
To the Graduate Council: 

I am submitting herewith a dissertation written by Dudley James 
Benton entitled "Liquid-Solid Contact Phenomenon in Film Boiling of 
Leidenfrost Drops." I have examined the final copy of this disser 
tation for form and content and recommend that it be accepted in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, with a major in Mechanical Engineering. 

Edward G. Keshock. Major Professor 

We have read this dissertation 

and recommend its acceptance: 

J 

Accepted for the Council: 

Vice Chancellor 

Graduate Studies and Research 



LIQUID-SOLID CONTACT PHENOMENON IN 

FILM BOILING OF LEIDENFROST DROPS 

A Dissertation 

Presented for the 

Doctor of Philosophy 

Degree 

The University of Tennessee, Knoxville 

Dudley James Benton 

August 1982 

3063245 



ACKNOWLEDGEMENTS 

First, I acknowledge Jesus as my God, the creator of the pheno 

menon which I study, my sustainer, and the author of whatever 

ability I might have. 

I express appreciation to Dr. Edward G. Keshock for his 

patience and guidance throughout my studies. 

I also express appreciation to the Department of Mechanical and 

Aerospace Engineering, University of Tennessee, Knoxville for the 

machining and laboratory equipment used in this investigation. 

Recognition is given to William D. Barton III who made the 

seven technical drawings of the heating surfaces and 

thermocouple/pin assemblies. 

To my wife, Patty, who has encouraged and supported me (and 

also reduced a substantial portion of the data) I express special 

appreciation and gratitude. 

ii 



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 

expiected was also to be determined. Film boiling of stationary 

discrete drops was selected as the focus of this study rather than 
I 

flow boiling since flow boiling 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 bZCC. The drop sizes investi 

gated ranged from 0.01 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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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 ASO^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 
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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-roughness 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 is 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 

ciated 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 dependence of heat flux and mode of boiling on temperature dif 

ference is shown by the typical boiling curve Figure 1.** 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. 

**A11 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. 
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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 Illustrated 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 

ciated with film boiling which occurs over a large range of tem 

perature differences as compared to the relatively smaller specific 

thermal resistance associated 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 Is due to the presence of a layer of 
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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 study. 

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 nucleate 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 
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there exists a critical wavelength, 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. 

"(Pp - Pg) 

The Taylor critical wavelength is related to the characteristic 

length parameter. A, by Equation 1-2. 

Ac - 2irA (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, Ap, 

and is related to the characteristic length parameter by 

Equation 1-3. 

Ad = 2tt /3 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. Liquid-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. When 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. 
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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) is 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 
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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 LMFBT. 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 
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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 IMFBT 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 observer 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 Krlstensen 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 Leldenfrost 

phenomenon was made. This first empirical solution Is attributed to 

Pleteneva and Reblnder. 

The first true analysis of the Leldenfrost phenomenon based on 

first principles Is attributed to Gorton [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 
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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 
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metals by Baumelster 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 Baimieister, 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. 

Baumeister and Simon [29] developed a theoretical model for the 

MFBT on a smooth surface 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. Bavimeister 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 

liquid-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 liquid 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 
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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 liquid masses. Only one of the 

investigations reviewed (that of Seki et al. [11]) offered experi 

mental data for the LMFBT (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 0.001 cc. for most 

liquids) appear to be essentially spherical, whereas very large 

drops (greater than 1.0 cc. for most liquids) 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]. Figure 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 models 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 sjraimetric 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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An = (3-1) 

i+i 
Rl R2 

Where Ap is the pressure difference across the liquid/vapor 

interface, o is the surface tension, and Rj and R2 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, 1 , 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)

\2 

V*-^ (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, 

If the surface tension, liquid density, and vapor density are 

known then ^ 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 1 which provided a best correlation between the experi 

mental area/volume 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 CG02 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/volxime 

relationship as measured on the smooth surface and the macro-

roughened surfaces for the range of drop sizes investigated. It is 



26 

therefore assumed that the effect of macro-roughness elements on the 

drop area/volume relationship is 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 \ 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 0.01 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. 



27 

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. 
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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. 

Re = (3-4) 

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 Rejmolds 

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-Stokes (or Momentum) equations (Equations 3-6 and 3-7), and 

the energy equation (Equation 3-8) were employed in cylindrical 

coordinate form. 

1 9 9w - g-(ru) + -92 - o (3-5) 

3u 3u gc ap 
<3-6) 

4.U r l 3 |' 3u -* 32 u i"g L 7 ar 37 ̂  + ^2 - 77 ] 

3w 3w g- a? 
= (3-7) 

r ^ ^ a2w 
"8 1 7 TF ^ ^1 

^ 3t>i , rl 9 , 9T.P,Cp,(u^-il) ^(.7) 
(3-8) 

92t 1 
+ g-^ J + dissipation 

The following non-dimensionalization of variables was performed to 

determine the order of magnitude of the various terms in the 

equations. 

1̂ ĝ^(r u)+-a^ = 0 (3-9) 
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3w* VRe (i) .-2E„ (3-10)
R 3r 3r'* 

2.* 

+ (l)^ ^-d)r* 3r* 3r* 3z*2 r*2 

r ^P* r^3 
(3-11)^®^R^ 3r* * 32*^ = - Eu g^*"(r) L 

+ fAl^JL__L_ f_*^w*^ c6i2 32;,'
^R-" r 3r* 3r* R »-*:R' 3z*2 

3T 3t ^2 1 3 
(3-12)

3r 3z R' r* 3r*' 3r'« 

32x* 
+ 2 

372 

(I) (3-13) 

Z*-(I) (3-U) 

* ,2^0 u . 
U* =(—^) (3-15) 

RG 

PffW 

W* - (-^) (3-16) 

p* = r (R"Ro) gc 1 (3-17)^ (pf-pg)gl J 

_ gl52 (Pj. 
(3-18)

Eu - L - -

°g r2 TJ 
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B -( (3-19) 

2 

L (3.20) 

"g = 

Neglecting all terms which are multiplied by( _ ), the continuity, 

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

1 9 3w 

7 77 + 77 =0 (3-21) 

3u . 3w gc 9P , 92u 
"77+"77=-^77-^^g7;2 (3-22) 

gc 9p 

° - T; 97 (3-23)'g 

3T , 92t 
Pg Cpg w^= kg — (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=5), 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). Ihese 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. 

u - [(f) - (f)2 ] (3-25)
<5Pg 6 0 

w -(^)[.(f)2- 3 (f)2 ] (3-26)
Pg 6 6 

2 

(P-Po) = [i +LRe [-][i -[I] ] (3-27)
Pg 20 R R 
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z/6 3 4
[T-Tt. j ^ Jo exp[-B(x - 1/2 X ]]dx (3-28) 
'^W^L /q exp[-B(x3-l/2 x^)]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 sxurface, 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]). 

[Pf-Pg)g Vd r 
—^ = J 2irr (P-Po) dr gc 'o- (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: 
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2 

3gc G Ug Ap 3 ,
'■2ir gPg (Pf-Pg) Vd ^ ^ 20 (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, 7, 

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 vdiich 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 liquids 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. 

Ifodeling 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. 

" Ap (Tw-Tl) 

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: 

Od = 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): 

dVD 
- Ap G = Pp — (3-33) 

Thus, the average vapor mass flux and the heat fliox 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: 

qD" <IF + + qc (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): 

° (Tw-Tl) (3-35) 

, qRhR (3_36) 

(Tw - Tl) 

~(T„ - Tl) (3-37) 
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When defined in this manner, the heat transfer coefficients are 

additive: 

hp = hp + hR + he (3-38) 

The convective heat transfer contribution is determined from 

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

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 !Si_ (3-40) 
F(B) 

F(B) = /o^ exp ["I (1 - 2x3 + x^)] 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. 

"uF - (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 
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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) 

NuF 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): 

^ -^T, (3.„, 

(^)+(^)+ 
^ s ^D-S 

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 first 

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 liquid 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 LMFBT. 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" liquid-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 vapor 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]). 

Baumeister 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 



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: 

(3-46) 

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 con 

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= Tc + (Ts- T^) erf [—? ] (3-47) 
2/^ 

= Tc + (Tj^ - Tc) erf [—? ] (3-48) 
2/agt 

T„ + Y Tt 

Tc - -T+y <3-49) 

2 (PCk)L
^ ~ (PCac)g (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-Tl) and substituting Equation 3-48 for Tc): 

kr
he (3_51) 

(1+Y) /naLt 

The instantaneous heat flux associated with the error function 

formulation is given by Equation 3-52: 

(Tc - Tl) 
qc (3-52) 

(1+Y) ''TfotLt 

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 experimental 

data), the verification of this model by experimental data is 

necessarily inductive rather than deductive. With the present for 

mulation the apparent 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 O.Olcc. to lO.Occ. 

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, 0.01 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. Futther 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 1/4 the Taylor most critical wavelength for 

Refrigerant-Ill), 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, except 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 O^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-lOO 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 ^fodel 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 ranain 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 liquid volume was 

immaterial (and could not be determined as some vaporization inevi 

tably occurs while heating the liquid 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 optimimi value of the liquid/vapor interface 

parameter, 1 (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 X 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 X 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, T^; 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 x, x^, 

Tg^, 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 
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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 transfer 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: 

1) circumferential symmetry 

2) the pin is embedded in an isothermal substrata 

3) the liquid—solid contact is pulse—like periodic 

(ON-OFF-ON-OFF-ON....) with period t and duration 

4) when and where liquid-solid contact is assumed to occur a 

contact-type heat flux (detailed subsequently) is imposed 

5) when and where contact is assumed not to occur a pool-type 

boiling heat flux is imposed 

6) 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 

7) the imposed heat flux varies with time, location, and local 

surface temperature 

8) the thermophysical properties of the solid material are 

allowed to vary with temperature (and therefore also with 

time) 

9) the presence of the ceramic insulator (see Figures 18 

and 19) is 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 Kittateladze's 

improvement [44]. 

^fg ~ ̂ fg( ^ 20 ̂  ̂  (5-1) 

,m r 2 In (I+I/2A) 1 3
hfg = hfg L ^J (5-2) 

hfg = V2 (hfg + hfg ) (5-3) 

kg^Pg(pf—Pg) g hfg 1/4 

1 Ug (I,. Ii.) X 1 (5-4) 

"R (Tj-Tl) (5-5) 

1 / 

,* . r '^FB >1 3 , ^ 
h = hpB I -jT J + hR (5-6) 
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qpB = h* (Ts-Tl) (5-7) 
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n io u r ''f PgICHF =0.18 hfg [ — -fi— a ] (5-8)
® (Pf + Pg) 

.0.26-V—[ -"g) ]'A 

f ^g "1 ^^2^MFB - ^CHF I p^+p^ J (5-10) 

r qMFB^ ,. qMFB yg
"mfb - 3-13[-j— ] [ — J (5-11) 

s g hfgPg (Pf-Pg)^^ 

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). 

qc = TT t (Tg - Tl) (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 assimies 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, dipjj , based on the error function 

solution is given by Equation 5-13 



67 

6th ='^77285^^ (5-13) 

where is the contact period and Ql is the thermal dlffuslvlty 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 drop 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. 

dVo 

Pf hfg dt 

"~Ap (Tw - Tl) 

(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 significant 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. io(5±l%) » lo5±23%). An 

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 15% 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. 

h„.- ''fg* <![ (5.15)
(Tw - Tl) ^ dt 

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. In (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 representation of the data is 

not least-squares [61] (since 10 i 1 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 minimvim—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. 

r N I A (I) - At I ,-in [ I\—^ i 1 (5-16)
I-l ' 

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. 

Ci(C2-t)(Cvt) 

Clearly C4 is the vaporization time and C2 and C3 are the points 

where the two branches of the hyperbola pass through zero. 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 polynomial can provide an 

infinite value for a finite argument). Several polynomial based 

algorithms were investigated in the present study before developing 

the present algorithm—all those investigated proved most 

unacceptable. 

The various quantities such as 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 in 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 

78 
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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 

*A11 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 asjmiptotically 

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 irregularly than in 

Figure 26 (note also that the temperature scale in Figure 27 is 5 

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 LMFBT (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 tjqjically 

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 is 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 



83 

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 is said to be 

above the LMFBT. The junction tanperature 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 is 

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 LMFBT. 
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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, Tr, quench temperature, Tq, average pin tip 

temperature, Tp, temperature depression across the pin, ATp=Tw-Tp, 

and the temperature change during contact, ATc=T^-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 //I?, 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, xc, for convenience is presented in the 

form of the duration to period ratio, 9. 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 9 and t) because the persistence of 

liquid-solid contact is more clearly seen in this ratio. The 

absence of contact corresponds to 6=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, 9, 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), Alp, 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, AT(,, 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 ATp 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") is 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 is 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-dimenslonalizatlon 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 volvime was selected for the non-dimensionalization as 

it was thought to be the most convenient readily available length 

parameter. The volume Nusselt number, Nuv, for Leidenfrost drops is 

defined by Equation 6-1. 

I 

Nuv = (6-1) 

The bulk surface temperature is represented in non-dimensional form 

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

A - (6-2) 

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 Nuv (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 flxix 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 4 

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 "I" 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 O's and 

occasionally I'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 Tables 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 
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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 "mediimi" 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). Hiis comparison of experiment 

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, HCC, 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, 51 , ("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 is 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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XT hf) 6Nud = (6-4) 
"g 

hps 
Nuf --Y~ (6-5) 

XX h- "6»"c - (6-6) 

""R = (6-7)
■^g 

The conduction parameter, , and the contact Blot number or 

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

5 kg" = Tk^ (6-8) 

T, he eBic= . (6-9) 

The conduction parameter, £2, is the ratio of the unit thermal con 

ductance of the macro-roughness elements, kg/e, to the unit thermal 

conductance of the vapor layer between the liquid drop and the 

heating surface, kg/^. The contact Biot number, B^^., is the ratio 
of the contact heat transfer coefficient, h^., to the unit thermal 

conductance of the macro-roughness elements, kg/e. The significance 

of these quantities will be discussed in Chapter 7. 

These 11 quantities (viz. hf, he, hp, 6, b, Nud, Nup, Nuc, Nur, 

J2, 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 11 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 apparent 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, x, 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 //I, Table 10: x = 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 in. Table 10: ox = 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, 

® "^c/^» listed In Tables 10 and 11 range from 26% to 84%. 

Variation Is also seen In 9 throughout a single drop lifetime (e.g. 

strip #1, Table 10: 9 - 44%, 36%, 31%, 42%, 41%, 36%). The stan 

dard deviations In 9 are typically significant compared to the mean 

(e.g. strip //I, segment a, the first entry In Table 10 9 = 0.44 and 

o9 » 0.22). This variation In 9 is further Indication of the Irre 

gularity of the llquld-solld contact phenomenon. 

If the contact duration, 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 liquid away 

from the heating surface at the point of contact, the contact dura 

tion Is then analogous to a nucleatlon "waiting time" as In nucleate 

boiling (le. the time required for a bubble to form). This Is pre 

cisely the assumption made by Nlshlo and Hlrata [5] In their analy 

sis of llquld-solld contact for Impinging Leldenfrost drops. In 

fact, Nlshlo and Hlrata 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 llquld-solld contact In film 

boiling since llquld-solld 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 Nlshlo and Hlrata (using the theory of Han and 

Griffith) for water were less than 0.01 sec. The contact duration 
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for water listed in Table 10 (t^ = 0t, the product of columns 4 

and 5) range from 0.030 sec. (strip //I, 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, 

ATg (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.) However, 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.). In 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 Alp) 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 that 

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 300% 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 is little difference between "2", 

"3", "4", etc.) is 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 is 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% to 150%) noted with water on surfaces SCG02, CP54, and 

SHP2612, all four liquids lack the relatively larger increases in 

https://0.37-0.50
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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 (e=0.0508 cm.), CP54 (e=0.127 cm.), and SHP2612 

(e=0.0508 cm.). Figures 55 through 66, than on surface CGOl 

(e=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 SCG02 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 SCG02 

and SHP2612) does not produce a proportionate 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 liquid-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 is illustrated in strip #1 (the 

first 6 entries in Table 10): 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 = IcAT/e) 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/cm 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/cm . 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/cm (this heat 

2 
flux depends on drop volume, 8W/cm 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 //I is only about 48W/cm (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. Asstmiing 

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/cm
2
. 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, X , 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 assinned 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 LMFBT). In 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 compared 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 is 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 IUFBT) 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, Nu^, 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 Nuc = hc^/kg, this indicates 

that the contact heat transfer coefficient, h^., is roughly propor 

tional to the inverse of the computed vapor layer thickness, 

^ (Equation 3-30). 

The conduction parameter, , is defined by ^kg/e 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, SI, 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 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 ̂ (Equation 3-19). The convective heat transfer coef 

ficient (Equation 3-40) decreases with increasing T 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 

Pucci [31]. This correction factor is given in Chapter 5, 

Equation 5-6. 

The dimensional enthalpy flux parameter B®^ CpgG/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). Ihroughout a single drop life 

time the dimensionless enthalpy flux parameter, B, was tjqjically 

constant within a factor of 2. The dimensionless enthalpy flux 

parameter, B, is related to the convective Nusselt number, Nup = 

^F<5/kg, 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 
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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 Nup 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, 7, is a 

parameter which relates both convective heat transfer and contact 

heat transfer (as detailed previously through the contact Nusselt 

number, NUq), since both quantities (viz. hp and h^) are approxima 

tely proportional to the inverse of This relationship between 

"S", 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. 



CHAPTER 8 

CONCLUSIONS 

1. Liquid-solid contact does occur on macro-roughened surfaces 

even at bulk surface temperatures significantly above the 

smooth surface minimum film boiling temperature. 

2. The liquid-solid contact period was found to be on the same 
* 

order of magnitude as the period of the Taylor most dangerous 

instability. 

3. Substantial variations in contact duration and period were 

measured throughout a single drop lifetime indicating that 

the liquid-solid contact phenomenon investigated is irregular 

and not strictly periodic. 

4. 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. Tetrahedrohal 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 IZOUID INITIAL INITIAL INITIAL NODE OP 
SURFACE DROP LIQUID BOILINQ 
TENP. UOL. TENP. 

7 UATER 516 C 16 ee 166 C F 1 ONI 
4 UATER 568 C 16 ee 166 C F 6 ONI 
1 UATER 498 C 16 ee 166 c F 1 ONI 
3 UATER 497 C 16 ee 166 c F ft ONI 
6 UATER 495 C 8 ee 166 c F 
8 UATER 494 C 5 ee 6 c ONI 
5 UATER 487 C 5 ee 166 c F ft ONI 
16 UATER 453 C 5 ee 6 c ONI 
18 UATER 445 C 16 ee 166 c ONI 
17 UATER 446 C 5 ee 166 c F ft ONI 
19 UATER 433 c 16 ee 166 c ONt 
86 UATER 438 c 16 ee 166 c ONI 
38 UATER 345 c 16 ee 166 c ONI 
31 UATER 335 c 16 ee 166 c ONI 
41 UATER 895 c 16 ee 166 c QNI 
46 UATER 896 c 16 ee 166 c QNI 
48 UATER 885 c 16 ee 166 c QNI 
11 EA 515 c 5 ee 78 c F 
8 EA 566 c 5 ee 78 c F 
81 EA 456 c 5 ee 78 c F 
84 EA 465 c 5 ee 78 c F 
88 EA 385 c 5 ee 78 c F 
33 EA 356 c 16 ee 78 c F 
36 EA 385 c 5 ee 78 c F ft QNI 
43 EA 885 c 5 ee 78 0 QNI 
18 IP 515 c 5 ee 83 c F 
13 IP 516 e 5 ee 83 c F 
9 IP 495 c 5 ee 83 c F 
88 IP 446 c 5 ee 83 c F 
85 IP 465 c 5 ee 83 c F 
89 IP 386 c 5 ee 83 c F 
34 IP 366 c 5 ee 83 c F ft ONI 
44 IP 886 c 5 ee 83 e F ft ONI 
15 EC 515 c 5 ee 84 e F 
14 EC 516 c 5 ee 84 c F 
16 EC 496 c 5 ee 84 c F 
83 EC 437 c 5 ee 84 e F 
87 EC 416 c 5 ee 84 c F 
86 EC 465 c 5 ee 84 c F 
36 EC 385 c 5 ee 84 c F 
35 EC 356 c 16 ee 84 c F 
38 EC 346 c 5 ee 84 c F 
39 EC 386 e 5 ee 84 c F ft ONI 
45 EC 875 c 5 ee 84 c F ft ONI 

EA«ETHANOL IP-ISO-PROPANOL EC'ETHVLENE-CHLORIOE 
F-FILff lOILINO (UITH INTERHITTENT LIQUID/SOLID CONTACT) 
QNt-QUASI-NUCLEATE lOILINO CUITH E8SENTIALLV CONTINUOUS 

LIQUIO/SOLIO CONTACT 
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Table 2. Summary of Strip Charts for Surface SHP2612. 

