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ABSTRACT

A FUNDAMENTAL STUDY OF NUCLEATE POOL

BOILING UNDER MICROGRAVITY

by

Jamie Ervin

Herman Merte, Jr.

An experimental study of incipient boiling in short-term microgravity and with a/g

= + 1 for pool boiling was performed. Calibrated thin gold films sputtered on a smoothly

polished quartz surface were used simultaneously for thermal-resistance measurements and

heating of the boiling surface. The gold films were used for both transient and quasi-

steady heating surface temperature measurements. Two test vessels were constructed for

precise measurement and control of fluid temperature and pressure: a laboratory pool

boiling vessel for the a/g = + 1 experiments and a pool boiling vessel designed for the 131

m free-fall in the NASA Lewis Research Center Microgravity Research Facility for the

microgravity tests. Measurements included the heater surface temperature, the pressure

near the heating surface, the bulk liquid temperatures. High speed photography (up to

1,000 frames per second) was used in the experiments.

With high quality microgravity and the measured initial temperature of the quiescent

test fluid, Rl13, the temperature distribution in the liquid at the moment of boiling

inception resulting from an imposed step in heat flux is known with a certainty not possible

previously. The types of boiling propagation across the large flat heating surface, some

observed here for the first time, are categorized; the conditions necessary for their

occurrence are described. Explosive boiling propagation with a striking pattern of small

scale protuberances over the entire vapor mass periphery not observed previously at low

heat flux levels (on the order of 5 W/cm 2) is described.

For the heater surface with a/g --- -1, a step in the heater surface temperature of

short duration was imposed. The resulting liquid temperature distribution at the moment of

boiling inception was different from that obtained with a step in heat flux.

This report constitutes a major part of a dissertation submitted by the first author in

partial fulfillment of the requirements for the degree of Doctor of Philosophy in the

University of Michigan, 1991.
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CHAFFER 1

INTRODUCTION

The design of power generation systems and the extra-terrestrial storage of

cryogenic fuels in microgravity for the U.S. space program require a knowledge of

boiling and nucleation of the vapor phase. Boiling in microgravity is fundamentally

different from boiling in earth gravity: the buoyancy force which induces liquid and

vapor motion in boiling with earth gravity is effectively eliminated in microgravity.

The study of boiling in microgravity can give some basic insight into the boiling

process in the earth and space environment.

Because of the sometimes imprecise use of terms in connection with boiling

research, it is desirable to clearly define a number of terms to be used here. The

following discussion is for a pure substance, one that has a homogeneous and

invariable chemical composition throughout.

Nucleation, pertinent to any discussion of boiling, is the formation of an

interface between an initial parent phase and a second phase. Nucleation is classified

as either homogeneous or heterogeneous. Homogeneous nucleation refers to

nucleation taking place within a pure liquid bulk in the absence of any foreign

particles or pre-existing phases at a uniform temperature as a result of local random

density fluctuations. These density fluctuations can result in agglomerations of a

sufficient number of molecules to form a nucleus of critical size such that subsequent

growth can occur. (The thermodynamic requirements for this critical size will be

given in Chapter Two.) Heterogeneous nucle_d_n occurs at the interface between the



fluid and othermaterials,usually solid. The conditionsnecessaryfor heterogeneous

nucleationto occurarenot well understood,and may bequite different for disparate

interfaces,suchassmoothrigid surfaces(glassesfor example),liquid-liquid interfaces,

andnon-smoothsolid surfaces(crystallinemetallicsurfacesfor example).

Thetermsincipient boiling, initiation of boiling, andonsetof boiling all refer

to the appearanceof the f'trst observablevapor bubble. Incipient boiling can result

from either homogeneousor heterogeneousnucleation. The f'wstobservablebubble

may be the consequenceof growth from either a pre-existing nucleusor a newly

formednucleus.

Nucleationandboiling of liquids generallytakesplaceby heatingtheliquid at

a solid boundary,so that the liquid doesnot havea uniform superheatas under the

circumstancesof apressuredecrease.The heatingof a liquid to a critical superheated

state from a solid boundary until the onset of boiling occurs may be performed in a

transient or a quasi-steady manner. Transient heating is inherently unsteady, while

quasi-steady heating to the onset of boiling results from the application of a series of

incremental steps in heat flux to a system where a steady temperature distribution is

obtained following each of these steps until nucleation occurs. For example, a heated

flat surface facing upward in a liquid pool in standard gravity results in natural

convection, which permits a series of steady-state increments in heat flux before

boiling fin'st occurs. A quasi-steady heating process is not possible in the true absence

of gravity, and may or may not be possible in microgravity, depending on the imposed

heat flux level.

This is a study of incipient boiling in which body forces of a/g = + 1 and

microgravity are used as a means of varying the temperature distribution in the liquid

at the time of nucleation with all other parameters held constant. The liquid

temperature distribution in microgravity, since buoyancy induced liquid motion is

drastically reduced, is well defined relative to the liquid temperature distribution in a/g



= + 1. The conditions in microgravity existing at the moment of boiling inception will

be compared with those at standard earth gravity. This study is limited to short term

microgravity conditions, because of the practical limitations of achieving long term

microgravity at the present time.

Incipient pool boiling was investigated in an attempt to assess the influence of

liquid velocity under circumstances where buoyancy is anticipated to play a role.

Short duration microgravity was available only for the pool boiling experiments. An

imposed constant heat flux, constant surface temperature, and quasi-steady heating

constitute the three different boundary disturbances used in the pool boiling

experiments.

The principal objectives of this work are:

(1) To determine if known temperature distributions at the onset of boiling

can be used to characterize the incipient boiling process.

(2) To examine how the onset of boiling is influenced by the method of

heating using an imposed heat flux, an imposed surface temperature,

and a quasi-steady heating procedure.

(3) To explore the features of observed phase change dynamics, and to

characterize the parameters which produce particular types of vapor

motion.



CHAPTER 2

LITERATURE SURVEY

Homogeneous nucleation in a pure liquid phase is unlikely in normal

engineering applications because heterogeneous nucleation usually takes place before

the large superheats necessary for homogeneous nucleation are attained. A metallic

heating surface, for example, has numerous pits which not only serve as reservoirs for

trapped gases, but also expose more grain boundary area (grain boundaries are regions

of higher energy) to the liquid than would otherwise be available if there were no pits

present.

For nucleation of a heated liquid to be homogeneous, the probability for the

agglomeration of sufficiently energetic molecules to form a nucleus of critical size in

the interior of the liquid must be greater than the probability for agglomeration of

energetic molecules at its surface. A necessary condition for this to occur is that the

heated liquid not be in contact with any vapor phase. According to Blander and Katz

(1975), another condition which is sufficient but not necessary for homogeneous

nucleation is that the liquid wet any other phase with which it is in contact. Jarvis et al

(1975) have shown that if a liquid has a zero contact angle with any body that it

contacts, then a bubble in the interior of the liquid is more stable than a similar size

bubble at the interface. Hence, homogeneous nucleation is more likely to take place

than heterogeneous nucleation. These conditions are met when the liquid is

completely enclosed by a smooth surface. Examples are glass or another liquid which

is non-volatile, as discussed in Blander and Katz (1975).
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Homogeneousnucleationtheoryand its extensionto heterogeneousnucleation

is basicto any understandingof incipient boiling. A brief review of homogeneous

nucleationtheorywill be presentedfirst, followed by a discussionof heterogeneous

nucleation.

2.1 HomogeneousNucleation

Homogeneousnucleationmaybeconsideredfrom two perspectives.The fin'st

is the classical theory, attributedto Gibbs (1928), Volmer (1945), and Becker and

Doring (1935),and refinedby Frenkel(1955), andZeldovich (1942). The secondis

thestatisticalmechanicalpoint of view, associatedwith Reiss(1952a)(1952b),Mayer

andHarrison(1938),Lothe andPound(1966),andAbraham(1974),andothers. The

motivation behindthe developmentof the latterperspectiveis that the assumptionof

the applicability of macroscopicthermodynamicpropertiesto a small vapor bubble

(which may beon theorderof 25molecules)wasnot deemedappropriate. However,

it is difficult to obtainnumericalresultswith thestatisticalapproachandto relatethese

to experimentallymeasurablevariables. As a way to circumvent these problems, some

workers have combined concepts from both macroscopic and microscopic

thermodynamics, bringing statistical thermodynamics into the classical expressions in

the form of a correction factor, as in Lothe and Pound (1962). However, disagreement

exists over the validity of this type of correction factor, as discussed in Reiss (1952),

Lothe and Pound (1966), Reiss (1970), Reiss and Katz (1967), and Lothe and Pound

(1968). The classical theory has been used successfully in predicting homogeneous

nucleation temperatures for many fluids, as in Skripov (1974), Springer (1978), and

Kotake and Glass (1981). Only the classical theory will be presented in the present

work, as it provides insight into the basic physics of homogeneous nucleation.
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Homogeneousnucleationof the vapor phasein the absenceof solid surfaces,

impurities, or ionizing radiation occurswithin the bulk of the liquid as a result of

molecular fluctuations in an isothermal system. Thesefluctuations give rise to a

populationof vaporembryosor agglomerationsof moleculeswhich may bedescribed

by aBoltzmann-likedistributionof sizes,asdiscussedin Frenkel(1955):

I-AG(r)]
N(r) = A exp [--_--j (2.1)

N is the number of spherical embryos of radius r. AG is the change in the Gibbs free

energy of an isolated isothermal system associated with the formation of a spherical

vapor nucleus in the metastabie superheated liquid. For the assumption of a spherical

vapor nucleus in a liquid of uniform temperature, the Laplace equation provides the

equilibrium pressure difference across a curved interface arising from the effect of

surface tension:

213

P_" Pi = X (2.2)

With equation 2.2, an expression for AG can be derived:

AG---r* 2 4n13 t zJ -3L (2.3)

The fast term on the RHS of equation 2.3 represents the surface energy contribution

related to the formation of a spherical vapor liquid interface. The second term on the

RHS of equation 2.3 is associated with the formation of a volume of the vapor phase.

r* is the critical size of the embryo, above which spontaneous growth of the

6
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agglomerationoccurs. Belowr*, however, the embryo collapses. The surface tension

is assumed to be a function of T only, which may be valid for agglomerations of

sufficient size, as explained in Springer (1978). For phase transitions, the Gibbs free

energy of the system is a minimum for stable equilibrium, while it is a maximum for

metastable equilibrium since the Gibbs free energy of the system decreases for either

an increase or a decrease in the size of an embryo of critical size, as discussed in

Kottowski (1973). The second derivative of equation 2.3 evaluated at r* is negative,

demonstrating that a superheated liquid is in a metastable state. An embryo of critical

size corresponds to a maximum AG, or AG* below. Hence, with r = r* in equation

2.3:

AG* - 4/3 nor .2 (2.4)

with equation 2.2:

16no 3

AG* = 3(Pv - PI) 2 (2.5)

The nucleation rate, or the rate of formation of embryos of critical size is given

by Fisher (1948) as:

nkTf f-AG*11
J =--fi-lexpl J J (2.6)

This expression for the nucleation rate neglects the term for the free energy of

activation of the motion of an individual molecule of liquid past its neighbors into or

away from the liquid-vapor interface. AG* may be considered as a thermodynamic

energy barrier for the liquid-to-vapor trtmsltion. In classical homogeneous nucleation

7



theory,vapor embryosareassumedto have the macroscopicpropertiesof the liquid

bulk phase.Hence,thesurfacetensionin the aboveequationsis the macroscopicfiat-

film surface tension. This assumption is often referred to as the capillary

approximation.Different versionsanalogousto equation2.6 exist but providesimilar

calculatedresults,asdiscussedby Skripov(1974). For simplicity, equation2.6 will be
nkT

usedin thepresentwork to representJ. The pre-exponentialfactor, "h'- ' is a large

number,on theorderof the numberof moleculesin the volumeof liquid considered.

T in equation2.6maybedefinedasthehomogeneousnucleationtemperature,denoted

by Tho m, for a critical range of J, as discussed in Skripov (1974) and Nghiem (1980).

Tho m actually covers a very narrow range of T and varies little even for a large change

in the critical value of J. The maximum practical attainable superheat of a liquid is

limited by Thom, as discussed in Biander and Katz (1975) and Sinha (1980). It is

noted from equations 2.5 and 2.6 that the exponential term of equation 2.6 is

temperature dependent. As the temperature of a pure liquid is raised above its boiling

point, the surface tension decreases and the vapor pressure increases. Each of these

two factors leads to a decrease in the activation energy barrier, resulting in an increase

in the likelihood of vapor nucleation.

Experimental studies of homogeneous nucleation abound and the following are

selected as a representative sampling:

Simpson and Walls (1965-1966) used a pulsed wire technique to investigate

nucleation. Their homogeneous nucleation temperature measurements were within + 2

% of the theoretical homogeneous nucleation temperature of various organic fluids.

The experimental apparatus consisted of a thin platinum wire immersed in different

test fluids, including benzene, acetone, n-hexane, ethyl ether, and demineralized water

at atmospheric pressure. The wire was subjected to an intense current pulse of short

duration, so that nuekation would occur ta the superheated thermal boundary layer of

8



the liquid nearthewire surface. The transient heat flux from the wire was interpreted

to be convection-free conduction to the liquid.

Skripov (1974) studied homogeneous nucleation in saturated hydrocarbons and

fluorohydrocarbons by superheating floating droplets of saturated hydrocarbons and

fluorohydrocarbons in sulfuric acid in a temperature gradient on the order of 0.1-0.5

oC/mm. Since the hydrocarbons were immiscible in the sulfuric acid, the nucleation

taking place approached homogeneous nucleation. The homogeneous nucleation

temperatures calculated by classical homogeneous nucleation theory agreed with

measurements (differences were typically less than 1-2 oC).

Skripov (1974) also studied homogeneous nucleation in an expanding liquid

achieved by means of a rapid pressure drop in a bubble chamber. He observed mean

homogeneous nucleation temperatures which were within a few degrees Celcius of

those predicted by classical homogeneous nucleation theory for n-pentane, n-hexane,

diethyl ether, benzene, and hexafluorobenzene for various saturation pressures.

Derewnicki (1985) performed boiling tests using pulsed platinum wires (0.025

mm diameter by 10 mm length) immersed in degassed, distilled water. He claimed to

find, by photographic means, homogeneous nucleation in the thermal boundary layer

near the wire surface which became highly superheated as a result of the fast

temperature rise.

Sinha (1980) measured the homogeneous nucleation temperature for Helium I

using a transient bismuth magnetoresistive thermometer. Homogeneous nucleation

temperatures for liquid nitrogen for reduced pressures, P/Pc, ranging from 0.03 to 0.91

were obtained by pulse heating a platinum wire (7 cm length by 0.102 mm diameter).

The experimental temperature measurements were in good agreement with the

classical nucleation theory. A corresponding state analysis for the case of

homogeneous nucleation in liquid noble gases, both classical and quantum, was

developed.
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2.2 HeterogeneousNucleationandIncipientBoiling

Heterogeneous

applicationsof boiling thanhomogeneousnucleation,is influencedby thegeometrical,

chemical,andphysicalpropertiesof the boiling surface. Heterogeneousnucleationin

boiling is extremelydifficult to formulate mathematicallyas it is different for any

given liquid-surfacecombinationand dependson fluid contactangles,surfacecold

working (for metallic surfaces),grain boundary area (for metallic surfaces),and

surfacechemadsorption. In addition, minute cavities which might not be entirely

wetted by a liquid may trap air or other gas molecules as potential centers for

nucleation.

Severalmodels for heterogeneousnucleationwhich utilize the macroscopic

point of view basedon the conceptof surfacetensionhavebeenproposed" Fisher

(1948), Hirth and Pound (1963), Sigsbee(1969), Boucher (1969), Cole (1974),
27

Zimmels (1976), Blander and Katz (1975), and Kotake and Glass (1981). The

discussion in Blander and Katz (1975) will now be summarized, presenting the basic

concepts of the macroscopic heterogeneous nucleation.

A bubble nucleating on a smooth liquid-solid interface is shown in Figure 2.1.

The minimum work to form a bubble of critical radius in chemical and mechanical

equilibrium is given by:

nucleation, which is more probable in most engineering

(2.7)[osvos,jAsvIPvP,lvv

If the bubble is assumed to be a spherical section, the bubble volume and interfacial

areas can be expressed in terms of the radius of curvature, R, and contact angle, _.

From the geometry of Figure 2.1:

10
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Z
= V = cos(_) = -cos#

1 _ i3r2-3_+3_t_JV = _n(R-Z) (2R+Z) - _zR

Al, -- 2R'r(R-Z) = 2_R2(1-_)

A,v= m-2= 7_R2[ 1-V 2}

(2.8)

(2.9)

(2.10)

(2.11)

By a force balance at the bubble edge,

ffsl = Gsv+(YlvcOs(_'_b) = _sv +VClv

¢

(2.12)

Hence,

V= (2.13)

Glv

Substituting equations 2.8 through 2.13 and the Laplace equation into equation 2.7

results in:

4 2
AG* - _OlvR F (2.14)

where:

II



12

F - (2.15)
4

Equation 2.14 reduces to equation 2.4 with F - 1. An expression for the nucleation

rate of the form similar to the combination of equations 2.6 and 2.4 can be obtained by

substituting the AG* of equation 2.14 for AG* in equation 2.6. However, Blander and

Katz (1975) suggest that J is proportional to n 2/3 rather than to n because molecules at

the solid-gas interface are more likely to become potential bubbles than molecules

within the volume of a liquid droplet. Thus:

4 2

_lv R F
n 2a kT

J -- ---7" exp - kT
(2.16)

The ability of the above macroscopic model of Blander and Katz (1975) to

predict the conditions necessary for heterogeneous incipient boiling and the resulting

phase change dynamics is limited. For example, the microgeometry necessary for the

determination of the F in equation 2.16 is unknown for most surfaces. In addition, the

effects of gases adsorbed on the boiling surface are not accounted for in such a model.

