the 1 inch diameter
cylinder at 1012°F, suggest that ine induced turbulence was not effective
under thesz conditions. The most likely explanation is that the smooth inter-
face extended over most of the interface, as figure 25 shows is the case for
L= 22 deg F.

For reasons of simplicity the characteristic dimension in the Nusselt

the film boiling of water on the 1/8 inch diameter cylinder at AT

and Grashof numbers was taken to be the cylinder diameter. It would have

been more correct to have used the equivalent diameter of the interface,

becauzz it is from the interface that heat transfer into the liquid actually occurs.
The use of the diameter of the cylinder in calculating the Nusselt

number does not cause any error because the diameter of the cylinder was used

to calculate the value of the heat flux. The Nusselt number is independent

of characteristic length as the following equations show :

= 9D -_Q
Nu ATK ' 9 _'rtDl )

. Q
Hence NU = mr .

In the calculation of the Grashof number the selection of the correct
characteristic dimension can be very important because the value of the
dimension is cubed. The equivalent diameter of a smooth interface can be
estimated after calculating the thickness of the vapour film from conduction

and radiation considerations. Simple approximate calculations show that




under such conditions, which correspond to water at high subcooling, the
vapour film is thin, and the diameters of the interface are between 4 and
8% greater than the diameter of the cylinder. The values of Grashofwould
thereby be increased by a relatively small amount of between 10 and 30%.
However, the results for water at high subcooling are adequately correlated
using the diameter of the cylinder, so there is little point in introducing the
equivalent diameter of the interface.

When the interface is wavy and bubbles are released the effective

diameter of the interface cannot reasonably be calculated. The photographs

show that at small subcooling the average diameter of the interface is consid-

erably larger than the diameter of the cylinder. The waviness increases the
. effective diameter still further (section 3.8.3). Thus an effective diameter
of twice the cylinder diameter seems possible at small subcooling, which
would increase the values of the Grashof number eightfold. This is the sort
of increase that would be needed to correlate the results at low subcooling

with those at high subcooling.

Attempts have heen made to define a criterion to indicate when

interfacial disturbances have a significant effect on heat transfer info the
_iiquid. From the discussion so far it is apparent that the diameter of the
cylinder, and the values of the superheat and subcooling all have some
effect on the interfacial disturbances, and it is likely that the buoyancy of
the vapour against the liquid does also.  The analysis of the photographic
r_esults suggests that surface tension should be included because of i‘ts effect
on the trailing edge comb. From considerations of heat conduction and
radiation through the vapour film, the effects of superheat and subcooling
could be accommodated by including the thickness of the vapour film. All

the foregoing conditions can therefore be included in a Bond number defined

as
Bo, = RL 9 pr  =(2T) py .
o 9 v >‘c v

The Bond number thus defined is a ratio of buoyancy forces to damping
forces, since both surface tension and film thickness influence the damping

of the interface.

The values of the Bond number for water and ethanol are presented



in fables 2a and 2b. The tick (V) and cross (x) indicate whether the results
are influenced or not by the interfacial disturbances, and the questicn mark

(?) indicates borderline cases. It is concluded that if Bo, < 0.2 , then for

both liquids the results are not affected; if Bo, > 0.32 in ethanol and > 0.40

in water the results are affected.  For values of Bond number between these
limits the results may or may not be affected.

The values of Bond number in tables 2a and 2b do in fact show a
diameter dependence, yet the critical values agree reasonably well between
the two liquids. Therefore the Bond number was re-defined to reduce the

significance of the diameter,

27 2
302 =§ kci fv\/D_fv

The values of the new Bond number are presented in tables 2c and 2 b. The
new limits for the Bond number are : water, 0.037 t0 0.052; and ethanol,
0.027 to 0.05. These limits, however, are no morc precise than these for

the first definition of Bond number.

In cases when bubbles of vapour are not released, all heat is ulti-
mately transferred into the liquid. It should then be possible to calculate
rates of heat transfer from considerations of liquid convection only.  The
effective diameter of the interface would have to be known because it is
from the interface that heat is transferred into the liquid. Therefore vapour
properties would be involved as well.

Equations 39 and 43 kave been derived from theoretical considera=-
tions to apply under the condition of very high subcooling defined as Se> 1.
Only liquid properties are involved, and therefore the equations predict that
rates of heat transfer are independent of superheat, except for any effect
superheat may have on the effective diameter of the interface.

The photos in figure 21 for the film boiling of water on the ¥ inch
diameter cylinder indicate that at the subcooling of 112 deg F (Sc =0.115)
the interface is smooth and the liquid flow is laminar, It might therefore
be expected that the total heat flux could be calculated from equations
involving only liquid properties, even at this relatively small value of
dimensionless subcooling, provided that the equivalent diameter of the inter-

face is used. It can easily be shown, however, that this is not the case.




Take, for example, the results for the Z inch diameter cylinder in water at
the subcooling of 132 deg F (Sc = 0.135) and at the surface temperatures of
1312°F and 1612°F.  The respective heat fluxes are 114 000 and 135 500
Btu/hftz . The corresponding thicknesses of the vapour film are 0.0035 inch
and 0.0045 inch resulting in equivalent diameters of the interface of 0.263
and 0,266 inch. The heat flux is clearly not inversely preportion to the
fourth root of the equivalent diameter.

If either of the equations 39 or 43 is valid at Sc>>1, then the value
of the vapour heat flux q,, must at some stage diminish with increasing subcool~
ing and eventually vanish. The present analysis has been based on the assump=
tion that the vapour heat flux a, is independent of subcooling, and this has
been shown to be essentially correct. The fact that the present results do not
detect a reduction in the vapour heat flux with increasing subcooling is probably
because only a relatively small degree of subcooling is covered, up to a maxi-

mum of about Sc¢ = 0,18,

8.5 Comparison of the correlations and the test data,

The correlations are summarised first, and then the comparison between
the predicted results, and experimental data discussed in general terms. Com-
parison of the experimental data with the best correlations is made first for
water and then for ethanol. Finally, the comparisons between the experimental
data and all the correlations are made.

8.5.1  Summary of the correlations for subcooled film boiling. The proposed

correlations take the form of adding a liquid heat flux q . toa vapour heat

flux q,r to give the total heat flux Ao’

v
The vapour heat flux is the same as the heat flux at the boiling point.

Therefere,

Yot~ Yeo * Ew qu * a@- (64)

The individual components making up %o namely vapcur convection,

radia tion, and liquid convection are obtained from the following equations:



vapour convecﬁon,qcoz Nu é.[TJ_k. , where;

Nu = 0.55 [Gr*Pr]% [%+-]—];]‘ ,

radiation, T qu :

r

Sp

_ A4
q~o;.(Tw-Ts)

B is a coefficient from figure 4

€, i the emissivity of the hot surface,

ATk
liquid convection, q = Nul:—-lL)J= , where;

for water
for ethanol

for both
liquids

=0.385 [Grp?] 28

NUL

- 33
Nu, =0.151 [Grpr] }

NUL =0.42 (GPr ]E'29

0.29

3
Nu =0.34 [GrPi]]

a
Nu, =0.6 [G:Pr*]i

(56)

{33)

(59)

(60)

(61)

. (62)

(63)

The results for saturated film boiling are well correlated by equation

56, see figure 36.

The results for liquid convection are rot so well correlated

by equations 59 to 63, see figures 3? to 41, The equations for liquid heat

transfer were selected visually for best fit at large values of subcooling when

the accuracy of the value of . is most importent since it then forms a

relatively large propertion of L

Some of the present experimental data for the film boiling of water

on the 1/8 inch and % inch diameter horizontal cylinders were correlated

earlier (76) in an exactly similar manner, but with slightly different equations

forq and qp namely :

Nu =0.613 [Grtpr] % [_515]5‘

(69)
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and NUL =0.59 [GrPr2] % . (66)
The value of the emissivity E’w was assumed to be 0.75.

8.5.2 General comments on the comparison . It was not possible to compare,

in dimensionless terms, the correlations and the test data for total heat flux
because neither of the two temperature differences, ATL and ATV,. could !fae
used to define the Nusselt number based on ot Therefore comparison of
the correlations and the test data have been carried out by calculating %ot
at intervals of subcooling for both water and ethanol, fer all three diameters
and superheﬁfs, and for all the proposed correlations.

The results of these calculations are tabuiated in appendix F together
with the corresponding test results, and graphical comparisons are made in
figures 42 to 63. Figures 42 = 44 show the test results for water and the
correlation of best fit (i.e. using equation 59); figures 45 = 47 show the same
for ethanol, and figures 48 to 63 show the test data and all the correlations.
The figures are discussed in detail below.

The calculated values of heat flux for saturated film boiling, which
are the same whichever equation for q is used, show close agreement with
the test data. This was expected becaused the non~dimensional results for
saturcted film boiling were well correlated by equation 56, figure 36.

In all cases, therefore, significant differences between the correla-
tions and the test data are due to inaccuracies in the prediction of the
liquid heat flux q - The largest differences between the predicted and
experimental values of %ot de not necessarily correzpond to the largest
deviation of the non-dimensional results for a from equations 59 = 63, but
represent the combined effect of a fairly large deviation in the non-dimensional

results for q with a fairly large value of qp -

8.5.3 Best correlation for water . In figures 42 to 44 the results for water,

calcula.fed using the best equation (no. 59) for liquid heat transfer, are com=
pared with the test data.  Curves representing + 5% on the mean of the test
data are aiso shown. ’

On the 1/8 and % inch diameter cylinders the predicted results fall

within + 5% of the mean of the experimental data. On the % inch diameter

e e e
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cylinder agreement is with + 5% only for values of subcooling greater than
about 70 deg.F, and less than about 10 deg F. Poorest agreement occurs at
values of subcooling at which the values of q, were not well correlated by

equation 59 (figure 40), yet constituted a significant proportion of Gy o

8.5.4 Best correlation for ethanol . The calculated results for ethanol

using the best equation (no. 60) for q are compared with the experimentcl|
data in figures 45 = 47. Curves representing + 5% on the mcen of the
experimental data are also shown. Agreement is excellent in the case of
the 1/8 inch diameter cylinder, figure 45. On the  inch diameter cylinder
agreement is generally within + 5% of the mean experimental data, with the
largest differences occurring at ATL“= 40 deg F. On the % inch diameter
cylinders agreement is generally poor. The predicted values for Gy O
considerably less than = 5% of the mean of the experimental data over much
of the range of subcooling. The regions of poor agreement correspond to
the conditions under which interfacial disturbances have considerable effect

on liquid heat transfer.

8.5.5 All correlations. The experimental data and the values for Aot
calculated from all the correlations are compared for water in figures

48 to 54, and for ethanol in figures 55 to 63. Except in the case of the %

inch diameter cylinder in water (figure 54), comparison at only one surface
temperature is made in each figure to aid clarity. Lines representing + 10%,

- 10% or + 10% of the mean of the experimental data are shown. The
experimental data at the other values of surface temperature are shown. The
grid lines have baen omitted also to aid clarity. !n some cases it has not

been possible to represent all the correlations because they predicted results
that were too similar to be distinguishable from one another. This is especially

so at small values of subcooling.

In water on all three sizes, and in ethanol on the 1/8 and % inch
diameter cylinders, the values of Uot obtained from the correlations generally
lie within + 10% of the mean of the cxperimental data, except when the
equation of best fit for the other liquid was used. On the 3 inch diameter

cylinders in ethanol the results from the correlations lie within + 10% of the




mean of the experimental data at low and high subcooling, but generally fall
below = 10% at mcderate subcooling. The correlation using the equation for
water, no. 59, fits the experimental data best except at the highest values of
subcooling.

In all cases the values of %o calculated from the correlation involv-
ing equation 52, which had been selected for waler, are highest; and the
values of %o calculated using equaiion 60, which wos selected for ethenol,
are the lowest. The values of q, calculated wsing the other equations for q
lie between these two exiremes, bul not in the same order - compare the

correlations using equations 62 and 63 in figures 48 - 50, and figures 51 - 54,

8.6 Film boiling in defergent solution_

The heat transfer results for film boiling in the detergent solutions |
(figures 13 and 14) were not used in the derivation of the correlations. The
values for "high" heat flux would be reasonably well predicted by the best
correlation for water. No attempt has been made io obtain o formula for ihe
rates of heat transfer at the low heat flux.
A field diagrom hos been constructed, see below, to show the limits
of existence of the duo-stability. The diagramcan only be approximate
T
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because of the variations in the observed temperatures at which the changes
occurred from one heat flux to another (section 7 .4).

The one noticeable difference that might have some bearing on the
phenomenon of duo=~stability was the appearance of the irailing edge comb
(Figure 24), which was well defined and regular at the high heat flux, but
ragged at the low value. No other peculiarities were observed.

The following, tentative, explanation assumes the formation of a
layer or "skin" at the liquid =vapour interface somewhat similar perhaps to
the layer of gel that forms when film boiling occurs in an aqueous solution of
PVA (section 2.5). In the detergeiit solution the skin might form at the inter-
face where water is evaporated because of the higher concentration of the
solution. Such a layer would increase the overali value of the thermal
resistance. The value of the low heat flux would be observed if the layer
existed, and the value of the high heat flux if there was no layer.

It may be assumed that the layer forms only when the interface is
fairly quiescent. " The chaotic interface at low subcooling would prevent the
layer from forming, and the higher the superheat the greater must be the
subcooling before the interface is sufficiently quiescent for the layer to form.
The layer is therefore most likely to form at the lower surface femperatures
aiid at the higher values of subcooling.

Once the layer has formed, it is reasonable to assume that it will
remain intact on somewhat hotter surfaces, because it would probably have a
damping effect on the interfacial disturbances. Once disrupted therefore
a considerably more quiescent interface, or lower surface temperature would
be required for the layer to re-form. Hence two values of heat flux can be
observed at some surface temperatures. The explanation of why the value
for high heat flux could not be obtained when ATL > about 90 deg F for
surface temperature of 1012°F might be that the interface is tS quiescent to
prevent the layer from forming.

The fact that the values of the high heat flux become less than the
corresponding values for water as subcooling increases could be attributed to
the continued existence of the comb. The relatively thick vapour film
associated with the comb probabl):' caused the local value of the heat flux to
be low.
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Chapter 9
GENERAL DISCUSSION AND CONCLUSIONS
9.1 In this chapter the accuracy of the experimental data, and factors

affecting the accuracy are discussed. The comparisons between the present
and earlier work are summarised. New physical models for subcooled film
boiling are presented. Brief discussions and summaries of the analyses, and
the correlation of the heat transfer data are given.

The conditions under which film boiling at very high subcooling
(Sc > 1) may occur are discussed. A section is included on the application
of the data presented in this thesis. The advances represented by the present

work, are summerised, and some suggestions for further work are outlined.

9.2 Reproducibility and accuracy of the test results

The test results for heat transfer show a high degree of reproducibility
as can be seen from figures 42 to 47 in which lines representing + 5% of the
mean of the test data are shown. Most of the data fall well wiﬂ;-in the + 5%
limits. The reproducibility is well illustrated in figure 12 by the close::gree-
ment of the results for water between values of subcooling of cbout 60 and 70
deg F on the % inchdiameter cylinder at the surface temperature of 1312°F.