NODE OF 

SURFACE DROP 
STRIP LIQUID INITIAL INITIAL INITIAL 

LIQUID DOILINQ 
TENP. VOL. TENP. 

F & QND 

47 UATER 465 ce 188 C F i QND 

48 UATER 395 ee 188 c F i QND 

4S UATER 345 ce 

4S UATER 538 ce 188 C 

188 c F 8 QND 

SQ UATER 868 cc 188 c QND 

51 EA 488 ee 78 c F 

58 EA 488 ce 78 c F 

53 EA 368 ee 78 c F 

54 EA 888 ee 78 c F 

55 EA 835 ee 78 c F 

EA 838 ee 78 c F 8 QND57 
58 EA 888 ee c78 QND 

59 IP 588 ee 83 c F 

68 IP 418 ee 83 c F 

61 IP 488 ee 83 c F 

68 IP 378 ce 83 c F 

63 IP 898 ee 83 c F 

64 IP 858 ee 83 c F 

65 IP 818 ee 83 c F 8 QND 

66 IP 888 ee 83 c QND 

67 IP 198 ec 83 c QND 

68 EC 488 ce 84 c F 

69 EC 468 ce 84 c F 

78 EC 438 ce 84 c F 
71 EC 365 ee 84 c F 

78 EC 875 cc 84 c F 

73 EC 855 ee 84 c F 
84 F 8 QND74 EC 888 ee c 

75 EC 188 ee 84 c QND 

EA-ETHANOL IP-ISO-PROPANOL EC-ETHVLENt^HI^IDC 
F-FILN iOILINO (UITH INTERNITTENT C??TACT)
QN8-QUASI-NUCLEATE DOILINQ (UITH ESSENTIALLY CONTINUOUS 

LIQUID/SOLID CONTACT 
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Table 3. Sunraiary of Data on Surface SMTH. 

nilH' WJU SURFACEROLL t LIQUID TEHPERATURE 

12 83 UATER S49C 
12 81 UATER 3000 
12 79 UATER 34SC 
12 77 UATER 4000 
12 7S UATER 4500 
12 73 UATER 5000 
12 71 UATER 535C 
12 84 ETHANOL 1900 
12 82 ETHANOL 2400 
12 80 ETMANOL 3000 
12 78 ETHANOL 3500 
12 76 ETHANOL 4000 
12 74 ETHANOL 4500 
12 72 ETHANOL 5000 
12 70 ETHANOL 530C 
12 107 I50PR0PAN0L 1800 
12 109 ISOPROPANOL 2400 
12 111 ISOPROPANOL 2900 
12 116 ISOPROPANOL 3300 
12 120 ISOPROPANOL 3800 
12 123 ISOPROPANOL 4400 
12 126 ISOPROPANOL 5000 
12 108 ETHVLENE-CHLCRIDE 1900 
12 110 ETHYLENE-CHLORIBE 2500 
12 112 ETHYLENE-CHLORIDE 3000 
12 118 ETHYLENE-CHLORIDE 3300 
12 121 ETHYLENE-CHLORIDE 3800 
12 124 ETHYLENE-CHLORIDE 4400 
12 127 ETHYLENE-CHLORIDE 4900 

Table 4. Summary of Data on Surface CGOL 

FIUI SEO 
ROLL t 

12 65 
12 64 
12 61 
12 63 
12 69 
12 68 
12 66 
12 58 
12 59 
12 60 
12 62 
12 147 
12 145 
12 143 
12 141 
12 138 
12 132 
12 135 
12 129 
12 148 
12 146 
12 144 
12 142 
12 139 
12 133 
12 136 
12 130 

•LIQUID 
UATER 
UPTER 
UATER 
UATER 
ETHANOL 
ETHANOL 
ETHANOL 
ETHANOL 
ETHANOL 
ETHANOL 
ETHANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 
ISOPROPANOL 

SURFAOETEWPERATURE 
3500 
4000 
4500 
5000 
2000 
2300 
3000 
3500 
4000 
4500 
5000 
1900 
2400 
3000 
3200 
3700 
4400 
4600 
5000 
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Table 5. Summary of Data on Surface SCG02. 

FILM SEQ iUU SURFACE 
ROLL < LIQUID TEMPERATURE 

13 18 WATER 4500 
13 43 WATER 52SC 
13 40 ETHANOL 2100 
13 37 ETHANOL 260C 
13 34 ETHAHOL soec 
13 31 ETHANOL 3500 
13 28 ETHANOL 4100 
13 23 ETHANOL 4500 
13 19 ETHANOL 5000 
13 41 ISOPROPANOL 2100 
13 38 ISOPROPANOL 2600 
13 35 ISOPROPANOL 3000 
13 32 ISOPROPANOL 3500 
13 29 ISOPROPANOL 4100 
13 24 ISOPROPANOL 4sec 
13 20 ISOPROPANOL 5000 
13 42 ETHVLENE-CHLORIDE 235C 
13 39 ETHVLENE-CHLORIOE 26ec 
13 36 ETHVLENE-CHLORIDE 3000 
13 33 ETHVLENE-CHLORIDE 3500 
13 30 ETHVLENE-CHLORIDE 410C 
13 25 ETHVLENE-CHLORIDE 450C 
13 21 ETHVLENE-CHLORIDE 5000 

Table 6. Summary of Data on Surface CP5A. 

FIUI SEQ SULK SURFACE 
ROLL t LIQUID TEMPERATURE 

13 63 WATER 5750 
13 64 WATER 6200 
13 62 ETHANOL 2200 
13 56 ETHANOL 2600 
13 53 ETHANOL 3100 
13 52 ETHANOL 3800 
13 49 ETHANOL 4300 
13 46 ETHANOL 4900 
13 61 ISOPROPANOL 2200 
13 57 ISOPROPANOL 2700 
13 54 ISOPROPANOL 3100 
13 51 ISOPROPANOL 3700 
13 48 ISOPROPANOL 4300 
13 45 ISOPROPANOL 4900 
13 59 ETHVLENE-CHLORIDE 2200 
13 58 ETHVLENE-CHLORIDE 2700 
13 55 ETHVLENE-CHLORIDE 310C 
13 50 ETHVLENE-CHLORIDE 380C 
13 47 ETHVLENE-CHLORIDE 4400 
13 44 ETHVLENE-CHLORIDE 4700 
13 144 ETHVLENE-CHLORIDE 4800 



139 Table 7. Summary of Data on Surface SHP2612. 

FILH SCO 
ROLL • LIQUID 

19 8 UATER 
19 1 UATCR 
19 84 ETHANOL 
19 81 ETHANOL 
19 13 ETHANOL 
19 15 ETHANOL 
19 11 ETHANOL 
19 7 ETHANOL 
19 8 ETHANOL 
19 83 ISO-PROPANOL 
19 80 ISO-PROPANOL 
19 17 ISO-PROPANOL 
19 14 ISO-PROPANOL 
19 18 ISO-PROPANOL 
19 6 ISO-PROPANOL 
19 3 ISO-PROPANOL 
19 88 ETHVLENE-CHLORIDC 
19 19 ETHVLENE-CHLORIDE 
19 16 ETHVLENE-CHLORIDE 
19 13 ETHYLENE-CHLORIOe 
19 9 ETHVLENE-CHLORIDE 
19 S ETHVLENE-CHLORIDE 
19 4 ETHVLENE-CHLORIDE 

MIU SURFACE 
TENPERATURE 

418C 
SS8C 
8880 
8S8C 
388C 
3550 
4180 
4480 
S580 
8180 
8680 
3150 
3550 
4150 
4650 
5580 
8150 
8650 
3880 
3780 
4850 
4650 
5580 
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Table 10. Summary of Thermocouple/Pin Data for Surface CP54. 

St LO 8C TAU THETA TU TR TO TP DTP DTC 

t* UA 16 .15 (.064) .44(.22) 495 430(23) 420(15) 426(20) 70 10 
Xb UA 11 .12 (.064) .36(20) 486 396(7) 389(7) 392(7) 03 6 
le UA 7 .096(.078) .31( 13) 476 301(2) 378(3) 378(4) 97 6 
Id UA 8 .10 (.033) .43(.13) 466 362(6) 367(7) 369(7) 106 5 
!• UA 11 .087(.036) .41(.15) 450 337(8) 330(12) 333(11) 117 7 
ir UA 13 .086(.028) .36(.17) 425 290(15) 281(17) 286(16) 139 9 

17a UA 7 .24 (.006) .43(.30) 430 362(37) 341(29) 360(33) 72 21 
17b UA 6 .083(026) .69(.21) 420 315(9) 306(9) 310(10) 110 9 
17c UA S .16 (.12) .3B(.21) 410 284(16) 269(13) 277(16) 133 16 
17d UA 3 .080(012) .40( 32) 400 258(8) 248(8) 263(8) 147 10 
11a EA 17 .26 (.12) .56(.23) 520 474(12) 469(7) 472(7) 48 6 
lib EA 17 .16 (.052) .58(.22) 515 459(7) 467(6) 458(7) 67 2 
lie EA 19 .20 (.12) 55(.20) 510 451(3) 449(3) 450(3) 60 2 
24a EA 11 .21 (.10) .84(.21) 406 381(7) 378(3) 380(5) 26 3 
24fa EA 11 17 (.045) .50(.19) 405 374(1) 373(1) 374(1) 31 1 
24c EA 11 .21 (.13) .52( 12) 405 375(1) 373(2) 374(2) 31 8 
24(1 EA 11 .22( 087) .56( 21) 400 372(3) 370(8) 371(2) 29 2 
28a EA 21 21( 10) .54(.22> 385 358(7) 355(5) 357(6) 28 3 
28b EA 20 16 (.060) .58( IS) 380 348(2) 347(3) 348(2) 32 1 
28c EA 14 .28 (.082) .56(22) 375 340(4) 338(4) 339(4) 36 8 
28d EA 11 21( 054) .53(093) 370 339(1) 337(1) 338(1) 32 8 
36a EA 10 24 (.19) 60( 27) 325 304(10) 296(16) 392(10) 23 5 
36b EA 10 .30 (.20) .43( 22) 320 296(2) 294(3) 295(2) 25 8 
12a IP 24 .22 (.10) .52(.26) 515 461(10) 456(3) 459(8) 56 5 
12b IP 15 21 (.11) .53(.81) 510 451(4) 447(3) 494(4) 61 4 
12c IP 8 .21(.091) .42(21) 505 444(3) 442(2) 443(3) 62 2 
12d IP 6 .30(21) .46(.17) 500 439(2) 436(2) 438(3) 62 3 
12s IP 8 .23 (.10) .46(20) 495 438(2) 435(2) 436(3) 59 3 
2Sa IP 26 .16( 12) .44(.2S) 405 380(8) 377(6) 378(7) 27 8 
2Sb IP 26 .17 (.060) 50( 19) 400 369(2) 368(2) 368(3) 32 8 
2Sc IP 11 .22 (.12) .44(.23) 395 365(3) 363(2) 364(3) 31 2 
2Sd IP 15 .18( 095) .34(.24) 390 363(2) 361(1) 362(7) 38 2 
25s IP 5 .16 (.025) .51(45) 385 361(2) 358(8) 360(3) 85 8 
29a IP 26 .19 (.071) .49(32) 380 348(7) 346(5) 347(6) 33 a 
2gb IP 26 .15 (.071) .50(21) 370 330(3) 338(3) 339(3) 31 1 
29c IP 26 .18 (.10) .47(25) 360 332(4) 331(4) 332(4) 88 8 
37 IP IS 29 (.14) .52(25) 325 300(6) 297(3) 299(5) 26 4 
14a EC 13 17 (.12) .55(.27) 505 486(11) 483(11) 486(11) 20 3 
14b EC 4 .11 (.035) .26( 16) 505 470(2) 469(2) 469(2) 36 1 
14c EC IS .16 (.059) .53(29) 600 463(2) 462(2) 463(8) 37 8 
14d EC 17 .11 (.062) .44(20) 495 463(1) 462(1) 462(1) 33 1 
27a EC 11 .22 (.22) .53(.19) 405 392(6) 389(6) 391(6) 14 3 
27b EC 14 .13 (.045) .54( 26) 405 379(3) 378(3) 378(3) 27 1 
27e EC 10 .14 (.094) .52(22) 405 374(1) 373(1) 373(1) 32 1 
27d EC 12 12 (.062) .47(.17) 400 377(3) 375(1) 376(8) 84 8 
Z7s EC 6 .17 (.042) .60(27) 400 376(2) 373(1) 374(2) 26 a 
30a EC 22 .20 (.11) .54( 26) 385 365(8) 364(7) 365(8) 20 2 
30b EC 16 .25 (.086) .49(.21) 380 352(4) 351(3) 352(4) 28 2 
30c EC 14 .16 (.036) .44(.19) 380 353(1) 352(1) 358(1) 28 1 
30d EC 11 .17 (.066) .39(.19) 375 360(2) 349(1) 349(8) 86 1 
38a EC 4 .43 (.18) .S2(.18) 336 314(10) 305(7) 309(9) 86 9 
38b EC 11 .23 (.091) .S0(.20) 330 303(3) 301(1) 302(8) 28 8 
38c EC 16 .16 (.062) .60(.24) 330 302(1) 300(1) 301(1) 89 1 
38d EC 6 .19 (.092) .44(.23) 326 303(3) 300(2) 301(3) 84 3 
39s EC 11 .16 (.046) .6S(.36) 320 299(7) 297(4) 298(6) 82 3 
39b EC 26 .17 (.868) .43(24) 310 291(8) 290(2) 290(2) 20 1 

TCnPCRATURES ARC IN K6RCES CCUZUS (STANDARD OCUIATIONS IN RMCNTHCSCS) 
S*>STRIR NUNSCR LO>Lt«JXD •e-THC NUNtCR 9f CONTACTS XN THE SANPLE 
TAU-TME CONTACT PERXOD XN SECONDS TNETA-CONTACT DURATXON/PCRIOD RATIO 
TU'DULK SURTACC TENPERATURE TR«RECOVCRV TENPERATURE TO'CUENCH TCNPERATURC 
DTP^TCRPERATURE DEPRESSION ACROSS PIN OTC«TENPERATURE CHMME DURINO CONTACT 
UA'UATER EA'ETMAHOt IP'XSO-PROPANOt EC-ETHVLENE-CHLORXDE 
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Table 11. Summary of Thermocouple/Pin Data on Surface SHP1612. 

BTP oreTO TP
TMi TMETf* TV T«58 LQ IC 

456(45) 65 31 
46« UA 8 .31( 13) .41(.26) 526 478(46) 444(46) 

344(32) 318(34) 327(37) 146 23 
46b UA 8 .11 (.894) .561.33) 475 

261(65) 279(66) 146 36 
46c UA 7 .•58(.826) .771.28) 425 296(66) 

UA 4 .0as(.868) .67(.31) 428 274(85) 285(39) 239(62) 181 76 
466 

488(24) 385(24) 397(28) 66 23 
47b UA 9 .IS c .884) .54(.35) 465 

232(64) 254(71) 261 44 
47b UA 8 .•S3(.838) .53( 21) 455 277(75) 

48 UA 7 .ease.848) .62( 35) 395 331(53) 293(75) 312(66) S3 39 

281(46) 238(62) 250(57) 81887) .281.15) 348 43 

49b UA 11 .9S2(.868) .53(.26) 335 187(38) 158(33)
49b - UA 8 .H (

172(38) 163 29 
466(6) 15 3 

51b EA 38 14 (.858) .51( 23) 475 461(6) 459(5) 

EA 38 •BS(.842) .42(.24) 465 451(3) 458(2) 456(3) IS 1 
51b 

445(2) 446(2) 9 2 
51c EA 38 .•S2<.845) .411.26) 455 446(2) 

51d EA 38 .12 (.855) .461.22) 456 448(4) 438(3) 439(4) 11 2 

.11 (.857) .471.28) 445 434(2) 432(2) 433(2) 12 2 
51b EA 38 

428(4) 12 3 
5ir EA 38 .14 (.896) .58<.22) 446 438(4) 427(4) 

EA 36 .•7S( 828) .45(21) 415 484(5) 482(4) 463(5) 12 2 
52b 

393(2) 17 1 
52b EA 36 •881.831) .48(.26) 418 394(2) 383(2) 

EA 36 .11 (.843) .48(.31) 485 398(2) 388(2) 389(2) 16 1 
52c 

383(2) 17 1
526 EA 36 .8921.827) .49(.21) 486 384(2) 382(2) 

52a EA 36 .M«(..851) .46(.23) 395 381(3) 379(3) 386(3) 15 2 

521 EA 36 .11 .842) .491.25) 396 376(2) 374(2) 375(2) 15 2 

53b EA 26 12(.858) .56( 15) 356 331(2) 329(2) 336(3) 26 2 

53b EA 26 .18(.865) .57(23) 345 326(1) 324(1) 325(2) 26 2 

54a EA 36 .12(.878) .541.28) 286 266(9) 257(8) 258(9) 22 3 

54b EA 29 .18( 835) .44(.22) 278 248(3) 246(3) 247(3) 23 2 
36 2 

54c EA 36 .11( 838) .52(.17) 265 236(3) 234(3) 235(3) 

546 EA 36 .11 (.835) .55(26) 266 233(3) 238(3) 232(3) 26 2 

55 EA 12 .12(.857) .61(.18) 225 211(8) 286(6) 269(7) 16 5 

56 EA 26 .887(.838) .59(26) 225 261(6) 198(5) 266(6) 25 3 

475(6) 476(7) 19 2
59a IP 36 12( 843) .57(.2S) 495 477(7) 

59b IP 36 .8941.871) .54(.31) 485 469(3) 467(3) 468(3) 17 2 

59c IP 36 18(.846) .47(.22) 486 463(3) 461(3) 462(3) 16 2 

.863) .58(.23) 475 454(4) 452(3) 453(4) 22 2 

394(7) 392(6) 393(3) 17 2
596 IP 27 .11(
66a IP 36 .13( 866) 51(28) 418 

378(3) 22 1
66b IP 36 .8921.839) .57( 19) 468 378(3) 377(3) 

66c IP 36 12( 857) .56(.26) 395 376(2) 374(2) 375(2) 26 2 

666 IP 36 11 (.837) .53(28) 398 373(3) 372(3) 373(3) 17 2 

66a IP 18 .18( 862) .69(.17) 386 363(3) 361(3) 368(3) 23 2 

62a IP 36 .IS (.894) .68(.23) 365 348(9) 345(7) 347(6) 16 2 

62b IP 36 .12(.854) .S4(.19) 355 337(3) 335(3) 336(3) 19 2 

328(3) 327(4) 23 262c IP 39 .15(.864) .52(27) 358 329(3) 
225(6) 25 2

64b IP 36 .14(.869) .65(.47) 258 226(6) 224(5) 

64b IP 31 .896(.841) .51(22) 245 217(2) 215(2) 216(2) 29 1 
211(4) 29 2

64e IP 36 891(.835) .52(24) 248 212(3) 211(3) 