Having examined the fundamental mechanisms of homogeneous and

heterogeneous nucleation, the conditions influencing sustained heterogeneous incipient

boiling in which bubble nuclei are formed or pre-exist during heating of the liquid will

now be addressed. Models developed to predict incipient boiling have demonstrated

limited degrees of success when compared with experimental measurements as a result

of their inability to satisfactorily account for the following elements influencing the

process:

12
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(1) Surface microgeometry

(2) Surface energy

(3) Liquid temperature distribution

(4) Externally forced liquid motion

(5) Buoyancy induced liquid motion

The heater surface microgeometry, which is assumed to consist of microscopic

crevices and pits, traps vapor and gases which become bubble nuclei. The heater

surface energy affects the wettability of a surface by a liquid, and as a result,

influences the ability of the surface microgeometry to trap vapor and gases. The liquid

temperature distribution at the moment of incipient boiling depends on the presence of

fluid motion, externally forced or resulting from density variations in a gravity field.

These five elements will now be considered in some detail.

2.2.1 Surface Microgeometry

It is known, as indicated by the studies below, that nucleation and initial

boiling are strongly affected by the surface microgeometry. Bankoff (1958), Griffith

and Wallis (1960), Lorenz (1974), Winterton (1977), and Webb (1981), for example,

purport that the role of microgeometry in incipient boiling is to trap gases and vapor,

which then act as nuclei for bubbles. Howell and Siegel (1966) report that

photographs of water boiling from artificial sites drilled in stainless steel surfaces

show vapor remaining in the site after a bubble departs. The high speed photographic

studies of surface boiling of pentane by Clark et al (1959) demonstrated that active

nucleation sites were located at pits and scratches on the surface. Griffith and Wallis

(1960) showed that the cavity mouth radius determines the superheat necessary for

13



14

conditionsof isothermalincipient boiling, andthat the shapeof thecavity determines

whetherboiling will persist,oncehavingbegun.

Coeling andMerte (1968)presentedexperimentaldata for naturalconvection

heattransferand for boiling inceptionof LH2 andLN2. The experimentalvariables

includedheatersurfacematerial, surfaceroughness,and orientation. Stainlesssteel

and coppersurfaceswere testedin both polishedand lappedconditions. A surface

coatedwith TFE teflon was also tested. Heatersurfaceorientation,which included

horizontal up, vertical, and horizontal down with respectto the direction of earth

gravity, were test parameters. A stainlesssteel surface lapped with a 600 grit

compoundwas found to be a more effective boiling surfacefor LH2 than the same

surfacewhetherpolishedor lappedwith a coarser280 grit compound. In terms of

vapor trapping in cavities, this experimentalresult indicated the existenceof an

optimum surfacemicrogeometryfor producing nucleateboiling with a minimum

heatersurfacesuperheat.More recentworksconcerningtherole of microgeometryin

incipientboiling andnucleateboiling will bediscussedbelow.

Webb (1981)presenteda surveyof theevolutionof specialsurfacegeometries

that promote high performancenucleateboiling covering the period from 1931 to

1980. The surfacegeometriesdescribedwere designedwith the intent of trapping

vaporefficiently. Thesegeometriesincludedre-entrantcavities,porouscoatings,and

re-entrantgrooves.

Forest(1982)presenteda generalfree energyanalysisof theequilibrium and

stability of a gas-vapornucleusinsideof a surfacecavity for a uniform temperaturein

the liquid. He demonstratedthat the spontaneousgrowth of a pre-existingnucleus

occurswhentheradiusof curvaturereachesa minimum asthegaseousvolumeof the

nucleusincreases.This confirmedtheearlierwork of Griffith andWaUis(1960).

Tong et al (1990)describedtheinfluenceof thedynamiccontactangleon the

liquid-gas trapping as related to boiling inception with highly wetting liquids.

14



15

Changes in the dynamic contact angle were shown to determine the trapped volume of

gas in a heater surface crevice.

The major problem encountered in studying the role of surface microgeometry

on incipient boiling for a "natural" boiling surface is how to satisfactorily quantify, in

a collective manner, the micro-valleys, pits, and scratches present on such a surface.

Surface roughness measurements are gross measurements for the length scale of the

cavities being considered, which are on the order of 10 .7 m. Surface roughness

measurements do not necessarily detect vapor trapping re-entrant cavities or

microscopic pits, while scanning the boiling surface at discrete locations may not

reveal some potential boiling sites.

Chowdhury and Winterton (1985) studied the effect of surface roughness and

contact angle on nucleate boiling using a quenching technique with aluminum or

copper cylinders and saturated water or methanol. They concluded that the number of

active sites, rather than the surface roughness as measured by a profilometer,

influenced nucleate boiling. Consistent techniques for roughening different surfaces

of the same materials produced remarkably similar boiling curves for surface-liquid

combinations with the same measured contact angle.

2.2.2 Surface Energy

The importance of the surface energy, measured in terms of the contact angle,

to the onset of boiling has long been known. However, surface energy is not well

understood. It is not known explicitly how surface energy affects the formation of

nuclei, nor how surface energy affects the stability of nuclei in potential boiling

cavities. The contact angle between a solid and a liquid characterizes the wettability

of a certain solid surface by a specific liquid. Parameters such as the volume of

trapped air or gas in a surface cavity, the critical bubble radius and the resulting

15



16

incipient superheat are influenced by sm'face wettability. The description of this

wetting phenomenon is difficult, as solid surfaces are surmised to have micro crevices

and valleys of complex forms. In addition, chemical reactions may take place at

liquid-solid interfaces and develop impurities which concentrate at the liquid-solid

interface. The following studies examined the relationship between the contact angle

and boiling incipience.

Cornwell (1982) maintained that boiling incipience was caused by the

instability of pre-existing vapor-liquid interfaces in heater surface cavities. He

proposed that the micro-roughness of the cavity wails results in a contact angle

hysteresis between the advancing and receding contact angles which cause the

meniscus within the cavity to invert from being convex to concave on the vapor side.

This meniscus inversion provides an explanation for the trapping of vapor and gases.

Surface heterogeneity in terms of spatially varying amounts of contaminants, including

organic films and oxide layers, was purported to play a part in the contact hysteresis.

Winterton and Blake (1983) concluded that the liquid-vapor interface within a

boiling surface cavity can adjust to external changes in liquid pressure on a time scale

of less than a few seconds. They purported that boiling incipience on a heated surface

induced by surface vibration can be explained in terms of the hysteresis between the

advancing and receding contact angles.

In a theoretical investigation, Tong et al (1990) concluded that for highly-

wetting fluids such as Rl13, the nucleus for boiling incipience lies below the cavity

mouth radius. They also concluded that for such fluids, variations in the contact angle

during bubble embryo formation and growth resulting from changes in the liquid-

vapor interface velocity explain the wide variation in measured incipient superheat

values. A method for calculating the wall temperature at boiling incipience was given,

but depended on unknown values of the static equilibrium contact angle, the dynamic
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contact angle, and the cavity geometry. As thesevalues could not be measured,

assumed values were used.

Because the heating surface microgeometry and surface energy are usually

unknown, some studies have lumped these two effects in an energy reduction factor as

a modification to classical expressions for homogeneous nucleation in order to predict

boiling inception.

Nghiem et al (1981) attempted to determine the necessary conditions for

transient incipient boiling with a step in power input using two test fluids, saturated

water and R113 at atmospheric pressure, and using three test surfaces: a platinum wire

(0.15 mm diameter x 24 mm length), a copper wire (0.2 mm diameter x 24 mm

length), and a thin gold film (20 mm x 2 mm x 400 angstroms thick). It was observed

that as the steady input heat flux was increased, the delay time for the onset of boiling

decreased. This decrease in delay time was accompanied by higher wall superheats at

the moment of boiling inception, up to 90 K at 0.9 see for the R113. To incorporate

the influences of convection, fluid properties, surface energy, and microgeometry of

the heated surface on the delay time, an empirical factor was used in combination with

an expression resulting from homogeneous nucleation theory. This factor was defined

as:

F

AGhe t
(2.17)

where AG*, the free energy required to form a vapor nucleus for the process of

homogeneous nucleation, was defined in equation 2.4. AGhe t was defined as the free

energy required to form a vapor nucleus under conditions corresponding to

heterogeneous nucleation. The expression of Fisher (1948) for the homogeneous

nucleation rate of bubbles of critical size, given as equation 2.6 above, was used to
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relate the nucleationrate to the observednucleation delay time. Nucleation is

consideredto occurwhena bubbleof critical sizeforms andgrowsper unit volumein

a reasonabletime, t seconds,after the onsetof heating. This t was termed the

nucleationdelaytime,andJin equation2.6 wastakenastheinverseof this delaytime,

asa first approximation. Sincetheheterogeneousnucleationappearedto takeplacein

thefluid immediatelyadjacentto the solid surface,thefluid temperatureat the instant

of nucleationwas taken to be the sameas the wall temperature. For a given fluid-

surfacecombination,F wasa function of the fluid propertiesandthemeasuredheater

surfacetemperatureat the momentof incipient boiling. This particular treatmentof

incipient boiling will beconsideredin moredetail in a later section.

A free energy reduction factor basedon homogeneousnucleation theory

paralleling that of Nghiemet al (1981) was also presentedin Gerum et al (1979),

where the value for the nucleationrate was taken asunity, using a form similar to

equation2.6. Calculatedvaluesof this energyreduction factor, basedon measured

quasi-steadyheatersurfacetemperaturesat the onsetof boiling, were correlatedin

termsof:

F=A Tcrit'Tw

Tcrit

B

(2.18)

for a number of different fluids, including R12, LN 2, R114, LO 2, R22, ethyl ether, and

water. A and B were determined by curve fitting calculated values of F for a given

substance as a function of the dimensionless temperature in equation 2.18. Critical

heat flux heater surface temperature measurements were used in addition to the quasi-

steady incipient boiling heater surface temperature measurements, as it was felt that

the incipient boiling data alone were unreliable. However, this point is not clear.
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2.2.3 Liquid TemperatureDistribution

The role that the liquid temperature distribution in the vicinity of the heater

surface has on incipient boiling will now be considered. Incipient boiling models

which include the liquid temperature distribution will be examined first, followed by a

discussion of the effect of the mode of heating.

Early models of initial boiling such as that of Gdffith and Wallis (1960) and

Corty and Foust (1955) assumed a liquid of uniform superheat. The predicted heater

surface superheat at boiling inception by Griffith and Wallis agreed with the

measurements only for a surface immersed in a uniformly heated bath. Furthermore,

the two models referred to above placed no upper limit on the size of a potentially

active cavity. It would appear reasonable that a cavity size must exist beyond which it

could no longer become a nucleation site, since a cavity size large enough would be

completely wetted.

Models for incipient boiling which attempt to incorporate the influence of

liquid temperature distribution on the process assume a spherically shaped pre-existing

vapor nucleus at the entrance of a heater surface cavity, and generally relate the

difference between the internal vapor pressure of the nucleus and interface liquid

pressure to the radius of curvature by equation 2.2. As was noted earlier, equation 2.2

is based on the assumption of a uniform liquid temperature and a nucleus of spherical

geometry. This pressure difference is then related to the liquid superheat necessary by

the Clausius-Clapeyron equation, which is based on equilibrium conditions. Analyses

vary according to the equilibrium nucleus shapes assumed and the criteria necessary

for the nucleus to grow, including the liquid temperature distribution. The growth

criterion is usually that the local liquid superheat must attain a value greater than the

saturation temperature of the vapor nucleus at some defined location.
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The model of Hsu (1962) predicts a size range of potentially active heater

surface cavities and will be described in some detail here since it incorporates the

critical features of most nucleation models in varying temperature fields, and was one

of the earliest to be presented. This model assumes the existence of a vapor nucleus of

spherical cross-section geometry sitting at the mouth of a surface cavity. The origin of

the nucleus is unclear. The liquid in a slab of thickness 8 adjacent to the heater surface

is taken to be heated in a transient conduction process by the solid heater surface. It

was assumed that the temperature of the liquid at a distance greater than _5from the

heater surface remained at T**. Figure 2.2a presents the coordinate system used and

defined quantifies. The model uses the following form of the energy equation:

30 320

-_-t = O_x 2 (2.19)

where 0 = T - To.. The boundary and initial conditions for the constant temperature

case of a heater surface are:

0(x,0) = 0 (2.20)

0(0,t) = 0 (2.21)

0(5,t) = 0 w (2.22)

The well-known solution is:

__0_x÷Z_ ___ sin
0 - _ '_z" n expt" _ J

W

n=l

(2.23)
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For a nucleus of height b above the heated surface, the nucleus is presumed to grow

when 0 equals 0 b at x = 8-b. 0 b results from the Clausius-Clapeyron relationship and

equation 2.2:

2o"1"
$

0 b = 0 s + (2.24)

hfg Pv rn

rn is an effective bubble radius to be defined below. In this discussion, the saturation

pressure corresponding to a flat liquid-vapor interface will be referred to as the

"normal saturation pressure." T s in equation 2.24 represents the saturation temperature

in a system at a pressure corresponding to a flat interface and is similarly termed the

"normal saturation temperature." 0 s - T s - T** and represents the bulk liquid

subcooling. For a saturated liquid 0 s - 0.

A relation among the bubble height, b, the radius of the bubble nucleus, rn, and

the cavity radius, rc, was determined assuming that the vapor bubble was in the shape

of a truncated sphere:

b _xb
m

rn c c (2.25)

substituting equation 2.25 for r_ in equation 2.24:

2o'I' s

0b=0 -v

s [8_x b

hfgPv [""_ -

(2.26)

21



22

where c was determined from the assumed geometry of the truncated sphere. 5 was

measured experimentally or estimated, as in Wiebe and Judd (1971). Dividing

equation 2.26 by:

0 w = T w - T** (2.27)

yielded:

(2.28)

When the liquid temperature at x b is equal to 0 b in equation 2.28, the bubble nucleus

was said to begin to grow. For the transient conduction process within the liquid layer

of thickness 8, this implies a tangency between the liquid temperature distribution

curve and the equilibrium bubble temperature curve. Figures 2.2b through 2.2d

present the sequence of events necessary for the bubble nucleus to grow as described

above. Figure 2.2b presents the liquid temperature distribution before heating. Figure

2.2c shows the liquid temperature distribution during heating, but the liquid

temperature distribution depicted does not yet pass through the equilibrium bubble

temperature. Figure 2.2d presents the liquid temperature distribution passing through

the equilibrium temperature, and the nucleus of equivalent radius rn is now assumed to

grow.

Cavities which required an infinite time to become active were considered to

be inactive. At t ---**, the temperature distribution in the liquid, from equation 2.23, is

linear:
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0 X

W

(2.29)

When equations 2.28 and 2.29 are set equal to each other at x = 5-b, the upper and

lower limits for a range of cavities which can be active may be found:

8 1- + 1- 2_ __.

rc m.x = 2c'-_ [hfg PvO.SJ

(2.30)

rc mm:2c-_ 1- - - [hfg pv OwSj

(2.31)

where:

c I ffi (l+cos¢)/sin_ (2.32)

and

c3 = l+cosO (2.33)
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Hsu used the values of 1.6 and 2 for the constants c 3 and c_, respectively. The model

of Hsu described above gives a range of cavities on a constant temperature boiling

surface which are potential sites for boiling. For a saturated liquid:

0s = 0 (2.34)

rc_, =_ I+ I-
2cI 80"T=C3 ]

hfg Pv0w8

(2.35)

8 1- 1-

re min- 2c 1 8oT*c3 ]
ha p, 08

(2.36)

For saturation conditions, it is required that:

8OT=C3

<1

hfg Pv08

(2.37)

for a physically reasonable cavity size range. With this in mind, Hsu gave a criterion

for the boiling inception in terms of a critical 0wo for the case with an imposed heater

surface temperature:
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4°'T_c3 I 4aT'c3"

0 =0+ + [20+ ...... (2.38)

.o ' 8hfgp. L 8 h,,p. [8 hr,p.J

Boiling incipience occurred if the imposed heater surface temperature was greater than

0wo. If 8 were known by some measure, the surface temperature for incipient boiling

could be predicted for a given subcooling from equation 2.38.

The case for a constant heater surface heat flux was also analyzed. The range

of potentially active cavities for this situation was expressed by equations 2.30 and

2.31 by replacing 0 w with q"_5/k. A criterion for the boiling inception in terms of a

critical q"o was also given for the case with an imposed heat flux:

qo=_ 0+ + 20÷ 4°T'c3,, k ..... (2.39)

' {ihfspv ' li hf. p,J [li hr. p,J

For boiling incipience q" > q"o, where _i again must be determined in some manner in

order to calculate q"o-

A disadvantage associated with the Hsu model for incipient boiling is that the

constants used in the model, including & cannot be measured, and must be assumed

empirically to provide the best fit of the experimental data. Wiebe and Judd (1971)

found that measured values of the heating surface temperature at boiling incipience

agreed well with the 0wo of equation 2.38. Shoukri and Judd (1975) found that

although equation 2.38 predicted a surface superheat of 0.25 °C for the onset of

boiling, no boiling was observed until a surface superheat of 5 °C was attained.

Shoukri and Judd felt that boiling inception did not occur precisely at 0wo because of

25



26

the nonexistence of sufficiently large cavities with the prerequisite trapped gas. They

also found that measured boiling cavity radii data fell in the lower portion of the range

of cavity radii predicted by the Hsu model.

A conduction model for boiling inception similar to that of Hsu is the model of

Han and Griffith (1965). In this model the physical situation was formulated as a

transient conduction problem in a semi-infinite liquid, where the temperature

distribution has been solved by the Laplace transform method. The spatial derivative

of the liquid temperature evaluated at the heating surface was set equal to the slope of

an assumed linear temperature distribution in the liquid. The transient thermal

boundary layer thickness was deemed as:

8 = _ (2.40)

The time from the onset of heating of the liquid to boiling initiation was defined as the

waiting period, tw. During the waiting period, the bubble nucleus was assumed to be

hemispherical. The liquid temperature at a distance of 1.5 r e from the heating surface,

located on the interface of the vapor nucleus, was equated to the vapor bubble

equilibrium temperature, yielding:

m

1.5 r c

Tw-Tsa t

Tw'T..]

2°]rcPvhfg

(2.41)

The distance 1.5 rc, rather than a presumed cavity radius of re, comes from an analogy

with potential flow, but this analogy is not clear. The effective cavity range was found
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in a manner similar to that of Hsu (1962) and defined in terms of a maximum thermal

boundary layer:

r
c llulx

(2.42)

rc rain -- (2.43)

For T w = T,, r cmmand rc m,a are both zero, which means that boiling does not occur.

