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ABSTRACT

The purpose of this study was to determine the effect of sur-
face macro-roughness elements on the film boiling of discrete sta-
tionary liquid drops. The possible enhancement of boiling heat
transfer rates due to the presence of these roughness elements as
well as the conditions under which such enhancement might be
expected was also to be determined. Film boiling of stationary
discrete drops was selected as the focus of this study rather than
flow boiling since £10w boiliné introduces additional experimental
complexities normally associated with two-phase flow phenomena which
might obscure the effect on heat transfer due to the macro-roughness
elements alone.

Instantaneous heat transfer coefficients were obtained from
photographic measurements of drop vaporization. Experiments were
conducted at atmospheric pressure with four liquids on five heating
surfaces at temperatures of up to 620°C. The drop sizes investi-
gated ranged from 0.0l cc. to 10.0 cc. The liquids investigated
were water, denatured ethanol, iso-propanol, and ethylene-chloride.
The heating surfaces which were investigated consisted of one smooth
surface (for baseline comparison data), two surfaces having con-
centric grooves, one surface having 492 embedded cylindrical pins
arranged in an evenly spaced square matrix, and one having evenly
spaced hexagonal pins which were fabricated by excavating diagonal
slots in the heating surface. One of the cylindrical pins and one
of the hexagonal pins in each of the surfaces so fitted was
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iv
fabricated with a flush-mount micro-thermocouple at the protruding
surface, having a measured in-place response rate of at least
12,000°C/sec.

Increases in heat transfer rates of up to 500% were measured on
the macro-roughened surfaces (compared to that which was measured on
the smooth surface with the same fluid and bulk surface
temperature). Also, substantial increases (up to 450°C in the case
of water) 'in the minimum bulk surface temperature required to main-
tain stable film boiling on the macro-roughened surfaces were
measured (as compared to that required on the smooth surface).

Since the height of the macro-roughness elements was of the
same order of magnitude as the thickness of the vapor layer which
characteristically separates the heating surface from a liquid
undergoing film boiling, it was postulated that the macro-roughness
elements penetrating this vapor layer between the liquid and the
heating surface intermittently come into direct contact with the
liquid, thus providing a possible means of enhancing the heat
transfer in film boiling. Transient surface temperature measure-
ments obtained from the flush-mounted micro-thermocouples
demonstrated that direct contact between the elements and the
boiling liquid does in fact occur in film boiling and that at such
times substantial heat flow through the elements takes place.
Thermal gradients within the elements indicated that the heat which
is transferred through the macro-roughness elements as a result of

direct contact with the liquid is the primary mechanism responsible



for the increase in heat transfer rates observed for the surfaces
having the macro-roughness elements.

A model for intermittent liquid-solid contact in film boiling
on a macro-roughened surface was developed as well as a two-
dimensional finite difference computer program for cylindrical
macro-foughness geometry. This model in conjunction with the com-
puter program was used to calculate heat transfer coefficients from
measured contact duration and period for two of the macro-roughened
surfaces. These calculated heat transfer coefficients were in

reasonable agreement with measured heat transfer coefficients.
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CHAPTER 1

INTRODUCTION

Film boiling is usually defined as the mode of boiling which
occurs when an essentially continuous layer of vapor separates the
heating surface from the boiling liquid (e.g. [1]*). Since the
thermal conductivity of.a vapor 1s typically much less than the
thermal conductivity of the liquid phase, the presence of a vapor
layer between the heating surface and the boiling liquid generally
results in heat transfer rates which are much lower than those asso-
clated with nucleate boiling phenomena where the liquid is in
direct contact with the heating surface. This characteristic of
film boiling can occur when the liquid is in a pool, flowing in a
channel, or in discrete drops. This last configuration of a liquid
undergoing film boiling (viz. discrete drops) and more particularily
stationary discrete drops is usually termed Leidenfrost boiling
after Johann Gottlob leidenfrost [2].

One of the factors which determines the mode of boiling as well
as the heat flux from a particular surface to a boiling liquid is
the difference in temperature between the surface and the liquid.
This dependance of heat flux and mode of boiling on temperature dif-
ference is shown by the typical boiling curve Figure 1l.** This
boiling curve illustrates the four basic modes of vaporization:

1) the non-boiling region, where natural convection is the

*Numbers between square parentheses indicate References.
**A1]l figures are in Appendix B.
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mechanism responsible for heat transfer, and vaporization takes
place at the liquid/vapor interface, 2) the nucleate boiling region
where vapor bubbles are generated at preferred sites (such as cavi-
ties and crevices) on the heating surface, 3) the transition boiling
region where the vapor bubbles which are formed at the heating sur-
face (in a similar manner to that which takes place with nucleate
boiling) begin to coalesce at the surface and limit the area of the
surface which is directly exposed to the liquid, and 4) the film
boiling region where the vapor that is generated forms an essen-
tially continuous layer between the heating surface and the boiling
liquid.

Frequently associated with the study of Leidenfrost drops is a
vaporization curve as shown in Figure 2. The vaporization curve is
a plot of the time required to completely vaporize a drop of a given
initial size vs. the temperature difference between the heating sur-
face and the boiling liquid. This vaporization curve can be seen as
similar to the inverse of the typical boiling curve. The point
where the boiling curve exhibits a minimum is analogous to the point
where the vaporization curve exhibits a maximum. This point is
usually referred to as the Leidenfrost point (the point of minimum
heat flux or the point of maximum vaporization time) although
research indicates that this point is not unique to a given system
(e.g. [3]). Conversely, the point where the boiling curve exhibits
a maximum is analogous to the point where the vaporization curve
exhibits a minimum and is usually referred to as the point of peak

heat flux.



In many industrial applications (such as quenching and power
production processes) boiling heat transfer necessarily takes place
with large temperature differences between the heating surface and
the boiling liquid. If film boiling accompanies this large tem-
perature difference the heat flux may be substantially less than
that which could be expected with nucleate boiling. This relative
reduction in boiling heat flux which is observed to occur with film
boiling is perhaps best i1llustrated by the specific (or unit)
thermal resistance or the inverse of the specific thermal
conductance. The specific thermal conductance is referred to as the
heat transfer coefficient and is defined as the heat flux divided by
the temperature difference. Figure 3 is a typical linear plot of
specific thermal resistance vs. temperature difference. This figure
illustrates the relatively large specific thermal resistance asso-
clated with film boiling which occurs over a large range of tem-
perature differences as compared to the relatively smaller specific
thermal resistance assoclated with the nucleate boiling process
which only occurs over a small range of temperature differences.

The four dominant parameters which effect boiling heat flux are
the fluid, the system pressure, the temperature difference, and the
heating surface. Frequently the first three are fixed for a par-
ticular application leaving only the fourth, the heating surface,
as the dominant parameter which may be controlled to produce a
desired effect such as increased boiling heat flux. Since the
increase in specific thermal resistance associated with film boiling

as compared to nucleate boiling 1s due to the presence of a layer of



vapor separating the heating surface from the boiling liquid this
increase in specific thermal resistance could be lessened by somehow
reducing the thickness of the vapor layer or by providing an alter-
nate path for heat flow from the heating surface to the boiling
liquid. One method of providing an alternate path for heat flow,
the introduction of surface macro-roughness elements, is the
substance of this stﬁdy.

An increase in film boiling heat transfer should result if
direct contact between the heating surface and the boiling liquid
were to be, if not to the degree associated with nucléate boiling,
at least partially restored. It has been demonstrated experimen-
tally (e.g. [4], [5], [6]) that direct contact between the heating
surface and the boiling liquid can occur in stable film boiling even
on a smooth heating surface. With Leidenfrost drops in a
gravitational field, the vapor, although less dense, is below the
liquid, which gives rise to Taylor instabilities that can "support"
wave-like disturbances at the liquid/vapor interface. Any distur-
bance of this liquid/vapor interface which might result from the
introduction of the drop onto the heating surface or from ambient
vibrations which are generally present will result in a finite
displacement of the interface and a wave propagating across the
interface from the point of disturbance. Such a wave may also be
reflected when it reaches the sides of the drop.

Taylor [7] demonstrated how small disturbances at such a
liquid/vapor interface will either grow or decay depending on the

wavelength of the disturbance. Taylor's analysis indicated that



there exists a critical wavelength, Xc, below which small
disturbances will tend to decay and above which these will tend to
grow. The characteristic length parameter, A, for liquid/vapor

interfaces is defined by Equation 1-1.

Ogc

A2 = ¢

(1-1)

The Taylor critical wavelength is related to the characteristic
length parameter, A, by Equation 1-2.
Ag = 2mA (1-2)
Taylor also demonstrated that there exists a wavelength for
which small disturbances at the liquid/vapor interface having this
wavelength will tend to grow more rapidly than disturbances having
any other wavelength. This wavelength corresponding to the tendency
for maximum growth rate is termed the most dangerous wavelength, ADs
and is related to the characteristic length parameter by
Equation 1-3. |
Ap = 27 VY3 A (1-3)
Because of the Taylor instability phenomenon and the fact that
small disturbances of certain wavelengths may grow rapidly resulting
in wavecrests large enough to span the vapor layer separating the
heating surface from the boiling liquid, direct contact between the
heating surface and the boiling liquid may thus occur in stable film
boiling even on relatively smooth surfaces (e.g. [4]).
In the study of Tevepaugh and Keshock [8] this liquid-solid
contact resulting from Taylor instabilities at the liquid/vapor

interface beneath Leidenfrost drops was found to occur on a smooth
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surface (2 to 4 microns r.m.s. roughness) only at the initial moment
when each drop was placed on the surface. The introduction of
macro-roughness elements to the heating surface with roughness
height of the same order of magnitude as the thickness of the vapor
layer provides one means of increasing the probability that direct
contact between the heating surface and the boiling liquid will
occur during film boiling. The presence of macro-roughness elements
on the heating surface has a two-fold effect on film boiling:

1. 1Liquid-solid contact is more likely to occur at the peaks
on a roughened surface since the distance between a peak and the
liquid/vapor interface beneath the drop is less and thus a smaller
disturbance of the interface is required for liquid-solid contact to
occur than would be required on a surface without such peaks (see
Figure 4).

2. VWhen liquid-solid contact does occur the local heat flux
and resulting vaporization of the liquid in the vicinity of contact
is increased due to the relatively higher thermal conductivity of
the solid material of the macro-roughness element as compared to
that of the vapor. This increase in local vaporization tends to
agitate the liquid/vapor interface causing more and larger
disturbances, which subsequently increases the probability of
liquid-solid contact at other locations between the drop and the
heating surface.

It is, of course, also possible to fabricate a heating surface
with macro-roughness elements whose height is larger than the vapor

layer thickness between the heating surface and the boiling liquid.



This, in fact, was the case with at least two of the four macro-

roughened surfaces which were investigated in this study. Even
though macro-roughness elements may protrude above the heating sur-
face a distance that is larger than the vapor layer thickness, this
may not necessarily result in the liquid wetting the protruding tip
of the macro-roughness element and a continuous direct contact
between the element and the boiling liquid.

A number of studies (e.g. [4], [5], [6], [8]), indicate that
most frequently in film boiling liquid-solid contact is of an inter-
mittent rather than a continuous nature. Nishio and Harata [5] (who
dealt with impinging drops rather than stationary drops) obtained
photographic evidence that under certain circumstances, when the
liquid comes into direct contact with the heating surface and the
temperature of the surface at the point of contact is above some
minimum value, rapid local vaporization will occur, causing the
liquid to be lifted away from the surface at the point of contact,
thus reestablishing the vapor layer separating the heating surface
from the boiling liquid. This local minimum temperature which must
be maintained in order to subsequently maintain the vapor layer
(which is characteristic of the film boiling phenomenon) 1s herein
termed the "local minimum film boiling‘temperature" abbreviated
LMFBT. The bulk surface temperature required to maintain the LMFBT
at every point on the heating surface where liquid-solid contact
occurs is herein termed the "bulk minimum film boiling temperature”

abbreviated BMFBT. Many investigators do not make a distinction



between the bulk and local minimum film boiling temperatures, in
which case the abbreviation is simply be MFBT.

A few investigators (e.g. [8], [9]) have measured the BMFBT for
various liquids on macro-roughened surfaces. Several investigators
(e.g. [5], [6], [8], [10]) have detected liquid-solid contact in
film boiling through the use of an electrical conductance probe
This experimental technique takes advantage of the fact that the
electrical conductance of liquids is typically orders of magnitude
greater than that of their respective vapors. Thus, a measurement
of the transient electrical conductance between the boiling liquid
and the heating surface can be used to indicate whether or not the
liquid is in direct contact with the heating surface at any point.
Seki et al. [11] (dealing with impinging drops on a smooth surface)
employed a thin—film thermistor to determine not only the occurence
of liquid-solid contact but also to measure the IMFBT. Two advan-
tages of measuring local temperature fluctuations in the vicinity of
liquid-solid contact (as in the study of Seki et al.) are the deter-
mination of the LMFBT rather than the BMFBT and the determination of
liquid-solid contact occurrence at a point on the heating surface
rather than measuring multiple, possibly simultaneous and thus
indistinguishable contacts, as is the case with the conductance
probe method.

The four objectives of the present study were: 1) to investi-

gate the possible enhancement of film boiling heat flux and the



possible increase in MFBT due to the presence of surface macro-

roughness elements, 2) to determine the possible occurrence of
liquid-solid contact in film boiling and the possible effects of
this contact on film boiling of liquid drops on macro-roughened
surfaces, 3) to measure the LMFBT on a macro-roughened surface, and
4) to develop a model for the liquid-solid contact phenomenon in

film boiling of Leidenfrost drops.



CHAPTER 2
LITERATURE SURVEY

The two general categories of phenomena covered in this study
are the Leidenfrost phenomenon and the phenomenon of liquid-solid
contact in film boiling. The phenomenon of liquid-solid contact and
its relationship to film boiling is the primary interest of the
study, whereas the Leidenfrost phenomenon is the vehicle for the
investigation. Inherent to the study of the Leidenfrost phenomenon
and closely related to the phenomenon of liquid-solid contact in

film boiling is the concept of the minimum film boiling temperature.
The Leidenfrost Phenomenon

"Dancing with the excitement of the intense- heat,” was the
description given by an early obsefver to the phenomenon of film
boiling of a liquid droplet on a heated surface. This phenomenon
was first noted by Eller in 1746 (as reported by Gorton [12]).
However, it was a German physician-scientist Johann Gottlob
Leidenfrost who first objectively studied the phenomenon in 1756 and
in the honor of whom the phenomenon is named. An English transla-
tion of the Latin in which Leidenfrost's work originally appeared
was published in 1966 [2]. In this article entitled, "On the
Fixation of Water in Diverse Fire,"” Leidenfrost explained the
characteristics of the phenomenon and drew several conclusions, as
far afield from film boiling as the forces which bind matter

10
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together and "a new method by which the most perfect goodness of
alcoholic wine can be determined” to a more practical application of
the phenomenon as a possible means of measuring high temperatures.
These conclusions drawn by Leidenfrost resulted in controversies
that lasted for decades. It was perhaps these controversies which
helped stimulate the early interest in the phenomenon. Detailed
discussions of the early studies of the phenomenon as well as exten-
sive bibliographies can be found in References 12, 13, and 14.

In Reference 13, Wachters relates that Boutigny in some five
articles published between 1843 and 1850 claimed the phenomenon to
be a fourth state of matter to which he gave the name "spheroidal
state” (the term spheroidal arising from the fact that small
Leidenfrost drops appear to be spherical). Boutigny also reportedly
cited the phenomenon as the cause of steam boiler explosions, said
to have resulted in the death of about one thousand persons in the
United States alone in the year 1840. These articles by Boutigny
also reportedly resulted in "very heated” discussions and continued
interest in the phenomenon [13].

Leidenfrost and Boutigny raised two questions which are still
relevant today and, in fact, are two of the questions to which this
study was directed. First, Leidenfrost noted that the coarser the
metal surface the faster the evaporation of the drops. Leidenfrost
also noted that if much rust were present on the heating surface the
phenomenon would not occur. This is thought to be the earliest
reference to surface roughness affecting the phenomenon. Second,

Boutigny is thought to be the earliest investigator to raise the
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question of what is the minimum temperature of a surface necessary
to permit the deposition of a drop onto the surface without the
liquid wetting the surface. Thus the effects of surface roughness
and the concept of a minimum film boiling temperature have been the
subject of discussion for at least one hundred and forty years.

Wachters [13] reported that Pearson as early as 1842 developed
the theory that the liquid was separated from the heating surface by
a layer of vapor and that this theory was widely accepted by 1870.
Wachters also reported that Kristensen in 1888 stated that conduc—
tion through the vapor rather than radiation was the primary
transport mechanism by which heat is transferred from the heating
surface to the liquid. According to Gottfried et al. [15] it was
not until 1946 that the first empirical solution to the Leidenfrost
phenomenon was made. This first empirical solution is attributed to
Pleteneva and Rebinder.

The first true analysis of the Leidenfrost phenomenon based on
first principles is attributed to Gortom [12] in 1953. Gorton based
his analysis on a potential flow of the vapor surrounding the drop.
Gorton also unsuccessfully attempted to photographically measure the
thickness of the vapor layer between the drops and the heating
surface. Gorton concluded that the variation in heat flux measured
on different surfaces was only a result of variations in the
radiative properties of the surfaces.

Gottfried [16] in 1962 developed an analysis of the phenomenon
which included mass transfer, radiation, viscous effects in the

vapor flow, and superheating of the vapor making it the most



complete analysis at that time. Lee [17] in 1965 extended and

improved upon Gottfried's analysis and also obtained an empirical
correlation for droplet vaporization time through dimensional analy-
sis and least-squares regression on 72 data points. The analyses of
Gottfried and Lee dealt specifically with very small drops which are
essentially spherical.

In 1965 Wachters [13] developed a detailed analysis which
included the fact that Leidenfrost drops are not actually spherical.
Wachters obtained a numerical solution to the Laplace capillary
equation (which will be given in more detail in Chapter 3) for the
shape and size of a liquid drop at rest on a horizontal surface
which it does not wet. Wachters also addressed the problem of small
drops impinging on a hot surface. Further details of this analysis
may be found in References 18 and 19.

Baumeister [20] in 1964 developed an analytical model of the
Leidenfrost phenomenon for a large range of drop sizes including
those which do not appear to be spherical. This model included
viscous effects in the vapor flow, convection, and radiation heat
transfer and permitted the most extensive correlation of experimen-
tal data at that time. Further details of this model may be found
in References 21, 22, and 23.

Since the contribution of Baumeister [20] in 1964 the analysis
of Leidenfrost drops has been extended in many areas such as the
application to very large liquid masses by Patel [24] and Patel and
Bell [25], to cryogenics by Keshock [26] and Keshock and Bell [27],

to liquid-liquid systems by Hendrix and Baumeister [28], to liquid



14
metals by Baumeister and Simon [29], and to moving surfaces by
Schoessow, Jones, and Baumeister [30]. The accuracy of the theory
has been improved by accounting for vapor bubble breakthrough in
very large drops by Keshock [26] and Baumeister, Keshock, and Pucci
[31] and for significant superheating of the vapor by Baumeister,

Keshock, and Pucci [31].
The Minimum Film Boiling Temperature

As mentioned previously the concept of an MFBT which is appli-
cable to the Leidenfrost phenomenon most likely originated with
Boutigny as early as 1843. The MFBT as it applies to the
Leidenfrost phenomenon is frequently termed the "Leidenfrost Point"
and has been defined in at least five different ways:

1. The surface temperature at which it is just possible to
deposit a drop onto a surface without wetting it (Boutigny).

2. The minimum surface temperature at which there is no direct
contact between the liquid and the heating surface (see
Reference 14).

3. The surface temperature corresponding to the minimum heat
flux or maximum vaporization time (e.g. [8], [9], [14], and [17]
through [31] inclusive).

4. The surface temperature above which if a drop falls on the
surface a vapor layer immediately forms beneath the drop (e.g. [11]).

5. The surface temperature corresponding to "the onset of

stable spheroidal state or the upper limit of liquid-solid-

contact” [5].
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According to Wachters [13] no such "point"” can be defined other than
the saturation temperature of the liquid and that no true spheroidal
state exists.

Despite the differences in the definition of the MFBT or
Leidenfrost Point, scores of investigators since 1843 have performed
various experiments to determine this value for various liquids,
surfaces, etc. and many articles have been published which present
theoretical predictions and empirical correlations. It has been
pointed out that significant variation can be found between experi-
mental values of the MFBT--variations that are much larger than the
typical uncertainty associated with experimental heat transfer data
(e.g. [3], [10], [13], [14], [29], and [32] through [35] inclusive).

Wachters [13] and Baumeister and Simon [29] stress the impor-
tance of the manner in which the drops are introduced onto the
heating surface, the roughness of the surface, and the effect of
ambient vibrations on the experimentally measured MFBT. Baumeister
et al., [36] demonstrated that vibrations of a Leidenfrost drop may
be thermally driven even if ambient vibrations are not present.
Wachters [13] postulated that once a drop is supported by a vapor
layer above an ideally smooth surface the temperature of the surface
could be slowly reduced with a limiting value of the saturation tem-
perature of the liquid and the Leidenfrost phenomenon be maintained
provided all vibrations are isolated from the system. Baumeister

et al. [3] supported this postulate with experimental data and
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offered an explanation for this anomaly in terms of liquid-solid
contact.

Baumelster and Simon [29] developed a theoretical model for the
MFBT on a smooth surféce based on the assumption that direct contact
between the heating surface and the boiling liquid would occur at
temperatures near the MFBT and that the thermal response of the
heating surface at the point of contact would determine whether or
not film boiling will continue. Baumeister and Simon postulated
that the MFBT measured on a smooth surface having infinite thermal
capacity is determined by liquid properties alone. Baumeister and
Simon also postulated that the MFBT measured on a surface of finite
thermal capacity is elevated above the value which would be measured
on surface having infinite thermal capacity by an amount that is
determined by the transient conduction which would occur in the
event of contact between the liquid and the surface. This model for
the MFBT thus included both liquid and heating surface ther-
mophysical properties and indicates that a relationship exists

between liquid-solid contact, the MFBT, and film boiling.
Liquid-Solid Contact in Film Boiling

Bradfield [4] experimentally measured liquid-solid contact in
film boiling of Leidenfrost drops and pool-type quenching.
Bradfield stated that this liquid-solid contact could be "periodic
or quasi-continuous depending on the surface roughness, (liquid)
subcooling, and heating surface thermal conductivity.” Bradfield

also stated that, "liquid-solid contact can be achieved at stable
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film boiling temperatures by any means which will induce surface
roughness elements to tickle the liquid-vapor interface.” Bradfield
obtained evidence of this liquid-solid contact by means of elec-
trical conductance and by photographs. Bradfield postulated that
there were four parameters which determine the occurrence of liquid-
solid contact and its effect on film boiling: 1) the ratio of the
vapor and liquid Prandtl numbers, 2) the ratio of the thermal capa-
cities of the vapor and liquid, 3) the Biot number based on the
maximum roughness height, and 4) the ratio of the maximum roughness
height to the vapor layer thickness. Bradfield also speculated
that, "it may become desirable to control heat flow by controlling
1iquid-solid contact in the stable film boiling regime.”

The only reference to theoretical modeling of this liquid-solid
contact that Bradfield [4] made was to that of Bankoff and Mehra
[37]. Bankoff and Mehra dealt with liquid-solid contact in tran-
sition rather than film boiling. Bankoff and Mehra modeled the
liquid-solid contact occurences as being pulse-like periodic and the
thermal exchange which takes place during contact as that which
theoretically occurs between two semi-infinite static media.

Bankoff and Mehra at the time of publication had made no measure~
ments of liquid-solid contact or transition boiling heat flux.

Baumeister and Simon [29] employed a model for liquid-solid
contact which is essentially the same as that of Bankoff and Mehra
[37] except that the model of Baumeister and Simon permitted radial
temperature variations. Baumeister and Simon applied this model

directly to the Leidenfrost phenomenon and the MFBT. Henry [32]
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used the same modeling approach to liquid-solid contact as did
Bankoff and Mehra [37] (that of the contact between two semi-
infinite static media). Henry used the ratio of the thermal
capacities of the liquid and the heating surface material from the
analysis of the transient conduction between two semi-infinite sta-
tic media and the film boiling theory of Berenson [38], together
with regression analysis, to determine an empirical relationship for
the MFBT which included the effects of liquid-solid contact.

Yao and Henry [6] conducted experiments to determine the effect
of pressure on the MFBT for a thin liquid layer on a smooth surface.
The definition of MFBT implied by Yao and Henry is the surface tem—
perature above which liquid-solid contact either does not occur or
at least does not occur in a "stable” manner. Yao and Henry offered
portions of a theoretical model for liquid-solid contact using the
same model for the heat flux during contact as did Bankoff and Mehra
[37] (that of the contact of two semi-infinite static media). Yao
and Henry also concluded that the mechanism by which vaporization of
the 1iquid takes place in the vicinity of liquid-solid contact is
that of preferred site nucleation similiar to that which occurs in
nucleate boiling (Excellent discussions of preferred site
nucleation, which is not the focus of this study, may be found in
References 39, 40, 41, 42, and 43.). Yao and Henry employed the
nucleation theory of Hsu [40] in their analysis of vapor production
resulting from liquid-solid contact. Yao and Henry did not offer
experimental data in verification of their theoretical concepts nor

did they demonstrate any correlation between their model and their



experimental data for MFBT. Further details of their theoretical

concepts and experimental data can be found in Reference 10.

Nishio and Hirata [5] measured the MFBT and the occurence of
liquid-solid contact for small drops of water and ethanol impinging
on a smooth surface at atmospheric pressure. Nishio and Hirata also
developed a theoretical model for the MFBT based on the bubble
nucleation theory of Han and Griffith [43] and the nucleate boiling
theory of Kutateladze [44]). This model of Nishio and Hirata
employed the same transient conduction formulation during contact as
that of Baumeister and Simon [29] but differed from the model of
Baumeister and Simon in the concept of bubble nucleation: Nishio
and Hirata presented a comparison of their theoretical model for
MFBT and experimental data. Although Nishio and Hirata cited the
work of Baumeister and Simon they made no comparison of their

respective predictions of MFBT.

Objectives of the Present Study

Most of the investigations reviewed which studied the
Leidenfrost phenomenon and liquid-solid contact (with the exception
of Knobel and Yeh [9] and Tevepaugh and Keshock [8]) only dealt with
small drops which are essentially spherical in shape. One of the
objectives of the present study was to investigate this phenomenon
with large drops and extended 1liquid masses. Only one of the
investigations reviewed (that of Seki et al. [11]) offered experi-
mental data for the IMFBT (and that investigation dealt only with

small drops impinging on a smooth surface). Another objective of
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the present study was to measure both the BMFBT and the LMFBT on
macro-roughened surfaces. A third objective of the present study
was to measure the frequency at which liquid-solid contact occurs at
a point on the surface as well as the duration of the contact and to
use these data to develop a model for liquid-solid contact which
would include the difference between the bulk surface temperature
and the temperature of the surface in the vicinity of contact.
Finally, it was also an objective of the present study to determine
the possible relationship between liquid-solid contact in film
boiling on macro-roughened surfaces, the local transient temperature
response of the macro-roughness elements to this contact, and the
increase in heat flux as compared to a smooth surface which may

accompany this contact,



CHAPTER 3

MODELING THE LEIDENFROST PHENOMENON FOR LARGE DROPS AND

EXTENDED LIQUID MASSES ON MACRO-ROUGHENED SURFACES

Modeling the Leidenfrost phenomenon for large drops and
extended liquid masses on macro-roughened surfaces is divided into
five major parts: modeling the drop geometry, modeling the vapor
flow, modeling the mass transfer process, modeling the heat transfer

processes, and modeling intermittent liquid-solid contact.
Modeling the Drop Geometry

Leidenfrost drops may assume a wide range of shapes depending
on their volume. Very small drops (less than 0.00l1 cc. for most
liquids) appear to be essentially spherical, whereas very large
drops (greatef than 1.0 cc. for most 1liquids) have been described as
being shaped similar to a pancake (e.g. [24], [26]). An additional
modeling complication arises with large drops in that relatively
large vapor bubbles can be observed to form within the liquid and
periodically break away through the upper surface of the drop.

These vapor bubbles are typically an order of magnitude larger than
those which are observed in nucleate pool boiling. This vapor
bubble formation and break away phenomenon is usually termed "vapor
bubble breakthrough.” This range of drop geometries was illustrated
schematically by Baumeister et al. [21]. TFigure 5 is a reproduction
of this illustration of Baumeister et al. Oscillations of the drops

21
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(as mentioned previously in conjunction with Reference 36) results
in yet another modeling complication. Each of these aspects of the
phenomenon will be considered separately.

The necessity for modeling drop geometry arises from both
theoretical and experimental considerations. In order to develop a
theoretical model for the overall phenomenon it is necessary to
first model the drop geometry since this is perhaps the most basic
modeling requirement. Modeling the drop geometry is also necessary
for the experimental determination of heat flux since the rela-
tionship between drop projected area and volume is needed to deter-
mine drop volume from photographs showing projected area (This
aspect of the experimental investigation will be developed in detail
in Chapter 5). It is for these reasons (i.e. for the theoretical
and experimental requirements) that two distinct moéels for drop
geometry were developed. These models for drop geometry are
referred to as the disk model (after Baumeister et al. [21]) and the
capillary model (after Wachters [13] and Hartland and Hartley [45]).
Since the disk model is a simplification of the capillary model, the
capillary model will be presented first.

Wachters [13] assumed that, "a drop resting on a horizontal
surface is radially symmetric around a vertical axis. Hence, the
question about the shape of the drop can be reduced to the question
of the form of a meridian.” Wachters then assumed that the Laplace
capillary equation (Equation 3-1) was the governing relationship for

the liquid interface of the drop.
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(3-1)

1,1
R" R,

Where Ap is the pressure difference across the liquid/vapor
interface, 0 is the surface tension, and Rj and R; are the major
radii of curvature. The Leidenfrost phenomenon actually violates
two basic assumptions of the Laplace capillary equation: no accel-
eration of the interface (which is violated by oscillations) and no
mass or heat transfer through the interface (which is violated by
the vaporization process). In their investigation of drop
oscillations, Baumeister et al. [36] postulated that Leidenfrost
drops oscillate about their equilibrium shape (this equilibrium
shape being defined by the Laplace capillary equation). The postu-
late that Leidenfrost drops do, in fact, oscillate about the
equilibrium shape predicted by the Laplace capillary equation and
that the average area/volume relationship as determined from experi-
mental measurements is well approximated by the equilibrium rela-
tionship is supported by the area/volume data of Baumeister [20] and
Keshock [26] as well as data taken in the present study.

The effect of interfacial mass and heat transfer on the size
and shape of Leidenfrost drops was assumed to be negligible in the
analyses of References 3, 12, 13, 15, 16, 17, 20, 22, 23, 24, 26,
and 30. Experimental area/volume data taken in the present study
(which will be presented subsequently) demonstrated that a 200%

increase in vaporization rate did not result in any distinguishable
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pattern of variation in the size or shape of the drops, thus indi-
cating that the effect of interfacial mass and heat transfer on the
size and shape of Leidenfrost drops is significantly less than the
effect of drop oscillations. It is therefore assumed that the
equilibrium (or at least time average) size and shape of Leidenfrost
drops may be described by the Laplace capillary equation.

Wachters [13] obtained a numerical solution to the Laplace
capillary equation using a digital computer. A more detailed
analysis and discussion of this solution as well as a more stable
numerical formulation may be found in chapters 2, 7, 9, and 10 of
Reference 45. If the characteristic length parameter for
liquid/vapor interfaces, A , as defined by Equation 1-1 is used to
non-dimensionalize the drop area and volume as in Equations 3-2 and
3-3 respectively, the solution of the Laplace capillary equation
provides a single-valued relationship between dimensionless drop

area and dimensionless drop volume.

* AP
A= —— (3-2)
Ao
v
* . D _
V' = 3 (3-3)

This relationship is shown in Figure 6. The computed drop cross
section for several values of dimensionless drop volume is shown in
Figure 7. (A description of the computer program used to solve the
Laplace capillary equation may be found in the Appendix under the

name "VOLUME").
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The relationship between drop area and volume thus derived from
the Laplace capillary equation is a function of only one parameter,
A. If the surface tension, liquid density, and vapor density are
known then A may be calculated directly. To further improve the
accuracy of this area/volume relationship, experimental data for
area and volume were obtained as described in Reference 26 and in
Chapter 4. A computer program (a description of which may be found
in the Appendix under the name "LAMBDA") was then used to determine
the value of A which provided a best correlation between the experi-
mental area/voldme data and the solution to the Laplace capillary
equation. The area/volume data and the correlation based on the
solution to the Laplace capillary equation for the four liquids
investigated in the present study are shown in Figures 8 through 11.
(The references in these Figures to SMTH, CGOl, and CGO2 indicate
heating surfaces investigated in the present study as detailed in
the second section of Chapter 4. Basically, SMTH refers to the
smooth surface and CG refers to macro-roughened surfaces having con-
centric grooves.)

This area/volume data (which is only of peripheral interest in
the present study) are presented here to bring out a second impor-
tant modeling aspect of the size and shape of Leidenfrost drops on
macro-roughened surfaces, that of the possible effect of the macro-
roughness elements on drop geometry. As can be seen from Figures 8
and 9, there is no distinguishable difference in the area/volume
relationship as measured on the smooth surface and the macro-

roughened surfaces for the range of drop sizes investigated. It is
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therefore assumed that the effect of macro-roughness elements on the
drop area/volume relationship 1is significantly less than the effect
of drop oscillations.

As pointed out by Keshock [26] the effect of vapor bubble
breakthrough on the drop area/volume relationship may be quite
significant. The possible effect of vapor bubble breakthrough on
the drop area/volume relationship was included in the present study
by measuring the area of the vapor bubbles and consistently
subtracting this from the total drop area. This correction for
vapor bubble breakthrough is precicely that proposed by Keshock,
Equation 70, page 125, Reference 26. Since the area/volume data
from which the value of A for each liquid were determined included
drops where vapor bubble breakthrough was present, the resulting
area/volume correlation included this effect.

The present study primarily focused on large drops and extended
liquid masses where one or occasionally two vapor bubble
breakthroughs were present. No data were taken where more than
three vapor bubble breakthroughs were present. Drop sizes investi-
gated ranged from 0.0l cc. to 10.0 cc. which corresponds to a range
of dimensionless drop volumes of approximately 10 to 10,000.
Baumeister et al. [23] gave an upper limit on the dimensionless drop
volume of 0.8 corresponding to small drops which are essentially
spherical. Thus the drops investigated in the present study may be
schematically illustrated by (b), (c), and (d) in Figure 5. This
range of drop sizes is also illustrated in Figure 7. The shape of

these drops may thus be approximated by a disk.
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Baumeister [20] first proposed this disk-shaped model for
Leidenfrost drops and applied this model to the entire range of drop
sizes from small to extended liquid masses. The disk model has also
been successfully employed in a number of other analyses (e.g. [21],
[22], [23], [26], [30], and [31]). Figure 12 is a reproduction of
Baumeister's illustration of the disk model for Leidenfrost drops.
The most important aspect of the disk model which was employed in
the present analysis is the uniform vapor layer thickness beneath
the drop as shown in the figure. Wachters et al. [18] performed an
analysis of the phenomenon which included a non-constant vapor layer
thickness (due to the radial pressure gradient in the vapor) and
compared the results with their analysis which assumed a constant
vapor layer thickness and with experimental data. Wachters et al.
concluded from this comparison that their analysis which assumed a
constant vapor layer thickness was in better agreement with exper-
imental data than their analysis which assumed a non-constant vapor
layer thickness. Thus the assumption of a constant vapor layer

thickness seems to be justified from experimental data.

Modeling the Vapor Flow

The evaporation which occurs at the under side of the drop
results in vapor flowing down toward the heating surface and thus
"feeding” the vapor gap which supports the drop above the heating
surface. This vapor must flow out between the under side of the

drop and heating surface until it escapes at the periphery except in
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the occurrence of vapor bubble breakthrough when some of the vapor
escapes through the top of the drop.

Wachters [13] assumed that the vertical velocity of the vapor
could be neglected, that the flow was laminar, that the inertia for-
ces could be neglected, that the thermophysical properties were
constant (equal to the mean value), and that the liquid/vapor inter-
face was not "pulled along” with the vapor flow thus providing two
stationary boundaries (i.e. the under side of the drop and the
heating surface). Leidenfrost {2] as well as several other investi-
gators (e.g. [12], [13], [16], [18], and [20]) noted that the liquid
surface does move. However, Wachters et al. [18] stated that this
motion of the liquid surface was primarily due to surface tension
gradients (resulting from temperature gradients on the surface of
the drop) and not predominantly a result of the vapor flow.

Wachters et al. also stated that the vapor velocity was much larger
than the liquid surface velocity (as measured photographically by
tracking particles of dust or soot on the surface of the liquid) and
thus concluded that the motion of the liquid could be neglected in
modeling the vapor flow. In addition to these assumptions of
Wachters and Wachters et al., Baumeister and Hamill [22] assumed the
vapor flow to be incompressible having negligible energy
dissipation, that the gravitational body force on the flow was
negligible, that the flow although transient was quasi-steady, that
the vapor flux from the under side of the drop was uniform, and that

the flow was axisymmetric. Baumeister and Hamill did, however,



29
include the vertical velocity of the vapor in contrast to the
analysis of Wachters.

Baumeister [20] solved the complete Navier-Stokes equations for
the vapor flow and concluded that the Reynolds number was small
enough to neglect the inertia forces in modeling the flow.

Keshock [26] stated that the results of Lee [17] indicated that the
Reynolds number never exceeded 16 for all of the liquids and con-
ditions in his investigation. The Reynolds number, defined by
Equation 3-4, is directly proportional to the product of the drop
radius, R, and the average vapor mass flux from the under side of

the drop, G.