646 IP 36 .18(.848) .52(25) 236 284(3) 282(3) 263(3) 32 2 

64a IP 36 .13( 872) .46(38) 235 285(2) 283(2) 264(2) 31 2 

64r IP 23 897(.847) .53(21) 238 283(2) 281(2) 262(2) 26 2 

65b IP 18 13( 851) .62(22) 218 198(8) 187(7) 189(1) 21 3 

65b IP 17 .18(.838) .53(.18) 218 173(5) 178(5) 171(5) 39 3 

66 IP IS .19(.12) .59(.19) 286 192(7) 187(18) 289(9) 16 4 

68b EC 25 .11 (.853) .55(.25) 475 467(6) 455(5) 456(8) 19 2 
2

68b EC 12 .12(.848) .54(.28) 465 454(5) 452(5) 453(5) 12 

69b EC 36 .12(.853)- .57(.26) 456 442(7) 448(8) 441(7) 14 a 

69b EC 31 .899(.831) .58<.18) 445 431(8) 438(2) 431(2) 14 1 

69c EC 33 .13(.868) .54(.22) 446 426(2) 424(2) 425(2) 16 a 

71b EC 26 .88S(.854) .48(.34) 366 358(4) 356(3) 3r7(3) 3 1 

366(2) 349(1) 346(2) 6 1 

71c EC 36 11 ( 845) .S4(.2S) 355 347(1) 346(1) 
71b EC 36 .11( 858) .58(.16) 355 

346(1) 9 1 

716 EC 36 .18( 834) .59(24) 356 342(1) 341(1) 342(1) t 1 

71a EC 27 •IS( 859) .63(.87) 345 336(2) 335(2) 336(2) 9 1 

72b EC 36 .13( 857) .66(.26) 275 864(6) 263(6) 264(6) 11 1 

72b EC 23 .14( 862) .52(.17) 878 255(2) 254(1) 854(2) 16 1 

238(4) 237(4) 237(4) 16 173b EC 36 .11( 859) .58(.22) 255 
73b EC 36 .893( 835) .57(21) 258 231(2) 238(2) 831(2) 19 1 

73c EC 31 .11 ( 838) .56(.22) 256 226(2) 225(2) 286(2) 24 1 

736 EC 31 .12( 853) .52(.26) 246 225(2) 224(2) 285(2) 86 1 

74 EC 28 .14 t 872) .56( 29) 215 197(13) 193(13) 195(13) 86 3 

TCTPCTATURCS WJE IM DCQIKES CELSIUS (STANOARD DEVIATIOHS IN PARENT)«SES) 
S8-STPIP NUNBER LO'LIOUIO 8C-THE NUNBC2 Of COMTACTS IN TWE SANPU 
TAU-THE COKTACT PERIOD IN SECONDS THETA-CONTACT OURATIOH/PERIOO RATIO 
rU'lUUC SURfACE TEMPERATURE TR-RECOUERV TEMPERATURE TO-OUENCH TEMPERATURE 
DTP.TEMPERATURE DEPRESSION ACROSS PIN DTC-TEMPERATURE CHANCE DURING CONTACT 
UA-UATER EA-ETMANOL IP-ISO-PROPANOL EC-ETHYLENE-CHLORIOE 

https://853)-.57(.26
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Table 13. Experimental and Calculated Contact Temperature, 

STRIP# SURFACE LIQUID INITIAL CONTACT TENPECATURE 
TENP. EXP. CALC. 

1 CPS4 UATER 498 C 453 C 453 C 
3 CPS4 UATER 497 C 468 C 452 C 
4 CPS4 UATER 592 C 468 C 456 C 
S CPS4 UATER 487 C 439 C 443 C 
6 CP54 UATER 49S 0 432 C 458 C 
17 CPS4 UATER 44S C 418 C 481 C 
18 CPS4 UATER 445 C 487 C 485 C 
19 CPS4 UATER 433 C 379 C 395 C 
29 CPS4 UATER 432 C 378 C 394 C 
46 SHPS612 UATER 505 C 428 C 445 C 
47 SHP8612 UATER 468 C 428 C 438 C 
47 SHP2612 UATER 485 C 368 0 358 C 
46 SHPasia UATER 395 C 353 C 358 C 
49 SHP2612 UATER 338 C 288 C 292 C 
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Figure 5. Film Boiling States (after Baumeister [20]). 
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Figure 20. CP54 Thermocouple/Pin Calibration Curve. 
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Figure 21. SHP2612 Thermocouple/Pin Calibration Curve. 
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TIME 

Figure 23. Typical Area/Time Plot Showing Drop Oscillations 
and Photographic Sampling. 
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Figure 24. Area/Time Plot Showing Different Curves Which 
Might Be Drawn through the Same Data Points. 
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MEATC FINITC DIFFERCNCt PMCIMn TO OrifWIItC THC TUMtSXCNT TWEROTWC Of A 
CVLINORICM. PXN SUSJCCTCS TO FULSC-IIKE KRIOOIC IXOUIO-SOLXO CONTACT 

ROOCLXNO THC PHCNONCIM* 
1. CXRCUnFERCNTXAL SVmCTRV XS ASSUNCO 
а. THE SUtSTRATA XS ASSUflED TO K ISOTHERNAL 
3. THE LIOUXD-SOLID CONTACT IS ASSUtlEO TO PULSE-LXKC PCRXOOXC 

UXTH PERIOD TAU AND DURATION TAUC 
4. UHERE LIQUID-SOLID CONTACT OCCURS A CONTACT-TVRE HEAT FLUX IS INFOSED 
5. UHERE LIOUIO-SOLXD CONTACT DOES NOT OCCUR A POOL BOILXNO HEAT FLUX 

IS IMPOSED 
б. THE ENTIRE BOXLINO CURVE XS USED TO DETERMINE HEAT FLUX DEPENDING 

ON THE LOCAL TEMPERATURE 
7 THE IMPOSED HEAT FLUX VARIES UXTH TIME. TEMPERATURE. AND NODAL POINT 

LOCATION 
t. THE THERMOPHVSXCAL PROPERTIES OF THE SOLID ARE ALLOUED TO VARY UXTH 

TEMPERATURE 
9 THC CERAMIC INSULATOR OCCUPIES NODES S. fi . 9. X«. 13. 14. 17. L 19 

DESCRIPTION OF PROGRAM-
1. 29 NODES ARC USED 
a. FOURTH ORDER RUNGE-KUTTA INTEGRATION XS USED 

LOCATION OF NODAL POINTS' 

DIAMETER D —» 

01 ea 03 04 (CONTACT) 
U » XS XX 

♦ » 01 oa—03 04RX0S (CONTACT) 
I I t I I I 
I I t I I I 

-OS OS 07—09XX09 (CONTACT)
H I t I t 
E I I < 
I -09—11 -11 iaXX07 (NO CONTACT)
0 I I I t 
H I I I I 
T -13 14 15 ISXXOt (NO CONTACT) 

I I I I 
I I I I 

♦—17 19— 19 a0XX09 (NO CONTACT)
I I I I I 
I I I t I 

«««*! »000 
ISOTHERMAL SUBSTRATA AT TEMPERATURE TU 

HEAT FLUX DISTRIBUTION' 
1. CONXJCT XS ASSUMED TO OCCUR OHLV AT NODES 1-4 AND 9 (THUS Ol-OS)
a. SINCE THE LIQUID UETS THC SURFACE DURING INTIMATE LIQUID-SOLID CONTACT 

IT SEEMS REASONABU TO INCLUDE NODE 9 IN THE CONTACT PROCESS. 
, THAT ONE-THIRD OF THE PIN HEIGHT IS SUBJECTED TO CONTACT3. IF T>« LOCAL TEMPERATURE FALLS BELOU THE HFBT THEN THE NODE IS 

SUBJECTED TO THE USUAL POOL BOILING HEAT FLUX 

Figure 29. Location of Nodal Points Used in Finite 
Difference Model. 
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/3 - 0'r ^ 
surface not contacted by liquid 

y3 < 90' 

surface not "wet" by liquid 

P > 90' 

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) 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%, PLOTzHV, ROUGH, and SMOOTH). 

2) LAMBDA (determines the value of the characteristic length 

parameter X, 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). 

3) PLOT:FRC (computes and plots the apparent relative contribu 

tions of convection, radiation, and contact to the 

total heat flux as a function of dimensionless 

superheat and dimensionless drop volume). 

4) 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 volimie). 

5) PLOTrHV (plots the dimensionless heat flux as a function of 

dimensionless superheat and dimensionless drop volume). 

6) ROUGH (macro-roughened surface data reduction—computes 

hf, h(,, h^, B, Nuy, Nu]), Nup, Nup, , and Bic). 

7) SMOOTH (smooth surface data reduction—computes hp, hp, 

B, Nuy, Nup, and Nup). 

8) 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 proceeds 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 nxmiber 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.). Uiis 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 algorithjmi 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. 



 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 

236 CREATE PROCRAR TO REDUCE lEXOENFROST FlUf iOILlNO DATA 

database 

C 
DINENSION C(4).A(9g).AL(99).ALS<99).T(99) DATABASE 
INTEGER TITLE(49) DATABASE 
REAL LANBOA.KG.NUG.KS.KP.NUU.L DATABASE 

C 

C 
C 

DEFINE PHYSICAL CONSTANTS 
DATA PI.G.SIGNA/a.l4159,989..5.6688E-1E/ 

CONVERGENCE INFORNATION UILL BE PRINTED FOR 
PLOT OF EXPERinENTAL AND SROOTHENED AREA US 

IPRT>t 
TinE UILL BE PRINTED 

database 
DATABASE 
DATABASE 
DATABASE 

C FOR IPRT>9 DATABASE 
IPRT-9 DATABASE 
IPRT-1 DATABASE 
IPRT-2 

C DATABASE (CARD DECK) UILL BE PUNCHED FOR IPUNCH>9 DATABASE 
IPUNCH-9 DATABASE 
IPUNCH-1 DATABASE

C READ IN THE ROLL#. SEQUENCE#. THE NUNBER.OF POINTS. THE TINE STEP database 
C AND THE BULK SURFACE TENPERATURE DATABASE 

1 READ(5.iee9) NROLL.NSEO.NPOINT.OT.TU DATABASE 
1999 F0RflAT(I2,lX.I3.1X,I2.1X.F3.9.1X.F4.9) DATABASE

IF(NROLL.LE.9.OR.NPOINT.LT.2 OR.NPOINT GT.99) STOP DATABASE 
C PUNCH NEU IDENTIFIER CARD DATABASE 

IF(IPUHCH.NE.9) URITECT.1999) NROLL-NSEQ.NPOINT.DT.TU DATABASE 
C READ IN TITLE DATABASE 

REA0(5.2999) (TITLE(I).1-1.49) DATABASE 
2999 F0RnAr(49A2) DATABASE 
C PUNCH NEU TITLE CARD DATABASE 

IFdPUNCH.NE 9) URITE(7.2999) (TITLEd).I-l.49) DATABASE
C READ IN THERNOPHVSICAL PROPERTIES DATABASE 

;22®? s• •tl.hfg.kf DATABASE3999 r0RnAT(F6.4.F5.3.E9.3.F6 4.F7 6.E9 3.F5.4.F7 5.F5.1.F6.1.E9.3) DATABASE 
C PUNCH NEU THERflOPHVSICAL PROPERTY CARD DATABASEIf<IPW«H.HE.9) URITE<7.3999) LAN8DA.CPG.K0.RH0F.RH06.nUG.KS.EPS. DATABASE 

/ » L#Hr G#Kr DATABASE
C CALCULATE DINENSIONLESS SUPERHEAT DATABASE 

SH-CPG*(TU-TL)/HFG DATABASEC CALCULATE RADIATION HEAT TRANSFER COEFFICIENT DATABASE 
HR-SIGnAI((TU*273.1S)«4-(TL*273 15)**4)/(TU-Tl) DATABASE

C READ IN AREA DATA DATABASE 
READ(S.4999) (Ad).I-l.NPOINT) DATABASE 

4999 F0RnAT(19F8.3) DATABASE
C CALCULATE TINE VECTOR DATABASE 

DO 2 I-l.NPOINT DATABASE 
2 T(I)-DTXFL0AT(I-1) DATABASEC FIND THE COEFFICIENTS UHICH CORRESPOND TO A BEST-FIT OF THE DATA DATABASE

CALL FINDC(A.T.DT.NPOINT.C.DfllN.IPRT.AL) DATABASE
C URITE HEADING ON NEU PAGE DATABASE

URITE(6.5999) NROLL.NSEO.(TITLEd).1-1.49) DATABASE5999 F0R«AT(1H1,32X.39HUIDENFR0ST FILN BOILING DATA REDUCTION.//. DATABASE 
>42X^0LL.13.3X.8HSE0UENCE.I4./.12X.49A2.//) DATABASE
URITE(6.5199) (Cd).I-1.4).DniN DATABASE5199 FWnAT(5X.^CURVE FIT OF AREA(TinE) DATA BY LEAST ABSOLUTE RELATIDATABASE 

>VE DISCREPANCY. database 
>/,5X.33HA(T)-EXP(Cl*(C2-T)I(C3-T)/(C4-T))./, DATABASE 

DATABASE 
DATABASE 

^ •*®•"***■' ''**>® • mC • KS. EPS. TL. HFG. KF DATABASE
QV 4HRH0F.7X.4HRH0C. 19X. DATABASE>3HnW. '2HKS. •3H|PSILON.6X.4HTSAT.5X.3HHFQ.19X.2HKF./. 

DATABASE>ix:" ^•4x:Fl;^:ix:ii;i:^!{/® 3.4X.FS.4.SX.F7 s. DATABASE 
DATABASEURITE(6.539e) 
database5399 F0RnAT(8X.lHT.7X.lHA.6X.5HASRTH.3X.13H-D(LN(AS))/DT.4X 2HAX 4X database 
DATABASE/6X«5N(ScC)*eX»7H(Cn>S2)«2X«7H(Crax2)«4X.9H<SCClX-l ) lAy DATABASE>7H(Cn«3), 2X. 4H(Cn) .2X. ll»S(U/Cn«2/(^)) li.isx. 
DATABASE 

: CALCULATE SNOOTHENED AREA 
DO 4 l-l.NPOINT 

database 
DATABASE 
DATABASE 
DATABASE' flfS^yXTIVE OF LN(AREA) UITH RESPECT TO TINE DATABASE 
DATABASE 

ASTAR-AS/LANB DAXZ2 DATABASE 
DATABASE 
DATABASE ' °^^VSTAR-VOFA(aItaR^^®® DINENSIONLESS AREA 
DATABASE: CALCULATE VOLUNE 
DATABASEV-VSTARXLANBDAXXS DATABASE: CALCULATE DROP THICKNESS 
databaseL-V/AS 
database' EXPERINENTAL HEAT TRANSFER COEFFICIENT databaseHEXP-RHOFXHFGXDVDA(ASTAR)XLANBDAXDLNADT/(TU-TL) database 
DATABASE 

o*5H 

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
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DG-B*KF/CPC 
DO 3 ITCR-l.ie 
DELTA-((3 >9 «0G/80 /nUGiXDGtmjGXASSXa/ 

>(2 XPItGXRHOG*(RHOF-RHOG}XU))«X.SS 
DG-(KF/F(B)♦HRXDELTA)X(TU-TL)/HF6 

3 B-DGXCPG/KF 
HB-BX<F/DELTA/'SH 

C CALCULATE THE RATIO OF THE EXPERWENTAL HEAT TRANSFER COEFFICIENT 
C TO THE THEORETICAL UALUE FOR A SNOOTH SURFACE 

HEHB-AniNl(99 9.HEXP/HB)
C CALCULATE THE EXPERINENTAL NUSSELT NUNBER BASED OH THE DROP UOLUHE 

NUU-HEXPXUXX 333333/iCG
C CALCULATE DINENSIONLESS HEAT FLUX BASED ON DROP UOLUNE 

H-NUUXSH 
C URITE EXPERINENTAL AND CALCULATED VALUES TO LINE PRINTER 

URITEIS.SOeO) T(I).A(I).AS,OLNADT.ASTAR.VSTAR.U>L.HEXP.HEHB.
^NUU*H 
F0RnAT(5X,F6.«.F8 3.F9.3.Fl3.5,F10.l.F7.1.F8.3.F7.3.Flt.5,F9 3. 

>F7.1.F6.1)
C PUNCH DATABASE (CARD DECK) 

URITE(7.7e«e) NROLL.NSEO.I.SH.WSTAR.HEHB.H 
7000 F0RnAT(I2,lX.I3.1X.I8.F6.3.F8.S.F6.3.F7.2)

C PLOT EXPERINENTAL AND TINE SNOOTHENED AREA US. TINE 
IFdPRT.CT 0) CALL APLOTITITLE.AL.ALS.NPOINT.OT)
CO TO 1 
END 
SUBROUTINE FINDC(A.T.DT,NPOINT,CNIN.DNIN.IPRT.AL) 

S cowe^ds to a niNinun
S DISCREPANCY BETUEEN THE EXPERINENTALC DATA AND THE APPROXINATING FUNCTION 

piNENSION AL(99).C(4).DFDC(4).D2FDC2(4.4).S(4).JPIU0T(4).
^ >CaT<99).C3T(99).C4T(99).A(99).T(99).CNIH<4)
C SET-UP LOG(AREA) VECTOR 

DO t I-l.NPOINT 
C CHECK FOR AREA OUT OF RANGE 

IF(A(I).GT .0001.AND.A(I).LT.100.) GO TO 1 
URITC(6#19M)

1000 F0RNAT(5X.31HXXXXX AREA OUT OF RANGE XXXXX) 
STOP 

1 AL(I)-ALOG(A(I))
C INITIALIZATION ALGORITHN FOR VECTOR *C* 

ICS—0 
DO 2 I-2.NP0INT 

2 IF(AL(I-1)XAL(I) LE.0.) IC2-I 
IF(IC2.NE.0) C(2)-T(IC2)
IF(IC2 EO 0.AND.AL(1).LT 0.) C<2)—DT
IF(IC2 EO 0.ANO AL(1).GT 0. ) C(2)-T(NP0INT)m 
C(4)-T(NP0INT)fDT 
C(3)-3 XC(4)-2.XC(2)
C(1)-AL(1 >XC(4)/C(2)''C(3)

C INITIALIZE NININUN ERROR 
C INITIALIZE DIFFERENCE EQUATIONS AND GRADIENT VECTOR 

DO 3 I-l.NPOINT 
C2T(I)-C(2)-T(I)
C3T(I).C(3)-T(I)

3 C4T(I)-Ct4)-T(I) 
« ^ CAU CRA0(C(1 ),C2T.C3T,C4T.AL.NP0INT.DFDC) 
r RELATIVE DISCREPANCY CORRESPONDINGC TO THE INITIAL E5TIHATE 

DNIH-AAflD<C,A,T.DT.NPOINT)
C INITIALIZE THE CNIN VECTOR 

DO 4 1-1.4 
4 CniN(I)-C(l) 

^ sectors and corresponding DISCREPANCY 

DANP-.S 
DO 10 ITER-1.100 

C DETERNINE HESSIAN NATRIX 

I 'iSEC SSJSJxiSKJ'SS 
DO 5 1-1,4 
DC-DT 
IF(I.EO.l) 0C-.2<C(1)

5 C(IJ-CID-DAHPXSIGNIANIHKDC.ABS(S(I))),DF0C(I)) 

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 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 
FINDC 

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
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C2*C(2) FINDC 
C(2)-AftlNl(C(2).C(3)) FINDC 
CO)-M1AXl(C2.C<3)> FINDC 
C(2)-AniNl<C(2).C(4)-DT) FINDC 
C(3)*AflAXl(C(3).C(4)4-DT) FINDC 
C(3)«AflINl(C(3).5.XC(4)-4.XC(2)) FINDC 
C(l)>AflAXl( lXAL(l)/C(4).AniNl(19 XAL(1)/C(4).C(1))) FINDC