The maximum thermal boundary layer thickness was considered to be capable

of being determined from convection correlations. A disadvantage of the Han and

Griffith model for the onset of boiling is the use of empirical constants, including r c or

8. The heater wall temperatures computed from the Han and Griffith model were

compared to the measured maximum transient wall temperatures in the work of Hall

and Harrison (1966). The measured maximum wall temperatures were 30-40 °C

higher than the computed wall temperatures at boiling incipience. Sakurai and Shiotsu

(1977) claimed that Hall and Harrison should not have compared the measured

maximum transient surface temperature with the incipient surface temperature as

calculated by the Hart and Griffith model, but rather felt that the measured incipient

boiling surface temperature, which is not necessarily the maximum transient surface

temperature, would more closely follow the Han and Griffith model. Ibrahim and

Judd (1985) found that the Han and Griffith model does not correctly predict the

bubble waiting time at high degrees of subcooling.
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The Bergles and Rohsenow (1963) model of boiling initiation assumes a linear

liquid temperature distribution near the heating surface, and relies on convection

correlations for the determination of the active cavity range. Rohsenow (1970) later

indicated that the trend predicted by this model could not be observed clearly in a large

number of experimental data.

Sakural and Shiotsu (1977) used a conduction model similar to those of Hsu,

Hart and Griffith, and Rohsenow, with different empirical constants to describe the

geometry of the pre-existing nucleus. Experiments using an imposed exponential rise

in heat flux with a horizontal platinum wire verified the predictions of their model.

The above conduction models neglect any turbulence effects which may be

present in a flow field near a heating surface, and may explain the large errors

observed when predicting the heater surface temperature at the onset of boiling.

2.2.4 Externally Forced Liquid Motion

The temperature distribution in the liquid adjacent to the heated surface is

known to affect boiling inception. For example, the liquid temperature distribution

produced by rapid transient heating is quite different from that as a consequence of

quasi-steady heating. Homogeneous nucleation of various organic liquids initially at

atmospheric pressure has been produced by heating a platinum wire immersed in the

test fluids with an intense current pulse of short duration, in the studies of Simpson

and Walls (1965-1966). However, what appears to be heterogeneous nucleation only

has been obtained by quasi-steady heating from a solid surface immersed in organic

fluids.

Externally forced liquid motion, as in forced convection boiling systems,

influences the liquid temperature distribution. In a gravity field, the degree of this
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influenceis determinedby the magnitude of the ratio of the buoyancy forces on the

liquid to the inertial forces, and is expressed as the Richardson number:

Gr

Ri = ---_ (2.44)
Re

Ri = 1: corresponds to "mixed" convection

Ri >> 1: corresponds to "natural" convection

Ri << 1: corresponds to "forced" convection

These parameters are defined in the List of Nomenclature. Figure 2.3 shows a solid

surface with an imposed step in heat flux. Two mean liquid temperature distributions

are presented: one mean temperature distribution in a flowing liquid and the other in a

quiescent liquid. The effect of fluid velocity, regardless of the specific forces inducing

the fluid motion, produces a temperature distribution which is lower than that of the

liquid with zero velocity. The heater surface temperature at incipient boiling and the

ensuing phase change dynamics are surmised to be different for the two temperature

distributions.

Incipient boiling with forced convection and with transient heating of the

surface is defined here for operational purposes as the appearance of the fLrst visible

bubble anywhere on the surface. Incipient boiling with forced convection as used here

is distinctly different from what is generally termed incipient flow boiling, which

usually refers to the quasi-steady heating of a flowing liquid until a vapor bubble

appears either as the initial one on the heated surface or as an additional one at a

location where no previous boiling had taken place. The latter will be referred to here

as quasi-steady incipient boiling. Quasi-steady incipient flow boiling studies are

reviewed in Yin and Abdelmessih (1977), Hino and Ueda (1985), and Lee et al (1988)

and are not considered in the present work.
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Few works have been reported on transient forced convection boiling, with

even fewer reported for transient forced convection incipient boiling. Fabic (1964)

used 4 rnil thick nickel-iron (Deltamax) ribbons in flowing water to measure transient

mean surface temperatures and measured the time from when the ribbon was energized

to the appearance of the f'n-st bubble. The power input to the ribbon increased

exponentially with time. Measurements of the mean surface temperatures by means of

reading ribbon voltages from Polaroids of an oscilloscope had large uncertainties, on

the order of + 12 to 19 oC. Fabic presented a model based on a uniform temperature

for incipient boiling which relied on assumed values of the advancing and receding

contact angle. He also found that the heat flux predicted by the Bergles and Rohsenow

(1963) correlation for incipient boiling with quasi-steady heating:

(2.30](p10"0234))

q"! = 15.6 p_.156 _w-Ts) (2.45)

did not agree with the transient measured heat flux at the onset of boiling.

2.2.5 Buoyancy Induced Liquid Motion

When the local liquid temperature near the heating surface exceeds the

saturation temperature by some amount, determined by the microgeometry of the solid

surface, the surface-liquid properties, the surface temperature of the solid, and the

temperature distribution in the liquid, incipient boiling occurs. The heater surface

temperature and the liquid temperature distribution, in turn, depend on the heat flux

and velocity distribution of the liquid as affected by gravity induced buoyancy. For

forced convection boiling with Ri << 1, then the buoyancy forces are negligible. If Ri

_= 1, then the buoyancy forces and the inertial forces acting are of similar importance.
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Forced convectionstudiesinvolving boiling inception were describedabove in the

previoussection.

For pool boiling in earthgravity, the liquid is initially stagnant.Buoyancyis

theonly forceto initiate bulk liquid motion during theheatingof the liquid with Ri >>

1. The onsetof singlephasenaturalconvectionis an instability phenomenoninduced

by buoyancyforces. Studieswith the onsetof naturalconvectionoccurringbefore

boiling inception in a heatedliquid pool at earthgravity or greateraccelerationare

reviewedin Ulucakli (1987). Additional worksconcerningthe transientheatingof a

liquid pool in earthgravity includethat of Oker andMerte(1978)andNghiem(1980).

In Oker and Merte (1978), the departureof the measuredtransient gold film

temperaturefrom theonedimensionalconductionpredictionwasconsideredto be the

onsetof naturalconvection.For a flat rectangularheatersurfacehorizontalup in earth

gravity, a semi-empiricalcorrelationfor theonsetof naturalconvectionwasfound and

is referred to in Chapter5. In Nghiem (1980), transientboiling in water and R113

with variousheatersurfaceswas investigatedexperimentallywith an imposedstepin

heat flux. Prior to boiling, the onset of natural convection was observedwith

holographicinterferometryfor heatedwires anda narrow(20 mm x 2 mm) thin gold

film heater. Nghiem proposedan empirical heterogeneousnucleationfactor which

alsoincludednaturalconvectioneffects,andwasdescribedabovein section2.2.2.

2.3 Relationshipto ProposedResearch

The influencesof surface microgeometry, surface energy, liquid temperature

distribution, externally forced liquid motion, and buoyancy induced liquid motion in

previous studies have been presented above in section 2.2. Information lacking in

previous studies but pertinent to the objectives of this work is now discussed.
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In Oker (1973), it was shown that fluid velocity as a consequence of gravity

induced buoyancy can affect initial boiling and the early motion of the newly formed

vapor phase. In Figure 2.4, incipient boiling with transient heating occurred at a

considerably larger surface temperature for the horizontal up orientation than with

microgravity, with all other test conditions held constant. This difference in surface

temperature at initial boiling demonstrates that the temperature distribution in the

liquid, which is effected by the fluid velocity, influences incipient boiling. The effect

of a known liquid temperature distribution at the moment of boiling inception and the

resulting phase change dynamics has not been previously examined and is an objective

of the present study.

In transient pool boiling in the absence of buoyancy, an initially quiescent fluid

remains stagnant upon heating until the onset of boiling. The transient temperature

distribution at the moment of initial boiling in a motionless fluid can be determined

from a conduction heat transfer analysis with a high degree of certainty. A heated

liquid in microgravity does not have buoyancy induced fluid velocities, and thus,

microgravity provides a known liquid temperature distribution at boiling inception.

Microgravity conditions may be obtained with drop towers, aircraft in

parabolic flight trajectories, and sounding rockets. Although the available time in drop

towers is short, up to a maximum of five seconds, a high vacuum drop environment

can provide high quality microgravity, down to a/g = 10 5. The time available for

reduced gravity in aircraft flying a parabolic trajectory is typically greater than the

time of microgravity in drop towers, up to 25 seconds. The quality of the reduced

gravity when compared to microgravity conditions of a drop tower is considerably

less, on the order of a/g = 0.02. In addition, the initial quiescent states required to

obtain a well defined temperature distribution for studies of incipient boiling are not

possible since operation requires large gravity fields preceding each trajectory, in

addition to the normal disturbances associated with aircraft in flight. Sounding rockets
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have been used to achieve high quality microgravity, claimed to be on the order of a/g

-- 10 -4 for up to 140 seconds. The small size inherent in such vehicles requires

limitations in the size of the heating surface and in the ability to obtain precise

measurements. Repeated rocket launches are costly, and the possibility for non-

reproducibility of the experimental conditions between tests is increased, particularly

if new test equipment must be fabricated because of damage during retrieval. The

present study is concerned with incipient boiling, and Merte and Littles (1971)

presented a summary of incipient boiling work in microgravity.

Table 2.1 presents a survey of transient incipient boiling experimental studies.

Oker (1973) examined the results of initial boiling of saturated R113 and LN2 in a

drop tower (a/g -- 0.004 for 1.4 seconds) using a semi-transparent gold film on pyrex

glass. Oker was the first to measure the transient heater surface superheat required for

boiling inception in microgravity and in earth gravity for various orientations. The

degree of initial temperature uniformity was unknown, and special consideration was

not taken to absorb the infrared radiation from the 200 watt mercury arc lamp used for

the high speed filming. In addition, the system pressure was not controlled.

Straub et al (1990) summarized the results of a German microgravity boiling

test program from the mid 1970s to the present which used sounding rockets and

parabolic aircraft flights. Many of the tests were performed using heated wires. The

diameters of these wires were of the same size as the thermal boundary layer

surrounding the heated wires and comparable to the size of the vapor bubbles which

nucleated on them. Surface tension effects on vapor motion were quite different for

wires as compared to flat surfaces. Often the wires were completely enveloped by

vapor at boiling inception, and subsequent surface tension effects maintained a

"pseudo film" boiling only because of the wire geometry. Straub et al concluded that

the effect of buoyancy on pool boiling was very small. This conclusion, however, was

based largely on the results of the small diameter wire experiments (Weinzierl (1982),
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Zell et al (1984)). In additionto the small heatedwires,Straubet al also usedthin

film resistancesurfaceheatersfor boiling tests.

In transient heating, different boundary disturbancesresult in different

temperaturedistributions. An imposedstep increasein heat flux has a constant

temperaturegradient at the heater surface and provides an elementaryboundary

disturbance:all otherboundarydisturbancescanbeconstructedfrom a seriesof steps

in heatflux. An imposedheatersurfacetemperatureis anotherelementaryboundary

disturbanceimportantin heattransferand producesa temperaturedistribution in the

liquid quite different from thatof a stepincreasein heatflux. In Table 2.1, it may be

noted that no previous study used an imposed surface temperature to study transient

incipient boiling, as was used in the work described here.

The present work is the fhst experimental study of incipient boiling with

transient heating in microgravity where the quiescent fluid had an initial known

uniform temperature, and the pressure of the system was precisely controlled for

various subcoolings. The microgravity tests involved a single step in heat flux

imposed on a large flat heating surface for a five second duration with a/g =__10-5. As a

result of the well defined initial conditions of the tests and the single step in heat flux,

the temperature distribution in the liquid near the heating surface was computed with

certainty not previously possible. The present study is also the fh-st to utilize an

imposed surface temperature to specifically examine incipient boiling.
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CHAPTER 3

EXPERIMENTAL APPARATUS

This is an experimental study of incipient boiling with variable subcooling for

pool boiling. Pool boiling experiments were conducted in both earth gravity and

microgravity, Two different test vessels were used: a pool boiling vessel for earth

gravity studies (designated as the laboratory pool boiling vessel) and a pool boiling

vessel for microgravity tests in a drop tower (designated as the drop vessel). The heat

flux, heater surface temperature, pressure near the heating Surface, and liquid bulk

temperature were measured in both test vessels. High speed video recordings for the

earth gravity experiments and high speed black and white movies for the microgravity

tests were obtained[ The videos and movies were recorded using two orthogonal

views, across and through each test surface.

3.1 Common Experimental Elements

The heat transfer test surfaces, heater surface power controllers, test fluid, data

acquisition systems, thermocouples, optics, pressure control system, camera

synchronization, and vessel power supply were common to both of the test vessels and

will be discussed before the unique details of each of the individual vessels are given.
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3.1.1 HeatTransferTestSurfaces

Two different kinds of heating surfaces were used in the experiments: a thin

gold film deposited on a quartz substrate and a massive gold coated copper surface.

Two types of boiling tests were performed in this study, transient and quasi-steady.

The gold film heaters were used in both the transient and the quasi-steady tests, while

the large thermal mass of the copper heater restricted it to the quasi-steady heating

tests.

Figure 3.1 presents the concept of the gold film coated quartz heating surface.

A 400 angstrom thick gold film is sputtered on a quartz substrate which was pre-

sputtered with a 30 angstrom tantalum layer for improved gold adhesion. Before the

tantalum layer was applied, the surface was cleaned by ion bombardment to remove

about 10 angstroms of the quartz substrate. The thin film served simultaneously as a

heater and a resistance thermometer, and had a negligible time constant associated

with the transient temperature measurement. The temperature of the thin film thus is

identical to that of the surface of the quartz substrate. The quartz substrate was highly

polished by the manufacturer, using a 1.4 micron pitch polish. The semi-transparent

gold surface consisted of a rectangular shape 1.91 cm by 3.81 cm (0.75 inches by 1.5

inches), and was expected to be considerably larger than the size of the bubbles to be

formed above it. This semi-transparent gold surface had a higher resistance than the

10,000 angstrom thick gold surface near the power taps, which acted as the current

connection. The voltage measuring leads also consisted of 10,000 angstrom thick gold

films. Kovar screws passing through holes drilled in the quartz were used as power

and voltage taps. The low linear thermal expansion coefficient of Kovar closely

matched the linear thermal expansion coefficient of the quartz substrate, which was

mounted in a Teflon holder.
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As in the work of Oker (1973, 1981), it was found that the electrical resistance

of the gold surfaces varied with time, but that the slope of the linear relationship of

surface resistance and temperature, dR/dT, for each particular surface remained

constant. This resistance change was attributed to an aging effect. Following the

suggestion of Oker (1973), the surfaces were tempered at a temperature of about 275

oC for 20 minutes, which accelerated the aging to a stable level. It was also found in

early testing that sputtered gold surfaces were more durable than those deposited by

vacuum evaporation. The temperature-electrical resistance relation for each thin gold

film surface was determined by calibration, and the details are presented in Appendix

B.1. On the day an experiment was to be performed, the thin film heater was

calibrated in place within the test vessel before heating the vessel and the test fluid to

the test temperature level. This calibration is referred to here as the single point

calibration. The single point calibration consisted of passing a small current, on the

order of 20 milli-amps, across the thin film heater to produce negligible ohmic heating

while simultaneously measuring the differential voltage across the heater surface and

the differential voltage across a heater shunt, which was in series. With the

differential voltage across the heater surface and the differential voltage across the

shunt known, together with the calibrated shunt resistance, the heater surface

resistance was determined from Ohm's relationship. Since the test vessel and fluid

remained at the ambient temperature, the temperature of the heater surface during the

resistance measurement was known from the calibrated test vessel thermocouples.

Because the slope of the linear temperature-resistance relationship remained constant

from previous calibration, this single measured heater surface resistance and

corresponding measured fluid temperature determined the constant required for the

temperature-resistance relationship. Additional details of the single point calibration

are given in section 3.1.4.

42



43

Figure 3.2 shows the design of the typical metal heater used for the study of

initial boiling under quasi-steady heating. The heater consisted of a copper block with

a film heater imbedded in a Stycast electrical encapsulating potting compound. A

copper foil, 0.00254 cm (0.001 inch) thick was soldered to the copper block and to the

stainless steel holder to expose a continuous surface to the heated fluid, thereby

preventing preferential boiling at the crevice that would otherwise be present. The

copper foil was sputtered with gold to provide the identical heater surface-liquid

energy combination as the gold deposited on the quartz. A chromel-constantan

thermocouple with a bead of 0.025 inches was inserted into a 0.030 inch diameter hole

in the copper heater in order to determine the temperature of the copper foil. The hole

for the thermocouple was filled with a thermally conducting copper compound. The

tip of the thermocouple was about 0.030 inches from the gold sputtered copper foil

and was essentially at the same temperature as the heating surface. To prevent any air

trapped between the stycast and the foil from expanding and deforming the foil during

the period when a vacuum was imposed on the upper surface (as required for gold

deposition and for the charging of the test vessel with the test fluid), it was necessary

to embed an evacuation tube passing through the stycast to a point just under the

copper foil. The other end terminated in a "quick-disconnect" fitting which could be

attached to a vacuum pump when required.

3.1.2 Heater Surface Power Controllers

Two modes of heating were used in this study, transient and quasi-steady. For

the transient heating studies two different conditions were imposed on the heater

surface: a step increase in heat flux and a step increase in temperature. A heater

surface controller was designed for use with both the step increase in heat flux and the
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quasi-steadyheating,andadifferent heatersurface controller was designed to provide

the step increase in surface temperature.

The power supply for the step increase in heat flux and the quasi-steady

heating maintained a nominally constant voltage across the thin film surface for the

boiling tests. Since the resistance of the thin film test surfaces during heating changed

on the order of a few percent, the product of the current and voltage remained

essentially constant. The constant voltage power supply could accept either a

microprocessor input or a manual voltage pot signal as an input, and provided an

output signal to the base of the power transistors, which in turn powered the thin film

surface heater or copper block heater. The heater surface voltage was used as a

feedback signal, compared with the set point voltage, and the difference amplified to

furnish the appropriate signal to the power transistors. Details of theheater surface

controller circuit for the step in heat flux and quasi-steady heating are given in

Appendix E. 1.