Based on the analysis of Baumeister et al. [22] and experimen—
tal data taken in the present study, the Reynolds number for a
1.25 cc. drop of ethylene-chloride on a smooth surface at 490°C is
100. Since vapor mass flux increases with increasing heat flux, as
has been observed to occur on macro-roughened surfaces, the Reynolds
number may be even larger in some cases. Thus the inertia effects
on the vapor flow are not necessarily negligible with the fluids and
surfaces investigated in the present study. (Numerical flow com-
putations demonstrated that the inclusion of inertia effects do not
alter the final results more than 15%, nevertheless, the inertia
effects were retained for completeness.)

The model used for the vapor flow in the present study may be

summarized as follows: laminar, incompressible, axisymmetric,
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non-dissipating, quasi-steady flow of a constant property fluid bet-
ween two co-axial disks with uniform blowing from the upper disk.
The two-dimensional continuity equation (Equation 3-5),
Navier-S;okes (or Momentum) equations (Equations 3-6 and 3-7), and
the energy equation (Equation 3-8) were employed in cylindrical

coordinate form.

1 3 3
< iy (ru) + 493 = o (3-5)
3u au gc aP
St Y T T 5 % (3-6)
1 9 du 32 u
tvg [ 5. 0050) + 52-32 ]
dw ow gc ap
UtV T Tog 3z B (3-7)

T 9T 1 29 9T
Pg Cpg (u - +tw —a-z—) = kg [? 37 (r —8;-) (3-8)
2
%;% ] + dissipation

The following non-dimensionalization of variables was performed to
determine the order of magnitude of the various terms in the

equations.

1 9
g T uP) +apr =0 (3-9)
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B = ( -PE7) (3-19)
kg
5 2

L =(8Pfg R ) (3-20)
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Neglecting all terms which are multiplied by ( 8

R ) » the continuity,

Navier-Stokes (or momentum), and energy equation become:

I raw + ¥ (3-21)
u-%% + w-gg = - §§-%§ + Vv %;%- (3-22)
0=- f—: L (3-23)
?g Cpg w-%% = kg %é% (3-24)

These partial differential equations may be solved numerically
(or analytically if the radial velocity profile is assumed).
Baumeister and Hamill [22] stated that the numerical solution to the
complete Navier-Stokes equations performed by Baumeister [20] indi-
cated that the radial velocity profile did not differ in shape
significantly from a parabola. Therefore, in the present analysis
the radial velocity profile was assumed to be parabolic in z. If a
parabola is used for the radial vapor velocity, u, which satisfies

the no-slip conditions at the heating surface (z=0) and the bottom

of the drop (z=8), the form of the vertical vapor velocity, w, can
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be shown to be that of a cubic in z from the continuity equation
(Equation 3-21). These two vapor velocities may then be substituted
into the radial momentum equation (Equation 3-22) to determine the
radial pressure distribution in the vapor flow beneath the drop.

The vertical vapor velocity, w, may also be substituted into the
energy equation for the vapor flow (Equation 3-24) to obtain a dif-
ferential equation for the vertical temperature distribution
(non-dimensionalization and order-of-magnitude analysis as detailed
above indicates that the radial variation in the temperature of the
vapor is insignificant as compared to the vertical variation). The
differential equation for the vertical temperature distribution may
be solved through the use of an integrating factor. The resulting
solutions for the radial velocity, the vertical velocity, the
pressure, and the temperature distributions in the vapor flow
beneath the drop are given by Equations 3-25 through 3-28
respectively. These equations are identical to those of Baumeister
et al. [31] with the exception of the Reynolds number correction in

Equation 3-27.

.- G2 (@ - @) (3-25
G z\3 z
v = (-ﬁ—g) [ = (3)- 3 (5] (3-26)
3G R2 ug 3 $ r 2
(P-Po) = ( . ) [1 + o Re (E)[l '(E) ] (3-27)
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2/ 3 4
[T—TIL) - fo exp[-B(x - 1 x )]dx (3-28)

TTL  f3 exp[-B(x3-1p x4)]dx

The vapor flow pattern beneath a drop on a macro-roughened sur-
face is unknown at the present. It is doubtful that any investiga-
tion has ever been undertaken to measure this flow pattern. Such
a measurement is beyond the scope of the present study. Since dif-
ferent macro-roughness element geometries would most likely produce
different vapor flow patterns, and such flow patterns are unknown
for any geometry other than a smooth surface, it was assumed that
the vapor flow which occurs on a macro-roughened surface could be
approximated by that which would occur beneath a similar drop on a
smooth surface were it to have the same vaporization rate which
occurs on the macro-roughened surface.

The modeling of the vapor flow is completed by performing a
force balance on the entire drop (The weight of the drop, less the
buoyancy force, must be supported by the total pressure force
beneath the drop.). This force balance is given by Equation 3-29

(which is identical to that derived by Baumeister and Hamill [22]).

(pg-pg)g Vp

= = f§2ﬂr (P-Po) dr (3-29)

The radial pressure distribution (Equation 3-27) may be substituted
into the integral (Equation 3-29) and the resulting relationship

solved for the thickness of the vapor layer, to yield:



35

2
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27 gPg (Df-Pg) Vp

8
T = 1M1+ 3 re ()] (3-30)
This equation differs from that of Baumeister and Hamill only by the
Reynolds number correction. Since G, R, and V are determined from
experimental measurements, the computed vapor layer thickness, §,
and the enthalpy flux parameter, B, may be computed from Equations

3-19 and 3-30 respectively.
Modeling the Mass Transfer Process

As in References 20, 21; 22, and 23, in the present study the
heat and mass transfer at the sides and the top of Leidenfrost drops
were assumed to be insignificant (compared to that which takes place
at the bottom of the drops). Keshock [26] and Keshock and Bell [27]
pointed out that heat and mass transfer at_the sides and top of a
drop are not negligible when dealing with cryogenic liquids.
However, the four liquids investigated in the present study all have
normal boiling points above the laboratory ambient temperature (but
not sufficiently above the ambient that heat loss to the surroun-
dings would be significant as the temperature difference between the
boiling liquidé and the ambient was significantly less than the tem—
perature difference between the heating surface and the boiling
liquids). Using the relationships given in References 13, 26, and
49, the heat and mass transfer from the sides and top of Leidenfrost
drops on a smooth surface is computed to be less than 6% and 5%

respectively of that which occurs beneath the drops for the four
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liquids, range of drop sizes, range of bulk surface temperatures,
and range of laboratory temperatures in the present study. Since
heat transfer (and thus evaporation) has been shown to increase on
macro-roughened surfaces over that which occurs on smooth surfaces
(e.g. [8], [9]), and this increase is thought to occur predominantly
beneath the drops where the liquid comes into direct contact with
the heating surface, the relative effect of heat and mass transfer
at the sides and top of the drops as compared to that which takes
place beneath the drops should be no greater than that which occurs
on a smooth surface. In fact, the relative contribution of heat and
mass transfer at the sides and top of the drops when undergoing film
boiling on'macro-roughened surfaces should be less than that which
occurs on a smooth surface.

Bell [14] addressed the subject of heat and mass transfer at
the sides and top of Leidenfrost drops by contrasting the model of
Baumeister et al. [20], [21], [22], and [23], which neglected the
effect of heat and mass transfer at the sides and top of the drops,
and the model of Gottfried et al. [15] which included this effect.
Bell concluded that the differences in the apparent effect of heat
and mass transfer at the sides and top of Leidenfrost drops is less
than the uncertainty in the experimental data. Thus Bell suggested
that the two models (which respectively neglected and included the
effect of heat and mass transfer at the sides and top of Leidenfrost
drops) were in agreement to within the uncertainty of the experi-
mental data and that this agreement "may indicate that some errors

tend to cancel each other out over the range tested” (Data with
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cryogens were not included in this comparison.). Baumeister and
Schoessow [49] stated that the total contribution to vaporization
resulting from diffusion for water undergoing Leidenfrost film
boiling on a smooth surface in an air atmosphere was less than 10%.
Since water vapor has the smallest Schmidt number of the vapors of
the four liquids investigated in the present study, the
corresponding contribution of diffusion for the other three vapors
should also be less than 10%. It was therefore assumed in the pre—
sent study that the heat and mass transfer at the sides and the top
of Leidenfrost drops is insignificant when compared to that which

takes place at the bottom of the drops.

Modeling the Heat Transfer Processes

The first consideration in modeling any heat transfer process
is the definition of a thermodynamic control surface. In the pre-
sent study the thermodynamic control surface associated with the
Leidenfrost phenomenon was defined by the surface of the liquid.

The thermodynamic control volume enclosed by this control surface
included only the liquid and the liquid/vapor interface. This
control volume did not include the vapor beneath the drop, the vapor
surrounding the drop, the heating surface, nor the macro-roughness
elements. In defining a heat transfer coefficient it is necessary
to define three basic quantities: the heat transfer, the reference
area, and the reference temperature difference. The heat transfer
which was considered in relationship to this control surface is that

from all sources (assumed to be predominantly from the heating
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surface) to the drop. In the present study the reference area was
defined as the vertically projected area of the drop. The reference
temperature difference was defined as the difference between the
bulk temperature of the heating surface and the saturation tem—
perature of the liquid. The defined heat transfer coefficient for
Leidenfrost drops (denoted by the subscript "D") which follows from

these three quantities is given by Equation 3-31.

h @
D Ap (TW-TL)

(3-31)

A considerable discrepancy exists in the literature concerning
the definition of the heat transfer coefficient for Leidenfrost
drops. This discrepancy in definition subsequently leads to discre-
pancies in experimental values of heat transfer coefficients as
these are computed from'experimental data via. different rela-
tionships depending on the definition used by the investigator. The
present definition was adopted because it involves quantities which
are primary or direct experimental measurements (e.g. If the heat
transfer coefficient were to be defined in terms of the heat trans-
ferred from the heating surface, rather than that which is trans-
ferred to the drop, the additional heat which is transferred from
the heating surface to the vapor resulting in superheating would
have to be determined separately, such as by measuring vapor velo-
city and temperature profiles. Similarily, if the heat transfer
coefficient were to be defined in terms of the total drop area or
some other fraction thereof this area would have to be computed from

projected area or measured from stereoscopic photographs, since
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planar photography records only projected area. Thus heat transfer
coefficients so defined would be tertiary data rather than secondary
data, since these would be computed from secondary rather than pri-
mary experimental data such as temperature and projected area.).

As in References 9, 12, 13, 15, 16, 18, 19, 20, 21, 22, 23, 25,
and 30, it was assumed in the present study that all of the heat
transferred to the drop results in vaporization at the under surface
of the drop. This follows logically from the assumption that heat
transfer, and particularly mass transfer, at the sides and the top
of a Leidenfrost drop is insignificant when compared to that which
takes place at the bottom of a drop. The same evidence justifying
the latter assumption justifies the former under the conditions of
the present study. This assumption concerning vaporization at the
under side of the drop gives rise to the following relationship bet-
ween heat flux and average vapor mass flux, G:

Qp = hfg Ap G (3-32)
Since the mass transfer at the sides and top of the drop is assumed
to be insignificant when compared to that which occurs at the bottom
of the drop, the following relationship exists between the average
vapor mass flux and the drop volume (this relationship will be dealt

with in greater detail in Chapter 5):

— dvVp
= Ap G = Pp 5— (3-33)

Thus, the average vapor mass flux and the heat flux may be deter-
mined from experimental data. The actual method which was used to

obtain the experimental data and to compute these quantities from
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that experimental data will also be given in detail in Chapter 5.
These relationships are presented here as they are modeling aspects
which involve engineering assumptions and approximations that are
common to both the analytical and experimental investigation.

The heat transfer to the drop is assumed to be the result of
three mechanisms: convection in the vapor flow beneath the drop
(designated by the subscript "F" to distinguish it from contact),
radiation (designated by the subscript "R"), and intermittent
liquid-solid contact (designated by the subscript "C"). These three
modes of heat transfer occur simultaneously and are defined impli-
citly so as not to violate the additivity principle of heat transfer
coefficients for parallel heat transfer mechanisms. The respective
heat fluxes are additive and are related by:

qp = 9F Tt qr *+ q¢ (3-34)
The respective heat transfer coefficients are defined by dividing
each heat flux by the same temperature difference (i.e. the dif-
ference between the bulk temperature of the heating surface and the

saturation temperature of the liquid):

ar
bR T (TD o7
hg = R (3-36)
(TW - TL)
hg =l (3-37)

=(Tw - Tp)
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When defined in this manner, the heat transfer coefficients are
additive:
hp = hp + hg + hg (3-38)
The convective heat transfer contribution is determined from

the vapor flow beneath the drop and is given by Equation 3-39,

aT
= k. = 3-39
qF g 32 g =T ( )

The partial derivitive of the temperature is obtained from Equation
3-28 so that convective heat transfer coefficient is given by

Equation 3-40.

hp = —& (3-40)
S F(B)
F(B) = fol exp [g-(l - 2x3 + x4)] dx (3-41)

This expression implicitly involves convection, radiation, and
intermittent liquid-solid contact, as the enthalpy flux parameter,
B, is related to the average vapor mass flux, G, through Equation
3-19. The average vapor mass flux, G, is related to the respective
heat transfer contributions through Equations 3-32 and 3-34. The
convective Nusselt number based on the computed vapor layer

thickness is given by Equation 3-42.

— 1 —
Nyr = W (3-42)

Since F(B) is a monotone increasing function of the enthalpy

flux parameter, B, having a minimum value of unity (which occurs at




42
B=0), the convective Nusselt number has a maximum value of unity and
decreases with increasing B. (A monotone increasing function is one
which has at most one minimum, a first derivative which is always
greater than zero, and a second derivative which is always greater
than or equal to zero.)
F(B) » 1 (3-43)
Ngrp <1 (3-44)
This behavior of the convective Nusselt number is a result of the
"blowing” from the under surface of the drop which tends to decrease
the vertical temperature gradient near the under surface of the drop
and increase the vertical temperature gradient in the vapor near the
heating surface. This reduction of the temperature gradient in the
vapor at the under surface of the drop with increasing B (from the
linear gradient and a Nusselt number of unity which would accompany
pure conduction) is caused by two factors: 1) the continuous injec-
tion of vapor at essentially the saturation temperature from the
under surface of the drop into the vapor flow near the under
surface, and 2) the increase in average vapor layer thickness which
results from an increase in B (The increase in average vapor layer
thickness results from an increase in the downward vertical momentum
of the vapor flow which increases with increasing vapor mass flux.).
Thus, the convective heat transfer contribution may be determined
from B which may be determined from experimental data as outlined
previously.
The radiation heat transfer contribution is given by Equation

3-45 (assuming gray-diffuse radiative exchange, isothermal surfaces,
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and no emitting, scattering, or absorbing in the vapor):

-Ty. 4)

(3-45)

)

() =) + () + (At

s Fp-s €L

If the area of the drop is significantly less than the area of the
heating surface then uncertainties in the emissivity of the heating
surface do not effect the radiative heat exchange (see the firsﬁ
term in the denominator of Equation 3-45). The heating surfaces
investigated were either nickel stainless or nickel plated steel.
The tabulated emissivity of oxidized nickel at the temperatures
investigated is approximately 0.9 [66]. According to Eckert and
Drake [50], the reflectivity and transmissivity of iiquid layers
greater than a few millimeters is essentially zero for wavelengths
in the infrared range. The view factor between the bottom of the
drop and the heating surface is unity (this holds by reciprocity for
smooth or macro-roughened surfaces). The radiation heat transfer
coefficient is then determined from Equations 3-36 and 3-45.

The heat transfer contribution due to liquid-solid contact must
be determined experimentally as no general theory exists for this
phenomenon at the present time. The modeling of liquid-solid con-

tact is discussed in the next section.
Modeling Intermittent Liquid-Solid Contact

The experimental evidence of References 4, 5, 6, 10, 11, and
the analyses of References 5, 6, 10, 29, 32, and 37 indicate that

liquid-solid contact and the MFBT (minimum film boiling temperature)
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are intimately related. The definition of the MFBT employed in the
present study is stated in terms of liquid-solid contact: should
direct contact between the boiling liquid and the heating surface
occur at any point (due to Taylor instabilities, impingement, macro-
roughness elements, etc.) and sufficient vaporization in the

vicinity of the liquid-solid contact result, such that the liquid is
.expulsed from the heating surface in the vicinity of contact, then
the local temperature of the surface at the instant preceeding con-
tact is said to be greater than or equal to the IMFBT. In this con-
text direct liquid-solid contact implies a local wetting of the sur-
face by the liquid. The experimental data of Seki et al. [11] (as
well as data taken in the present study) indicate that the LMFBT so
defined is discernable from transient temperature measurements in
the vicinity of liquid-solid contact. Thus, this definition is not
unfounded in experiment. In conjunction with this definition of the
LMFBT is the definition of the BMFBT: the bulk surface temperature
necessary to maintain the LMFBT at every point on the surface which
experiences liquid-solid contact under whatever conditions are pre-
sent is defined as the BMFBT.

These definitions of the LMFBT and BMFBT inherently associate a
locally intermittent character with liquid-solid contact in film
boiling. As referenced previously, Bradfield [4] stated that the
liquid-solid contact in what he termed "stable film boiling" could

be "periodic” (presumably intermittent) or "quasi-steady”

(presumably not intermittent or continual but rather continuous).
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It should be noted that this statement is not necessarily incom-
patible with the present definition since Bradfield did not measure
"local” 1iquid-solid contact. The experimental technique employed
by Bradfield (electrical conductance probe as described in the third
section of Chapter 2) gives only the total of all liquid-solid con~
tact over the entire area of the heating surface which is exposed to
film boiling. Thus this technique records simultaneous, overlapping
in time, and therefore indistinguishable local contact occurrences
making such a characterization of local liquid-solid contact
impossible with his experimental technique.

For completeness it should be noted that by the present defini-
tion of the LMFBT (and thus the presence or absence of film
boiling), if the local contact is not intermittent then the local
boiling process is not said to be film boiling. This definition
follows logically from the most primitive characterization of film
boiling, the presence of a vapdr layer separating the heating sur-
face from the boiling liquid (i.e. if the contact at a point is not
at least intermittent then there can be no characteristic separating
vapor layer at that point). It also follows from this definition
that certain areas on a heating surface could experience what is
defined as film boiling while other areas on the same surface
simultaneously experience what is not defined as film boiling.
Therefore, the liquid-solid contact in film boiling which was
modeled in the present study is by definition of an intermittent

nature.
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Intermittent liquid-solid (or liquid-liquid) contact was
modeled as the contact of two semi-infinite static media in
References 4, 5, 6, 10, 11, 32, 35, 37, 44, 51, 52, 53, 54, 55, and
56. Only one of the references cited treated intermittent liquid-
solid contact in any other manner than this (viz. [29]).
Bauméister and Simon [29] assumed that during liquid-solid contact
the heat transfer process could be characterized by an unknown time-
dependant heat transfer coefficient. Baumeister and Simon obtained
a correlation for this "unknown" heat transfer coefficient which is
identical in behavior to that which is determined by the analysis
for the contact of two semi-infinite static media, (ie. the heat
transfer coefficient is inversely proportional to the square root of
time) . Thus, their contact analysis does not differ significantly
in final form from the others listed. Some improvements to the
basic model employed by Bankoff and Mehra [37] have been made (e.g.
finite speed of propagation for a thermal disturbance [57}, [58],
[59], and [60], and radiation [61]; but these improvements do not
significantly alter the basic physics of the modeling.
The local transient temperature measurements of Seki et al.

[11] for small drops impinging on a smooth surface (as well as simi-
liar data taken in the present study for macro-roughened surfaces)
indicate that the intermittent liquid-solid contact phenomenon may
be modeled as the contact of two semi-infinite static media under

certain conditions (which will be detailed in the last section of
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Chapter 5). Therefore, the formulation of the contact of two semi-
infinite static media is chosen here as the basic model for inter-
mittent liquid-solid contact as it occurs in Leidenfrost film
boiling (certain modifications to extend the generality of the basic
formulation will be detailed in Chapter 5).
The transient conduction equation in cylindrical coordinates

may be written as:

3T 3 1 3 (GT)

19 AT

(g

When applied to the droplet this equation neglects convective
effects within the liquid. The experimental data of References 4,
5, 6, 10, and 11 (as well as data taken in the present study) indi-
cate that the characteristic time frame of liquid-solid contact in
film boiling under the conditions investigated is on the order of
0.1 second. This time frame of the liquid-solid contact phenomenon
in film boiling suggests that convection within the liquid during
contact is insignificant when compared to conduction, hence the
liquid is modeled herein as a static media during the period of
contact. Assuming a uniform temperature distribution prior to com-
tact in both the liquid and the solid, constant properties, and
semi-infinite static media, the solutions to Equation 3-46 for the
temperature in the solid and liquid are given by Equations 3-47 and
3-48 respectively (details of this solution may be found in

Reference 50):
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T= T, + (Tg- T.) erf [—Z—] (3-47)
2/agt
T =T+ (T - T erf [—2—] (3-48)
2/t
Ty + Y T -
Te =~y — (3-49)
(pCk)
v? = ?FcT)‘Isi (3-50)

Where t is the time from the initiation of contact, z is the
distance from the point of contact in either the liquid or the
solid, and Tc is referred to as the “"contact” temperature and is
independent of time. This formulation and solution will be
hereafter referred to as the "error function" formulation or
solution. The error function formulation is precisely the for-
mulation used in References 4, 5, 6, 10, 11, 32, 35, 37, 44, 51, 52,
53, 54, 55, and 56. The restrictions on this formulation are:
one~dimensional temperature variation, constant properties, short
duration (such that convective effects in the liquid may be
neglected) , semi-infinite static media, negligible effects due to
radiation, no vaporization of the liquid during the contact period
(vaporization might reasonably be thought to occur at the end of the
contact period rather than during it), and uniform temperature
distributions within both the liquid and the solid prior to the

contact. The instantaneous heat transfer coefficient associated

with the error function solution is given by Equation 3~51 (this
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equation is obtained by taking the derivative of Equation 3-48 with
respect to time, applying the Fourier law of conduction at the point
of contact (z=0), dividing by the initial temperature difference

(Tw-Tr) and substituting Equation 3-48 for Tc):

k
he = L (3-51)

(1+y) vYmart

The instantaneous heat flux associated with the error function

formulation is given by Equation 3-52:

k Te - T
qc = L ( c L) (3_52)

(1+y) Ymapt

This formulation must be modified to permit application to
finite macro-roughness elements. Two-dimensional effects, variable
properties, finite media, and non-uniform initial temperature
distributions (as are present under experimental conditions in
macro-roughness elements which are exposed to intermittent liquid-
solid contact) essentially preclude any tractable analytical solu-
tion for heat flux and temperature distribution which more closely
approximates the true response of such a macro-roughness element.
Accordingly a two-dimensional transient finite difference model
based on modifications of the error function solution was developed

as a part of this study and will be presented in Chapter 5.

Closure of the Model

At the present time no general relationship for contact heat

flux on macro-roughened surfaces exists. Since contact heat flux is
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necessary to permit closure of any model for the Leidenfrost
phenomenon on macro-roughened surfaces (as convective heat transfer
implicitly depends on both contact and radiative heat transfer), a
model prediction apart from specific experimental data is not
possible at this time. Since the modeling of the Leidenfrost pheno-
menon presented thus far requires knowledge of either contact heat
flux or total heat flux (which must be obtained from experiméntal
data), the verification of this model by experimental data is
necessarily inductive rather than deductive. With the present for-
mulation the apparant heat flux contribution due to intermittent
liquid-solid contact on macro-roughened surfaces may be computed
from experimental data for total heat flux. This may be done by
solving Equations 3-30, 32, 38, 40, and 45 simultaneously for the
contact heat flux. Also the heat flux contribution due to intermit-
tent liquid-solid contact may be computed using the finite dif-
ference model (described in the last section of Chapter 5) and
experimentally measured local temperature variations, contact dura-
tion and period (the definition of contact duration and period as it
pertains to the present study is also given in the fourth section of
Chapter 5). These two computations of contact heat flux based on
completely separate experimental data and theory may be compared to
demonstrate consistency and inductive verification of the modeling

of the phenomenon.



CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE

Liquids Investigated

Film boiling of stationary, discrete (Leidenfrost) drops on
horizontal heating surfaces at atmospheric pressure was investigated
using the following four liquids: water, Baker Chemicals' specially
denatured Ethanol (3-9401), iso-propanol, and ethylene-chloride.
These four liquids were chosen to provide a range of thermodynamic
property values, molecular structure (polar/non-polar), and com-
position (inorganic/organic). The normal boiling point of the
liquids ranged from 78.4°C (ethanol) to 100°C (water). Since the
experiments were conducted under atmospheric conditions, liquids
were chosen which had normal boiling temperatures in this range to
minimize the experimental uncertainties which might possibly result
from heat transfer from the laboratory surroundings to the boiling
liquids or from the boiling liquids to the laboratory surroundings
(as detailed in the third section of Chapter 3). The range of drop

sizes investigated was approximately 0.0lcc. to 10.0cc.

Heating Surfaces

Five heating surfaces were investigated: a smooth surface (for
baseline comparison data), two surfaces into which were machined
concentric grooves, one surface into which were embedded 492

51
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cylindrical pins, and one surface into which were excavated diagonal
slots forming right-hexagonal pins projecting from the surface.

The smooth surface, referred to as "SMTH", was fabricated from
mild steel, polished to 0.13 ~ 0.25 micron r.m.s. roughness, and
plated with approximately 0.005 cm. of nickel to inhibit corrosion.
Further details of this surface are given in Figure 13.

The first grooved surface, referred to as "CGOl" (for con-
centric grooves, 0.0l inch depth), was fabricated from mild steel
and plated with approximately 0.005 cm of nickel to inhibit
corrosion. The radial spacing of the concentric grooves was 0.051
cm, and the depth was 0.025 cm. Further details of this surface are
given in Figure 14.'

The second grooved surface, referred to as "SCG02" (for
stainless steel, concentric grooves, 0.02 inch depth), was fabri-
cated from type 321 stainless steel (no plating was required). The
radial spacing of the grooves was 0.071 cm. and the depth was 0.051
cm, Further details of this surface are given in Figure 15.

The surface having the embedded cylindrical pins, referred to
as "CP54" (for cylindrical pins, 0.050 inch pin height, and pin
spacing of 1l/4 the Taylor most critical wavelength for
Refrigerant-111), was fabricated from mild steel (The Taylor most
dangerous wavelength was defined in the first section of Chapter
1.). This surface was initially fabricated in a similar manner as
SMTH. Then a numerically controlled milling machine was used to
drill 492 #51 holes, 0.1702 cm. diameter and 0.224 cm. deep, ver-

tically down into the top of the surface. These were drilled in a
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square array having a center-to-center in-line spacing of 0.305 cm.
The 492 cylindrical pins were also fabricated from mild steel,
having a diameter of 0.1704 cm and a length of 0.279 cm. The pins
were individually pressed into the holes. The center pin was fabri-
cated into a flush-mounted micro-thermocouple (which will be
described in the next section). Finally the entire surface and pins
were plated with approximately 0.005 cm. of nickel to inhibit
corrosion. Further details of this surface are given in Figure 16.

The surface with the hexagonal pins, referred to as "SHP2612"
(for stainless steel, hexagonal pins, 0.020 inch pin height, 0.06 in
width hexagons, 0.12 inch center—to-center spacing), was fabricated
from type 321 stainless steel (no plating was required). The sur-
face was fabricated by milling three sets of 0.159 cm (1/16 inch)
wide by 0.051 cm. deep slots having 0.305 cm. center-to-center
spacing. The three sets of slots were cut at 30 degree angles,
forming hexagonal pins of 0.051 cm. height, 0.146 cm. width, and
0.305 cm. center-to-center hexagonal-close-packed spacing. The
center hexagonal pin was drilled-out and a thermocouple/pin was
fabricated and pressed into the hole. Further details of this sur-

face are given in Figure 17.

Thermocouple/Pins

The thermocouple/pin for surface CP54 was fabricated by
drilling a #80 (0.0343 cm. diameter) hole through one of the
cylindrical pins followed by a concentric #68 (0.079 cm diameter)

hole drilled from the bottom to within 0.008 ~ 0.013 cm. from the
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top of the pin. A ceramic insulator and a #30 AWG (0.0254 cm.
diameter) constantan wire were then inserted from the bottom. The
constantan wire was brazed with 24K gold at the tip of the pin to
form a thermocouple junction. The top of the pin with the exposed
Junction was milled flush to remove the excess brazing material.

The thermocouple/pin was then pressed into the surface and nickel
plated with the rest. Further details of this thermocouple/pin are
given in Figure 18.

The thermocouple/pin for surface SHP2612 was fabricated in the
same manner as the one for surface CP54, exceét that the exposed tip
of the thermocouple was milled to a hexagonal shape, the protrusion
height was only 0.0508 cm. the overall length was 0.813 cm. and the
dissimilar metal wire used was alumel rather than constantan.

Further details of this thermocouple/pin are given in Figure 19.
Calibration of the Thermocouple/Pins

The differential voltage produced by the dissimiliar metal
Junction at the top/center of the thermocouple/pins was measured
against a reference junction (of the same two metals) which was
maintained at 0°C in an ice bath. The reference junction for sur-
face CP54 was iron/constantan and the reference junction for surface
SHP2612 was SS-321/alumel. The differential voltage output of the
junction was measured by a Doric Model DS-100 digital micro-volt
meter during the calibration process. The temperature of the junc-
tion corresponding to the differential voltage was determined from a

chromel-alumel thermocouple which was affixed to the pins during the
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calibration process. The voltage/temperature calibration plots for
the CP54 and SHP2612 thermocouple/pin junctions are shown in Figures
20 and 21 respectively. The differential voltage produced by the
thermocouple/pin junctions was amplified by a Honeywell Accudata
Model 122 differential amplifier, displayed on an oscilloscope, and
recorded on a Brush Mark V strip chart recorder. The amplifier gain
was determined for each thermocouple/pin junction from the slope of
the respective voltage/temperature calibration plots. This slope
was determined by fitting a least-squares straight line through the
voltage/temperature data points. The off-set voltage of the dif-
ferential amplifier was adjusted to appropriately locate 0°C on the
strip chart recorder. The amplifier gain and off-set voltage was
calibrated against the digital micro-volt meter before sequence of
data was taken to minimize the.experimental uncertainty associated
with "drift” of the differential amplifier. The off-set voltage and
gain of the differential amplifier was thus used to provide an
approximately linear voltage/temperature relationship for inter-

facing with the strip chart recorder.
Response Rate of the Thermocouple/Pins

The response rate of the junction in the top/center of the
thermocouple pins was determined by recording the temperature excur-
sion of the junction, initially at 500°C. This was accomplished by
heating the surface to 500°C and pouring ice water directly onto the

thermocouple/pin. The resulting boiling process was quite rapid
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so that the liquid completely evaporated in a few seconds. The tem-
perature of the junction dropped sharply when the ice water con-
tacted the pin and slowly recovered to the initial value some time
after the water evaporated. This was done several times with con-
sistent results. A typical strip chart record of the response of
the CP54 junction is shown in Figure 22. On an expanded time scale
(25 cm./sec. strip chart speed), the initial time rate of change of
the temperature of the junction under these conditions was found to
be at least 12,000°C/sec. The response rates of the two
thermocouple/pin junctions (CP54 and SHP2612) were essentially the
same. The maximum response rate was not determined beyond this
point as this testing procedure was far more severe than any which

would actually occur in the film boiling experiments conducted.

Heating the Surfaces

The surfaces were heated from beneath by a Bunsen burner or an
electric hotplate. The electric hotplate was a Chromalox Model
ROPH-20L 2000 watt hotplate. The temperature of the hotplate was
controlled by a Variac Model V20HM variable transformer. The
maximum temperature which could be maintained by the electric
hotplate was approximately 530°C. The data taken at bulk surface
temperatures above 530°C were taken with the surface heated by the
Bunsen burner. When heating the surfaces with the Bunsen burner, a
steel heat shield of approximately 30 cm diameter was used to pro-

tect the camera and the thermocouple lead wires. The shield also
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served to reduce the draft induced by the flame in the vicinity of
the boiling drops. The Bunsen burner was only used when boiling
water as the other three liquids are highly flammable. The surfaces
were supported by the hotplate while being heated by the hotplate,
whereas the surfaces were supported by a ring stand while being

heated by the Bunsen burner.

Photography

The evaporating liquid drops were photographed from above with
a Bolex Model H16RX5 16 mm single-frame/movie camera. The camera
was positioned approximately 50 cm. directly above the center of the
heating surface (lense facing down) such that the vertically pro-
jected drop area was viewed by the camera lense. The camera was
manually operated and the time between photographs was determined
from a stopwatch. The evaporating liquid drops were also pho-
tographed from several perspectives with a 35 mm SLR camera. These

photographs will be presented in Chapter 7.

Bulk Surface Temperature Measurements

The bulk temperature of the heating surfaces was determined
from a chromel-alumel thermocouple which was inserted horizontally
into the 0.178 cm diameter holes detailed in Figures 13 through 17.
The vertical temperature gradient within the heating surfaces (under
the most extreme cases, based on steady, one-dimensional conduction)
was less than 120°C/cm. Since a vertical temperature gradient

always exists in the heating surface by virtue of the heat being
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conducted from the hotplate (or Bunsen burner) through the heating
surface to the boiling drops, no unique "bulk" surface temperature
exists. In the present study bulk surface temperature was taken
as characterized by the chromel-alumel thermocouple which was
- located approximately in the center (vertical) of the surface. The
only exception to this is the bulk surface temperature measurements
made on surface SHP2612, where the chromel-alumel thermocouple was
located directly at the base of the thermocouple/pin (see Figure
17). The temperature of the chromel~alumel thermocouple was deter-
mined from readings made using an Omega Model 2166A Digital
Thermometer. The voltage of the chromel~alumel thermocouple junc-
tion was also conditioned by a Honeywell Accudata Model 106 Type K
thermocouple control unit, amplified by a Honeywell Accudata Model
122 differential amplifier, and recorded on a Brush Mark V strip
chart recorder. The temperature measurements and calibration of the
thermocouple/pins will be presented in the eighth section of this

chapter.

Preparation of Heating Surfaces

Although the heating surfaces were either nickel plated or high
nickel stainless, some oxidation occurred. It was observed that the
surfaces became discolored within a few minutes at high temperatures
regardless of the polishing or cleaning prior to heating. After one

hour above 500°C the nickel oxide which formed on the surfaces

appeared to remain relatively constant with time. For this reason
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each surface was "seasoned” for at least one hour at 500°C before

experiments were performed.

Introduction of the Liquids to the

Heating Surfaces

In order to minimize the number of experimental variables, the
liquids were heated to saturation prior to introduction to the
heating surfaces. The liquids were introduced to the heating sur-
faces by gently pouring them onto the surfaces from a beaker. Since
the actual volume of the vaporizing drop at any particular time was
determined from the photographs (in the manner which will be given
in detail in the next section the precise initial 1liquid volume was
immaterial (and could not be determined as some vaporization inevi-
tably occurs while heating the 1liquid to saturation prior to its
introduction to the heating surfaces). This technique of intro-
ducing the liquid to the heating surfaces eliminates three experi-
mental variables typically associated with Leidenfrost film boiling
data: 1) initial subcooling of the liquid, 2) initial drop volume,
and 3) the height from which the drops fall (for impingement

studies).

Drop Area/Volume Calibration

Known volumes of liquid (necessarily subcooled because of
possible evaporation) were gently poured onto the surfaces and
several photographs taken at the time of deposition. The vertically

projected drop area was determined from the photographs (in the
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manner detailed in the first section of the next chapter). The ver-
tically projected drop area was then extrapolated backward in time
to the point when the drop was introduced to the surface. These
area/volume data points were used in conjunction with computer
program "LAMBDA" (a description of which may be found in Appendix C)
to determine the optimum value of the liquid/vapor interface
parameter, A (Equation 1-1), which best related the drop area/volume
data to the numerical solution to the Laplace capillary equation
(section 1 of Chapter 3). The values of A determined in this manner
were 0.219 cm, 0.119 cm. 0.0929 cm. and 0.0889 cm. for water,
ethanol, iso-propanol, and ethylene-chloride respectively. These
data points and the numerical solution to the Laplace capillary
equation are shown in Figures 8 through 11. The numerical solution
to the Laplace capillary equation and the respective value of A was
used to determine the drop volume from the vertically projected drop
area for each of the subsequent data points. As mentioned in sec—
tion 1 of Chapter 3, no distinguishable difference in the drop
area/volume relationship was noted on the macro-roughened surfaces

as compared to the smooth surface (see Figures 8 and 9).



CHAPTER 5
DATA REDUCTION AND COMPUTATIONAL PROCEDURE

Determination of Contact Period and Duration

from Thermocouple/Pin Data

The duration of intermittent liquid-solid contact was taken as
the time during which the temperature of the micro-thermocouple
junction in the top/center of the instrumental pin was falling. The
contact period was taken as the time between successive maxima in
the temperature of the junction. The maxima and minima were deter-
mined from the strip chart records of junction temperature vs. time.
Each liquid-solid contact occurrence evidenced a maximum and a mini-
mum temperature. The maximum temperature during the contact period
(which occurred just prior to contact) is referred to as the reco-
very temperature, Tgp; and the minimum temperature during the contact
period (which occurred at the end of contact) is referred to as the
quench temperature, TQ (for illustration of the quantities T, Te,
Tr, and TQ see Figure 26). Further details of this data will be

given in Chapters 6 and 7.