DETERfllNE NEU AVERAGE ABSOLUTE RELATIVE DISCREPANCY FINDC 
DIS»AARD(C,A.T,DT,NPOINT) FINDC 

'•^SS THAN THE PREVIOUS NINIBUfl ERROR SAVE THE NEU FINDC 
VALUES OF C IN THE VECTOR •CNIN* FINDC 

IF(DIS.GE.DniN) GO TO 7 FINDC 
DniN«DIS FINDC 
DO 6 1-1.4 FINDC 

6 CniN(I)-C(I) FINDC 
DETERfllNE NEU DIFFERENCE EQUATIONS FINDC 
7 DO 8 I-l.NPOINT FINDC 
C2T<I).C(2)-T(I) FINDC 
C3T(1)-C(3)-T(I) FINDC 

8 C4T(I)-C(4)-T(I) FINDC 
DETERNINE NEU GRADIENT FINDC

CALL GRAD(C(1).C2T.C3T.C4T,AL.NPOINT.DFDC) FINDC 
DETERfllNE THE NAGNITUDE OF THE GRADIENT VECTOR FINDC 

CN-9. FINDC 
DO 9 1-1.4 FINDC 

9 Cn-Gn4ABS(DFDC(I)) FINDC
URITE UPDATE ON CONVERGENCE OF ITERATIONS FINDC

IFlIPRT.GT.l) URITECfi.aieO) (C(I).I-l.4).(DFDCd).I-t.4).DIS.lER FINDC 
reached in so iterations reduce FINDCDABPING FACTOR. RE-INITIALIZE 'C*. AND RESTART ITERATIONS FINDC 

IFdTER N£ SO) GO TO 10 FINDC 
DANP-.1 FINDC 
C(4)-T(NP0INT)4DT FINDC 
C(3)-3.XC(4)-2.XC(2) FINDC 
C(1)-AL(1)XC(4)/C(2)/C(3) FINDC 

FINDCIpEcIfIED^TOLERAHC?* NAGNITUDE OF THE GRADIENT IS UITHIN THE FINDC 
10 IF(GN.LE.l.E-6) RETURN FINDC

211"'^Itained in loo iterations abandon FINDC 
FINDCALONC^S* DESCENT AND CONRENCE DIRECTIONAL SEARCH FINDC 

C(4)-FL0AT(HP0INT-1) FINDC 
DFDC(1)-DTXC(4)X(C<4)41.)/2. FINDC 
DFDC(2)-DTXDF0C(1)X(2.XC(4)41.)/3. FINDC 
DFDC(3)-DTXDFDC(1)XX2 FINDCDFDC(4)-DTXXEXDFDC(2)X(3.XC(4)XX243.XC(4)-l.)/5. FINDC 
C<4)-C<4)+1. FINDC 

^)-DFDC(3)XX2)-DFDC(1)XDFDC<4)) FINDC 
>-DFDC(2)XX3-<'2.XDFDC(1)XDFOC(2)XDFDC(3) FINDC02F0C2(1.1)-(DFDC(2)XOFDC<4)-DFDC(3)XX2)/C(1) FINDC

M}"{ ?}*2£5®*2 1 (4))/c(1) FINDC 
D^0C2(1.3)-<DFDCd)XDFDC<3)-DFDC<2)XX2)/C(I) FINDC 
02FDC2(2.i)-02FDC2(1.2) FINDC 
D^DC2(2.2)-(C<4)XDFDC(4>-DFDC<2)XX2)/Cd) FINDC 
D2FPC2(2.3)>(DFDC(1)XOFOC(2>-C14)XDFOC(3)).^C(1) FINDC 
^DC2(3.1)-D^DC2d.3) FINDC^M2<3.2)-D2FDC2(2.3) FINDC 

FINDCcf4?3f ' 
FINDC 
FINDC 

DO 16 ITER-1.100 
C(4}-C(4)-»DT/10. 

FINDCDO 11 1-1.3 
11 Cd)-0. FIHDC 

DO 12 I-l.NPOINT FINDC 
FINDCDC-AL(I)X(C(4)-Td)) 

DO 12 J-1,3 FINDC 
FINDCCtJ)-C(J)*DC 

12 DC-DCXT(I) FINDC 
FINDCDO 13 1-1.3 
FINDCDFDCd)-0. 
FINDCDO 13 J-1.3 
FINDC 
FINDC"C(I'jiDfScS®'^>^D2FDC2<I.J)XC(J) 
FINDCIF(C(1).LT 1 E-S) GO TO 16 
FINDCDFDC(1)-DFDC(D/DFDC(3) 
FINDCDFDC(2)—DFDC(2)/DFDC(3) FINDCDFDC(4)-DFDC(2)XDFDC(2)-4.XDFDC(1) 
FINDCIF(DFDC(4).LE.O ) GO TO 16 
FINDCDFDC(4)-S0RT(DFDC(4)) 
FINDCC(3)-(DFDC(2)+DFDC(4))/2. 
FINDCIF(C(3).LT C<4)fDT) GO TO 16 
FINDCC(2)-DFDC<1)/CJ3) 
FINDC1F(C(2),GT.C(4)-DT) GO TO 16 
FINDC 

https://IF(C(3).LT
https://IF(C(1).LT
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OIS-AARD(C.A.T,DT.NPOINT) FINDC 
ir(Dis.GC.oniN) GO to is FINDC 
DfllN-DIS FINDC 
DO X4 1-1.4 FINDC 

14 CniN(I)-C(I) FINDC 
15 IFdPRT GT.l) URITE(6.22eO) (C(I),I>1.4).0IS FINDC 

2200 F0RnAT(2X.4G14.6.56X.G14.6) FINDC 
16 CONTINUE FINDC 

RETURN FINDC 
END FINDC 
SUBROUTINE GRAD(01.C2T.C3T,C4T.AL.NPOINT.DfDC) GRADIENT 

0 GRAD DETERNINES THE GRADIENT OF THE RESIDUAL GRADIENT 
DINENSION C2T(99).C3T(99).C4T(99>.AL(99).DFDC(4) GRADIENT 
DO 1 1-1,4 GRADIENT 

1 DFDC(I)-0 GRADIENT 
DO 2 I-l,NPOINT GRADIENT 
DFOC(1)-DFDC(1)*a.tCitCeUI)*C2T(I)*C3T(I)tC3T(I)/C4T(I)/C4T(I)- GRADIENT 

>2.*AL(I)XC2T(I)XC3T(I)/C4T(I) GRADIENT 
DFDC(2)-DFDC(2)«2.XClXClXC2T(I)tC3T(I)fC3T(l)/C4T(I>/C4T(I)- GRADIENT 

>2.XAL(I)XC1XC3T(1)/C4T(I) GRADIENT 
DFDC(3)-DFDC(3)42.XClXClXC2T(I>XC2T(I)XC3T(I)/C4T(I)/C4T(I)- GRADIENT 

>2.XAL(I)XC1XC2T(I)/C4T(I) GRADIENT 
2 DFDC(4)-DFDC(4)-2.XC1XC1XC2T(I)XC2T(I)XC3T(I)XC3T(I)/C4T(I)/ GRADIENT 
>C4T<I)/C4T(IH2.XAL(I}XC1XC2T(1)XC3T(I)/C4T(I)/C4T(I) GRADIENT 

GRADIENT 
3 DFDC(I)-0FDC(I)/F10AT(NP0INT) GRADIENT 

RETURN GRADIENT 
END' GRADIENT 
SUBROUTINE HESS(01.C2T.C3T.C4T.AL.NPOINT.02FX2) HESSIAN 

C HESS DETERNINES THE HESSIAN NATRIX (RESIDUAL TENSOR) HESSIWt 
DINENSION C2T(99>.C3T(99).C4T(90).AL(99).02FOC2(4.4) HESSIAN 
00 1 1-1.4 HESSIAN 
DO 1 J-1.4 HESSIAN 

1 D2FDC2(I.J)-0 HESSIAN 
DO 2 I-l.NPOINT HESSIAN

^ p2F0C2(1.1)-02FDC2(1.1)*2.XC2T(I)X02T(I)X03T(I)XC3T(1)/'04T(I)/ HESSIAN 
)C4T(I) HESSIAN
D2FDC2(1.2)-D2FDC2(1.2)*4.XC1XC2T(I)XC3T(I)XC3T(1)/C4T(I)/'04T(I)- HESSIAN 

>2.XAL(I)XC3T(I)/C4T(I) HESSIAN
D2FDC2(1.3)-D2FDC2(l.3)*4.XC1XC2T(I)X02T(I)XC3T(I)/04T(I)/04T(I)- HESSIAN 

>2.XAL(I)XC2T(I)/04T(I) HESSIAN 
D2FDC2(1,4)-02FDC2(1.4)-4.XC1X02T(I)X02T(I)X03T(I)X03T(I)/04T(I)/ HESSIAN 

>C4T(I)/04T(I)*2 XAL(I)XC2T(I)XC3T(I)/04T(I)/04T(I) HESSIAN 
D2FDC2(2.2)-D2FDC2(2.2)-f2.XClXClXC3T(I)X03T(I)/C4T(I)/C4T(I) HESSIAN 
D2FDC2(2,3)-02FDC2(2.3)44.XC1XC1XC2T(I)XC3T(I)/04T(I)/C4T(I)- HESSIAN 

>2 XAL(nxCl/04T(I) HESSIAN
D2FDC2(2.4)-D2FDC2(2.4)-4 XC1XC1XC2T(I)XC3T(I)X03T(I)/04T(I)/ HESSIAN 

>C4T(I)/C4T(1 .XAL(I)XC1XC3T(I)-'C4T(I)/C4T(I) HESSIAN 
D2FDC2(3.3)-D2FDC2(3.3)+2 XC1XC1XC2T(I)XC2T(I)/C4T(I)/C4T(I) HESSIAN 
D2F0C2(3.4)-D2FDC2(3.4)-4.XC1XC1XC2T(I)XC2T(I)XC3T(I)/04T(I)/ HESSIAN 

>C4T(I)/'C4T(I)+2.XAL(I)XC1XC2T( I )/C4T(I)/C4T(I) HESSIAN 
2 p2FDC2(4,4)-D2FDC2(4.4)fS.XClXC1XC2T(I)XC2T(I)X03T(I)XC3T(I)/ HESSIAN
>C4T(1)/C4T(I)/C4T(I)/04T(I)-4.XAL(I)X01XC2T(I)XC3T(I)/C4T(I)/ HESSIAN 
>C4T(I) HESSIAN 
00 3 1-1.3 HESSIAN 
Il-I*l HESSIAN 
DO 3 J-I1.4 HESSIAN 

3 D2FDC2(J.I)-D2FDC2(I.J) HESSIAN 
DO 4 1-1.4 HESSIAN 
DO 4 J-1.4 HESSIAN

4 D2FDC2(I.J)-D2FDC2(I.J)/FLOAT(NPOINT> HESSIAN 
RETURN HESSIAN 
END HESSIAN 
FUNCTION AARD(O.A.T.DT.NPOINT) ADISCREPC AARD CALCULATES THE AUERAGE ABSOLUTE RELATIUE DISCRCPANCV BETWEEN ADISCREP0 THE EXPERINENTAL DATA AND THE APPROXINATING FUNCTION ADISCREP 
DINENSION C(4).A(99).T(99) ADISCREP 
AARD-e ADISCREP 
DO 1 I-l.NPOINT ADISCREP0 DETERNINE THE SNOOTHENED AREA FRON THE APPROXINATING FUNCTION ADISCREP 
ASL-C(1)X(C(2)-T(I))X(C(3)-T(I))/(C(4}-T(I)) ADISCREP
AS-EXP(ANAXl(-ie..ANINKIO,.ASL))) ADISCREP 

® O"" the RELATIUE DISCREPANCY ADISCREP
1 AARD-AARD*ABS((A(I)-AS)/A(I)) ADISCREP 

® POINTS TO DETERNINE THE AUERAGE ADISCREP 
AARD-100.XAARD/FLOAT(NPOINT) ADISCREP 
RETURN ADISCREP 
END ADISCREP 
function UOFA(A) UX(AX)

losisMfi'*..102842212/ UX(AX>
AL-AL0G19(A) UX(AX)
UL-1.2SXAL-C1-SQRT(.0«25XALXAL-K2XAL«C3) UX(AX) 
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UOrA-l*.«SUL 
RETURN 
ENO 
FUNCTION OUMCA) 
DATA Cl.02.03/'-.117978129.-.lAai88«6-4..1A2842212/ 
U-UOFA(A) 
AL'ALOCietA) 

0U0A«UI(1.25-(.e825XAL>.5l02)/'SQRT(.e62S«AUAL«02lAU03))/A
RETURN 
ENO 
FUNCTION F(B) 
F-1.+£XP(.5*8) 
00 1 1*1.99 
Z>.ei*FLOAT(I) 

1 F-F+2 *EXP<.S*8*(l.-2*2*Z*(2.-2))) 
F-.995XF 
RETURN 
ENO 
SUBROUTINE GAUSSPIA.NA.B.NB.X.NX.JPIVOT.NJP.N.RLOCD.DSIGN.IER)

0 CAUSSP PERFORNS GAUSS ELIMINATION WITH FULL COLUMN PIUOTliw 
DIMENSION A(NA.NA).B(NB).X(NX).JPIUOTCNJP> 
IER"0 

IF(IER^f«%?*REtURN'** OR.N.GT.HJP.OR.N LT.2) IER-1 
DELTA-1.E-30 
OSIGN-1. 
RLOGO-e. 
Nl-N-1 
DO le I-l.N 

10 JPIUOT(I)-I 
00 90 K-l.Nl 
IC1-K41 

IPIUOT-K 
JTEHP-K 
RMAX-A6S(A(K.K)) 
DO 20 1-K.N 
DO 20 J-K.N 
IF(ABS(A(I.J)).LE.RMAX) GO TO 20 
RMAX-ABS(A(I.J)) 
IPIUOT-I 
JTEMP-J 

20 CONTINUE 
IF(IPIUOT.EO.K) CO TO 40 
IF(RHAX.LT.DELTA) GO TO 120 
OSIGN—DSIGN 
BT£MP-B(K) 
B(K)-B(IPIUOT) 
B(IPIUOT)-BTEMP 
DO 30 J-K.N 
ATEMP-A(K.J) 
A<K.J)-A(IPIVOT.J) 

30 A<IPIUOT.J)-ATEMP 
40 IF(JTEMP.EO.K) GO TO 60 

DSIGN—DSIGN 
JTP-JPIUOT<JTEMP) 

JPIUOTfJTEMP)-JPIUOTCK) 
JPIUOT<K)-JTF 
DO 50 I-l.N 
ATEMP-A(I.JTEMP) 
A(I.JTENP)-A(I.K) 

50 A(I.K)-ATEnP 
60 RLOGD-RLOG04ALOC10(ABS(A(K.K))) 

IF(A<K.K).LT.0.)OSIGN—OSIGN 
00 80 I-Kl.N 
AR>A(1.K>/'A(K.K) 
IF(ABS(AR).LT DELTA) GO TO 80 
B<I)-B(I)-ARXB(K) 
00 70 J-Kl.N 

70 Ad.J)-A(I.J)-AR*A(K.J) 
80 CONTINUE 
90 CONTINUE 

IF(ABS(A(N.N))LT.DELTA) GO TO 120 
RLOGO■RL0GD4AL0G10<ABS(A(N,N)))
IF(A(N.N).LT.O. ) DSIGN—OSIGN 
X(JPIVOT(N))-B<N)/A(N.N)
00 lie IN-2.N 
I-N41-IN 
X(JPIUOT(I))-Bd)
II-I+l 
DO 100 J-Il.N 

110 X( JPIUOTd ))-X( JPIUOTd > )/Ad. I) 

UX(At) 
U«(At) 
UX(A*)
DUX/DA* 
OUX/DAX 
DUX/DAX 
OUX/OAX 
OUX/DAX 
DUX/DAX 
DUX/DAX 
F(B) 
F(B) 
F(B) 
F(B) 
F(B)
F(B) 
F(B) 
F(B) 
GAUSSP 
GAUSSP 
GAL^SSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
CAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
CAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
GAUSSP 
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Program LAMBDA 

Program LAMBDA determines the value of 1 (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. In the step-search method the value of X is 

incremented until a minimum is over-stepped, the value of X is 

reduced by twice the increment size, and the search is continued 

with smaller increments until a desired accuracy is obtained. The 

values of X generated by this program were used to plot the solid 

lines 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. 
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CREATE PROCRAn TO DCTERRINE lAHBDA FROM AREA UOLURE DATA 
Q 

REAL LAIWOA VJKHi 
INTEGER TITLE(39) J-5!!!S5 
DIHENSION A(S9).y(5«) ^ !-52!S5 

C READ IN THE NUNBER OF DATA POINTS AND THE TITLE 
1 R£AD(S.1BW) N.CTITLEd).1-1.39)

i»e« F0RnAT(i2.39Aa) J-5i!!55 
IFCN.EQ.B) STOP ie«9 

0 READ IN THE AREA DATA 
READ(5,ieiO) (A(I).I-l.N) W2IK 

iei« FORNATdBFS 3) 1^2555 
C READ IN THE UOLUNE DATA i-22SS2 

READcs.ieio) (U(i).i-i.N) !^2S52 
ENEU-1 El» LAMBDA 

0 INITIALIZE THE UALUE OF LATIBOA AND THE STEP SIZE .^2!52 
LANBDA-e W2!S2 
DL- 1 LAMBDA 

C SET THE NUMBER OF FURTHER DIGITS OF SEARCH 
IDIGIT-4 LAMBDA 
DO 3 I-l.IDIGIT LAMBDA 

C INCREMENT THE DECINAL ACCURACY OF THE STEP SIZE }^2!5?
DL-DL>'tO LAMBDA 

C INCREMENT LAMBDA !^2I52 
2 LAMBDA-LAHBDA+DL W2!52 

C STOP FOR LAMBDA OUT OF RANGE ^22552 
IF(LAMBDA.GT.1.)STOP 2222 J^2I52 
EOLD-ENEU WIK 
ENEU-ERR(A.U.LAMBDA.N) LAMBDA 

C DETERMINE IF THERE IS A REDUCTION IN ERROR UITH THIS STEP LAMBDA 
C IF SO. CONTINUE STEPPING LAMBDA 
C IF NOT. BACK-UP AND STEP UITH SMALLER INCREMENTS LAMBDA 

IF(EN£U LT EOLD) GO TO 2 MI52 
IF(I EQ.IDIGIT) 60 TO 3 LAMBDA 

C TAKE TUO STEPS BACK IN LAMBDA AND CONTINUE UITH SMALLER STEPS LAMBDA 
LAMBDA-LAMBDA-2.SDL 

3 CONTINUE LAMBDA 
C THE BEST UALUE OF LAMBDA HAS BEEN OVERSTEPPED BY ONE INCREMENT LAMBDA 
C STEP BACK ONE INCREMENT IN LAMBDA AND PRINT OUT RESULTS LAMBDA 

LAMBDA-LAMBDA-DL W2!52 
URITE(6.20ee) (TITLE(I).1-1.39).LAMBDA LAMBDA 

2090 F0RMAT(1H1.10X.32HDATA REDUCTION- LAMBDA FROM DATA./.10X.39A2./. LAMBDA 
>10X.7HLANBDA-.F7.5./<'.llX.4HAREA.llX.SHVOLUME.10X.fiHXERROR./. LAMBDA 
>20X.8HrCASURE0.2X.10HCALCULATED)
EMAX-0. W2255 
EAUE-0. LAMBDA 

C COMPUTE THE ERROR IN VOLUME FOR EACK DATA POINT 
DO 4 I-l.N WJS? 
AS-A(I)/LAMBDA<X2 .'-22I22 
VS-VOFA(AS) LAMBDA 
VC-VSXLAMBDAXX3 
ER-ieO X(V(I)-VC)/V(I) LAMBDA 
IF(ABS(ER).GT.ABS(EMAX)) EMAX-ER LAMBDA 
EAVC-EAVE-»ABS(ER) 

4 URITE(6.2910) A(Z).V(I).UC.ER LAMBDA 

2010 F0RNAT(10X.F6.3.SX.FS.4,5X.FS.4.4X.F5d) I-iSISS 
C URITE SUMMARY DATA (MAXIMUM AND AVERAGE ERRORS)

EAVE-EAVE/FLOAT(N) ^?2!82 
URITE(fi.2020) EMAX.EAVE LMBM 

2020 F0RHAT(//.10X.14HMAXIMUM ERROR-.F5.1.IH*./. |^!2$
>10X.14HAVERAC£ ERROR--F4.1.IHX)
CO TO 1 
end 
FUNCTION ERR(A.V.R.N)
DIMENSION A(50).V(50) 
ERR-® 
DO 1 I-l.N 
AS-A(I)/R/R 
VS-UOFA(AS) 
VC-VS*R*R*R 
ER-ABS(V(I)-VC)tlOO./U(I) 

1 ERR-ERR4Efi 
return 
END 
FUNCTION VOFA(A) 

f52S52 
fSSSSS 
lambda 
ERROR 
15525 
15525 
error 
error 
ERROR 
error 
ERROR 
ERROR 
error 
ERROR 

^ 0<R' 
DATA C1.C2.C3/-.117976129.-.102198064. 102842212/ U(A) 
AL-ALOGIO(A)
VL-1.2SXAL-C1-S0RT(.0625XALXAL>C2XAL+C3) V(A) 
UOFA-10 **UL H 
RETURN 
END 

https://ERROR-.F5.1.IH
https://A(Z).V(I).UC.ER
https://N.CTITLEd).1-1.39
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Program PLOT:PRC 

Program PLOT:PRC was used to generate plots of the computed 

relative contribution to the overall heat flux of convection 

(P, flow), radiation (R), and intermittent liquid-solid contact (C) 

for each data point in each data sequence. Program PLOT:PRC 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:PRC was written to process both smooth and macro—roughened sur 

face data without modification. An example of the plots generated 

by program PLOT:PRC for the smooth surface and a macro-roughened 

surface are given in Pigures 75 and 76 respectively. 