The sensitivity of the apparatus and instrumentation as @ whole is
illustrated by the experimental results for the film boiling of ethanol on the
4 inch diameter cylinder at Tw = 1012°F (figure 18). The grouping of the
test results, as described in section 7.6, within the limits of + 5% was
detected quite easily.

The accuracy of the measurements has been estimated in chapter 6.
Random errors which have ceniributed to the scatter of the results were

calculated to be : + 1°F for TL" approximately +1.5% for ATV or+1%
for T, and # 1.75% for q. The + 1% error in T, would result in approx-
imately + 1% error in the total heat flux, Ay op” since %ot is approximately

proportional to T+ The combiration of these random errors would cecount
for most of the scatter in the test datq .

The test data are subject to some systematic errors in T, andgq fof
o
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which were also discussed in chapter 6. The measured value for ihe surface
temperature, T, was a mean of the inside surface of the tube. The temp-
erature difference across the wall of the tube was not allowed for; it was
generally small (less than 4 deg F), bul at high values of heat flux in water
the difference could have been as much as ? deg F. The value of the heat
flux in the horizontal section was assumed to be the same as the mean value
of heat flux for the whole of the test-piece. For film boiling in cold water
it has been calculated that the values of the heat flux in the horizontal
sections were thereby underestimated by 2 to 3%. In the worst cases, for
film boiling in cold water, the net result of thess two systematic errors is
that the values of the heat flux may be too small by up to 4%.

The test data might also be subject to errcr arising from slow changes
of the bulk liquid temperature TL,r during the time taken fo obtain a set of
readings. Inaccuracy could have arisen not enly in the recorded value for
T, but also in the value for the surface temperature if this was also changing
slowly, because the thermocouples were located on the axis of the tube,ond
they could not closely follow changes of surface temperature. To make these
errors insignificant, changes in TL during any single test were kept very small
by using a sufficiently large tank of liquid. If any change in TL was detected
over the period, extending from immediately before immersion to when the set
of readings was taken, then that set of readings was discarded.

The temperature of the inside surface of the horizontal section of
the tube was assumed to be that given by the thermocouples located on the
axis of the tube. However, during film boiling in water at the surface
temperature of 1312°F and ]612°F, the tube glowed red; and in the hori-
zontal section the shade of red was usually brighter towards the top of the
tube than around the rest of the circumference. It was therefore concluded
(appendix A) that the surface temperature varied circumferentially, but the
matter was not investigated further, [t was assumed that the thermocouples
on the axis of the tube measured a suitable mean temperature.

A consequence of the variation of the surface temperature around
the circumference of the horizontal section was that the heat flux also
varied around the circumference, since the electrical resistence of the
material of the tube was temperature-dependent., Thus during film boiling

in water, the values of the heat flux on the horizontal sections were slightly
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larger near the leading edge where the temperature was lowest than around

the rest of the circumference.

2.3 Comparison of earlier work and the present results

It was not possible to compare data for subcooled film boiling in
non-dimensional terms because there are two temperature differences ATV
and ﬁTL, neither of which could be used to define the Nusselt number
based on the total heat flux, %ot For this reason a dimensional comparison
of earlier work was made in the review (section 3.7.3 and figure 5). The
values for the total heat flux for the film boiling of water have been plotted
against a) liquid subcooling at the surface temperature of 1312°F, and b)
surface temperature at a subcooling of 100 deg F. As far as possible the
data were calculated for, or adjusted to apply to, the % inch diameter
horizontal cylinder. The comparison was made for water because most of
the data applied to this fluid only. | _

The present test data for the % inch diameter cylinder have been
included in the diagram. The test data are directly comparcble only with
the theoretical solutions of Sparrow and Cess (58), Nishikawa and Ilto (53),
Frederking and Hopenfield (41), and Chang (47) because only these apply
to the § inch diameter horizontal cylinder. Agreement is good at and neur
the boiling point only. At larger values of subcooling the test data do not
support any of the theoretical solutions. The predictions of Sparrow and
Cess (58) underestimate the cffects. The predictions of Nishika‘;va and [fo
are marginally the closest to the test data, but their solution was presented
graphically for water only and for values of subcooling up to only about
75 deg F.

The present test data for ethanol could be compared only with the
theoretical solution of Frederking and Hopenfield (41). The solution of
Sparrow and Cess (58) covered values of Pr, of 1 and 2 only. The solution
of Nishikawa and lto (53) applied to water only and no data were given by
Chang (47) for the values of the modified Prandtl number, Pr*, for ethanol.
No comparable experimental data were fourd.

The comparison of the test data for the film boiling of ethanol on
the % inch diameter cylinder at the surface temperature of 590°F is given in

the following table.
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Subcooling Present test data Theoretical results
AT) deg F Btu/hﬂ2 (1), equcrr;on 38

Btu/hft

0 14 100 15 300

15 16 800 30 400

33 19 800 33 700

51 21 700 37 200

69 23 300 | 39 800

87 25 400 41 700

Agreement is poor except at the boiling point. The theoretical solution
predicts a very rapid increase in the rates of heat transfer at small subcooling,
in a manner similar to the predictions for water given by the same theoretical
solution.  The comparison was made for the % inch diameter cylinder because
the test data also exhibits a mere rapid increase in the rates of heat transfer

at low values of subcooling than at high values.

9.4  New physical models for subcooled film boiling

New physical models are presented for subcocled film boiling on
vertical surfaces, horizontal cylinders, spheres and horizontal surfaces. Two
models are proposed for each geometry: one applics when the interface is
relatively smooth and no bubbles are released = for example, to film koiling
of water at high subcooling; and the other applies when the interface is
disturbed - for example to ‘the film boiling of water at small subcooling and,
on some geomeiries, to the film boiling of ethanol at all values of subcooling.

9.4.1 Vertical surfaces. The theoretical solutions for subcooled film

boiling on vertical surfaces have included the assumgtions that the liquid-
vapour interface is smooth, and that the flow of the liquid is laminar.

These assumpiions have been found to be incorrect at low and mederate
subcooling, especially at high superheat and on large geometries. Under such |
conditions the interface has been found to be wavy, which induced a pseudo-
turbulerce in the flow of the liquid. At high subcooling, the assumption of .
a smooth interface seems to be essentially correct, but there is the pessibility

of the flow of the liquid becoming turbulent due to its own buoyency, {j

!

especially on large geometries. |
: |

|
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The following sketches therefore provide more accurate physical

pictures of subcooied film boiling on vertical surfaces.
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Small and moderate subcooling High subcooling
(e.g. AT,< 50 deg F in water (e.g. AT> 100 deg F
and ethanol). in water),

At small and moderate subcooling the interface neer the leading
edge will be smooth. The distance from the leading edge at which the
pseudo-furbufence would have a significant effect on heat transfer is likely

to be less than % inch, since interfacial disturbances had some effect on

heat transfer from the 4 inch diameter horizontal cylinders.

9.4.2 Horizontal cylinders. In the theoretical solutions for subcooled

film boiling on horizontal cylinders it has been assumed that the interface
was smooth, that there was no bubble release, and that the flow of the liquid
was laminar. The present study on horizontal cylinders of 1/8, 4 and % inch
diameter has shown thot these assumptions are essentially correct only for the
film boiling of water at high subcooling .

In the film boiling of both water and ethano! at small subcooling,
the interface on the ¥ and % inch diameter horizontal cylinders was found to
be wavy around much of the circumference. On the 1/8 inch diameter
cylinders, the effects of the wavy interface were negligible even at small
subcooling, because most of the cylinder was surrounded by a smooth interface.

Bubbles of vapour were released from the trailing edge in both liquids at small



values of subcooling, and in eihanol at high values of subcooling.
The following skeiches therefore provide more cecurate pictures of
film boiling on horizontal cylinders.
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(e.g.AT< 50 deg F in woter) ( AT > 100 deg F).

(all values of AT, i etianol).

On large cylinders at high subcooling the flow of the liquid may

become turbulent due to its own buoyancy .

9.4.3 EE.'.’.EE“ . The physical models proposed for subcooled film boiling

on spheres are closely similar to those for the horizontal cylinders sketched

above.

9.4.4 Horizontal surfaces. In the theoretical solutions for subcooled film

boiling above horizontal surfaces, a chaotic interface has been assumed.
Such a mode! is not valid in water at high subcooling, when the interfoce
has been found to be relatively quiescent. No data were obtained for the
subcooled film boiling of ethanol above a horizental surface but it may be
assumed that bubbles of vapour would Le released at all values of subcooling.
The basis of this assumption is that bubbles were released from the trailing

edge of horizontal cyiinders at ail values of subcooling .



The following sketches show the preposed new models for subcooled

film boiling above horizontal surfaces.
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(e.g. AT, < 50 deg F in water) (AT > 100 deg F).
(all values of AT in ethanol).

Empirical divisions between high and low subcooling have been
derived based on the Bond number. The derivotion is discussed in section

8.4.2, and summarized below (section 9.5).

9.5 Summary of the analyses and correlations

The test data were analysed with the main purpose being to obtain
correlations for subcooled film boiling. The correlations were developed
using the experimental data for water and ethanol in conjunction with exist~
ing equations for saturated film boiling and new approximate theoretical
solutions tor heat transfer into the liquid.

The correlations take the form of adding a liquid heat flux dependent
on liquid parameters to a vapour heat flux dependent on vapour parameters .
The value of the vapour heat flux was assumed to be independent of subcocl-
ing ond therefore to have the same value as the heat flux for saturated film

boiling. Therefore,

Yot ~ 9L e, g *a, (52)
9 * 9o * E’qur : e

The values of s Ggq and EWBqr are obtained respectively from equations

59 to 63, equation 56 and equation 33, all of which are given in section
8.5 -
The experimental data for 9, € well correlated by equation 56,

which differs from the Bromley equation 2 only in that the coefficient of

da



equation 56 is 0.55 instead of 0.62. ,

The data for the liquid heat flux, q; s could not be well correlated
by.a single equation, and therefore an equation for each liquid has been
selected, and also some equations for both liquids. All the equations were
selected on the basis of correlating the data well at high subcooling when
the liquid heat flux represents a large propertion of the total heat flux.

The use of the "best'correlation, i.e. the cne selected for the
particular liquid, gives predicted values of total heat, fer film boiling on
the 1/8 and % inch diameter cylinders, which agree to within + 5% of the
mean of the test data (figures 42, 43, 45, 46). Agreement with the mean
of the test data is within + 10% on thesediameters when using the equations
which were selected to apply to both liquids (figures 48 to 53 and 55 to 60).

On the 3 inch diameter cylinder at small and moderate subcooling,
the values for total heat flux calculated by using the "best” correlation are
more than 5% below the experimental values (figures 44, 47). These con-
ditions correspond to the situation when the erhanced rates of heat transfer

due to the interfacial disturbances were greatest.

The values for qy were calculated from the test data at intervals of

subcooling by subtracting the values of q from the mean values of S At

high subcooling, the values of a were approximately independent of super=
heat. At small and moderate subcooling on the % and % inch diameter
cylinders, the values of q, were strongly dependent on superheat. The
dependence has been explained in terms of the interfacial disturbances
inducing a pseudo-turbulent flow in the liquid, thereby enhancing rates of
liquid heat transfer. The disturbances and therefore the enhanced rates of
heat transfer were greater the larger the superheat. A large propertion of
the interface surrounding the cylinders of 1/8 inch diameter was smooth,
and therefore rates of heat transfer were not enhanced significantly.

The calculated values for liquid heat transfer were compared graphi=
cally in terms of the Nusselt number and Rayleigh Numbers (figure 39 to 41).
The Rayleigh number has been-defined in three slightly different ways,
namely (GrPr)L, (GrPr2)L and (GrPrA’- )L. The first of these three is the

parameter commonly used in single phase convection, and the other two
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arose from approximate theory (appendix B). None of the graphs shows
particularly close agreement between the data for the two liquids or between
data at high subcooling and data at low subcooling. The dependence of the
Nusselt number on superheat at low and moderate subcooling has been attrib-
uted to the effects of induced turbulence enhancing the values of q; as
mentioned above. It would have been more correct to have used the equiva-
lent diometer of the interface as the characteristic length instead of the
diameter of the cylinder. This would have increased considerably, by up to
about eight times the values of the Rayleigh numbers at low subcooling.
However, at low subcooling the value of the equivalent diameter cannot
reasonably be calculated because of the chactic nature of the interface.
c

Critical values cf Bond numbers have been defined, such that for

greater values the disturbances cf the interface have a significant effect on

heat transfer into the liquid :

2 P '
BO] =(2 - ) Dt = L € 9 Dt critical value = 0.4
v . v

2
Bo =CZ Ll ) t /Ot critical value = 0.05
2 )\c v

-

At values of Bond number greater than the critical, the proposed correlations
may not be particularly accurate, especially when the velue of the liquid
heat flux is a significant proportion of the total heat flux. |

The Bond numbers defined above obviously include the effects of
vapour buoyancy, surface tension, and diameter. The effects of superheat

and subcooling are included in the thickness of the vapour film, I'v, because
both temperature differences affect the heat flux which in turn affects fv.
The significance of the vapour film thickness is slightly greater in Bo, than

in Bo,; and the significance of the diameter is less in 802 then in Bo, .

9.6 Film boiling in detergent solution

Experimental heat transfer data were obtained for film boiling on
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the 1/8 and X inch diameter cylinders in 0.01% and 0.025% detergent
solutions (figures 13,14). The data show that at moderate and high subcool-
ing more than one stable value of heat flux can occur. Two stable values of
heat flux were obtained for the surface temperatures of 1012°F and 1312°F
at values of subcooling greater than about 60 and 75 deg F respectively. Tha
larger of the two values are about the same as for water under the same con~
ditions. The smaller values are considerably less than for water, and vary
little with subcooling. At the surface temperature of 1612°F, more than
two values of heat flux were observed for values of subcooling greater than
about 100 deg F, but only a superficial study was carried out at this surface
temperature.

The two values of heat flux at 1012°F and 1312°F have been ascribed
* to the formation of a layer of gel in the liquid at the interface. Such a
layer would cause an increase in the overall thermal resistance, and a lovser
value of heat flux would be observed. Without the layer, the value of heat
flux would be about the same as for water. The layer would form near the
interface because of the relatively high concentration of detergent due fo
evaporation of water, but only if the interface was relativeiy quiescent. The
chaotic interface at low subcooling and high superheat prevented the layer

from ferming .

9.7  Film boiling at high subcooling

At values of dimensionless subcoolir;g, Sc>0.1, in water, no bubbles
of vapour were released, and the interface appeared smooth. Under such
conditions it might appear that heat transfer would have been independent of
the vapour heat flux, i.e. q, = 0 , but this was found not to be the case.
The theoretical solutions which involve only liquid parameters and therefore
imply that q, = 0 are valid for Sc>> 1. These solutions are therefore well
outside the range of the present data which extend only to Sc==0.18.