Computed Heat Transfer Coefficients from

Contact Period and Duration

The average contact period and duration as determined from the
thermocouple/pin data were used to compute a theoretical value of

61
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heat transfer coefficient based on the modeling of the intermittent
liquid-solid contact phenomenon presented in the last section of
Chapter 3. The heat transfer due to convection in the vapor flow
beneath the drops and radiation was computed from Equations 3-36,
3-40, and 3-45. The heat flux due to intermittent liquid-solid con-
tact was computed from the contact period/duration data by the two-
dimensional, transient finite difference model detailed in the next
section. The enthalpy flux parameter, B (Equation 3-40), was not
computed from experimental vaporization data. Instead, the value of
B was computed by solving Equations 3-36, 3-40, and 3-45 simulta-
neously with Equations 3-19 and 3-32. Thus the computed heat
transfer coefficients for the macro-roughened surfaces required only
bulk surface temperature, contact period, and contact duration (as
well as macro-roughness element geometry and thermophysical
properties). The heat transfer coefficients computed in this manner
will be compared to the experimental heat fransfer coefficients

(computed from drop vaporization) in Chapter 6.

Two-Dimensional Finite Difference Model for a
Cylindrical Pin Subjected to Pulse-Like

Periodic Liquid-Solid Contact

A two-dimensional, transient finite difference computer program
was developed to model the liquid-solid contact phenomenon and the
thermal response of a cylindrical pin to that contact. This program

is named "2-D PINT" (a description may be found in Appendix C).
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The following assumptions were made in developing the

two-dimensional, transient finite difference model:

1Y)

2)

k)]

4)

5)

6)

7)

8)

9)

circumferential symmetry

the pin is embedded in an isothermal substrata

the liquid-solid contact 1s pulse-like periodic
(ON-OFF-ON-OFF-ON....) with period T and duration Te

when and where liquid-solid contact is assumed to occur a
contact-type heat flux (detailed subsequently) is imposed
when and where contact is assumed not to occur a pool-type
boiling heat flux is imposed

when and where contact is assumed not to occur the entire
pool boiling curve is used to determine the local heat flux
based on the local surface temperature

the imposed heat flux varies with time, location, and local
surface temperature

the thermophysical properties of the solid material are
allowed to vary with temperature (and therefore also with
time)

the presence of the ceramic insulator (see Figures 18

and 19) 1is included as illustrated in Figure 29

The location of the nodal points as well as further information

about the finite difference modeling is given in Figure 29.

Liquid-solid contact is assumed to occur only during the "ON"

periods and only when the local surface temperature is above the

MFBT (minimum film boiling temperature). At all other times (at

external locations on the pin) a pool boiling heat flux is imposed.
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The pool boiling curve (see Figure 1) is determined in the following
manner: for temperatures above the MFBT the boiling mechanism is
assumed to be film boiling and the heat flux is computed by the
relationships of Baumeister, Keshock, and Pucci [31]. These rela-
tionships are given in Equations 5-1 through 5-7. The minimum and
critical heat fluxes are computed by the relationships of Zuber,
Tribus, and Westwater [65], the MFBT is computed by the relationship
of Berenson [38], and the critical temperature (viz. the temperature
corresponding to the critical heat flux) is computed as suggested by
Bankoff and Mehra [37]. These relationships are given in Equations
5-8 through 5-11. Equation 5-8 also contains Kutateladze's

improvement [44].

s 7 -3
hgg = heg (1 + 554 ) (5-1)
m 2 1n (1+1lpA 3
hfg = heg [ 2ERH20) (5-2)
*
hfg = 12 (h}g + hig ) (5-3)
kg3pg(pf_pg) g hfg* 1/4
bom b
= IR(Tg*-T1*) -
hR (TS—TL) (5 5)
h L/
FB 3
h* = hFB ( hT ) + hR (5‘6)

qFB = h* (Tg-Tp) (5-7)
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1
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The entire boiling curve is pieced together by assuming a straight
line on a log-log plot of heat flux vs. temperature difference
between the points of critical and minimum heat flux (Similar to
Figure 1).

During the "ON" period (where intermittent liquid-solid contact
is assumed to occur and when the local surface temperature is above
the MFBT) the heat flux from the pin to the liquid is assumed to be

given by Equation 5-12 (Reference 37).

// (ka)L

9@ =" 5 (Tg — T) (5-12)

where t is the time since contact was initiated and Ts is the
instantaneous local surface temperature. Equation 5-12 is a modifi-
cation of the standard error function formulation for the contact of
two semi-infinite static media as presented in the last section of
Chapter 3 (Equation 3-52). The modification applied to Equation

3-52 which results in Equation 5-12 consists of two changes: 1) the

contact temperature in Equation 3-52 (which is theoretically
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constant with respect to time according to the error function
formulation) has been replaced with the instantaneous local surface
temperature (which in general is not constant with respect to time)
and 2) only the heat flux and not the temperature is computed using
this modification of the error function formulation and that only
involves liquid thermophysical properties and local surface
temperature. The temperature of the solid (pin) is determined by
solving the transient heat conduction equation (3-46) using finite
differences. These finite difference equations are standard and may
be found in most conduction textbooks (e.g. [62]).

Equation 5-12 assumes that the liquid (and not the solid) is a
semi-infinite static medium. This assumption that the liquid is a
semi-infinite static medium during intermittent liquid-solid contact
is justified by the following reasoning: The contact recovery
("OFF") time is on the order of 0.1 second (as stated in the last
section of Chapter 3). The time required for a liquid to
re-establish equilibrium is on the order of the molecular collision
period which is orders of magnitude less than 0.1 second [39].

This indicates that the liquid will essentially "recover" from the
intermittent liquid-solid contact very rapidly, thus re-establishing
an essentially uniform medium before the initiation of the next

contact.,

The penetration depth of the thermal boundary layer into the
liquid from the point of contact, Sty , based on the error function

solution is given by Equation 5-13
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Sp = /7280, T, (5-13)
where T, is the contact period and o is the thermal diffusivity of
the liquid. Equation 5-13 is obtained by solving Equation 3-48 for
the location where the temperature is 99% of the far field value.
For the contact periods measured in the present study this penetra-
tion depth is less than 0.003 cm. This penetration depth is much
less than the thickness of the drops investigated (e.g. 0.2 cm. for
a 0.03 cc. water droplet). It is therefore assumed that the liquid
is essentially semi-infinite during the intermittent liquid-solid
contact process.,

Equation 5-13 is more general than the error function for-
mulation (Equation 3-52) in that it only assumes that the liquid is
semi~infinite and uniform prior to contact. In the error function
formulation, the transient conduction equation (Equation 3-46) is
solved in the media on both sides of the point of contact. In the
error function formulation uniform initial conditions are assumed to
exist in both media. Closure of the error function formulation is
obtained by setting the temperatures and heat fluxes equal in both
media at the point of contact. In the present formulation the tem-
perature distribution within the pin is determined by finite dif-
ferences whereas the temperature distribution within the liquid is
determined from the analytical solution (Equation 3-48). Closure of
the present model is also obtained by setting the temperatures and

heat fluxes equal at the nodal point on the surface of the pin.
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Measurement of Drop Vertically Projected Area

The vertically projected area of the drops was photographed
during vaporization at equally spaced intervals of from 1 to 10
seconds (as detailed in section 5 of Chapter 4). The photographs
were projected one frame at a time onto a drafting table with an L-W
International Model 224A Mark V 16mm projector and the outlines of
the drops sketched on paper. The scaling factor of the projected
photographs was determined from the diameter of the disk-shaped
heating surfaces (the outline of which was also shown in the
photographs) . The area of the dfop in each sketch was determined
with a K&E Model 620015 polar planimeter. The actual drop area was
determined from the area of the sketched drop outline by dividing by
the scaling factor squared. The scaling factor used was approxima-—
tely 4. This value was selected so that the range of drop area
investigated (0.04 to 40 sq. cm.) would be within the design range

of the polar planimeter.
Uncertainty of the Area/Time Data

As mentioned in Chapter 1 and section 1 of Chapter 3, a hydro-
dynamic instability is present in Leidenfrost drops. This hydrody-
namic instability may support the presence of thermally driven drop
oscillatons (e.g. [36]). This hydrodynamic instability may also
support drop oscillations which result from rapid local vaporization

accompanying intermittent liquid-solid contact (e.g. [2], [4]. Some
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degree of drop oscillation was noted in every experimental sequence
in the present study. As stated in section 1 of Chapter 3, the drop
is assumed to oscillate about its equilibrium shape. Photographs,
however, show only instantaneous drop area rather than time averaged
area which is thought to be the equilibrium area. The time frame of
the drop oscillations is approximately two orders of magnitude less
than the vaporization time for the size drops investigated in the
present study. However, the time frame of the oscillations is also
approximately an order of magnitude smaller than the time interval
between the photographs taken in the present study. The drop
oscillations, vaporization, and photographic sampling may be
illustrated by the solid curve, dashed curve, and triangles respec-
tively in Figure 23. To reduce the area/time data to heat transfer

coefficients, all of the quantities in Equation 5-14 must be

determined.
dVD
h
pg Mg dt
hp = - (5-14)
D™ "ap, (Ty - T

(Equation 5-14 is obtained by solving Equations 3-31, 3-32, and 3-33
simultaneously.) Therefore, it is necessary to determine the dashed
line in Figure 23 (which represents the vaporization curve) from the
triangles alone (which represents the photographic area/time data).
As illustrated in Figure 24 there are many curves which might be
drawn through any particular set of area/time data. The particular

relationship defining the vaporization curve selected in the present

study was determined from the analysis detailed in the next section.
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Knobel and Yeh [9] stated that, "The major deviations in the
experimental heat transfer coefficients arise from small errors in
the area measurement (1 percent error in area can lead to 20-40 per-
cent error in the incremental change in volume)...” Drop oscilla-
tions which result in deviations from the equilibrium drop shape can
produce sigﬁificant error in the determination of drop volume from
instantaneous drop area. If the instantaneous drop area is used to
determine drop volume and subsequently computed heat transfer as
described by Knobel and Yeh, the errors associated with this data
reduction process are an order of magnitude greater than the experi-
mental uncertainties (such as initial drop volume, temperatures,
etc.) and the other stages of the data reduction (such as a polar
planimeter or camera parallax). For this reason the drop oscilla-
tions represent the largest obstacle in the path toward increasing
the accuracy of Leidenfrost heat transfer measurements. Merely
taking photographs at smaller time intervals will not resolve this
inherent uncertainty in the data. It is therefore necessary to
develop an algorithm for data reduction which will not amplify
further the experimental uncertainty in the area data and will
average out the effect of the drop oscillations. Such an algorithm
was developed in the present study and is detailed in the next

section.
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Determination of Heat Transfer Coefficients

from Drop Area/Time Data

The drop heat transfer coefficient as defined in the present
study is given by Equation 5-14. Thus the determination of heat
transfer coefficients necessitates the determination of the deriva-
tive of drop volume with respect to time from area/time data.
Mathematically the differentiation process is an expansion [67].

One characteristic of a mathematical expansion is that uncertainties
in the original quantity will result in relatively larger uncertain-
ties in the derivitive of that quantity [68]. An example of an
expansion would be exponentiation (ie. 10(5¥1%) = 109%23%). 4An
engineering example of the expansion property of differentiation
would be that changes in an object's position indicate larger rela-
tive changes in the object's velocity which, in turn, indicate still
larger relative changes in the object's acceleration. As a result
of this mathematical property of the differentiation process when
applied to experimental data, even if the uncertainty in the
experimental quantity is known, the uncertainty in the derivative of
that quantity cannot be determined precisely. The uncertainty in
the derivative of an experimental quantity can only be estimated
based on certain assumptions about the mathematical behavior of the
experimental quantity (viz. the number of continuous derivatives,
the magnitude of the next highest derivative to the desired

derivative, the truncation error in the differentiation algorithm,

etc.).
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The typical value of uncertainty associated with heat transfer
coefficients for Leidenfrost drops in the literature is 27% (e.g.
[9], [14]). This quantity is rather arbitrary and is more reflec-
tive of the inconsistency between one investigator and another or
between two data points taken by the same investigator than the
uncertainty of the data itself, however, it can neither be confirmed
nor refuted through rigorous analysis. Such a figure as 27% asso-
ciated with heat transfer coefficients for Leidenfrost drops in the
literature should more accurately be referred to as the degree of
inconsistency rather than uncertainty, since technically the uncer-
tainty is unknown.

The transformation of area/time data to volume/time data
(through the numerical solution to the Laplace Capillary equation)
is an expansion (e.g. a 157 uncertainty in the area of a 0.1 cc.
drop of water leads to a 20% uncertainty in its volume). Therefore,
in the "straightforward” determination of heat transfer coefficients
from area/time data by solving Equation 5-14 directly, there are at
least three compounded uncertainties: 1) the uncertainty in the
area/time data itself, 2) the uncertainty in the area-volume
transformation, and 3) the uncertainty of the differentiation
process. This procedure for determining heat transfer coefficients
for Leidenfrost drops compounds the uncertainty of the data and thus
the inconsistency between one set of data and another or between the
data of one investigator and another. This compounding of uncer-

tainties can be greatly reduced by transforming Equation 5-14 and
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incorporating the definitions of dimensionless drop area and volume

(Equations 3-2 and 3-3) to obtain Equation 5-15.

P hegd  av* 4l 1n(a®) ]

(Tw - TL) d_A* dt (5-15)

hp = -

Mathematically, Equation 5-15 is equivalent to Equation 5-14.
However, Equation 5-15 does not compound any of the uncertainties
associated with the area/time data. Equation 5-15, except for the
differentiation process, actually decreases the uncertainty of the
experimental area/time data. This reduction in uncertainty is not a
violation of any mathematical principle (e.g. the integration
process always reduces the uncertainty in an experimental quantity
and in no way violates mathematical principles). The transformation
of A to A* does not increase the uncertainty since this amounts to
multiplying by a constant. The transformation from A to ln(A*) is a
contraction (i.e. any uncertainty in the area will result in a
smaller uncertainty in the natural log of the area). Notice also
that the time derivative eliminates the A to A* transformation in
the natural logarithm since the derivative of the logarithm of a
constant times a variable is equal to the derivative of the
logarithm of the variable. The contraction property of the
logarithm may be illustrated by the following example: a 15% uncer-
tainty in an A* of 100 will result in only a 6.6% uncertainty in the
logarithm of A* (ie. 1n (100%*15%) = 4.6%6.6%). The dimensionless
volume/area derivative (dV*/dA*) is also a contraction and only a
"weak" function of the dimensionless drop area (e.g. a 15% uncer-

tainty in an A* of 10 will result in only a 6% uncertainty in the
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dimensionless volume/area derivative). The dimensionless
volume/area derivative is also computed from the Laplace Capillary
equation and is shown in Figure 25. Thus Equation 5-15 is an
optimum computational form through which to determine heat transfer
coefficients from area/time data since all of the transformations
are contractions (except for the differentiation process--which
cannot be eliminated).

Further improvement in the data reduction algorithm is obtained
by eliminating the numerical or graphical differentiation process
(most investigators either use finite differences to compute the
time derivatives--which greatly increases the uncertainty--or
graphical differentiation--which adds the uncertainties of deter-
mining tangents). This is accomplished by obtaining a best-fit
approximating function to the data points and performing analytical
differentiation on the approximating function. The type of best-fit
necessary to produce the most accurate represeﬁtation of the data is
not least-squares [61] (since 10 £ ] is treated the same as 0.1% 1
by a least-squares algorithm, which is certainly not an acceptable
tolerance in an area). A least-squares relative fit to the data is
also inappropriate since it tends to weight most heavily those data
points having the greatest scatter [61]. The minimum—maximum (or
Chebyshev) fit is likewise inappropriate since it produces a fit
which weights only the data point having the greatest scatter [61].
The only "best-fit" which is appropriate is the least-absolute-

relative fit (which weights all the data points equally) [61]. The
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LAR (least-absolute relative) fit is that which satisfies Equation

5-16'
N A (D) - Ap
min [ I |—"—2 1] (5-16)
JJICErY

Where AI represents the I'th data point and A(I) represents the
corresponding I'th value of the approximating function.

This type of best-fit cannot be determined in a finite number
of computations nor through any linear optimization algorithm
[61, 63]. A computer program was developed to solve the minimiza-
tion problem associated with the LAR fit of the area/time data.

This program is called "DATABASE" (a description may be found in
Appendix C).

The approximating function which was to be fit to the area/time
data (in the LAR sense) was determined from observing the nature of
the experimental data. One hundred and twenty-five semi-log plots
were made from the data taken in the present study (semi-log plots
were selected because this is the form of Equation 5-15). The
approximating function selected for the data reduction algorithm was
constrained by the nature of Leidenfrost film boiling to have the
following four properties: 1) the function must have no more than
one real zero (which occurs when the log of the area becomes zero—-
one square centimeter), 2) the function must have no real zeroes of
the first time derivative (otherwise the drop would cease to
evaporate), 3) the function must have a second time derivative which

is always less than or equal to zero (otherwise the drop could

increase in size with time), and 4) the function must have one and
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only one real singularity (at the vaporization time the area is zero
and the log becomes negative infinity). The simplest function which
was found to have all these properties and which was similiar in
form to the semi-log plots of the experimental data was a single
branch of a hyperbola. There are five constants in general which
determine a hyperbola. Only four of these constants are arbitrary
(since property 4 above requires that one be zero). Thus four
constants must be determined which will result in the LAR fit (or
the minimum average absolute relative discrepancy) with the experi-
mental area/time data.

The approximating hyperbola may be written in the form of

Equation 5-17.

In(a) = S14C270) (C37t) (5-17)
(C4-t)

Clearly C4 is the vaporization time and C2 and C3 are the points
where the two branches of the hyperbola pass through zerb. Only the
lower branch is used (in order to satisfy property 1 stated
previously). To meet all four properties the following four
constraints are placed on the solution:

0<C1<C2<C4<C3 (5-18)
The minimization algorithm developed in the present study for data
reduction assures that these four constraints (Equation 5-18) are
always met.

It should also be noted that standard smoothening,

approximating, and differentiating algorithms based on polynomials

and least-squares relationships (e.g. Reference 61) are completely
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inappropriate and quite unsuccessful at approximating the present
data as can be noted from property 4 (no polyﬁomial can provide an
infinite value for a finite argument). Seve;al polynomial based
algorithms were investigated in the present study before developing
the present algorithm--all those investigated proved most
unacceptable.

The various quantities such és Nusselt numbers, convective,
radiative, and contact heat transfer coefficients, etc. which are
given in the discussion on modeling the phenomenon in Chapter 3 were
computed by solving the respective equations in Chapter 3. This was
accomplished by either program “SMOOTH" for the smooth surface or
"ROUGH" for the macro-roughened surfaces. Descriptions of these
programs (as well as examples of the computed quantities may be
found 1in Appendix C. The output of the programs will be presented

and discussed in Chapters 6 and 7 respectively.



CHAPTER 6

RESULTS

Data Taken in the Present Study

The temperature response of the thermocouple/pin junction in
surface CP54 throughout 45 discrete drop lifetimes was recorded as
detailed in section 8 of Chapter 4 and section 1 of Chapter 5 (17 of
water, 8 of ethanol, 9 of iso-propanol, and 11 of ethylene~
chloride). This data consisted of 45 separate strip chart records
of thermocouple junction temperature vs. time. A total of 746
discrete contact occurrences were selected from these 45 data
sequences. The temperature response of the thermocouple/pin junc-
tion in surface SHP2612 throughout 30 discrete drop lifetimes was
-also recorded (5 of water, 8 of ethanol, 9 of iso-propanol, and 8 of
ethylene-chloride). This data consisted of 30 separate strip chart
records of thermocouple junction temperature vs. time. A total of
1684 discrete contact occurrences were selected from these 30 data
sequences. There were a total of 75 strip chart records taken and a
total of 2430 discrete contact occurrences selected from these.

Since only one of the pins in surfaces CP54 and SHP2612 were
instrumented, as the size of the drops decreased with vaporization,
periods may occur during a drop lifetime when the drop is not
resting on the surface in the vicinity of the instrumented pin.

Liquid/solid contact data could only be collected while the drop was
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resting on the surface over the instrumented pin. The previous con-
tact data sequences are the selection of those periods where the
drop was in the vicinity of the instrumented pin. The contact
period, duration, recovery temperature, and quench temperature for
each of these contact occurrences was individually determined from
the strip chart records as detailed in section 1 of Chapter 5.

These data sequences are summarized in Tables 1 and 2.%*

The vaporization of 29 discrete drops was photographed on sur-
face SMTH (7 of water, 8 of ethanol, 7 of iso-propanol, and 7 of
ethylene-chloride). This data consisted of 714 photographs. The
bulk surface temperatures ranged from 190°C to 535°C. The vaporiza-
tion of 27 discrete drops was photographed on surface CGOl (4 of
water, 7 of ethanol, 8 of iso-propanol, and 8 of ethylene-chloride).
This data consisted of 463 photographs. The bulk surface tem~
perature ranged from 190°C to 500°C. The vaporization of 24
discrete drops was photographed on surface SCG02 (3 of water, 7 of
ethanol, 7 of iso-propanol, and 7 of ethylene-chloride). This data
consisted of 966 photographs. The bulk surface temperature ranged
from 210°C to 525°C. The vaporization of 21 discrete drops was pho-
tographed on surface CP54 (2 of water, 6 of ethanol, 6 of
iso-propanol, and 7 of ethylene~chloride). This data consisted of
674 photographs. The bulk surface temperature ranged from 220°C to
620°C. The vaporization of 24 discrete drops was photographed on

surface SHP2612 (3 of water, 7 of ethanol, 7 of iso-propanol, and 7

*All tables are in Appendix A.
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of ethylene-chloride). This data consisted of 779 photographs. The
bulk surface temperature ranged from 200°C to 550°C. There were a
total of 125 discrete drop vaporizations photographed (a total of
3596 photographs). These were individually projected, sketched, and
measured as detailed in section 4 of Chapter 5. These data sequen-
ces are summarized in Tables 3 through 7.

Other data taken in the present study included 347 photographs
of vertically projected drop area which were used to determine the
area/volume calibration curves for the four liquids investigated (as
detailed in the last section of Chapter 4), and 67 voltage/temper-
ature measurements for the calibration of the thermocouple/pins (21

for CP54 and 46 for SHP2612) these appear in Figures 20 and 21.

Strip Chart Records of Thermocouple/Pin

Junction Temperature vs. Time

The response of the thermocouple/pin junction temperature with
time as recorded on the 75 strip charts could be classified into
three categories. These three categories are illustrated by the
four segments of actual strip chart records which are included as
Figures 22, 26, 27, and 28.

Figure 26 shows the response of the CP54 thermocouple/pin ini-
tially at 420°C to a 5 cc. drop of saturated iso-propanol. In
Figure 26 the liquid first contacts the pin at the 6th time division
from the left. This event corresponds to drop deposition. Drop
vaporization occurred approximately 230 time divisions beyond the

right side of the figure. Since most of the 75 strip charts were
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recorded at 5 times the chart speed illustrated in Figure 26, it is
not feasible to include more than a few representative segments of
these strip chart records.

In Figure 26 the temperature of the junction can be seen to
vary somewhat periodically about a mean value which asymptotically
approaches 360°C. This first category of temperature response to
liquid-solid contact is termed “stable" because film boiling and
intermittent liquid-solid contact persists throughout the entire
drop lifetime.

Figure 27 shows the response of the CP54 thermocouple/pin ini-
tially at 330°C to a 10 cc. drop of saturated water. The tem-
perature of the junction varies much more irregulafly than in
Figure 26 (note also that the temperature scale in Figure 27 is §
times that in Figure 26). After about 15 contacts (the 36th divi-
sion from the left) the temperature reaches a point after which it
falls off rapidly and never recovers until after the drop vaporizes.
This point (280°C in Figure 27) is defined as the IMFBT (local mini-
mum film boiling temperature).

At this point (the LMFBT) the boiling process was observed to
change dramatically: the drop would suddenly collapse onto the
heating surface so that the liquid no longer appeared like a drop
but rather like a frothy bubbling sheet. Since the temperature of
the junction (approximately 180°C at the right edge of Figure 27)
was significantly above the maximum surface temperature typically

associated with nucleate boiling (124°C [50]) yet the frothy

bubbling appearance of the boiling process was similiar to nucleate
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boiling, this boiling process is termed "quasi-nucleate”. This
phenomenon of drop collapse and subsequent quasi-nucleate boiling
has been described by many investigators including Leidenfrost in
1756 [2] (see for instance Reference 3). The liquid-solid contact
process illustrated in Figure 27 is termed "metastable” since inter-
mittent liquid-solid contact and film boiling only occur for part of
the drop lifetime.

The third category of liquid-solid contact which was observed
in the present study is illustrated in Figures 22 and 28. Figure 22
shows the response of the CP54 thermocouple/pin initially at 440°C
to 5 cc. of subcooled water at 0°C. The temperature of the junction
can be seen to drop from 440°C to 115°C in 0.14 sec. and then
recover to 150°C in another 0.37 sec. This liquid-solid contact
process 1s termed "unstable” since the first contact is sustained
from deposition to vaporization and only quasi-nucleate boiling is
present during the drop lifetime.

Figure 28 shows the response of the CP54 thermocouple/pin ini-
tially at 280°C to 10 cc. of saturated water. Four liquid-solid
contacts may be seen (the first at the 7th time division from the
left of the figure and the fourth at the 22nd division). After the
fourth contact the temperature drops to and remains constant at
130°C until vaporization. This liquid-solid contact process is also
termed "unstable” as in the case of Figure 22, The slight recovery
in Figure 22 (which is not evidenced in Figure 28) is thought to be

a result of the initial subcooling of the liquid as this slight
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recovery phenomenon after unstable liquid-solid contact was only
evidenced in the cases where subcooled liquid was used.

These three categories of liquid-solid contact together with
Figures 26, 27, and 28 illustrate the present definitions of local
and bulk minimum film boiling temperatures (LMFBT and BMFBT
respectively). The definition point of the LMFBT is shown in
Figure 27. The initial junction temperature in Figure 27 is said to
be above the LMFBT, whereas after the 36th time division it is said
to be below the LMFBT. The junction temperature throughout the
entire drop lifetime for the case shown in Figure 26 1s said to be
above the LMFBT. The junction temperature throughout the entire
drop lifetime for the case shown in Figure 28 is said to be near or
below the LMFBT. Therefore, by the present definitions both stable
and metastable liquid-solid contact can occur if the surface tem-
perature is above the LMFBT; and only unstable liquid-solid contact
can occur if the surface temperature is below the LMFBT.

By the present definition of BMFBT (the bulk surface tem-
perature necessary to sustain the LMFBT at every point where liquid-
solid contact occurs throughout the boiling process), only stable
liquid-solid contact can occur if the bulk surface temperature 1is
above the BMFBT; and both metastable and unstable liquid-solid con-
tact occur if the bulk surface temperature is below the BMFBT.
Therefore, the initial surface temperature in Figure 26 is said to
be above both the BMFBT and the LMFBT, in Figure 27 it is said to be
below the BMFBT but above the LMFBT, and in Figure 28 it is said to

be below the BMFBT and near or below the LMFRT.
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Contact Data

The thermocouple/pin data for the 2 instrumented surfaces (CP54
and SHP2612) was reduced as detailed in section 8 of Chapter 4 and
section 1 of Chapter 5. This data includes contact period, T , con-
tact duration, Tc, bulk surface temperature, Tw, recovery
temperature, Tg, quench temperature, TQ, average pin tip
temperature, Tp, temperature depression across the pin, ATp=Tw-Tp,
and the temperature change during contact, ATc=TR-TQ (these quan-
tities are illustrated in Figure 26). This data is summarized in
Tables 10 and 11 for surfaces CP54 and SHP2612 respectively. The
average quantities are listed in the tables with the standard
deviation (where applicable) listed beside these in parentheses.

The contact period, T, and its standard deviation are listed in
column 4 of Tables 10 and 11. The first entry in Table 10 indicates
that water on surface CP54 at a bulk temperature of 495°C (column 6)
experienced 16 contacts (column 3) which had an average period of
0.15 sec. The shortest average contact duration listed in Table 10
is 0.080 sec. (strip #17, segment d) and in Table 11 is 0.058 sec.
(strip #46, segment d). The longest average contact duration listed
in Table 10 is 0.43 sec. (strip #38, segment a) and in Table 11 is
0.31 sec. (strip #46, segment a).

The contact duration, Tc, for convenience is presented in the
form of the duration to period ratio, 8. This is the ratio of the
“ON" time to the "ON" plus the "OFF" time of contact. The

duration/period ratio is presented rather than the contact duration
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itself (which is the product of ® and T) because the persistence of
liquid-solid contact is more clearly seen in this ratio. The
absence of contact corresponds to =0 and continuous contact
corresponds to 9=]1, Theta and its standard deviation are listed in
column 5 of Tables 10 and 11. The first entry in Table 10 indicates
that the liquid-solid contact persisted for an average of 44% of the
contact period (9=0.44). The second entry in Table 10 indicates
that liquid-solid contact persisted for an average of 36% of the
contact period, the third entry 31%, etc. The maximum value of con-
tact duration/period ratio listed is 84% in Table 10 (strip #24,
segment a) and 77% in Table 11 (strip #46, segment c¢). The minimum
value of contact duration/period ratio listed is 26% in Table 10
(strip #14, segment b) and 28% in Table 11 (strip #49, segment a).

The standard deviation in the contact period, T, and
duration/period ratio, O, are also listed in Tables 10 and 11 (in
parentheses beside the respective quantities). These standard
deviations are listed as they indicate the periodicity and regu-
larity of the liquid-solid contact. Specifically, if the liquid-
solid contact were truly periodic the standard deviation in the
period would be zero. Conversely, if the standard deviation of the
contact period is large compared to the period, the process is not
periodic. Since all of the standard deviations of contact period
and duration/period ratio listed in Tables 10 and 11 are of the same
order of magnitude as (although smaller than) the respective average

quantities, the liquid-solid contact phenomenon as measured in the

present study can only be considered marginally periodic or regular.
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The temperature depression across the pin (ie. the bulk surface
temperature minus the temperature of the junction on the exposed tip
of the instrumented pin), ATP, is listed in the 10th column of
Tables 10 and 11. This temperature depression is roughly propor-
tional to the heat flux through the pin. It should be noted that
the vertical distance between the center of the two thermocouples
used to measure temperature depression across the instrumented pin
on surface-CP54 was 0.305 cm (Figure 16) and on surface SHP2612 was
0.178 cm (Figure 17). The maximum temperature depression listed in
Table 10 is 147°C (strip #47, segment d) and in Table 11 is 201°C
(strip #47, segment b).

The temperature change of the thermocouple/pin junction during
contact, ATC, is listed on column 11 of Tables 10 and 11. This tem-
perature change represents the average rise and fall of the junction
temperature during the "OFF" and "ON" portions of the contact period
respectively. The largest value of AT, listed on Table 10 is 21°C
(strip #21, segment a) and in Table 11 is 70°C (strip #46,
segment d). It should also be noted that these largest values of

both AT, and AT. occur with water.
Experimental Heat Transfer Coefficients

The area/time data was reduced to heat transfer coefficients by
program "DATABASE" as detailed in section 6 of Chapter 5. The out-
put of program "DATABASE" for a smooth surface and a macro-roughened
surface is illustrated in Tables 8 and 9 respectively. In these

tables the experimental area/time data is listed in the first two
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columns and the time-smoothened area ("ASMTH") 1is listed in the
third column. The experimental area data (column 2) and the time-
smoothened area (column 3) represent the triangles and the dashed
curve respectively in Figure 23. A comparison of the second and
third columns in Tables 8 and 9 and Figure 30 illustrates the func-
tion of program‘"DATABASE" to remove the effect of drop oscillations
from the data (section 6 of Chapter 5). Figure 30 is a plot of the
data in Table 9.

The experimental heat transfer coefficients (viz. those com—
puted from the experimental area/time data) are given in column 9 of
Tables 8 and 9 for the respective data sequences. The ratio of the
experimental heat transfer coefficients to the theoretical heat
transfer coefficient which would occur on a smooth surface at the
same bulk surface temperature for the same liquid and the same drop
size is listed in column 10 ("HE/HB") of Tables 8 and 9. In this
case the experimental heat transfer coefficient is that which is
computed from the experimental area/time data through Equation 5~15
and the theoretical heat transfer coefficient is that which is com-
puted by solving simultaneously Equations 3-38, 3-39, 3-40, and
3-45. The average discrepancy between the smooth surface heat
transfer data and theory (Equations 3-38, 3-39, 3-40, and 3-45) for
the 714 data points taken on the surface SMTH was 0.7% with a stan-
dard deviation of 12%. This small discrepancy between the smooth
surface data and theory 1s thought to be evidence of the overall
consistency of the theory and data reduction (at least when applied

to smooth surface data).
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The primary non-dimensionalization of the heat transfer coef-
ficients was based on the drop volume rather than the vapor layer
thickness, as is typically the case for Leidenfrost drop heat
transfer coefficients, since vapor layer thickness was not an
experimentally measured quantity in the present study. The cubed
root of drop volume was selected for the non-dimensionalization as
it was thought to be the most convenient readily avaliable length
parameter. The volume Nusselt number, Nuv, for Leidenfrost drops is
defined by Equation 6-1.

1
hp Vp3

t

(6-1)

Nuy = kg

The bulk surface temperature is represented in non-dimensional form

by the dimensionless superheat, A , defined by Equation 6-2.

A= Spg (Ju=-T1) (6-2)
heg

The dimensionless heat flux, H, is defined as the product of the
volume Nusselt number, Nu,, and the dimensionless superheat, A |,
Equation 6-3.

H = A Nuy (6-3)
The volume Nusselt number, Nu,, and the dimensionless heat flux, H,
are listed for each data point in columns 11 and 12 respectively of
Tables 8 and 9.

The dimensionless heat flux, H, is plotted vs. the dimen-

sionless drop volume, V* (Equation 3-3), for the range of dimen-

sionless superheat, A , for each of the 3596 data points (for each
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of the 4 liquids on each of the 5 surfaces) in the present study in
Figures 31 through 50. These figures were plotted by program
"PLOT:HV" (a description of which may be found in Appendix C).

The data in Figures 31 through 50 are plotted using numerals
(0, 1, 2, 3...). The dimensionless superheat corresponding to each
data sequence is located along the top of each figure. The numerals
(0, 1, 2, 3...) are arranged in order of increasing superheat (or
increasing bulk surface temperature). Namely, the data sequence
represented by "1" corresponds to a bulk surface temperature which
is hotter than the sequence represented by "0" etc. In a particular
Figure "6" or "7" corresponds to the hottest bulk surface tem—-
perature and "0" corresponds to the least hot. Although the tem-
peratures corresponding to each numeral are not evenly spaced, the
variation in dimensionless heat flux with surface temperature can be
seen by noting that the surface temperature corresponding to the
data is roughly proportional to the numerals which are used to plot
the data. The data summaries in Tables 3 through 7 are also
arranged in the same order as the numerals in the figures (viz. the
"0" through "6" in Figure 31 correspond to the first 7 entries in
Table 3).

The increase in heat flux for each data point with each of the
4 liquids on each of the 4 macro-roughened surfaces, over that which
would theoretically occur on a smooth surface at the same bulk sur-
face temperature for the same liquid and the same drop size, is
plotted vs. dimensionless drop volume, V*, for the range of dimen-

sionless superheat, A, in Figures 51 through 66. These figures were
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plotted by program "PLOT:HT%" (a description of which may be found
in Appendix C). Note that the increase in heat flux on the macro-
roughened surfaces is equivalent to the increase in heat transfer
coefficient (since the temperature difference in each case is the
same) . The numerals used to plot the data in Figures 51 through 66
are identical to those used in Figures 35 through 50. The variation
in increased.heat flux with surface temperature may be deduced from
the figures in a similar manner as is the variation in dimen-
sionless heat flux.

As can be seen from Figures 51 to 66, one effect of surface
macro-roughness on Leidenfrost film boiling is an increase in heat
flux. This increase is predominantly between 50% and 150% for the &
liquids on the 4 macro-roughened surfaces, although several cases
are shown where the increase is at least 500% (viz. "0" in Figure
55, "0" and "1" in Figure 59, "0" in Figure 61, "0" in Figure 62,
"0" in Figure 63, "0" and "1" in Figure 64, "0" in Figure 65, and
"0" in Figure 66). It should be noted that the critical heat flux
(Equation 5-11) would amount to between 2000% and 4000% increase
over the smooth surface film boiling heat flux. In Figures 51 to 66
the increase on the heat flux was truncated at 500% so that the
other data points would not be obscured by an unnecessarily large
vertical scale. There was no case in the present study in which a
decrease on heat flux was observed on a macro~roughened surface
(over that on a smooth surface). It should also be noted that
throughout the present study the definition of heat flux is that to

the drop (based on the vertically projected area of the drop) and
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not the heat flux from the heating surface (nor that based on the
total area of the heating surface including the macro-roughness
elements).

Recalling that the numeral "0" in Figures 51 through 66
corresponds to a lower bulk surface temperature than does the
numeral “1" and "2" etc., it can be seen from Figures 55 and 60
through 66 that the largest increases in heat flux occur at the
lowest bulk surface temperatures (ie. as indicated by the 0's and

occasionally 1's appearing above the 5's and 6's in the figures).
Computed Heat Transfer Coefficients

Heat transfer coefficients on the macro-roughened surfaces
which were instrumented with the thermocouple/pins (viz. CP54 and
SHP2612) were computed using the two-dimensional transient finite
difference model as detailed in section 3 of Chapter 5 from the
thermocouple/pin data which is summarized in Tableé 10 and 11.
These computed heat transfer coefficients for each of the 4 liquids
on each of the 2 instrumented macro-roughened surfaces (CP54 and
SHP2612) are plotted together with experimental heat transfer coef-
ficients on the same surfaces vs. bulk surface temperature in
Figures 78 through 74. The experimental heat transfer coefficients
represent the range of values measured for large drops and extended
liquid masses (which is the focus of the present study).