The following is a listing of program PLOT:PRC. Comments are 

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

program operation. 
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CREATE PROCRAn TO PLOT THE RELATIUE CONTRIiUTION OF COHUECTIOH (FLOU). 
C RADIATION. AND CONTACT AS A FUNCTION OF DINENSIONLESS DROP UOLUHE 
C 

DINENSION J)«9g).IV(99.3) PLOT-FRC 
REAL LANBOA.NUU.NUD.NUR.NUC.NUF.KG.ICS.nUC.KF PLOTFRC 
INTEGER TITLE(8«>.SriTH(2) PLOT-FRC 
DATA SNTH^IHS.IHN/ PLOT'FRC 

C DEFINE PHYSICAL CONSTANTS PLOT-FRC 
DATA PI.C.SIGNA/a 1-4159.989..5 6688E-ia/ PLOT-FRC 

C READ IN THE ROLLS. THE NUNBER OF POINTS IN THE SEQUENCE. AND THE PLOT-FRC 
C BUU SURFACE TENPERATURE PLOT-FRO 

1 READ(5.ieee) nroll.npoint.tu PLOT-FRC 
ie«e F0RnAT(I2.5X.ie.SX.F4.9) PLOT-FRC 

IF(NROLL.LE.e) STOP PLOT-FRC 
C READ IN TITLE CARD PLOT-FRC 

READCS.lBie) (TITLE(I).I*1.8«) PLOTFRC 
teie F0RnAT(89Al) PLOTFRC 

C READ IN THERNOPHYSICAL PROPERTY CARD PLOT-FRC 
READ(5.1920) LANBDA.CPG.KG.RHOF.RHOG.NUG.KS.EPS.TS.HFG.KF PLOT-FRC 

1929 FORNATlFS.-l.FS 3.E9.3.F6.4.F7 6.E9.3.FS.4.F7.5.F5.1.F6.1.E9.3) PLOTFRC 
C DETERNINE IF SURFACE IS SNOOTH OR ROUGH PLOT-FRC 

HSnTH-9 PLOT-FRC 
DO 2 1-1.79 PLOT-FRC 
IF(TITLE(I) EQ SnTN(l).AND.TITLE(I-41).EQ.SnTH(2)) GO TO 3 PLOTFRC 

2 CONTINUE PLOT-FRC 
GO TO 4 PLOT-FRC 

3 NSNTH-l PLOT-FRC 
4 DO 8 I-i.NPOINT PLOT-FRC 

C READ IN THE DATA ONE CARD AT A TINE PLOT-FRC 
READ(5.2999) NROLL.NSEG.NDATA.SH,USTAR.HEHi.H PLOT-FRC 

2999 F0RnAT(I2.1X.I3.1X.I2.F6.3.F8.2.F6.3.F7.2) PLOTFRC 
IF(I NE 1) GO TO 5 PLOT-FRC 

C CALCULATE THE RADIATIVE HEAT TRANSFER COEFFICIENT PLOTFRC 
HR-SIGnAX((TU^273.)X*4-(TS-4273.)«4)/(TU-TS) PLOT-FRC 

C CALCULATE DROP U0LIF4E PLOT-FRC 
5 U-VSTARXLANBDAXX3 PLOT-FRC 

C CALCULATE DROP HEAT TRANSFER COEFFICIENT FRON DINENSIONLESS HEAT FLUXPLOt-FRC 
HO-HXKG/SH/UXt.333333 PLOT-FRC 

DETERNINE DINENSIONLESS DROP AREA PLOT-FRC 
ASTAR«AOFU(USTAR) PLOT-FRC 

CALCULATE DROP AREA PLOT-FRC 
A-ASTARXLANBDAXX2 PLOTFRC 

CALCULATE NASS FLUX PLOT-FRC 
GG>HDX(TU-TS)/HFG PLOT-FRC 

CALCULATE UAPOR LAYER THICKNESS PLOT-FRC 
OELTA-9. PLOT-FRC 
DO 6 ITER-1.5 PLOTFRC 

6 DELTA-(CGXNUGXAXAX(9.SGGXDELTA/89./NUG-»3.)/ PLOT'FRC 
>(2.«PISQtRHOG<(RHOF-RHOG)XU))XX.333333 PLOT-FRC 

CALCULATE DINENSIONLESS PARANETER B PLOTFRC 
B-GGXCPGXDELTA/KG PLOT-FRC 

CALCULATE DROP NUSSELT NUNBER PLOT'FRC 
NUU-H/SH PLOT'FRC 
nud-hdxdeltaxkc PLOT'FRC 

CALCULATE THE NUSSELT NUNBER FOR THE CONUECTIUE TRANSPORT PLOT'FRC 

NUF-KF.<1CG/F(1«KC/KF) PLOT-FRC 
C CALCULATE THE RELATIVE CONTRIiUTION TO HEAT TRANSFER DUE TO THE FLOU PLOT-FRC 

FLOU>NUF/NUD PLOT-FRC 
C CALCULATE THE RADIATIVE NUSSELT NUNBER PLOT-FRC 

NUR-HRXDELTA>^G PLOT-FRC 
C CALCULATE THE RELATIVE CONTRIiUTION TO HEAT TRANSFER DUE TO PLOT FRC 
C RADIATION PLOT'FRC 

RAO-HUfi/NUD PLOT'FRC 
C CALCULATE THE CONTACT NUSSELT NUNBER PLOT-FRC 

NUC-NOD-NUF-NUR PLOT'FRC 
C CALCULATE THE RELATIVE CONTRIBUTION TO MEAT TRANSFER DUE TO CONTACT PLOT-FRC 

CON-NUC/NUD PLOT-FRC 
IF(NSHTH.E0.9) GO TO 7 PLOT-FRC 
CON-9. PLOT'FRC 
FLOU-FLOU/(FLOW*RAD) PLOT FRC 
RAD-1 -FLOU PLOT'FRC 

7 JX(I)-NAX9<1.NIN9(121.IFIX(1.-439.XAL0G19(VSTAR)))) PLOTFRC 
IY(1.1)-NAX9(1.NIN9(5l.IFIX(1.♦SB.X<1 -FLOU)))) PLOT'FRC 
1Y(I.2>-NAX9(1.NIN9(51.IFIX(1 tSB.Xd -RAO)))) PLOTFRC 

8 IY(I.3)-HAX9(l.NIN9(Sl.IFIX(l.+59.X<l.-C0N)))) PLOT'FRC 
CALL PLOT(JX.IV.TITLE.NPOINT.NSNTH) PLOT-FRC 
CO TO 1 PLOT-FRC 
END PLOT-FRC 
FUNCTION AOFV(V) AX(VX) 
DATA C1.C2.C3/-.397138.-.589978. 691262/ AX(VX) 
VL-AL0G19(V) AX(VX) 
AL0GA-((2 SXVL^Cl )^SQRT(.25XVUVL4C2XVL4C3))/3. AX(VX) 
AOFV-10.XXALOGA AX(VX> 

https://3.E9.3.F6.4.F7
https://FORNATlFS.-l.FS
https://LANBDA.CPG.KG.RHOF.RHOG.NUG.KS.EPS.TS.HFG.KF
https://nroll.npoint.tu
https://LANBOA.NUU.NUD.NUR.NUC.NUF.KG.ICS.nUC.KF
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RETURN 
END 
FUNCTION FIB) 
F-1 tEXPI S«B) 
DO 1 I-1.99 
2-.«l*FL0flT(I) 

t F-F+2 *EXP(.5*B*{I.-Z*Z*2*(2.-Z))) 
F-.««5*F 
RETURN 
END 
SUBROUTINE PLOT(JX.IV.TITLE.NPOINT.NSNTH) 
INTEGER SVNBOL(3).U.H.BLATflC.PLUS.TITLE(89).VHEADI51) 
DINENSION JX(99).IV(99.3).LINE(121).NAnEX(fi.S) 
data u,m,blank.PLUS/1Ha.1H-.1H .1H+/ 
DATA SVNBOL/IHF.IHR.IHC/ 
DATA NANEX/lHl.lH .IH .IH .IH .IN .IH .IH ,1H .IH .1H1.1H9. 

> IH .IH .IH .1H1.1H9.1H9.1H .IH .lHl.lHe.lHe.lH9. 
>iHi.iHe.iH..iHe.iHe.iHe/ 
DATA VHEAD/ 

>1H .IH .IH .IH .IH .IH .IH .IH 
>1H IH .IH .IH IH .IH .IH .IH 
>1H .IH .IH .IH IH .IH .IH .IH 
>tH .IH .IH .IN IH .IH .IH .IH 
>1H .IH .IH .IH IH .IH .IH .IH 

CENTER TITLE ABOUE PLOT 
00 1 11-1.89 
IFITlTLEdl).HE.BLANK) CO TO 2 

1 CONTINUE 
STOP 1111 

2 DO 3 1-1.89 
12-81-1 
IFITITLEI12).NE BLANK) GO TO 4 

3 continue 
STOP 2222 

4 N-I2-I1+1 
DO 5 1-1.121 

5 LINEII)-BLANK 
H"tiai-N)/2 
IFin.LT.l) STOP 3333 
DO 6 I-t.N 

6 LINEIN+I)-TITLEIIl-l*I) 
URiTEis.ieee) ilineid.i-i.ibd 

leee FORNATiiHi.iex.iaiAi.//) 
C URITE LEGEND FOR ROUGH SURFACE 

IFCNSNTH EQ 9) URITEI6.1819) 

.IH .IH 

.IH .IH 

.IH .IH 

.IH .IH 

.IH .IH .IH / 

AI(VX) 

A«(UB) 
FIB) 
FIB) 
FIB) 
FIB) 
FIB) 
FIB) 
FIB) 
FIB) 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 

SUi PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUBPLOT 
sub plot 
sub plot 
SUB PLOT 
SUB PLOT 

1919 FORNATIlSX.ieTHCONTRIBUTION DUE TO FLOU INDICATED BY F. DUE TO RAOSUB PLOT 
>IATION INDICATED BY R. AND DUE TO CONTACT INDICATED BY C) SUB PLOT 

C URITE LEGEND FOR SNOOTH SURFACE SUB PLOT 
IFINSNTH NE.e) URITEt6.1929> SUB PLOT 

1929 F0RNATt35X.75HC0NTRIBUTI0N DUE TO FLOU INDICATED BY F AND DUE TO RSUB PLOT 
RADIATION INDICATED BY R) 
LY-9 
NANEY-iee 
N-3 
IFINSNTH NE 9) N-2 
DO 16 1-1.51 
IFINOOII>9.19).NE.9) 60 TO 19 

C URITE UERTICAL HEADING AND HORIZONTAL DIUISION 
LY-LY+1 
DO 8 J-1.121 

8 LINEIJ)-H 
DO 9 J-1.121.39 

9 LINE<J)-PLUS 
uRiTEte.aeee) yheadii).naney.ilineij).j-i.i21) 

2999 FORNATI3X,A1,2X,13,IH*.IX,121A1) 
HANEY-NAnEY-29 
GO TO 13 

C URITE UERTICAL DIUISION 
19 DO 11 J-1.121 
11 LINEIJ)>BLANK 

DO 12 J-1.121.39 
12 LINEIJ)-U 

URITEl6.2ei9) ILINEtJ).J-1.121) 
2919 FORNATIllX.lZlAl) 
C SET-UP DATA POINTS AND URITE ON TOP OF GRID 

13 DO 16 K-l.N 
DO 14 J-1.121 

14 LINEIJ)-BLANK 
IPRT-9 
DO IS IPOINT-1.NPOINT 
IFIIY(IPOINT.K).NE.I) GO TO 15 
IPRT-1 

SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 

https://J-1.121.39
https://J-1.121.39
https://IFITITLEI12).NE
https://NANEX/lHl.lH
https://u,m,blank.PLUS/1Ha.1H-.1H
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LirC(JX(IP0ZNT)>-SVf1B0L(K) SUt PLOT 
15 CONTINUE SUt PLOT 
16 IF(IPRT.EQ.l) URITECS.teet) (LINE(J).J-1.121) SUt PLOT 

2020 F0RnAT(lH^.10X<121Al> SUi PLOT 
C URITE NANEX ALONG THE BOTTON OF THE GRAPH SUi PLOT 

URlTE(6.3«e«) ((NAnEX(I.J).I-1.6).J-1.5> SUi PLOT 
seeo F0RnAT(llX.6A1.19X.6A1.3(24X.6Al)) SUB PLOT 
C URITE SUBTITLE SUB PLOT 

URITE(6.3«ie) SUB PLOT 
3010 F0finAT(/,59X,25HDinENSI0NLESS DROP UOLUNE) SUB PLOT 

RETURN SUB PLOT 
END SUB PLOT 
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Program PLOT:HF% 

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 flxox 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 "HERB" (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-l) (C-1) 

Examples of the plots generated by program PLOT:HF% 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. 
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CREATE PROCRAH TO PLOT THE PERCENT INCREASE IN HEAT RUX ON A 
C HACRO-ROUCHENEO SURPACE OUER THAT OH A SNOOTH SURFACE UNDER THE 
C SAME CONDINTION <ALL PLOT ARE SUPERINPOSEO) 
C 

DINEHSION JX(9S.19).IV(99.1d).SH(l«).NP0INT(ie) 
INTEGER TITLECSO) 
DO 3 NSET»1,4 

C RESET THE NUHBER OF SEQUENCES 
HSEO'9 

C OETERfllNE THE NUHBER OF POINTS IN THE SEQUENCE 
1 READ(5.1999) NROLL.NP.TU 

1999 F0RNAT(I2.5X.I2.5X.F4.9) 
IF(NROLL LE.9) GO TO 3 

C INCRENENT THE NUNBER OF SEQUENCES 
NSEQ'NSEQ^l 
NPOINT(NSEQ)-HP 

C READ IN TITLE 
READ(5.1919) (TITLEd).I>1.89) 

1919 F0RnAT(89Al) 
C SKIP THERNOPHVSIACL PROPERTY CARD 

READ(5.1919) IDUNMY 
DO 2 I-l.NP 

C READ IN THE DATA ONE CARD AT A TINE 
READ<5.1939) NR.NS.NO.SH(NSEO).USTAR.HEHB.H 

1939 F0RnAT(ia.lX.13.1X.I2.F6.3.F8.2.F6.3.F7.2) 
JX(I.NSEQ)-nAX9<1.niN9(121.IFIX(1.439.tAL0G19(USTAR)))) 

2 IV(I.NSEQ)-nAX9(l.niN9(51.IFIX(l 419.«(5.-(HEHB-1.))))) 
GO TO 1 

3 CALL PLOTIJX.IV.SH.NSEQ.HPOINT.TITLE) 
STOP 
END 
SUBROUTINE PLOTCJX.IV.SH.NSEO.HPOINT.TITLE) 
INTEGER SVnB0L(19).U.H.BLANK.PLUS.TITLE(89).AT 
DINEHSION JX(99.19).1V(99.19).SH(19).NP0INT(19).LINE(121). 

>NANEX(6.5).NAn£(lfi) 
DATA U.H.BLANK.PLUS.AT/IH'^.IH-.IH .IH^.lHt/ 
DATA SVNBOL/IHO.IHl.1H2.1H3.1H4.1H5.1H6.1H7.iH8.1H9/ 
DATA NANEX/lHl.lH .IH .IH .IH .IH .IH .IH .IH .IH .IHl.lHO. 

> IH .IH .IH .1H1.1H0.1H9.1H .IH .IHl.1H9.1H9.1H9. 
>IHl.1H9.IH..1H9.1H9.1H9/ 
DATA NANE/IHF.IHI.IHL.IHN.IH .IHB.IHO.IHI.IHL.IHI.IHN.IHG.IH 
MHO.IHF.IH / 

C CENTER TITLE ABOUE PLOT 
DO 1 II-1.89 
IF(TITLE(I1).NE.BLANK) GO TO 2 

1 CONTINUE 
STOP 1111 

2 DO 2 IN-2.89 
I2-89-IN 
IF(TITLE(I24t).E0.AT) 60 TO 4 

3 CONTINUE 
STOP 2222 

4 N-I2-I141 
H-(121-N-16)/2 
IF(N.LT.l.OR.N.LT.l) STOP 3333 

DO 5 1*1.121 
5 LINE(I)-BLANK 

DO 6 1*1.16 
6 LlNE(n4l)*NAnE<I) 

DO 7 I-l.N 
7 L1NE(H41S4I>*TITLE(I1+I-1) 

URITE(6.1999> (L1NE<1).I-l.121> 
1999 F0RNAT(1H1.19X.121A1.//) 

NANEV*699 
c urite synbol table 

URITE(6.1919) (SVnBOL(I).SH(I).I>l,NSEQ) 
1919 FORnAT(14X.lEHSVRBOL•SUPERHEAT.19(3X.A1.1H'.F5.3)) 

DO 16 1*1.51 
IF(nOO(l49.19).NE.9) GO TO 19 

C URITE NANEV AND HORIZONTAL DIVISION 
NAnEV*NANEV-199 
DO 8 J*1.121 

8 LINE(J)*H 
DO 9 J*l.121.39 

9 LINE(J)-PLUS 
URITE(6.1929) NANEV.(LINE(J).J*1.121) 

1929 F0RNAT(6X.I3.2HX .121A1) 
CO TO 13 

C URITE VERTICAL DIVISION 
19 DO 11 J-t.l21 
11 LIN£(J)*BLANK 

DO 12 J-1.121.39 
12 LIN£(J)*U 

PLOT'HF* 
PLOT'HFX 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT•HF* 
PLOT■HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
PLOT'HF* 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB 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
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URITE(6.193e) (L1NE(J).J*1.121) SUB ptnT
i«3e roRnAT(iix.iaiAi) lul plot
C SET-UP DATA POINTS AND URITE ON TOP OF GRID ^B PLOT 

13 DO 16 I^Q«1.NSEG chb PLOT
DO 14 J-1.121 luB PLOT 

14 line(J)-blank Ini p{;x;
NP.NPOINT(ISEQ) Suf PLOT

|{jS 5};2I
DO 15 IPOINT'l.NP sus PLOT 
IF(IV(IPOINT.ISEO).NE.I) 60 TO 15 |uB RoT 
IPRT*1 eija PI AT 

ic LW£(JX(IPOINT.ISEO)).SYnBOL(ISEO) SUB PLOT15 COnTIrfUc ciia pf.at

.^1 ||ss? 