The occurrence of film boiling at very large subcooling, when
Sc>1, is questionable on two counts. Firstly, high values of Sc are

possible only if the product CL ATL is large, or if hfg is small. Under

normal ambient conditions, and with the temperature of the liquid at ils
freezing point, the maximum values of Sc in water and ethanol are approx=

imately 0.18 and 0.5 respectively, and they may be regarded as lypical
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liquids in this respect. At high pressure near the critical point, values of

h, become small for all liquids and the condition that Sc»1 may be possible.

fg
Secondly, it has been predicted from theory (section 3.7.1) that above a
horizontal surface, film boiling is replaced by single phase convection if the
value of the liquid heat flux, q s becomes much larger than the value of

the saturated heat flux q- Therefore, if very large subcooling is due to
a large value ofﬁl’L, and if the value of q is thereby also large, then the

superheat must also be high to make q, sufficiently large for film boiling to

exist.

9.8 Application of the data

The data presenied in this thesis can be applied to circumstances
when both saiurated and subcooled film boiling occurs.  The data for
saturated film boiling‘; both from the review and from the present work can
be used to calculate rates of heat transfer for saturated film Eoiling on a
wide range of geometries and sizes. The data could also be used when
subcooled film boiling occurs to calculate what would be expected to be
minimum rates of heat transfer.

The present data for subcooied film boiling enables accurate values
of heat flux to be calculated over the limited range of the fest conditions.
It could also be used over a wider range of conditions, but with re;:iuced
assurance. Some possible methods of extending the opplication of the

present data are as follows :

1.  the non-dimensional correlations could be used for other
liquids. (Single phase heat transfer data suggests that
the correlation incorporating the "best" equation for
ethanol would :correlate quite well similar organic liquids)
2.  the experimental data and correlations, which have been
obtained for the horizontal cylinder, could be modified
to apply to other geometries by adjusting the coefficient
of the equations in the manner described in section 3.4.

3. it could be assumed that in a given liquid and for the
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same degree of subcooling the ratio qu/qs is indepen-

dent of gecometry. The present results show this nearly
to be the case. At the surface temperature of 131 2°F

qto’r/qs =2 at values of

subcooling of 107, 103 and 107 deg F for the diameters
of 1/8, % and % inch respectively. At the surface

in water (figures 10 = 12),

temperature of 486°F in ethanol (figures 15 = 17), the
corresponding values of subcooling are 104, 93 and 85

deg.F. The values of qtot/qs for water and ethanol

could be obtained from the present experimental data,
and applied to the data for saturated film boiling which,
as mentioned above, covers a relatively wide range of
geometries.

4,  the value of the liquid heat flux could be estimated from
equations for single phase natural convection, and added
to the value for saturated film boiling. The equation for

single phase laminar convection,
Nu = 0.55 [GrPr]% , . (43)
has been included in figure 39. The value of ay would

be generally underestimated by this equation.

The above data and procedures would apply only to the film boiling
regime. From theoretical considerations some predictions of the Leiden~
frost temperature have been made, and in water at 75°F (ATL =137 deg F)
the value works out to be about 1000°F. Random breakdown of film
boiling was encountered in the present tests on surfaces at temperatures at
which film boiling might at other times exist indefinitely. An analogous,
what might be called premature, breakdown of film boiling has been reported
in quenching tests (77). Since rates of heat fransfer are usually greater in

the other boiling regimes than in the film boiling regime, the consequence

of premature breakdown is that rates of heat transfer would be higher than
the values predicted. Premature breakdown of film Eoiling due to dirt and

scale (section 3.8.3) would likewise result in rates of heat transfer higher



than expected.

9.9 Advances represented by the present work

The new data presented in this thesis represent a number of advances
in the field of subcooled film boiling. An experimental technique and
suitable test sections have been developed which enablzd stecdy state film
boiling to be established and maintained in subcooled liquids. Experimental
heat transfer data of high accuracy have been presented for the subcooled
film boiling of water, aqueous detergent solution and ethanol on horizontal
cylinders of diameters of 1/8, 4 cnd % inch. The data for water and ethanol
have been used to derive correlations for subcooled film boiling. The data
for detergent solution led to the discovery that at moderate and high subcool-
ing there may be two, or possibly more, values of heat flux for each value of
subcooling and superheat.

Photographic data have been presented for steady film boiling on
horizontal and vertical cylinders, and for transient film boiling on vertical
and horizontal surfaces, and spheres. These data have enabled new

physical models for subcoo!ad film boiling to be defined.

9.10 Further work

There is considerable scope for further work in the field of subcooled

film boling. Using the present apparatus the range of test conditions
could be extended to other liquids, higher superheats, and to cylinders of
the present sizes in any orientation. Accuracies could be improved by
calibrating the thermocouples used to measure the surface temperatures at
all operating temperatures, by making corrections for the temperature diff-
erences through the wall of the tube, and by making corrections for the
differences between the mcan heat flux and the heat flux in the horizontal
sections. An investigation could be carried out into the variation of the
surface temperature around the circumference of the horizontal cylinder.

Better photographs could be obtained by paying more atlention to
photographic techniques.

Cylinders of larger diameter, in all orientations, could be tested by
incorporating a power supply of larger output in the present apparatus.

Tests on such larger sizes at high subcooling could include the study of the
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transition of the liquid flow from laminar to turbulent. Tests could be
carried out using the present apparatus on other geometries, e.g. vertical
and horizontal flat surfaces. It may be advantageous fo automate the
simultaneous immersion of the test section and the increase in heating rate.

Theoretical solutions are required for the new physical models for
subcooled film boiling. The theory at small subcooling would have to
take into account the turbulence in the flow of the liquid induced by inier=
facial disturbances. At large subcooling the possibility of the flow of the
liquid becoming turbulent due to its own buoyancy would have to be con-
sidered. The development frem theoreticol consideration of a criterion to
differentiate between small and large subcooling may be desirable.

The further new data, both theorstical and experimental would
allow the development of correlations for subcooled film boiling of higher
accuracy than those presented here, and having a wider range of applica-
tion.

Further experimental work is required on subcooled film boiling in
detergent solution so that an adequate explanation of the occurrence of
more than one stable velue of heat flux can be developed. It muy then be
possible to derive some empirical relationships fer heat transfar, and ulti-

wnately obtain theoretical solutions.

Work in the more distant future may include a theoretical solutien
for heat transfer in subcooled film boiling in terms of ihe liquid heat flux
only, which would apply under conditions when no vapour is released and
Sc <1, for example to some of the present results for water, A special
investigation may be useful to find out if, end under what conditions, film
boiling with Sc> 1 is possible. Experimental data on surfaces of uniform
temperature, and information in the region of the Leidenfrost temperature,
could be obtained for cylinders by using a method involving the condensa~
fion of vapours. The condensation of steam may be satisfactory when
surface temperatures are low, e.g. in the film boiling cf ethanol. It may
be possible to use heat pipes to obtain data for the boiling of water in the

region of the Leidenfrost temperature .

On the problem of heat transfer during quenching, there is scope
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for further work in other areas besides pool film boiling. A better under-
standing of the mechanisms of the breakdown of film boiling is desirable,
and data on the values of the Leidenfrost temperature are required. Data
on subcooled pool transitional and nucleate boiling would be necessary to
construct complete cooling curves. For spray boiling, an investigation

covering all three boiling regimes is necessary.



Table 1.

Ranges of test results.

~
Table Ta. Heat Trafsfer on horizental cylinders.
Liquid Surface | Dimensionless Subcooling AT, deg F
Temp.T °F | Superheat INERS L K
w C AT ( AL in K in brackets)
(TW in"C M 1 " (T lu ¢
in brackets) —F'f-g—- /8"dia. I"dia. | 3 (I:ila.
Water 1012 0.397 2- 90 0-155 1- 50
(544) (1-50)|(0-85)| (1-28)
ditto 1312 0.56 2-135 0-155 2-120
(711) (1-75) | (0-86)1 (1- 67)
ditto 1612 0.735 2-135 0-155 -
(890) (1-75) | ( 0- 86)
Detergent 1012 10- 80 50- 95 -
solution (544) ( 5- 44) | (28- 53) -
ditto 1312 20- 95 50-155
711) (11- 53) | (28- 85)
ditto 1612 10-135 50-155 -
(883) (5-75) | (28~ 86) =
Ethanol 485 0.39 2-100 2-100 2-100
(252) : (1=-55) | (1-55)1 (1~ 55)
ditto 590 0.55 2-100 2-100 2-100
(310) (1-585) | (1-55)| (1- 55)
ditto 698 0.727 2-100 2-100 2-100
(370) (1-55) | (1-55)] (1- 55)
ditto 1012 1.305 - 10-110 -
(544) (5-61)
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Table 1b.

Photos of steady film boiling.

Liquid size and Lighting | Surface Subcooling Fig.
geometry Tega]}::.Tw ATLin deg F | No.
Water 1/8"diameter| Silhouette | 131 22,63,89 325
horizontal Direct " 22,89
cylinder
ditto %" diameter | Silhouette | 1612 22,63,89,112 )
horizontal ditto 1312 22,63,89,112 )21
cylinder ditfo 1012 ditto )
ditto 3" diameter |Silhouctte 1312 | 55,60,65,70,75 )26'
horizontal Direct " ditto )
cylinder ditto " 22,63,89 - 25
Detergent | %" diameter |Silhouvette | 1612 | 22,63,89 )
solution horizontal ditto 1312 ditto )22
cylinder ditto 1012 ditto )
ditto 1312 90highq,90lowq )24'
diito 1012 | 60highq,60lowq |)
Ethanol %" diameter |Silhouectte 698 10,46,72,97 )
horizontal ditto 590 ditto )23
cylinder ditto 486 ditlo )
Water 8" high Direct 1312 5,22 )27
vertical ditto 1290 | 50 )
cylinders
Detergent ditto Direct 1312 22,50,63,89 28
solution
Ethanol ditto Direct 590 28,90 29




Table 1e.  Photos of transient film boiling.
Liquid Size and Lighting Surface Subcooling Fig.
geometry Temp. TW ATL indeg F | No.
o
F
Water 2" high Direct 1312 5,50,89 ) 30
vertical " 1012 5,50 )
surface
Ethanol ditto Direct 698 28,50 )
" 590 28,50,112 ) 31
" 486 28,50 )
" 300 28,50,112 )
Water 4" diometer] Direct 1312 5,50,90 32
sphere
Detergent ditto Direct 1312 5,50,89 33
solution
Water 2" x 9" Direct 1312 50,89 34
upward
facing
horizontal
surface
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Table 2.  Values of Bond Numbers (see section 8.4.2)
2
Table 2a.  Values of Bo, =(2>\“) Dt for WATER.
c
1/8" diameter tube " diameter tube 3" diameter tube
ATL T ©F T o o
w W F Tw F
deg F
1012 1312 1612 1012 1312 1612 1012 | 1312
102 0.06 x|0.08 x {0.09 x{ 0.14 x| 0.20 x 0.32 x
92 0.04 x1|0.06 x{0.09 x | 0.10 x 0.15x| 0.22 x 0.34 x
82 10.05 x[0.07 x|0.09 x | 0.11 x ‘0.16 x{ 0.23 x 0.38 x
72 0.05 x10.07 x[0.10 x | 0,12 x 0.18 x| 0.25 x 0.40 ?
62 10.06 x|0.08 x{0.11 x | 0.13 « 0.19 x| 0.26 x 0.41 /
52 0.07 x|0.09 x|[0.12 x | 0.15 « 0.21 ? 0.28/ 0.33 /{0.44 /
42 10.07 x|0.10 x{0.13 x | 0.17 X 6.23/| 0.29 /| 0.36/|0.47 /
32 |0.08 x|0.11 x[0.14 x |0.19 « 0.25/( 0.31 /| 0.39/]0.52 /
22 0.09 x10.12 x|[0.15 x | 0.21 x 0.27/{0.33 / 0.43/ 0.59 /
12 10.10 x]0.13 x{0.16 x | 0.24 K 0.34/]0.38 /| 0.51/|0.69 /
Limits 0.2, 0.4
7
Table 2b.  Values of Bo, = (?-f-} Dt for ETHANOL.
_ c
Diameter D = 1/8" Diamefer D = 3" Diameter D = 3"
Ot
L T, °F T, °F T, °F
deg F
_ 486 590 698 486 | 590 | 698 486 | 590 | 698
105 0.08 x{0.11 x|0,i3x]0.19 x| 0.25 x| 0.30 H.
87 ]0.09 x|0.12 x{0.15x{0.21 x| 0.27 x| 0.32 ¥ 0.45 /| 0.58 /{0.69 /
69 10.11x|0.13x{0.16 x|0.23 /] 0.30 x{ 0.35 0.49/|0.63 /|0.73 /
51 0.12 x|0.15x{0.18 x [0.26 /| 0.32 x| 0.38 4 0.56 /] 0.69 /|0.77 /
33 10.14x{0.17 x|0.19 %|0.30/ | 0.37 x| 0.43 4 0.63/]0.75/|0.8% /
15 10.16x|0.19 x|0.22 ?]0.35/0.42 x 0.48 4 0.77 /| 0.90/ 1.04/

Limits 0.2, 0.32




Table 2¢.  Values of 302 = ()\

2.

———

C

2
) t, /{Trv for WATER
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: Diameter D = 1/8" Diameter D = " D= 3"
AT ) o 2
L Tw F TW F TW F
deg F| 1012 | 1312 1612 | 1012 | 1312 | 1612 | 1012 | 1312
102 " 10.036x
92 0.0394
82 0.042 x 0.045x
72 0.028 x {0.048 x 0.0501
62 10.011x/0.018 x [0.029 x | 0.019 x0.033 x |0.052 x 0.051/
52 10.013 x|0.021 x |0.033 x | 0.022 x0.037 2{0.057 / |{0.038 /[0.057/
42 10.018 x|0.024 x 0,037 x | 0.027 40.043 / [0.062 / | 0.042 /|0.063/,
32 |0.019 x[0.028 x |0.041 x | 0.032 50.048 / [0.067 / | 0.047 /{0.073/,
22 10.021 x|0.032 x {0.046 x | 0.038 50.055/(0.075 / | 0.055/10.089/
12 |0.024 x[0.035 x |0.C51 x | 0.045 40.065 /{0.089 ./ | 0.072 /|0.112/
Limits 0.037, 0.052
N2
Table 2d.  Values of B02 =(g§_:) fv ./D_tv for ETHANCH.
Diameter D = 1/8" Diometer D = " Dicmeker D = "
ATL Tw o Tw CF Tw e
deg F| 486 | 590 | 698 | 486 | 590 | 698 | 486 | 590 | 698
105 10.012 x|0.017x]0.026 x{0.019x]0.030x/0.039 x
87 |0.014 x|0.020x]0.027 x|0.02350.033xJ0.044 x| 0.037/]0.053/(0.069/
69 |0.017 x|0.024x]0.031 x 0.02740.039/ 0.050/}0.042/]0.060/{0.075/
51 | 0.020 x| 0.027x/0.036 x|0 .03240.044/ 0.058/{0.051/]0.069//0.081/
33 | 0.025 x| 0.032x/C.041 x|0.03940.053/|0.067/|0.050/]0.079/]0.101/
15 | 0.030 x| 0.038x0.047 7|0.05040.066/(0.080/0.081/]0.104/|0.128/

Limits 0.027, 0.05
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Aston University
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Figure 2. Sirplified transforration dilagran: for a carbon steel (F),

(section 2.2).
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Comparison of the values of the superheat terms from

earlier work (see section 3.5). The values of Sp for
the present results are also shown,
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Figure 4. Values of the radiation parameter "3",
(equation 32,section 3.6).
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Figure 6.