Baumeister et al. [31] define the demarcations for extended
liquid masses, large drops, and small drops by dimensionless drop

volumes above 155, between 155 and 0.8, and less than 0.8




92
respectively. The drop aspect ratio (diameter divided by average
thickness--see Figures 5, 7, and 12) is perhaps more illustrative
at this point. Using the numerical solution to the Laplace
capillary equation (Chapter 3, section 1) to determine drop
diameter, 2R, and average drop thickness, 1, the aspect ratio, 2R/1,
is found to be greater than 5 for drops of dimensionless volume, V*,
greater than 75. For V*=0.8 (the lower limit for large drops given
by Baumeister et al.) The aspect ratio is computed to be 1.5 via.
the numerical solution to the Laplace capillary equation. The lower
limit for large drops used in the present study is: aspect ratio
greater than 5 (or V* greater than 75). Drops having dimensionless
volumes between 0.8 and 75 are termed "medium" sized. The
appearance of vapor bubble breakthrough might be thought of as the
demarcation between large drops and extended liquid masses. Vapor
bubble breakthrough typically occurs in drops having dimensionless

volume above 155 (e.g. [24], [26], [27], and [30]).
Experimental Determination of Contact Temperature

One further test of the applicability of the modified error
function formulation for the contact of two semi-infinite static
media to the present case of intermittent liquid-solid contact (as
presented in section 3 of Chapter 5) was made in addition to the
comparison of calculated and measured heat transfer coefficients
(Figures 67 through 74). This further test was the comparison of

experimental and calculated contact temperatures (Equation 3-49).
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Before the liquid is introduced onto the heating surface the instru-
mented pin is essentially at uniform temperature (as determined from
the 2 thermocouples in each of the instrumented surfaces as detailed
in sections 3 and 6 of Chapter 4 and shown in Figures 16
through 19).

Uniform temperature prior to contact with the liquid is one of
the major criteria for the applicability of the error function for-
mulation for contact temperature (section 5 of Chapter 3). If the
error function formulation is to be applied to the intermittent
liquid-solid contact phenomenon under any circumstances it should be
in agreement with this most basic application. Since the tem-
perature depression (initial temperature minus contact temperature)
due to contact is most pronounced in the case of water (water has
the largest value of Y , Equation 3-50, of the four liquids
investigated) , the comparison is made for water on the two instru-
mented surfaces (CP54 and SHP2612). This comparison of expefiment
and theory is given in Table 13. The average discrepancy between
calculated and experimental contact temperature for the data in
Table 13 is 7% of the temperature depression due to contact (with a
standard deviation of 21%). As detailed in the section 3 of Chapter
5, the error function formulation for the contact of two semi-
infinite static media was modified for use in the two-dimensional
finite difference model to account for the finiteness of the pin and

non-uniform initial temperature distribution.



Minimum Film Boiling Temperature >

The BMFBT's on surface CP54 for water, ethanol, iso-propanol,
and ethylene-chloride were determined to be approximately 600°C,
255°C, 240°C, and 235°C respectively. The BMFBT's on surface
SHP2612 for water, ethanol, iso-propanol, and ethylene-chloride were
determined to be approximately 540°C, 260°C, 230°C, and 230°C
respectively. These values are illustrated in Figures 67 through 74
by the solid vertical line (except for water on surface CP54 which
is listed as "uncertain” due to a scarcity of data). These values
of BMFBT are referred to as "approximate” quantities for the reasons
detailed in the section on minimum film boiling temperature in
Chapter 2. As mentioned in Chapter 2, Wachters {13] proposed that
no minimum film boiling temperature exists and many investigators
have reported significant variation in experimental values of MFBT
even on smooth surfaces (e.g. [3], [10], [13], [14], [29], and [32]
through [35] inclusive).

The LMFBT's on surface CP54 for water, ethanol, iso-propanol,
and ethylene-chloride was determined to be approximately 265°C,
220°C, 220°C and 225°C respectively. The LMFBT's on surface SHP2612
for water, ethanol, iso-propanol, and ethylene-chloride was deter-
mined to be approximately 265°C, 190°C, 170°C, and 170°C
respectively. These values of LMFBT are also referred to as
“approximate” quantities for the same reasons. These values of
BMFBT and LMFBT may be compared to the smooth surface minimum film

boiling temperatures calculated using only liquid properties,
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Equation 5-11 (after Berenson [38]). These smooth surface MFBT's
for water, ethanol, iso-propanol, and ethylene-chloride are 288°C,

160°C, 130°C, and 200°C respectively.

Other Computed Quantities

In addition to the computed heat transfer coefficients, volume
Nusselt number, and dimensionless heat flux, the following quan-
tities were computed for each data point (where applicable): con-
vective (flow) heat transfer coefficient ("HF"), contact heat
transfer coefficient ("HC"), radiation heat transfer coefficient
("HR"), computed vapor layer thickness ("DELTA"), dimensionless
enthalpy flux ("B"), drop (or total) Nusselt number based on com-
puted vapor layer thickness ("NUD"), convective (flow) Nusselt
number based on computed vapor layer thickness ("NUF"), contact
Nusselt number based on computed vapor layer thickness ("NUC"),
radiation Nusselt number based on computed vapor layer thickness
("NUR"), conduction parameter, € , ("OMEGA"), and contact Biot
number or modulus ("BIOT#"). The convective heat transfer coef-
ficient is defined by Equations 3-40 and 3-41. The radiation heat
transfer coefficient is defined by Equations 3-36 and 3-45. The
computed vapor layer thickness 1s defined by Equation 3-30. The
dimensionless enthalpy flux parameter is defined by Equation 3-19.
The drop (or total) Nusselt number, the convective (flow) Nusselt
number, the contact Nusselt number, and the radiation Nusselt number
based on the computed vapor layer thickness are defined by Equations

6-4 through 6-7 respectively.
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5
Mp = 2D (6-4)
g

hps

Nup = — (6-5)
g

Mg = Be® (6-6)
g

Nup = hk 0 (6-7)
g

The conduction parameter, 2 , and the contact Biot number or

modulus are defined by Equations 6-8 and 6-9 respectively.

Q § ks (6-8)
€ kg
€
Bic= h; . (6-9)
8

The conduction parameter, 2, is the ratio of the unit thermal con-
ductance of the macro-roughness elements, kg/€, to the unit thermal
conductance of the vapor layer between the liquid drop and the
heating surface, kg/3] The contact Biot number, Bic, is the ratio
of the contact heat transfer coefficient, h., to the unit thermal
conductance of the macro-roughness elements, kg/€. The significance
of these quantities will be discussed in Chapter 7.

These 11 quantities (viz. hg, hg, hg, §, B, Nup, Nup, Nug, Nug,
2, and Bic) were calculated either by program "“SMOOTH" for the
smooth surface data or "ROUGH" for the macro-roughened surface data.
The quantities dealing with contact were, of course, omitted from

the reduction of the smooth surface data as liquid-solid contact was
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not thought to be significant on the smooth surface (e.g. [8]).
Samples of the output of programs "SMOOTH" and "ROUGH" are given in
Tables 14 and 15 respectively. The 1l quantities defined above are
listed in Tables 14 and 15 for each data point in the sequence and
may be found under the columns in the tables having the headings
given previously in quotes. Descriptions of programs "SMOOTH" and
"ROUGH" may be found in Appendix C. These calculated quantities
will be referenced in Chapter 7.

The apparant relative contribution to the total heat transfer
of convection (flow), contact (on the macro-roughened surfaces), and
radiation were computed and plotted for each sequence of data (a
total of 125 plots). Two samples of these plots of relative contri-
bution of the 2 (or 3) modes of heat transfer (one plot for the
smooth surface and one plot for a macro-roughened surface) are given
in Figures 75 and 76 respectively. These figures were plotted by
program "PLOT:FRC" (a description of which may be found in
Appendix C). These plots will be referenced in Chapter 7. Note
that the information in Tables 8 and 14 and Figure 75 all refer to

the same sequence of data as does that in Tables 9 and 15 and

Figures 30 and 76.




CHAPTER 7

ANALYSIS AND DISCUSSION

Intermittent Liquid-Solid Contact in Leidenfrost

Film Boiling on Macro-Roughened Surfaces

The contact periods, T, listed in Tables 10 and 11 (column 4)
are on the order of 0.1 sec which is the same order of magnitude as
the period associated with the Taylor most dangerous instability
(Chapter 1). The most dangerous Taylor instability periods are
0.17, 0.13, 0.15, and 0.12 sec. for water, ethanol, iso-propanol,
and ethylene-chloride respectively. The present data, however, are
not conclusive evidence that the contact period is approximately the
same as the Taylor most dangerous period since all the liquids
investigated have Taylor most dangerous periods which are of the
same order of magnitude and thus do not represent a wide enough
range to permit making such a deduction.

Significant variation in contact period was seen even during a
single drop lifetime (e.g. strip #1, Table 10: T = 0.15, 0.12,
0.096, 0.10, 0.087, 0.086 sec). The standard deviation in the con-
tact period (which is a statistical measure of its regularity) was
also seen to vary significantly during a single drop lifetime (e.g.
strip #1, Table 10: 0T = 0.054, 0.054, 0.072, 0.033, 0.036, 0.028).
These variations in contact period indicate that intermittent
liquid-solid contact on the macro-roughened is somewhat irregular
rather than strictly pulse-like periodic.

98
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As mentioned in Chapter 6, the contact duration/period ratios,
O = 1./7, listed in Tables 10 and 11 range from 26% to 84%.
Variation is also seen in © throughout a single drop lifetime (e.g.
strip #1, Table 10: © = 44%, 36%, 31%, 42%, 41%, 36%). The stan—
dard deviations in O are typically significant compared to the mean
(e.g. strip #1, segﬁent a, the first entry in Table 10 0 = 0,44 and
00 = 0,22). This variation in 9 is further indication of the irre-
gularity of the liquid-solid contact phenomenon.

If the contact duration, T., or the "ON" time of contact is
assumed to be the length of time required to produce sufficient
vaporization in the vicinity of contact to "push" the 1liquid away
from the heating surface at the point of contact, the contact dura-
tion is then analogous to a nucleation "waiting time" as in nucleate
boiling (ie. the time required for a bubble to form). This is pre—
cisely the assumption made by Nishio and Hirata [5] in their analy-
sis of liquid-solid contact for impinging Leidenfrost drops. In
fact, Nishio and Hirata directly employed the theoretical waiting
time for nucleate boiling developed by Han and Griffith [43]. The
theoretical waiting time of Han and Griffith is based on the pre-
sence of small vapor filled cavities in the heating surface and is
therefore not necessarily applicable to liquid-solid contact in film
boiling since liquid-solid contact in film boiling, especially on a
macro-roughened surface, is most likely to occur at protrusions from
the surface rather than cavities in the surface. The waiting times
calculated by Nishio and Hirata (using the theory of Han and

Griffith) for water were less than 0.0l sec. The contact duration
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for water listed in Table 10 (T, = 6T, the product of columns 4
and 5) range from 0.030 sec. (strip #1, segment c) to 0.066 sec.
(strip #1, segment a) and in Table 11 from 0.039 sec. (strip #49),
segment a) to 0.127 sec. (strip #46, segment a). Thus the waiting
time of Han and Griffith does not appear to be applicable to
Leidenfrost film boiling on macro-roughened surfaces.

The data in Tables 10 and 11 indicate that the temperature
depression across the instrumented pin in surface CP54 and SHP2612
respectively, ATp (column 10 in the tables), was greatest for water
(viz. the first 10 entries in Table 10 and the first 9 entries in
Table 11 are for water, column 2) and least for ethylene chloride
(viz. the last 19 entries in Table 10 and the last 17 entries in
Table 11 are for ethylene chloride, column 2). This data (Tables 10
and 11) also indicate that the temperature change during contact,
ATc (column 11 in the tables), is greatest for water and least for
ethylene-chloride (note the same sequences of data given to
illustrate the temperature depression). According to the error
function formulation for the contact of two semi-infinite static
media (section 5 of Chapter 3, Equations 3-47 through 3-50), given
the same initial temperatures of the liquid and solid, the change in
temperature due to contact is determined by the single ther-
mophysical property group Y (Equation 3-50). Of the four liquids
investigated water has the largest value of Y and ethylene-chloride
has the smallest, indicating at least a qualitative agreement

between experiment and theory.
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Local Wetting of the Heating Surface

Wetting of a surface by a liquid is defined in terms of the
contact angle as shown in Figure 77 (e.g. [69], p.33). Figure 77
shows the three classifications of liquid/surface interaction
related to the present study. The drop shown at the top of Figure
77 does not contact the surface, the center drop contacts the sur-
face but does not "wet" the surface, and the lower drop contacts and
"wets" the surface as indicated. Liquid/surface interaction in all
three classifications are observed during film boiling of liquid
drops on macro-roughened surfaces, as illustrated in Figures 78
through 80.

Figure 78 shows a 1.5 cc. drop of water undergoing film boiling
on surface SMTH (Figure 13). Right cylindrical ALNICO magnetic pins
have been arranged on the surface in a square array having a center-
to-center spacing of 0.38 cm. The diameter and height of the
cylindrical pins is 0.127 cm. The photograph was taken at an angle
of approximately 30 degrees from the horizontal plane. The reflec~
tion of the drop can be seen in the polished nickel plated surface.
The division between the drop itself and its reflection is indicated
by the white arrow at the right of the figure. At the point indi-
cated by this white arrow the liquid surface can be seen to curve
under and disappear beneath the drop (similiar to the upper drop in
Figure 77). Since there was a vapor layer present between the drop
and the surface (otherwise the drop would have collapsed and the

film boiling would have changed to quasi-nucleate boiling), the
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underside of the drop could not be as is illustrated in the center
of Figure 77. (Here it is assumed to be common knowledge that a
large drop of water will not "bead-up” on even a polished hot nickel
surface unless that surface is above the minimum film boiling
temperature, and that a drop "beads-up” during film boiling because
of the presence of a vapor layer between the liquid and the
surface.) Howevér, the undersurface of the drop could not be
exactly as is illustrated at the top of Figure 77 since there are 18
cylindrical pins beneath the drop.

In Figure 78 the liquid does not wet the heating surface (ie.
the angle between the surface of the drop and the heating surface
near the white arrow at the right of the figure is less than 90°).
The liquid does, however, wet the pins (the contact angle indicated
by the white arrow at the bottom of the figure is approximately
135°). It is therefore possible for a film boiling drop to contact |
and/or wet a macro-roughened heating surface in one location and not
in another simultaneously.

Figure 79 shows a 0.5 cc. drop of ethanol resting on surface
CP54 (Figure 16). This photograph was taken at an angle of approxi-
mately 45 degrees from the horizontal plane. In the locations indi-
cated by the white arrows in Figure 79, the surface of the liquid
can be seen to "bulge” between the pins rather than "engulf" the
pins as in Figure 78. The angle between the liquid and the pin at
the tip of the left white arrow in Figure 79 is approximately 60°
indicating that the liquid does not wet the pin in this instance.

As in Figure 78, in Figure 79 the liquid does not appear to wet the
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subsurface in which the pins are embedded (this can be seen by
observing the gap between the drop and the smooth subsurface beneath
the white arrows in the figure). Some of the ALNICO magnets (from
Figure 78) can be seen around the periphery of Figure 79. These
were used as a "fence” to confine the drop for the purposes of pho-
tography only and were not present when the data were taken. The
surface was also cleaned, polished, and re-plated before any data
were taken,

Figure 80 shows the edge of a 2 cc. drop of ethanol resting on
a surface which is identical to CP54 (Figures 16 and 79) except for
the pin height (0.0508 cm. in this case instead of 0.127 cm. in the
case of CP54). This photograph was taken at an angle of approxima-
tely 45 degrees from the horizontal plane. The edge of the drop
appears to be relatively undisturbed by the presence of the pins
(ie. the liquid does not "bulge" between the pins as in Figure 79
nor “"engulf” the pins as in Figure 78). The surface of the liquid
appears to roll under and disappear beneath the drop as indicated by
the curved white arrow in the figure. The liquid does not appear to
wet the pins in the areas indicated by the straight white arrows.
Due to the extreme heat (necessitating the use of a telephoto
lense), rapid shutter speed (to stop drop motion), desired magnifi-
cation (note that the pin diameter is only 0.165 cm.), and problems
developing the film (which was originally a color slide), the
contrast in Figure 80 is not as sharp as in Figure 79. The "halo"

about the pins and the dark appearance of the heating surface is a
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result of the intense directional lighting used when taking the pho-
tograph and are not indications of any difference between this sur-
face and the one in Figure 79 (except for the pin height). The same

contrast and shadowing effects can be seen in Figure 79 to a lesser
degree.

Although the pin diameter in Figure 79 is 0.165 cm., as com-
pared to 0.127 cm. in Figure 78, the pin heights are identical
(0.127 cm.). 1In both cases the pins are right cylinders. It was
also noted that both water and ethanol readily wet both nickel plate
and ALNICO at room temperature. The bulk surface temperature in
both cases (Figure 78 and 79) is above the smooth surface minimum
film boiling temperature. The typical pin tip temperature
depressions, ATP (bulk surface temperature minus pin tip
temperature) , measured in the present study on surface CP54 (see
column 10 of Table 10) for water are significantly larger than those
measured for ethanol (e.g. entry 1 in Table 10 lists 70° for water
and entry 11 in Table 10 lists 48° for ethanol). Since the pin tip
temperature depressions for water are typically larger than for
ethanol, the temperature at the pin tip would typically be lower for
water than for ethanol even at the same bulk surface temperature.

It should also be noted that there is a non-zero solid-solid contact
resistance between the ALNICO magnetic pins and the surface (Figure
78) which is not present with the embedded pins in surface CP54
(Figure 79). Thus, the ATp in Figure 78 should be even larger than
would be expected under the same conditions on surface CP54 due to

this solid-solid contact resistance. As the ATp increases the
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likelihood of the pin tip temperature falling below the LMFBT
increases even if the bulk surface temperature is above the BMFBT.

These observations concerning the similarities and differences
between Figures 27 and 28 (ie. pin geometry, wettability at room
temperature, and increased ATp) indicate that the local wetting on a
macro-roughened surface (all other variables held constant) depends
on the local temperature. More specifically, if the local tem-
perature is above the LMFBT the liquid may contact the surface but
it will not wet the surface. This deduced relationship between
wetting/non-wetting and the LMFBT is consistent with the present
definition of the LMFBT as given in Chapter 1. That is, the LMFBT
marks the division between continuous and continual liquid-solid
contact (by definition "continuous" means "ON" all the time, whereas
"continual” means "ON" and "OFF" all the time). This relationship
between wetting, contact, and the LMFBT follows logically: If the
liquid truly wets the surface at a point then the contact at thét
point would presumably be continuous. If the contact is continuous
at a point then there can be no separating vapor layer at that
point. If there is no separating vapor layer (which is the basic
characteristic of film boiling) at that point then the boiling pro-
cess at that point is not film boiling. Therefore, the local tem—
perature must be below the IMFBT. This deduced relationship does
not indicate whether or not contact will occur at a given location,
only whether or not wetting will occur (assuming that the liquid.

could wet the surface under non-boiling conditions).
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The Effect of Surface Macro-Roughness

on Film Boiling Heat Flux

As stated in Chapter 6, there was no case in the present study
where a decrease in heat flux was measured on a macro-roughened sur-
face (over that which was measured on a smooth surface for the same
liquid, drop size, and bulk surface temperature). It was also
stated in Chapter 6 that the increase in heat flux on the macro-
roughened surfaces was typically between 50% and 150%. However,
several cases were given where the increase in heat flux was 300% to
500%.

As stated in Chapter 6, the largest increases in heat flux on
the macro-roughened surfaces were seen at low bulk surface
temperatures. One illustration of this is Figure 60 (ethanol on
surface CP54). The data in Figure 60 indicated by "0" corresponds
- to a dimensionless superheat of 0.328 (listed at the top of the
figure) which is equivalent to a bulk surface temperature of 220°C
(the third entry in Table 7). The data in Figure 60 indicated by
“1" and "5" correspond to dimensionless superheats of 0.421 and
0.954 and bulk surface temperatures of 260°C and 490°C respectively.
The data in Figure 60 indicate approximately 3007 increase in heat
flux at 220°C and only about 100% increase for bulk surface tem—
peratures between 260°C and 490°C. This same phenomenon of larger
increases in heat flux at lower bulk surface temperatures and rela-
tively smaller increases in heat flux at higher bulk surface tem-
peratures with little variation as bulk surface temperature con-

tinues to increase (ie. "0" and perhaps "1* may be substantially
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above "2", "3", "4", etc and there i1s little difference between "2,
"3", "4", etc.) 1s evidenced in Figures 55, 61, 62, 63, 64, 65, and
66.

The dimensionless superheat ranges corresponding to the shift
between relatively larger and smaller increases in heat flux as
described in the previous paragraph for the data in Figures 55, 60,
61, 62, 63, 64, 65 and 66 are 0.270-0.315, 0.328-0.421, 0.478-0.652,
0.388-0.531, 0.278-0.405, 0.398-0.513, 0.444-0.618, and 0.374-0.517
respectively. The average of these ranges i1s 0.37-0.50. The mini-
mum dimensionless superheat covered by the data in Figures 51 to 66
is 0.225 (water on CGOl at 350°C) and the maximum is 1.627
(iso-propanol on SHP2612 at 550°C). The maximum dimensionless
superheat obtained in the present study with water was 0.468 (Figure
59, CP54 at 620°C). While the dimensionless superheat does not
account for the macro-roughness and does not include any ther-
mophysical properties of the surface it is thought to give some
indication as to why the relatively smaller increases in heat flux
(50% to 150%) are not evidenced with water on surfaces SCG02, CP54,
and SHP2612 (Figures 55, 59, and 63) as is the case with the other
three liquids on the same surfaces. Presumably if a dimensionless
superheat of 1.0 (which would correspond to a surface temperature of
1200°C) were achieved for water on these surfaces the same sort of
diminished improvement in heat transfer would be seen.

In contrast to the lack of relatively smaller increases in heat
flux (50%Z to 150%) noted with water on surfaces SCG02, CP54, and

SHP2612, all four liquids lack the relatively larger increases in
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heat flux (300% to 500%) on surface CGOl (Figures 51 through 54).
Since the increases in heat flux are significantly larger on sur-
faces SCG02 (€=0.0508 cm.), CP54 (£=0.127 cm.), and SHP2612
(€=0.0508 cm.), Figures 55 through 66, than on surface CGOl
(€=0.0254 cm.), Figures 51 through 54, and the increases in heat
flux are not significantly larger on surface CP54 (Figures 59
through 62) than on surfaces SCGO2 and SHP2612 (Figures 55 through
58 and 63 through 66), there appears to be an effective threshold
macro-roughness height necessary to obtain significant increases in
film boiling heat flux (in these cases this threshold is between
0.0254 cm. and 0.0508 cm.). It also appears that once this
threshold is reached a further increase in macro-roughness height
(even by a factor of 2.5 as is the case of CP54 as compared to SCGO2
and SHP2612) does not produce a proportionaté increase in heat flux.
This concept of a macro-roughness threshold height is consistent
with the observations of Knobel and Yeh [9].

As noted previously, the water drop in Figure 78 appears to
"engulf” and "wet” the 0.127 cm. magnetic pins while the ethanol
drop in Figure 79 appears to "bulge" out between but not signifi-
cantly "wet"” the 0.127 cm. pins and the ethanol drop in Figure 80
appears to "rest” upon the 0.0508 cm. pins relatively undisturbed
(compared to Figures 78 and 79). These observations, together with
the evidence for a macro-roughness threshold height indicate that
the increase in heat flux on the macro-roughened surfaces is

directly related to the macro-roughness height, the vapor layer
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thickness, and the dimensionless superheat and that the increase in
heat flux is primarily a result of increased 1liquid-solid contact.
This deduced relationship between increased liquid-solid contact,
vapor layer thickness and dimensionless superheat is consistant with
Leidenfrost boiling theory in that the analysis of Baumeister and
Hamil (Reference 22, Equation 49) as well as the present analysis
predicts that vapor layer thickness increases with increasing dimen-
sionless superheat. An increase in film boiling heat flux with
increasing liquid-solid contact is also consistent with the analyses
and observations of References 4, 5, 8, 9, and 51 (e.g. recall the
statement made in 1966 by Bradfield [4] previously quoted in Chapter
2, "liquid-solid contact can be achieved at stable film boiling tem-
peratures by any means which will induce surface roughness elements
to tickle the liquid-vapor interface.... it may become desirable to
control heat flow by controlling liquid-solid contact in the stable

film boiling regime.").

Local vs. Overall Film Boiling Heat Flux

on the Macro Roughened Surfaces

The bulk surface temperature was measured at a location only
0.178 cm. and 0.127 cm. below the smooth subsurface from which the
macro-roughness elements protruded in the case of surface CP54 and
SHP2612 respectively (see Figures 16 and 17). Throughout a single
drop lifetime the bulk surface temperature, Ty (column 6 in Tables
10 and 11), dropped only slightly when compared to the average tem—

perature at the tip of the instrumented pin, Tp (column 9 in Tables
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10 and 11). An example of this 1s illustrated in strip #1 (the
first 6 entries in Table 10): T, drops from 495°C to 425°C while
Tp drops from 495°C to 286°C. By virtue of the Fourier law of con-
duction which states that the local heat flux within a static media
is proportional to the product of the thermal conductivity and the
temperature gradient (e.g. [50]), these relatively larger drops in
temperature at the pin tip when compared to a location just below
the surface indicate that the local heat flux through the pins was
significantly larger than the heat flux through the smooth surface
surrounding the pins.

If the heat flux through the pin is roughly estimated by one
dimensional steady conduction (viz. q = kAT/€) the data for strip #1
(the first 6 entries in Table 10) indicate heat fluxes through the
pin of 76, 101, 105, 115, 127, and 150 W/cm2 respectively. The cri-
tical heat flux for water as computed from Equation 5-8 (after Zuber
et al. [65] and Kutateladze [44] is 142 W/cmz. Thus the local heat
flux during liquid-solid contact appears to be of comparable magni-
tude to the critical heat flux. The smooth surface heat flux under
the same conditions as in strip #1 is only about 8W/cm2 (this heat
flux depends on drop volume, 8W/cm2 is characteristic of that
measured for large drops and extended liquid masses, column 9 of
Table 8 times 500-100°C). The overall heat flux on CP54 under the
same conditions as strip #1 is only about 48W/cm2 (ie. a 500%
increase) . The top of the cylindrical pins in surface CP54 only
accounts for 25% of the total area of the heating surface. Assuming

2 2
that 150W/cm flows through the top of the pins while 8 W/cm flows
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through the rest of the surface the average heat flux would be
approximately 0,25x150+0.75x8 = 44 W/cmz. These rough heat flux
calculations substantiate the postulate that the increase in heat
flux which was measured on the macro-roughened surfaces is primarily
due to liquid-solid contact and that this contact occurs primarily

at the top of the pins.

Modeling the Leidenfrost Phenomenon

on Macro-Roughened Surfaces

The presence of macro-roughness on the heating surface and the
accompanying increase in the probability of liquid-solid contact add
significantly to the complexity of modeling the Leidenfrost phenome-
non (as compared to the smooth surface case). Some of these
complexities are: the effect of macro-roughness on 1) vapor flow
beneath the drop, 2) drop shape and the possible alteration of the
vapor bubble breakthrough process and interfacial instability
phenomenon, and 3) the effect of liquid-solid contact on local heat
transfer. As mentioned in Chapter 3, very little is known about the
vapor flow beneath Leidenfrost drops on macro-roughened surfaces and
no experimental studies have been undertaken (to the knowledge of
the author at the present time) to shed any light on the matter. In
the present analysis the effect of macro-roughness on vapor flow
beneath the drop is not addressed.

There are two aspects of drop shape which are integral parts of

the present study: 1) the relationship between vertically projected

drop area and drop volume and 2) the disk shape approximation for
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large drops and extended liquid masses. The relationship between
vertically projected drop area and drop volume was used throughout
the data reduction process (with the exception of the thermocouple
data) to deduce drop volume from photographs showing only vertically
projected area. Thus, none of the data illustrated in Figures 31
through 66 can be separated from this assumed relationship. The
basis for this relationship (as detailed in section 1 of Chapter 3)
is the Laplace capillary equation which applies to sessile drops at
rest and in mechanical and thermal equilibrium. It was also assumed
that the drops oscillate about their equilibrium shape and that the
vapor bubble breakthrough could be accounted for by subtracting the
area of the vapor bubbles from the total area.

The observed drop shapes varied significantly from the
equilibrium shape (e.g. Figure 7). This variation was most pro-
nounced for large drops and least pronounced for small drops. This
difference between small drops and large drops is thought to be due
to an effective rigidity of small drops (ie. surface tension forces
are relatively small in large drops because the radii of curvature
are large, whereas surface tension forces are relatively large in
small drops because the radii of curvature are small--e.g.

Equation 3-1). The vertically projected equilibrium shape of a drop
would be a circle. However, the observed drops ranged from circular
for small drops to "ameba-shaped” and even "dumbell-shaped” for
large drops. As detailed in section 4 of Chapter 5 the vertically
projected area was measured using a polar planimeter regardless of

the shape of the drops. As mentioned in the last section of Chapter
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4 the liquid/vapor interface parameter, A , was selected to provide
a best-fit of the Laplace capillary equation solution to the experi-
mental area/volume data which included large drops and extended
liquid masses with vapor bubble breakthrough. Thus the area/volume
relationship used to reduce the data implicitly included both
deviations from the equilibrium shape and vapor bubble breakthrough.

The ability of the Laplace capillary equation to describe the
area/volume relationship for non-equilibrium drops (Figures 8
through 11) is thought to be due to the surface tension forces as
mentioned previously. Namely, for small drops when the drop
thickness is clearly not uniform and deviations in drop shape from |
the equilibrium would strongly effect the area/volume relationship,
the drops assume essentially the equilibrium shape because the
liquid interface is relatively rigid, whereas, for large drops, when
the aspect ratio (drop diameter divided by drop thickness) is large
and the drop thickness is essentially uniform, the shape of the drop
is relatively unimportant to the area/volume relationship.

The assumed drop geometry employed in the present study
(section 1 of Chapter 3) is the same shape as that of Baumeister
[20] (viz. a right circular disk). Since the aspect ratio of the
drops is above 5 for dimensionless drop volumes in excess of 75, the
present model is only thought to be applicable for dimensionless
drop volumes above 75 (ie. large drops and extended liquid masses).
Baumeister et al. [23], however, applied the disk-shaped model over

the entire range of drop sizes with some success. Thus, the same
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principles used in developing the present model might be applicable
to drops of dimensionless volume less than 75.

The liquid-solid contact phenomenon may be regular and somewhat
periodic as in the case of Figure 26 or irregular as in the case of
Figure 27. The regularity (or irregularity) of the contact phenome-
non is in part reflected by the standard deviations in the experi-
mental quantities listed in parentheses in Tables 10 and 11. From a
modeling perspective one short contact followed by one long contact
may not necessarily produce the same result as two contacts of
average duration. Thus estimates of enhanced heat flux based on
average contact quantities (especially average quantities having
significant standard deviations) will necessarily have only limited
success (ie. Figures 67 through 74).

In Figure 67 the computed heat transfer coefficients (“stars")
were based on contact data similiar to that in Figure 27 (ie. all of
the contact data used to compute the heat transfer coefficients
represented by the stars in Figure 67 and the strip chart in Figure
27 correspond to bulk surface temperature below the BMFBT but above
the IMFBT). 1In Figure 27 film boiling persisted for 36 time divi-—
dions before the LMFBT was reached at which time the boiling process
became quasi-nucleate boiling (which persisted until complete
vaporization). In Figure 67 the octagons represent heat transfer
coefficients which were computed from drop vaporization rate data
(for large drops and extended liquid masses, V¥ > 75). The lower 3
octagons which are in a vertical line above 575°C represent heat

transfer coefficients computed from vaporization data early in the
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drop lifetime (which is analogous to the left side of the strip
chart in Figure 27), whereas the upper 2 octagons represent heat
transfer coefficients computed from vaporization data later in the
drop lifetime (which is analogous to the right side of the strip
chart in Figure 27). Recognizing that all of the stars in Figure 67
represent metastable liquid-solid contact ("metastable” liquid-solid
contact was defined in the second section of Chapter 6 as relating
to the case where film boiling only occurs over a portion of the
drop lifetime), the experimental heat transfer coefficients (as com-
puted from drop vaporization rates) and the calculated heat transfer
coefficients (based on contact duration and period data) are in
reasonable agreement since only the lower 5 octagons are applicable
in the comparison to the 10 stars). This same situation (metastable
liquid-solid contact) is present with the data in Figure 71. The
agreement between experimental and calculated heat transfer coef-
ficients (octagons and stars respectively) in Figures 68, 69, 79,
72, 73, and 74 is aparant in the Figures.

As stated in section 3 of Chapter 5, both contact duration and
period were used by computer program 2-D PINT to calculate the heat
transfer coefficients plotted using stars in Figures 67 through 74.
All of the analyses reviewed which dealt with heat flux during
liquid-solid contact (viz. [4], [5], [6], [37], and [51]) except one
(viz. [51]) either assumed that contact duration equals contact
period or ignored the fact that there is a finite "OFF" time during
the contact period. The contact durations measured in the present

study (as listed in Tables 10 and 11) ranged from 26% to 84% of the
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contact period. The present data is the only data for both duration
and period of liquid-solid contact in film boiling known to the
author at the present time. Since knowledge (or assumption) of con-
tact duration as well as period is essential to any analysis of con-
tact heat transfer (regardless of the particular theory used) the
absence of such data in the literature is disturbing.

Also it is implicitly assumed that the instrumented
thermocouple/pin is typical and representative of any pin on the
surface such that what is measured there is assumed to occur in like
manner elsewhere. This is not strictly the case, as the instru-
mented pins are, in fact, different from the other pins by virtue of
the instrumentation. Also in the case of SHP2612 only the instru-
mented pin was pressed into the surface while all the other macro-
roughness elements were an integral part of the surface itself.

The success in computing heat transfer coefficients from con-
tact data (as ;ompared to that which was determined from drop
vaporization rates) may be seen in Figures 67 through 74. It would
appear that the present modeling is somewhat consistent with the
actual phenomenon. In particular the model predicts 1) that the
effect of liquid-solid contact 1s most pronounced near the MFBT and
of diminishing importance with increasing temperature, 2) that film
boiling may occur for a short period of time even on a macro-
roughened surface whose bulk temperature is below the BMFBT
(provided it is above the IMFBT) as illustrated in Figure 27, 3)
that the boiling process may degenerate rapidly into quasi-nucleate

boiling characterized by continuous liquid-solid contact (as
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illustrated in Figure 28), and 4) that large temperature depressions
across the pins can occur even in film boiling when intermittent
liquid-solid contact is present.

Some further aspects of the present model can be seen from the
contact Nusselt number (Equation 6-6), the contact Biot number
(Equation 6-9), and the conduction parameter,  (Equation 6-8).
These quantities were computed from drop vaporization data rather
than contact data; thus, they are not directly connected to any
assumptions concerning the character of liquid-solid contact, but
only to the assumption that all the increase in heat flux on the
macro-roughened surfaces is attributable to liquid-solid contact.

The contact Nusselt number, Nuc, was typically varied less than
one-half order of magnitude throughout a single drop lifetime. For
instance see column 15 of Table 15 (the maximum value of "NUC" is
3.165, entry #1 and the minimum is 1.067, entry #30). The drop
volume in Table 15 varies over 3 orders of magnitude. Since the

contact Nusselt number is defined by Nu. = hég/kg’ this indicates

that the contact heat transfer coefficient, he, is roughly propor-
tional to the inverse of the computed vapor layer thickness,
3'(Equation 3-30).

The conduction parameter, 2, is defined by Q= 3k8/6 kg and is
therefore equal to a constant times the computed vapor layer
thickness for a given liquid and macro-roughened surface. The phy-
sical significance of the conduction parameter, , is that it repre-
sents the ratio of the conduction thermal resistance of the vapor

layer to the conduction thermal resistance of the macro-roughness
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elements. The values of  ("OMEGA") listed in column 17 of Table 15
range from 202 to 979. These large values of Q indicate that the
major thermal resistance between the heating surface and the liquid
(in Leidenfrost film boiling on macro-roughened surfaces) is that
associated with the vapor and not the macro-roughness elements.

The contact Biot number is the ratio of the computed contact
heat transfer coefficient to the specific thermal conductance of the
pin (for one-dimensional steady heat flow). Values of the contact
Biot number listed in column 18 of Table 15 range from 0.0032 to
0.011 (when weighted by the ratio of the cross sectional area of the
pins to the total area of the heating surface this range would be
0.016 to 0.055). While these small values of contact Biot number
would suggest that a lumped system model of the pins would be suf-
ficient for these "micro" phenomena (e.g. [62]), a two-dimensional
model was used in the present study for generality (see details of
computer program 2-D PINT in Appendix C. Computed heat transfer
coefficients based on a one-dimensional analysis are illustrated for
comparison with the two-dimensional results in Figure 68 (these were
also computed using program 2-D PINT with radial variations
removed).