The imposed step increase in surface temperature tests, performed only in the

laboratory pool boiling vessel, required a power supply different than that for the

constant voltage heater surface controller. With the heater surface inverted in earth

gravity for heating periods on the order of milliseconds, conduction heat transfer from

the heater surface to the liquid may be used to determine the transient heat flux

required to impose a constant heater surface temperature. The solution of equation

2.19, the one dimensional transient conduction equation, together with the boundary

condition of an imposed step in heater surface temperature for two semi-infinite media

with heat generation at their common plane, is well known. The result is a two

domain solution, a temperature distribution for each of the two media. The partial

derivative of the solution for each domain was evaluated at the common plane and

multiplied by the respective thermal conductivity to obtain the heat flux from the plane

of energy generation to each of the semi-infinite media. The transient heat flux to
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eachof the two domains was summed to obtain the required total energy input to the

thin gold film heater:

,N
(3.1)

The details of the above analysis resulting in equation 3.1 are given in Appendix F. In

the present experiment, a series of 24 imposed steps in heat flux were used as an

approximation to equation 3.1. An illustration of this approximation to the exact

expression for the total imposed heat flux is shown in Figures 3.3 and 3.4. The total

heat flux-time curve initiated at a pre-set maximum total heat flux for 400

microseconds, then decreased in 23 discrete steps ranging in time intervals from 22

microseconds to 1.4 seconds, so that equation 3.1 was approximately followed.

A set of nichrome wire dropping resistors was fabricated to vary the voltage

across the heating surface. The initial connection with the thin film heater was a direct

connection to the power supply, providing the maximum power to the heater. The

subsequent resistance steps reduced the power to the heating surface according to the

time schedule given in Table 3.1, which apply for an initial maximum voltage. Each

successive power level was produced by a different resistor and switch in series with

the heater. One side of each resistor was connected to the supply voltage, and the

other side was connected to a switch which was in series with the heater. Figure 3.5

illustrates the arrangement of the switches, resistors, electronic controls, and power

generator.

The times for switching each resistor to approximate equation 3.1 were used in

a microprocessor program written in assembly language to provide the switching

signals, at the appropriate times, to the switching circuits. The switching currents
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rangedfrom 37.5ampsto aboutone amp. Twenty-four MOSFETswere usedasthe

solid state switching deviceswith the capability to perform the actual switching

processin lessthanonemicrosecond.The MOSFETswereactuatedby theoutputport

controlled by the microprocessor,usingtiming pulses. (A MOSFET is a metal oxide

semi-conductorfield effect transistor.)Detailsof the circuitry for the imposedstepin

surfacetemperaturearegivenin AppendixE.2.

3.1.3 Test Fluid

Commercial grade Rl13 (Refrigerant 113 or trichlorotrifluoroethane,

CC12FCCIF 2) was used for all of the experiments. This fluid, with a normal boiling

point of 47.6 oC, was chosen as the test fluid because of its well established

thermodynamic properties. The low normal boiling point permitted variation of

subcooling by the control of system pressure. Rl13 is also electrically non-

conductive, which prevented "deplating" of the thin gold film heater as would occur if

water were used. Because of its vapor pressure and surface tension characteristics,

R113 is representative of "space fluids" such as cryogens and other fluorocarbons.

A degassing and purification unit was necessary because of the high solubility

of air in Rl13. For example at 25 °C and 1 atm, Rl13 saturated with air has a mole

fraction of air dissolved nearly equal to 1.15 x 10 -3 or a volume fraction of air

dissolved of about 0.23 Dupont (1990). The degassing unit was fabricated of 304 SS,

and a sketch of the system is shown in Figure 3.6. The concept of the degassing

system involved a combination of distillation at room temperature, leaving behind the

high boiling point components such as oils and solids, and freezing the R113 on the

fins by LN 2 within the inner vessel. A sufficiently low pressure was maintained such

that the air components, except for water vapor, were removed by a vacuum pump.

Davison Chemical molecular sieves made from synthetic silico aluminate zeolite, with
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a four angstromeffectivepore size,were usedto removethe water vapor, and also

servedasamechanicalfilter.

3.1.4 DataAcquisitionSystems

Because of the large differences required for the rate of heating in the imposed

constant heat flux experiments and the imposed surface temperature experiments, two

different voltage measuring systems were used for data acquisition: the CR7X and the

Codas system.

The Campbell Scientific Co. CR7X (Serial No. 1448) is a programmable

digital measuring and controlling device used to measure differential voltages from the

thermocouples and the pressure transducer and across the heater surface and the heater

shunt, in addition to sequencing events involving the drop vessel. The CR7X could

record data within eight voltage intervals from + 1.5 mV (with a resolution of 50

nanovolts) to + 5 V (with a resolution of 166 microvolts) at two different speeds,

designated as fast or slow. The CRTX sampled the voltage input channels sequentially

in time.

Four tests were performed to determine the performance characteristics of the

CR7X under various measuring conditions. The results of these tests are summarized

here, with the details given in Appendix C. The maximum uncertainty in voltage on

the fast sampling rate mode, the mode in which all tests were run, was + 0.6

microvolts. This maximum uncertainty in voltage readings corresponded to an

uncertainty in temperature as indicated by the thermocouples of about + 0.01 °C for

the 15, 50 and 150 mv ranges at the bulk liquid temperature level of 49 oC. The 15

mV and 50 mV voltage measurement ranges were the most desirable in terms of

stability and accuracy in the 20 to 60 oC ambient temperature range, and had the

smallest errors when compared to a standard reading from a potentiometer at the slow
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samplingrate. It was determinedthat an ice referencejunction for thermocouples

provided more accuratetemperaturemeasurementsthan when the internal reference

junction compensationof the CR7X was used. The dynamic measurementsof the

heater shunt and the heater surface voltages as measured by both the CR7X and the

7700 series 8 channel Sanborn recorder, which was used as a standard, were

compared. The CR7X dynamic voltage measurements agreed with the Sanborn

recorder measurements.

A schematic of the voltage measurement circuit for the determination of the

surface temperature of the thin gold film is shown in Figure 3.7. The heater power

supply set the voltage level for the circuit. Voltage differentials across the shunt and

surface were measured with the CR7X in all of the tests except for the experiments

involving the imposed step in surface temperature, where the Codas system was used.

A calibrated shunt, 0.016314 + 0.000002 f_, was used for the determination of the

current in tests in the laboratory pool boiling vessel. For the single point calibration

in all of the laboratory tests, the National Bureau of Standards calibrated standard

resistor (Leeds and Northrup Model No. 4221-B), with a resistance of 0.1000008 +

0.000001 f2 was used. In the drop vessel, a relay was used to switch voltage

difference measurement from a calibrated shunt, 0.014788 + 0.000002 f_, used for the

drop tests to a calibrated resistor, 3.770 + 0.00I f_, used for the single point surface

calibration. Figure 3.8 presents a schematic of the drop vessel heater surface

experimental run and calibration circuit.

In order for the CR7X to sample in the fast mode, it was desirable to have

voltages from the heater surface divided proportionately so as to be in the same

voltage range as the shunt (150 mV). The heater surface voltages in all of the tests

were divided by stable calibrated resistors.

For the imposed surface temperature experiments, the Codas system was used

to measure differentiai heater and shunt voltages, in gdd_itjon to the CR7X, because the
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initial portion of the power transient was too rapid for the CR7X to sample. The

Codas system consists of the software on an IBM PS/2-30 286 for acquiring data, an

analog and digital interface card, and 16 single-ended (8 differential) analog input

channels. The analog-to-digital converter has a 12-bit resolution, 1 part in 4096, with

a conversion time of 20 microseconds (including acquisition) and a maximum

throughput rate of 25 kHz for two channels. The full scale voltage input range of the

Codas was -2.5 to +2.5 volts. The Codas software permitted programmable data

acquisition and waveform analysis (integration, differentiation, rectification, and

filtering) of the acquired data. The uncertainty in the Codas voltage measurements is

+ 1.0 millivolts, presented in Appendix C.

3.1.5 Thermocouples

Chromel-constantan teflon sheathed thermocouples with ungrounded junctions

were used for the measurement of the R113 temperature. These therrnocouples were

fabricated from a 30 gage thermocouple spool from Omega Engineering Co. The

measuring junctions of the thermocouples were carefully welded to produce a 0.051 +

0.013 cm (0.020 + 0.005 inch) bead. The thermocouple reference junction was

maintained in a dewar containing crushed ice and water, and each of the thermocouple

wires and extension wires were numbered for identification purposes. The dewar for

the drop vessel had an o-ring seal to avoid leakage under the external vacuum

conditions. Copper wires were used as extension wires from the ice junction to the

CR7X terminals. The thermocouple spool was calibrated with a platinum resistance

thermometer, and the details of this calibration are given in Appendix B.2 The final

accuracy of the temperature measurement as determined by a calibrated thermocouple

was on the order of+ 0.01 °C, as discussed in Appendix D.2.
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3.1.6 Optics

Two views of the heating surface were recorded in all of the transient

experiments for purposes of determining the incipient boiling time and for observation

of phase change dynamics. No images of the heating surface were recorded for the

quasi-steady heating tests.

The optical arrangement for the laboratory pool boiling vessel and the drop

vessel were essentially the same. Figure 3.9 shows the optical arrangement for the two

orthogonal views of the heating surface. Light passed across the heater surface and

simultaneously through the surface for the two simultaneous views. The light

sources, labelled L1 and L2, were 360 watt bulbs powered by a 110 volt a.c.

transformer to set the desired light intensity in the case of the laboratory pool boiling

vessel. For the drop vessel, LI and L2 were 80 watt lights. It was found that neither

the 360 watt lights, set at their highest intensity in combination with the water cooled

infrared filter (which contained water as an infrared absorbing media) for use with the

laboratory pool boiling vessel, nor the 80 watt lights, used in combination with the

cold mirrors of the drop vessel, produced any detectable increase in R113 temperature

as measured by the vessel thermocouples over a 3 minute period (a much longer time

period than any of the transient tests). Milk glass or ground glass was used to diffuse

the light to permit improved imaging. Three mirrors, M2, M3, and M5, and a prism,

P1, directed the light to the high speed camera. A light block reduced the amount of

light entering the camera across the heater so as to produce a picture of the same

brightness as the image formed from the light which passed through the surface. The

minors and prisms, fixed to a vessel-mounted frame, were adjusted so that the two

light paths were nearly equal ........................................

The laboratory pool boiling vessel and the drop vessel had different imaging

cameras. The high speed camera for the laboratory pool boiling vessel was a Kodak

50



51

Ektapro 1000Image System, which was operated at speeds up to 1000 frames per

second. This high speed camera system made video recordings which were stored on

magnetic tape cartridges. A D.B. Milliken high speed camera (Model DBM 3A RFI,

28 volts d.c.) recorded boiling phenomena in the chop vessel on black and white film

at 400 pictures per second with timing marks at 100 Hz for reference.

3.1.7 Pressure Control System

A schematic of the pressure control system is shown in Figure 3.10, and was

essentially the same for both test vessels. The pressure system actively maintained and

measured the pressure level of the liquid within each of the test vessels, and consisted

of four main parts: a bellows, valves, electronic control circuits, and a pressure

transducer.

A seven inch diameter stainless steel bellows isolated the test fluid, located on

the inner side of the bellows, from the air (or nitrogen in the case of the chop vessel)

on the external side of the bellows. The valves, which opened or closed as directed by

signals from the electronic control circuits, admitted high pressure air to the bellows to

increase the system pressure or released air from the bellows to lower the system

pressure. The valves included two (four in the case of the laboratory pool boiling

vessel) pneumatic solenoid valves (Kip Inc. No. 0141013, 12 volts d.c.), a proportional

valve (Skinner valve No. BP2EV0035, 24 volts d.c. supply, 0-5 volts d.c. control), and

a needle valve.

A description of the electronic control circuits for controlling the pressure is

presented here, while the circuit diagrams are given in Appendix E.3. The pressure

control card received a set point either from a microprocessor, in the case of the drop

vessel, or from a manual input, for the laboratory pool boiling vessel and. The output

signal from the pressure transducer is also transmitted to the control card. The set
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point voltage is comparedwith the actual pressuretransducersignal, and their

difference,suitablyconditioned,usedasinputsfor actuatingthevent andfill solenoid

valves and the proportional valve. While the proportional valve operated

continuously,the vent and fill solenoidvalves were normally closed. They were

actuatedonly whenthepressureerrorexceededapre-determinedvalue. The vent and

fill solenoidvalvescontrolledthelargepressuretransientswhile theproportionalvalve

controlled small pressurefluctuations. The vent and fill solenoidvalve controllers

openedthevalvesata givenerror levelandcausedthemto remainopenuntil theerror

was reduced to half the original error. The proportional valve controller used a

combinationof proportionaland integral controller modes. The proportionalmode

respondedto pressuretransientswhile the integralcontrollermodeattemptedto drive

the steadystateerror to zero. The proportional valve was operated within its linear

range of operation by adjusting the needle valve on the "fill side" so that as voltage to

the proportional valve was increased or decreased, the flowrate from the bellows

changed in direct proportion to the voltage.

A Heise Model 623 pressure transducer was used for the measurement and the

pressure control in the laboratory pool boiling vessel. The Heise pressure transducer

had a maximum pressure rating of 344.74 kPa (50 psia) and a sensitivity of 0.01724

kPa (0.0025 psi). The Heise pressure transducer provided a pressure measurement

with an uncertainty of + 0.028 kPa _ 0.004 psi). The pressure level was controlled to

within + 0.172 kPa ( + 0.025 psi) of the set point pressure, corresponding to + 0.06 °C

0.1 °F) of the saturation temperature The pressure transducers were mounted

horizontally at the center of rotation on the laboratory pool boiling vessel so that

compensation for the change in hydrostatic pressure at the heater surface on test

package rotation took place requiring only a sign change, provided by the software

which translated the transducer signal into a pressure measurement.
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The pressuresystem of the drop vessel was similar to the laboratory drop

vessel, except for a few minor differences. The gas side of the bellows in the drop

vessel was pressurized by an on board high-pressure nitrogen tank supply rather than

by a building air supply as for the laboratory pool boiling vessel . Instead of a

calibrated Heise 623 pressure transducer, a calibrated Setra model 270 pressure

transducer which could withstand a 50 g impact was mounted on the top vessel wall

and provided pressure determination within the desired uncertainty range of + 0.172

kPa (2. 0.025 psi). In addition, as a guarantee against the possible detrimental effects

of the drop tower vacuum, the CR7X was mounted in a pressurized box. A complete

pneumatic diagram for the drop vessel is shown in Figure 3.11.

A discussion of the uncertainty estimates in the pressure transducer

measurements is presented in Appendix D.3. For pressure calibration of the Heise and

Setra pressure transducers, a Ruska Pressure Dead Weight Calibration System (2400

series dead weight gage) was employed, and the details of this calibration are given in

Appendix B.3 The Ruska system was also used for calibrating a Heise Bourdon tube

gage which in turn was used for in-place periodic check calibrations of the pressure

transducers.

3.1.8 Camera Synchronization

The camera was synchronized with the powering of the heater surfaces to

establish a time reference for the observation of incipient boiling phenomena. The

description of the synchronization apparatus for each of the vessels will now be

presented, beginning with the laboratory pool boiling vessel.

To synchronize the high speed video system with the switching on of the heater

power for the constant heat flux tests in the laboratory pool boiling vessel, a light

emitting diode was placed in the field of view of the camera. The light emitting diode
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was in parallel with a copper knife switch to the 24 volt power source. When this

knife switch was closed, the quartz heater and diode were simultaneously powered. A

five millisecond delay exists until the light emitting diode provides sufficient

illumination for viewing by the camera. As a result of this delay, there was an

uncertainty of + 6 milliseconds in the time interval between heater powering and

visible light emitting diode illumination.

For the imposed step in surface temperature experiments in the laboratory pool

boiling vessel, a light emitting diode was placed in the field of view of the camera to

synchronize the camera with the powering of the thin gold film heater. The light

emitting diode, which was powered by a nine volt battery, was switched on by the

same signal that turned on the f'wst MOSFET switch of the heater driver. The

uncertainty in the time interval between the powering of the heater and recording of

the light emitting diode at 1000 fps is + 1.5 ms. This uncertainty in the time interval is

smaller than that associated with the imposed step in surface heat flux because the

voltage switching for the diode was done by electronic components rather than by a

copper knife switch.

As in the case of the laboratory pool boiling experiments, a light emitting diode

was placed in the field of view of the camera for the synchronization of the high speed

camera with the powering of the thin film heater for the drop vessel experiments. The

CR7X powered the light emitting diode with a 5 volt signal 2.9 milliseconds after the

thin film heater was energized. The diode took 5 milliseconds to reach maximum

intensity. The uncertainty in the time interval between powering of the diode and of

the heater was + 7 milliseconds.
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3.1.9 VesselPowerSupply

For the imposed step in heat flux tests, with the lab pool boiling vessel an

essentially noise-free 24 volt d.c. power supply consisting of two 12 volt batteries

connected in series was used. A Sorenson three phase 240 volt a.c. power converter

supplied up to 150 d.c. volts to the power heater supply for the step in surface

temperature experiments. The _+ 5 and _+ 15 d.c. volts required for the control circuits

were supplied by a 110 volt a.c. converter. An additional 110 volt a.c. converter

supplied 12 volts for the operation of the solenoid valves.

The 24 volt d.c. power supply for the drop vessel heater and pressure controls

were provided by batteries mounted on the drop bus. The _+5 and _+ 15 volt d.c. power

supply consisted of a 24 volt d.c. power converter mounted on the heater surface

controller cards. The 12 volt d.c. supply needed for the operation of the solenoid

valves was provided by batteries mounted on the drop bus.

3.2 Laboratory Pool Boiling Vessel

The laboratory pool boiling experiments were conducted at a/g = _+ 1. This

variation in body forces was achieved by inverting the test vessel from horizontal up

(a/g = + 1) to horizontal down (a/g = -1). Heat flux, liquid subcooling, surface type,

and orientation of heating surfaces were the test parameters.

The laboratory vessel shown in Figure 3.12 contained two heater test surfaces,

both located on the same surface of the vessel. Trunions located on opposite sides of

the vessel permitted rotation between the horizontal facing up and the horizontal

facing down orientations with respect to the earth body force direction. The laboratory

vessel was vacuum helium leak tested and was found to be leak free for the system

pressurized with R113.