URITE(6.1«6«) IHS S{:S;
1060 FORNATi/.SeX.aSHDINENSIONLESS DROP UOLUNE) SUB PLOT 

Kl"'*'' SUB PLOT 
SUB PLOT 

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

Program PLOT:HV was used to generate plots of the dlmenslonless 

heat flux, H (Equation 6-3), as a function of dlmenslonless drop 

volume, V*, and dlmenslonless superheat, A. Dlmenslonless heat 

flux, drop volume, and superheat were all supplied to program 

PLOTrHV 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 opertlon. 
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CREATE PROGRAM TO PLOT DIREHSIONLESS HEAT FXUX AS A FUNCTION OF 
C DINENSIONLCSS DROP UOLUNE FOR DIFFERENT VALUES OF DINENSIONLESS 
C SUPERHEAT (ALL PLOTS ARE SUPERINPOSED) 
C 

DINENSION JNOS.!•).IV(99,10).SH(1«),NPOINT(10) 
INTEGER TITUCSe) 
DO S NSET-1.4 

C RESET THE NUMBER OF SEQUENCES 
NSEQ-Q 

C DETERNINE THE NUMBER OF POINTS IN THE SEQUENCE 
1 READ(5.ieee> nroll.np 

leOQ format(I2,5X,12) 
IF(NR0LL LE 0) GO TO 3 

C INCREMENT THE NUMBER OF SEQUENCES 
NSEQ-N5EQ-«-l 
NPOINT(NSEQ)-NP 

C READ IN TITLE 
READ(S,ieie) (TITLE(I).1-1.80) 

1010 F0RMAT(8eAl) 
C SKIP THE THERMOPHVSICAL PROPERTY CARD 

READ(5.1010) IDUMMV 
C READ IN THE DATA ONE CARD AT A TIME 

DO 2 I-1,NP 
READ(5.1020) SH(NS£Q).U.H 

1020 F0RMAT(10X.FS.3.1X.F7 2.7X.F6 2) 
JX(I.NSEQ)-MAXO(1.MINO<121.IFIX(1>30.XALOGIO(U)))) 

2 IV(I.NSEQ)-MAXO(1.MIN0(52.IFIX(82.-30.<AL0Q10(H)))) 
CO TO 1 

3 CALL PLOTCJX.IV.SH.NSEO.NPOINT.TITLE) 
STOP 
END 
SUBROUTINE PLOT(JX.IV.SH.NSEQ.NPOINT) 
INTEGER SYMBOLCIO).U.H.BLANK.PLUS.TITLE(80).AT 
DIMENSION JX(99.10).IY(99.10).NPOINT(10).LINE(121). 

>NAMEX(6.5).NAMEVO.4).NAMECIS) 
DATA U.H.BLANK.PLUS.AT/1HI.1H-.IN .IH+.IHO/ 
DATA SVMB0L/1H0.1H1.1H2.1H3.1H4.1HS.1H6.1H7.1H8.1H9/ 
DATA NAMEV/lHS.lHO.lHO.lHl.lHO.lHO.lH .1H5.1H0.1H .IHl.lHO/ 
DATA NAMEX/lHl.lH .IH .IH .IH .IH .IH .IH .IH .IH .IHl.lHO. 

> IH .IH .IH .IHl.lHO.lHO.lH .IH .IHl.lHO.IHO.lNO. 
>1H1.1H0.1H..1H0.1H0.1H0/ 
DATA NAME/IHF.IHI.IHL.IHM.IH .IHB.IHO.IHI.IHL.IHI.IHN.IHQ.IH 

>IH0.1HF,1H / 
C CENTER TITLE ABOVE PLOT 

DO 1 11-1.80 
IF(T1TLE(I1).NE.BLANK) GO TO 2 

1 CONTINUE 
STOP 1111 

2 DO 2 lN-2.80 
I2-80-IN 
IF(TITL£<ia*l).EO.AT) 

3 CONTINUE 
STOP 2222 

4 N-I2-I1T1 
M-<121-N-16)/2 

00 TO 4 

IF(N.LT.l.OR.M.LT.l) STOP 3333 
DO S 1-1.121 

5 LINE(I)-BLANK 
DO 6 1-1.16 

6 LINE(MTI)-NAME(I) 
DO 7 I-l.N 

7 L1NE(M+1S*1)-TITLE(I1+I-1) 
UR1TE(6.1000) (LINE(I).1-1.121) 

1000 F0RnAT(lHl.ieX.121Al.//) 
C URITE SVMBOL TABLE 

URITE<6.1010) (SVnBOL(I).SH(l).I-l.NSEQ) 
1010 FORMAT(14X.16HSVHB0L•SUPERHEAT.ie(3X.Al.lH'.F5.3)) 

LY-0 
DO 16 1-1.52 
IFCI.NE l.AND.I.NE 22.AND.I.NE.31.AND I.NE.52) GO TO 10 

C URITE NAMEY AND HORIZONTAL DIVISION 
LV-LY+l 
DO 8 J-1.121 

8 LINE(J)-H 
DO 9 J-1.121.30 

9 LINE(J)-PLUS 
URITE(6.1020) (NAnEY(L.LY).L-1.3).(LINE(J).J-1.121) 

1020 F0RnAT(7X.3Al.lX.121Al) 
GO TO 13 

C URITE VERTICAL DIVISION 
10 DO 11 J-1.121 
11 LINE<J)-BLANK 

PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
PLOT'HV 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 

SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 
SUB PLOT 

https://J-1.121.30
https://l.AND.I.NE
https://IF(TITL�<ia*l).EO.AT
https://NAME/IHF.IHI.IHL.IHM.IH
https://NAMEX/lHl.lH
https://NAMEV/lHS.lHO.lHO.lHl.lHO.lHO.lH
https://U.H.BLANK.PLUS.AT/1HI.1H-.IN
https://SYMBOLCIO).U.H.BLANK.PLUS.TITLE(80).AT
https://F0RMAT(10X.FS.3.1X.F7
https://TITLE(I).1-1.80
https://nroll.np
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DO 12 J-1.121.3® SUB PLOT 
12 LIME(J)-y SUB PLOT 

URITE(6.1®3e) (LirC(J).J-1.121) SUB PLOT 
193® F0RHAT(11X.121A1) SUB PLOT 
C SET-UP DATA POINTS AND URITE OH TOP OF GRID SUB PLOT 

13 DO 19 ISEO-l.NSEO SUB PLOT 
DO 14 J-1.121 SUB PLOT 

14 L1HE(J)-BLAHIC SUB PLOT 
NP-NPOINT(ISEQ) SUB PLOT 
IPRT«® SUB PLOT 
DO IS IPOIHT-l.NP SUB PLOT 
IF<IV(IP0IHT.1SE0).HE.I) CO TO IS SUB PLOT 
IPRT-1 SUB PLOT 
LINE(JX(IPOINT.ISEQ))-SVnBOL(ISEQ) SUB PLOT 

15 CONTINUE SUB PLOT 
16 IFtlPRT.EO.l) URITEC6.104®) (LINE(J).J-1.121) SUB PLOT 

194® F0RnAT(lH+.l®X.121Al) SUB PLOT 
C URITE NANEX ALONG THE BOTTON OF THE GRAPH SUB PLOT 

URITE(6.1®5®) (<NAnEX(I.J).I>1.6).J-1.5) SUB PLOT 
1959 F0RnAT(llX.6A1.19X.6A1.3(24X.6An) SUB PLOT 
C URITE SUBTITLE SUB PLOT 

URITE<6.1969) SUB PLOT 
1969 F0RnAT(/.69X.2SHDinENSI0NL£SS DROP UOLURE) SUB PLOT 

return IH! Ei-gl
END SUB PLOT 

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). The following 

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, hp (Equation 3-36), computed vapor layer thickness, 

5 (Equation 3-30), dimensionless enthalpy flux, B (Equation 3-19), 

volumetric Nusselt number, Nuv (Equation 6-1), drop Nusselt number, 

Nuj) (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, £1 (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. 
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CREATE PROCRAIt TO REDUCE ROUGH SURFACE DATA 

INTEGER TITLE(187).BLANK ROUGH 
REAL LANBDA.NUU.NUD.NUR.NUC.NUF.KG.KS.nUG.KF ROUGH 
DATA BLANK/IH / ROUGH 

C DEFINE PHYSICAL CONSTANTS ROUGH 
DATA PI.G.SI6NA/3 14159,98« .5 6688E-18/ ROUGH 

C READ IN THE ROLL#. THE NUNBER OF POINTS IN THE SEQUENCE. AND IE ROUGH 
C BULK SURFACE TEHPERATURE ROUGH 

1 REA0(5.iee«) MROLL.NPOINT.TU ROUGH 
l«e« F0RnAT(I8.SX.I8.SX.F4 «) ROUGH 

IF(NROLL.LE.e) STOP ROUGH 
C READ IN TITLE ROUGH 

REAO(S.iei«) (TITLEC).1-1,88) ROUGH 
1818 F0RnAT(88Al) ROUGH 
C READ IN THERNOPHYSICAL PROPERTY DATA ROUGH 

READ(5,1888) LANBDA,CPG,KG,RHOF,RH06.MUG.KS,EPS.TS.HFG.KF ROUGH 
1888 F0RnAT(F6.4,F5.3,E9.3,F6 4,F7.S.E9 3,FS 4,F7.5.F5.1,Ffi.l,E! 3) ROUGH 
C CENTER TITLE AT TOP OF PACE ROUGH 

DO 8 11-1,88 ROUGH 
IF(TITLE(II).NE.BLANK) GO TO 3 ROUGH 

8 CONTINUE ROUGH 
STOP 1111 ROUGH 

3 DO 4 1-1,88 ROUGH 
I8-81-I ROUGH 
IF(TITLE(I8) NE.BLANK) GO TO 5 ROUGH 

4 CONTINUE ROUGH 
STOP 8888 ROUGH 

5 N-I8-I1+1 ROUGH 
IF(N.LT.l) STOP 3333 ROUGH 
DO 6 I-1,N ROUGH 

6 TITLE(1)-TITLE(11-14I) ROUGH 
DO 7 I-N,186 ROUGH 

7 TITLE!1+1)-BLANK ROUGH 
n-(187-H)/a ROUGH 
IF(n.LT 1) STOP 4444 ROUGH 
DO 8 IN-l.N ROUGH 
I-N+l-IN ROUGH 

8 TITLE!I+n)-TITLE(l) ROUGH 
DO 9 i-i,n ROUGH 

9 TITLE!I)-BLANK ROUGH 
URITE!6,8888) !TITLE!I).I-l,187) ROUGH 

8888 F0RHAT!1H1,4X,187A1,/) ROUGH 
URITE!6,8818) LANBDA.CPQ.KO.RHOF.RHOG.NUG.KS.EPS.TS.HFG.KF ROUGH 

8818 FORNAT!6X,SHLANBDA,6X.3HCPG,18X,8HKG,8X,4HRH0F,7X.4HRH0Q,1< 
* ROUGH 

>3HnUG,9X,8HKS,7X,7HEPSILON,5X,4HTSAT.ex.3HHFG,18X,8HKF,/. ROUGH 
>6X,F6 4,5X.F5 3,SX,E9.3.4X,F6 4,4X.F7.6.6X.E9.3,4X,F5.4.6X, ?.S. ROUGH 
>5X.F5.1,4X,F6.1,5X,E9.3,/) ROUGH 
WITC(6»2920) ROUGH 

8888 FORNAT!5X,187H ROLL SEO DATA SH U« HD HF HC ROUGH 

I D^^TA b nuv nud nuf nuc nur ONEQAROUGH 
y BIOT0 ) ROUGH 

9 ^^^a point#, dinensionless superheat. ROUGH 
C dinensionless DROP UOLUNE. HEHB. AND DINENS10NU5S HEAT FLUX ROUGH 

DO 18 I-l.NPOlNT ROUGH 

gg^<S.3888) HROLL.HSEO.NDATA.SH.USTAR.HCHB.H ROUGH3888 F0RNAT!18.1X.I3.1X.ia.F8.3.F8.a.F«.3.F7.a) ROUGH 
IF!I.NE.l) 60 TO 18 ROUGHC CALCULATE THE RAOIATIUC HEAT TRANSFER COEFFICIENT 

ROUGH/.-..t!!?rfJS''5H*i™*273 )**4-!TS*873.)«4)/!TH-TS) ROUGHC CALCULATE DROP UOLUNE 
ROUGH18 U-USTAR*LANB0A**3 ROUGH 

'FLUXROUCH® ®'^''HD-H«G®SH/Ut"333333®^^'* DINENSIONLESS HEAT FLUXROuSl
ROUGH

C DETERNIHE DINENSIONLESS DROP AREA ROUGH 
ASTAR-AOFU!VSTAR) ROUGH

C CALCULATE DROP AREA 
ROUGH 

A-ASTARXLANBDAFXa ROUGH
C CALCULATE NASS FLUX ROUGH 

GG-HD*!TU-TS)/HFC ROUGH
C CALCULATE UAPOR LAYER THICKNESS DELTA ROUGH 

DELTA-8 ROUGH 
DO 11 ITER-1,S ROUGH

11 DELTA-(GG*nUG*A*AI!9.XCG*DELTA/a8 /NUG+3.)/ ROUGH
>!8.XPI*G*RHOCt!RHOF-RHOC)*U))X*.333333 ROUGHC CALCULATE DINENSIONLESS PARANETER B 

ROUGH 
B-GCXCPGXDELTA/KG ROUGH

C CALCULATE DROP NUSSELT NUNBER ROUGH 
NUU-H/SH ROUGH 
NUD-HDXDELTA/KG ROUGHC TW CONUECTIUE TRANSPORT 

ROUGH 
ROUGH 

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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C CALCULATE THE COMVECTIUE HEAT TRAMSFER COEFFICIENT 

HF-NUF«C/DELTA 
C CALCULATE THE RADIATIUE NUSSELT NWIBER 

HUR-HRTDELTA/KC 
C CALCULATE THE CONTACT NUSSELT HUNBER 

NUC-NUD-NUF-NUR 
C CALCULATE THE CONTACT HEAT TRANSFER COEFFICIENT 

HC»HD-HF-HR 
C CALCyWTE THE CONTWT HEAT TRANSFER PARANETR ONEGA 

ONEGA*DELTAIKS/(EPSXKG) 
C CALCULATE BIOT NUNBER 

BIOT-NUC/ONEGA 
C WRITE SUNNARV DATA TO LINE PRINTER 

3eie^F0RNAT(7X;I2.|X^3^2X^I2;|X.F5.3.1X.F6.1.5(2X.F6.S).F7.3.F8.a. 
GO TO 1 
END 
FUNCTION AOFU(U) 
DATA C1.CS.C3/- 3084.-.555S..545/ 
UL*ALOQie(U) 
ALOGA*(<S.Sm^Cl)«SORT(.S5XULtWL-fCSfUL4C3))/3. 
AOFU-10.XSALOGA 
RETURN 
END 
FUNCTION F(B) 
F>1.4EXP(.5<f) 
DO 1 1-1.99 
Z-.01XFLOAT(X) 

1 

RETURN 
END 

-mtzxo -Z))) 

ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
ROUGH 
AX(UX) 
A<(UX) 
AX(Ut) 
AX(UX) 
AX(UX) 
AX(Ut) 
AX(U«) 
F(i) 
F(B) 

F(B) 
F<B) 
F(B) 
F<B> 
F<B) 
F(B) 

https://C1.CS.C3
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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, hp (Equation 3-35), radiative 

heat transfer coefficient, hp (Equation 3—36), computed vapor layer 

thickness, T (Equation 3-30), dimensionless enthalpy flux, B 

(Equation 3-19), volumetric Nusselt number, Nuv (Equation 6-1), drop 

Nusselt number, Nuj) (Equation 6-4), convective nusselt number, Nup 

(Equation 6-5), and radiative Nusselt number, Nup (Equation 6-7). A 

sample output of program SMOOTH is given in Table 14. 

The following is a listing of program SMOOTH. Comments are 

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

program operation. 
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CREATE PROGRAA TO REDUCE StIOOTH SURFACE DATA 

INTEGER TITLE(95).ILANK 
REAL LANBDA.NUU.NUD.NUR.NUF.KG.KS.nUG.KF 
DATA BLANK/IN / 

C DEFINE PHYSICAL CONSTANTS 
DATA PI.G.SIGnA/3.1415g,98«..5.6688E-13/ 

C READ IN ROLL#. NUNBER OF DATA POINTS IN THE SEQUENCE. AND THE 
C BULK SURFACE TENPERATURE 

1 READ(5.ieeO) NROLL.NPOINT.TU 
1M0 F0RnAT(I2.SX.IS.5X.F4.e) 

IF(NROLL LE.e) STOP 
C READ IN TITLE OF NEXT SEQUENCE 

READ(5.ieiO) (TITLE(I).1-1.88) 
1818 F0RnAT(8eAl) 
C READ IN THERNOPHVSICAL PROPERTY DATA 

READ(5.1828) LAnBDA.CPG.KG.RH0F.RH0G.l1UQ.KS.EPS.TS.HFQ.KF 
1828 F0RnAT(F6.4,F5.3.E9.3.F6.4.F7.6.E9.3.F5.4.F7.5.F5.1.F6.1.E9.3) 
C CENTER TITLE ON TOP OF NEU PAGE 

DO 2 11-1.88 
IF(TITU(I1) NE BLANK) GO TO 3 

2 CONTINUE 
STOP nil 

3 DO 4 1-1.88 
I2-81-I 
IF(TITLE(12) HE.BLANK) GO TO 5 

4 CONTINUE 
STOP 2222 

5 H-I2-IH-1 
IF(H LT 1) STOP 3333 
DO 6 1-1.N 

6 TITLE(I)-TITLE(Ii-l+I) 
DO 7 I-N.94 

7 TITLE(I+1)-BLANK 
n-(9S-H)/2 
IF(n.LT 1) STOP 4444 
DO 8 IN-l.N 
I-H41-IN 

8 TITLEdffD-TITLEd) 
DO 9 i-i.n 

9 TITLE(I)-BLANK 
URITE(6.2888)(TITLEd).I-1.9S) 

2888 F0RnAT(lH1.4X.127Al./) 
URITE(6.2818) LAflBDA.CPG.KG.RHOF.RHOG.nUQ.TS.HFQ.KF 

2818 FORNAT(6X.6HLANBDA.6X.3HCPG.18X.2HKG.8X.4)«H0F.7X.4HRH00.18X. 
>3HnUQ.9X.4HTSAT.6X.3HHFG.18X.2HKF./. 
>6X.F6.4.5X.F5 3.5X.E9.3.4X.Ffi.4.4X.F7 6.6X.E9.3. 
>5X.F5.1.4X.F6.1.5X.E9.3./) 
URITE(6.2828) 

2828 F0RnAT(6X.95H ROLL SEO DATA SH UK HD HF HR 
>DELTA B NUU NUD NUF NUR ) 

C READ IN ROLL#. SEQUENCE#. DATA POINT#. DIHENSIONLESS SUPERHEAT. 
C DinENSIONLESS UOLUNE. HEHt. AND DinENSIONLESS HEAT FLUX 