The computed relative contributions to the overall heat flux of
convection, liquid-solid contact, and radiation were plotted for the
3596 data points taken in the present study using computer program
PLOT:FRC (a total of 125 plots). A sample of these 125 plots for a
smooth and macro-roughened surface is given in Figures 75 and 76

respectively. These figures show radiation less than 30% of the
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total heat flux for the smooth surface and less than 20% for the
macro-roughened surface (note that both Figure 75 and 76 are for
relatively high surface temperatures). Figure 76 shows liquid-solid
contact 50% to 80% of the total heat flux for the macro-roughened
surface. Two points should be noted here concerning the present
model for the Leidenfrost phenomenon on macro-roughened surfaces:

1) the conservative estimate of radiation heat flux and 2) the
decrease in convective heat flux with increasing total heat flux.
The relationship used for radiation heat flux (Equation 3-45)
is conservative in that it will over-estimate the radiative heat
flux, since black-body radiation is the theoretical maximum. This
over-estimation of the radiation heat flux, as determined from tabu-
lated values of emissivities from various sources (e.g. [50]), was
as small as 6% and as large as 24%. Since the contribution of
radiation to the total heat flux was always an over-estimate and
always less than 20% on the macro-roughened surfaces (this being the
case regardless of how the remaining heat transfer is divided bet-
ween contact and convection) the error in calculating radiative heat
flux is thought to be between 1% and 5% of the total heat flux to
the drops for the conditions in the present study. Note also that
the present model is only applied to drops having an aspect ratio
greater than 5 (V*>75) so that the radiation view factor from the

top of the drops to the heating surface is effectively zero as was

assumed in section 4 of Chapter 3.
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As the total heat flux to the drop increases, the average mass
flux, G, from the drop (due to vaporization) increases propor-
tionately (Equation 3-32). The computed vapor layer thickness, §,
(Equation 3-30) also increases as G increases. This may be
explained in terms of increased "blowing"” from the bottom of the
drop lifting the drop farther from the surface. The dimensionless
enthalpy flux parameter, B, is equal to a constant times the product
of G and 3'(Equation 3-19). The convective heat transfer coef-
ficient (Equation 3-40) decreases with increasing 8 and with
increasing B. Thus, as the total heat flux increases the convective
heat flux decreases and the relative contribution of convection
decreases even more. An example of the recognition of this decrease
in convection with increasing total heat transfer is given in the
radiation correction factor employed by Baumeister, Keshock, and
Pucei [31]. This correction factor is given in Chapter 5,

Equation 5-6.

The dimensional enthalpy flux parameter B=§ CpéE/kg, is listed
in column 11 of Table 15 (ethanol on surface SCG02 at 450°C). The
maximum value of B listed in Table 15 is 3.916 (entry #1) and the
minimum value is 1.893 (entry #32). Throughout a single drop life-
time the dimensionless enthalpy flux parameter, B, was typically
constant within a factor of 2. The dimensionless enthalpy flux
parameter, B, is related to the convective Nusselt number, Nup =
hfg/k » by Equations 3-41 and 3-42. As illustrated by the values of

Nup listed in column 13 of Table 14 and column 14 of Table 15, the

convective Nusselt number is also constant within a factor of 2



121
throughout a single drop lifetime whether on the smooth surface
(Table 14) or a macro-roughened surface (Table 15). Since B is
approximately constant throughout a drop lifetime and thus Nuyp is
also approximately constant throughout a drop lifetime (by Equation
3-42), this indicates that the mass flux, G, and the convective heat
transfer coefficient, hp, are both approximately proportional to the
inverse of § whether on the smooth surface or a macro-roughened
surface. Therefore, the computed vapor layer thickness, T, is a
parameter which relates both convective heat transfer and contact
heat transfer (as detailed previously through the contact Nusselt
number, Nu.), since both quantities (viz. hg and h.) are approxima-
tely proportional to the inverse of 8. This relationship between
3} hp, and h, further reinforces the postulate that the effect of
the surface macro-roughness on Leidenfrost film boiling is directly

related to the vapor layer thickness and the macro-roughness height,



1.

3.

CHAPTER 8
CONCLUSIONS

Liquid-solid contact does occur on macro-roughened surfaces
even at bulk surface temperatures significantly above the
smooth surface minimum film boiling temperature.

The liquid-solid contact period was found to be on the same
order of magnitude as the period of the Taylor most dangerous
instability.

Substantial variations in contact duration and period were
measured throughout a single drop lifetime indicating that
the 1liquid-solid contact phenomenon investigated is irregular
and not strictly periodic.

Substantial temperature depressions across the relatively short
distance between the top'of the instrumented pins and the
location where the bulk surface temperature were measured.
These substantial temperature differences indicate that rela-
tively large heat fluxes (approaching the critical heat
flux) occurred in some cases during film boiling on the
macro-roughened surfaces. Calculations based on temperature
differences, contact period, contact duration, and drop
vaporization agreed that near critical heat fluxes can, in
fact, occur over small areas during Leidenfrost film boiling
on a macro-roughened surface even if the surface temperature
is significantly above the critical heat flux temperature.
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5. Substantial increases in heat flux were measured on the macro-
roughened surfaces (over that which was measured on the
smooth surface). The evidence of pin tip temperature
depressions, contact period, and contact duration as well as
calculations based on this evidence indicate that this
increase in heat flux appears to be a result of increased
liquid-solid contact on the macro-roughened surfaces.

6. The probability of liquid-solid. contact occurring for a
Leidenfrost drop at rest on a surface appears to be increased
with decreasing computed layer thickness (or increasing
macro-roughness height) and decreased with increasing com-
puted layer thickness (or decreasing macro-roughness height.

7. The relative increase in heat flux on the macro-roughened sur-
faces (as compared to the smooth surface) was seen to dimi-
nish with increasing surface temperature and become larger
with decreasing surface temperature. This is postulated to
be a result of an increase in vapor layer thickness with
increasing surface temperature and a decrease in vapor layer
thickness with decreasing surface temperature since the heat
flux appears to increase with increasing liquid-solid contact
and liquid-solid contact appears to increase with decreasing
vapor layer thickness.

8. The BMFBT (bulk minimum film boiling temperature) was measured
on two macro-roughened surfaces and found to be higher than
the LMFBT (significantly higher in the case of water). The

difference between the BMFBT and the LMFBT is postulated to
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result from conduction of heat from the bulk of the heating
surface through the macro-roughness elements and to the
liquid, specifically at the points where liquid-solid contact
occurs (i.e. the LMFBT and BMFBT would be equal only if the
thermal conductivity of the heating surface were infinite).

9, The contact heat fluxes as calculated using the modification of
the error function solution for the contact of two semi-
infinite static media were on the same order as those based
on experimental drop vaporization rates on the macro-
roughened surfaces indicating that this approximation for the
contact heat flux is a reasonable model for the contact

phenomenon.



CHAPTER 9

RECOMMENDATIONS

The vapor flow pattern beneath the drop on a macro-roughened
surface, the average vapor layer thickness, and the contact area
were all assumed in the present analysis. Experimental measurement
of any or all of these quantities would greatly add to the basic
understanding of film boiling on macro-roughened surfaces and more
particularly liquid-solid contact in film boiling. It is recom-
mended that studies be made of these basic quantities before more
general quantities (such as the effects of ambient pressure) are
investigated so that the theoretical understanding of the phenomenon
can be more firmly established.

The logical extension of the present study would be to investi-
gate non-cylindrical macro-roughness. Tetrahedronal macro-roughness
should be strongly considered in such a study as this can be pro-
duced by a simple milling process similar to that used in producing
the hexagonal pins in the present study. The difficulty of instru-
menting a tetrahedron would be a major obstacle in such a study.

Experiments similar to the present ones should also be carried
out for pool and flow film boiling when liquid-solid contact in film
boiling of Leidenfrost drops is more fully understood.

Additional investigations should be undertaken to identify non-
dimensional groups that would permit all of the variables
influencing heat transfer enchancement due to surface macro-
roughness to be accurately accounted for in a generalized fashion.
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Table 1. Summary of Strip Charts for Surface CP54.

STRIP LIGUID IMNITIAL INITIAL INITIAL MODE OF
SURFACE DROP LIQuUlD BOILING
. VoL, TERP.
? UATER 510 C 10 ce 100 C F & OND
4 UATER se2 € 10 cc 100 C F & OND
1 VATER ¢ 10 cc 160 C F § OND
3 UATER 497 € 10 cc 100 C F & GNB
6 UATER 495 C & cc 100 C F
e UATER 494 C S cc ecC oND
S VATER 487 € S cc 100 C F L OND
16 VUATER 453 C S cc 0C v all
18 UATER 445 C 10 cc 100 C OND
17 WUATER 440 C §S cc 100 C F L ONB
19 UATER 433 C 10 cc 100 C oND
-] UATER 432 ¢ 16 cc 100 C oND
3 UATER 345 C 10 cc 100 C QND
3 WATER 33 ¢ 10 cc 100 C QND
41 TER ess ¢ 10 cc 100 C QN
40 WATER ese ¢ 10 cc 100 C QND
42 WATER e85 ¢ 10 cc 100 C aNd
11 A 515 ¢ S cc 8 C F
8 EA Se0 C S cc 8 C F
1 EA 450 ¢ S ecc 78 C F
24 EA 405 C S cc 78 C F
28 A 385 C S cc 78 C F
3 A 356 C 10 cc 78 C F
36 EA 3es ¢ S cc % C F L OND
43 EA 285 C S cc m|C oD
12 P 515 € S cc 83 C F
13 P 510 C S ce 83 ¢C F
9 P 495 C 5 cc 83 C F
e P 449 C S cc 83 ¢C 4
&5 P 40S ¢ S cc 83 ¢C F
a9 p 380 C S ec 83 ¢C F
M P 369 C S cc 83 C FLOB
44 4 289 C S cc 83 ¢ F L OND
15 EC S1S € 5 cc 84 C F
14 EC 510 C S ce 84 C F
10 €C 490 C S cc 84 C F
23 EC 47 C § cc 84 C F
a7 €EC 410 C S cc 84 C F
26 EC 405 C 5 cc 84 C F
30 EC 385 ¢ S cc 84 C F
3S EC 350 ¢ 10 cc 84 C F
38 EC 340 C S cc 84 C F
39 EC 320 € S cc 84 C F l
48 €C 275 ¢ § cc 84 C ONI
EA=ETHANOL 1P=1 ANOL EC*ETHYLENE-CHLORIDE
FoFILN BOILING (UITH INTERMITTENT LIGUID/SOLID CONTACT)
ONB=QUASI-MUCLEATE BOILING (UITH ESSENTIALLY CONTINUOUS
LIGUID/SOLID CONMTACT




Table 2. Summary of Strip Charts for Surface SHP2612.

STRIP  LIGUID

INITIAL INITIAL INITIAL  MODE OF
SURFACE DROP LIGulD BOILING
TERP, TERP,
UATER $30 ¢ 10 cc 100 C F & GND
47 UATER 465 C 10 cc 100 C F & GNB
48 MATER 39S ¢ 10 cec 100 C F & OND
49 UATER 345 € 10 cc 100 C F L ONB
se WUATER 260 C 10 cc 100 C QND
51 €A 486 C 10 cc 78 C F
52 EA 420 C 10 cc 78 C F
3 EA 360 C 10 cc 78 C F
54 EA 280 ¢ 10 ce 78 C F
SS EA 235 ¢C 10 cc (3" F
5?7 EA 230 ¢ 10 ce 8 C F L ONB
58 EA 200 ¢ 10 cc K{ § NS
59 P 500 C 10 cc 3¢ F
69 P 410 C 10 cc 83 ¢ F
61 P 400 C 10 ce 83 ¢C F
62 P 370 C 1¢ cc 83 C F
63 p 299 ¢ 16 cc 83 ¢ F
64 P 250 C 10 cc 83 C F
65 P 210 € 10 cc 83 ¢ FLonp
66 P 200 ¢ 10 ce 83 ¢C oND
67 [P 190 C 10 cc 83 ¢ QoND
68 EC 480 C 10 cc 84 C F
69 EC 460 C 10 cc 84 ¢ F
70 EC 430 ¢ 10 cc 4 C F
7 EC 365 ¢ 10 cc 84 C F
e EC 275 ¢ 10 cc 24 ¢ F
73 EC S ¢ 10 cc 84 C F
74 EC 228 ¢ 10 cc 84 C FL oo
% EC 180 C 10 cc 84 ¢C s
L EC*ETHYLENE-CHLORIDE

EASETHANOL [P=1S0-PROPANO

FeFILM BOILING (VITH INTERNITTENT L1QUID/SOLID CONTACT)

ONB=QUASI-NUCLEATE BOILING (UITH ESSENTIALLY CONTINUOUS
LIQUID/SOLID CONTACT
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Table 3. Summary of Data on Surface SMTH.

FILM SEQ BULK SURFACE
ROLL 3 LIOQUID TENPERATURE
12 83 UATER 249C
12 81 UATER J00C
12 79 VATER 34S5C
12 77 UATER 400C
12 75 UATER 450C
12 73  VWATER 50ec
12 71 UATER 535¢C
12 84 ETHANOL 190¢C
12 82 ETHANOL e40e¢
12 89 ETHANOL 3ooC
12 ETHANOL 350C
12 76 ETHANOL 400C
12 74 ETHANOL 450C
12 72 ETHANOL Seac
12 70 ETHANOL s3eC
12 187 ISOPROPANOL 180C
12 109 ISOPROPANOL 2400
12 111 ISOPROPANOL 290C
12 116 1S0PROPANOL 33eC
12 120 ISOPROPANOL J80C
12 123 ISOPROPANOL 440C
12 126 1SOPROPANOL 5eeC

12 108 ETHYLENE-CHLORIDE 190C
12 110 ETHYLEME-CHLORIDE 2soC
12 112 ETHYLENE-CHLORIDE 3J00C '
12 118 ETHYLENE-CHLORIDE 330C

12 121 ETHYLEME-CHLORIDE 380C

12 124 ETHYLENE~CHLORIDE 440C

12 127 ETHYLENE-CHLORIDE 490C

Table 4. Summary of Data on Surface CGOl.

FILR SEQ BULK SURFACE
LtL & LiouID TEMPERATURE
12 65 UATER 35eC
12 64 UATER 400C
12 61 UATER 450C
12 63 UATER S00C
12 69 ETHANOL 200C
i2 68 ETHANOL 23eC
12 66 ETHANOL JoecC
12 S8 ETHANOL 35¢C
12 59 ETHANOL 400C
1g 68 ETHANOL 450C
12 62 ETHANOL 5eeC
12 147 [ISOPROPANOL 199¢
12 145 ISOPROPANOL 240¢
12 143 [ISOPROPANOL J00C
12 141 ISOPROPANOL 3aec
12 138 ISOPROPANOL 370C
12 132 150PROPANOL 440C
12 135 ISOPROPANOL 460C
12 129 1SOPROPANOL 500C
12 148 ETHYLENE-CHLORIDE 190C

12 146 ETHYLENE-CHLORIDE 240C
12 144 ETHYLENE-CHLORIDE 300C
12 142 ETHYLENE~CHLORIDE 320C
12 139 ETHYLENE-CHLORIDE 37eC
12 133 ETHYLENE-CHLORIDE 410C
12 136 ETHYLENE-CHLORIDE 463C
12 130 ETHYLENE-CHLORIDE §@6C
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Table 5. Summary of Data on Surface SCGO2.

42 ETHYLENE-CHLORIDE 235C
39 ETHYLENE-CHLORIDE 260C
36 ETHYLENE-CHLORIDE  380C
33 ETHYLENE-CHLORIDE  35€C
30 ETHYLENE-CHLORIDE  410C
25 ETHYLEME-CHLORIDE  4S0C
21 ETHYLENE-CHLORIDE S00C

FILW s€EQ BULK SURFACE
ROLL & LIQUID TENPERATURE
13 18 UATER 456C
13 43 VUATER Sasc
13 49 ETHANOL 210C
13 37 ETHANOL 269C
13 34 ETHANOL JeeC
13 31 ETHANOL 350C
13 28 ETHANOL 410C
13 23 ETHANOL 450¢
13 19 ETHANOL 500C
13 41 1SOPROPANOL a1ec
13 38 1SOPROPANOL 260C
13 35 ISOPROPANOL 300C
13 32 150PROPANOL 350C
13 29 1SOPROPANOL 410C
13 24 I1SOPROPANOL 450C
}g 20 ISOPROPANOL S00C
13
13
13
13
13
13

Table 6. Summary of Data on Surface CP54.

S9 ETHYLENE-CHLORIDE =226C
S8 ETHYLENE-CHLORIDE 270C
55 ETHYLENE-CHLORIDE 310C
SO ETHYLENE-CHLORIDE 38@C
47 ETHYLENE-CHLORIDE 44@C
44 ETHYLENE-CHLORIDE 470C
144 ETHYLENE-CHLORIDE 486C

FILA SEQ BULK SURFACE
ROLL & LIGUID TERPERATURE

13 63 UATER $76C
13 64 VUATER 620C
13 62 ETHANOL 0C
13 S6 ETHANOL 269C
13 53 ETHANOL J10C
13 52 ETHANOL 380C
13 49 ETHANOL 438C
13 46 ETHANOL 490C
13 61 ISOPROPANOL c2ec
13 57 ISQOPROPANOL 270cC
13 54 1SOPROPANOL 310C
13 51 I1SOPROPANOL 37eC
13 48 1SOPROPANOL 430C
}g 45 1SOPROPANOL 490¢C
13

13

13

13

13

13




Table 7.

Summary of Data on Surface SHP2612.

FILM SEQ BULK SURFACE
ROLL & LIQUID TEMPERATURE
19 8 WVATER 410C
19 1 UATER S66C
19 24 ETHANOL 200C
19 21 ETHANOL 256¢
19 18 ETHANOL 300¢C
19 1S ETHANOL 355C
19 11 ETHANOL 410C
19 7 ETHANOL 440C
19 2 ETHANOL 550C
19 23 1S0-PROPANOL 210C
19 20 150-PROPANOL 60C
19 17 150-PROPANOL 315¢C
19 14 150-PROPANOL 355¢C
19 10 150-PROPANOL 415C
19 6 1S0-PROPANOL 465C
19 3 1S0-PROPANOL 550C
19 22 ETHYLENE-CHLORIDE 215¢
19 19 ETHYLENE-CHLORIDE 265C
19 16 ETHYLENE~CHLORIDE 3g0C
19 13 ETHYLENE-CHL 379¢C
19 9 ETHYLENE-CHLORIDE 425¢C
19 S ETHYLENE-CHLORIDE 465C
19 4 ETHYLENE-CHLORIDE 50C
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Summary of Thermocouple/Pin Data for Surface CP54.

Table 10.

DTP DTC
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DYCTEMPERATURE CHANGE DURING CONTACT
EC=ETHYLENE-CHLORIDE

IP=1S0-PROPANOL

EAETHANOL

TUsBULK SURFACE TENPERATURE  TR-RECOVERY TEMPERATURE

TAU=THE CONTACT PERIOD IN SECONDS
DTP-TENPERATURE DEPRESSION ACROSS PIN

TENPERATURES ARE
S8-STRIP NUMBER

YA=UATER




143

Summary of Thermocouple/Pin Data on Surface SHP1612.

Table 11.

TP DTC

Te TP

TAU THETA LL
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PERIOD RATIO

TQsQUENCH TEMPERATURE

DTC=TERPERATURE CHANGE DURING CONTACT
EC=ETHYLENE-CHLORIDE

OF CONTACTS IN THE SAMPLE

THETA=CONTACT DURATION/

(STANDARD DEVIATIONS IN PARENTHESES)

$C=THE MNUMBER
IP«1S0-PROPAMOL

La-LIQUID

EA-ETHANOL

TWUsBULK SURFACE TEMPERATURE  TReRECOUERY TEMPERATURE

TAU=THE CONTACT PERIOD IN SECONDS
DTP*TEMPERATURE DEPRESSION ACROSS PINM

TEMPERATURES ARE IN DEGREES CELSIUS

$3=STRIP NUMBER

UASUATER
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Table 13, Experimental and Calculated Contact Temperature.

STRIP$ SURFACE LIGUID INITIAL CONTACT TEMPECATURE
TEMP, EXP. CALC.

1 CPS4 UATER 498 C 453 C 453 C
3 CPS4 UATER 497 ¢ 469 C 452 ¢
4 CPS4 UATER c 460 C 456 C
S CPS4 UA 487 C 439 C 443 ¢
6 CPS4 WATE 495 C 432 C 450 C
1?7 CPS4 UATER ¢ 410 C 401 C
18 WATER 445 C 407 ¢ 405 ¢
19 CPS4 VATER 433 € 3 C 395 ¢
a0 WUATER 432 ¢ s ¢ 394 C
46 SHP2612 UATER 508 C 420 C 445 C
47 SHP2612 UATER 460 C 420 C 430 €
47 SHPE612 UATER 405 ¢ 360 C 358 €
48 SHPE612 WATER 395 C d3 ¢ 0C
49 SHP261 UATER 33 C ése C a2 ¢
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(a) Small drop (b} Large drop (c) Extended drop (flat
(spherical) (flat disk) disk, thickness constant)
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(d) Extended drop (flat disk, thickness
constant, single bubble breakthrough)
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range  (€) Extended drop (flat disk, thickness constant,
| multibubble breakthrough)
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Continuous “Liqund interface
range
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(f) Film pool boiling (constant liquid head, multibubble
breakthrough)
Figure 5.

Film Boiling States (after Baumeister [20]).
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Figure 8. Area/Volume Data for Water.
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Figure 9. Area/Volume Data for Ethanol.
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Figure 20.

i

1} T T T
100 200 300 400

TEMPERATURE [°C]

CP54 Thermocouple/Pin Calibration Curve.
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Figure 21.

100 200 300 400 500
TEMPERATURE [

SHP2612 Thermocouple/Pin Calibration Curve.
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AREA

Figure 23. Typical Area/Time Plot Showing Drop Oscillations
and Photographic Sampling.
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Figure 24.

TIME

Area/Time Plot Showing Different Curves Which
Might Be Drawn through the Same Data Points.
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CREATE FINITE DIFFERENCE PROGRAN TO DETERAINE THE TRANSIENT TEMPERATURE OF A
CYLINDRICAL PIN SUBJECTED TO PULSE-LIKE PERIODIC LIOUID-SOLID CONTACT

NODGLIM THE m-
3 L SYRRETRY IS ASSUME

RCUNFERENT D
THE Sl.llSTRnTﬁ 18 ASSUMED TO BE ISOTHERMA
THE LIQUID-SOLID CONTACT IS ASSUMED TO PULSE -LIKE PERIODIC
UITH PERIOD TAU AND DURATION TAUC
WHERE LIQUID-SOLID CONTACT OCCURS A CONTACT~TYPE HEAT FLUX I8 IMPOSED
IMERE LIQUID~SOLID CONTACT DOES NOT OCCUR A POOL BOILING HEAT FLUX

INPOSED

THE ENYIRE BOILING CURVE 1S USED TO DETERMINE HEAT FLUX DEPENDING
ON THE LOCAL TEMPERATURE

ﬂ-lfo‘l:::OSED HEAT FLUX UARIES UITH TINE. TEMPERATURE. AND NODAL POINT

TH;E%RHOP:ZSICQL PROPERTIES OF THE SOLID ARE ALLOUED TO VARY UITH

THE CERAMIC INSULATOR OCCUPIES MODES S. 6. 9. 18. 13, 14. 17. L 18

_opqamAuw.-

DESCRIPTION OF PROGRAN -
1. 20 NODES ARE USED
2. FOURTH ORDER RUNGE-KUTTA INTEGRATION IS USED

LOCATION OF NODAL POINTS-

#memcmmaee DIANETER D ==mem==—t
0 @2 a3 o4 (CONTACT)

33 3 38 3%
7 T""T""T""f""?'°°.?"'.?"’°s (CONTACT)
' 1 ! ) i { ] 3 )
" :----:-—-‘T°°-‘7"f'?"'.?‘~°.’ttﬂ‘ (CONTACT)
E ! ( | i ' [ {
a :---T---:--o?---1?--1}---t?xxov (NGO CONTACT)
H 1 1 | 1 1 [ !
T 7---:-~-T--1?---1?---x?---xfxxOl (NO CONTACT)
E ! ! { | 1 I |
\ 7-—--:---—:—-—17--—1?-—-1?--233309 (NO CONTACT)
} I ) i 1 ' 1 1

$3888833833380888388382883888888883838383888583380830888388888
ISOTHERMAL SUBSTRATA AT YEMPERATURE TV

HEAT FLUX DISTRIBUTION:
CONTACT 1S ASSUMED TO OCCUR ONLY AT MODES 1-4 AND 8 (THUS 031-06)
2. SINCE THE LIQUlD U(TS THE SURFACE DURING INTIMATE LINID-SOIJD CONYACT
ITSEEH REQSWILE‘I’OI NCLUDE NODE 8 IN THE CONTACY PROCESS.
THIS MEANS THAT ONE-THIRD OF THE P!H HEJGHT 18 SUBJECTED TO CONTACT
3. IF THE LOCAL TEH'ERM’!I!E FALLS BELOU THE rn THEN THE NODE I8
SUBJECTED TO THE USUAL POOL 'OIL!M HEAT FLUX

Figure 29. Location of Nodal Points Used in Finite
Difference Model.
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less Heat Flux (Water on SMTH).

imension

D

Figure 31.
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Dimensionless Heat Flux (Ethanol on SMTH).

Figure 32,
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less Heat Flux (Ethylene-~Chloride on SMTH).
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Dimensionless Heat Flux (Water omn CGOl).

Figure 35.
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Dimensionless Heat Flux (Iso-Propanol on CGOl).

Figure 37.
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less Heat Flux (Ethylene-Chloride on CGO1).
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Dimensionless Heat Flux (Water on SCG02).

Figure 39.
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less Heat Flux (Ethylene-Chloride on SCG02).
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C__ D -0

surface not contacted by liquid

B < 90°

surface not "wet" by liquid

m\;bsm

surface "wet" by liquid

Figure 77. Wetting and the Contact Angle.
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COMPUTER PROGRAMS
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Descriptions and listings of the following computer programs

are presented in this appendix in alphabetical order:

1)

2)

3)

4)

5)

6)

7)

8)

DATABASE (performs primary reduction of drop vaporization
data, computes heat flux from drop area vs. time, and
generates the database used by computer programs
PLOT:FRC, PLOT:HF%, PLOT:HV, ROUGH, and SMOOTH).

LAMBDA (determines the value of the characteristic length
parameter A, Equation 1-1, which provides the best
correlation of drop volume vs. area through the numer-
ical solution to the Laplace capillary equation as pro-
vided by computer program VOLUME).

PLOT:FRC (computes and plots the apparant relative contribu-
tions of convection, radiation, and contact to the
total heat flux as a function of dimensionless
superheat and dimensionless drop volume).

PLOT:HF% (computes and plots the percent increase in heat
flux on the macro-roughened surfaces as a function of
dimensionless superheat and dimensionless drop volume) .

PLOT:HV (plots the dimensionless heat flux as a function of
dimensionless superheat and dimensionless drop volume).

ROUGH (macro-roughened surface data reduction-~computes
hf, he, hg, S, B, Muy, Nup, Nup, Nugp, 2, and Bic).

SMOOTH (smooth surface data reduction--computes hr, hg, g,
B, Nuy, Nup, and Nug).

VOLUME (numerical solution to the Laplace capillary equation

——computes the size and shape of sessile drops).
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9) 2-D PINT (2-dimensional finite difference model for the tem-
perature response of a cylindrical pin to pulse-like
periodic liquid-solid contact)
The description of each program preceeds the respective listing.

All programs are coded in FORTRAN V.

Program DATABASE

Program DATABASE generates a database (card deck) of time
smoothened vertically projected drop area, drop volume, and dimen-
sionless heat flux at specified discrete time intervals throughout a
drop lifetime (from deposition to complete vaporization) from fluid
thermophysical properties, bulk heating surface temperature, and
experimental area/time data. A sample of the output of program
DATABASE is given in Tables 8 and 9 for a smooth and macro-roughened
surface respectively.

The area/time approximating function is determined in program
DATABASE by subroutine FINDC. Subroutine FINDC uses a modification
of the method of steepest descent to solve the non-linear,
constrained minimization problem associated with approximating the
experimental data. The LAR (least-absolute-relative) fit was
selected for the reasons given in section 6 Chapter 5. Also men-
tioned in Chapter 5 is the fact that this problem can not be solved
in a finite number of steps (as is the case with any set of simulta-
neous non-linear equations). This mathematical dilemma is discussed

in some detail in Reference 63.
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The method of steepest descent (which was modified for use in
subroutine FINDC) follows the gradient of a specified residual until
a minimum is found (Reference 63, pp. 245-247). The residual in
this case is the sum of the absolute-relative discrepancies between
the experimental area/time data and the corresponding values of the
approximating function (Equation 5-17). Minimizing this residual
produces, by its definition, the LAR fit (Reference 63, p. 25).

This minimization problem is analogous to location the minimum ele-
vation of a relief map. The major differences between the present
minimization problem and the relief map analogy are: 1) there are
more than the two variables of latitude and longitude involved in
determining what is analogous to elevation and 2) the entire relief
map cannot be viewed at any one time (analogously, the elevation at
any specified point may be computed but the elevation is only known
at a finite number of discrete points rather than over a continuous
region).

This application of the method of steepest descent requires
solving a set of non-linear simultaneous equations at each step
(specified location above). Damped Newton iteration (Reference 63,
pp. 181-187) is used to solve these sets of equations. The method
of steepest descent must be modified for the present application for
two reasons: 1) certain constraints are placed on the solution
(Equation 5-18) and 2) the gradient of the residual may become
discontinuous at an indeterminate number of locations (viz. whenever
the absolute value of the relative discrepancy at any one point

passes through zero).
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Since the gradient of the residual may become discontinuous,
the gradient of the gradient (which is the tensor matrix called the
Hessian, (e.g. [63]) will become indeterminant and thus
non-invertable. (Newton iteration requires the solution of a set of
simultaneous equations which involves the invension of the Hessian
matrix., If the Hessian matrix is non;invertable the next step in
the iteration can not be computed.). This discontinuity in the gra-
dient of the residual (which results in the Hessian matrix becoming
non-invertable) frequently occurs as a minimum is approached. Thus
the method of steepest descent can rarely locate a minimum. The
relief map analogy is illustrative at this point. The present mini-
mization problem is analogous to a relief map having one large
valley whose sides are marked by many deep ruts (which may not
necessarily lead anywhere near the bottom of the valley).

The present algorithym is written such that when one of these
mathematical ruts is encountered the method of steepest descent is
abandoned and the method of random displacements is activated. The
method of displacements "displaces” the solution randomly from the
location of the rut. In the event that the program is unable to get
out of the rut in 100 iterations the execution is terminated (this
problem never occurred in reducing the 125 data sequences in the
present study). Of course, if the program never encounters one of
these mathematical ruts the method of steepest descent will iterate
to a specified convergence.

The following is a listing of program DATABASE. Comments are

provided in the listing at various points to detail the specifics of

program operation.



gﬁEhTE PROGRAR TO REDUCE LEIDENFROST FILA BOILING DATA

DIMENSION C(4). 0(99) AL(99).ALS(99).T(99)
INTEGER TITLE(48
REAL LAMBDA.XG. HUG,KS KF.NUV.L
DEF INE PHYSICAL CONSTANTS
DATA P1.G,SIGMA/3.14159,980..5.6688E-12/
CONVERGENCE INFORMATION UILL BE PRINTED FOR IPRT
PLOT OF EXPERIMENTAL AND SMOOTHEMNED AREA VS. TIHE UILL BE PRINTED
FOR _IPRT>OQ
IPRT-0
IPRT=}

IPRT=2
C DATABASE (CARD DECK) VILL BE PUNCHED FOR IPUNCH>®
IPUNCH=9

IPUNCHe1
C READ_IN THE ROLLS. SEQUENCES., THE NUMBER .OF POINTS., THE TIME STEP
C AND THE BULK SURFACE TEMPERATURE
1 READ(S,1000) NROLL.NSEQ.NPOINT,DT, TU
1000 FORMAT(I2.1X.I3.1X,12.1X.F3.0,1X.F
IF(NROLL.LE.@.OR._NPOINT.LT.2 OR. NPOINT GT.99) sToP
C PUNCH NEU IDENTIFIER CARD
IF(IPUNCH NE.®) URITE(7.1000) NROLL.NSEQ,NPOINT.DT.TU
C READ IN TITLE
READ(5,2000) (TITLE(I).I=1.40)
2000 FORMAT(40A2)
C PUNCH NEUW TITLE CARD
IFCIPUNCH NE . ©) URITE(?, 2000) (TITLE(1).I=1.40)
C READ IN THERMOPHYSICAL PROPERTIES
READ(S,3000) LAMBDA.CPG.KG.RHOF,RHOG. MUG.KS,.EPS. TL, HFG.KF
3000 FORMAT(F6.4.F5.3,.E9.3.F6.4.F7 6,E9 3,F5.4,F7.5,F5.1 1.69.3)
C PUNCH NEU THERMOPHYSICAL PROPERTY CARD

OO0 O

D
IF(IPUNCH NE.Q) URITE(7.3000) LAMBDA.CPG.KG.RHOF,RHOG.MUG.KS.EPS,

JTL.HF
c CQLCULATE DIHENSXONLESS SUPERHEAT
SHCPGX(TU-TL)/HFG
C CALCULATE RADIATION HEAT TRANSFER COEFFICIENT
HR-SIGHA!((TU#273 15)X34-(TL+273.15)324)/(TY-TL)
READ IN AREA DAT
READ(S. 4000) (A(I) I=1.NPOINT)
4000 FORMAT(10F8.3)
C CALCULATE TIME VECTOR
DO 2 1-1,NPOINT
2 T(1)=DT3FLOAT(I- ~3)
C FIND THE COEFF!CIENTS WHICH CORRESPOND TO A BEST-FIT OF THE DATA
CALL FINDC(A.T,DT.NPOINT.C.DNMIN, IPRT.AL)
C URITE WEADING ON NEV PAGE
URITE(6.5000) NROLL. NSEO (TITLE(I).1~
5000 FORMAT (1H1,32X, I9HLEIDENFROST FILA IOILING DQTA REDUCTION. /7.
242X, 44ROLL, 13,3X, 8HSE OUENCE;I 4.7,12%,40R2.77)
URITE(6.5100) (C(I).I=1,4),DMIN

DATA
5100 FORMAT(SX,67HCURVE FIT OF AREA(TIME) DATA BY LEAST ABSOLUTE REL“TIDﬁTﬁ)ﬂSE
JUE DISCREP DATABAS

ANCY
>7.5X. 33HA(T)-EXP(C!!(C?-?)!(C3-T)/(C4-T)) /,
I5X.3HC1=,E12. 6, 3X, 3HC2e,E12. 6. IX. IHCI=,E12. 6, 3X, JHC4+.E12.6.
)3XV12HDISCREPQH¢V'.F4 | 9 IHS.//
URITE(E.5200) LAMBDA.CPG.KG.RHOF ,RHOG. MUG. XS, EPS, TL. NFG.KF
5200 FORMAT(SX, GHLANBDA. 6X. IHCPG. 10X . 2HKG. 8X. 4HRHOF , 7X . 4HRHOG. 10X,
> 3HMUG . 9X, 2HKS . 7X, 7HEPSTLON, 6X. 4HTSAT, SX. JHHFG. 10X.2HKF , 7,

JSX.F6.4.5X.FS. 3.5X.£9.3, 4X FG 4.4X.F7.6,6X.E9.3.4%X.F5.4,6X,.F?.5,

’3§,$§<é"x .F6.1.5X.€9.3./
5300_FORMAT (3X. INT. 7X. 1HA. 6X. SHASMTH, 3x. 13H-D(LN(AS) ) /DT, 4X. 2HAL . 4X.