55



56

Theinnerpart of the laboratoryvesselcontainingtheRl13 wassurroundedon

all sides,exceptwherethe heatingsurfaceandwindows werelocated,by a circulated

mixtureof waterandethyleneglycol (50%ethyleneglycol by volume). This mixture

wasusedasit had desirableviscosity and heat transfercharacteristics. A precision

constanttemperaturebath (NeslabEndocal RTE-210) pumped the thermostatically

controlled water-ethylene glycol mixture through the laboratory vessel. The

temperaturestability of thebathwas+ 0.02 oC. The temperature non-uniformity was

0.08-0.11 °C (0.15-0.20 °F) at the operating level of 49 °(2, as determined by twelve

boiling chamber thermocouples. The circulation system of the laboratory pool boiling

vessel is shown in Figure 3.13.

The heating surface and viewing windows were surrounded by thick aluminum

walls to help provide uniform temperature conditions at the start of a test. The

viewing windows were made of optical quality quartz, and were enclosed by a glass

cover to minimize convection losses. Fins were located in the annular space between

the inner and outer sections of the laboratory vessel to promote heat transfer and to

guide the flow of the circulating water-ethylene glycol mixture. Fins were also welded

to the inner walls of the inner vessel to increase the heat transfer to the test fluid.

3.3 Drop Vessel

The drop vessel experiments were performed in the evacuated 132 meter drop

tower at the NASA Lewis Research Center, which provided 5.18 seconds of free fall at

accelerations of 10 -5 g. All of the experimental hardware associated with the drop

vessel were loaded on a one meter diameter "bus" for the drop. The drop chamber was

evacuated by a series of pumps to a final pressure near 10 -2 torr. The bus was

decelerated in a 6.1 meter deep cylinder filled with polystyrene pellets.

56



57

The drop vessel and associated electronics were designed to take a 50 g impact

at the bottom of the drop tower under the conditions of a vacuum. The drop vessel

was made of aluminum and of essentially the same design as that of the laboratory

pool boiling vessel, except that the drop vessel was not double-walled and,

consequently, did not rely on external ethylene glycol and water circulation to

maintain a uniform Rl13 temperature at the start of a test. Temperature uniformity

was achieved through the use of film heaters mounted externally to the drop vessel.

The drop vessel was vacuum leak tested with helium and found to be leak free for a

pressurized system. An overview of the drop vessel is shown in Figure 3.15.

The desired uniform temperature of the test fluid before the drop was achieved

by film heaters attached to the external surfaces of the test vessel. A laboratory test to

determine the amount of temperature stratification in the liquid when using the

external wail film heaters was performed. After a time period of 5 hours following the

switching off of the external wall film heaters, the temperature stratification was 0.47

oC from the bottom surface to the top surface of the insulated vessel. A smaller

temperature stratification (about 0.2 °C) was expected for the vessel in the drop tower

before the drop, during the drop tower evacuation period for the following two

reasons: (1) the dominant mode of heat loss in the evacuated drop tower was

radiation, which was less than the convective heat loss during the laboratory

stratification test, (2) the time from the switching off of the drop vessel external film

heaters was less than 2 hours, as compared to five hours for the laboratory

stratification test.

The temperature of the six sides of the vessel were controlled automatically

and independently: the temperature of the bottom surface was set with respect to the

ice thermocouple reference junction, while the temperatures of the other five surfaces

were controlled relative to the bottom surface. A thermopile summed the voltages of

the individual chromel constantan thermocouples distributed on the vessel wall. Mean
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values of temperatures for a wall were obtained by the average of the thermocouple

voltages on the wall. Since each of the vessel walls was heated with respect to the

bottom wall, a differential thermopile measurement was made using the bottom

surface as the reference junction. Power was supplied to the wall film heaters by an

a.c. current heater drive. A schematic of the external film heating system is presented

in Figure 3.15. Diagrams of the associated circuits appear in Appendix E.5.
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Table 3.1 Power Schedule for Imposed Surface Temperature

% Of Initial Power Step Number Resistance (Ohms) Time Step (Seconds)

100 1 0 4.47E-04

95 2 0.103 1.96E-05

90 3 0.216 2.29E-05

85 4 0.338 2.71E-05

80 5 0.471 3.23E-05

75 6 0.618 3.90E-05

70 7 0.78 4.76E-05

65 8 0.96 5.90E-05

60 9 1.163 7.44E-05

55 10 1.392 9.57E-05

50 11 1.656 1.26E-IM

45 12 1.961 1.70E-04

40 13 2.323 2.38E-04

35 14 2.76 3.4TE-04

30 15 3.301 5.34E-04

25 16 3.998 8.86"E-04

20 17 4.942 1.63E-03

15 18 6.325 3.52E-03

10 19 8.646 1.01E-02

5 20 13.884 5.43E-02

4 21 16 4.07E-02

3 22 19.088 8.80E-02

2 23 24.28 2.52E-01

1 24 36 1.36E+00
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CHAPTER 4

EXPERIMENTAL PROCEDURE

The experimental procedures that were followed are described below. Several

of the test procedures are common to both test vessels used and are presented fin'st: the

charging of the vessels and the calibration of the thin film heater surfaces. The filling

of the test vessels will be described first.

4.1 Common Procedures

Because of the high solubility of air in Rl13, precautions were taken in the

filling process to insure that no contact was permitted between the degassed R113 and

air. The description of the degassing system was given previously in Section 3.1.3. A

filling cart fabricated from angle iron held a vacuum pump, a valve system and

associated piping, and a pressure gage. The vacuum pump was used for the evacuation

of the test vessel and the connecting line to the test vessel. The piping connected the

test vessel to the tank holding the degassed R113, and the valve system permitted the

evacuation of the test vessel and piping without opening the valve of the Rl13

container. The vessel and associated piping and valves were evacuated with a vacuum

pump for eight hours to remove air and water vapor. The pressure gage provided an

approximate vacuum indication before the R113 was allowed to flow from the storage

container. In addition, this filling cart supported the elevated storage tank of the

degassed R113 which provided the hydrostatic pressure for filling the test vessel.
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The storage container was irradiated with heat lamps to maintain a positive

pressure relative to the atmosphere. When the pressure gage mounted on the storage

container indicated a gage pressure of 34.47 kPa (5 psig), the valve between the

storage container and the stainless steel lines was opened and R113 flowed into the test

vessel. The system was flushed with R113 vapor several times before filling with the

liquid, to further remove any possible residual gases. To avoid contamination of the

degassed Rl13 by atmospheric air, the pressure in the boiling vessels was always

maintained above the ambient, either by the bellows actuated pressure system or by

heating.

For every test, a single point calibration of the thin film heater surface was

performed before heating the test fluid to the operating temperature of the experiment.

As discussed in Section 3.1.1, the linear temperature-resistance relationship changed

with time, with observable changes occurring after about a week. However, the slope

of the temperature-resistance relationship remained constant, and hence, only a single

calibration point was necessary for the determination of the new temperature-

resistance relationship. Prior to the heating of the test fluid, the surface temperature

was known with certainty since the entire test package was at the accurately known

ambient temperature, determined with the calibrated thermocouples of the vessel. This

known surface temperature was determined simultaneously with the heater surface

resistance for the calibration point data. The procedure for the single point calibration

of the gold film heating surface was described in detail in Section 3.1.1.

The experimental procedures required for conducting the experiments with the

laboratory pool boiling vessel and the drop vessel were slightly different from one

another due to the variation in vessel instrumentation. Observation of the boiling

inception times, phase change dynamics, and natural convection phenomena were

obtained with the high speed camera recordings in the transient experiments.

Subcooling in all of the tests refers to the difference between the saturation
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temperaturecorrespondingto thesystempressureandthe bulk liquid temperature.In

the following experiments,the total heatflux, q"r, refers to the total thermal power

generated in the heating surface divided by the area of the heater surface.

4.2 Laboratory Pool Boiling Vessel

Transient and quasi-steady experiments were performed in the laboratory pool

boiling vessel following the calibration of the thin film heating surface. The

laboratory pool boiling vessel required two hours to reach a steady-state uniform R113

temperature distribution within the vessel, nominally 48.5 oC (with a spatial variation

of + 0.06 °C as indicated by the internal calibrated thermocouples), as ethylene glycol

and water circulated in the outer vessel jacket from the constant temperature bath. The

nominal operating temperature of 48.5 °C was selected since this is slightly above the

R113 saturation temperature (46.7 oC) corresponding to atmospheric pressure.

Subcooling can be obtained by one of two methods: (1) with a constant liquid

temperature by pressurizing the liquid above the saturation pressure corresponding to

the constant temperature or (2) with a constant pressure by cooling the liquid below

the saturation temperature corresponding to the constant liquid pressure. At the

beginning of a run, the desired liquid subcooling level of either 0, 2.8, or 11.1 °C, was

set by the former method with the pressure controller, with the pressure maintained

constant for each test.

After the desired subcooling was attained, the camera lights were switched on

with water circulating through the double-walled infrared water filter, necessary to

eliminate the heating of the R113. A cool-down period of 45 minutes between tests

provided the same reproducibility of the boiling inception surface temperature (within

5% of the previous value) as that obtained by waiting 36 hours. This cool-down

period allowed the heating surface to cool to the original liquid temperature before
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energizationof the heater, and permitted the observable vapor bubbles to collapse.

The procedures for the transient heating measurements will be presented first,

followed by that for quasi-steady heating.

4.2.1 Transient Heating Measurements

The transient experiments performed in the laboratory pool boiling vessel

imposed either a step in the heater surface heat flux or a step in the heater surface

temperature. The purpose of using these two different types of transients was to

examine the effect of the heating rate on the incipient boiling process, as manifested

by the heater surface temperature at the appearance of the fhst vapor bubble, and by

the associated delay time from the onset of heating.

4.2.1.1 Imposed Constant Heat Flux

For the transient imposed constant heat flux tests, a light emitting diode was

placed in the high speed video camera field of view to synchronize the time when the

thin film heater was energized with the operation of the camera. A copper knife

switch connected the heater controller to the heater surface. The 1.5 volt diode was in

parallel with the knife switch such that when the switch was closed, the diode lighted.

A command given to the CR7X data acquisition unit via a portable computer

initiated the data acquisition, and the camera was then switched on. At this point the

knife switch was closed, and the thin gold film heater and diode were energized.

Shortly after boiling was initiated and the data taken, the heater circuit was opened at

the knife switch, and the video recording and data acquisition terminated.

The independent variables in the imposed heat flux tests were: surface

orientation, horizontal up and horizontal down with respect to earth gravity; surface
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type, four different quartz surfaces; bulk liquid subcooling, nominally 0, 2.8, or 11.1

°C; and total heat flux, nominal levels of 2, 4, 6, and 8 W/cm 2. The total heat flux is

the power input to the heater divided by the heater surface area. The dependent test

variables were the voltage across the heater surface and the voltage across the heater

shunt, which provided the instantaneous mean heater surface temperature and heat

flux. The bulk liquid temperature near the heater surface and the system pressure were

also recorded.

4.2.1.2 Imposed Constant Surface Temperature

All tests conducted with the step increase in surface temperature were

performed with the thin film heating surface in the horizontal down orientation. With

heating at a given heat flux in the horizontal down position, the onset of natural

convection is delayed for a considerably longer period of time than that for heating

with the identical heat flux in the horizontal up position. The temperature distribution

in both the liquid and the quartz substrate can thus be determined from a conduction

analysis with a reasonable certainty, since each experiment is completed before the

onset of natural convection occurs. This is discussed in detail in Oker (1973).

As stated in Section 3.1.2, the software for acquiring data in the fast portion of

the power transient, together with the analog and digital interface card and analog

input channels, are referred to as the Codas system. With the maximum sampling rate

limited to 25 kHz per each of two channels, the Codas system was programmed to

sample the differential voltages across the heater surface and shunt sequentially. The

CR7X, as previously described in Section 3.1.2, sampled the shunt and heater surface

voltages only for the slow part of the power transient, but with much greater accuracy

than was possible with the Codas system. The measurement accuracy was thus

compromised with the use of the Codas system for the high sampling rate, while the
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high sampling rate was compromisedby using the CR7X for the measurement

accuracy. Details of the measurementaccuracyaregiven in AppendicesC and D1.

The pressure transducer voltage and bulk fluid temperature thermocouple voltages

were also recorded by the CR7X at the start and end of a given test. The onset of

boiling and initial vapor dynamics were recorded by the high speed video camera. The

imposed steps in heater surface temperature were in the range of 0.5-25 °C.

An experiment was initiated by turning the camera on, followed by execution

of the switching program on the first computer, which caused a light emitting diode on

one of the circuit boards to flash, indicating that the heater surface would be powered

in one second. At the time of the one second warning, the Codas data acquisition

process began on the second computer. The test was terminated after heating for 1.8

seconds by the switching software, which opened the heating circuit automatically.

The independent variables in the imposed heater surface temperature tests

were: surface type, two different quartz surfaces; bulk liquid subcooling, nominally

0, 2.8, or 11.1 °C; and the initial heater surface voltage level, which governed the level

of the step increase in heater surface temperature. The dependent test variables were

the voltage across the heater surface and the voltage across the heater shunt, which

provided the instantaneous mean heater surface temperature and heat flux. The bulk

liquid temperature and system pressure were also recorded.

4.2.2 Quasi-Steady Heating

Both the thin gold film heater on quartz and the solid metal heaters were used

for the quasi-steady measurements. The desired power setting was set, and the system

was allowed to reach a steady-state surface temperature. If boiling inception did not

occur, the heater input voltage was increased by 10% of the previous level, and

another steady-state heating surface temperature was obtained. Following the point of
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boiling initiation, thepowerwas switched off and the surface allowed to cool for more

than 45 minutes. Power at a slightly lower level than that which produced the

previous boiling inception point was then applied to the surface to obtain a non-boiling

steady-state surface temperature. The power was then increased slightly again in

steps, until boiling occurred. This incremental approach was iterated to determine

more precisely the temperature and heat flux at which incipient boiling occurs.

Because of the large uncertainties as to when incipient boiling would take place

with quasi-steady heating, high speed photographs were not taken. The CR7X

recorded the shunt and heater surface voltages, for the calculation of the heat flux (and

mean heater surface temperature in the case of the gold film heater on quartz), the

pressure transducer voltage, for the determination of the pressure level, and the voltage

output of the thermocouple imbedded in the copper block near the heater surface for

the determination of the metal heater surface temperature. The bulk fluid temperature

increased by no more than 0.25 oC during any of the quasi-steady heating tests.

The independent test variables in the quasi-steady heating tests were: surface

orientation, horizontal up or horizontal down with respect to earth gravity; surface

type, quartz substrate or metallic surface; and bulk liquid subcooling, nominally 0, 2.8,

or 11.1 *C. The dependent test variables were the voltage across the heater surface,

the voltage across the heater shunt, and the metal heater thermocouple voltage, which

provided the mean heat flux and heater surface temperature. The bulk liquid

temperature and system pressure were also recorded.

4.3 Drop Vessel

Following charging with degassed R113, the drop vessel, cameras, lights, and

associated electronics were placed on the drop bus, which was then balanced with lead
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weights. Only one of the two thin film heaters installed in the drop vessel was used

for a particular test.

The day before a drop test, the single point calibration of the heater surface

resistance-temperature was performed, since the entire drop vessel was at the

accurately known and uniform ambient temperature. The measured shunt, surface,

and thermocouple voltages acquired by the CR7X during the surface calibration were

stored in a portable computer. The a.c. temperature controller regulating the power to

the thin film heaters mounted on the outer drop vessel walls was switched on, and the

vessel was then covered with an insulating blanket. The controller was adjusted to

provide a temperature of approximately 58 °C when the vessel was to be prepared for

installation in the drop tower on the following day.

Preparation for the drop test the next day then required that the a.c. heaters be

disconnected from the power source. The heat loss to the ambient at about 20 oC

during the 20 minute period required to transfer the vessel to the actual drop location

and during the two hour period required for the evacuation of air from the drop tower

resulted in a decrease in temperature of the test vessel and its contents from the initial

58 °C to the desired level of about 47.7 °C.

Three tests were performed sequentially in connection with each drop

experiment: a pre-drop test with the high speed photography, a drop test with high

speed photography, and a post drop test with no photography. The pre-drop test was

identical to the drop test, using the drop tower control room circuitry, but was

conducted at earth gravity. This test provided a direct comparison between the boiling

process in earth gravity and boiling in microgravity, and included the transient heater

surface temperature, heat flux, pressure, and photographic measurements. The

exposed film was removed for developing after completion of the pre-drop test, and

the data downloaded from the CR7X to a portable computer. The camera was then

reloaded for the drop test. After the test package was dropped and retrieved from the
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bottom of the drop tower, the film wasagainremovedfor processing,and the drop

datadownloadedfrom theCR7X to a portablecomputer. Thepostdrop testwasthen

performedto verify the proper operatingcondition of the circuitry and mechanical

hardwarefollowing a drop test,and was identical to the pre-drop testexceptthat no

movieswerefilmed.

The actual drop test procedure will now be described in greater detail.

Following the pre-drop test, the camera was reloaded, the pre-drop data was

downloaded to the portable computer, and the batteries were recharged. Data

acquisitionandcontrolinstructionsweretransferredfrom theportablecomputerto the

CR7X mountedon the drop bus. The softwareinstructedthe CR7X to measurethe

bulk liquid temperatureand then set the specifiedsubcoolinglevel, basedon this

measuredbulk liquid temperature,by adjusting the pressurelevel inside the vessel

throughactuationof the bellowspressurecontrol systemdescribedpreviously. The

CRTX also set the voltagelevel to be applied to the heatersurfaceto produce the

desiredheat flux. The CRTX control instructions also checked that appropriate

voltagesignalswerebeingreceivedfrom thedrop towercontrol roomby meansof the

drop busumbilical. The protectiveouter skinswereinstalledon the drop bus,andthe

busplacedinto positionat thetopof thedroptower,at which timeevacuationbegan.