Sketches of the interfacial wave pattern and bubble
release for saturated film boiling, and film boiling
at small subcooling, on horizontal surfaces.

(See section 3.8.1.)
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Table of the wvalues of the critical height T,c in inches.

[Authors _ '\\\\E:ﬁy [1012 ‘1313 1612]

Tsu and - .

167 1 Td3 | 1,29 @
Westwater(42) l 61 | AN |
Burmeister begins (Cr*Pr=10") [2.03 |2.34 ?.Gil %3]
(61) ends (Gr*Pr=10") 14,38 | 5.04 | 5.6¢| -+
Frederking begins (see section|0.43 :O.SQ: 0.6L| @ '
et al  ends 3.6.1) |0.82 [1.051.37] X |
{——F—Critical height LC in inches
6
S .
4 -
3 |-
2 8 /
-s
1 f—
0 1 . | | ]

1012 1312 1612

Surface temperature Tw in °F

Figure 7. Comparison of the published data for the values of the
critical height L,,for the transition from laminar to turbulent
flow for the saturated film boiling of water on a vertical
surface. (see section 3.5.1).
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Figure 8. Sketch of a test-piece with which the erperimental data
for the horizontal cylinders were obtained (section 5.2).
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Figure 9.
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Sketches of the additional test-pieces used in the
photographic study (see section 5.3).

a) (top) vertical cylinders of z-inch diameter,
b) (bottom) sphere of 4 inches diameter,
¢) (cont. on next page).

All dimensions are approximate.
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Figure 9 (cont.). Sketches of the additional test-pieces used in the
photographic study (see section 5.3).

¢) (top) vertical surface 2 inches high,
d) (bottom) horizontal surface 2x9 inches.

A1l dimensions are approximate.



129

*8ange 2dWeq 908JINS YOBS JOJ ‘B4EBD 9Y} JO uesu ayj jussaxdsx SSUTT

8yJ, *SISPUTTLO TBIUOZTIOY J948WeTDP [PUT-§ uo Is78M Jo Jurrroq WTTF Lpeels ay3 JOJ Blep Tejuswuradxs quasedd °*@| oIndTd

5 _ =3 EEEEEEE e DT

TR S e T o e 1 ﬁibi% rwziooumsm.la_sa:" B

oLl . 0%4 08! Ol OfF} or/ Qlf [o]e]]

O
et

i

R 2 N T i “ . Os31yy3v-30 ¢ 0
} i i i | im . Q34vysy PawlT i .
—_— . ”_ — : ] S| izl mubazo_(._.!OI RN il Syl
_ O N TONS: Tt i s M i i | Q3ZINOI-30 + |
AP N 1 S Y T TN S S B TR O = L e

| i !
: | L deyioly

i i | ] ! i | i = | i i i
rrrr el e O gl |
S I S T T R ) TR T i D g e o =i R i e Gt
=t i m I 27 ) (I =] e .__ e e e ...% ,m, B e 4 ‘ e i "_ I8 ! i %

Jv_\;m.mﬁdiﬁf NI x\_ _x?..gaxult




130

9yl *sJopurpdo

"sanjessdus) 90BJINS YOBS JOJ BIBP SY3 JO UBSW 9Y3 Juesatded SauTT

TB1U0ZTI0Y J94WRTp YOUT-T uo I3TeX Jo 3UTTroq WITJ £pesis oyl JoJ B4Ep TBjUswrTJsdxe quesald °|| sans Ty

I Tt~ S ==l s e =

081

oL

S A._Hlab ﬁqfwz:ooum:wdioi T ]

09/ | 0Si

o%/ | OEl | ot | on 00! Ob oL 09 oS O |06 | B | .O6 || o)

m .. | oY/
I = : et H - b f -
| : + ¢ { 1 _
=1 i ! w.",_ W = _
H { | i | 1 i { | | | i
it ! ! : ] _ i J _ _ o+
S __ i 7 m..i. TR ". a_ (o 701 o TE e oy Erers| sy
m _..u_, v,:iz N N E R | ﬁ | Jﬁ SR Es 4_ WS _ BIE
e I@ - e - i i —— : .m,.l., - . S i .,Ilnil e, | r._- .II._I|..| 1 - “ ...M. I._|1|I”l..| . FERET. B “l - _—Inl.m b ..—I ||u 4 |.—r |m l| e A R T H.;.‘. .# sl s ,.....f-
; A D | G NS $ah ey i e e b i S
1.1 Ao m i H .Js B .m||| e ﬂulnl =, R A _ . “ .n_uJ.l = “ ;_ =1. __ i e _m.-ln o e |_ I T. o G 41. h. e et I 4 e e _v
SHyfeag e L S AR R R
| ek : 5 e P (T oo G el



131

*SISPUTTAD TBIUOZTJIOY JI938WBTP YIUT-Z

*sanqeJoduey] 99BJINS YoBE JOJ BIBP 89Uyl JO UBSW 9Y3 quassgdsd SaUTT YL

DI T2

T Fbw (=) Iy BWIY00EnS ambry
OE/ ov/ orn oo ob oe oL 09 os o¥

of 1 ! 0OF o/

= =S E= s = e = el i ——— e

S N g WP T

*2l ean3tg

00/

ol

o

= jm=

EE e o e e e e o e o e e e o Y e B Y T T “ =
Ay/ag o SISORT AT XTIV IH
¢ EEEEEEE Ula mebeee ee  £

[ (R B iy




132

* SI9pUTTAD

1 4 _ § | ‘ ! _ s T i S b _ _ T “ Ly “ e e e : "
i mmwwisi (1= nblu.q._dziooum:quaaj T R e
(=141 oL/ 03/ 0s/ 0¥/ ogl ot/ oIl 00/ ob 08 oL 09 - A G, - N (- | LI 8 - ) - T ) Rl

_ | | B o LR i -

- . A0 T s S OB S O L EAE o I | 1

_ 1 e .4 1 |

! i __ T .. e B

AR s W N T R S A N i g e e I i Yl [ BRI T (X WS 0 R P I
| oi'sid WOYd YILWM BOS YV SINIT zmxﬁm N o 4 ) j | | i O i T W | 1
ST A T e L] L] I N I ;

| + —t i t L 1 t 4 H H 1 1 t f=—t—14 T it 4 ] S !
e T . ! (T “WND..O > i [ ] i _ I | I ..-_..I.I _— _ — | | i |_. _. ‘I.Il.lu'lll—.li“;
IN3SY3LIC %00 X I i g 3 I T R R D R T W e _ |
f

; . T e e e o [ S e il iy it R e 1S, M | I | . i s b | !
i SO _ T e e ey ==l 1y ) El —— . A
' : } } i i ] $ . : o ! } 59 ll_.ﬂ.ﬂ." 1 i ' e
¥ — Bl ..”._.n - i | | { \il.lH 1 | i
l.rl..m — - ! ! . ! P e e i . : | #ﬂu\t\ : . ! ' _ i
2 s g TR b N | i o (0 ] s A k.w_,_ou .r o B i W B L, s = W W _
_ b _ u Yigi= 1_.\\x\\|\\|\\i\ =T T B T WV T e e by
i . i ejref : + 4 $ vt 3 } } ) NI SOl - S g L Fl
| t t i - t | 1 _ ' | \.s.l*-.l i i
; .|.|I.II|I.|.| i __rll&-.‘r = _ + — — 3
: ; H 4 1 | .R\.K\l\ , } \\“\l.-\_..l- i - ! m L
e T B B B e s e B B sttt L ———foor
" : | ] | -] | —— | { ! |
! " s ! _ \._|\|\w«\ e | |.wl k= =} _ 4 | i : LI
| B ow Em s EE S O 0 5 5 O O L R W o W
i i | ; | | f | A ! ] i ! | | | ._‘W...m.\m | ! | ! | | | :
e = B 7T i B S T T TR == g ] R T i . ot
Foreea  EEECE S W o o t ! 3 : bt ! H \_.\\N.. i . . _ i e A _ .L_ : 1 5 i :
_ — ; e o e e T i T R I I e p _
= _ did ! : R (S-S |t ARt | ¢ el B o T Tl % 7 o =)
| S T O 3 1 | T S ow
| | | | 1 b'd | } F | ] ] T 1 I 1 ' 1
o ; i ! e o sl bl I 1 4 g L S Il ot P 117 I== Ty SISO L) Ui P
_ | I N W B s 0 O R | T B S |
“ Fooos dat o e i _ ENEE T
7 IBERHi = S Tl B R s A B A O 1 T T ) P T S R i StEon b %
R ) EESERFERERE R RSN RN R IE A EYARERCAEG RN RR RN N 4...@_
i i i | i _ | i I i\ i | ") ! s i i 3
/e m.o_u%msﬁn. al_,_-.w.me. 3 1V3 1“|[1 3
e =1 1~ A B I _l lwl




133

‘sanjesadweq 90BJINS UYJBS JOJ BIBD STY] JO uesw ayz juasaxdsx SSUTIT TINJ oYl °SISpuildd

TBIUOZTJIOY J938WeTP YOUT-¥ U0 UOTINTOS JUs33538p Jo Suryroq wit) Lpeseis ayj J0J Blep Tejusutssdxs quessild °*¢| oandtd

P _ 5 0 | [EE A l “ i O L ] e “l!ﬂlﬂl;
ATl o ks - ! ; u.h%tf .ﬂ.!w.qlhqimzioouﬂmzwdgoji BEVERTE BE
08/ oLl 041 0s! o 0f/ or/ 171 00/ Ob 08 oL 09 o' | ‘0%l ot | ol o1 | o

|
| L | 4
i i - ) S T i )| i 1 [ I i D = { | ] ! | lnl.. ' | .
.” __ ' | | ! | m Il
——— ] _ R 2
© 119id WO¥d ¥IAVM ¥OZ JyV SINITNINOME B S L : S N e R 5,9 M £ T o G e i T T (9 _
| o RSN IR EE e N il A A T
Heior=" "3 " _ N ;i W " _ ! | e {

T TTAus8asqeq uhmo o A Ak S I O TR B i-._u MOY Fooi="m S S 1P MR VI (T B 1 S = 1 1 _ i o
h_oﬂ..u___ﬂhhrx . . \\v\\\\\\ll...‘“ ) +. .... i ".\.n\.\l, . | i _ Miva ik

—k HOIH “J o= "L 5 = O T T AP S = i “ I oy | 09

T A ot Foviei =™ 300 E N 3
el — : . ! 08-
. AT B B |
S S R S| STy SO S e 100 ; | _ . oo}
f.min:_ﬂ o | CB N T 0 e O i R
B R e e |- NI S Gt to: 5 o S Bt et m g _ : . e bt
1= i } _ " . - _ ) _w | E S i __ o
! ! 1 | | ! 2 3*
| | i _ i _ ! | ! i
i i S (oo s oy ol DR T “ il |
A J= i) _ |“|r|- A L | m _ ! Ak ] s .
P g = B I E SRR | o
|n. “ |— # S S - . —a w D ﬂ. .. “.—I - . - - - - ——
SR SR, I =T 22 P T 3 i
R R G155 T 3 5 T M R L =00
{ ! { FaL I : | hand o~
l«%.._xwmk L maEqwﬂ_..ai_ -A*_.lmu. A EH .rth.l..iL[ir..:
i sl o fd (i O i iz |




134

T - (e g .
Z,J’. = HEJkT. FLL]'JX. q‘m! u.J‘|"Hcl)'..'slh'r\1IJS»| Ol—'|. Bt7/hjt“

#0 18 8 SR { . e e e SR ! ot ! ‘;J R
G e R ] L e
% o I (0 e i S R ' ;

“ A 1 . o B £ '/,.
JI i | ¥ { /‘././ L]
o IESE S SR S SR — s b Sk = = Pt = - i I L
] | A ! o
| | { 4| /'/ | *th', el
Iridt P iack] e oL i | / } L] | e = 590°F

R e etk L

511 I ! i L]
10 1~ S 0 T 3 " = 1= " |
i 1 |
T I O 1 1 = :
gl LSS
GEE BUSASLSaslaEL
LR | | i | by 134
1 ap ] ey - - i : l | ! B
AL | BB BRMREEE e e
0 o | 20 | 30 40 50 60 10 80 90 100 110
hé_.|___ || LIQUID SUBCOOLING AT, . (T=T)) v deq F ' [
| | it | | ‘ | | | | | ] J ]

Figure 15. Present experimental data for the steady film boiling of
ethanol on g-inch diameter horizontal cylinders. The lines

represent the mean of the data for each surface temperature.



135

I‘_- '_.. ! .----I- I 3 I ! . . ! T : ] I- = ]
——tHEAT |FLUX QY"J m-TchsnlNDsl oF BLu}k&’: |

A el

it
;

;;_u@k_*"";m%pmﬁm_f_m“,_T_”" 0 S 6015 1L L s __"§_ _ ERE
PUNSE LD R i ! Lyl e g

: | ;
|

:
s

: !‘ i . | Ll
i ; 10 20 | 3|0 40 50 . 60 | 1‘0 : l.o ) i
L L F | HOID SUBCOOLING AT, | (o e o T P T B S FH
150 1 1 MR 10 L e I ! Fapaan 1) i

1
|

- Figure 16. Present experimental data for the steady film boiling of

represent the mean of the data for each surface temperature.



136

ol T [ (60 0 (IO SIS IR 0 SOCR SO RE S jhiea B dires) SREN U RSN W -
————————————— w — 0
= o0
=
= Fes
—
o Usl
~IPEES 12 o
0
S e T A F =
—
o P
3 &y
L)
g
" e 3
———e e e e e e |-+| —_— —— ——————— —— _—— e — ——— —— —_ F - s
= 2
2= o)
ER S (N N 2.5
— L
R 05
T -
o = L.M
T g = L
9 o
— = =
i “5 9
=
. " 2
o Q
3 &= £
=] * ﬂ
- o o
o
= o0 2 m.
= — a3~ @
T o2 | e g
1 =
,]Nm (- = Mw
— 1 —_—
Ly = 3
v Tl i -
N ] ; .
— i i i
w = o~
W =
| ©
| :
* i mu

ylinders. The lines

-inch diameter horizontal c

1
2

ethanol on

represent the mean of the data for each surface temperature.



137
[ T"f"--i‘.'!;i L
I;—.n-h‘l.ul\'l'i ‘ J_UXI “fu nJmlus;vu.rtI)si oF | Btu f . { . [ .' ! . [ . ’ W I‘ il ’ ; ’ )
i AREEREEEE =R R LR R ”'H L L
06 1 3 o SO /l ! [| ‘ r h*érn:ur‘
1 | o Ly = el 1|
94 . 1 1 7 —i=F = I b
EE AEE RN R R U B0 o 2 EERR SN il G
50 ; 1] M' . 'Tf_./ ‘j ) ll [ I}
H HH T L e T SR
lr - J(// ,t P 2T ] i ‘ ‘1;: jola *F ‘ .
| il i Jiop ot | ' !
i A’,.q-n { | - | | I Il i l
[ | L/_."/f/ S EE s E la spssidw. 1] | P L .
- £ el | o |+ ] a1 1 ; M ) i IR
40 = .4/-/ i i i 3 | : | I[ :
[ I oA - o L : | |
i e . . ! . . !
it T H T Snske neswobs sewslor -1
| 517 ‘ i 0 B 2] [ 30 qusut‘rs' Fok\-.'um..ru.__u I r ] !
L L -+ HH
L e o i . ek
AR EERURERAR] TR
- , Tl !
i i | ‘1 | [ | .
%0 50 60 70 30 90 oo o i
‘l "' - ulquub suecoo:.me &n (% Fih wody P Lt | ! Letet ittty

Figure 18. Present experimental data for the steady film boiling
the surface temperature of 1012°F. The lines represent
the mean of the data and #5% of the mean. (See section

7.6).