DO 12 I-1,NP0INT 
REA0(5.3888) NROLL.NSEQ.NDATA.SH.USTAR.HEHt.H 

3888 FORflATda.IX.13.IX.12.1X.F5.3.1X.F7.2.IX.FS 3.1X.F6.2) 
IFd.NE.l) GO TO 18 

C CALCULATE RADIATION HEAT TRANSFER COEFFICIENT 
HR-SIGt1AK((TU«273 )XX4-(TS4273.)KK4)/(TU-TS) 

C CALCULATE DROP UOLUNE 
18 U-USTARKLAn80AKX3 

SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 

SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 

C CALCULATE DROP HEAT TRANSFER COEFFICIENT FROM DIMENSXONLESS HEAT FLUXSNOOTH 
HD-HXKG/SH/UKK 333333 SMOOTH 

DETERMINE DIMENSXONLESS DROP AREA SMOOTH 
ASTAR-AOFU(USTAR) SMOOTH 

CALCULATE DROP AREA SMOOTH 
A-ASTARKLAMBDAKta SMOOTH 

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

CALCULATE UAPOR LAYER THICKNESS DELTA SMOOTH 
DELTA-8 SMOOTH 
DO 11 ITER-1.5 SMOOTH 

11 0ELTA-(GGKMUQtAKAK(9 KGGXOELTA/28./MUG43.)/ SMOOTH 
>(2 XPIKGKRHOGK(RHOF-RHOG)KU))XK 333333 SMOOTH 

CALCULATE DINENSIONLESS PARAMETER B SMOOTH 
B-GGXCPGXDELTA/KG SMOOTH 

CALCULATE DROP NUSSELT NUMBER SMOOTH 
NUU-H/SH SMOOTH 
NUD-HDXDELTA/KG SMOOTH 

CALCULATE THE NUSSELT NUMBER FOR THE CONUECTIUE TRANSPORT SMOOTH 
NUF-KF/KG/F(BXKG/KF) SMOOTH 

CALCULATE THE CONUECTIUE HEAT TRANSFER COEFFICIENT 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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Hr-MUF«G/DELTA 
C CALCULATE THE RADIATIUE NUSSELT NUHBER 

NUR*MRSDELTA/KG 
C WRITE SUHHARV DATA TO LINE PRINTER 

12 URITE(6.3ei9) NROLL.NSEQ.NDATA.SH.USTAR.HO.HF.HR.DELTA.B.NUU. 
>NUD.NUF.NUR 

3010 F0Rf1AT(7X.I2.2X.I3,2X.I2.2X.F5.3.1X.F6.1.4(2X,F6.5).2)<.F5.3. 
>2X,F6 2.2X.F6 3.2(2X.F5.3)) 
GO TO 1 
END 
FUNCTION AOFW(W) 
DATA C1.C2.C3/-.308-4,-.S55fi..545/ 
UL-ALOQie(W) 
ALOGA-((2.5XVL>Ct)-»SQRT(.25«WLBVLtC2XUL«C3))/3. 
AOFU-IO.XXALOGA 
RETURN 
END 
FUNCTION F(B) 
F-1.+EXPC.5XB) 
DO 1 1-1.99 
Z-.OlXFLOATd) 

1 F-F>2.X£XP(.S«BS(1.-ZXZXZ>(8.-Z)>) 
F-.005XF 
RETURN 
END 

SnOOTH 
SnOOTH 
SnOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
SMOOTH 
A<(Ut) 
At(UX) 
AB(Ut) 
AX(UX) 
AS(UX) 
A<(UX) 
AX(UX) 
F(B) 
F(B> 
F(B> 
FIB) 
FIB) 
FIB) 
FIB) 
FIB) 
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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 

Reference 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. 

rfr* cos9 
do 2 ̂  _ic sin0 (C-2) 

b* r* 

^= tan 0^ (C-3) 

dy* ^ 
*2 dz 

d5- 10" (C-4) 

A = IT r max (C-5) 

* r 

~ X (C-6) 

^ - X (C-7) 

,* 1 dz^ 
^ = X d0? 0 (C-8)

= 
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For illustration of the variables r, z, and 6 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. 



 
 
 � 
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CREATE PROCRAH TO OETERftlNE THE SIZE AHD SHAPE OF LEIOENFROST DROPS 

DEFINITION OF VARIABLES USED IN THIS PROGRAN 

A • THE UERTICALLV PROJECTED AREA OF THE DROP 
B • THE CURVATURE OF THE DROP AT THE VERTEX 
L THE AVERAGE THICKNESS OF THE DROP (L-V/A)
RNAX • THE RADIUS OF THE DROP (AS SEEN FRON THE TOP) 
V • THE VOLUNE OF THE DROP 
X • THE HORIZONTAL DISTANCE FRON THE VERTEX OF THE DROP 

OUTUARD FRON THE CENTERLINE 
Z • THE VERTICAL DISTANCE (DOWN) FRON THE VERTEX OF THE DROP 

DOUBLE PRECISION B.A.V 
URITE(6.ieeO)

leee fornat(ihi.i9x.33hdrop volume as a function of area.//. 
^iS*: ® >•SX.SHALOGie(a).sx.shaloqio<V>.SX.SHALOGIOCL))DO 1 I-10.70 
B-1.D1M((DFLOAT(1)-3.Dl)/l.D1) 
CALL DROP (B.A.V) 
ALOGB-SNGL(DLOGie(B)) 
AL0CA-SNGL(0L0G1«(A)) 
ALOGV-SNGL(OLOG10(V)) 
ALOCL«ALOGV-ALOGA 

1 URITE(6.10ie) ALOGB.ALOGA.ALOGV.ALOQL 
1010 F0RnAT(3X.4(8X.F6.3)) 

STOP 
END 
SUBROUTINE DROP(B.A.V) 

2 runce-kutta integration to deternineC T^ VOLUME AND VERTICALLV PROJECTED AREA OF A SESSILE DROP 
C AS A FUNCTION OF THE CURVATURE AT THE VERTEX 

22254 decision B.A.V.X.Z.RMAX.TH.DTH.DX.DZ.DV.XDX.PIRMAX*0.DO 
X-0 00 
Z-0.D0 
V-0 00 
N-1000 
PI'3.1-415926S4D0 
DTH-PI/DFL0AT(N) 
DO 10 I-l.N 
TH-DTH*(OFLOAT(I)-l.00) 
CALL RKUTTA(B.X.Z.V.TH.DTH.DX.OZ.DV) 
XDX-X+DX 
RMAX-DNAX1(RMAX.XDX) 
X-X+OX 
Z-Z+DZ 
V-V4^DV 

10 CONTINUE 
A^PISRMAXXRMAX 
RETURN 
END 

»^"TTA(B.X.Z.V.TH.DTH.DX.DZ.DV)C PpSSCfa?!?! FOURTH ORDER RUNGE-KUTTA INTEGRATION 
DOUBLE PRECISION B.X.Z.V.TH.DTH.DX.DZ.OV.XK0.XK1.XIC2.XK3. 

. >ZrO.ZKl.ZICa.ZK3.VIC0.VICl.VW.UIC3.XP.2P.THP.FX.FV.F2 
C STEPtl 

CALL DIFF(B.X.Z.TN.FX.FZ.FV) 
XK0-DTHSFX 
ZK0-OTHXFZ 
VK0«DTHtFV 

THP-TH*S.D-1*DTH 
XP<X«5 D-IXXKO 
ZP-Z+S.D-1XZIC0 
CALL DIFF(B.XP,ZP.THP.FX.FZ.FV) 
XKl-DTHXFX 
ZJCl-DTHXFZ 
VKl-DTHXFV 

STEPX3 
XP-X+SD-lXXKl 
ZP-Z*5.D-1«ZIC1 
CALL DIFF(B.XP,ZP.THP.FX.FZ.FV) 
XK2-DTHtFX 
ZIC2-0THXFZ 
UK2-DTH*FV 

STEPT4 
THP-TH+OTH 
XP-X+X(C2 
ZP-Z*2IC2 
CALL DIFFCB.XP.ZP.THP.FX.FZ.FV) 
XK3-DTHXFX 

VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
VOLUME 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
DROP 
RKUTTA 
RKUTTA 
RKUTTA 

RKUTTA 
•RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
■RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 

-RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 

-RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 

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
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Z(C3-DTH*FZ 
V»C3'DTH*FV 
DX-(XKe+2 D0*XICl+2 DetXPC2+XK3)/6.D0 
DZ-(ZK0+2 DetZKl+Z.D0*2IC2*ZK3)/6 D0 
DU>(VKe+2.D0XUKl-»2.D0XUiC2m3>/6 00 
RETURN 
END 
SUBROUTINE DIFF(B.X.Z.TH.FX.FZ,FV) 

OF X. Z. t U U.R.T. THCTA 

OS•1 D0/B+Z ®•Z•X•TH.FX.FZ.FU,OS.OSX 
IF(MBS(X).IT.1.0-20) GO TO 1 
OSX-OSm<TH)/X 

1 Fxi0C0S<M/M DO/fZ-OSX
FZ«OSIN(TH)/OS 
^<J„1^1592fiB4D0*X*XtDSIN(TH>/DS
RtTURn 
END 

RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
OIFF 
OlFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
OIFF 
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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. 
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CREATE FINITE DIFFERENCE PR0CRW1 TO^OETERIJirS TW TW^ENT 
C TENPERATURE OF A CVIINDRICAL PIN SUBJECTED TO PULSE-LIKE 
C PERIODIC LIQUID-SOLID CONTACT 

-D PINT 
2•D PINT 
2'•D PINT 

CL SPECIFIC HEAT OF LIQUID (J/GN/C) 2•D PINT 

CPQ CONSTANT PRESSURE SPECIFIC HEAT OF UAPOR (J^GN/C) 2•D PINT 
D DIAMETER OF PROTRUSION (CN) 2•D PINT 
OA DIFFERENTIAL AREA (CnSX2) 2-D PINT 

DELTAT TEMPERATURE DIFFERENCE (C) 2-•D PINT 
DT DERIUITIUE OF TEMPERATURE U.R.T. TIME (C/SEC) 2•D PINT 
DTCHF TEMPERATURE DIFFERENCE AT THE CRITICAL HEAT FLUX (C) 2'-D PINT 
DTinE TIME STEP SIZE (SEC) 2-■D PINT 
DTNFB TEMPERATURE DIFFERENCE AT T)€ MINIMUM HEAT FLUX (C) Z ■D PINT 
E PROTRUSION HEIGHT (CM) Z PINT 
EO THE DISTANCE BETOEEN THE TOP OF THE SURFACE (THE BOTTOM 2 PINT 

OF THE PIN) AND THE CENTER OF THE THERMOCOUPLE USED TO 2 PINT 
DETERMINE BUU SURFACE TEMPERATURE (CM) Z PINT 

G ACCELERATION OF GRAUITV (980. CM/SECXXZ) 2 PINT 
HAUE AUERAGE HEAT TRANSFER COEFFICIENT (U/CMXX2/C) 2 PINT 
HFG LATENT HEAT OF UAPORIZATION (J/GM) 2 PINT 
ICPROP SUITCH TO CONSTANT PROPERTIES FOR ICPR0P>0 2 PINT 

(THIS IS TO CONSERUE RUN-TIME IF DESIRED) 2 PINT 
ITinE INTEGER COUNTER (THE NUMBER OF TIME STEPS) 2 . PINT 
HSKIP THE NUMBER OF TIME STEPS 'SKIPPED* BETUEEN PRINTING 2 ■D PINT 
NTIHE THE NUMBER OF TIME STEPS BEFORE ENDING EXECUTION 2- •D PINT 
0 HEAT FLUX (U/CNXXE) 2 ■D PINT 
OCHF CRITICAL HEAT FLUX (U/CMXX2) 2- •D PINT 
QNFB MINIMUM FILM BOILING HEAT FLUX (U/CMXX2) 2 ■D PINT 
RKL THERMAL CONOUCTIUITV OF LIQUID (U/CM/C) 2 •D PINT 
RHOG DENSITY OF UAPOR (CH/CMXX3) 2 •D PINT 
RHOL DENSITY OF LIQUID (Gn/CnXX3) 2 -D PINT 
RHOS DENSITY OF SOLID MATERIAL (GM/Cnxx3) 2 ■D PINT 
RLAN 'LAMBDA* CHARACTERISTIC LENGTH PARAMETER (CM) 2 ■D PINT 
RNUQ UISCOSITY OF UAPOR (POISE) 2■D PINT 
RKG THERMAL CONDUCTIUITY OF UAPOR (U/CM/C) 2 •D PINT 
S THE CENTER-TO-CENTER PIN SPACING (CM) 2 -D PINT 
T TEMPERATURE (C) 2 •D PINT 
TAU CONTACT PERIOD (SEC) 2 PINT 
TAUC CONTACT DURATION (TAUCCTAU) (SEC) _ 2 PINT 
TAUCHF CONTACT PERIOD ASSOCIATED UlTH THE CRITICAL HEAT FLUX (SEC>2 PINT 
TCHF TEMPERATURE CORRESPONDING TO CRITICAL HEAT FLUX (C) 2 PINT 
TINE TIME (SEC) 

C UARlflBLES USED IN THIS PROORAH ^

2 PINT 
TL TEMPERATURE OF THE LIQUID (C) 2 PINT 
TnFB MINIMUM FILM BOILINQ TEMPERATURE (C) 2 PINT 
THIN MINIMUM TIME SET TO PREUENT OUERFLOU IN SORT (SEE 2 PINT 

SUBROUTINE HEATF) 2 PINT 
TU UALL TEMPERATURE (SUBSTRATA)(C) 2 - PINT 

2'•D PINT 
g.■0 PINT 

COMMON TL.RHOL.CL.RKL.RHOQ.CPQ.RMUQ.RK6.HFG.RLAM.RHOS 2'•0 PINT 
>.OCHF.DTCHF.QMFB.OTMFB.NBOIL(2B).EQ.S.TMIN.ICPROP.INSP 2 •D PINT 
DIMENSION T(2Q).Q(9).0A(9)»IT(2B).LIQUI0(9) 2- •D PINT 
INTEGER BLANK 2< PINT 
DATA G.PI.SIGMA/989..3.1415927.S.6688E-12/ 2 PINT 
DATA BLANK/IH / 2' PINT 

C INPUT FILE 2- PINT 
OPEN(S.FILE-'«TEHP'.STATUS-*OLD*) 2 PINT 

C PLOT FILE 2- PINT 
OPEN(7.FILE-'XPLOT < •DB•4'.STATUS-'UNKNOWN') 2' PINT 

C READ IN PIN DIMENSIONS AND CONTACT PARAMETERS 2 PINT 
19 READ(5.X.END-99) E.D.E9.S.TU.TAU.TAUC.TMIN,DTIME.NTIME.NSKIP. 2' PINT 
>ICPROP 2- PINT 

1099 FORMATdOFS 9.15) 2- PINT 
C CHECK FOR END OF FILE 2- PINT 

IF(E.LE.9.)GO TO 99 2- PINT 
C READ IN LIQUID THERMOPHYSICAL PROPERTIES 2- PINT 

READ(5.1919) TL.RHOL.CL.RKL.RHOG.CPG.RMUG.RKG.HFG.RLAM. 2- PINT 
XLIOUIDd),1-1.9) 2- PINT 

1919 F0RMAT(F4 9.F5.4.F4.2.E9.3.F7.6,F4.2.2E9.3.F5.9.F6.4.9A2) 2- PINT 
C 2- PINT 
C CALCULATE MAXIMUM AND MINIMUM POINTS ON THE BOILING CURUE 2- PINT 
C CRITICAL HEAT FLUX (ZUBER'S THEORY) 2- PINT 

OCHF-.18XHFGXSQRT(GXRLAMXRHOGXRHOLX(RHOL-RHOG)/(RHOL^RHOG)) 2- PINT 
C LIQUID-SOLID CONTACT PERIOD CORRESPONDING TO THE CRITICAL HEAT FLUX 2- PINT 
C (AFTER THE ZUBER-TRIBIUS THEORY) 2- PINT 

TAUCHF-PIXSQRT(2 XPIXRLAMXRH0G/G/(RH0L-RH0Q))/3. 2- PINT 
C THE TEMPERATURE DIFFERENCE CORRESPONDING TO T>C CRITICAL HEAT 2- PINT 
C FLUX (BANKOFF D MEHRA) 2- PINT 
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0TCHF-QCHFlS0«T(PirrAUCHF/RH0L/CL/RKL)/2. 2-0 PIHT 
TCHF-TL+DTCHP 2-0 PINT 

C NINimjn HEAT FLUX - LEIOENFROST POINT (ZUBER'S THEORY) 2-0 PINT 
OnFB»QCHFXSORT(RHOC/(RHOL+RHOG)) 2-0 PINT 

C TENPERATURE DIFFERENCE CORRESPONOINC TO THE NINIHUN HEAT FLUX 2-0 PIHT 
C (BERENSON'S THEORY) 2-0 PINT 

DTnFB-3 13X(QnFBXRLAN/RKG)B(QnFB<RNUC/G/HFG/RH0Q/ 2-0 PINT 
>(RH0L-RH0G)^LAnM2)tS.333333 2-0 PINT 
TNFB-TL+DTNFB 2-0 PINT 

C CHECK FOR BULK SURFACE TENPERATURE BELoITtNFB I-D PINT 
IFCrU.GE TNFB) GO TO 20 2-0 PIHT 
URITECS.lOaO) TU.TNFB 2-0 PINT 

1020 FORNATdHl.SXMRHXntB UARNING BULK SURFACE TENPERATURE IS. 2-0 PINT 
>40M BELOU NINIHUN FILN BOILING POINT ttttt,//. 2-0 PINT 
>5X.3HTU-.F4.0.5X.5HTNFB-.F4.0,//. 2-0 PINT 
>5X.4eHEXECUTI0N TERNINATED ) 2-0 PINT

^ GO TO 10 ^ 
C CALCULATE SNOOTH SURFACE FILN BOILING PARANETERS <FOr'tHe"aREA 2-D PINT 
C BETUEEN THE PINS) 2-0 PINT 

20 SH-CPG*<TU-TL)/HFG 2-0 PINT 
HFCSNL"HFG/'(l.*7.*SH/20.)«3 2-0 PINT 
HFGnAX-HFG<(2.XAL0G(l.«SH/2.)/$H)»3 2-0 PINT 
HFGS*(HFGSnL«HFGnAX)/2. 2-0 PINT 
HFB-.41X(RKGXX3XRH0GX(RH0L-RH0G)XGXHFGS/(RNU0X(TU-TL)XRLAN))XX.2S 2-0 PINT 
HR-SIGnAX((TU4273.15)XX4-(TLt273 15)XX4)/(TU-TL) 2-0 PIHT 

C 2-0 PINT 
C INITIALIZE VARIABLES 2-0 PINT 

RHOS-7.754 2-0 PIHT 
HSUN-0. 2 0 PINT 
DR-0/6. 2 0 PINT 
OZ-E/5. 2-0 PINT 
TINE-O. 2-0 PINT 

C INITIALIZE DIFFERENTIAL AREAS 2-D PINT 
0A(11-1V36. 2-0 PINT 
DA(2)-2./9. 2-0 PINT 
DA(3)'4./9. 2 0 PINT 
DA(4)-11 /36. 2-0 PINT 
0A(5)-0Z/3./DR 2-0 PINT 
DA(6)-2.X0Z/3v0R 2-0 PINT 
DA(7)-0A(6) 2 0 PINT 
0A<8)-0A(6) 2 0 PINT
DA<9)>DZ/0R 11-0 PINT 
DA10-PIX0XX2/4./SXX2 2 0 PINT 
DAll«l.-DAie 2 0 PINT 