JSHUX, 7X. 1HV. 6X. 1HL, 7X. 4RHEXP. 6X . SHHE/ZHB, 3X, JHNUV, 4X. 1HH, /,

J6X.SHISEC), 2X, TH(CMEX2), 2X, 7H(CHIX2), 4X. DH(SECTE-1) . 18X,

>7u<cn:xiynggla¥(cn) .2%, 1TH(U/CHX22/C))
CALCULATE SMOOTHENED AREA

ALS(I)=G(1IR(TCII-C L8 IE(TCII-CC3)1/(CL4)m 513 $))

AS*EXP(ALS(1))
O BLRADT - CL )3 LT T r-Eea T LI S5 ShesT o, TIne

.- ~C(2))+ - +ALS(1))/(C(4)-T(
CALCULATE DIMENSIONLESS AREA SUINCA-TI
osrséﬁ?ﬁé“ﬁfkéﬂé?SﬁfEss LUNE F
Vo ROM DIMEM

ERMINE DINENSIO IMENSIONLESS AREA
CALCULATE UOLUME

UsUSTARSLAMBDAZX3
CALCULATE DROP THICKNESS

(1074

CALCULATE EXPERIMENTAL HEAT TRANSFER COEFFICIENT

HEXP +RHOF XHF GIDUDA(ASTAR ) SLARBDAXDLNADT / (TU~TL )

[2]

O O O o oo
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DATABASE

DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE

DATABASE
DATABASE
DATABASE
DATABASE

DATABASE
DATABASE
DATABQSE

DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE



https://F0RnAT(8X.lHT.7X.lHA.6X.5HASRTH.3X.13H-D(LN(AS))/DT.4X
https://3.4X.FS.4.SX.F7
https://FINDC(A.T.DT.NPOINT.C.DfllN.IPRT.AL
https://3.F5.4.F7
https://r0RnAT(F6.4.F5.3.E9.3.F6
https://IFdPUNCH.NE
https://TITLE(I).1-1.49
https://NROLL-NSEQ.NPOINT.DT.TU
https://NROLL.NSEO.NPOINT.OT.TU
https://NUNBER.OF

O 0O O OO0

DG=B2KF /CPG
D0 3 ITER=-1.10
DELTA=((3 +9 3DG/20 /MUG)EDCIMUGCIASEER/
> (2 2PIIGIRHOGE (RHOF-RHOG )XV ) )XX .25
DG=(KF/F (B )+HRESDELTA)X(TU-TL )7HFG
3 B=DGICPG/KF
HB«BXKF 7/DELTA/SH :

CALCULATE THE RATIO OF THE EXPERINENTAL WEAT TRANSFER COEFFICIENT

TO THE THEORETICAL VALUE FOR A SMOOTH SURFACE
HEHB=AMIN1(99.9,HEXP/HB)

CALCULATE THE EXPERIMENTAL NUSSELT NUMBER BASED ON THE DROP VOLUME

NUV=HEXP3VXE 333333/KG
CALCULATE DIMENSIONLESS HEAT FLUX BASED ON DROP UOLUME

HeNUUXSH
URITE EXPERIMENTAL AND CALCULATED VALUES TO LINE PRINTER

)33615(6.8000) T(I),ACI).AS,DLNADT.ASTAR, USTAR. U, L. HEXP . HEHB,
6000)$0R§A;é5¥3F6.0.F8.3.F9.3‘F13.S.FIO.t.F?.l.F8.3.F7.3.F11.S.F9 3,

?7.1.F6.
C PUNCH DATABASE (CARD DECK)

700
c

OO0

o0

4 IF(IPUNCH.NE. Q@) URITE(7.7008) NROLL.NSEQ.I.SH.USTAR.HEHS.H
@ FORMAT(I2,1X.13.1X.12.F6.3.F8.2,F6.3.F7.2)
PLOT _EXPERIMENTAL AND TIME SMOOTHENED AREA US. TIME

IFCIPRT.GT @) CALL APLOT(TITLE.AL.ALS.NPOINT.DT)

GO T0 1

DATA AND THE APPROXIMATING FUNCTION
DINENSION AL(99),C(4).DFDC(4).D2FDC2(4.4),5(4),IPIVOT(4),
2C2T(99).C3T(99).C4T($9),A(99).T(99).CRIN(4)

SET-UP LOG(AREA) VECTOR
DO 1 I+1.NPOINT

CHECK FOR

AREA OUT OF

RANGE
IFCACI) . GT..0001 .AND.A(I).LT.100.) GO TO 1
URITE(6.1000)

1000 ;gggﬁT(SX.Slex!t! AREA OUT OF RANGE 3xx323%)

1 AL(I)=ALOG(A(1))
lNl}égL%ZATION ALGORITHM FOR VECTOR °C*

DO 2 1-2.NPOINT

4)=2T(
3)-3.
b

2)e-DT
2)*T(NPOINT)+DT
NPOINT)+DT

2C(4)-2.2C(2)

)=AL(1)XC(4)/C(2)/7C(I)

INITIALIZE MINIMUM ERROR
INITIALIZE DIFFERENCE EQUATIONS AND GRADIENT VECTOR

D0 3 1=

1.NPOINT

CaT(1)=C(2)-T(1)
CaT(11=C(3)=-T(])
3 CAT(I)=C(4)-T(1)
CALL GRAD(C(1).CaT.CIT,C4T,AL.NPOINT.DFDC)

DETERMINE THE AUERAGE ABSOLUTE RELATIVE DISCREPANCY CORRESPONDING

TO THE INITIAL ESTIMATE .
DMIN=AARD(C.A,T.DT.NPOINT)
!NI;éAkIZE THE CMIN VECTOR

I~

1'4

4 CMIN(I)=C(I)
URITE HEADING ON NEU PAGE TO KEEP TRACK OF THE CONVERGENCE
IF(IPRT . GT 1) URITE(6.2000)

J4HG(1),

2000 FORMAT(1HL, 7X.4HC(1).10X, 4HC(2). 10X, 4HC(3). 18X, 4HC(4). 10X.

10X.4HG(2).10X, 4HG(3). 10X, 4HG (4 ), 8X. 4HAARD , 8X. IHIER)

C LIST _INITIAL VECTORS AND CORRESPONDING DISCREPANCY

c
c
¢
¢
C

IFC(IPRT.GT 1) URITE(6.2108) (C(I).Ie}
2100 FORHﬂTéax.9014.6.2X.IB)

DO 10 ITER=1.100

DETERMINE

HESSIAN MATRIX

CALL HESS(C(1).C2T,C3T.CAT,AL, NPOINT. D2FDC2)

DETERMINE

NEXT STEP IN STEEPEST DESCENT

CALL GAUSSP(D2FDC2.4.DFDC.4,S.4,JPIVOT.4,4.RLOGD. DSIGN. IER)
COMPUTE NEU VALUE OF VECTOR °C®

(UHEN NEUTON ITERATION DIVERGES THE METHOD OF DISPLACEMENTS
UIB& gu}OTﬁIICALLV BE ACTIVATED)

T
@.1) DC~.23C(1)

IF(1.E
§ C(I)eC(

1)-DANPISIGN(ANING(DC.ABS(S(1))),DFDC(I))

£
+4), (DFDC(I).I=1.4),.DNIN, IER £
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DATABASE
DATABASE
DATABASE

DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE
DATABASE



https://AL(1).GT
https://0.AND.AL(1).LT
https://IF(A(I).GT
https://FINDC(A.T.DT,NPOINT,CNIN.DNIN.IPRT.AL
https://APLOTITITLE.AL.ALS.NPOINT.OT
https://IFdPRT.CT
https://F0RnAT(5X,F6.�.F8
https://XPItGXRHOG*(RHOF-RHOG}XU))�X.SS
https://ITCR-l.ie

o0

[21¢]

Q00 OO0

C2+C(2)

C(2)=AMINL(C(2).C(3))

C(3)=ANAX1(C2.C(J))

C(2)=AMINL(C(2).C(4)-DT)

C(I)1=AMAXL1(C(I).C(4)+DT)
C(3)=ANINLI(C(I),5.3C(4)-4.2C(2))

C(1)=AMAX1( . 1XAL(1)/C(4).ANINI(19.3AL(1)/C(4).C(2)))

DETERMINE NEU AVERAGE ABSOLUTE RELATIVE DISCREPANCY
DIS*AARD(C.A.T.DT,NPOINT)
IF THE ERROR 1S LESS THAN THE PREUIOUS MINIMUM ERROR SAVE THE NEY
VALUES OF C IN THE UECTOR °*CMIN®
IF(DIS.GE DMIN) GO TO 7
DRIN-DIS
DO 6 I=1.4
6 CMIN(I)=C(I)
DETERMINE NEU DIFFERENCE EQUATIONS
7 DO 8 I=1.NPOINT
CaT(1)=C(2)-T(1)
C3T(1)eC(3)-T(])
8 CAT(1)«C(4)-T(])
DETERMINE NEU GRADIENT
CALL GRAD(C(1),C2T.C3T.CAT,AL.NPOINT,DFDC)
DETE:H:NE THE MAGNITUDE OF THE GRADIENT VECTOR

DO 9 I=1,4
9 GN=GM+ABS(DFDC(I))
URITE UPDATE ON CONUVERGENCE OF ITERATIONS

IF(IPRT.GT.1) URITE(6.2100) (C(]),I=1,4),(DFDC(I).1=1,4).DIS.1ER
REDUCE

IF CONVERGENCE HAS NOT BEEN REACHED IN SO ITERATIONS
DAMPING FACTOR. RE-INITIALIZE °C". AND RESTART ITERATIONS
IF(ITER NE . S®) GO TO 10
DAMP= .1
C(4)=T(NPOINT)+DT
C(3)23.2C(4)-2.2C(2)
C(1)=AL(1)3C(4)/C(2)/C(])
END ITERATIONS IF THE MAGNITUDE OF THE GRADIENT 1S VITHIN THE
SPECIFIED TOLERANCE
10 IF(GM.LE. 1.E-6) RETURN
IF _CONVERGENCE HAS NOT BEEN ATTAINED IN 100 ITERATIONS ABANDON
;tgﬂgEIgg? OF STEEPEST DESCENT AND COMMENCE DIRECTIONAL SEARCH
C(4)<FLOAT(NPOINT-1)
DFDC(1)=DTRC(4)2(C(4)+1.)/2.
DFDC(2)=DTXDFDC(1)X(2.3C(4)¢1 . )/3.
DFDC(3)=DTXDFDC(1)xx2
gfg?(g:;gT:‘&lDFDC(a)1(3.!C(4)!!243.l¢(4)-1.)IS.
- +1.
C(1)=C(4)X(DFDC(2)XDFDC(4)-DFDC(3)1%X2)-DFDC(1 )SDFDC(4))
>-DFDC(2)333+2. XDFDC(1 )XDFDC(2)IDFDC(I)
D2FDC2(1.1)=(DFDC(2)XDFDC(4)-DFDC(3)2X2)/C(1)
D2FDC2(1.2)=(DFDC(2)SDFDC(3I)-DFDC(L )XDFDC(4))/C(1)
DeFDcal Y= (DFDC(4 )XDFDC(I)-DFDC(2)232)/C(1)
Dea( ;-narncatt.a)
)

=(C(4)SDFDC(4)~DFDC(2)232)/C(1)
°(DFDC(1)3DFDC(2)-C(4)3DFDC(I))C(1)
D2FDC2(1.3)
DaFDC2(2.3)
(C(4)XDFDC(2)~DFDC(1)2%2)/C(1)
C(4)T(NPOINT)
DO 16 ITER-1,190
C(4)+C(4)+DT/10.
DO 11 1-1.3
11 C(I)=0.
DO 12 I+1.NPOINT
DC=AL(INX(C(4)-T(1))
DO 12 Je1.
C(J3)=C(J)+DC
12 DC=DCIT(I)

3
1
2
3

WRre

DO 13 J-1.3

13 DFDC(I)=DFDC(I)+D2FDC2(1.JI2C(J)
C(1)=DFDC(3)
IF(C(1).LT.1.E-6) GO TO 16
DFDC(1)<DFDC(4)/DFDC(3)
DEDC(2)=-DFDC(2)/0FDC(3I)
DFDC(4)=DFDC(2)XDFDC{2)~4. SDFDC(1)
IF(DFDC(4).LE.@.) GO TO 16
DFDC(4)=SQRT(DFDC(4))
C(3)=(DFDC(2)+DFDC(4))/2.
IF(Ct3).LT.C(4)+DT) GO T0 16
C(2)=DFDC(1)/C(3)
IF(C(2).GT.C(4)-DT) GO T0 16


https://IF(C(3).LT
https://IF(C(1).LT

.NPOINT)

DY
GO TO 15

14 CMIN(I).

3 .
2200 FORMAT(2X
16 CONTINUE

RETURN

END
SUBROUTINE GRAD(C1,CaT,C3T,C4T.AL.NPOINT,DFDC)
C GRAD DETERNINES THE GRADIENT OF THE RESIDUAL
BéHENSI2N4C2T(99).037(99),047(99).AL(99).DFDC(4)
1 DFDC(I)-0.
DO 2 I<1.NPOINT
DFDC(1)DFDC(1)+2.3C1XCRT(]IXCRT(I)ICIT(IIZCIT(I)/CAT(I)/CAT(]I)~
2. XAL(I)ZC2T(I)RCIAT(I)/C4T(]1)
DFDC(2)=DFDC(2)+2. XC1XC1XCRT(IIXCIT(IIXCIT(T)/C4T(]I)/CAT(])~
22.2AL(I)XC1XCIT(I)/CAT(])
DFDC(I)=DFDC(3)42.XC13C1ICAT(I IRCRT(IISCITI(II/CATIL)/CAT(])-
22.2AL(1)3CI1XCET(I)/C4T(])
2 DFDC(4)=DFDC(4)-2. $CL1XCIXCET(] )XC2T(I IXCIT(IIZCIT(I)I/C4T(T )/
JCAT(1)/7C4T(1)+2.3ALCI)2CI1XC2T(1)XCIT(T)/CAT(I)/CAT(I)

DO 3 I4.4
3 DFDC(I)=DFDC(I)/FLOAT(NPOINT)
RETURN

END
SUBROUTINE HESS(C1.C27,C37.CAT,.AL.NPOINT,D2FDC2)
€ HESS DETERNINES THE HESSIAN MATRIX (RESIDUAL TENSOR)
Bgnin?xgn4car(99).c37(99).c4r(99).aL(99).oarnca(4.4)
DO 1 Jet.4
1 D2FDC2(I.J)=@.
DO 2 I<1,.NPOINT
)g%:?g?(!.l)'bafnca(l.l)02,3027(1)!CET(I)!C3T(I)1CST(X)1047(1)/
D2FDC2(1.2)=D2FDC2(1,2)+4.2CLXC2T(I)XCIT(IIICIT(L)/CAT(1)/CAT(I )~
22.2AL(I)XCIT(1)/CAT(I)
DEFDC2(1.3)=D2FDC(1,3)44. XC12CRT(I)IRC2T(I)IZCIT(I)/C4T(1)/CAT(] )~
22 .2AL(I)XC2T(I)/CAT(])
D2FDC2(1.4)sD2FDC2(1,4)~-4.3C12C2T(I)ICRT(1)XCIAT(IISCIT(T)I/C4T(L)/
CAT(I)/CAT(I)+2 XAL(T)XCRT(TI)IXCIT(I)/C4T(I)/CAT(])
DeFDC2(2,2)=DaFDC2(2.2)+2. IC1XC13CIT(T )XCIAT(I )/CAT(I)I/CAT(])
D2FDC2(2,3)=D2FDC2(2.3)44. XC1XCIXC2T(I 32CIAT(I)/CAT(I)/C4T(1)~
J2 2AL(I)XCL/CaT(])
D2FDC2(2.4)=D2FDC2(2,4)-4.XC1XC12C2T( I )XCIT(1)XCIAT(I)I/C4T(I )/
CAT(T)/CAT(1)+2 ZAL(T)XCIXCIT(I I CAT(I)/CATCI)
D2FDC2(3.3)=D2FDC2(3.3)+2 XC13C1XCRT(I)ACRTI(I)I/CAT(I)I/C4AT(]I)
D2FDC2(3.4)=D2FDC2(3,4)-4 . XC1XC12C3T(I)EC2T(IIECIT(I )/C4T(T)/
CAT(I)/C4T(1)+2.3AL(1)XCLXCT(1)/CAT(])/CAT(])
2 _D2FDC2(4.4)+D2FDC2(4.4)+46 . 3C12C12C2T(])2C2T(I)BCITCIIXCIT(I )/
;g:;:%;/C4T(I)IC4T(I)/C4T(I)-4.!hL(I)!CtxcaT(I)!C3T(I)IC4T(X)/
DO 3 I-1.3
l11e1+1
DO 3 JeI1.4
3 D2FDC2(J.1)eD2FDC2(I.J)
DO 4 I-1.4
DO 4 J-=t.4
4 D2FDC2(1,J)=D2FDC2(I.J)/FLOAT(NPOINT)
RETURN

END

FUNCTION AARD(C.A.T,DT,.NPOINT)
AARD CALCULATES THE AVERAGE ABSOLUTE RELATIVE DISCREPANCY BETUEEN
THE_EXPERIMENTAL DATA AND THE APPROXIMATING FUNCTION

253%"310" C(4).A(99).T(99)

DO 1 Iy NPOINT

C DETERMINE THE SMOOTHENED AREA FROM THE APPROXIMATING FUNCTION
ASLeC(1)X(C(2)~TC(I)IX(C(II=-T(L))/(C(4)=-T(1))
AS~EXP(AMAX1(-10..AMIN1(19..ASL)))

C ACCURULATE THE ABSOLUTE VALUE OF THE RELATIVE DISCREPANCY

1 ARRD*AARD+ABS((A(I)~AS)/A(]))

€ DIVIDE BY THE NUMBER OF POINTS TO DETERMINE THE AVERAGE

SARD;&OO.lﬁﬁRD/FLOﬁT(NPOINT)

) URITE(6,2200) (C(I).1-1.4),D18
14.6.56X%.G14.6)

a0

D
FUNCTION UOFA(A)
DATA C1.C2.C3/-.117976129.~.102198064. . 192842212/
AL*AL0G10(A)
Ule1.253AL-C1-SORT( . 0625XALIAL +C23AL+C3)
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ADISCREP
ADISCREP
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VOFA=10.23VL
RETURN

END

FUNCTION DU

DATA C1.C2. 03/- 11?976129.- 102198064 . . 102842212/

U=UOFA(A)

AL-ALOG10(A)

gUDA-U!(l .25-(.0625XAL+.5XC2)/S0RT (. 0625XALIAL+C2BAL+CI ) I/A

ETURN

END

FUNCTION F(B)

F=1 +EXP(.5%B)

DO § I-4,99

2= .013FLOAT(I

FeF+2. SEXP( . S!B!(l -23222%(2.-2)))

F=_ Q@SxF

i

SUBROUTINE GAUSSP(A,NA,B.NB,X, NX.JPIVOT.NJP.N.RLOGD, DSIGN, IER)

C GAUSSP PERFORMS GAUSS ELIMINATION WITH FULL COLUMN PIVOTING

10

20

?éHEgSIOH AINAR,NAY,B(NB).X(NX).JPIVOT(NJIP)
1F(N.GT NA.OR.N. GT Nl OR.N.GT NX OR.N.GT.NJP.OR.N.LT.2) IER=1
s, g o)

DO 10 I-1.N
JPIVOT(I)e=1]
DO 9@ Ke=1.Nt
Ki=K+1
IPIVOT=K
JTEMP=K
RMAX=ABS(A(K.K))
DO 20 1=K,
DO 20 J=K.N
IF(ABSCA(I.J)).LE.RMAX) GO TO 20
RPAX=ABS(ACT.J))
1PIVOT=1
JTEMP=J
CONTINUE
IF(IPIVOT.EQ.K) GO TC 4
IF(RMAX.LT.DELTA) GO TO 120
DSIGN~-DSIGN
BTEMP=B(K)
B(K)=B(IPIVOT)
B(IPIUOT)-BTEHP

DO 30 J=K.N
ATEMP*A(K.J)
A(X.J)*A(IPIVOT.J)
A(IPIVOT. J)=ATERP

40 IF(JTEMP.EQ.K) GO TO 60

DSIGN=-DSIGN
JTP=JPIVOT(JTENP)

JPIVOT(JTENP )=JPIVOT(X)
JP!UOT(K)'

DO SO I-t
ATEHP-Q(!.J?EHP)
A(L.JTENP YeA(],K)
A(1.K)=ATERP

6@ RLOGD-RLOGD#QLOG!.(AlS(h(K X))

100
110

IFA(K.K). ) DSIGN=-DSIGN

DO 8@ I-Ki

AR*A(], K)/Q(Ko

IF(ABS(AR) .LT. DEL?Q) GO TO 80
B(I)=B(I)-ARZB

DO 70 JeKi.N

AL, J)eA(I.J)-ARIA(K.J)

CONTINUE

CONTINUE

IF (ABS(A(N.N)) LT .DELTA) GO TO 129
RLOGD-RLOGD*QLOG!O(QBS(A(N N)))
IF(A(N.N).LT. 9. ) DSIGN=-DSIGN
X(JPIVOT (M) )«B(N)/A(N.N)

DO 110 IN-2.N

I=N+i-IN

?;JPIUOT(I))'I(I)

DO 100 J=I1.N
X(JPIVOT(T))=X(JPIVOT(I))=-ACI.J)EX(JPIVOT(J))
XC(JPIVOT(1))=X(JPIVOT(I))/ACI.I)
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RETURN

120 1ER~{
DSIGN=0.
RLOGD=0.
i
SUBROUTINE APLOT(TITLE,AL.ALS, NPOINT,DT)
DIMENSION AL(99).ALS(99).LA(99).LAS(99),1T(99)
INTEGER TITLE(40).ROU(126).PLUS.V.H.BLANK,.E.S
DATA PLUS.V.H.BLANK.E.S/1H+,1HA, 1H-, 1H , LHE. 1NS/
URITE(6.1000) (TITLE(I),I=1,40)

1000 FgR?AI({H&PS?XT40®2 /7, 1K, AHARER. 7. 7H 180. +.124(1H=),1H+)
IT(I)=INT(2 S+123.3FLOAT(I~1)/FLOAT(NPOINT~1))
LA(T)»21-INT(.S+44 . 3429453AL(]))

1 LAS(1)+21-INT( S5+4 34294S2ALS(I))
DO 7 1ve2,5%
M1Y=MOD(1IY+9,10)
DO 2 J=2.185
ROU(J ) =BLANK
e IF(HIV EG @) ROWU(J)I=H
ROU(1 )~
IF(RIY. EQ 9) ROU(S)-PLUS
ROU(126)=U

IF(NIY.EQ.9) ROU(126)=PLUS
URITE(6.2000) (ROU(J),J=1.126)
2009 FORMAT(6X. 126A1)

DO I3 I-1.126
3 ROM(I)=BLANK
IPRT=0
DO 4 I-1,NPOINT
IFC(LACT) . NE.IY) GO TO 4

PRTe1
ROUCIT(I))=E
4 CONTINUE
IF(IPRT . NE.Q) URITE(6.2100) (ROU(J).J=1,126)
2100 FORMAT(1H+.5X,126A1)
DO S I-1.126
S ?OU(I;-BLﬁﬂK

DO 6 I-1.NPOINT
IF(LAS(1).NE.IV) GO TO 6
§OU%IT(I) =S

6 CONTINUE
IF(IPRT.NE. @) URITE(S. 2100) (ROU(J).J=1,126)
IF(IY.EQ.3) URITE(6.300
3003 FORMAT(1H+, 112X, 14HE-E XPERIHENTAL)
IFC(IY_€EQ.4) WURITE(6.300
3004 FORMAT(1H+, 112X, 12HS-SHOOTHENED )
IF(lY_ EQ.11) URITE(S Jo11)
3011 FORMAT(IH+, 4H 19
IF(IY.EG.21) URITE(G Jeal)
3021 FORMAT(1H+.4H 1.9)
IF(IY.EQG.31) URITE(S 3031)
3031 FORMAT(1H+.4H 0.1)
IF(IY.EG.41) URITE(G 3041)
3041 FORMAT(1H+.4H0.0
7 IF(IY. EQ.51) URITE(G 3051)
3051 FORMAT(1H+,4H.@01)
TNP=DTSFLOAT(NPOINT~1)
URITE(G, 4000) TNP
4000 Eg#ﬂg;(GX,EHO..SBX.SNTIHE(SEC).53X.F5.1)

END
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Program LAMBDA

Program LAMBDA determines the value of A (Equation 1-1) which
provides the best correlation between experimental drop area/volume
data and the numerical solution to the Laplace capillary equation
(detailed in Chapter 3). The algorithm used in the program is the
step—-search method. 1In the step-search method the value of A is
incremented until a minimum is over-stepped, the value of A is
reduced by twice the increment size, and the search is continued
with smaller increments until a desired accuracy is obtained. The
values of A generated by this program were used to plot the solid
lin;s in Figures 8 through 11 (which are a comparison of the experi-
mental and theoretical drop area/volume relationship).

The following is a listing of program LAMBDA. Comments are
provided in the listing at various points to detail the specifics of

program operation,



gREATE PRO@RﬁH TO DETERNINE LAMBDA FROM AREA UOLUME DATA

REAL LAMBDA
INTEGER TITLE(39)
DINENSION A(50).V(59)
€ READ IN THE NUMBER OF DATA POINTS AND THE TITLE
1 READ(S.1000) N .(TITLE(I) 1-1.39)
1000 FORMAT(I2.39A2
IF(N.EQ.Q) STOP 1000
C READ IN THE AREA DA
READ(S,1010) (A(I) I=1.N8)
1010 FORMAT(10F8.3)
C READ IN THE VOLUME DATA
READ(S5.10108) (V(I).I=1.MN)
ENEU=1 .E10
C INITIALIZE THE VALUE OF LAMBDA AND THE STEP SIZE
LAMBDA=@.

DL-.1
C SET THE NUﬂlER OF FURTHER DIGITS OF SEARCH

IDXGIT
DO 3 1-1,IDIGIT
INCREMENT THE DECIMAL ACCURACY OF THE STEP SIZE

DLeDL/10.
C INCREMENT LAMBDA
2 LAMBDA=LAMBDA+DL
C STOP FOR LAMBDA OUT OF RANGE
IF(LAMBDA.GT.1.) STOP 2222
EOLD=ENEV
ENEU=ERR(A.V,.LANBDA.N)
DETERMINE IF THERE IS A REDUCTION IN ERROR UITH THIS STEP
IF SO. CONTINUE STEPPING LAM
IF NOT., BACK-UP AND STEP UITH SHALLER INCRENENTS
IF(ENEU.LT EOLD) GO _TO 2
IF(I £Q0.1IDIGIT) GO TO 3
c TAKE TWO STEPS BACK IN LAMBDA AND CONTINUE WITH SMALLER STEPS
3 khﬂtgsaéﬂﬂkbﬂ-a L
THE BEST VALUE OF LAMBDA HAS BEEN OVERSTEPPED BY ONE INCREMENT
STEP BACK ONE INCREMENT IN LAMBDA AND PRINT OQUT RESULTS
LAMBDA=LAMBDA-DL
URITE(6.2000) (TITLE(I), I=1,39),LANBDA
2000 FORMAT(1H1, 10X, 32HDATA REDUCTION' LAMBDA FROM DATA,/.10X.39A2./.
10X, THLAMBDA= . F7.5.//.11X. 4HAREA. 11 X. SHUOLUME . 19X, 6HXERROR. 7.
)g:: 8HHEASURED X, 10HCALCULATED)

EAVE=0
c COHBg?E IH? ERROR [N VOLUME FOR EACK DATA POINT

ﬂS-ﬁ(I)/Lﬁﬂ'Dhtla
USsUOFA(AS)
UCeUSILAMBDAZX3
ER=100 . X(VU(I)-VUC)/VL])
IF(ABS(ER) .GT ABS(EMAX)) EMAX~ER
EAVE=EAVE+ABS(ER)

4 URITE(6.2019) A(I),VU(I).UC.ER

201. FORMAT(1OX.F6.3. SX F6.4,5X.F6.4.4%.F5.1)
URITE SUMMARY DATA NAXIMUR AND AUERAGE ERRORS)

[21elv]

o0

RUEOEAUE/?LOQT(N)

URIYE(G 2020) EMAX.EAVE
2020 FOQHM'(// 10X, 1 4HMAXINUM ERROR' FS.1.1H%.7,

> AUER“GE ERROR=.F4.1.1Kx

E D

FUNCTION ERR(A R N)

DIMENSION A(S® 50)

ERR*9.

DO 1 I~1.N

AS=A(1)/R/R

US<UQFA(AS)

UC=USERIREIR

ER=ABS(V(I)-UC)2100./VU(])
1 ERR-ERR+ER
RETURN

END

FUNCTION VOFA(A)

DATA Ci, 02 C3/- 117976129, ~.102198064, . 102842212/
AL=ALOG1O(A
UL-!.ES!QL-CI-SORT(.0625!&L!AL*C£8QL+C3)

UOFA=10 2IVL

RETURN

END
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Program PLOT:FRC

Program PLOT:FRC was used to generate plots of the computed
relative contribution to the overall heat flux of convection
(F, flow), radiation (R), and intermittent liquid-solid contact q9)
for each data point in each data sequence. Program PLOT:FRC reads
the database (generated by program DATABASE) to produce the plots.
The computed relative contributions were determined by solving
Equations 3-30, 3-34 through 3-41, and 3-45 simultaneoulsy. Program
PLOT:FRC was ﬁritten to process both smooth and macro-roughened sur-
face data without modification. An example of the plots generated
by program PLOT:FRC for the smooth surface and a macro-roughened
surface are given in Figures 75 and 76 respectively.

The following is a listing of program PLOT:FRC. Comments'are
provided in the listing at various points to detail the specifics of

program operation.



CREATE PROGRAM TO PLOT THE RELATIVE CONTRIBUTION OF CONUVECTION (FLOW). 245
g RADIATION., AND CONTACT AS A FUNCTION OF DIMENSIONLESS DROP VOLUME

DéHENSION JX(99).1Y(99.3) PLOT FRC

AMBDA . NUV. NUD, NUR . NUC, NUF . KG . KS . MUG . KF PLOT FRC
INTEGER TITLE(80),SMTH(2) PLOT FRC
DATA SMTH/LHS. 1HMN/ PLOT:FRC
C DEFINE PHYSICAL CONSTANTS PLOT FRC
DATA PI1.C.SICMA/3 14159.980..5 6688E-12 PLOT ' FRC
€ READ IN THE ROLLS, THE NUHBER OF POINTS IN THE SEQUENCE, AND THE PLOT:FRC
c BULK SURFACE TEMPERATUR PLOT -FRC
1 READ(S.1000) NROLL, NPOINT.TU PLOT FRC
1000 FORHAT(IE SX xa SX.F4.9) PLOT FRC
F(NROLL.LE.® S oP PLOT FRC
C READ IN TITLE CAR PLOT:FRC
READ(S. 1010) (TITLE(!) 1-1.80) PLOT 'FRC
1010 FORMAT(80OAL PLOT FRC
C READ IN THERHOPHVSICAL PROPERTY CARD PLOT FRC
READ(5.1020) LAMBDA.CPG.KG.RHOF .RHOG. NUG.KS.EPS. TS HFG. X PLOT FRC
1020 FORMAT(F6.4.F5. 3.€E9.3.F6.4,.F?.6.E9.3.F5.4.F?.5.F5.1.F6.1 E9.3) PLOT FRC
C DETERMINE IF SURFACE 1S SHOOTH OR ROUGH PLOT:FRC
NSMTH=Q PLOT FRC
DO 2 1-1.79 PLOT FRC
IF(T!TLE(I) EQ . SNTH(1).AND.TITLE(I+1).EQ.SNTH(2)) GO TO 3 PLOT:FRC
2 CONTINUE PLOT FRC
GO TO 4 PLOT:FRC
3 NSMTHe1 PLOT FRC
4 DO 8 I=1.NPOINT PLOT FRC
C READ IN THE DATA ONE CARD AT A TIME PLOT FRC
READ(S.2000) NROLL,NSEQ.NDATA.SH,USTAR. HEHD.H PLOT FRC
2000 FORMAT(I12.1X,13,.1X.12.F6.3.F8.2.F6.3.F7.2 PLOT:FRC
IFC(I NE 1) GO TO S PLOT FRC
C CALCULATE THE RADIATIVE HEAT TRANSFER COEFFICIENT PLOT FRC
HR=SIGMAZ((TW+273. )2L4=-(TS+273. )224)/(TU~TS) PLOT FRC
C CALCULATE DROP UOLUME PLOT-FRC
S UsUSTARXLAMBDAXZXI PLOT FRC
C CALCULATE DROP HEAT TRANSFER COEFFICIENT FROM DIMENSIONLESS HEAT FLUXPLOT:FRC
HD=HXKG/SH/VURX . 333333 PLOT FRC
C DETERMINE DIMENSIONLESS DROP AREA PLOT FRC
ASTAR~AOFU(USTAR) PLOT:FRC
C CALCULATE DROP AREA PLOT:FRC
AR=ASTARILAMBDAXX2 PLOT FRC
C CALCULATE MASS FLUX PLOT FRC
GG*HDX(TU-TS )/HFG PLOT FRC
c CﬁLCULRTE VAPOR LAYER THICKNESS PLOT:FRC
DEL 9. . PLOT'FRC
6 ITER»=1.5 PLOT'FRC
6 DELTR-(GG!HUG!A:A!(Q.tGGlOELTAIEO./HUG#S.)/ PLOT ' FRC
) (2. IPISGIRHOGE (RHOF -RHOG )XV ) )33 . 333333 PLOT:FRC
C CALCULATE DIMENSIONLESS PARAMETER B PLOT FRC
B=~GGCXCPGEIDELTA/KG PLOTFRC
C CALCULATE DROP MNUSSELT NUMBER PLOT'FRC
NUV=H/SH PLOT 'FRC
NUD=HDXDELTA/KG PLOT ' FRC
C CALCULATE THE NUSSELT NUMBER FOR THE CONVECTIVE TRANSPORT PLOT:FRC
NUF =KF /KG/F (BEXG/KF ) PLOTFRC
c CALC%%STEUIHE RELATIVE CONTRI)UTION TO HEAT TRANSFER DUE TO THE FLOU Ptg;-ggg
C CALCULATE THE RﬁDIﬂT!UE NUSSELT NUMBER PLOT FRC
NUR=HREDELTA/X PLOT'FRC
C CALCULATE THE RELATIUE CONTRIBUTION TO HEAT TRANSFER DUE TO PLOT FRC
C RADIATION PLOTFRC
RAD=NUR/NU PLOT:FRC
C CALCULATE THE CONTQCT NUSSELT NUMBER PLOT FRC
NUC =NUD-NUF -NUR PLOT FRC
C CALCULATE THE RELATIVE CONTRIBUTION TO HEAT TRANSFER DUE TO CONTACT PLOT FRC
CON=NUC/NUD PLOT - FRC
IF(NSHTH £Q.0) GO TO 7 PLOT ‘FRC
PLOT FRC
FLOU-FLOU/(FLOU+RAD) PLOT:FRC
RAD*1 . -FLOY PLOTFRC
7 JX(I)eMAXO(1.MINO(121.IFIX(1. +30.2ALOGI1O(VUSTAR)))) PLOT FRC
IV(I.1)=MAXQ (L, MINO(SL, IFIX(1.+50.X(1 -FLOW)))) PLOT 'FRC
IvCl.2)=MAXO(1,MING(SL, IFIX(1 +50.3(1 -RAD)))) PLOT:FRC
8 IY(I.3)=MAXO(1 MING(SL,IFIX(1. 450 %(1.-CON)))) PLOT'FRC
CALL PLOT(JX,1Y,TITLE.NPOINT.NSNTH) PLOTFRC
Go TO 1 PLOT FRC
END PLOT:FRC
FUNCTION AOFV(Y) AS(VUX)
DATA C1.C2.C3/-.397138.~-.569978, 691262/ AX(VR)
UL=ALOGLIO(V) AX(UX)
ALOGA=((2 SIUL+C1)+SGRT( . 2SIULXVL+C2XVUL+CI) )3, AX(VUX)

AOFV«10. XXALOGA AX(UX)



https://3.E9.3.F6.4.F7
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RETURN AXK(VX)
END AX(VX)
FUNCTION F(B) F(8)
Fe1 +EXP(.52B) F(B)
DO § 1-1,99 F(B)
2= OI!FLOA (1 F(B)

1 FeF+2 3EXP(.SEBX(1.-23232%(2.-2))) F(B)
F=_ 00S%F F(B)
RETURN F(B)
END F(D)
SUBROUTINE PLOT(JX.IY,TITLE.NPOINT,NSNTH) SUB PLOT

INTEGER SYMBOL(3),V.H.BLANK,PLUS. TITLE(B®), VNEQD(S&)
DIMENSION JX(99),1Y(99,3).LINE(121).NAMEX(E.S)
DATA U.H.BLANK,PLUS/1H~. 1H-, 1H . 1H$/
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DATA SYMBOL/1HF ., 1HR, 1HC/ PLOT
DATA NAMEX/IH1,1H .1H .1H ,1H . 1H .IH .1H ,.1H ,1H , 1M1, 1HO, SUB PLOT
> 1H .1H ,1H ,1H1,1HO,1HQ. 1H .1H .1H1.1HO.1HQ.1HO. §UB PLOT
3141, 1HO, 1H. . 1HO, 1HO. 1HQ/ SUB PLOT
DATA YHEAD/ Sus PLOT

21H .1H .1H .1H . 1M ,IH . iH .1H .IH . 1H

1M J1H JAH J1H .1H .1H .iH .1H .1H .1H . SUB PLOT
JIH .1H ,1H ,1H ,1H .1H .1H .1H .IH .IH ., SUR PLOT
21H . 1H 1K 1M .1H JLH J3H L 4H LIH L EH suB PLOT
214 . 1H .1H ,iH . 1H LiH JIH L 1H JIH JIH LM SuB PLOT

C CENTER TITLE ABOVE PLOT SUs PLOT
DO 1 11-1.80 SUB PLOT
IF(TITLE(I1).NE.BLANK) GO TO 2 Sus PLOT

1 CONTINUE SUB PLOT
STOP 11114 Sus PLOT

e DO J I-1.80 Sus PLOT
I2-81-1 SUB PLOT
IF(TITLE(IE) NE BLANK) GO TO 4 Sus PLOT
NTINUE SUB PLOT

STOP 2ea2 SUB PLOT
Nel2-11+1 SUB PLOT

DO S I-1,121 SUB PLOT
LINE(I)=BLANK SuB PLOT
M=(121-N)s2 3 PLOT
IF(A.LT.1) STOP 3333 SuB PLOT

DO 6 I=1.N SUB PLOT

6 LINE(M41)TITLE(I1-1+]) SUBR PLOT
URITE(6.1000) (LINE(I).I=1.121) SUB PLOT

1000 FORMAT(1H1.10X,121AL,//7) SUB PLOT
C URITE LEGCEND FOR ROUGH SURFACE SUB PLOT
IF(NSNTH.EQ.0) WRITE(6.1 SUB PLOT

1010 FORMAT(18X. lO?HCONTﬂIBUT!ON DUE TO FLOU INDICATED BY F. DUE TO RADSUB PLOT
JIATION INDICATED BY R. AND DUE TO CONTACT INDICATED BY C) SUB PLOT

C URITE LEGEND FOR SMOOTH SURFACE SUI PLOT
IF (NSNTH NE Q) URITE(6.1020 SuUB PLOT

1620 FORMAT (35X, 7SHCONTRIBUTION DUE T0 FLOU INDICATED BY F AND DUE TO RSUB PLOT
JADIATION INDICATED BY R) SuB PLOT
Ly=9 SUB PLOT
NAMEY+100 SuB PLOT

Ne3 SUB PLOT
IF(NSHTH NE.O) N2 SuB PLOT

DO 16 I-1,51 SUB PLOT

IF (MODCI+9,10) .NE.9) GO Sus PLOT

C URITE VERTICAL HEADING ﬂND HORXZOHTAL DIVISION SUB PLOT
LV-LY#! SUB PLOT

DO 8 J-1,121 SuB PLOT

8 LINE(J)eH Sus PLOT

Do 9 J=1.121,30 Sus PLOT

9 LINE(J)=PLUS SuB PLOT
URITE(6,2000) YHEAD(I).NANEY,(LINE(J).J=1,121) SuB PLOT

2000 FORMAT(IX.A1.2X.13.1HX,1X.121A8) SuB PLOT
NAﬂEV NAﬂEY-EO SUB PLOT

SUS PLOT

c URITE UERTIC“L DIVISION SUB PLOT
9 DO 11 J-1,121 Sus PLOT

11 LINE(J)°DLANK Sus PLOT
DO 12 J-1.121.30 SUB PLOT

12 LINE(J)-U SUs PLOT
URITE(6.2019) (LINE(J) Je1.121) Sus PLOT

2010 FORMAT(11X.123A%) SuUs PLOT
SET-UP DATﬁ POINTS AND URITE ON TOP OF GRID SUB PLOT
13 DO 16 K=1.N SUB PLOT
Do 14 Jet.121 Sus PLOT

14 LINE(J)*BLANK Sus PLOT
IPRT=9 Sus PLOT

DO 15 IPOINTe{, NPO SUD PLOT

I;éIViIPOINT.K) I) G0 TO t§ 5Us PLOT


https://J-1.121.39
https://J-1.121.39
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https://u,m,blank.PLUS/1Ha.1H-.1H
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LINE(JX(XPOINT))'SYHBOL(K)
1S CONTINUE

16 IF(IPRT.EQ.1) URITE(G 2020) (LINE(J).J=1.121)
2020 FORMAT(1H+. 10X, 1214
URITE NAMEX ALONG THE BOTTOﬂ OF THE GRAPH
URITE(6,3000) ((NAMEX(I.J).1-1.6).J1.5)
3000 FORMAT(11X.6A1.19X.6A1. 3(24X Ghl))
URITE SUBTITLE
URITE(6.3010)
Jo10 ;g?ss;(/,SQX.ESHDIHENSIONLESS DROP VOLUME)

END
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SUB PLOT
SU: PLOT
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Program PLOT:HFZ%

Program PLOT:HF% was used to generate plots of the increase in
heat flux on the macro-roughened surfaces as compared to that which
would theoretically occur for the same size drop of the same liquid
on a smooth surface at the same bulk surface temperature. It should
be noted that the increase in heat flux so defined is equivalent to
the increase in heat transfer coefficient (since the temperature
difference is the same). As mentioned in Chapter 6, the
corresponding smooth surface heat transfer was calculated by
solving Equations 3-38, 3-40, and 3-45 simultaneously (The agreement
between experimentally determined smooth surface heat flux and the
theoretically determined value was also given in Chapter 6.). The
percent increase in heat flux on the macro-roughened surfaces was
provided to program PLOT:HF% by the database (generated by program
DATABASE) . Program DATABASE computes the quantity "HEHB" (Chapter 6)
which is the ratio of the experimentally determined heat flux on the
macro-roughened surface to the theoritical smooth surface heat flux.
This quantity HEHB is also punched on the database along with the
dimensionless drop volume, V*, and the dimensionless superheat, A ,
The percent increase on the macro-roughened surface is then calcu-
lated from Equation C-1.