138

*J998WETP YOUT-¥ JO SISPUTTAO TBOTII8A YITY your-g pue ‘arsyds J99eweTp YoUT-p ‘90BJINS
TEOT3I8A YSTY YOUT-Z ‘SISPUTTLO TBIUOZTIOY J938WeTP Your-% ‘¥ ‘% :oa® soTJ30wW083 pu® SUOTSUSWTP 93BUTXOIddY

*(d8sp Oz 3moge > .HHS ButToooqus JOo senTeA TTBWS 3B JUTTTOQq WTTF JoF synsax otydexdojoyd ayjy Jo Lxsummg *4| oIndtg

———— e0EZINUT
qioows LTPATIETRS

e
qioows LTRATINTaI

908339907

Lawn

sewop Jnodea — O O
wolz
@gEsT eTqquq —



139

*J930WBTP YOUTE

JO SI9pPUTTLO TBOTII9A UY3TY your-g pue ‘sJayds J93SWeTp YOUT-y ‘S0BJINS
[80T3a84 YITY YOUL-Z “SISPUTTLD TBIUOZTIOY IS936WRTP momﬂu.m. ‘2 ‘& i1sx® SOTI}SWO93 puB sSUOTSUSWIP 9gsvwTXOoXddy

*(48sp Qg 3noqe < A.H_,S SutrToooqns yo senTes s3I8T 98 SUTTTOq WTTJ J0F s3nsax opydexdojoyd sy3 Jo Arsuumg

*02 °aIndTy

soasM LreTrTdeo
Y3TA 80BIIsjuT
Yacous L784738Ta

= Jsq8a TT
esBaTsd 9TqqNq oU

AasM

S
fv f WM ﬁ ] 208II99UT

Jo3es U] —
s5EsTal

TouBy3s U 1Ak e

esweTex 8Taqna—0Q e
sTggng ou 80V IISQUT

Laen

d ;
] I\

: _
\—\\ b Tousy3s v/
h <t ot L0

v



140

~yqoous oq 04 sJeedde e3pe SUTTTeBI} 9Y} UO S0BFISIUT SY3 pus

SutToooqng Jo senTeir Js3IeT 9U3 3V SISPULLO TeFUOZTJIOU JI933WETD ﬂoﬂﬂl...p uo

(SL1*0=08) _ (260°0=95) (590°0=9S)

d3sp m:uq.wq _ A8ap wmuq.u.q g8ep mwu.H.H_d

POJEUTWITS ST ©SBATSJI 3Tqqnq

J8FEM Jo BUTTTOq WITF £pss;g

(£20°0=08)

g3sp anga.q

* 12 sanZig




141

*53ps
SuTTTBI? 9U3 UO S3STXS quwod Jendod B PUB ‘PeqeuUTWTTe LTSITIUS 30U ST ©s¥OTSI 3Tqqnq Jur[oodoqns JO ssufsa

IsUSTY oy3 32 4nq ‘(g °an8TJ) JIs84BM JOJ SSOU} WOIJ JUSISIFTP L£[QBOTI0U 30U SJB SSOUBQINGSTP TBTOBJISIUT SUj

J3ep mmnﬂaﬂ 1Y *SJ49PUTLTLD TBLUOZTIOY JS99WEBTP YOUT- 7 U0 UOTINTOS qUe3I339p %420°0 Jo SupTroq WTLF £p®e3s °*22 exn3dTg

B

(L6€°0)

¢lol

(9s°0)
ZLEL

(§€L°0)
ZL9L

(260°0=928) (590°0=28) (€20°0=08)
485D 6g=11v 485D €9="1V 1 it

d8sp z2="1V




Fry
&
@ —~
s
O
on i
I (8]
=1 2
H
]
| =
| D o~
| @ ~F
(o] 0
OJ O
- I
|0 O
(= 5]
Bt ~—
d
1
1
1
|
[ e
|lJ —
| @ 5
o~ O
1° &
| O .
< O
| o
(I
:[1 5]

|
[
| Fry
o —~
1)
o od
O
- 7
- O
Il ]
— O
H v

b
ey —>
| © (o}
= w
r i ~

-~

~

o

P
1
1N
(@]

S

'S

r -
i

L]
|
"~ ~
L
|
|
~ |
O
O
oo .
~ o
~

21 evlinders

»ieanta]

(o]

A

142



o
b=
=

—

1

k4

=

i
—
s

-

£27

i
0

1

=l aTasra
SLlUW .

Sarveaen

QL

143



144

J3ep amﬂqad qe usas Lasm L1qudTTs oq 03 saeedde 20BJISJUT OYJ 9ZTs I3398T dU3 UQ ¢ISPUTTLD J933UBTD zunﬁum a3
uo ueBya JeTndad aIow UYOnur ST 9s8aTAaX STQQnq JO uxeqqsd SYg pus ‘oseaTdd oTqqung JO UOTdsx ay3 ut 3dedxs yjoouws .
aq 02 saeadds 90BJISUT 8Y3 SISPUTTLD JS3SUBTP soﬂﬂlm 9yl UQ °pesun ussq 948y ZUTIUSTT ©33°NO0YTTIS PUs 303aT(

*d.2l€L Jo eamjeasdwe] 90BIINS OY3 3B SISPUTTAS TEFUCZTION J939WBTP uoqﬂ..m pus m uo J938M Jo 3uryroq WLy £Lpeoqg °* G2 oIndtg

(8uTau3TT
108ITD)

“BTD 4%

h

3uTqy3TT |
971930y TLS|
*BTp 4

(ButaydtT
309J4TP)
*BIP 4 |_m

._ (260°0=08) g39p mmuga.ﬂ (690°0=05) A39p mmuqaﬂ (€20°0=05) d8sp 2z=117 g /




145

aJd9Y],

=
b

aya1 JI9402 sojoyud a8t

*(2l 8Indty) saxnd

QH.Q s3

M
L *doclEl= 1 3®

-+

- ———-
.L.ﬂ.r.vnu Pgmo.ﬂ,..ﬂ.qh_ LS

T Cevanry
+S90UBQINESTP TBTOBJILSFUT 8YJ UT S35
sxoa b aua

SISDUTTAD TBIUOZTJIOY 1938

uT sanod0 adoTs Jo a2u

WEeTpP

5 L

Yo 8u3 YOTUX

BuTqy3TT $99ITP

SuTqydTT 9339N0YTTS




T =1312°F ‘ T =1312°F T =1250°F
W W

ATL=5 degF , AT =22 degF
(Sp=0.56) i (Sp=0.56)

AT, =50degF
(Sp=0.51)

(S¢=0.052)

(Sc=0.0051) ! (Se=0.023)

Figure 27. Steady film boiling of water on 8 inch high vertical

cylinders of i—inch diameter. The interface is highly
disturbed at QTL=S degPF, but is relatively smooth at
the higher values of subcooling. Bubble release from
the vertical sections is eliminated at ATh:22 degF'.
Fach picture was taken in two parts, and the prints

were subsequently joined together.)
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Figure 30. Transient film boiling of water on a 2 inch high
vertical surface. The interface is chaotic at .’\'I‘L=£~f degl’,

but is relatively smooth at L\..TL=50 degl' and greater.
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Figure 31. Transient film boiling of ethanol on a 2 inch high vertical
surface. At high surface temperatures and small subcooling
the interface is chaotic. At low surface temperatures, or when sub-
cooling is large, the interface near the leading edge is smooth, and
over much of the rest of the surface the interfacial disturbances

take on a distinctive wave pattern.
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Figure 45. Film boiling of ethanol on §-inch diameter horizontal

cylinders. Comparison of the experimental data with the
proposed correlation of best fit for ethanol (qL calc-
ulated from equation 60). (See section £.5.)
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Figure 46. Film boiling of ethanol on z-inch diameter horizontal
cylinders. Comparison of the experimental data with the
proposed correlation of best fit for ethanol (qL cale~-
ulated from equation 60). (See section 8.5.)
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Figure 47. Film boiling of ethanol on 2-inch diameter horizontal

cylinders. Comparison of the experimental data with the
proposed correlation of best fit for ethanol (qL calc-
ulated from equation 60). (See section 8.5.)
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Mleat flux q, . in thousands of Btu/nft”
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x Tw~698'1?
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mesn of the experimental data

——— ——+10% on the mean of the experimental data
——————— correlation using equation 59, N'uL-O.fi{‘a(a(GrPr")'I:'. for q,
= i (best fit for water)

10— (best fit for ethanol)

I e emiem.——correlation using equation 61, rluL-O.42(GrPr)'I:: for q
= eesssaersdu s aae " L] n

g
62, IluL'O.BJE((}rI'r‘ I:: for q

63, NuL-D.é(Grl‘rt)i. for ay,

= (The results are tabulated in appendix F).

L I GRS SELAF VRS EEY L MY WY M S B i

—— = egorrelation vsing = quation 60, N -0.15\{GrPr!)'i y for gy |

Eos Lo f oy

I | I 1 ] 1 |

PN ST S T

|
0 10 20 30 40 50
Liquid subcooling AT

L

60
(Ts—l

70

L)

go <90 100 110
in degF

Film boiling of ethanol on g-inch diameter horizontal
cylinders. Comparison of the experimental data with
the proposed éorrelations at the surface terperature
of 486°F. (See section 8.5.)
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[—Peat flux U ot ‘n thousands of Btu/hfti
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= —_— e " " " 63, NuL-O.G(GrI‘r‘)i. for qy, -
| (The resuvlts are tabulated in sppendiz F). -~
e O I S I S T U5 ST ol (L0 ool N | i 101 (el (e ) i (] (B8 |
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Liquid subcooling AT/ (TS—TL) in degF

Figure 56. Film boiling of ethanol on g-inch diameter horizontrl
cylinders. Comparison of the experimental data w th
the proposed correlations at the surface temperature
of 590°F. (See section 8.5.)
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Liquid subcooling AT, (TS-TL) in degF

Figure 57. Film boiling of ethanol on gz-inch diameter horizontal
cylinders. Comparison of the experimental data with
the proposed correlations at the surface temperature
of 698°F. (See section 8.5.)
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Liquid subcooling AT, (TS-TL) in degF
Figure 50. Film boiling of ethanol on 4-inch diameter horizontsl

cylinders. Comparison of the experimentzal data with
the proposed correlations at the surface temperature
of 486°F. (See section 6.5.)
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[—————Feat flux qtotijmthousands of Btu/hft2
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Liquid subcooling AT, (TS-TL) in degF

Figure 59. Film boiling of ethanol on z-inch diameter horizont-l
cylinders. Comparison of the experimental data with
the proposed correlations at the surface temperature
of 590°F. (See section 8.5.)
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Figure 60.

Liquid subcooling AT, (TB- L) in degF

Film boiling of ebthanol on 4-inch diameter horizontal
cylinders. Comparison of the experimental data with
the proposed correlations at the surface temper=zture
of 698°F. (See section 8.5.)
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{—u———Heat flux A ot in thousands of Btu/hft
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0 0 20 30 40 50 60 70 80 90 100 110
Liquid subcooling AT, (TS-TL) in degF
Figure 61. Film boiling of ethanol on z-inch diameter horizontel

cylinders. Comparison of the experimental data with
the proposed correlations at the surface temperature
of 486°F. (See section 8.5.)
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Liquid subcooling ATy (TS—TL) in degF
Figure 62. Film boiling of ethanol on %-inch diameter horizontol

cylinders. Comparison of the experimental data with

the proposed correlations at the surface temperature
of 590°F. (See section 8.5.)
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Liquid subcooling aTL

Figure 63. Film boiling of ethanol on Z-inch diameter horizontsl
cylinders. Comparison of the experimental data with
the proposed correlations at the surface temperature
of 698 °F. (See section £.5,)




Appendix A

CIRCUMFERENTIAL VARIATIONS OF
SURFACE TEMPERATURE AND HEAT FLUX

In the horizontal sections of the test-pieces, neither the surface
temperature nor the heat flux was uniform around the circumference.

One of the first indications that the temperature was not uniform '
occurred during the film boiling of water. There was a difference in
brightness around the circumference in the horizontal sections when the
tubing was glowing red, showing that the trailing edge was hotter than the
rest of the surface. A further indication occurred during the early tests on
the } inch diameter test-piece, in which the thermocouples had been left

free to move inside the tubing.  The results for these tests showed a high
degree of scatter which was considerably reduced by locating the sensing
junctions on the axis of the tube. |

In this position, the thermocouples registered a mean temperature

with respect to circumference of the inside surface of the horizontal section. -

Any displacement of the sensing junctions from the axis of the tube would
result in temperature readings between the mean value and that of the
surface towards which the junctions were displaced.

A consequence of the variation in surface temperature around the -
circumference was that the heating rate-also varied circumferentially, since
the electrical resistance of the tube material was temperature dependent.
The hotter, upper parts of the horizontal section were of higher resistance
than the colder, lower parts. Since these paths of differing resistance
were parallel, then, from the equation W = E2/R (watts = voltage squared
divided by resistance), the heating rate was greater along the bottom of the
tube than along the top'.

There would of course be a tendency to revert to a condition of uni=-
form surface temperature because heat would be conducted and radiated
from the hotter to the colder surfaces.

A qua | itative explanation of why the temperature variation occurs

depends on the fact that, in laminar convection, heat transfer coefficients

are largest at the leading edge and decrease with distance from it. Thus

183

.
e iy o X H

Y

i 3 e S

R —

T~
e e

T
R

T

g




In the present tests, in which the heating rate is the independent parameter,

the surface temperature changed to accommodate the change of heat

transfer coefficient.

i

Rt

i myap——




185

Appendix B

SOLUTION OF THE INTEGRATED BOUNDARY
LAYER EQUATIONS FOR THE LIQUID PHASE

The integrated boundary layer equations for single phase free

convection given in reference (52) are :

h h
d 2 d :
momentum ) a;-j u dy =g|3j edy-—apa;lj-o (81)
o o
h
energy ad;j U dy == g%L (B2)
o)

By assuming velocity and rempe'rc:ture profiles an approximate solution of
these equations can be achieved from which an approximate equation for
heat transfer can be obtained. The value of the numerical coefficient
of the heat transfer equation varies slightly according to the profiles
assumed, but this is not important because the value of the coefficient

is usually selected in the light of experimental data.