At the desiredtower vacuumlevel and Rl13 temperature,the control room

senta signalto thedrop vessel(calledtheenergizesignal)which causedtheCR7X to

setthe pressurelevel basedon the current vesseltemperaturein order to achievethe

desired subcooling level. The CR7X sampled the pressure transducer signal and

calculated the pressure based on the pressure transducer calibration. The pressure set

point (command voltage) was adjusted until the measured pressure was near the

desired pressure. At this point, the CRTX transmitted a five volt signal to the control

room, indicating that the R113 in the vessel was at the desired subcooling. The control

room then switched on the camera lights and started the high speed camera, which was
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followed by thereleaseof thedrop bus in the drop tower. The onset of the free fall

then disconnected the umbilical from the test package, which in turn produced an open

circuit signal called the drop signal. The drop signal was an indication to the CR7X to

(1) power the heater at the pre-determined voltage level by sending a calibrated set

point signal between zero and five volts to the heater controller and to (2) begin data

acquisition. A diode powered by a three volt digital signal from the CR7X in the field

of view of the camera was used to synchronize the application of power to the heater

surface with the camera operation. After five seconds, the CR7X stopped measuring

the shunt, heater surface and pressure transducer voltages, and terminated power to the

heater surface. In some of the drops, the voltage of a thermocouple in the liquid near

and over the center of the heater surface was sampled. The camera continued to film

during impact. An outline of the free fall drop sequence is presented in Figure 4.1.

The independent variables in the drop vessel tests were: surface type, two

different quartz surfaces; bulk liquid subcooling, nominally 0, 2.8, or 11.1 °C; and

total heat flux, nominal levels of 4, 6, and 8 W/cm 2. The low heat flux level of 2

W/cm 2 used in the laboratory pool boiling experiments was not used in the drop

experiments because it was observed that the time required for the onset of boiling at a

power input of 4 W/cm 2 in microgravity was apparently greater than the five second

microgravity period available in the drop tower. The dependent test variables were the

voltage across the heater surface, the voltage across the heater shunt, and the pressure

transducer voltage, which provided the mean instantaneous heater surface temperature,

heat flux, and system pressure. As will be noted in the results, short pressure

variations occurred during some of the more dynamic nucleation processes, although

attempts were made to maintain a constant pressure level. At times, a liquid

temperature measurement near the heater surface was also included.
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4.4 DataReduction

The proceduresfor thecalculationof the thin film heater surface temperature,

the metal heater surface temperature, the bulk liquid temperature, the liquid pressure,

and the heat flux from the recorded data are presented below, along with the

uncertainties in the determination of these quantities.

4.4.1 Spatial Mean Film Heater Surface Temperature

The spatial mean thin gold film heater surface temperature, T w, is determined

from the measured test surface resistance, R_, the single point calibration resistance,

RC, with its corresponding calibration temperature, T C, and the slope of the calibration

dT

curve, dR"-' in the following equation:

T w = Tc+ _ Rw-R c

dT
For the constant heat flux tests, I_, R o T o and _ were determined with

representative values and uncertainties of 2.9985 + 0.0008 D, 2.6266 + 0.0002 f_,

20.00+ 0.01 oc, and 214.83 + 0.23 °C/f_, respectively, as given in Appendix D.1. As

a result of the uncertainties in these quantities, the heater surface temperatures were

determined with an uncertainty of+ 1.0 oC, as described in Appendix D.1.

For the imposed step change in surface temperature tests using the Codas

system during the fast portion of the power generation curve discussed earlier, R T, RC,

T O, and "_ were determined with representative values and uncertainties of 2.7989 +

0.020 f2, 2.6266_.+ 0.0002 fl, 20.00 + 0.06 °C, and 214.83 + 0.23 oC/t2, respectively.

The calculation of these uncertainties is also described in Appendix D. 1. As a result of

these uncertainties, the heater surface temperatures were determined with an
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uncertaintyof+ 6 °C. When the CR7X was used during the slow portion of the power

generation curve, the heater surface temperature was determined with an uncertainty of

+ 1 °C, as shown in Appendix D.1.

4.4.2 Metal Heater Spatial Mean Surface Temperature

The metal heater surface temperature was determined from the chromel-

constantan thermocouple imbedded in the copper heating block near the heater surface,

as shown in Figure 3.2. The error in assuming that the temperature at the location of

the thermocouple was equal to the surface temperature was estimated to be less than

0.002 oC, by assuming one dimensional conduction in the copper block and negligible

contact resistance between the soldered copper foil and the copper block. An error of

this magnitude is less than the uncertainty of + 0.01 oC associated with the

thermocouple temperature measurement and, as a result, was neglected.

4.4.3 Bulk Liquid Temperature

The liquid bulk temperature was measured by calibrated chromel-constantan
..... °

thermocouples, described in Chapter 3. The CR7X was used for all measurements of

bulk liquid temperature in all three vessels, and the uncertainty of + 0.6 microvolts for

the thermocouple voltage determination translates to a + 0.01 oC uncertainty in the

liquid bulk temperature. A detailed discussion of the estimate of this uncertainty in the

temperature determination from a thermocouple voltage measurement is in Appendix

D.2.
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4.4.4 System Pressure

The liquid pressure near the heater surfaces in all three vessels was measured

by calibrated transducers. The calibration and resulting calibration equations of the

pressure transducers are described in Appendix B.3 The uncertainty of the pressure

measurement in the laboratory pool boiling vessel, the drop vessel, and the forced

convection boiling loop was less than the desired uncertainty of + 0.172 kPa _ 0.025

psi). The details of the estimate of the uncertainty in the pressure measurements are

given in Appendix D.3.

4.4.5 Heat Flux

The total power input per unit area, q"r, for both the quasi-steady heating tests

and the constant heat flux tests was calculated from:

VTVsh

q"r- (4.2)

A R_

The voltages were in volts, the resistance in ohms, the heater surface area in cm 2 , and

q"r in W/cmL The maximum uncertainty in q"r was _.+0.18 W/cm 2. The details of the

estimate in the uncertainty associated with q"r are presented in Appendix D.4.

The heat transfer to the liquid, q"_, could be calculated from the measured total

heat flux, q"'r, under circumstances which permitted reasonable analytical assumptions.

For the transient constant heat flux tests in the pool boiling vessels q"_ can be

determined by a one dimensional, semi-infinite media conduction analysis provided

two conditions were met. The first condition for a valid semi-infinite media
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conduction analysis is the absence of significant natural convection while the fluid is

being heated. This condition was met for all of the microgravity boiling tests up to the

point of the onset of boiling. The conduction analysis was valid for experiments

conducted in earth gravity where boiling occurred in times less than that required for

the onset of natural convection. The time for the onset of natural convection for a

heated surface horizontal up in earth gravity was given by Oker (1973) in a semi-

empirical equation for the combination of a pyrex substrate and R-113 at atmospheric

pressure, where q"r is in W/cm 2 and tnc is in seconds:

1

For illustrative purposes, a q"r of 8 W/cm 2 corresponds to a time, t_c, of 0.27 seconds

required for the onset of natural convection. Equation 4.3 is based on the fluid near

the heating surface reaching a certain critical Rayleigh number. This condition was

not met by most of the pool boiling experiments conducted here in earth gravity and,

as a result, q"l was not computed for most of these earth gravity tests. The second

condition necessary for a valid semi-infinite media analysis is that the thermal

penetration depth be less than the thickness of the heated substrate material. An

acceptable thermal penetration depth in this study corresponds to periods of heating

that are less than six seconds. All of the microgravity tests were completed in less

than six seconds, as were many of the laboratory pool boiling experiments with the

heating surface horizontal down.

Using the one dimensional semi-infinite media solutions presented in Appendix

G, for a constant plane heat source, the ratio of the heat flux transferred to the liquid

and to the quartz is a constant, given by:
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where

m

q"T q"qtz
1+_

v!

qn

m--.,m

q"qtz kqtz

(4.4)

(4.5)

Evaluating the properties of quartz and Rl13 at a mean temperature of 70 cC, the

fraction of the total input heat flux to the liquid becomes, from equations 4.4 and 4.5:

qVV I

m =0.175 (4.6)
|1

qr

The heat flux to the test fluid is then evaluated from equation 4.6 using the

measurement of q"'r. The uncertainty in the calculation of heat transfer to the liquid as

given by equation 4.6 comes from the uncertainties in the tabulated property values

and the uncertainty involved in using a representative mean temperature for the

selection of the tabulated properties. The total uncertainty in q"n calculated from

equation 4.4 is + 4%. In the non-boiling portion of the quasi-steady tests q"n is

computed from subtraction of the losses from the total power Input to the heater. The

losses are estimated from the following natural convection correlations (Incropera and

Dewitt (1984)) for the test surfaces heated in air:

1

Nu = 0.15 Ra 3 (horizontal up) (4.7)
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!
Nu = 0.27Ra4 (horizontal down) (4.8)

The uncertainty in q"l results primarily from the uncertainty in the calculation of the

losses computed from the natural convection heat transfer correlations, which are on

the order of + 20%.
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CHAPTER 5

EXPERIMENTAL RESULTS

The experimental results obtained during the current study are presented

below. The transient experimental results are presented first, followed by the quasi-

steady heating results.

5.1 Transient Boiling

The transient boiling experiments were performed in both the laboratory pool

boiling vessel and the drop vessel. A step in heater surface heat flux was used in the

drop vessel. Both step increases in heat flux and in surface temperature were used in

the laboratory pool boiling vessel, as well as the quasi-steady heating process which

will be presented in Section 5.2 below. A step change in heat flux is the most

elementary form of imposed heat flux variation possible, as all other time varying

imposed surface heat fluxes can be constructed from a series of steps in heat flux.

These two basic and elementary thermal boundary disturbances, step changes in heat

flux and in temperature, produce distinctly different liquid temperature distributions,

which determine the heater surface temperature at the moment of boiling inception and

the resulting phase change dynamics. The transient pool boiling results are presented

first, followed by the transient forced convection boiling results.
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5.1.1 Pool Boiling-ImposedConstantHeatFlux

5.1.1.1 TransientHeaterSurfaceTemperature

Since the resistanceof the gold film heater surfaceis computedfrom the

measuredcurrent and voltage drop acrossthe entire heater surface, the resulting

calculated surface temperature is a spatially averaged temperature. The non-

uniformity of thesurfacetemperaturewasestimatedby solving the threedimensional

transient conduction model for the quartz substrate-Rll3 system using a finite

differencesolutiontechnique.Theconductionassumptionwith R113is valid for short

times in earthgravity and in microgravity up to the point of incipient boiling. The

Crank-Nicholsonfinite differencemethodwasused,with a uniform spatialgrid sizeof

0.79375mm (0.03125inches).The procedureis describedin AppendixH. Figure 5.1

showsthecomputedsurfacetemperaturerise for a total heatflux input of 8 W/cm2 at

one second, the approximate time from the onset of heating for boiling inception.

Because of symmetry, only one quarter of the film surface is shown, and the computed

surface temperature is noted to be quite uniform except near the heater surface edges.

In the remainder of this section, selected representative heater surface

temperature-time plots are presented in order to demonstrate the distinguishing

features in common for the same body force magnitude and orientation. The identical

heater surface, designated as Q-5, is used in all of the results presented here.

The transient heater surface temperature for Run 79 is shown in Figure 5.2,

along with a tabulation of the test conditions, and applies to the case where the heater

surface is facing horizontal up in earth gravity. The onset of natural convection,

appears as an irregularity in the temperature-time plot. The time from the energization

of the heater to the onset of natural convection is designated as t,c. Experimental

values for this t,c were obtained by the appearance of two independent phenomena,
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which coincide with the irregularity: the observed onset of fluid motion above the

heater was characterized by a wave-like disturbance recorded by the high speed video

camera, and by the departure of the heater surface temperature from the one

dimensional semi-infinite media transient conduction solution.

Oker (1973) found a semi-empirical relationship for t_c based on the critical

Rayleigh number predicted by instability theory for the case of a semi-infinite surface

in the horizontal up position in earth gravity with an imposed heat flux:

kl V 1

nc txi i_gq,, I

Ra c is the critical value of the Rayleigh number for the onset of fluid motion, where

the Rayleigh number is defined as:

Ra = (5.2)

O_lV

5 is the approximation to the penetration depth of the thermal disturbance, and was

taken as _ in the work of Oker, from the integral solution of the one dimensional

transient conduction equation with a step in heat flux for a media of semi-infinite

extent. With the properties evaluated at a mean temperature of 66 °C and Rac taken as

800, as suggested by Sparrow et al (1964) for a semi-infinite surface with an imposed

step in heat flux without an upper rigid boundary, equation 5.1 becomes:
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0.342
to !

q-2
I

(5.3)

In Figure 5.3, the prediction of Oker for t ._ , equation 5.3, is less than the

experimentally measured t ,c of this study. When _ is taken as 2_ from the exact

one dimensional solution to the conduction equation for an imposed surface heat flux

with the properties also evaluated at a mean temperature of 66 °C, the following

equation is obtained:

0.463
tnc 1

q"2
1

(5.4)

Equation 5.4 predicts times for the onset of natural convection which are also lower

than the corresponding experimentally measured times. Using a larger Ra¢ of 3600,

with 8 taken as 2_, gives:

0.982

tn¢ 1

q"2
I

(5.5)

and describes the experimental measurements better than the previous expressions.

Since the heating surface is not semi-infinite (w/1 = 0.5), the edge effects of the film

heater during heating can be expected to affect the onset of natural convection,

requiring a Ra, different than that predicted by the earlier analyses based on a semi-

infinite heating surface.

In an earlier study, Ngheim (1980) observed the onset of natural convection

from a narrow gold film heater (w/1 = 0.1) on a large quartz substrate in Rl13 with

high speed holographic interferometry simultaneously with the measurement of the
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film heaterresistance.The resultingtemperature-timeplots, similar to that in Figure

5.2, also showed the same type of disturbance at t_c, and were also correlated well by

equation 5.5.

The next significant event in Figure 5.2 following the onset of natural

convection is incipient boiling, as indicated. Incipient boiling, or the onset of boiling,

is defined as the appearance of the first vapor bubble on the heating surface. In some

tests, this incipient boiling takes place at the point when the mean heater surface

temperature reaches a maximum, while in other tests, the onset of boiling occurs prior

to this point. For tests in which the latter took place, the level of the ensuing

maximum heater surface temperature depended on the manner in which the boiling

propagated across the heated surface. If incipient boiling occurred as an almost

explosive event over the entire heater surface, then the temperature associated with

boiling incipience was the maximum surface temperature. If incipient boiling

occurred at a location near a comer of the heater, for example, the heater would

become cooled locally while the remainder of the heater surface continued to rise in

temperature. The heater surface temperature measurement is a spatially averaged

quantity, as described earlier, and the measurement would continue to rise until the

boiling spread sufficiently to produce a subsequent decrease in the mean value. This

boiling propagation will be defined in more precise terms later.

Following the onset of boiling, a quasi-steady boiling region is noted in Figure

5.2. In this domain of the temperature-time plot, boiling has spread across the entire

heating surface, and the quasi-steady boiling temperature level is less than the

maximum heater surface temperature, but above the saturation temperature for the

liquid at the system pressure, as expected.

The heater surface temperature-time plot of test Run 75 is presented in Figure

5.4 with the experimental conditions as indicated. These experimental conditions are

virtually identical to those of Figure 5.2, except that the heater surface is inverted, or
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horizontal down (a/g = -1). As can be seen, the temperature-time curve is quite

different from that for heating in the horizontal up position. The departure from the

one dimensional conduction prediction marks the onset of natural convection, t_o as

was also observed in Figure 5.2 for the horizontal up surface orientation. In this case

the fluid flow that eventually takes place with heating results in a lateral outward flow

for the heated surface in the horizontal down position, and depends on the dimensions

of the heater surface and on the geometry of the enclosure. The buoyancy force tends

to hold the liquid against the heated surface. A uniformly heated semi-infinite surface

with this orientation produces a stable configuration with no liquid motion, and heat

transfer by conduction alone exists. Heaters of finite size, however, produce lateral

temperature gradients in the liquid, which induce subsequent lateral liquid motion. In

the present study, the edge effects on the liquid temperature resulting from the finite

extent of the heater surface were such that the t_c for a heater horizontal down, with

the same imposed heat flux and initial conditions as a horizontal up heater, was larger

than t_ for a horizontal up heater (1.9 seconds versus 1.2 seconds in Figures 5.4 and

5.2). Similar observations were reported in the transient experimental work of Oker

(1973).

The incipient boiling point is indicated in Figure 5.4, and appears as a

disturbance in the temperature-time plot. The initial phase change and propagation of

this phase change across the heated surface causes a drop in the spatial average

temperature. Once boiling has spread across the entire heating surface, the vapor

bubble covers the heater, since buoyancy holds the Rl13 vapor at the heater surface

with a/g = -1, unlike heating with alg = +1 where the buoyancy force lifts the vapor

from the heated surface. Since the thermal conductivity of Rl13 vapor is much less

than that of the liquid, the heater becomes, in effect, insulated from the liquid. As a

consequence, the temperature of the heater will rise, if permitted, until the heater

reaches an unduly high temperature or is destroyed. This process is sometimes
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referredto as dryout, or heater burnout. Boiling with a surface horizontal down (a/g -

-1) in the absence of forced liquid motion will result only in an unsteady heater surface

temperature. Periodicities superimposed on the mean surface temperature are

observed in Figure 5.4 because the vapor slug continuously collapses and grows near

the edges of the heater.

Transient heating in microgravity is different from that in earth gravity,

regardless of whether heating horizontal up or horizontal down. Figure 5.5 presents

the spatial mean temperature-time plot for microgravity drop vessel experiment

PBMTlll5.605, which used a heated thin gold film surface. The measured

temperature follows the one dimensional semi-infinite media conduction solution

reasonably well until incipient boiling takes place. At the level of microgravity

present in these initially quiescent experiments (a/g = 10 -5 ), there was effectively no

liquid motion resulting from the heating of the liquid. Following the onset of boiling,

the surface temperature decreases and then immediately rises, as was expected after

the drop tower movie films were viewed. Following the initial boiling, a single large

vapor bubble covered the heater surface, effectively insulating the heater surface.

Similar to boiling in earth gravity in the horizontal down orientation, boiling on a flat

surface in microgravity is unsteady.