%#increase=100(HEHB-1) (c-1)

Examples of the plots generated by program PLOT:HFZ are Figures 57

through 66.
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The following is a listing of program PLOT:HF%. Comments are

provided in the listing at various points to detail the specifics of

program operation.




CREATE PROGRAN TO PLOT THE PERCENT INCREASE IN HEAT FLUX ON h
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MACRO-ROUGHENED SURFACE OUER THAT ON A SMOOTH SURFACE R THE
g SAME CONDINTION (ALL PLOT ARE SUPERIMPOSED)

DIMENSION JX(99 10) 1v(99.10).5H(10) . NPOINT(10) PLOT 'HFX
XNTEGER T!TLE PLOT ' HFX
0 3 NSETe PLOT HFX
¢ RESET THE NUﬂBER OF SEQUENCES PLOT ' HF%
NSEQ=0Q PLOT 'HF X
C DETERMINE THE NUMBER OF POINTS IN THE SEQUENCE PLOT HF%
1 READ(S5.1000) NROLL.NP,TU PLOT 'HFX
1000 FORMAT(I2.5X. 12 SX F4 9) PLOT ‘HF%
IF(NROLL.LE.®) GO TO 3 PLOT 'HF%
C INCREMENT THE NUHBER OF SEQUENCES PLOT HF%
NSEQ=NSEQ+1 PLOT ‘HF%
NPO!NT(NSEQ)-NP PLOT HFX%
C READ IN TITLE PLOT ‘HF%
READ(S. 1010) (TITLE(I).I-1.80) PLOT'HFX
1010 FORRAT(8OAL) PLOT HFX%
C SKIP THERMOPHYSIACL PROPERTY CARD PLOT 'HF X%
READ(S5.,1018) IDUMMY PLOT: NFX
DO 2 11.NP PLOT HFX
C READ IN THE DATA ONE CARD AT A TIME PLOT HFX%
READ(S.1030) NR.NS.ND.SH(NSEQ),USTAR, HEHB ., H PLOT HFX
1030 FORMAT(12.1X,.13.1%X,12,.F6.3.F8.2.F6.3.F7.2) PLOT HFX
JX(I.NSEQ)=MAXQ(3 .MING(121, IFIX(1.+30 XALOG18(VSTAR))}) PLOT HF X
2 IY(I.NSEQ)=NMAXO(1.MINO(SL,.IFIX(L +18.3(5.~(HEHB~1.))))) PLOT HFX
GO TO PLOT HFX
3 CALL PLOT(JX.1Y.S5H.NSEQ.NPOINT,.TITLE) PLOT HF¥
STOP PLOT HFX
END PLOT HF X
SUBROUTINE PLOT(JX.1Y.SH.NSEQ.NPOINT. TITLE) SUB PLOTY
INTEGER SYMBOL(19).V.H,BLANK,.PLUS.TITLE(80), SUB PLOT
DIMENSION JX(99. 10) 1Y(99.10).5H(19), NPOINT(lO) LINE($21). SUD PLOT
INAMEX(6.5) . NAME (16 SUB PLOT
DATA V.H.BLANK, PLUS AT/1HA, 1H=, 1H . 1H+, 1HO/ SUB PLOT
DATA SYMBOL/1HO, 1H1.,1HZ2. 1HI, 1H4, 1HS 1HE. LN7. L1HB, 1HS/ SUB PLOT
DATA NAMEX/1Hi.1H .1H .1H .1H 1N .1H .1H . {H .1H .1H1.1HO. SUB PLOT
> 1H .iH ,iH .1Hl.1Ho.1HO.tH .1H +1H1, 1HO. LtHO, 1HO. SUD PLOY
>1H1.1H0, 1H. . 1HO, 1HO, 1HO/ SUB PLOT
DATA NAME/INF, I1HL, 1HL. tHM, tH . 1HD. 1HO. 1HI, $HL, SHI. 1HN. tHG. IN . SUB PLOT
Y1HO. tHF , 1H / SUB PLOT
C CENTER TITLE ABOVE PLOT SUB PLOT
DO 31 Ilei, SUB PLOT
IFCTITLECIS).NE.BLANK) GO TO 2 SUS PLOT
1 CONTINUE SUB PLOT
STOP 1111 SUB PLOT
2 D0 2 IN-2.80 SUB PLOT
12+80~-IN SuUs PLOT
IF(TITLE(I2+1).EQ.AT) GO TO 4 SUB PLOT
3 CONTINUE Sus PLOT
STOP 2222 sup PLOT
4 W=l2-11+41 SUB PLOT
n-(zax—n- e SuB PLOT
IF(N.LT.1.0R.N.LT.1) STOP 3333 SUB PLOT
DO S 11,121 SUB PLOT
S LINE(X)-anﬂK PLOT
14,16 SUB PLOT
6 LINE(HOI)-NQHE(I) Sus PLOT
7 Ieg,N SuB PLOT
? LINE(HoxSox)-?ITLE(I!#I-:) SuUB PLOT
URITE(6.1000) (LINE(I), I-: t121) PLOT
1000 FORMAT(1MH1,10X.121AL1,77) SUB PLOT
NANEY+=600 SUB PLOT
C URITE SYMBOL TABLE SUB PLOT
URITE(6.1010) (SYMBOL(I),SH(I),I~»1,NSEQ suUB PLOT
1010 anﬂgriizxs}eusvnaot SUPERHEAT, 10(3X. AL, xu..rs k) ) PLOT
=1. SUB PLOT
IF(MOD(I+9,10) NE.QO) GO T0O 1 SUB PLOT
€ URITE NAMEY AND HORIZONTAL DIVISION SUB PLOT
NAHEV-NAHEY-!OO SUB PLOT
8 Je=1.121 SUB PLOT
8 LINE(J)-H SUS PLOT
DO 9 J»1,121.30 SUB PLOT
9 LINE(J)=PLUS SUB PLOT
URITE(G6,1020) NAMEY.(LINE(J).J=1,121) SUB PLOT
1e20 Fonﬂarggx 13.2H% ,121A1) SUB PLOT
SUB PLOT
C LURITE VERTICAL DIVISION sug ptgt
10 DO 11 J-t.121 SUB PLOT
11 LINE(J)=BLANK SUB PLOT
DO 12 J=1.121.30 SUB PLOT
12 LINE(J)=V PLOT


https://J-1.121.39
https://J*l.121.39
https://IF(TITLE(I24t).E0.AT
https://MHO.IHF.IH
https://NANE/IHF.IHI.IHL.IHN.IH
https://NANEX/lHl.lH
https://U.H.BLANK.PLUS.AT/IH'^.IH-.IH
https://SVnB0L(19).U.H.BLANK.PLUS.TITLE(89).AT
https://TITLEd).I>1.89

URITE(6.1030) (LINE(J) Jei,121)
1030 FORMAT(11X,121A
SET-UP DATA POINTS RND URITE ON TOP OF GRID
13 DO 16 ISEQ-1,NSEQ
DO 14 J-1.12%
14 LINE(J)*BLANK.
?P-NPgINT(!SEO)

DO 1S IPOINT<{.NP
lg(lV(IPOINT.ISEO) .NE.I) GO TO 15

IPRT =1
LINE(JX(IPOINT4ISEO))'SYHDOL(ISEO)
1S CONTINUE

16 IF(IPRT . EQ.1) URITE(G 10490) (LINE(J).J=1.121)
1040 FORMAT(1H+, 10X, 121A
C URITE NAMEX ALONG THE lOTTOﬂ OF THE GRAPH
WRITE(6,1050) ((NAMEX(I,J),11.6).J+1.5)
1050 FORMAT(11X.6A1.19X.6A1,3(24X.6A1))
C URITE SUBTITLE

URITE(S. 1
1060 ;g?sa;(/.GOX.ESNDIHENSIONLESS DROP VOLUME)

su
Sus PLOT



https://IPOINT'l.NP
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Program PLOT:HV

Program PLOT:HV was used to generate plots of the dimensionless
heat flux, H (Equation 6-3), as a function of dimensionless drop
volume, V*, and dimensionless superheat, A. Dimensionless heat
flux, drop volume, and superheat were all supplied to program
PLOT:HV by the database (generated by program DATABASE). Examples
of the plots generated by program PLOT:HV are Figures 31 through 50.

The following is a listing of program PLOT:HV. Comments are
provided in the listing at various points to detail the specifics of

program opertion.
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CREATE PROGRANR TO PLOT DIMENSIONLESS MEAT FLUX AS A FUNCTION OF
C DIMENSIONLESS DROP UOLUME FOR DIFFERENT VALUES OF DIMENSIONLESS
g SUPERHEAT (ALL PLOTS ARE SUPERIMP

DIMENSION JX(99.10).1Y(99.10).SH(10).NPOINT(10) PLOT HV
INTEGER TITLE(8@) PLOT WU

DO S NSETe1.4 PLOT WY

¢ nss:reruc NUMBER OF SEQUENCES gtg;.sg
C DETERNINE THE NUMBER OF POINTS IN THE SEQUENCE PLOT HY
1 READ(S.1000) NROLL.NP PLOT HY
1000 FORMAT(12,5X.12) PLOT ‘KU
IF (NROLL .LE . ©) GO TO PLOT HU

C INCRENENT THE NUMBER OF seoucuces PLOT KV
NSEQ=NSEQ+1 PLOT RV
NPOINT (NSEQ)=NP PLOT 'RV

C READ IN TITLE PLOT ' HY
READ(S,1010) (TITLECI),l=1,80) PLOT ' HY

1010 FORMAT(80A1) PLOT WY
C SKIP THE THERMOPHYSICAL PROPERTY CARD PLOT WY
READ(S,1010) IDUMMY PLOT WV

C READ IN THE DATA ONE CARD AT A TIME PLOT ' HY
DO 2 I-1.NP PLOT ‘WU
READ(S.1020) SH(NSEQ).V.H PLOT WY

1020 FORMAT(10X.F5.3.1X.F7.2,7X.F6 2) PLOT KU
JX(1,NSEQ)=MAXO(1,NINO(121, IFIX(1.+30. ZALOG1O(Y)))) PLOT KU

2 IY(I.NSEQ)=MAXO(1,MINO(52, IFIX(82.-30 TALOG1O(H)))) PLOT WV

G0 TO 1 PLOT WV

3 CALL PLOT(JX, IY.SH,NSEQ.NPOINT, TITLE) PLOT HV
STOP PLOT ' KU

END PLOT WY
SUBROUTINE PLOT(JX, IY.SH.NSEQ, NPOINT) SUB PLOT
INTEGER SYMBOL(10).V.H,BLANK.PLUS, TITLE(80),AT SUB PLOT
DIMENSION JX(99.10),1Y(99.10), NPOINT(10).LINE(121), SUB PLOT
INAREX(6.5). NAMEY(3,4),NAME(16) SuUB PLOT
DATA V.H,BLANK.PLUS.AT/1HI, 1H-.1H , 1M+, 1HE/ SuB PLOY

DATA SYMBOL/1HO. 1H1, 1H2, 1H3, 1H4, 1HS. 1HE, 1H7, 1H8, 1H9/ SUB PLOT

DATA NAMEY/1HS, 1HO. 1HO. 141, 1HO. 1HO. 1H . 1HS. 1HO. 1H . 1H1. 1He/ Sus PLOY

DATA NAMEX/IH1.iH .iH . 1N ,1H ,1H 1N .1H ,iH ,1H .1H1,1He, Sus PLOT

> IH 1R L 1H ,1H1,1HO.1HO, 1N . 1H . 1H1,1HO, 1HO, LHO, SUS PLOT
Y141, 1HO. 1H. . 1HO, 1HO, 1HO/ Sus PLOT
oarn nnnszxnr IHI. THL. LHM. SH . 1HB. 1HO. IHT, SHL. THT, SHN, 1HG, IH gg} :tg;

¢ CENTER TITLE anouc PLOT SuB PLOT
1 11s3 SUS PLOT
IF(T!TLE(Il) NE.BLANK) GO TO 2 SuB PLOT

1 CONTINUE Sus PLOT
STOP 1111 SUB PLOT

2 D0 2 xu-a se sup PLOT
12-80- sup PLOT
IF(TITLE(IE#I) €Q.AT) GO TO 4 Sus PLOT

3 CONTINUE SuB PLOT
STOP 2222 Sup PLOT

4 Nel2-11¢1 Sus PLOT
M=(121-N-16)/2 SUB PLOT
IF(N.LT.1.0R.M.LT.1) STOP 3333 sus pLOT

DO 5 I-1.121 sus PLOT

s LINE(I)-DL&N( Sus PLOT

DO 6 [=1.16 Sus PLOT

6 LINE( nox)-uanstx) SUB PLOT

DO 7 I-1 SUs PLOT

7 LINECR+1601)=TITLECI1+1-1) sus PLOT
URITE(6,1000) (LINE(I),le1,.121) SuB PLOT

1000 FORMAT(1H1,10X.121A1.//) Sus PLOT
C URITE SYMBOL TABLE SUB PLOT
URITE(6,1010) (SYMBOL(I).SH(1),1e1.NSEG) Sus PLOT

1010 {ongat(14x.xsusvnsoL-suvenuenr.zo:sx.nx.xu'.rs.s)) ggg $f3;

Y=

DO 16 I- 1 52 Sus PLOT
IF(I . NE. 1 AND.I.NE 22.AND.I NE. 31 AND.I.NE.52) GO TO 10 Sus PLOT

C URITE MAMEY AND NORIZONTAL DIVISION gg; :tg;

yelv+

Lo 8 131.121 SUB PLOT
8 LINE(J)=H SUB PLOT

DO 9 J=1.121.30 SUB PLOT
9 LINE(J)=PLUS sus pLoT
URITE(6,1020) (NAMEY(L,LY).Le1.3), (LINE(J).J=1.121) SUB PLOT

1020 zonnnr(;x .3R1,1X.121A1) ggg gtg;
c URITE VERTICAL DIVISION SUB PLOT
16 DO 11 J-1,121 SuB PLOT

11 LINE(J)=*BLANK SUB PLOT


https://J-1.121.30
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DO 12 J-1.121.30

12 LINE(J)=V
URITE(6,1030) (LINE(J).J=1.121)

1030 FORMAT(11X.121A1) .
C SET-UP DATA POINTS AND URITE ON TOP OF GRID

13 DO 19 1SEQ-1.NSEQ
DO 14 J-1,121

14 LINE(J)«BLANK
NP=NPOINT(1SEQ)

IPRT.
DO 1S IPOINT=1,
%:(IY(IPOINT ISEO) NE.I) GO TO 1S
LINE(JX{IPOINT. ISEQ))=SYMBOL(ISEQ)
1S CONTINUE
16 IFUIPRT.E€Q.1) URITE(6.1040) (LINE(J).J=1.121)
1040 FORMAT(1H+, 10X, 121A1)
C URITE NAMEX ALONG THE BOTTOM OF THE GRAPH
URITE(6,1050) ((NAMEX(I.J).le1.6).J°1.5)
1050 FORMAT(11X,6A1. 19X.6A1,3(24X.6AL))
C URITE SUBTITLE
URITE(G. 1060)
1060 ;gRHﬁT(/.608.25HDIHENSXONLESS DROP VOLUME)

END


https://IPOIHT-l.NP
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Program ROUGH

Program ROUGH was used to reduce the experimental heat transfer
database (generated by program DATABASE) for the macro-roughened
surfaces. Program ROUGH solved simultaneously Equations 3-30, 3-34
through 3-38, 3-40, 3-41, and 3-45 using the experimentally measured
heat fluxes (which were provided in the database). Thelfollowing
quantities were computed and listed by program ROUGH: convective
heat transfer coefficient, hp (Equation 3-35), contact heat transfer
coefficient, h, (Equation 3-37), radiative heat transfer
coefficient, hg (Equation 3-36), computed vapor layer thickness,

s (Equation 3-30), dimensionless enthalpy flux, B (Equation 3-19),
volumetric Nusselt number, Nuv (Equation 6-1), drop Nusselt number,
Nup (Equation 6-4), convective Nusselt number, Nup (Equation 6-5),
contact Nusselt number, Nuc (Equation 6-6), radiative Nusselt
number, Nup (Equation 6-7), conduction parameter, R (Equation 6-8),
and Biot number, Bic (Equation 6-9). A sample output of program
ROUGH is given in Table 15.

The following is a listing of program ROUGH. Comments are pro-—
vided in the listing at various points to detail the specifics of

program operation.



8REATE PROGRAR TO REDUCE ROUGH SURFACE DATA

INTEGER TITLE(137).BLANK ROUGH
REAL LAMBDA, NUV.NUD.NUR. NUC, NUF .KG. XS .MUG . KF ROUGH
DATA lLANK/tu / ROUGH
C DEFINE PHYSICAL CONSTANTS ROUGH
DATA P1.G.SIGMA/] 14159,.980 .5 6688BE-12/ ROUGH
C READ IN THE ROLL:. THE NUMBER OF POINTS xu THE SEQUENCE. AND THE ROUGH
C BULK SURFACE TEMPERATURE ROUGH
1 READ(S5.1009) NROLL. NPOINT TV ROUGH
1000 FORHAT(IE SX.[2.5X.F4. ROUGH
F(NROLL.LE . @) STOP ROUGH
c READ IN TITLE ROUGH
READ(S.1019) (TITLE(1),1-1.80) ROUGH
1010 FORMAT(80AL) ROUGH
C READ IN THERMOPHYSICAL PROPERTY DATA ROUGH
READ(S.1020) LAMBDA.CPG.KG.RHOF, RHOG HUO.KS EPS.TS.HFG. K ROUGH
1029 FORMAT(F6.4,F5.3,E9.3.F6.4.F?.6,E9.3 4,F7.5,FS.1.F6.3 59.3) ROUGH
C CENTER TITLE AT TOP OF PAGE ROUGH
DO 2 I1-1,.80 ROUGH
IF(TITLECIL) . NE.BLANK) GO TO 3 ’ ROUGH
CONTINUE ROUGH
STOP 1111 ROUGH
3 D0 4 1-1,80 ROUGH
12-81-1 ROUGH
IF(TITLE(I2) NE.BLANK) GO TO & ROUGH
4 CONTINUE ROUGH
STOP 2222 ROUGH
S N=l2-11+41 ROUGH
!F(N LT 1) STOP 3333
0 6 1 ROUGH
6 TITLE(X)-TITLE(II 1+1) ROUGH
DO 7 I=N,126 ROUGH
? TlTLE(I*l)oBLANK ROUGH
M (127-N)/2 ROUGH
IF(N.LT. 1) SYOP 4444 ROUGH
DO 8 IN=t ROUGH
JeNe+1-IN ROUGH
8 TlTLE(x+H)-TITLE(I) ROUCH
PO 9 I-1.M ROUGH
9 TITLE(I)-B ROUGH
URITE(6.20009) (TI?LE(I) I-1.127) ROUGH
2000 FORMAT(1H1.4X.127A1.7) ROUGH
URITE(6.2010) LAMBDA.CPG,KG.RHOF , RHOG.MUG.KS,EPS, TS, HFG,KF ROUGH
20190 FORMAT(6X.6HLAMBDA. 6X, IHCPG, 10X, 2HKG, 8X, 4HRHOF 7X. 4HRHOG, 10X, ROUGH
IIHMUG, 9%, 8HKS . 7X, THEPSILON.SX. 4HTSAT. 6X. JNHFG.xox 2HKF /. ROUGH
J6X.F6.4.5X.F5.3,5X.E9.3, 4x F6 4.4X,F7.6.6X.ED . 3,4X.F5.4.6X.F7.5. ROUGH
>SX.F5.1.4X.F6.1.5X.E9.3./ ROUGH
URITE(G.2020) ROUGH
2020 FORMAT(SX, 127H ROLL SEQ DATA SH 1} MD WF HC
; H?°7 DELTA NV NUD NUF NUC NUR OHEGAROUGH
C READ ROLLS. SEOUENCEO. DATA POINTS, DIMENSIONLESS SUPERMHEAT. Roucu
c DIHEHSIONLESS DROP VOLUME. HEHD. AND DIMENSIONLESS HEAT FLUX ROUGH
DO 12 11.NPOINT ROUGH
READ(S.3000) NROLL.NSEQ.NDATA.SH,USTAR. HEHS . H ROUGH
3000 :gﬂ?ﬁ;élfiléol3 1x 12.F6.3.F8.2.F68.3.F7.2) ggscﬂ
GH
C CALCULATE THE RADIATIUE HEAT TRANSFER COEFFICIENT ROUGH
HR*>SIGMAZ( (TU+273. )XX4~(TS+273.)234)/(TU-TS) ROUGH
C CALCULATE DROP VOLUME ROUGH
10 U=USTARXLAMBDAZX3
C CALCULATE DROP HEAT TRANSFER COEFFICIENT FROM DIMENSIONLESS HEAT FLUXROUGH
HD=MXXG/SH/VUXX . 333333
C DETERMINE DIHENSIONLESS DROP AREA
ASTAR=AOFVU(USTA
C CALCULATE DROP AREQ
A*ASTARZLANBDAXX2
C CALCULATE MASS FLUX
¢ GG=HDX(TU~-TS)/HFG

CALCUE?TEOUAPOR LAYER THICKNESS DELTA

DE
DO 11 ITER-1.,S
11 DELTA-(GG!HUGXQ!A!(Q XGGIDELTA/20 /MUG+3. )/
2(2.IPIXCIRHOGE(RHOF-RHOC )XV ) )22 . 333333
CALCULATE DIMENSIONLESS PARAMETER B
B+GGXCPGIDELTA/KG
CALCULATE DROP NUSSELT NUMBER
NUV=H/SH
NUD=HDXDELTA/KG
C CALCULATE THE NUSSELT NUMBER FOR THE CONVECTIVE TRANSPORT
NUF =KF /XG/F (BXKG/XF )

(¢}



https://4,4X.F7.6.6X.E9.3,4X,F5.4.6X
https://LANBDA.CPQ.KO.RHOF.RHOG.NUG.KS.EPS.TS.HFG.KF
https://4,F7.S.E9
https://DA,CPG,KG,RHOF,RH06.MUG.KS,EPS.TS.HFG.KF
https://F0RnAT(I8.SX.I8.SX.F4
https://MROLL.NPOINT.TU
https://LANBDA.NUU.NUD.NUR.NUC.NUF.KG.KS.nUG.KF
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CALCULATE THE CONVECTIVE HERT TRANSFER COEFFICIENT
HF =NUF 3KG/DELTA

CALCULATE THE RGDIQTXUE NUSSELT NUMBER
NUR=HR3DELTA/XG

CALCULATE THE CONTACT NUSSELT NUMBER
NUC = NUD-NUF -NUR

CALCgLa;EH;HE CONTACT HEAT TRANSFER COEFFICIENT

CALCULATE THE CONTACT HEAT TRANSFER PARAMETR OMEGA
OHEGQ-DELTA!KSI(EPS!KG)

CALCULATE BIOT NUMBER
BIOT=NUC/OMEGA

URITE SUMMARY DATA TO LINE PRINTER

12 URITE(6.3010) NROLL.NSEQ.NDATA,SH, USTAR,HD.HF ,HC. HR, DELTA. B.NUV,

NUF , NUC . NUR, OMEGA. B10T

>NUD, N
3010)FgRﬂﬁT(7X .12.2%,13.2X,12, ax FS 3,1X.F6.1.5(2%.F6.5).F7.3,F8.2.

3.F7 3.F7.3.F7.3,F7.0.F9
GO TO 1

END

FUNCTION AOFV(V)

DATA C1.C2.C37- 3084.,~.5556. .545/

ULe=ALOGIO(V)

ALOGA=( (2.53UL+C1)+SORT( . 2SULIUL+C22UL+C3) )/I.
Ag;g;&. X2ALOGA

END
FUNCTION F(B)
Fel +EXP(.52B)
DO 1 I-1,99
2= OISFLOﬁT(I)
1 ;-POES!EXP( .SEBX(L -2%222x(2 ~2)))
RETURN
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Program SMOOTH

Program SMOOTH was used to reduce the experimental heat
transfer database (generated by program DATABASE) for the smooth
surface. program SMOOTH solved simultaneously Equations 3-30, 3-34
through 3-36, 3-38, 3-40, 3-41, 3-43, and 3-45 using the experimen-
tally measured heat fluxes (which were provided in the database).
The following quantities were computed and listed by program SMOOTH:
convective heat transfer coefficient, hy (Equation 3-35), radiative
heat transfer coefficient, hgp (Equation 3-36), computed vapor layer
thickness, § (Equation 3-30), dimensionless enthalpy flux, B
(Equation 3-19), volumetric Nusselt number, Nuv (Equation 6-1), drop
Nusselt number, Nup (Equation 6-4), convective nusselt number, Nup
(Equation 6-5), and radiative Nusselt number, Mup (Equation 6-7). A
sample output of program SMOOTH is given in Table 1l4.

The following is a listing of program SMOOTH. Comments are

provided in the listing at various points to detail the specifics of

program operation.




gREATE PROGRAN TO REDUCE SMOOTH SURFACE DATA

c

¢
¢

c

c

¢

INTEGER TITLE(95).BLANK
REAL LAMBDA,NUV.MNUD.NUR, NUF,KG.KS. MUG.KF
DATA BLANK/IH /
DEFINE PHYSIC&L CONSTANTS
A PI1,G,SIGMA/3.14159,980..5 .6688E~-12/

RERD IN ROLLS. NUMBER OF DATA POINTS IN THE SEQUENCE. AND THE

BULK SURFACE TEMPERATURE
1 READ(S,1000) NROLL. NPOI?T.TU

1000 FORMAT(I2,5X, ra Sgé

IF(NROLL LE. @
READ IN TITLE OF NEXT SEQUE NC
READ(S,1010) (TITLE(I).I-1.80)

1010 FORMAT(80A1)

READ IN THERMOPHYSICAL PROPERTY DATA
READ(S.1020) LAMBDA.CPG.KG.RHOF .RHOG.MIG.XS.EPS, TS, HFG. K

1020 FORMAT(F6.4.F5.3,E9.3.F6.4.F7.6.€9.3.FS.4.F7.5.F5.1.F6.1

CENTER TITLE ON TOP OF NEW PAGE
DO 2 11=1.80
IF(TITLE(!I) NE . BLANK) GO T0 3
2 CONTINUE
STOP 1111
3 D0 4 I-1.80

12-81-1

IF(TITLE(I2) .NE.BLANK) GO TO S
4 CONTINUE

STOP 2222
S Nelg-11+4

IF(E LT. 1) STOP 3333

DO 6 1=
6 7ITLE(I)-TITLE(II~1+I)
DO 7 1=N,94

7 TITLE(I+1)-DLRNK
M= (95-N)/2
IFN.LT. 1) STOP 4444
DO 8 IN=t.N
I=N+1-IN

8 TITLE(I»H)-TITLE(I)
Do 9 N

9 TITLE(!)'BLAN
WRITE(6.2000) (TITLE(I).I=1.9S)

2000 FORMAT({1H1.4X,.127R1./)

20190

URITE(6,2010) LAMBDA,CPG.XG.RHOF,RHOG.MIG,. TS. HFG,XF

J 3HNUG. 9X. 4HTSﬂT 6X., JHHF G, 10X, 2HKF, 7,
J6X.F6.4,.5X.F5.3,5X.E9.3. 4X F6.4.4X.F7.6.6X.€9.3,
)SX,FS.1.4X. FG 1.5X.£9.3.7

URITE(S 2029

2020 FORMAT(6X. 95" ROLL SEQ DﬁTh SH Ut HD MHF
JDELTA | NUY NUD NUF
READ IN ROLLS, SEQUENCES. DATA POINTS, DIHENSIONLESS SUPERHEAT,

¢
c

oxnzns;gni}:fs VOLURE. HEFB. AND DIPENSIONLESS WEAT FLUX
READ(S 2600 NROLL.NSEQ. NDATA. SH. USTAR ., HEHB . H

3000 FORﬂhflla)lX 13 1x 12.1X.F5. 3. 1X.F7.2.1X.F5 3. 1X.F6.2)

O O O O O 0 O

(¢

IF(I.NE
CALCULATE RQDIQTXON NEﬁT TRANSFER COEFFICIENT
HReSIGMAX((TU+273. 1XX4=~(TS+273.)224)/(TU-TS)
CALCULATE DROP UOLUNE
10 V=USTARELAMBDAZX]I

59 kb

FORMAT(6X., GHLAMBDA. 6X . IHCPG, 18X, 2HKG, 8X, 4HRHOF . 7X, 4HRHOQ., 10X,

SMOOTH
CALCULATE DROP HEAT TRANSFER COEFFICIENT FROM DIMEMSIONLESS MEAT FLUNg:OO;:

HD=HIKG/SH/UXE 333333

DETERMINE DIMENSIONLESS DROP AREA
ASTAR=AQOFU(USTAR)

CALCULATE DROP AREA
A=ASTARXLAMBDAXX2

CALCULATE MASS FLUX
GG=HDX(TU-TS)/HFG

Cﬁlggt?TEoUﬁPOR LAYER THICKNESS DELTA

ITER=1.5
11 DELTA-tGG!HUG!A!A!(Q 2GGXDELTA/20./MUG+3. )/
>(2 tPI*CIRHOGEX(RHOF-RHOG )XY ) )2X.333333
CALCULATE DIMENSIONLESS PARAMETER B
B+GGICPGIDELTA/KG
CALCULATE DROP NUSSELT NUMBER
NUV=H/SH
NUD<HDXDELTA/KG
CALCULATE THE NUSSELT NUHBER FOR THE CONUVECTIVE TRANSPORT
NUF =KF 7/KG/F (BXXG/KF
CALCULATE THE CONUEC?IUE HEAT TRANSFER COEFFICIENT

SMOOTH
SMOOTH
SMOOTH



https://12.1X.F5.3.1X.F7.2.IX.FS
https://FORflATda.IX
https://3.5X.E9.3.4X.Ffi.4.4X.F7
https://6X.F6.4.5X.F5
https://LAflBDA.CPG.KG.RHOF.RHOG.nUQ.TS.HFQ.KF
https://LAnBDA.CPG.KG.RH0F.RH0G.l1UQ.KS.EPS.TS.HFQ.KF
https://TITLE(I).1-1.88
https://NROLL.NPOINT.TU
https://LANBDA.NUU.NUD.NUR.NUF.KG.KS.nUG.KF
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HF sNUFIXG/DELTA SMOOTH
C CALCULATE THE RﬁDIﬂTIVE NUSSELT NUMBER SMOOTH
NUR=HR2DELTA/KG SMOOTH
C VRITE SUMMARY DATA TO LINE PRINTER SMOOTH
12 URITE(6,3010) NROLL,NSEQ.NDATA.SH.VUSTAR.HD,HF .HR,DELTA.B.NW., SMOOTH
JNUD. NUF . NUR SMOOTH
3010 FORMAT(7X,12.2%.13.2X.12, ax F5.3.1%X.F6.1.4(2X.F6.5).2X.F5.3. SMOOTH
deX.F6 2.2X.F6.3.2(2X.F5.3)) SMOOTH
GO TO & SMOOTH
END SHOOTH
FUNCTION AOFU(V) AL (VX)
DATA C1.C2.C3/-.3084,~.5556. .545/ AT (VUX)
UL=ALOG10(V) AZ(VX)
ALOGA=((2.53VUL+C1 )+SART( . 253VLIVL+C2IVL+CI) /3. AZ(VR)
AOFU=19 2XALOGA AX(UX)
RETURN A%(VX)
END AX(UX)

FUNCTION F(B) F(B)

Fel +EXP(.53B) F(B)

DO § I-1.99 F(B)

Ze O13FLOAT(I) F(B)

1 FeF+2 SEXP(.SSPR(] . ~22222%(2.~2))) F(B)
F=_ 00S%F F(B)
RETURN F(3)

F(B)
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Program VOLUME

Program VOLUME uses fourth-order Runge-Kutta integration
(Reference 64) to solve the Laplace capillary equation for the size
and shape of an axi-symmetric sessile drop (similiar to that of
Reference 45). The present solution to the Laplace capillary
equation is not a duplication of the effort of Reference 45. In
Referénce 45 Hartland and Hartley do not develop the solution in a
form which is directly adaptable to the present application. The
Laplace capillary equation as presented in Chapter 3 may be cast

into the form of Equations C~2 through C-8 by algebraic

manipulation.

(C-2)

(c-3)

(C-4)

(C-5)

(C-6)

(€-7)

(C-8)




262
For illustration of the variables r, z, and 96 see Figure 81. For
examples of computed drop shape see Figure 7.
The following is a listing of program VOLUME. Comments are

provided in the listing at various points to detail the specifics of

program operation.