The above procedure has been applied to obtain a solution for
the liquid heat transfer in subcooled film boiling on a vertical plate.
The modification of the coefficient to make the solution apply to the
horizontal cylinder as described in section 3.4 was not carried out because
of the approximate nature of the solution, but selected from experimental
data as mentioned above.™

The profiles that were assumed are sketched below and were :
T=-T o L, 2
. 6 L y y y
temperature ?5 E e = e = | = 2 (——)+ ( ) =Q- ﬁ (B3)
| e, T-T S/ \&, T

w s

velocity U='UI-J—-=1 _%(_SL-) +;— (—Tr)s b | | (84)
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The profiles satisfy the following boundary conditions :

temperature . y=0 ¢ =1 ie. T= Ts
2 y = ST (i) = 0¢ T= TL
,_d
3 y=5¢ ¢'= =0 zero temperature
T & gradient
velocity 4 y=0 U=1 Y7 Y% T Y maximum
5 y= u=o0 zero interfacial sheer
6. y=5, U=0 stationary bulk liquid
7. y= y u=0 zero velocity gradient

The boundary conditions 4-and 5 arise because it has been assumed that
the liquid moves freely, i.e. under its own buoyancy and without any
shear at the interface. The theoretical solution by Nishikawa and Ito (53)
section 3.7.1 which invol\'reld both phases, indicates that for water
these boundary conditions are reasonably close approximations at moderate
and high subcooling. The fact that velocities in the y - direction are
not considered implies that there is no evaporation and condensation .

A relation for the Nusselt number can be obtained from the
temperature profile. At any position on the interface the conduction

equation gives the local heat flux Q. Gs




The local Nusselt number was defined as:
/

= 9., X
Nux e 'k
w
Substitution gives
_ de X
N, =-3y| o °
.. o ~w

49 | d_OL 2
dy o dy ew
— _ 2%
hence NUX ==X ¢ = --8-:‘-' . (85)

It is often assumed that in free convection the temperature and

velocity boundary layers are of equal thickness ( ST = E;U), and the

solution was first carried out after making this assumption.  The thick-
nesses are the same, however, only when the value of the Prandtl
number is unity. At other values of the Prandtl number the two thick-

nesses are related by the value of the Prandtl number thus (18) :
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5= b/ | | 6o

A second solution was therefore carried out using this relationship.

Solution 1 Bu = ST =§

From equdtions B3 and B4 ,

h
2, (42, 13 2
Eou dy-—lu dy = =z UWS
h
3 1
S O dy =S ody = 5 9%
o (o]

i

e . e i 2 e

T

e




|
o

and

4 d B
3 S R SEE Y

onlN

By making the substitutions v, = Cx% and d= KX% the equations reduce

to:
2 28
C =75 gge
and
2kt = 1000x 2
10y [ 1002]% .
Hence 2 = Kx* = x 55 g?’ew ’
= 2x  _
No = 2% = 0.583 [or P ]
_ 4 - “ '
and Nu = 3 Nux 0777E3rPr] (B..D

A general solution for all similar profiles is therefore ;

Nu = N l;?vrPrZJ % _ | (B 8)
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Solution 2. Su = ST ,/F

From equations B3 and B4,

h
2 v 2 13 2
& u dy=% u dy’—'-a—s- Y Su ‘
)

(o

h
ST 1
& edy=\ edy=-§9w%-r r

o o

h

\

The last integration had to be carried out from 0 to %T only because

= b _ 1 1 1
uBdy = |\ uBdy =0.u oG - Torr * FomR )

o ]

= ewuw BT f(Pr) .

fory> ST the infegrand is zero,

du
Continving, =0,
onrinuing -a-)-; .
de ZGW
and —— 52 e e—

Yo ijT

3

By making the substitutions u, " Cx* and %T-'—'— Kx:" the equations

reduce to :

2 28 (=)
ct = 282,
29 >
2
and C2K4 = %i "AT .
(f(Pr))
Hence §. = Kx“‘-':x% 64 39 042 JPr %
| ' 7 B O, e |

Nux=2§-<- = 1.13 [E?;rxPr%J 3 [f(Pr):] : ’
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Nu = % Ny =1.51 I-_GrPr%] * ]}(Pr)]% . (B q)

A general solution for all similar profiles is therefore :

) %
No = N [Gepd] * l%-m% Mp— :| : )

30Pr /Pr




Appendix C
EXPERIMENTAL RESULTS
Table C (page 192 to ..2!5)
The experimental results are presented in table C for each of

the nominal values of cylinder diameter. The exact values of the

diameters are given in appendix E, table E1.
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1/8 - inch diameter

Neminal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 tot,
and Test No. TW °F ATL degF | Btu/hft
1/8 51.2 Distilled 1312 13.5 59 500
Water
3 . " 15.5 60 300
4 " " 18 63 200
5 " " 23.5 65 800
6 " " 20.5 64 800
7 " " 19 63 100
8 " 1012 19 44 700
9 " " 24,5 46 400
10 " 1312 22.5 65 400
11 " 1012 22 45 600
12 " 1312 21 64 100
13 " 1012 21 43 600
1/852.1 |De-ionlzed 1312 14 61 500
Water '
2 " 1012 16 43 400
3 " 1312 16.5 62 000
4 " 1012 18.5 44 700
5 " 1312 18.5 63 100
6 " 1012 20.3 45 600
4 " 1312 45 75100
11 " 1612 3 . 93 500
12 - 1612 25.5 91 500
13 " " 2] 8% 600
14 " " 18 - 88 200
15 " " 16.5 84 700
16 " - " 16 85 500
17 " 1312 17 62 300
18 " 1012 18 44 800
22 " 1612 52 104 000
23 " " 48.3 96 300
28 " 1012 75.3 65 800
29 " 1312 74 .5 82 200
30 " 1612 73 103 000
31 " 1312 70.5 74 500
32 " 1012 68 54 500
1/8 3.1 | De-ionized 1312 29.5 66 800
Water ‘
2 " 1012 30.3 43 700
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Nominal Test Fluid Surface Subcooling | Heat Flux

Diameter Temperature q tot,,

and Test No. TW °F ATL degF | Btu/hft
1/8 S3.3 | De-ionized 1312 31 68 200

Water .

4 " 1312 41.5 73 600

5 " " 42.7 75 500

6 " " 55.3 82 300

7 " " 55.3 82 300

8 " " 58 83 200 -
9 " " 72.7 94 000 '

10 " " 83 101 000

11 " 1012 82.3 79 700

12 " 1312 91 108 500

13 " " 90.5 104 500

1/8 T1.1 | De-ionized 1312 74 .5 95 000

Water

2 " " 68.7 90 200

3 " " 70 92 100

4 " " 48.7 77 000

5 " v 49.5 77 500

6 " " 21.5 64 400

7 " " 22 65 000

8 " " 13 60 600

9 1] ] ]3 60 500

1/8 T2.1 | De~ionized 1312 68.7 90 200

- Water
plus 0.01%
teepol

2 " " .68 89 800

3 " " 84 98 800

4 " " 83 97 900

5 " " 92 98 800 -

6 " " 94.5 105 500

7 " 1012 93 80 200

9 " 1312 95.7 106 500

10 " " 45 76 500

11 " " 46.5 78 800

12 " " 45,7 77 000

13 " " 21.5 64 600
14 " " 21.5 64 600

15 " " 23.7 65 500

16 " 1612 140 139 000




Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 totz
and Test No. Tw °F ATL degF | Btu/hft
1/872.18 | De-ionized 1612 135.5 143 000
Water
plus 0.01%
. teepol
1/873.1 De-ionized 1612 103 133 000
' Water
plus 0.01%
teepol
2 " 1312 102.3 105 000
3 " 1612 102.3 132 000
4 " 1312 101.5 106 000
5 " " 82.3 95 500.
6 " 1612 82 120 000
7 " 1012 79.5 58 200
8 " 1312 80.5 95 500
9 " " 77 94 000
10 " 1612 76 118 000
11 " " 73 116 000
12 " 1012 70 69 000
13 " 1612 73 116 000
14 " 1012 69 68 500
15 " 1612 81.5 120 000
19 " 1012 78 - 65 000
20 " " 77 64 000
21 " " 76 63 500
22 . " 79.5 74 800
1/8U1.1 | De-ionized 1012 70.5 67 600
Water
plus 0.01%
teepol
2 " 1612 69.5 113 000
3 " " 68 112 000
4 " 1012 65 61 100
5 " " 65.3 61 100
6 " 1612 41.5 98 000
7 " 1312 41,5 72 200
8 " 1012 41.5 54 400
4 " 1612 41.5 98 500
10 " 1312 73 200

41.5
Y
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature q ot
and Test No. Tw °F ATL degF | Btu/hft
1/8 Ul.11 De-ionized 1012 42.3 54 800
Water .
" |plus 0.01%
teepol
12 " " 21 44 500
13 " 1612 18.5 86 300
14 " 1012 19.5 43 900
15 " 1612 20 86 800
1/8 Vi. 1 De-ionized 1612 76 .5 114 000
Water /
plus 0.025%
detergent ‘
2 " 1312 73.5 89 000
3 " 1612 78.7 116 000
4 " 1312 76 89 500
1/8 V2.1 . De-ionized 1312 27 65 600
Water
2 " 1612 27 86 500
3 " 1612 26.3 87 100
4 " 1612 17.7 83 000
5 " 1012 18 42 400
6 " 1612 18 84 000
7 " 1012 18 42 800
8 " 1612 61 105 500
9 " 1312 58.3 80 700
10 "o 1612 . 59 105 000
11 " " 83.5 121 000
12 " " 82.3 120 000
13 o " 100.5 134 000
15 " 1312 93.5 106 500
16 " 1612 94.5 129 000
17 " " 106.7 1392 000
18 " " 99.3 134 000
19 " 1312 95.7 110 000
20 " 1012 92 . 80 000
21 " 1612 72.3 115 000
22 " 1012 36.3 50 900
23 " " 35 50 200
24 " " 22.5 45 300
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Nominal Test Fluid Surface Subcooling | Heat Flux

Diameter Temperature 9 i'ot2
and Test No. Tw °F ATL degF | Btu/hft
1/8 V2.25 De=ionized 1012 21.5 45 100
Water .
26 " " 1.7 40 900
27 " " 13 41 500
28 " " 13 41 500
29 " 1612 11 84 000
30 " " 9.5 83 500
31 " 1312 10 58 700
32 " 1612 25 89 200
33 " " 24 88 100
34 " s " 62 108 000
35 " " 59 107 000
1/8 V3.1 De-ionized 1612 9 83 000
Water
plus 0.01%
detergent

2 " " 9.5 83 000
3 " 1012 10.5 39 800
4 " " 12 41 100
5 " " 26.3 47 500
6 " " 25 45 600
7 " " 62.7 66 700
8 " " 63 66 700
9 " 1612 86 124 000
10 " " 101.5 137 000
1/8 V4.1 Tapwater 1612 138 157 500
2 " 1312 137 133 000
3 " " 134 133 000
4 " 1612 137.5 155 500
5 " 1312 77 97 500
6 " " 78 97 500
7 " " 50 79 200
8 " " 52 79 500
9 " " 14 59 500
10 " " 12 . 59 000
1 " " 24.5 64 800

12 " " 24.5 64 800 -
13 " " 51.5 78 000
14 " " 51 78 000
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Nominal Test Fluid Surface | Subcooling | Heat Flux
Diameter Temperature q forz
and Test No. TW °F ATL degF | Btu/hft

1/8 V4. 15 Tapwater 1312 76.5 92 800
16 " " 75.3 92 200

17 " 1612 99.7 135 500

18 " " 98 135 500

1/8 Wi, 1 Tapwater 1612 98 129 000
2 " 1312 98 105 500

3 " 1612 99 131 000

= " 1312 97 108 500

5 " 1612 95.7 128 000

6 " 1312 94 106 000

7 " 1012 90.5 85 500

8 " " 88.3 84 500

9 " 1612 92.7 127 000

10 " 1312 92.7 104 400

11 " 1012 88.7 84 500

12 " " 76 75 400
1/8w2. 1 Tapwater 1012 75.7 76 000
2 " " 62 66 800

3 " " 62.7 67 400

4 " " 41 52 400

) " " 39.7 52 400

6 " " 30.3 47 100

7 " " 31 47 500

8 " " 37 49 600

1/8 W3. 1 Tapwater 1612 102 132 500
2 " " 101 134 500

3 .. " 101 133 500

4 " " 102 137 000

5 " 1312 110 115 000

1/8 X1. 1 Tapwater 1612 110.5 141 000
2 " 1312 110 117 000

3 Tapwater 1612 116 142 000

plus 0.025%
teepol

! " 1312 114.5 84 000

6 . 1612 1173 144 000

7 " 1312 114.5 84 000

8 " 1612 125.5 147 000
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature ' 4 totz
and Test No. Tw °F ATL degF Btu/hft
1/8 Y1. 1 Tapwater 1612 2.2 88 000
2 " 1312 2.2 58 000
3 " 1012 2.7 39 000
4 " 1612 2.0 81 000
5 " 1312 2.2 58 000
6 " 1012 2.5 39 000
1/8 Y2.1 Tapwater 1612 83 124 000
(aerated)
2 " 1312 82.7 100 500
3 " . 1012 81 79 900
4 " 1612 82 122 000
5 " 1312 81 99 000
) " 1012 80 79 000
7 " " 79.5 77 500
8 Tapwater 1612 82.3 124 000
(de-aerated)
9 " 1312 81.5 98 100
10 " 1612 81 123 000
11 " 1312 80.5 97 300
12 " 1012 78.7 77 000
13 " 1612 125.5 151 000
14 " " 124.3 . 147 000
1/8 ES2.1 Ethanol 698 104 38 600
2 " 590 104 33 200
3 " 698 101 38 200 -
4 "oo— 590 100.5 32 500
5 I 486 100.5 27 500
6 " " 100 27 100
7 " 698 747 33 600
8 " 590 75 28 100
4 " " 76 28 400
10 " 486 76 23 500
11 " 698 76 33 700
12 " 486 74.7 23 400
13 " 698 49.7 30 200
14 " 590 49.7 24 400
15 " 486 50 19 600
16 " 698 51 30 200
17 " 590 46.7 24 200
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" Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature fotz

and Test No, T, °F AT degF Btu/hft
1/8 ES2.18 | Ethanol 486 46.7 19 200
19 " 698 51 30 200

20 " 590 51.5 24 600

21 " 486 52 19 850

22 " " 53 20 100

23 " 698 26.7 27 100

24 " 590 26.3 21 600

25 " 486 26 16 600

26 " 698 26.7 27 000

27 " 590 26 21 600

28 " . 486 26 16 600

29 " » 698 14.5 25 400

30 " 590 14 20 050

31 " 486 13.7 15 330

32 " 698 9.3 25 000

33 " 590 9.3 19 530

34 " 486 9.3 15 800

35 " 698 -5 24 050

36 " 590 5.5 18 900

37 " 486 6 14 400

38 " 698 3 24 150

39 " 590 3.7 192 100

40 " 486 3.3 | 14180

41 " 698 2.5 24 150

42 " 590 2.5 19 100

43 " 486 3 . 14 180
44 " 698 3 24 150 .