Figure 5.6 presents the predicted and measured thin gold film surface

temperature rise for a variety of tests with surface Q-5, a nominal q"r of 6 W/cm 2 and

nominal subcoolings of nominally either 0 or 11 °C. The final two digits of the test

names listed in Figure 5.6 give the subcooling in degrees Fahrenheit. The results are

scaled by the total heat flux to both the R113 and the quartz substrate, and plotted as a

function of the square root of time. The predicted heater surface temperature rise is

from the solution to the one dimensional

semi-infinite media with constant energy

media given in Appendix G and evaluated

transient heat conduction problem for two

generation at the plane separating the two

at the common plane:

98



99

(5.6)

Measurements from tests with heater surface orientations of both horizontal up and

horizontal down in earth gravity are included along with data from two microgravity

tests. Departure from the linear prediction results either from the onset of liquid

motion arising from the buoyancy effects during heating or from the onset of boiling.

Although heating of the film surface is not truly one dimensional, the departure from

the one dimensional linear prediction shown in Figure 5.6 provides a conservative

estimate for the onset of natural convection with a surface in the horizontal up or

horizontal down orientation in earth gravity, as was demonstrated in Figure 5.2. For

the microgravity experiments PBMT1101.600 and PBMT1121.620, the departure from

the conduction predicted surface temperature was the consequence of incipient boiling.

The lack of departure from the linear prediction earlier than at incipient boiling gave

credence to the technique used for heater surface temperature measurement.

Figure 5.7 presents the results of constant imposed heat flux tests in the

laboratory pool boiling vessel, with a surface orientation of horizontal up. The tests

were all conducted with the same heat flux but with three different levels of

subcooling. For the early times the curves are superimposed on one another, as

anticipated. However, at later times they were expected to separate because of the

differences in subcooling and delay times to incipient boiling. Figure 5.7 confirms

this expectation, and provides an indirect check on the heater surface temperature

measurement. Because of the difference in subcooling, the quasi-steady surface

boiling temperature is different for each of the surfaces by roughly the amount of the

liquid subcooling, as indicated.
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5.1.1.2 TransientLiquid Temperature

The measuredheater surface temperaturesprovide data with which the

calculatedtemperaturescanbecompared. In the absenceof liquid motion, it is also

possibleto computethe transienttemperaturedistribution in the liquid. A calibrated

thermocouple was included in the drop vessel, and transient measurements obtained

which can be compared with the computations. Figure 5.8 shows the temperature rise

determined by the thermocouple located at a nominal distance of 1.6 mm above the

center of the heater surface. The uncertainty in the location of the thermocouple

relative to the heating surface was + 0.2 mm, and the calculated temperature variations

are presented for the possible locations of the thermocouple at 1.4 mm, 1.6 mm, and

1.8 mm above the heater surface. The calculations for the liquid temperature at these

locations are from the solution to the one dimensional transient conduction equation

for two semi-infinite media given in Appendix G. The measured thermocouple

temperature variation is closest to the liquid temperature variation at 1.6 mm, the

nominal location of the thermocouple.

5.1.1.3 Transient Pressure Measurements

The laboratory pool boiling vessel and the drop vessel pressure transducers

measured the transient pressure of the liquid near the heating surface during the

experiments. This section presents representative results of the transient pressure

measurements, which give an indication of the quality of the pressure control possible

with set pressure levels in the laboratory and drop vessel pool boiling experiments.

Figure 5.9 shows representative pressure measurements for boiling tests

performed in the laboratory pool boiling vessel at the three pressure levels used to
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obtain three different subcooling levels with an initial liquid temperature of 48 °C.

The pressure level was maintained within + 0.34 kPa _ 0.050 psi) of the set point

except at boiling incipience, where the pressure increased by as much as 15 kPa ( 2.2

psi) as a result of the sudden generation of a considerable amount of vapor. This spike

in the pressure measurement, when it was large enough to be observed, always

correlated with the incipient boiling observed on the recorded videos. When the

boiling incipience was particularly violent, as seen on the recorded videos, a pressure

system oscillation was observed. The response time of the pressure control system

required to restore the pressure to the original level before boiling was less than 30

milliseconds, except for the more violent incipient boiling events.

Figure 5.10 shows representative pressure measurements obtained with the

drop vessel experiments in microgravity. The three pressure levels necessary to

produce the three different subcooling levels used in microgravity are presented, and

one pressure level from a pre-drop test measured with the heater surface horizontal up

in earth gravity is included for comparison. In the drop vessel pressure measurements,

as in the laboratory pool boiling measurements, a spike of as much as 6.8 kPa (1 psi)

sometimes occurred at incipient boiling. The pressure level in the drop vessel

otherwise was maintained to within + 0.6 kPa _ 0.09 psi) of the set point. On

occasion, however, an initial small decrease in pressure occurred in changing from

earth gravity to microgravity on release of the test package before the pressure reached

a nearly constant level, because of the dynamics of the pressure control system.

Incipient boiling occurred after this initial pressure disturbance, so this anomaly in

pressure was not detrimental to the results obtained.
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5.1.1.4 Transient Heat Flux Measurements

Figure 5.11 illustrates representative examples of transient total heat flux data

for boiling tests performed in the laboratory pool boiling vessel and in the drop vessel.

The heater controller maintained the heat flux constant to within + 3% of the set point

for most of the laboratory pool boiling vessel experiments, and to within + 5% of the

set point for most of the drop vessel experiments.

5.1.1.5 Heater Surface Superheat at Boiling Inception

Four different gold thin film surfaces were used in the tests conducted with an

imposed constant heat flux and were designated by: Q-l, Q-2, Q-5, and Q-6. Surfaces

Q-5 and Q-6 were used in both the laboratory pool boiling vessel and the drop vessel,

while surfaces Q-1 and Q-2 were used only in the laboratory pool boiling vessel. The

heat flux imposed on these surfaces, qT", the delay time to incipient boiling, t*, and

the heater surface superheat temperature at the time of boiling inception, hT*,,p, are

related to one another. The following figures will attempt to demonstrate these

relationships in a variety of ways. It will become obvious, of course, that as t* is

reduced for whatever reason, in the absence of natural convection effects AT*,u p will

also be reduced for a given level of q"T- Certain data points shown are flagged, and

represent the heater surface superheat at the time of boiling inception. The flagged

data point is connected by a dashed line to an unflagged data point, which in turn

represents the heater surface superheat measured at the time when the boiling begins to

propagate across the surface. Data points with no flags or connecting lines represent

data where the onset of boiling resulted in virtually the immediate spread of the

boiling process. This amounted to a delay of less than 1 millisecond for tests

conducted in the laboratory pool boiling vessel, and of less than 3 milliseconds in the
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drop tower. This latter figure is greaterbecauseof theuncertaintyassociatedwith the

lower cameraspeed. Nominal subcoolingsof 0, 2.8, and 11.1°C were used in all of

the tests. With the heater surface horizontal up, a q'r" of 2 W/cm 2 resulted in a boiling

inception delay time of more than five minutes. As a result, this combination of

orientation and heat flux was not used in any of the laboratory vessel boiling tests.

The lower bound of the heat flux range for the microgravity tests was set by the

limited fall time of 5.18 seconds in the drop tower. In two drop vessel microgravity

experiments with a nominal q"r of 4 W/cm 2, boiling inception did not occur. As a

result of these two preliminary tests, the heat flux range for the microgravity tests was

limited to 6 to 8 W/cm 2.

The heater surface superheat results for surface Q-1 shown in Figure 5.12 were

obtained in the laboratory pool boiling vessel with the heater surface in either the

horizontal up or the horizontal down position. For the initial test conditions as

indicated, Figure 5.12 implies a significant time interval between boiling inception and

boiling spread at the lower heat flux of q"r -- 4 W/cm 2 which was not observed for any

of the other surfaces. Figure 5.12 also indicates a trend of a decrease in the heater

surface superheat associated with the spreading of the boiling process as the heat flux

is increased. This decrease was not observed with the other heating surfaces, where

the other corresponding heater surface superheats tended to remain constant as the heat

flux increased. The onset of boiling with Q-1 always occurred at a large visible

scratch on the thin gold film. From the presence of this scratch and the inconsistency

between these data and that from the other surfaces, the results in Figure 5.12 are

considered to be an anomaly. Since the thin gold film was undamaged prior to

installation, it is surmised that the heater surface was accidentally scratched as it was

placed in the vessel.

Figure 5.13 shows the results of wall superheat at boiling inception from the

laboratory pool boiling experiments for surface Q-2. The initial conditions are given.
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Largerheatersurfacesuperheatsat boiling incipienceresultedfor a/g = -1 thanfor a/g

= + 1with qT"near4 W/cm2, but not near8 W/cm2,for testswith the samenominal

subcooling. The wall superheatfor mosttestsfell into a bandof databetween40 and

55 °C, exceptfor wall superheatscorrespondingto qx" near8 W/cm2which produced

lowerheatersurfacesuperheats.

Figure 5.14 presentsthe heatersurfacesuperheatincipient boiling resultsfor

surfaceQ-5 for a/g = + 1 and microgravity,with different subcoolings. A nominal

initial fluid temperatureof 49 °C wasusedfor thea/g- + 1 tests and a nominal initial

fluid temperature of 47 °C was used for the microgravity tests. For total heat flux

levels of 2, 4, 6, and 7.5 W/cm 2 , the maximum superheats at boiling incipience

occurred at a/g = -1 or microgravity, and at a nominal subcooling of either 0 or 2.8 °C.

Boiling inception followed by a measurable time delay to boiling spread occurred for

q'r" greater than 7 W/cm 2 . It appears from the surface Q-2 and Q-5 data in Figures

5.13 and 5.14, respectively, that the time delay to boiling spread is most pronounced at

the higher heat flux levels. Except for the initial boiling phenomena near the heat flux

of 8 W/cm 2, all of the heater surface superheat at boiling inception fall within a range

of 50 to 75 °C.

For all tests conducted with surface Q-5 after 10/13/89, the superheats for

boiling incipience consistently fell in the range of 50 to 75 °C. Before this date, the

superheat level increased continually from about 10 to 38 °C. The boiling incipience

character of the surface was somehow changing during this interval, after which the

heater surface superheat at the onset of boiling became consistent. Similar behavior

was observed by Tong et al (1990) in an experimental study of boiling of R113 with

thin platinum thin films. Tong et al speculated that the Rl13 had somehow broken

down above 100 °C and formed deposits on the heater surface. However, the

decomposition temperature of Rl13 is greater than the observed heater surface

temperatures of the present tests: a trace decomposition of R113 exposed to quartz for
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30 seconds was found to first occur at a temperature of 299 °C in a testing described

by E.I. DuPont de Nemours (1969). It is believed that the surface became more

"regular" in incipient boiling character after the first few tests and the resulting boiling

removed some of the adsorbed gases and impurities.

Figure 5.15 shows the heater surface superheat at incipient boiling for surface

Q-6 as a function of total heat flux with a/g = _+ 1 and microgravity with different

subcoolings. The tests at a/g = -1 were conducted in the laboratory boiling vessel,

while those in microgravity were conducted following the tests for surface Q-5.

Surfaces Q-5 and Q-6 were installed in the drop vessel at the same time. The nominal

initial fluid temperature for the earth gravity tests was 49 °C and 47 °C for the

microgravity experiments. Except near 8 W/cm 2, the heater surface superheats lie in a

range between 48 and 62 °C. The lower level of this heater surface superheat range is

close to the lower range of heater surface superheats for surface Q-5. The heater

surface superheat at incipient boiling is lower than that for the undamaged surfaces Q-

2 and Q-5, at the high heat flux levels.

The incipient boiling heater surface superheat levels for surfaces Q-5 and Q-6

were similar, but greater than those of Q-1 and Q-2. The similarity of behavior for

surfaces Q-5 and Q-6, compared to surfaces Q-1 and Q-2, is presumed to be due to

their having been fabricated together by sputtering, while surfaces Q-1 and Q-2 were

vacuum deposited with gold at the same time. Surface Q-2 shows a more constant

superheat range than does Q-I, most likely because of the presence of the scratch

observed on Q-1. In all of the plots of AT*,u p , the delay from incipient boiling to the

onset of boiling spread is most pronounced near the heat flux of 8 W/cm 2.

In the present pool boiling experiments with an imposed heat flux at the heater

surface, the subcooling level, from near saturation to 11 °C, had little influence on

AT*m_" As is shown below, the present subcooling range also had little effect on the

incipient boiling delay time, t*.
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Figures 5.16 through 5.19 show the incipient boiling delay time, t*, as a

function of the total heat flux. Figure 5.16 is for the damaged surface Q-1 and Figure

5.17 for heater surface Q-2. It may be noted that t* decreases with increasing q"T- It

is alSO noted that the onset of a significant time interval between incipient boiling and

boiling propagation is f'trst observed at qr" of 4 W/cm 2 on Q-1 and qT" of 6 W/cm 2 on

Q-2. Further, the incipient boiling delay times with the surface orientation that is

horizontal up are greater than those with a horizontal down orientation, for the same

conditions. This is to be anticipated since the fluid motion induced by buoyancy

transfers energy from the horizontal up heater surface at a rate greater than from the

horizontal down heater surface. As a result, for a given total heat flux more time is

required for the horizontal up heater surface to reach the heater surface temperature

range in which incipient boiling is expected. On the other hand, no particular

influence of bulk liquid subcooling on the incipient boiling delay time is to be

observed.

The incipient boiling delay times for three subcooling levels and with a/g = + 1

and microgravity are presented in Figures 5.18 and 5.19 for surfaces Q-5 and Q-6,

respectively. Similar to the data with surfaces Q-1 and Q-2, t* decreases with

increasing q"a', and the experiments associated with a/g - + 1 have greater delay times

for incipient boiling for the same heat flux than either a/g = -1 or microgravity for q"r

< 7 W/cmL It is also observed in Figures 5.18 and 5.19 that for q"r > 7 W/cm 2, the

values of t* for the heater in the horizontal up orientation approach the values of t* for

the heater in the horizontal down position or in microgravity. Also, for q"x > 7

W/cm 2, boiling inception occurs before the onset of significant natural convection. As

in the tests performed with surfaces Q-1 and Q-2, the time interval between the onset

of boiling and boiling propagation is greatest near 8 W/cm 2. t* measured for surfaces

Q-1 and Q-2 in the horizontal down orientation for q'"r > 4 W/cm 2 were similar to the

t* determined from the drop tower experiments at the same heat flux. This
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reproducibility of t* between the horizontal down tests and the microgravity tests

indicates that the determination of the incipient boiling delay time of heater surfaces

may be done with the heater surface in the inverted position rather than in the more

expensive microgravity conditions. The slopes of the curves of the incipient boiling

delay times for surfaces Q-5 and Q-6 were similar to each other, but different than that

for surfaces Q-1 and Q-2. Since surfaces Q-5 and Q-6 were sputtered at the same

time, they should have physical characteristics similar to each other but different from

those of surfaces Q-1 and Q-2, which were vacuum deposited at the same time, as was

pointed out earlier.

The quartz surfaces are representative of "smooth" boiling surfaces, and the

metal surfaces are representative of "rough" boiling surfaces. The smoothness of the

quartz surfaces is characterized below using the measured surface superheats. The thin

film surfaces were polished before sputtering with a 1.4 micron pitch polish by the

manufacturer. Heater surface superheat levels ranged from 75 °C to 12 °C in the

microgravity tests. The Laplace equation, equation 2.2, taken together with the

Clausius-Clapeyron relationship for equilibrium conditions give an estimated cavity

radii range of 0.02 microns to 0.8 microns. Scanning electron microscopy of the thin

film on quartz surface Q-9 revealed minute scratches which had widths of

approximately 0.2 microns. This width is in the above cavity radii range.

5.1.1.6 Incipient Boiling and Boiling Propagation

Of the earlier transient boiling studies described in Chapter 2, none had

photographed simultaneous orthogonal views of the heating surface, across and from

beneath the heating surface, using high speed :_meras. A single view of the heating

surface is inadequate for distinguishing the characteristics of the vapor dynamics since

much of the interfacial motion is obscured by other vapor motion. In the current
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experiments,the boiling inceptionand theresultingvapor motion wasobservedfrom

two orthogonalviews: directly acrossthe heaterandthroughthebottomof thequartz

substrate.Distinctly different categoriesof vapordynamicswereobservedin both the

laboratoryand the drop vesselpool boiling experiments. This sectionwill present

types of behavior, somepreviously unobserved,which will be referred to here as

boiling spreador boiling propagation. Boiling spreadmay be classified into two

distinct categories: (a) The fhst is the formationor nucleationof vaporaheadof a

moving liquid-vapor front, which is sometimespushedaheadby this front and is at

other times absorbedinto the front. (b) The secondis the growth of an interface

similar to that of vapor bubblegrowth due to evaporationat the interface,regularin

somecasesand in othercaseschaotic,but without the formation of vapor bubbles

aheadof the interface. The parametersunder which thesedifferencesin behavior

occurredwill bedescribed,but theirdetailedoriginsareasyet unknown.

The following discussionincludesphotographswhich showthe chronological

sequencesof the behaviorobserved. The measuredinitial conditions,including the

applied power input, system pressure, bulk liquid temperature,a/g level, and

orientationaregivenin thefirst figure of eachchronologicalsequence.Six different

categoriesof boiling spreadarelistedandthendescribedbelow:

A. Advancementof vaporby irregularprotuberances

B. Formationof mushroom-likevapormassfollowed by spreading

C. Singlepancake-likebubblewith a"smooth"interface

D. Orderlygrowthfollowed by onsetof interfacedisturbances

E. Explosivegrowthof avapormass

F. Marangonimotionof bubblestowardregionof highertemperature
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A. Advancement of vapor by irregular protuberances

The lust category of boiling propagation is the advance of the vapor mass by

irregular protuberances from bubbles, shown in the sequence of Figures 5.20a through

5.20e. The upper photo is through and from beneath the heating surface, and the lower

portion presents the view across the heating surface. In the f'trst figure of this series, a

vapor bubble has already appeared. The onset of natural convection may be seen in

Figure 5.20a, in both the view through the bottom of the heating surface and in the

view across the heating surface. In the view across the heating surface, the onset of

natural convection is characterized by the newly formed thermal plumes, parallel to

and slightly above the heater surface. In the view from beneath the gold film heater, a

disturbance around the periphery of the heater surface is visible. In the next figure,

5.20b, three bubbles are now present, and the peripheral disturbance, a result of natural

convection, may be seen in the view from beneath the gold film heater. In Figure

5.20c, the boiling has spread over a large area of the heating surface, and bubbles

depart from the heating surface as a result of buoyancy as the boiling propagates over

the heating surface. The last figures of this boiling sequence are Figures 5.20d and

5.20e. In Figure 5.20e, boiling covers most of the heater surface, and bubbles coalesce

near the edge of the outwardly growing bubble front. This type of boiling spread was

observed only with the heating surface in the horizontal up position at a/g - +1, and

for the total power input to the gold film heating surface > 7 W/cm 2.