C INITIALIZE COUNTERS 2 0 PINT 
HPRT-1 2 0 PINT 
ISKIP-0 2 0 PINT 
lNSP-0 2 0 PINT 

C SET-UP INITIAL CONDITIONS 2 0 PIHT 
00 30 I-i.20 2- 0 PINT 
T(I)-TU 2- 0 PINT 
IT(I)-INT(TU+ 5) 2- 0 PINT 

30 NBOIL(I)-BLANK 2- 0 PINT 
00 40 I«1.9 2-0 PINT 

40 Q(I)-0. 2- 0 PINT 

C URITE HEADING AND INITIAL CONDITIONS I- PIHT 
PINT 

URITE(6.1030) E.D.5,E0.TAU.TAUC,DTINE.NSKIP.TU.(LIQUID(I).I-1,9) 2- PINT 
1030 F0RNAT(1H1.4X,11HPIN HEIGHT-.F6.4.3H CN.SX.ISHPIN DIANETER-.FSA. 2- PINT 

>5X,12HPIN SPACING-.F6 4.5X.3HE0-.F6.4./. 2- PINT 
>SX.1SHC0NTACT PERIOD-.F8.S.4H SEC.5X.17HC0NTACT DURATION-.F8.S. 2- PINT 
>4H SEC,./,SX.10HTINE STEP-,F8 S.4H SEC.SX. 2-0 PINT 
>23H0UTPUT IS PRINTED EUERY.I4.11H TINE STEPS./. 2-0 PINT 
>SX.2SHBULK SURFACE TENPERATURE-.F4.0.SX. 2-0 PINT 
>39HTHE SURFACE IS STEEL AND THE LIQUID IS .9A2) 2-0 PINT 
IF(ICPROP.EQ.O) URITE(6.1931) 2-0 PINT 

1031 FORNATCIH > 2-0 PINT 
IFdCPROP.NE 0) URITE(6.1032) 2-0 PINT 

1032 F0RnAT(7X.4SH(C0NSTANT THERHOPHVSICAL PROPERTIES ARE USED)) 2-0 PINT 
URITE(6.1033) TCHF.QCHF.TNFB.QNFB 2-0 PINT 

1033 F0RNAT(SX.5HTCHF-.F5.1-lHC.SX.5H0CHF-.Fe.2.9H(U CNXX2).SX. 2- PINT 
>SHTHFB-.F5.1.IHC.SX.SHGNFB-.F6.2.9H(U/CNXX2).//, 2- PINT 
>132H TINE Tl T2 T3 T4 TS T6 T7 T8 T9 TIO 2- PINT 
> Til T12 T13 T14 T15 TIS T17 Tt8 T19 T20 HPIN H2- PINT 
>AyE ) 2- PINT 
URITE(6.1040) TINE.(IT(I).NBOIL(l).1-1.20) 2-0 PINT 

1040 FORnAT(lX.F9.5.2X.20(I4.At).2F10 5) 2-0 PIHT 
UR1TE<7,7777) TIHE.TU.TU 2-0 PINT

777^F0RnAT(F7.S^(lX.F7.S)) 2- PIHT 

C BEGIN Tin?"i^F9~"_ ' i-i PINT 
PINT 

00 90 ITlNE-l.NTINE 2- PINT 

https://TIHE.TU.TU
https://TINE.(IT(I).NBOIL(l).1-1.20
https://CNXX2).SX
https://IFdCPROP.NE
https://TENPERATURE-.F4.0.SX
https://PERIOD-.F8.S.4H
https://SPACING-.F6
https://HEIGHT-.F6.4.3H
https://HFB-.41X(RKGXX3XRH0GX(RH0L-RH0G)XGXHFGS/(RNU0X(TU-TL)XRLAN))XX.2S
https://IFCrU.GE
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orrCTniNC neu tctpctatures iv fourth orber ruhge-kuttr hethcd a-D piht 
CALL RiajTTA(T.Q.TinE.DTinE.TAU.TAUC.DZ.DR.TU) a-D PINT 
TinE>SNGL(D»LECDTinE)«OBLE(FLOAT(ITinE))) a-D PINT
URITE(7.7777) TIHE.T<U.T(4) |-D PINT 

DETERNINE TOTAL HEAT FLUX AND CORRESPONDING HEAT TRANSFER COEFFICIENTa-D PINT 
H'G 2-D PIHT 
DO 59 1*1.9 2-D PIHT 

S« H*H^(I)XOA<I} 2-D PINT 
H*H/<TU-TL) 2-D PINT 
HSUn*HSUH>H 2-D PIHT 
HPIN-HSUnxOTINE/TINE 2-D PINT 
ISKIP-ISKIP+l 2-D PIHT 

URITE HEADING ON NEU PAGE AFTER EUERV S« LINES 2-D PINT 
IFCNPRT.NE.Se.OR.lTINE.EG NTINE) GO TO 60 2-D PINT 
URITE(6.1030) E.D.S.EO.TAU.TAUC.DTinE.HSXIP.TU.CLlQUIDd).1-1.9) 2-D PINT 
IFdCPROP EG O) URITE(6.ie31) 2-D PINT 
IFdCPROP NE.O) URITE(6.103a) 2-D PINT 
URITE<6.ie33) TCHF.QCHF.TnFB.QnFB 2-D PINT 
NPRT-O 2-D PINT 

URITE ONE LINE OF OUTPUT EUERV NSKIP TINE STEPS 2-D PINT 
60 IFdSKIP HE.NSKIP) GO TO 90 2-D PINT 

DO 79 i-i.ao 2-D PINT 
70 ITd)*INT(Td)*.5) a-D PINT 

HAUE•DAleXHPIN•^OAllS( 75SHFB>HR) 2-D PIHT 
DO 80 ITER-1.5 2-D PINT 

80 HAUE-0A10XNPIN4DA11«(NFBX(HFB/HAUE)«<.333333«HR) 2-D PINT 
URITE(6.10'40) TinE.dTd).NBOIL(I).I-l.aO).HPlN.HAUE 2-D PINT 
NPRT*NPRT>1 2-D PINT 
ISKIP-0 2-D PINT 

90 CONTINUE a-D PIHT 
GO TO 19 a-D PINT 

99 CLOSE(S) 2-D PINT 
CL0SE(7) 2-D PINT 
STOP a-D PINT 
END 2-D PIHT 
SUBROUTINE TDERlUtT.G.DZ.DR.TU.DT) TDERIU 

TDERIU DETERNINES THE TENPERATURE DER1VITIUE5 U.R.T TINE FOR TDERIU 
THE 20 NODAL POINTS TDERIU 

-TDERIU 
CONNON TL.RHOL.CL.RKL.RHOG.CPG.RflUQ.RKG.HF6.RLAI1.RHOS TDERIU 

>.OCHF.DTCHF.OflFB.DTNFB.NBOIL(20).EO,S.THIN.ICPROP.INSP TDERIU 
DINENSION T(20).G(9).DT(2e).RH0(20).C(20).nETAL(ia).INSULA(8) TDERIU 
REAL K<20).KI TDERIU 

NETAL NODES TDERIU 
DATA nETAL/'l,2.3.4.7.8.11.12.15.16.19.20/ TDERIU 

INSULATOR NODES TDERIU 
DATA INSULA/S.6.9.10.13.14.17.18/ TDERIU 
DATA RH0I,CI.K1/2.4.1.09..0104/ TDERIU 

•TDERIU 
IFdCPROP.LT.O) CO TO 30 TDERIU 

SET-UP THERHOPHVSICAL PROPERTIES OF NETAL TDERIU 
DO 10 1-1,12 TDERIU 
RHOfNETALd))-RHOS TDERIU 
C(NETAL(I))-CS(T(nETALd))) TDERIU 

10 K(nETALd))-RKS(T(NETALd))) TDERIU 
IFdNSP.NE.O) CO TO 30 TDERIU 

THERNOPHVSICAL properties of the INSULATOR TDERIU 
DO 20 1-1.8 TDERIU 
RHO(INSULACl>)-RH01 TDERIU 
CdNSULAd))-CI TDERIU 

20 KdNSULA(I))-Kl TDERIU 
IF(ICPROP.6T.0) ICPROP—1 TDERIU 
INSP-1 TDERIU 

39 DRDR*DRXDR TDERIU 
DZDZ-DZtDZ TDERIU 

-TDERIU 
C CALCULATE NET HEAT FLUXES AT EACH NODE TDERIU 
C NODEtl TDERIU

DT(1)-4 t(T(5)-T(1))aX(5)XK(1)/(K(5)4-K(1))/DZDZ TDERIU 
>-»8 >(T(2)-T(1))XK(2)XK(1)/(K(2)>K(1))/DRDR TDERIU 
>-2.SG(l)/DZ TDERIU 

NODE02 TDERIU 
DT(2)-4.X(T(6)-T(2))XK(6)XK(2)/(K(6)>K(2))/DZDZ TDERIU 

>*(T<l)-T(2))XKd)XK(2)/(K(l)+K(2))/0RDR TDERIU 
>■^3 X(T(3)-T(2))XK(3)XK(2}/(K(3)>K(2))/DRDR TDERIU 
>-2 X0(2)/DZ TDERIU 

H0DEX3 TDERIU 
0T(3)-4 X(T(7)-T<3))XK(7)XK(3)/(K(7)*K(3))/D2DZ TDERIU 

>♦1 5X(T(2)-T(3))XK(2)XK(3)/(K(2HK(3) J/DRDR TDERIU 
>+2.5X(T(4)-T(3))XK(4)XK(3)/<K(4)+K(3))/DRDR TDERIU 
>-2.XQ(3)/DZ TDERIU 

N00E«4 TDERIU 

https://RH0I,CI.K1/2.4.1.09
https://INSULA/S.6.9.10.13.14.17.18
https://nETAL/'l,2.3.4.7.8.11.12.15.16.19.20
https://K<20).KI
https://TDERlUtT.G.DZ.DR.TU.DT
https://IFCNPRT.NE.Se.OR.lTINE.EG
https://RiajTTA(T.Q.TinE.DTinE.TAU.TAUC.DZ.DR.TU


 
 

� 

 

 
 

 

 

 

 

 
 

 

 

 
 

 

 
 

o
 

I
 

o
o
 

o
 

o
 

i
 s
!
 

3
 

§
3
 

i
 

§
 

3
 

3
 

§
 

S
 

O
 

O
 

O
 

O2
 

_
 

_
 '

V
/
 
O
n
/

_
 
O
V
W
 

O
N
^
 

O
V

V
/
 
O
S
/
V
N
/
 
O
S
/
V
N
/
 
O
V
>
^
V
^
 

V
 
O
V
W
 
O
^
N
/
S
,
/
 
o
 

9
s
/
>
^
 
o
V
V
V
 

I
!
l
9
0
0
t
^
 I
 
I 

♦
 

♦
o
m
4
^

-f
o
m
^
o
m

i 
♦

 
<
^
o
m
 i
 >
 

4
>
o
m
^
^
 

•♦
o

m
 I

 
♦
 

♦
 ♦

o
m

-f
 ♦

 •
♦
^
o

m
 ♦

 •
^
o

m
 
i 

i 
♦
 o

 
C

I 
v
w
 

e
»
v
»
v
/

|
t
|
I 

^̂
f\
J 

(
/
Î
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SUtROUTIMg MCATF(TI»1E.TAU.T«UC.T.O) HEATF 
HEATF OCTERniNES THE HEAT FLUXES FROH EACH EXTERIOR NODE HEATF 

COrmON TL.RHOL.CL.RKL.RHOO.CPO.RNUG.RKC.HFG.RLAfl.RHOS HEATF 
>.OCHF.DTCHT,ONFB.DTHFB.NBOIL(Ef).EB.S.THIN.ICPROA.INSP HEATF 
OINENSION T(aB).0(9).N01>E(9) HEATF 
INTEGER C.F.QNB HEATF 
DATA NODE/1.2.3.4.4.8.12.16.29/ HEATF 
DATA C.N.QNB.F/IHC.IHH.IHQ.IHF/ HEATF 
DATA SIGNA.Q.PI/S.6688E-12.98e..3.141593/ HEATF 

HEATFDETERNINE THE HEAT FLUX FOR EACH'oF~THE'rEXTERHAL~NODES HEATF 
00 S IQ-1.9 HEATF 
TS>T(NODE(IO>) HEATF 

DETERNINE IF THE BOILING PROCESS IS COHTACT/FILH. NUCLEATE. HEATF 
OR TRANSITION (QUASI-NUCLEATE) HEATF 

DELTAT-TS-TL HEATF 
IF(DELTAT LE DTCHF) GO TO 4 HEATF 
IF(OELTAT.LE.OTHFB) GO TO 3 HEATF 

HEATF 
BOILING PROCESS IS CONTACT/FILN HEATF 
DETERNINE IF THE NODE IS SUBJECTED TO LIQUID-SOLID CONTACT HEATF 

IF(IQ 6T.6) GO TO 1 HEATF 
DETERNINE IF THE CONTACT IS DURING THE 'ON' OR 'OFF* PERIOD HEATF 

NTAU-INT(T1HE/TAU) HEATF 
IF(TINE.GT.FLOAT(NTAU)*TAU*TAUC) GO TO 1 HEATF 

-HEATF 
IF LIQUID-SOLID CONTACT IS OCCURRING USE A CONTACT-TVPE HEAT FLUX HEATF 

NBOIL(NODE(IG))-C HEATF 
SET A HININUN TINE TO AVOID THE SINGULATITY IN-CONTACT HEAT TRANSFER HEATF 

HF B - . 41X (RKG»3>RH0GS (RHOL-RHOG XGXHFQS/ (RNUQX (TS-TLIXRLAN)) 
XX.25 
HR-SIGNA« (TS4-273.15)**4-(TL4873.1S)«4)/(TS-TL)
H-.7SXHFB>HR 
DO 2 ITER-1.5 

2 H-HFBt(HFB/H)n.333333«HR 
QI"H*<TS-TL)
GO TO 5 

BOILING PROCESS IS TRANSITION (OUASI-NUCLEATi)
3 NBOIL(NOOE(IO))-QNB

OI-EXP(ALOG(OCNF)-f(ALOQ(QNFB)-ALOO(QCHF))XALOQ(OELTAT/OTCHF)/ 
>ALOG(DTNFB/DTCHF))

GO TO S 

BOILING PROCESS IS NUCLEATE 
4 NBOIL(NODE(IO))-N

POUER LAU RELATIONSHIP FOR NUCLEATE BOILING (NC NELUV)
QI-OCHF*(OELTAT/DTCHF) SX3.23 

S Q(IQ)>OI 
RETURN 
END 
SUBROUTINE RKUTTA(T.0.TINE.OTINE.TAU.TAUC.DZ.DR.TU)

RKUTTA PERFORNS 1 STEP OF FOURTH ORDER RUNGE-KUTTA INTEGRATION 
DINENSION T(2e).Q(9).DT(29).Tl(29).T2(29).T3(29).0Tl(29).

>DT2(29).DT3(2e).DT4(29)
USE PREVIOUS HEAT FLUXES AND TENPERATURES 
DETERNINE HEU TENPERATURE DERIVITIVES 

CALL TDERIV(T.Q.DZ.OR.TU.DT) 

DO 1 1-1.29 
DT1(I)-DT(I)IDTINE

I Tl(l)-r(I)+.S*DTl(I) 
TINEl-TINE+.SXDTINE 

DETERNINE NEU HEAT FLUXES 
CALL HEATFdINEl.TAU.TAUC.Tl.Q)

DETERNINE NEU TENPERATURE DERIVITIVES 
CALL TDERIV(Tl.Q.DZ.DR.TU.OT)

SETPX2 

TI-ANAXl<TNIN.TINE-FLOAT(NTAU>*TAU) 
QI*(TS-TL)XSORT(RHOLtCLtRKL/(PlXTI))♦

>SIGNAt(CTS*273.15)«4-(TL*273.15)«4)
GO TO 5 

IF LIQUID-SOLID CONTACT IS NOT OCCURRING 
TYPE HEAT FLUX 

1 NBOIL(NODE(IO))-F
USE BAUNEISTER'S EQUATION FOR LEIDENFROST 
LIQUID NASSES 

SH-CPG*(TS-TL)/HFG
HFCSNL-HFG/(1 *7 8SH/29. )X«3
HFGNAX>HFG8(2. XALOG( 1. -fSH/a. )/SH)X<3
HFGS*(HFGSNL^HFGNAX)/2. 

USE A POOL FILN BOILING 

BOILING OF EXTENDED 

HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 

HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
HEATF 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 
RKUTTA 

—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
https://NODE/1.2.3.4.4.8.12.16.29
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DO S I-l.ae RKUTTA 
DT2(I)-DT(I)*0TinE RKUTTft 

a T2(i)-T(i)* smad) rkutta 
Tin£2.TinE+ StDTIFIE RKUTTR 

C DETERfllNE NEU HEAT FLUXES RKUTTA 
CALL HEATFdinEa.TAU.TAUC.Ta.O) RKUTTA 

C DETERniNE NEU TEHPERATURE DERIUITIVES RKUTTA 
CALL TDERIU(Ta,Q.OZ.DR.TU.DT) RKUTTA 

DO 3 I-l.a« RKUTTA 
DT3(I)-DT(I)*DTII1E RKUTTA 

3 T3(I)-T(I)+DT3(I) RKUTTA 
T1H£3-TII1E<-DTIHE RKUTTA 

C DETERniNE NEU HEAT FLUXES RKUTTA 
CALL HEATF(TinE3.TAU.TAUC.T3.0) RKUTTA 

C DETERniNE NEU TENPERATURE DERIUITIVES RKUTTA 
CALL TDERIU(T3.Q.0Z,DR.TU.0T) RKUTTA 

C SETPM T RKUTTA 
DO 4 I-l.aO RKUTTA 
DT4<I)-DT(I)«OTinE RKUTTA 
DT(I)*(0T1<I)*Z.XDTacI .m3(l)40T4(I))/6. RKUTTA 

4 T(I)-T(IHDT(I) RKUTTA 
C DETERNINE NEU HEAT FLUXES RKUTTA 

TinE4-TinE4DTinE RKUTTA 
CALL HEATF(TinE4,TAU.TAUC.T.O) RKUTTA 
RETURN RKUTTA 
END RKUTTA 

FUNCTION CS<T) CS(T) 
C OS INTERPOLATES TAIULAR DATA FOR SPECIFIC HEAT CS(T) 
C DATA IS FOR CARBON STEEL CS(T) 
C TENPERATURE IS IN DECREES C CS(T) 
C SPECIFIC HEAT IS IN CAL/GN/C CS(T) 

DINENSION C(17) CS(T) 
DATA C/ leSl..1166..1280..139S..1568..1622..1731..18S3..1741..180SCS(T} 

>..1565..1505. 1505..1505. ISeS..1790..1460/ CS(T) 
I-nAX0(l.niN0(16.INT(T/100 HI)) CS<T) 
X-(T-100 *FLOAT<I-1))/100. CS<T) 
CS-C(I)*X*<C<I*1)-C<I)) CS<T) 

C CONVERT TO J/GN/C CS(T) 
CS-CSI4 184 CS(T) 
RETURN CS<T) 
END CS(T) 
FUNCTION RKS(T) RKS(T) 

C RKS INTERPOLATES TABULAR DATA FOR THERNAL CONDUCTIVITY RKS(T) 
C DATA IS FOR CARBON STEEL RKS(T) 
C TENPERATURE IS IN DEGREES C RKS(T) 
C THERNAL CONDUCTIVITY IS IN BTU/HR/FT/F RKS(T) 

DINENSION RK(7) RKS(T) 
DATA RK/21.,21..19 .18..16..1S..17./ RKS(T) 
I-NAX0(l.niN0(S.INT(T/200.)4l)) RKS(T) 
X-<T-200 tFLOAT(I-l))/200. RKS(T) 
RKS-RK(I)*X*<RK(I41)-RK(I)) RKS(T) 

C CONVERT TO U/CN/C RKS(T) 
PKS-RKS* 01730 RKS(T) 
return RKS(T) 
END 

https://18..16..1S..17
https://TDERIU(T3.Q.0Z,DR.TU.0T
https://TDERIU(Ta,Q.OZ.DR.TU.DT
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