45 "o 590 3.7 19 200

46 " 486 3.3 14 280

47 " 698 1.5 24 150

48 " 590 2 19 000

49 " 486 2.5 14 070
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1/4 - inch diameter

Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 tofz
and Test No, Tw °F ATL degF | Btu/hft
1/4 T1. 1 | Tapwater 1612 108 123 000
1/4 Ul. 1 | Tapwater 1612 123.5 130 000
2 " 1312 121.5 109 000
3 " 1612 124 132 000
4 " " 90.5 112 500
5 " 1312 88 92 000
6 " 1012 87 76 000
7 " 1612 62.3 96 000
8 " 1312 62.3 74 700
9 " " 61.5 74 700
10 " 1612 21 81 600
11 " 1312 20.7 58 100
12 " 1012 21.5 40 300
13 " 1612 20.3 81 500
14 " 1312 20.3 58 500
15 " 1012 21 40 700
1/4 V1.1 | Tapwater 1612 90.5 107 500
2 " 1312 89 88 000
3 " 1012 88.3 66 200
4 " 1612 85 105 000
S " 1312 85.3 87 100
6 " 1012 83.5 69 000
7 " 1612 66 94 000
8 " 1312 62 72 500
9 " 1612 61.5 92 000
10 " 1312 . 60 72 200
1 " 1012 65.7 59 800
12 " 1612 20.7 78 800
13 " 1312 20.3 56 800
14 " 1012 20.7 39 100
15 " " 22 39 600
16 " 1312 22.5 57 800
17 " 1612 26.7 82 000
18 " 1012 82.3 70 000
19 " " 68.7 . 63 500
20 " " 67 .5 62 600
21 " . 65.3 61 600 -
1/4 V2.1 | Tapwater 1612 2 70 400
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Nominal | Test Fluid Surface | Subcooling | Heat Flux
Diameter Temperature q. forz
and Test No. T, CF AT, degF | Btu/hft
1/4 V2.2 | Tapwater 1312 2 49 500
3 " 1012 2 .32 800
4 " 1312 2 48 800
5 " 1612 1 69 000
6 1 " 2.4 70 400
7 " 1012 2 33 100
8 " 1612 2 70 600
9 " " 2 70 600
10 " 1312 2 49 900
11 " 1012 2 33 400
1/4 V3.1 Tapwater 1612 40.5 89 000
2 " 1312 39 63 400
3 " 1612 40.5 89 500
4 " 1312 39.7 64 500
5 " 1612 78.7 101.000
6 " 1312 77.5 83 400
7 " 1€12 76.5 100 000
8 " 1312 75 81 800
9 " 1012 40 46 700
10 " "o 41 46 700
1 " " 109.7 122 000
12 " 1312 109.3 101 000
13 " " 106 99 000
14 " 1612 103.5 118 000
15 " " 78.7 104 000
16° " 1312 77.5 83 400
17 " 1612 77 103 000
18 . " 40.5 88 500
19 " . 41.5 88 500
20 " 1312 39.7 64 100
21 " 1612 146 144 000
22 " 1312 140.3 120 000
23 " 1612 144 142 000
1/4 W1, 1 Tapwater 1612 134.5 136 000
2 " 1312 134 113 000
3 " 1612 127.8 132 000
4 " 1312 119.5 108 000 -
S " " 135 115 000
6 " " 131 113 000
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature q tot,,
and Test No. T °F AT degF | Btu/hft
w
1/AW1. 8 | Tapwater 1012 119 89 600
12 " 1612 150.5 146 500
13 " 1312 143 121 000
14 " 1012 138 102 000
15 " 1612 158.7 149 000
16 " 1312 152.,5 124 000
17 " 1612 145.7 145 000
18 " 1312 139 119 500
19 " 1012 132.5 94 000
1/4W2, 1 Tapwater 1012 75.7 76 000
2 " " 62 66 800
3 " " 62.7 67 400
4 " . 41 52 400
5 " " 39.7 52 400
) " " - 30.3 47 100
7 " " 31 47 500
8 " " 37 49 600
1/4 W3. 1 Tapwater 1612 134 134 000
plus 0.025%
teepol
2 " 1312 126.5 101 000
3 " 1612 137 136 000
1/4 W4. 1 Tapwater 1312 51 69 600
2 " 1612 49.5 93 700
3 " " 52 93 700
4 " " 80.5 107 000
5 " 1312 84 88 000
6 " " 82.7 87 400
7 . 1612 79 106 000
8 " 1012 80 69 600
9 " " 79 67 500
10 " 1612 113.7 126 000
n " " 109.7 125 000
12 " " 110 125 000
13 " 1312 114 107 000
14 " " 114.5 107 000
15 " 1012 111.5 85 000
16 " " ”9.5 84 200
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 tot,,
and Test No. T °F AT, degF | Btu/hft
1/4 W4.17 | Tapwater 1612 143.5 144 000
18 " " 140.7 146 000
19 " 1312 140.3 120 000
20 " S 140 121 000
21 i 1012 132..3 103 500
1/4 X1. 1| Tapwater 1612 58 94 000
2 u ¥ 62.5 96 000
3 " 1312 61 72 700
4 - o 62.3 73 100
5 " . 1012 60 56 600
6 " i 60.5 57 900
7 L 1612 1.5 72 500
8 " 1312 1.0 50- 100
9 " 1012 1.0 32 600
10 L 1612 30 86 600
11 " 1312 32 62 800
12 i 1612 29.5 86 600
13 n 1312 33 63 200
14 " 1012 34 44 200
15 " " 33 43 600
16 . 1612 94.5 113 000
17 " " 89 . 110 500
18 - 1312 90.5 91 500
19 * " 92 93 100
20 3 1012 91 - 74 400
21 " " 90.5 73 500
22 L 1612 123 132 000
23 " . # 122.5 131 000
24 " 1312 122 110 000
25 : o 123 109 000
26 " 1012 123 21 000
27 z 1012 123 90 500
28 " 1612 154 147 000
29 " " 153.5 149 000
30 " 1312 153.5 126 000
31 " i 153.5 125 000
32 " 1012 153 107 000
33 " 1612 65.7 98 500
34 " 1312 62.3 74 400
35 " 1012 61 59 100
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature L torz

and Test No. T °F AT, degF | Btu/hft
1/4 X1, 36 | Tapwater 1612 94 114 500
37 " 1312 93 94 500

38 " 1012 89 - 75 200

39 " 1612 0 72 800

40 " 1312 0 50 000

41 " 1012 0

42 . 1612 30.3 87 500

43 " 1312 31 63 600

44 " 1012 32 44 200

45 " 1612 121.5 132 500

46 " (1312 123 112 000

47 " 1012 121.5 91 600

48 " 1312 152 126 000

49 " 1612 154.7 150 000

50 " 1012 154 104 000

51 | Tapwater 1612 154 136 000

plus 0.025%
teepol _

52 . 1312 154 111 000

53 " 1612 154 137 000

54 " 1312 154 112 000

© 55| Tapwater 1612 0.5 70 400

56 "o 1312 1.0 51 000

57 " 1012 2.3 34 300

1/4 X2. 1| Tapwater 1312 77.5 78 600

plus 0,025%
teepol S

2 " 1312 77 78 600

3 " 1612 77.5 99 800

4 " " 77 .5 100 100

5 " 1012 77 .5 44 400

6 " " 77.5 44 200

7 . 1312 52 67 300

8 " " 52.3 67 700

9 L 1612 52.3 88 000

10 " " 51.5 87 600

1 " 1012 53 51 800
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature q tot,,

and Test No. T, °F AT, degF | Btu/hft
1/4 X2.12 | Tapwater 1012 al.5 51 400

plus 0.025%
teepol

13 " 1012 77 44 600
14 " " 52.3 51 400
15 . " 58.7 54 400
16 . 4 65.3 57 000
17 " b 71 44 000
18 " i 74.5 44 000
19 " “ 78 44 400
20 " " 70 43 600
21 " " 69 43 400
22 U i 68 43 400
23 " " 67 "~ 43 200
24 . " 66 57 300
25 " " 65 44 000
26 u " 65 43 000
27 " " 63 43 100
28 " " 64 45 900
29 " . 61 43 400

- 30 L L 61 54 900
31 . " 70 58 400
32 u Y 69 58 400
33 " 1312 70 76 900
35 " " 102 68 100
36 " " 102 68 100
37 " " 102 92 500
38 L " 102 93 100
39 » 1612 102 117 000
40 " " 102 117 000
41 L 1312 90 66 500
42 " " 90 66 900
43 A " 90 87 900
44 " " 90 87 500
45 " . 77 81 500
46 1 & 77 66 500
47 " 1612 125 130 000
48 " . 123 129 000
49 . 1312 125 71 000
30 " " 124 71 000
5] i " 125 101 500
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 fot,,

and Test No. T °F AT, degF | Btu/hft
1/4 X2.52 | Tapwater 1312 124 100 500

plus 0.025%
‘teepol .
53 . " 122 110 500
1/4 X3. 1| Tapwater 1012 77 .5 60 300
' plus 0.025%
teepol

2 " " 80 60 200

4 " 1312 147 104 000

5 " " 147 104 000

6 " " 146.5 72 800

7 " " 147 106 000

8 " " 148 75 500

9 " 1612 147 127 800

10 " " 147.5 128 000

11 " " 125 127 800

12 " " 125 127 800

13 " " 125 118 000

14 " " 125 106 500

15 " " 125 118 000

16 " " 124.7 118 000

17 " " 124.7 97 000

18 " " 124.5 97 700

19 " " 112 118 000

22 " " 112 117 000
23 " " 112 116 000,

25 " " 112 115 000

26 " " 112 117 000

27 " 1012 92.7 67 600

28 " " 91 66 400

29 " " 89.5 47 800

30 " 1312 89.5 67 700

31 " 1012 89.5 66 400

24 " 1550 112 115 000

25 L 1590 112 115 000

1/4 ES2. 3| Ethanol 698 87.5 32 500
4 " 590 86 26 800

5 " . 486 85 22 100

6 " 698 85.3 32 500
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Nominal Test Fluid Surface | Subcooling | Heat Flux
Diameter Temperature 9 tot,,
and Test No. T °F AT, degF | Btu/hft

1/4 ES3. 1 | Ethanol 698 85,7 32 900

2 " 590 85.7 26 900

4 " 698 74 31 700

5 " " 74 31 700

6 " 590 74 25 700

8 " " 72 25 600

9 " 486 72 20 900

1/4 ES4. 1 | Ethanol 698 49.3 27 400

2 " 590 49.3 22 900

3 " . 486 49.7 18 550

4 " 698 49.0 27 900

5 " 590 49 22 900

6 " 486 49.3 18 300

7 " 698 104.5 35 000

8 " 590 104 29 600

9 " 486 102.5 25 400

10 " 698 96.5 33 900

11 " 590 96 28 600

12 " 486 89.7 22 900

13 " 590 90 27 800

14 " 486 103 25 000

15 " 590 101.7 29 200

1/4 ES5.13 | Ethanol 698 3 21 400

14 " 590 3 - 16 600

15 " 486 3.4 12 400 -

.16 " 590 2.7 16 500

17 " 698 3 21 400

18 " 486 3 12 400

1/4 ES6. 1 | Ethanol 698 24 23 800

2 " 590 24 19 400

3 " 486 23.7 15 300

4 " 698 23.7 23 800

5 " 590 23.3 19 200

6 " 486 - 23 15 200

7 & 698 ?.7 21 900

8 " 590 10 17 400

9 " 486 10.5 13 500

10 " 698 8.5 21 700
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature qtofz '
and Test No. T °F AT, degF | Btu/hft

1/4 ES6.11 | Ethanol 590 8 17 000
12 . 486 9 13 300

13 " 698 3 21 300

14 " 590 3 16 450

15 " 486 3 12 300

16 " 698 1.5 21 100

17 " 590 1.5 16 200

18 " 486 1.5 12 000

19 " 698 46 27 200

20 " 590 43.7 21 900

21 " 698 43.7 27 000

22 " 590 42 21 900

23 " 486 43.3 17 200

24 " 490 42 21 900

25 " 486 40.5 17 300

26 " " 40 17 300

27 " " 26.7 15 800

28 " " 28.5 15 900

29 |- " 590 104 29 900

30 . 486 101 25 100

31 " " 97.6 24 350

32 " " 97.3 24 700

33 " " 94 23 800

34 " . 74.3 21 100

35 " 590 74.3 25 500

36 . 698 70.3 30 250

37 " 590 69 25 100

38 " 486 68 20 450

39 " " 1.5-2 12 120

40 " " 1.5 12 120

1/4 ES7. 1| Ethanol 1012 110.3 57 500
2 " " 107.5 56 600

3 " " 103.0 56 000

4 " " 85.0 53 500

5 " " 79.5 53 200

6 " " ~79.5 53 200

7 " " 67.7 51 500

8 " " 64 50 200

9 " " 63.3 49 800

10 " " 46 46 400
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 4 totz
and Test No. T, °F AT, degF | Bru/hft
1/4 ES7.11 |  Ethanol 1012 46 46 400
12 " " 46 46 400

13 " " 26 43 400

14 " " 26 43 800

15 " " 10 41 900

16 " " 10 42 100

17 " " 2 38 700

18 " " 2 39 400

19 " " 106 55 800

20 " " 102 54 500

21 " " 97.7 53 000

22 " " 93 52 800

23 " " 91 52 800

24 " " 86.5 53 000

25 " " 84.5 51 500

26 " " 79 50 100

27 " " 76.5 49 700

28 " " 73 49 400

29 " " 105 54 700

30 " " 101.3 - 52 100

31 " " 98.5 51 900

32 " " 94 51 500

33 " " 86.5 50 000

34 " " 82.5 49 600

35 " " 79.5 49 200

39 " " 90 53 600

40 " " 85.7 54 200

41 " " 101.3 54 900

42 " " 97.3 54 300

43 " " 91 54 100

44 " " 86.5 53 200

50 " " 62.5 51 500

51 " " 58.5 48 100

52 " w 57 48 500

1/4 ES8. 1| Ethanol 1012 94 51 100
. 2 " " - 91.5 50 700
3 " " 83 49 800

4 " " 76 49 000

S . " 75.5 48 400

6 " " 73.5 48 100




Heat Flux

Nominal Test Fluid Surface | Subcooling

Diameter Tempeg:ature 9 tot2
and Test No. T, F ATL degF | Btu/hft

1/4 ES8. 9 | Ethanol 1012 70.7 47 600
10 . " 68 47 200
11 " " 65 47 209
12 " " 57.5 46 400
13 " . - 853.7 45 500
14 » " 52.5 45 300