QOO0

c
c
c

DEFINITION OF UARIABLES USED IN THIS PROGRAM

VOLUME
A * THE VERTICALLY PROJECTED AREA OF THE DROP VOLUME
] + THE CURVATURE OF THE DROP AT THE VERTEX VOLUNME
L ' THE AVERAGE THICKNESS OF THE DROP (LeU/A) VOLURE
RMAX ' THE RADIUS OF THE DROP (AS SEEN FROM THE TOP) VOLUNE
v * THE UOLUME OF THE DROP VOLUNE
X * THE HORIZONTAL DISTANCE FROM THE VERTEX OF THE DROP VOLUME
OUTUARD FROM THE CENTERLINE VOLUME
4 * THE UVERTICAL DISTANCE (DOWN) FROM THE VERTEX OF THE DROP 38%3:%
DOUBLE PRECISION B.A.V VOLUME
URITE(E.1000) VOLUME
1000 FORMAT(1H1.19X,33HDROP VOLUME AS A FUNCTION OF AREA.//. VOLUME
210X, 9HALOG1O(B ). SX. FHALOGLO(A ), 5X, FHALOGID(Y), 5%, SHALOGLO(L)) VOLUME
DO t 1-10.70 VOLUME
B=1.Di122((DFLOAT(1)~3.D1)/1.D1) VOLUME
CALL DROP (B.A.VU) UOLUME
ALOGB=SNGL(DLOG10(B)) VoL
ALOGA=SNGL (DLOG10(A)) VOLUME
ALOGU=SNGL(DLOGIA(U)) VOLUME
ALOGL *ALOGU-ALOGA LUME
1 URITE(6.1810) ALOGB.ALOGA.ALOGY.ALOGL VOLUME
1010 FORMAT(3X.4(8X.F6.3)) VOLUME
STOP VOLUME
END VOLUME
SUBROUTINE DROP(3.A.V) DROP
DROP USES FOURTH ORDER RUNGE-KUTTA INTEGRATION TO DETERMINE DROP
THE UOLUME AND VERTICALLY PROJECTED AREA OF A SESSILE DROP DROP
AS A FUNCTION OF THE CURVATURE AT THE VERTEX DROP
DOUBLE PRECISION B.A.U.X.Z.RMAX,TH.DTH.DX.DZ.DV.XDX.P1 DROP
RMAX=Q D@ DROP
X9 Do DROP
Z2+0.D0 DROP
V=@ Do DROP
N-1000 DROP
PI=3. 14159265400 DROP
DTH=PI/DFLOAT(N) DROP
DO 10 I=1.N DROP
TH=DTHX(DFLOAT(I)-1.D9) DROP
CALL RCUTTA(B.X.Z.V,TH.DTH.DX.DZ.DV) DROP
XDXe=X+DX DROP
RMAX = DMAX1 (RMAX, XDX ) DROP
XaX+DX DROP
2+24D2 DROP
UeUsDU DROP
10 CONTINUE DROP
AP IIRMAXIRMAX DROP
RETURN DROP
END DROP
SUBROUTINE RKUTTA(B.X.2,V.TH,DTH,DX.DZ.DV) RKUTTA
RXUTTA PERFORMS ONE STEP OF FOURTH ORDER RUNGE-KUTTA INTEGRATION RAKUTTA
DOUBLE PRECISION $.X.2Z.V,TH.DTH.DX.DZ.DV, XK@. XK1, XK2, XX, RKUTTA
I2%0.2Kx1.2X2,2ZK3, VKO, WK1 . UK2, UKI . XP, ZP. THP . FX.FV,F2 RKUTTA
TEPS1 RKUTTA
CALL DIFF(B3.X.2.TH.FX.FZ.FV) RXUTTA
XKQeDTHIFX RKUTTA
ZKO=DTHEF2 RKUTTA
UK@eDTHEFU RKUTTA
STEPS2 RKUTTA
THP=TH+5 . D~1XDTH RKUTTA
XP=X+5 D-12xXK0 RKUTTA
2P=2+5 D-122K9 RKUTTA
CALL DIFF(B.XP,ZP.THP.FX.FZ.FV) RKUTTA
XK1=DTHEFX RKUTTA
2X1sDTHXF2Z RKUTTA
UK1sDTHIFV RKUTTA
STEP$3 RKUTTA
XP=X+5 D-13XK1 RKUTTA
ZP«2+45 D-132K1 RXUTTA
CALL DIFF(B.XP,2P.THP.FX.FZ.FV) RKUTTA
XK2=DTHEFX RKUTTA
ZX2+DTHEF2 RKUTTA
UK2+DTHIFV RKUTTA
Pt4 RKUTTA
THP=TH+DTH RKUTTA
XPeX+XK2 RKUTTA
Eiiﬁ’ﬁfﬁr(s XP,2P.THP.FX.FZ.FV) 253;;2
X RXUTTA

XK3«DTHXF


https://DIFFCB.XP.ZP.THP.FX.FZ.FV
https://DIFF(B.XP,ZP.THP.FX.FZ.FV
https://DIFF(B.XP,ZP.THP.FX.FZ.FV
https://DIFF(B.X.Z.TN.FX.FZ.FV
https://ZrO.ZKl.ZICa.ZK3.VIC0.VICl.VW.UIC3.XP.2P.THP.FX.FV.F2
https://TTA(B.X.Z.V.TH.DTH.DX.DZ.DV
https://RKUTTA(B.X.Z.V.TH.DTH.DX.OZ.DV
https://RMAX*0.DO
https://B.A.V.X.Z.RMAX.TH.DTH.DX.DZ.DV.XDX.PI

ZK3=DTHIFZ RKUTTA
UK3«DTHXFV RKUTTA
DX=(XK@+2. DOXXK142 DOXXK2+XX3)/6.D0 RKUTTA
DZ-(ZKe+2. DO22K1+2.D022K2+2K3)/6 . DO RKUTTA
DU» (UK@+2. DOSUK1+2. DOZUK2+UK3 ) /6. DO RKUTTA
RETURN RKUTTA
END RKUTTA
SUBROUTINE DIFF(B.X.2,TH,FX,FZ,FV) DIFF
C DIFF COMPUTES THE DIFFERENTIALS OF X, 2. & VU U.R.T. THETA DIFF
DOUBLE PRECISION B.Z.X.TH.FX.FZ,FUV.DS.DSX DIFF
DS=1.D0/B+2 DIFF
IF(DABS(X).LT.1.D-20) GO T0 1 DIFF
DSX=DSINCTH)2X DIFF
IF(DSX GT. @ DO AND .DSX.LT.1.D0/8) DS-2 DO/B+2Z-DSX DIFF
1 FX=DCOS(TH)/DS DIFF
FZ-DSIN(TH)/DS DIFF
FUs3 141592654DOSXIXIDSIN(TH) /DS DIFF
RETURN DIFF

END DIFF
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Program 2-D PINT

Program 2-D PINT is a two-dimensional, transient, finite dif-
ference heat conduction model for a cylindrical pin. In program 2-D
PINT the transient heat conduction equation (3-46) is solved using
finite differences and fourth-order Runge-Kutta Integration [62,64].
The location of the nodal points as well as further information
about the finite difference modeling is given in Figure 29.

An example of the output of program 2-D PINT is given in
Table 12. A plot of computed temperature of the thermocouple junc-
tion located in the top/center of the instrumented pin (nodal
point 1, see Figure 29) as a function of time is given in Figure 82.

The following is a listing of program 2-D PINT. Comments are
provided at various locations to detail the specifics of program

operation,



FIN DIFFERENCE PROGRAM TO DETERMINE THE TRANSIENT
CRE“T;E";EIzguné E A A CYLINDRICAL PIN SUBJECTED TO PULSE-LIKE

PERIODIC LIOUID-SOLID CONTACT

VARIABLES USED IN THIS PROGRAN

cL SPECIFIC HEAT OF LIQUID (J/GR/C)
CcPG CONSTANT PRESSURE SPECIFIC HEAT OF VAPOR (J/GN/C)
D DIAMETER OF PROTRUSION (CM)

A DIFFERENTIAL AREA (CMX32)

c)
DERIVITIVE OF TEMPERATURE W.R.T. TIME (C/SEC)
TEMPERATURE DIFFERENCE AT THE CRITICAL HEAT FLUX (C)
TIME STEP SIZE (SEC

DTMFB : TEMPERATURE DIFFERENCE AT THE MINIMUM HEAT FLUX (C)

€ + PROTRUSION HEIGHT (CM)

11 + THE DISTANCE BETUEEN THE TOP OF THE SURFACE (THE BOTTOM
OF THE PIN) AND THE CENTER OF THE THERMOCOUPLE USED TO
DETERMINE BULK SURFACE TEMPERATURE (CM)

G + ACCELERATION OF GRAVITY (980. CM/SECX22)

HAVE : AVERAGE HEAT TRANSFER COEFFICIENT (uU/CMxx2/C)

+ LATENT HEAT OF UAPORIZATION (J/GM)

ICPROP: SUITCH TO CONSTANT PROPERTIES FOR ICPROP)Q

(THIS 1S TO CONSERVE RUN-TIME IF DESIRED)

ITIME : INTEGER COUNTER (THE NUMBER OF TIME STEPS)

NSKIP : THE NUMBER OF TIME STEPS °*SKIPPED® BETUEEN PRINTING

NTIME . THE NUMBER OF TIME STEPS BEFORE ENDING EXECUTION

'] - HEAT FLUX (UJ/CH322)

QCHF  + CRITICAL HEAT FLUX (U/CNMX32)

QMFB  + MININUM FILM BOILING HEAT FLUX (U/CM222)

RKL + THERNAL CONDUCTIVITY OF LIQUID (U/CNM/C)

RHOG : DENSITY OF UAPOR (GM/CMX2])

« DENSITY OF LIQUID (GN/CM1x])

RHOS + DENSITY OF SOLID MATERIAL (GM/CNMX23)

D )
g;LTAT- TENPERATURE DIFFERENCE (C

RLAM *LAMBDA® CHARACTERISTIC LENGTH PARAMETER (CM)
RMUG VISCOSITY OF UAPOR (POISE)

RKG - THERMAL CONDUCTIVITY OF VAPOR (W/CM/C)

S + THE CENTER-TO-CENTER PIN SPACING (CM)

T + TEMPERATURE C)

TAU - CONTACT PERIOD (
TAUC + CONTACT DURQTION (‘MUC(TQU) (SEC

TCHF TEHPERQTURE CORRESPONDING TO CRITICAL HEAT FLUX (C)

TIME - TIME (SEC)

TL + TEMPERATURE OF THE LIQUID (C)

TMFB  MINIMUN FILM BOILING TEMPERATURE (C)

THIN - MINIAUM TIME SET TO PREVENT OVERFLOU IN SORT (SEE
SUBROUTINE HE

LL | + WALL TEHPERRTURE (SUDS?RATA) )

e-D
TAUCHF + CONTACT PERIOD ASSOCIATED U1TH THE CRITICAL HEAT FLUX (SEC)g-g

AN OHDOATACOOIIOININICOIOAODNOOOONIAAOOONDOIAOOOIOONHO

TL.RHOL, CL . RKL . RHOG, CPG, RMUG, RKG, HF G, RLAN. RHOS
>, QCHF ,DTCHF ,QMFB, DTPF3.NBOIL(20).E0,5, TNIN. ICPROP, INSP
DIMENSION T(29).0(9).DA(9).IT(20),LIQUID(9)

INTEGER BLANK
pata G.PI1. SIGﬂA/Oto +3.1415927,5.6688E-12/
DAT? BLANK/1IN

INPUT FILE
c PLO$PEN(S LFILE=’STENP’,STATUS=/0LD’)
OPEN(?,.FILE«"SPLOT: 'DB:4’,STATUS =’ UNKNOUN
C READ IN PIN DIMENSIONS AND CONTACT PARQHETER
10 ?EAD&S +X.END=99) E.D.EQ.5.TU. TAU. TAUC. TNIN, DTIME.NTIME . NSKIP,

1000 FORMAT(10FS.0.15)
C CHECK FOR END OF FILE
IF(E.LE.9.) GO TO 99
C READ IN LIQUID THERMOPHYSICAL PROPERTIES
READ(S.1019) TL,RHOL.CL.RKL.RHOG.CPG,RMUG.RKG, HFG, RLAM.
>(LIGUID(I),.I=1.9)
1018 FORMAT(F4.0.F5 4.F4.2.E9.3.F7.6.F4.2.2E9 .3.F5.0.F6.4.9A2)

CALCULATE MAXIMUN AND HINIHUH POINTS ON THE BOILING CURVE
CRITICAL HEAT FLUX (ZUBER’S THEORY
QCHF « . IBXHFG!SQRT(G!RLQHXRHOG!RHOL!(RHOL-RHOG)/(RHOLORHOG))

(AFTER THE ZUBER-TRIBIUS THEORY)

TAUCHF «PI2SQRT(2 . 3P SRLAMIRHOG/GC/ (RHOL-RHOG ) ) /3.
THE TEMPERATURE DIFFERENCE CORRESPONDING TO THE CRITICAL HEAT
FLUX (BANKOFF D MEHRA)

Qo OO OO0

LIQUID~-SOLID CONTACT PERIOD CORRESPONDING TO THE CRITICAL HEAT FLUX
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DTCHF «QCHF XSQRT (PIXTAUCHF /RHOL/CL/RKL ) /2. e-D

TCHF = TL+DTCHF 2-D
MINIMUN HEAT FLUX - LEIDENFROST POINT (2UBER’S THEORY) e-D
QMFB=QCHF XSQRT (RHOG~ (RHOL+RHOG ) } e-D

C TENMPERATURE DIFFERENCE CORRESPONDING TO THE MINIMUM MEAT FLUX e-b
C (BERENSON’S THEQRY) e-Db
DTMFB=J. 132 (GMFBIRLAM/RKG )X ( QMF BIRMUG/ G/ HF G/RHOG/ e-D

> (RHOL~RHOG ) /RLANZZ2)22 . 333333 e-D

c TMFBTL+DTMFB g-g
C CHECKX FOR BULK SURFACE TEHPERQTURE BELOU THMFB -0
IF(TU.GE . THFB) co 2-D
URITE(6.1020) TV THF) e-D

1029 FORMAT (1H1.5X, 42HS23LS UARNING BULK SURFACE TEMPERATURE IS. e-D
2404 BELOUW MINIMUM FILM BOILING POINT x323%.//. 2-D
ISX,3HTYe ,F4 . 0,5X,5HTMFBe,F4.0.//. 2-D
JSX.4OHEXECUTION TERMINATED. ... ............... ) 2-b

c GO TO 10 g—g
C CALCULATE SMOOTH SURFQCE FILM BOILING PARAMETERS (FOR THE AREA 2-D
C BETUEEN THE PINS e-D
20 SH-Cch(TU-TL)/HFc -0
HFGSML<HFG/(1.4+7.XSH/20 . )223 2-D
HFGRAX=HFGX (2. ZALOG(1 . +SH/2. )/5H))X23 e-p

HFGS* (HFGSML+HF GMAX ) /2, 2-D

HFBs . 41!(RKG!!3!RHOG!(RHOL-RH00)!GIHFGSI(WO!(TU-TLRRLM))!l es 2-b

¢ HR=SIGMAS((TU+273.15)3X4=(TL+273 15)X34)/(TU=-TL) g-g
C INITIALIZE VARIABDLES 2-D
RHOS=7.754 e-b
HSUN~§ . e-b
DR=D/6. a~p
DZ-E/S 2-b
TIME=0. 2-b

c INITIALIZE DIFFERENTIQL RAREAS e-Db
DA(Y 736 2-b
DA(a)-a /9. e-Db
DA(3)=4 /9. e-D
DA(4)=11./36. 2-D
DA(S)=D2/3. /DR 2-D
DA(6)-2.2D2/3 /DR e-D
DA(?)=DA(6) e-D
DA(8)=DA(6) 2-b
DA(9)«D2/DR e-D
DAL10-PIXDX22/4. /stxa 2-p
‘DAL1+1. -DALO 2-D

c INITIALIZE COUNTERS e-b
NPRT= 2-D
ISK!P-O 2-D
INSP=0 2-D

C SET-UP INITIAL CONDITIONS e-b
DO 39 [-t.20 2-D
T(I}=TY 2-D
IT(I)=INT(TU+.5) -0

30 NBOXL(I)-ILQNK e-D

DO 40 I+1,9 e-b

c 40 Q(1)-0. g-g
€ URITE HEADING AND INITIAL CONDITIONS -D
URITE(6.19030) E.D,S.E0. TAU. TAUC. DTIHE NSKIP.TU. (LIQUID(I).1=}, 9) e-d

1030 FORPMAT(1M1, 4%, liHPIN HEIGHT- F6.4,3M cn SX.13HPIN DIAMETERe.,F6.4. 2-D
)SX. 12HPIN SPQCING .SX.MOO.FS e-D

)SX. 1SHCONTACT PERIOD-.?B S.4H SEC, sx 17HCONTACT DURATION=,F8.S, 2-D

)44 SEC,../.SX.1QHTINE STEP-,.F8 S5,4H SEC.SX. e-D
J23HOUTPUT IS PRINTED EVERY, 14, 11H TIHE STEPS. /. e~b
J)SX.2SHBULK SURFACE TEMPERATUREe.F4.9 2-D
J3I9HTHE SURFACE IS STEEL AND THE LIOUID xs .9R2) e-D
IF(ICPROP.EQ.®) URITE(6.1031) 2-D

1031 FORMAT(1H ) e~D
IF(ICPROP .NE @) URITE(6,1032) 2-D

1032 FORMAT(7X, 4SH(CONSTANT THERMOPHYSICAL PROPERTIES ARE USED)) e-Db
URITE(6.,1033) TCHF.QCHF.TMFB.QNF 2-0

1033 FORMAT(SX.SHTCHF=.FS.1, 1HC,.5X, SHOCHF =, F6. 3. 9H(U CM222}.5X. 2-Db
>SHTMFB«,F5.1,1MHC, sx SHQMFB» ,F6.2. 9H(U/CH1!2) /7, -D
2132H TI T T2 T T ¢ T7 T8 T9 T10 2-D

; zél Ti2 Ti3 Ti4 TiS Ti6 717 T8 T19 T29 HPIN Hg-g
RITE(G 1040) TIHE I1T(1), NBOIL(I) I-l 29) 2-0

1040 FORHQT( £9.5.2X.20(14.A1).2F3Q 2-D
URITE(?. 7777) TIME.TY.TV e2-D

c7777 FORMAT(F7.6.2(1X,F7.6)) g-g
C BEGIN TIME STEPS 2-p
DO 80 ITIME~1.NTINE 2-D

‘U'D“'U"U:!'U'"U
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00

INE NEU TEMPERATURES BY FOURTH ORDER RUNGE-KUTTA METHOD 2-D PINT
CALL RKUTTA(T Q.TIME,DTIRE. TAU, TAUC, DZ.DR. TU) 2-D PINT
TIHE'SNGL(D.LE(DTIHE)tDILE(FLOAT(XTIﬂE))) 2-D PINT
URITE(7,7777) TIME.T(1).T(4 e-D PINT
DETER:INE TOTAL HEAT FLUX AND CORRESPOHDINB HEAT TRANSFER COEFFICIENTg-g :%z;
DO SO I-1.9 2-D PINT
se H-H+0(I)!Dﬂ(l) 2-D PINT
HeH/(TU-TL) 2-D PINT
HSUMeHSUN+H 2-D PINT
HPIN=HSUMXDTIME/TIME 2-D PINT
ISKIP=1SKIP+} 2-D PINT
URITE HEADING ON NEU PAGE AFTER EUERV 50 LINES 2-D PINT
IF(NPRT NE.S@.OR.ITIME.EQ NTIME) GO 2-D PINT
URITE(6.1030) E.D.S.E@, TQU TRUC DTIHE NSKIP TU. (LIQUID(I).I1=1.9) 2-D PINT
IFCICPROP EQ.09) URITE(6.1 2-D PINT
IF(ICPROP .NE.®) URITE(E. 1032) 2-D PINT
URITE(6.1033) TCHF.QCHF.TMFS.GMFB 2-D PINTY
NPRT-Q 2-D PINT
URITE OME LINE OF QUTPUT EUVERY NSKIP TIME STEPS e-D PINT
60 IF(ISKIP NE NSKIP) GO TO 99 2-D PINT
D0 70 I-1.20 e-D PINT
70 IT(I)e] NT(T(I)O. 5) 2-D PINT
HAVE DAL OXHP IN+DAS1X( . 7SEHFB+HR) 2-D PINT
DO 80 ITER-%.,S e-D PINT
80 HAVE-DA1OSHPIN4DAL 1K (HFBX(HFB/HAVE )22 3333334HR) 2-D PINT
URITE(6.1040) TIME. (IT(I).NBOIL(I),1¢5,20),HPIN,HAVE 2-D PINT
NPRT=NPRT+1 2-D PINT
ISKIP=9@ 2-D PINT
99 CONTINUE 2-D PINT
GO TO 10 2-D PINT
99 CLOSE(S) 2-D PINT
CLOSE(7) 2-D PINT
sT0P -D PINT
END -0 PINT
SUBROUTIMNE TDERIV(T.Q,D2.DR.TU.DT) TDERIV
JOERIV DETERMINES THE TEMPERATURE DERIVITIVES U.R.T TIME FOR TDERIV
THE 20 NODAL POINTS ¥g§g§3
COMMON TL.RHOL.CL,RKL.RHOG.CPG, RMUG . RKG. HFG, RLAM, HOS TDERIV
>.QCHF ,DTCHF .QMFB. DTMFB.NBOIL(20),E@,S. TRIN, ICPROP, 1 TDERIV
DIMENSION T(20).Q(9).DT(20).RHO(20), 0(20)-H€Thl(la) INSULA(G) TDERIV
REAL K(20).KI1 TDERIV
METAL MNODES TDERIV
DATA METAL/1.2.3.4.7.8.11.12.15.16.19.20/ TDERIV
INSULATOR NODES TDERIV
DATA INMSULA/S,.6.9. 10.13.14.17,18/ TDERIV
DATA RHOI.CI.X1/2.4.1.09,.0104/ ;gg;}g
IFCICPROP.LT. @) GO TO J0 TDERIV
-UP TH RﬂOPHVSICQL PROPERTIES OF METAL TDERIV
DO 10 11,12 TDERIV
RHO(METAL(I) )=RHOS TDERIV
C(HETQL(I))-CS(T(HETQL(I TDERIV
10 K(METAL(I))=RKS(T(METAL(] ) TDERIV
IFCINSP .NE.Q) GO TO 30 TDERIV
~UP_THE THERMOPHYSICAL PROPERTIES OF THE INSULATOR TDERIV
DO 20 I-1.8 TDERIV
RHOCINSULA(]))*RNO1 TDERIV
CCINSULA(I))=CI TDERIV
20 K(INSULA(I))eK1 TDERTIV
(ICPROP.GT.9) 1CPROPe-{ TDERIV
INSPe4 TDERIV
30 DRDR-DRIDR TDERIV
DZD2-DZ2D2 TDERIV
TDERIV
SGLCULRTE NET HEAT FLUXES AT EACH NODE ;ggg%g
DT(1)24 2(T(S)-T(1))2K(5)XK(1)/(K(5)+K(1))/D2D2 TDERIV
4B X(T(2)-T(1))2K(2)2K(1)/(K(2)+K(1))/DRDR TDERIV
)-2.30(1)/D02 TDERIV
NODES2 TDERIV
DT(2)4. t(T(G)-T(a))!K(S)!((a)/(K(G)OK(a))/DZDZ TDERIV
I+(T(1)-T(2))2K(1)IK(2)/(X(1)+K(2))/DR TDERIV
)#3 2(T(I)~ T(2))!K(S)XK(Z)/(K(3)0K(8))/DRDR TDERIV
-2 2Q(2)/02 TDERIV
MNODES3 TDERIV
DT(3)=4 E(T(7)=T(I))IEK(7)XX(3)/(K(7)+K(3))/D2D2 TDERIV
>+1 SX(T(2)-T(I))XK(2)IXK(I)/(K(2)+K(3I)J/DRDR TDERIV
2+2.SK(T(4)=T(3))IXK(4)XK(I)/(K(4)+K(3))/DRDR TDERIV
)-2.2Q(3)/02 TDERIV

NODES4 TDERIV



https://RH0I,CI.K1/2.4.1.09
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8 K(4))/DZDZ

DT(4)=4 X(T(B)-T(4))3K(8) xx 4)
))/14.7DRDR

2 7(K¢(
2+40 X(T(3)-T(4))2K(I)EK(4)/(K(I)+K(4
>-2.32Q(4)/D2

NOD524 20(5)/11./DR
DT(S)+2.%(T(1)-T(5))2K(1)XK(S)/(K(])*+K(S))sDZDZ

2#2.3(T(9)-T(5))EK(9)IK(S)/(K(9)*K(5))/DZD2
ogégél(T(S)-T(S))lK(G)!K(S)/(K(S)oK(S))/DRDR
N
DT(6)+2. 8(T(2)-T(6))XK(2)3K(6)/(K(2)+K(6))/DZDT
+2. 2(T(19)-T(6))AK(10)2K(6)/(K(10)4K(6)),DZDZ
243.3(T(7)-T(6))IK(7)3K(6)/(K(7)+K(6))/DRDR
NO%E;;(S)-T(G))3((5)!K(6)/(K(5)0K(5))/DRDR
DT(7)22. 2(T(I)-T(7))IK(IIIK(7)/(K(3)+K(7))/DZDZ
242 X(T(11)-T(?7))IBK(11)2K(7)/(K(11)4K(?))/D2D2
Y+2.58(T(8)-T(?7))2K(B)IXK(7)/(K(B)+K(7))/DRDR
O%E%QSI(T(G)-T(7))l((S)!K(?)I(K(G)OK(?))/DRDR
Ly
DT(8)=2. 2(T(4)-T(8))IXK(4)XK(B)/(K(4)+K(8))/DZD2
2+42.2(T(12)-T(8) )EK(12)XK(8)/(K(12)+K(8))/DZDZ
Y440 S(T(T)-T(8))EK(7)SK(B)/(K(?714K(8))711 /DROR
)>-24.30¢(6)/11./0R
NODES9
DT(9)+2.3(T(5)-T(9)IZK(S)XK(D)/(K(5)+X(9))/DZDZ
242.3(T(13)-T(9))XK(13)IK(9)/ (K(13)+K(9))/D2D2Z
Y48 .8(T(10)-T(9))EK(10)3K(8)/(K(10)+K(9))/DRDR
NODES10
DT(10)+2 2(T(6)-T(10))2K{6)3K(10)/(X(6)+K(10))/DZD2
242 2(T(14)=-T(10))3K(14)3K(10)/(K(14)+K(10))/D2DZ
)*l.5!(7(11)~7(1.))!K(11)!K(IOJI(K(11)OK(10))/DRDR
No%é({{Q)-T(l.))!K(Q)t((l.)/(((9)+l(10))/DRDR
DT(11)=2. X(T(7)=-T(11))IK(TITK(11)/7(K(T)+K(11))/DZD2
242.2(T(18)-T(11))3K(15)XK(11)/(K(15)+K(11))/D2DZ
242 .52(T(12)-T(11))2K(12)2K(11)/(K (XE)OK(II)DIDQDR
No%égigt(T(lﬁ)-T(ll))tK(l.)!K(ll)/(K(1.)0K(12 }/DRDR
DT(12)2. 2(T(8)-T(12))IK(8)IIK(12)/(K(B)+K(12))/DZDZ
242 X(T(16)-T(12))3K(16)2K(12)/(K(16)+K(12))/D2ZDZ
440 X(T(11)-T(12))2K(11)2K(12)/(K(11)4K(12))711./DRDR
>-24.2Q(7)/11 /DR
NODE$13
DT(13)=2. X(T(9)-T(13))2K(F)XK(13)/(K(9)+K(13))/DZDZ
41 6X(T(17)-T(13))XK(17)XX(13)/(K(17)+K(13))/DZDZ
NOBEQI:(T(14)-T(13)).‘(!4):‘(’3)I(K 14)4K(13))/DRDR
DT(14)=2 2(T(19)=-T(14))IK(10)2K(14)/(X(10)4+K(14))/0ZDZ
Y41 62(T(18)-T(14))2K(18)2K(14)/(K(18)+K(14))/DZDZ
243 $(T(15)-T(14))3K(15)3K(14)/(K(15)+K(14))/DRDR
No%é:{él3)-f(!4))1((13)!((14)/(((13)0K(14))/DRDR
DT(15)e2 ZC(T(11)-T(15))8X(11)2K(15)/(K(11)+K(15))/DZDZ
Y+1.62(T(19)-T(15))2K(19)3K(15)/(K(19)+K(15))/DZD2
Y+2.58(T(16)~-T(15))2K(16)2K(15)/(K(16)+K(15))/DRDR
"03E:i21(1(14)-T(15))XK(14)!((!5)/(!(14)*((15))IDRDR
DT(16)=2.8(T(12)-T(16))2K(12)2K(16)/(K(12)4K(16))/DZD2Z
Y440 X(T(15)-T(16))IK(15)2K(16)/(K(15)+K(16))711./DROR
Y41 63(T(20)-T(16))2K(20)2K(16)/(K(20)+K(16))/DZD2

mgga_.'xo(a t1 /DR
DT(17)16. 2(T(13)-T(17))EK(13)EK(1?)/(K(213)+K(§7))/715. /DZD2
248 2(T(18)=T(17))2K(18IEK(17)/(K(18)+K(17))/DRDR

NODES18
DT(18)=16 2(T(14)-T(18))3K(14)XK(18)/(K(14)4K(18))/15./DZD2
PH(T(I7)-T(18) 12K (17)XK(18)/(K(17)+K(318))/DRDR
“ogégi;(T(IS)—7(18))!K(lg)ix(lﬂ)/(l(lS)#K(lS))/DRDR
DT(lQ)'la.!(T(iS)-T(19)i!K(IS)lK(lO)/(K(15)4!(19))/5 /D202
2445 X(T(20)-T(19))2K(28)2K(19)/(K(20)+K(19))/8 /DRDR
"O%Eggé!(T(18)-7(19))!K(lﬂ)tK(iQ)/(K(iﬂ)OK(l9))/8 /DRDR
DT(20)+16 . 2(T(16)-T(20))XK(16)2K(20)/(K(16)+K(29))/15./D2D2
2+49 X(T(19)-T(20))IK(19)2K(20)/(K(19)+K(29))/11./DRDR
>42 2K (20)X(TU-T(20))/DZ/( . ?SXDZ+ED)/3.

>-24.30(9)/11.7DR

00

DIU%gE | A4 Ruo;g TO OBTAIN TENPERATURE DERIVITIVES W.R.T. TIME
40 DT(X)-DT(!)/RHO(!)IO(I)
e




SUBROUTINE HEATF(TIME.TAU, TAUC.T.0 HEATF

HEATF DETERMINES THE HEAT FLUXES FROH EACH EXTERIOR NODE HEATF
COMMION TL.RHOL, CL, RKL.RHOG, CPG.RMUG. RKG . HFG. RLAN, RHOS HEATF
2,QCHF ,DTCHF ,QHFB, DTMFB,. NBOIL(29).E0.S5. TMIN, ICPROP, INSP HEATF
DIHENSION T(EO) Q(9),NODE(9) HEATF
INTEGER C.F.OQNB HEATF

DATA NODEIl 2.3.4,4.8.12.186. 30/ HEATF

DATA C,N.GNB.F/1HC, 1HN, 1HQ. 1 HEATF

c DATA SIGMA.G.PI/S 6688E-12, 980 +3.144593/ gg:;:
c DETERHINE THE HEAT FLUX FOR EACH OF THE 9 EXTERNAL NODES HEATF
0 S 10-1.9 HEATF
7s-r(non£ 10)) HEATF

C DETERMINE IF THE BOILING PROCESS IS CONTACT/FILM. NUCLEATE. HEATF
C OR TRANSITION (QUASI-NUCLEATE HERTF
DELTAT=TS~-TL HEATF
IF(DELTAT LE DTCHF) GO YO 4 HEATF

¢ IF(DELTAT.LE. DTHFB) GO T0 3 gsg;;
€ BOILING PROCESS IS CONTQCT/F HEATF
c DET%RH}NEGIFGEHEONODE 1§ SUBJECTED T0 LIQUID-SOLID CONTACT :Eg;:
C DETERMINE IF THE CONTACT IS DURING THE "ON® OR °OFF° PERIOD HEATF
NTAU=INT(TIME/TAU) HEATF

¢ IF(TIRE .GT .FLOAT(NTAU)XTAU+TAUC) GO TO 1 :Eg;;
C IF LIQUID-SOLID CONTACT IS OCCURRING USE A CONTACT-TYPE HEAT FLUX HEATF
NBOIL(NODE(I1Q))=C HEATF

C SET_A MINIMUM TIME TO AVOID THE SINGULATITY IN-CONTACT MEAT TRANSFER HEATF
TI=AAX1(TRIN. TIME-FLOAT(NTAU ) XTAU) HEATF

Q1= (TS-TL)XSQRT (RHOLICLIRKL/(PIXT]1) )+ HEATF
ISIGMAL((TS+273.15)824~(TL+273.15)3%4) HEATF

¢ GO TOS ngg;;
¢ IF LIQUID-SOLID CONTACT 1S NOT OCCURRING USE A POOL FILM BOILING HEATF
C TYPE HEAT FLUX HEATF
1 NBOIL(NODE(IQ))=F HEATF

C USE BAUMEISTER’S EQUATION FOR LEIDENFROST BOILING OF EXTENDED HEATF
€ LIQUID MASSES HEATF
SH=CPGX(TS-TL)/HFG HEATF
HFGSRL=HFG/(1 .47 .XSH/20.)223 HEATF
HFGMAX«HFGX (2. ZALOG(1. +5H/2. )/SH)IXX3 HEATF

HF GSe (HFGSML+HFGRAX )/2. HEATF
)HFB;S41thKGlt3lRHOG!(RHOL'RNOG)lGlHFGSI(RHUG!(TS°TL)3RLﬂﬂ)) ug:;;
HR+SIGMAK( (TS+273.15)XX4~(TL+273.15)X24)/(TS-TL) HEATF

He 75XHF B+HR HEATF

DO 2 ITERe-1.5 HEATF

2 H-HFD!(HFilﬂ)tt 333333+HR HEATF
OK-HX( -TL) HEATF

GO TOS HEATF

¢ -HEATF
C BOILING PROCESS IS TRQNSITION (QUASI-NUCLEATE) HEATF
3 NBOIL(NODE(1Q))=QN HEATF
Ol-EXP(ALOO(OCHF)O(ALOO(OﬂFl)-ALOO(OCHF))lﬁLOQ(DELTAT/D?CHF)I HEATF
dALOG(DTMFB/DTCHF)) HEATF

GO T0S HEATF

c HEATF
C BOILING PROCESS IS NUCLEATE HEATF
4 NBOIL(NODE(IO))=N HEATF

C POUER LAY RELATIONSHIP FOR NUCLEQTE BOILING (MC NELLEY) HEATF
QI-QCHFX(DELTAT/DTCHF 1223.2 HEATF

C HEATF
S Q(10)-01 HEATF
RETURN HEATF

END HEATF
SUBROUTINE RKUTTA(T.Q.TIME,DTIME, TAU. TAUC,DZ.DR.TY RKUTTA

C RKUTTA PERFORMS { STEP OF FOURTH ORDER RUNGE-KUTTA INTEGRGTION RKUTTA
DIMENSION T(20),0(9).DT(20).T1(20).72(20).T3(20).DT1(20), RKUTTA
IDT2(29).DT3I(20),DT4(29) RKUTTA

c USE PREVIOUS HEAT FLUXES AND TEMPERATURES RKUTTA
C DETERMINE NEU TEMPERATURE DERIVITIVES RKUTTA
CALL TDERIV(T.Q.DZ.DR.TU.DT) RKUTTA

SETPSL - RKUTTA
DO 1 I=1.20 RKUTTA
DT1(1)=DT(I)XDTINE RKUTTA

1 T1(1)=T(1)+ S2DTI(]) RKUTTA
TINEL1-TIME+ SINTIME RKUTTA
C DETERMINE NEW HEAT FLUXES RKUTTA
CALL HEATF(TIMEL, TAU. TAUC.T1.Q) RKUTTA
DETERMINE NEUY TEHPERQTURE DERI ITIVES RKUTTA
CALL TDERIV(T1.Q.D2.DR.TY.DT) RKUTTA

ETPS2 RKUTTA



https://TDERIV(Tl.Q.DZ.DR.TU.OT
https://TDERIV(T.Q.DZ.OR.TU.DT
https://RKUTTA(T.0.TINE.OTINE.TAU.TAUC.DZ.DR.TU
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QOO0

OO0

DO 2 I-1.20 RKUTTA
DT2(1)=DY(1)SDTINE RXUTTA
2 T2(I)=T(I)+ SEPT2(I) RKUTTA
TIMES-TIME+ SIDTIME RKUTTA
DETERMINE NEW HEAT FLUXES RKUTTA
CALL HEATF(TINE2. TAU.TAUC.T2,Q) RKUTTA
DETERMINE NEU TEMPERATURE DERIVITIVES RKUTTA
CALL TDERIV(T2.Q.DZ2,DR.TV.DT) RKUTTA
SETPSI RKUTTA
DO 3 I-1.20 RKUTTA
DT3(1)=DT(1)XDTIME RKUTTA
3 TAI)=T(1)+DTI(]) RKUTTA
TIRE3I=TIME+DTINE RKUTTA
DETERMINE NEU HEAT FLUXES RKUTTA
CALL HEATF(TIMEJ. TAU,TAUC.T3.0 RKUTTA
DETERMINE NEU TEMPERATURE DERIUITIUES RKUTTA
' CﬁLL TDERIV(T3.Q.D02Z,DR. TW.DT RKUTTA
P84 - RKUTTA
DO 4 [-1,20 RKUTTA
DT4(I)'DT(I)!DTIHE RKUTTA
DT(I)-(DT!(I)OE EDT2(1)+2.3DTIC(I)+DT4(I))/6. RKUTTA
4 T(I)=T(1)+DT(1) RKUTTA
DETERMINE NEY HEQT FLUXES RKUTTA
TINE4=TINE+DTINE RKUTTA
CALL HEATF(TIME4.TAU.TAUC.T.Q) RKUTTA
RETURN RKUTTA
RKUTTA
FUNCTION CS(T) cs(T)
CS_INTERPOLATES TABULAR DATA FOR SPECIFIC HEAT ¢S(T)
DATA IS FOR CARBON STEEL CS(T)
TEMPERATURE IS IN DEGREES C CS(T)
SPECIFIC HEAT IS IN CAL/GN/C CS(T)
DIMENSION C(17) Cc8(T)
DATA C/ . 10S1..1166..1280, .1395..1508. .1622. .1731, .1853, .1741, .1805CS(T)
>..1505,.1505, . 1505, .1505, .1505..1790, . 1460/ CcS(T)
1sMAXQ(1.MING(16. INT(T/100.)+1)) CS(T)
Xe(T-100 XFLOAT(I-1))/100. CS(T)
CSeC1)+XT(C(I+1)-C(I)) CcS(T)
CONVERT TO J/GM/C CcS(T)
€5=C5%4 184 cS(T)
RETURN csS(T)
END CS(T)
FUNCTION RXS(T) RKS(T)
RKS INTERPOLATES TABULAR DATA FOR THERMAL CONDUCTIVITY RKS(T)
DATA IS FOR CARBON STEEL RKS(T)
TEMPERATURE IS IN DEGREES RKS(T)
THERMAL CONDUCTIVITY IS IN BTU/HR/FT/F RKS(T)
DIMENSION RX(7) RKS(T)
DaTA RK/21..21..19.,18..16..16..17./ RKS(T)
1=MAXQ(1 . MINO(E, INT(T/208.)+1)) RKS(T)
X=(T-200 tFLOAT(I-1))/200. RKS(T)
RKS=RK(I)+XX(RK(1+1)-RK(I)) RKS(T)
CONVERT TQ W/CN/C RKS(T)
RKS=RKSs. 01730 RKS(T)
RETURN RKS(T)

END
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