’
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3 = inch diameter

Surface

Nominal Test Fluid Subcooling | Heat Flux
Diameter Temperature q 1'ot2
and Test No. T °F AT, degF | Btu/hft
3 S1. 1 Tapwater 1012 11.7 32 700
2 " 1312 11.3 45 700
3 " 1012 12 33 000
4 " 1312 11 45 500
7 " 1012 1.5 27 250
9 " " 23.7 39 400
10 " " 24 .5 39 700
11 " 1312 25.5 55 200
12 " " 24.5 54 900
13 " 1012 43 44 300
14 " 1312 41,5 62 000
15 " 1012 42 44 500
16 " 1612 2 60 800
17 " 1012 41 45 200
18 " " 41 45 400
21 . " " 5.7 30 400
22 " " 5.3 29 900
23 " " 13.5 34 850
24 " " 33.7 43 400
25 " " 37.5 44 800
26 " 1312 35 61 100
27 " 1012 41 45 900
28 " " 40.5 45 900
29 " 1312 40.5 63 900
30 " " 40.5 63 9200
31 " 1012 25 40 900
32 " 1312 25 57 000
33 " " 26.3 57 700
34 " 1012 19 38 400
35 " 1312 1945 53 400
36 " " 17.7 52 100
37 " 1012 17.3 36 800
38 " " 26.7 41 400
39 " " 15.5 36 100
40 " 1312 14.7 50 300
41 " 1012 10 32 700
42 " 1312 10 47 900
43 " 1012 12.5 34 600
44 " 1312 12.5 49 100
45 " 1012 8 31 600
46 u 1312 7.5 46 600
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 tot,,
and Test No. Tw °F ATL degF | Btu/hft
3 s, 47 1012 5 30 400,
48 " 1312 5 -+ 45 300
49 . 1012 2.7 29 800
50 " 1312 2.7 44 400
51 " " 50 67 000
52 " 1012 49 47 400
53 " 1312 51.5 67 300
54 " " 61.5 72 200
55 " " 60 71 600
56 " " 68 71 600
57 " " 69.5 71 900
58 " " 61 71 600
59 " " 68.3 71 600
60 " " 71 71 600
61 " " 76.5 74 400
62 " " 81 76 200
63 " " 76.5 74 700
64 " " 74.5 73 500
65 . " 72.3 72 500
66 " " 70.5 72 800,
67 " . 68.3 72 100
68 " " 66.5 72 500
69 " " 63.5 71 900
70 " " 64.5 71 900
71 . " 65.5 73 100
72 " " 63.5 72 100
73 " " 60 71 600
74 " " 55 69 400
75 " " 64.5 71 900
76 " " 64.5 73 100
77 " " 1.5 44 400 -
78 " 1012 2 .29 800
79 " 1312 79.5 75 900
80 " " 84.5 78 000
81 " " 89 80 200
82 " " 94.5 83 000
83 " " 105.5 88 500
84 " " 111 90 300
85 " " . 108.5 89 500
86 . " 118 - 92 600
87 " " 113 90 300
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature 9 tot,,
and Test No. T, °F AT) degF | Btu/hft
% ES1. 1 Ethanol 590 7.5 15 750
2 1 " 698 4.5 19 350
3 " 486 3.7 11 400
4 " 590 72.0 23 700
5 " 486 63.7 18 700
6 " 698 56 27 800
7 " 590 49.6 21 700
8 " 486 43.3 16 400
9 " 698 33.7 24 700
10 " 590 29.0 19 350
11 " 486 26.0 14 800
12 " 698 21.0 22 500
18 " " 78 29 300
19 " 590 70.3 23 400
20 " 486 67.7 19 000
21 " 590 65.5 22 900
22 " 698 61.5 28 200
23 " " 60.7 28 100
24 " 486 56.7 17 800
25 " 698 2.5 19 000
26 " 590 2,5 14 650
27 " 486 3.0 11 100
28 " 590 2.5 14 750
29 " 698 2 19 000
30 " 590 3 10 900
31 " 698 93.3 31 200
32 " " 90 30 400.
33 " 590 81 24 800
34 " 486 74 19 500
35 " 590 69 23 200
36 " 698 64 28 500
37 " " 59.5 27 900
38 " 590 55 21 800
39 " " 50.5 21 700
40 " 485 47 .5 16 500
41 " " 44 16 200
42 " 698 - 42 25 900
43 " 590 35.5 20 300
44 " 486 35 15 400
45 " 698 32.5 24 300
46 " " 27 23 400
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature tot,,
and Test No. Ty °F ATL degF | Btu/hft

% ES1.47 Ethanol 590 25.5 18 550
48 " 486 23.7 14 350
49 " " 22.5 14 200
50 " 590 21.0 17 900
51 " 698 99.5 31 700
52 " 590 93.7 26 200
53 " 486 89.7 21 700
54 " " 86 21 400
55 " 590 75.5 24 800
56 " 698 74.7 29 600
57 " " 70.7 29 500
58 " 590 65 23 200
59 " 486 60 18 400
60 " " 56 17 950
61 " 590 53 21 800
62 " 486 72 19 650
63 " 590 67 23 100
64 " 698 60.7 28 400
65 " " 54.5 27 800
66 " 590 51 21 700
67 " 486 48.5 16 850
68 " " 45.5 16 400
69 " 590° 42 21 100
70 698 38.5° 25 300
71 " " 35.5 24 800
72 " 590 29.7. 19 350
73 " 486 29 15 100.
74 " " 99.5 22 400
75 " " 93.7 22 200
76 " 590 88 25 700
77 " " 81.7 24 900
78 " 698 73.5 29 600
79 " " 67.7 29 200
80 " " 57 28 500
81 " " 51.5 27 800
82 " " 44.5 26 700
83 " 590 - 4] 21 200
84 " " 38 20 700
85 " 486 36 15 600
86 " " 33.7 15 400
87 " " 37.5 15 750
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Nominal Test Fluid Surface Subcooling | Heat Flux
Diameter Temperature qtofz
and Test No. Tw °F L\TL degF | Btu/hft

3 ES1.88 Ethanol 590 33.7 20 000
89 " 486 31.0 15 300
20 " 698 99 31 700
91 " " 89 30 700
92 " 590 43.3 21 200
93 " " 40.5 20 900
94 " 486 29.7 15 100
95 " " 29 15 050
96 " " 28,5 15 000
97 " " 14.5 13 000
98 " " 14 12 950
99 " " 13.7 12 800
100 " 590 48 21 700
101 " " 44 .5 21 500
102 " " 42.5 21 400
103 " " 40 20 750
104 " " 36.3 20 600
105 " " 45.5 21 500
106 " " 49.0 21 700
107 " 698 49 26 800
108 " " 47 .5 26 700
109 " 590 47 21 400
110 " " 46.7 26 800
11 " " 54 27 450
112 " " 50 27 200
113 " " 46.7 26 800
114 " 590 49 21 700
115 " " 46.7 21 400
116 " " 49 21 800
117 " " 46,7 21 500
118 " 698 2 18 600
119 " 590 1.5 14 350
120 " 486 1.5 10 750
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Appendix D
FLUID PROPERTIES

Table D1 Joint liquid=vapour properties.
Table D2 Properties of the liquids and GrL/ DS.

Table D3 Properties of the vapours and Gr*/03 .

The values of the fluid properties were taken from a number of sources,
the reference numbers of which are given in brackets in the tables. The
accuracies of the values, where they were given, are quoted below the
reference numbers.  The properties of the detergent solutions, except
for surface tension, have been assumed to be the same as for water.

The modified Grashof number Gr*, has been defined as follows :

Gt TL'g'z“ (€ R D’

The values of the density difference, (QL - Q) were obtained as follows,

where the numerical suffices refer to the temperatures at which the

densities were evaluated.

For water 4 L= 3 (R 2]2'1'?50) ’

and Qv & Q  r Wos neglected.
For ethanol Q L = % (Q ]73 +668) ’

and Qv = Q 380

The density of the ethanol vapour was evaluated at 380°F which is the
‘mean temperature of the vapour film for the middle surface temperature of
590°F. The accuracy of the values of Gr* thus evaluated is discussed in
section 6.5, The other properties were evaluated at the mean tempera=-
t

ure of % (Tw + Ts) )



"Table D1

Joint liquid=-vapour propérties

0 ZR{gco/g €~} 2

Water Delergent Ethanol
solution
Boiling point TSOF 212 as for water | 173 (79)
Surface tension o at Ts 4.03x1 0‘-3 1.6 x 10-3 1.2 % 10'-3
b f/ﬁ (80) (81) (82)
Latent heat of vaporization 970.3 as for water 360
hfg Btu/Ib (83) (84)

Critical wavelength )\cinch' 0.612 0.384 0.379
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Properties of the liquids and GrL/D3

TABLE D2
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Vapour properties.

TABLE D3.
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Appendix E
REDUCTION OF THE TEST DATA
Table El Diameters of the test sections.

Tables E2 Mean values of the experimental results and reduced

data for the liquid heat transfer.

E2a '1/8 inch diameter cylinders,
'E2b % inch diameter cylinders,
E2¢ % inch diameter cylinders.
Tables E3 Reduced data for saturated film boiling.
E3a water,
E3b ethanol.

The test data for water a‘nd ethanol have been reduced to dimension-
less form by dividing the results into "vapour heat transfer" and "liqn‘ﬁd
heat transfer”, see section 8.3. Average values for the total heat flux
qiots Were taken at intervals of subcooling from figures 10 = 12 and 15 = 17,
The values of the vapour heat flux q, , were taken to be the same as the
values, q for saturated film boiliﬁg . The values of the liquid heat flux
q - were obtained by subtracting q, from Aot *

Test sections of the same nominal diameter when cold varied only
slightly in actual diameter, by less than 0.001 inch.' Therefore, mean
values for the diameters were taken and corrected for thermal expansion
by adding 0.16% per 100 deg F rise in termperature. In ethanol, the
slight differences in diameter at the three surface temperatures were
insignificant. In water, the values of the diameters at the intermediate
surface temperature were used in the reduction of the data for liquid heat
transfer.

_ The liquid properties were evaluated generally at the mean tempera-
fures, '}(Tw'f Ts) and 3% (TL"' Ts)-
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Table E1  Diameters of the test sections

Nominal value of diameter (inch) 1/8 3 3

Average diameter at room temperature (inch) 10.126 |0.2515(0.498

Values used in the reduction of the data (inch),

a) water Tw=10]2°F 0.128 [0.255 [0.505
Tw=1312°F *10,1285[0.256 |0.507

T =1612°F | 0.129 {0.257 |0.510

_ b) ethanol Forall T~ . *10.127 |0.254 |0.503

* These values of diameter were used in the reduction of the data for

liquid heat transfer.
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Table F2a. Values of U ot 912 HﬁL, RaL for‘&-inch dia. cylinders.
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Table E?b. Values of Qopr Ao NuL, and Ra.L for ‘Jf-—inch dia. cylinders.
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Table F2c. Values of q ., qp, Nu, Rag for 2-inch dia. cylinders.




TABLE E3a Reduced data for saturated film bofh’ng
WATER
1, °F 1012 1312 1612

Nominal Parameter

diameter ;‘

1/8 T fot 38 500 57 500 80 500
] 2 33 000 49 000 70 000
qd

y | Br/hf 29 000 44 000 -

1/8 Ao o 34 100 47 900 32 100

X Btu/hft 28 600 39 400 - 51 400
) 3 for € =0.75 | 24 500 34 250 -

/8 9o, 32 500 44800 55 400

* Btu/hft 27 000 35 800 44 600
3 fore =1.0 | 22 900 30 400 -

1/8 9o 2 33 200 45 900 58 300

! Btu/hft 27 600 37 400 47 800
! fore =0.9 | 23 ¢00 32 300 -
w

1/8 Nu 17.16 14.57 12.55

3 tore =0.75| 2867 23.88 20.69
! tw 48:63 14.11 -

1/8 Nu 16.36 13.57 11.19

3 tre =1.0 | 27.06 21 .66 17 .96
4 w o 45 .45 36.73 -

1/8 No 16.71 13.95 11.78

) e =09 | 27.67 22 .63 19.24
3 woo 46,84 38.77 -

1/8 Nu 79.9 66.5 55.9

3 c_ 66 .4 54,2 46.0
3 for €, =0.9 | 56.8 46.8 -

1/8 Ra¥= 0.773x10° 0.371x108] 0.207x106

% “(Pr(hra) | 611" 2.94 1.635
y | CrCg) oty 2.8 v | 1278

1/8 Ra*= 0.645x10° 0.290x10°|  0.151x10°

1 Gebr | 5.0 n 2.29 1.7
1 Sp 39.6 " 17.8 v 9.34

1/8 Ra?= 0.83 x10% | 0.411x106]  0.236x10%

% Gr*Pr x 2 6.56 " 3.25 » 1.87 ¢
3 &(140.345p)°| 50.9 " 252 " 146 "

1/8 Ra¥_ = 359 x10® [ 171 x10%| 94.1 «x106

) * p(Lal) 207 " 98.6 " 543 v
* Gw-)“ P (1 SP) 145 n._. 68.7 " 37 .9 "
0.0265 0.032 0.038

k
Btu/hftdeg F
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TABLE E3b  Reduced data for saturated fi I.m boiling
ETHANOL
TWOF 486 590 698
Nominal Parameter
diameter
1/8 a,., 14 000 19 000 24 000
1 " °/hf2 11 800 16 000 20 900
3 tu/ntt 10 600 14 100 18 500
1/8 Yo, 13 400 18 000 22 400
1 Btu/hft 11 200 15 000 - 19 300
1 fore, = 0.75 10 000 13 100 16 900
1/8 %o 13 200 17 600 21 900
1 Bru/hft 11 000 14 600 18 800
1 fory=1.0 9 800 12 700 16 400
178 %o 13 200 17 800 22 100
3 Bu/hft 11 000 14 800 19 000
3 forg =-0.9 9 800 12 900 16 600
1/8 Nu 25.74 23.1 20.3
3 ~ 43.0 38.4 35,1
3 forg, =075 | 261 66.5 60.8
1/8 Nu 25.3 22.5 19.9
% _ 42,1 37.3 34.1
3 fore,=1.0 74.5 64.3 59
1/8 Nu 25.4 22.8 20.1
3 o 42.3 37.9 34.5
y | forg,=07 74.6 65.5 59.7
1/8 Nu _ 75.7 68.1 59.9
3 fore =09 63.1 56.6 34.5
3 W or 56.2 49 .4 45.0
1 /8% Rar= 4.76x10° | 2.92x10° 1.94x10°
Gr* Pr(3+s- 38.1 234 " 15,5
3 Dolawe v | v | 1204 o
1/8 Ro2= 3.98x10° | 2.29x10%|  1.42x10°
x Grpr L 319 18.36 1.4 o
3 rITs 247 .4 " 142.6 " 88.4 "
1/8 Ra*= 511x10° | 3.23x10° | 2.21x10°
*Pr x S ! . J "
3 Gr*P 409 " 25,9 " 17.7
3 +-(140.34%) 318  * 201 » 137.5
1/8 Ra%, = 362 x10° | 223 x10°| 148 x10°
% *p (L4 L 239 147 v 97.6 "
.3 T &+ ) 182 v 1M2.2 " 74.3
k 0.0176 0.0198 0.0222

Btu/hftdeg F
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Appendix F

COMPARISON OF THE CORRELATION FOR HEAT
TRANSFER AND THE EXPERIMENTAL DATA

Table F1 Comparison of data for the 1/8 inch diameter cylinders.
Table F2 Comparison of data for the  inch diameter cylinders.

Table F3 Comparison of data for the % inch diameter cylinders.

The values of the total heat flux Gy op? have been calculated for
water and ethanol at the boiling points (using equation 56), and at
intervals of subcooling using all five of the equations for liquid heat
transfer (see section 8.5.1). The calculations cover the same ranges of
superheat and subcooling as the experimental results.  The experiméntal
data kave been included in the tables so that numerical comparisons can

easily be made.
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Comparison of data for 4 inch diameter cylinder
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nch diameter cylinder

Comparison of data for the %
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