B. Formation of mushroom-like vapor mass followed by spreading

The second category of boiling spread presented in Figures 5.21a through

5.21d shows the formation of a mushroom-like vapor mass in the center of a thin

vapor layer, which rises above the thin vapor layer due to buoyancy, while the thin

109



11o

vapor layer movesoutwardbeneaththe large mushroom-likevapor mass. The fast

figure of this series,Figure 5.21a,showsthe appearanceof the fin'stbubble in both

views. The upperphoto is throughand from beneaththe heatingsurface,and the

lower photoof thefigure looks acrosstheheatingsurface. Convectivestagnationlines

areclearly observablein the lower portion of the photo. Figure 5.21b showsa thin

vaporlayer surroundingthelargemushroom-likebubble. Thebubblein the centerof

thethin outwardgrowingvaporlayerbecomeslargerin Figure5.21c. The vaporlayer

hasvaporbubbleson its surface.Figure5.21dshowsthatboiling hascoveredmostof

the heater,and in the view acrossthe heatingsurface,the large bubble is departing

from the heatersurface. The upwardbubblemotion entrainsliquid and causesmore

disturbancesover the outward growing vapor layer. This kind of spreadingwas

observedonly for a/g= +1 with 2 < q"x< 7 W/cm 2.

Okuyama et al (1988) observed this type of vapor motion using a large step in

heat flux (q"l on the order of 20 W/cm 2 to 40 W/cm 2 ) applied to a 7 _tm thick copper

foil (0.4 cm wide by 4 cm long) that was laminated to an epoxy plate, in R113 at P <

0.5 MPa. A horizontal up heater orientation was used. In the present study, by

contrast, the heat flux to the liquid is considerably smaller, with the largest q"_ on the

order of 1.4 W/cm 2.

C. Single pancake-like bubble with a "smooth" interface

A third category of boiling spread consists of a single pancake-like bubble with

a "smooth" interface. In Figures 5.22a through 5.22d, using the laboratory pool

boiling vessel, the heater surface orientation is horizontal down. The upper portion of

each figure is a view through the heater surface from above, and the lower portion of

each figure is a view across the heating surface. The initial bubble grew outward in an

orderly manner from one location near the edge of the heating surface. This initial
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bubble eventually moved away from the location at which it first originated, and a

second bubble formed at this location, as shown in Figures 5.22a and 5.22b. In the

underside view of Figure 5.22b, the smaller second bubble is in front of the larger

bubble (in the darker region of the heater surface), but in the side view of Figure

5.22b, the smaller bubble is behind the larger one. Figure 5.22c shows only one

bubble in both views. The larger bubble of the previous two figures expended the

available thermal energy for both bubbles while growing, and this large bubble

eventually coalesced with the smaller bubble. The rate of growth of the larger bubble

varied linearly with the square root of time, until the bubble reached the outer edge of

the heater, an indication that the growth of the bubble was thermally controlled. After

the bubble had grown past the edges of the film heater as shown in Figure 5.22d, it

collapsed at some peripheral locations, and the liquid rewetted the gold film heater.

This category of boiling spread was observed only in earth gravity with the heating

surface oriented horizontal down, such that the upward buoyancy force flattened the

bubble and held the vapor against the heating surface.

D. Orderly growth followed by onset of interface disturbances

The fourth category of boiling propagation consists of initially orderly growth

of either a hemispherical bubble, in the case of microgravity, or a pancake-like one for

a/g -- -1. This orderly growth then gives way to violent growth, for some as yet

unknown reason. The initially smooth bubble interface was observed to rupture either

on the surface or at the base of the bubble at the beginning of the violent growth.

Figures 5.23a through 5.23d show the history of violent boiling spread associated with

the rupturing of the bubble occurring at the periphery of the bubble base. The bubble

was initially smooth, but this is not shown. The heater surface shown is in the

laboratory pool boiling vessel in the horizontal down position. The upper photo
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presents the view across the heater surface, and the lower photo presents the view

through the heater surface from above. Figure 5.23a shows a ruptured bubble one

frame after boiling inception. In Figure 5.23b, the violently growing vapor mass

develops large-scale satellite interface bubbles, which sometimes break away from the

vapor mass. The view across the heater surface (oriented horizontal down) shows that

the vapor is being pushed down into the subcooled liquid away from the heating

surface. This motion was simultaneously accompanied by a spike increase in the

pressure transducer reading. These two observations suggest that this later vapor

motion is driven by pressure forces arising from the phase change. The heating

surface is eventually covered by the vapor mass, as shown in the subsequent two

photos, Figures 5.23c and 5.23d.

The type of violent boiling spread by the rupturing of an initially smooth and

symmetrical bubble surface is shown in the photo sequence of Figures 5.24a through

5.24d. In these photos, the heater surface is again in the horizontal down position with

the view through the heater surface from above in the upper portion of the photo and

the view across the heater surface in the lower portion of the photo. Rupturing of the

surface of the bubble is beginning in Figure 5.24a. The breaking of the liquid-vapor

interface occurs on the bubble periphery near the warmest part of the heater, the heater

center. The following two figures, Figures 5.24b and 5.24c, show smaller bubbles on

the outwardly moving interface of the larger bubble. In the last photo of this

sequence, Figure 5.24d, the vapor mass with the bubbles at the liquid-vapor interface

has nearly covered the heater surface.

Category D phase change dynamics were observed to occur either in

microgravity or in earth gravity with the heater surface in the horizontal down

position. The heat flux producing category C boiling spread was greater than that

associated with the category D boiling propagation, for the heater surface in earth
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gravity in the horizontal down orientation, with the samesubcooling and heater

surface.

E. Explosivegrowthof avapormass

The fifth categoryof boiling spreadis referredto asthe explosiveor energetic

boiling propagation,characterizedby initially uniform small scaleprotuberancesover

the entire liquid vapor interface. The sequenceof photosin Figures 5.25a through

5.25g are from the drop vesselexperimentPBMTll01.600 and illustrate the phase

changedynamicsassociatedwith thiskind of boiling propagation. In thesefigures,the

upperphotoof thefigureis theview acrosstheheatingsurface,andthelower photoof

the figure is the view throughand from beneaththe heatingsurface. In the first of

thesefigures,the upperpart in Figure 5.25a,theconductionthermalboundarylayeris

visible asthe line parallel to andslightly abovethe heatersurface. This photo shows

theonsetof incipient boiling. In theview from beneaththe heatersurface,two slight

shadowsareseenon theheatersurface. In the uppercorrespondingview at the same

location,a shadowis presentwithin or at theedgeof thethermalboundarylayer. The

nextphoto,Figure 5.25b,showsboiling at five locationsin theview from beneaththe

heatingsurface,anda largevapormassabovethe thermalboundarylayer in theview

acrossthe heater surface. Small scale protuberancesare visible, but are blurred

becauseof thehigh initial growthrate. The protuberancesaremoredistinguishablein

Figures5.25cand5.25d,andtheyarestill presentin Figure5.25e. Figure 5.25f shows

that the vapor hascoalescedinto a single large vapor mass,and somesmall bubbles

haveseparatedfrom this vapor mass. The protuberancesare also larger. The vapor

massis observedto lift off the heatersurfacein the last photo,Figure 5.25g. The

pressuredisturbanceassociatedwith the initial rapid growthof thevapor massimparts

momentumto theliquid bulk which thenlifts thevaporoff theheatingsurface.
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It is believedthat the small scaleprotuberances,which may be the result of

local pressuredisturbancesrelatedto instabilities, greatly increasethe liquid-vapor

interface surfacearea,which then results in a large massevaporationrate. The

pressuredisturbancesresulting from this large massflux createmoreprotuberances

which drive the unstablegrowth of the vapor massacrossthe heatingsurface. This

type of boiling spreadwasobservedonly in microgravity, and only near saturation

conditionswith q'"r < 6.5 W/cmL A lower limit for this boiling propagation category

could not be established at this time because the time available in microgravity was too

short for boiling incipience to take place at the low heat flux level. In the drop tower

tests, a q'"r of 4 W/cm 2 did not result in incipient boiling. A space experiment is

required to obtain information concerning the lower limit of total heat flux for this

explosive type of boiling spread. This category of boiling spread will be discussed in

more detail in Chapter 6.

F. Marangoni motion of bubbles toward region of higher temperature

The final type of boiling propagation observed in the pool boiling experiments

consisted of small bubbles forming and then moving toward the center of the thin film

heater, the warmest part, and coalescing there as shown sequentially in time in Figures

5.26a through 5.26e. In these figures, the upper part of the photo is the view across

the heater surface, and the lower part of the photo presents the view through the heater

surface from beneath. The following photos resulted from the drop vessel pool boiling

experiment PBMT0131.820, with the test conditions as given in the first figure. In

Figure 5.26a, the first bubble appears at the edge of the heater, and the thermal

boundary layer is not yet visible as in the case of Figure 5.26b. In Figure 5.26b, the

first bubble has moved away from the heater edge, and two more bubbles have formed

at the original incipient boiling location. Another location on the left side of the heater
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surface has become activated as a boiling site with the thermal boundary layer now

visible. In the next photo, Figures 5.26c and 5.26d, a number of additional bubbles

have emanated from the two boiling locations. Some of the smaller bubbles have

coalesced with larger ones, and new bubbles form at the edges of the vapor mass. In

the last figure, Figure 5.26e, one large vapor mass finally results, which covers the

heater surface. Some vapor has separated from the vapor mass and formed individual

bubbles floating in the R113. The growth of these bubbles was orderly and slow. This

type of boiling spread was observed for microgravity and for a/g = -1. q'"r for these

instances was > 7.2 W/cmL

Table 5.1 summarizes the total heat flux ranges, subcooling levels, and body

forces which characterize the conditions necessary for the aforementioned types of

boiling propagation as known to date.

5.1.2 Imposed Heater Surface Temperature

5.1.2.1 Comparison of Measurements and Conduction Prediction

An imposed step in heater surface temperature, like an imposed step in surface

heat flux, provides a simple and known temperature distribution in the test fluid, in the

absence of buoyancy induced liquid motion. In order to observe the effects of

different liquid temperature distributions on the resulting incipient boiling, these two

different elementary liquid temperature distributions were used. The results with the

imposed surface heat flux have been presented, and the results with a step increase in

heater surface temperature will now be presented. The theory behind the design of the

equipment for imposing a step in the heater surface temperature is presented in

Appendix F, and a description of this equipment was given previously in Chapter 3.
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Two different gold film surfaces, Q-6 and Q-14 were used in the tests

conducted with an imposed increase in surface temperature. Both surfaces were

heated in the horizontal down orientation, and the results from the two different

surfaces were similar. Figure 5.27 presents the heater surface temperatures and

uncertainties, as measured by the Codas system during the initial, rapid, portion of the

heater power transient, and for the later part of the heater power transient as measured

through the use of the CR7X. As discussed in Chapter 3, this later portion of the

heater power transient was longer than the earlier portion. Because the initial series of

steps in heat flux comprising an approximation to the heat flux necessary to impose a

constant heater surface temperature were of short duration while the later steps were of

much longer duration, two different measuring devices were used to verify that the

system imposed a step in heater surface temperature. The less accurate Codas system

measurements indicated that the surface resistance was constant, with an uncertainty in

the resistance measurements of + 2%. This uncertainty in heater resistance translates

as a large uncertainty in the measured heater surface temperature, on the order of + 7

°C, resulting from the small slope of the resistance-temperature linear relationship.

The CRTX provided more precision in the measured heater surface temperatures for

the slower portion of the heater power transient, on the order of + 2.5 °C. The

discussion concerning the estimation of the uncertainties in temperature measurement

using the Codas and the CR7X is presented in Appendices C and D.1. The initial

liquid temperature, T i, and the computed heater surface temperature are shown for

reference.

Figure 5.28 shows the comparison of the measured heater surface temperature

with the computed one dimensional conduction heater surface temperature prediction,

as presented in Appendix F. The measured heater surface temperatures for surface Q-

6 shown in this figure were determined with the CR7X, and follow the one
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dimensional prediction well until near the value of E2put/100 = 15. At this input

voltage level, the larger disagreement between the measured and predicted heater

surface temperature may be a result of multi-dimensional heating effects. The one

dimensional predicted heater surface temperatures are greater than the measured heater

surface temperatures, as would be expected, since the edge effects are neglected in the

one-dimensional prediction.

Figure 5.29 shows the incipient boiling delay times for the step increase in

heater surface temperature experiments performed in the laboratory pool boiling vessel

for surface Q-14. The initial system temperature was 49 °C, and the liquid was

subcooled by increasing the system pressure above the saturation pressure for R113

corresponding to 49 °C. As the initial voltage Einpu t , which corresponds to the

imposed step increase in heater surface temperature, was increased, the delay time

from the energization of the heater to the onset of boiling decreased somewhat. This

decrease in the delay time to incipient boiling is expected intuitively since more

energy goes into the liquid with a larger step in temperature. The delay times

associated with incipient boiling are similar in magnitude for both surfaces tested here.

Figure 5.30 presents a comparison between the incipient boiling delay times

and heater surface temperatures at incipience for both imposed surface temperatures

and imposed surface heat fluxes for surface Q-14. The initial system temperature was

49 °C, and the liquid was subcooled by increasing the system pressure to a value

greater than the saturation pressure corresponding to 49 °C. As demonstrated in

Figure 5.30, the constant surface temperature experiments always resulted in boiling

inception occurring at significantly lower surface temperatures and delay times when

compared to the corresponding values of the constant heat flux tests. It thus may be

concluded from these results that the manner of heating, and not merely the heater

surface temperature, as viewed by some, affects boiling inception. Although Figure
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5.30only showssurfacetemperaturesrather thansurfacesuperheattemperatures,the

temperaturedifferencesaregreaterthanthoserepresentedby different subcoolings.

The type of boiling propagationobservedwith the imposedheater surface

temperatureexperimentsalwaysconsistedof a singlepancaketypebubble,categoryC,

describedin section5.1.1.6for boiling propagationobservedin the constantheatflux

experiments.This observationis relatedto theconsistentlysmall superheatedthermal

boundarylayer formed in the imposedsurfacetemperaturetestsand will bediscussed

in Chapter6.

5.2 Quasi-SteadyHeating

Quasi-steadyheatingwasperformedin the laboratorypool boiling vesselusing

both the gold film heater,Q-2 and the copper block heater, SH-2. The liquid

temperaturein the laboratory pool boiling vesselwas 49 oC and the liquid was

subcooled by increasing the liquid pressure above the saturation pressure

correspondingto 49 °C. The intent of thesetestswas to find the minimum heater

surfacetemperatureandheatflux for which theonsetof boiling wouldjust occur. The

following figures show the heat flux to the liquid as a function of the difference

betweenthe heatersurfacetemperatureand the bulk liquid temperature, q"l was

determined,asdiscussedin Chapter4, throughnaturalconvectioncorrelations.Figure

5.31 is for surfaceQ-2 in thehorizontaluporientation. Figures5.32and 5.33arefor

thequasi-steadyheatingtestsin thehorizontalupandthehorizontaldown orientations

involving thecopperblock heater,SH-2. Measurementsat subcoolingsof 1.23,3.19,

and 11.03 were obtained for the horizontal up orientation, and measurementsat

subcoolingsof 4.08and 11.87wereobtainedfor thehorizontaldownposition.

For surfaceSH-2which hadthe gold-sputteredcopperfoil exposedto the test

liquid, the heatersurfacesuperheattemperaturesassociatedwith the minimum power
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input to the heaterat which incipient boiling would just occur were in the narrow

rangeof 39.0 to 44.8 oC for both the horizontal up and horizontal down orientations

regardless of the nominal subcooling levels of 1, 3, and 11 °C. The heater surface

superheat temperatures for surface Q-2 corresponding to the minimum power input to

the heater at the point where incipient boiling would occur were in the range of 32.0 to

39.6 °C irrespective of the nominal subcooling levels of 1, 3, 11, and 16 °C. The

minimum heater surface superheat range required for incipient boiling was slightly

greater for the metal foil surfaces rather than for the "smoother" quartz surfaces. This

might at first appear contradictory to previous observations as described in Chapter 2.

However, the measured heater surface temperatures of the present experiments are

spatially averaged temperatures, and the local heater surface temperatures are

estimated to vary by as much as 25 °C from each other, which can account for this

discrepancy. (This variation in local heater surface temperature in earth gravity with

the presence of buoyancy can be contrasted with the variation in local heater surface

temperature in the microgravity tests with essentially no buoyancy. The local film

temperature variation in microgravity was estimated to be less than 2 °C for locations

lmm inward from the film heater edge.) The tests using the quartz surface and the

metal foil surface were conducted with the same initial conditions. Prior to the

experiments, both test surfaces were placed together in the laboratory pool boiling

vessel as described in Chapter 3.

For heater surface Q-2, the transient tests using an imposed step in heat flux

resulted in larger mean heater surface temperatures at boiling inception for heat flux

levels less than 7 W/cm 2 than in the case of quasi-steady heating for the same initial

conditions. A step in heat flux of less than 7 W/cm 2 resulted in a mean gold film

temperature of surface Q-2 at incipient boiling in the range of 42.0 to 62.9 °C.

Figure 5.34 presents natural convection data obtained before boiling inception

during quasi-steady heating. The Nu calculated from the heat flux using the thin film
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surface had larger uncertainties than those computed for the metal heater. This larger

uncertainty in the Nu of the quartz surface is a consequence of the relatively greater

uncertainties in the corresponding heat loss estimates. The natural convection

correlation of Merte and Clark (1961) describe the measured data better than equation

4.7. Natural convection data is also shown for the metal heater surface in the

horizontal down orientation. The Nu for the inverted metal surface are quite different

from the Nu of the horizontal up orientation, as anticipated, because of the lateral fluid

motion which results from buoyancy effects.
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Figures 5.1 - 5.34 follow.
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Thermal Boundary Layer
Thermocouple Above
Heater Surface

Side View

Underside

View

1mm Test Conditions

Both Views Heater Surface Q-5

a/g _--I0-5 Ts=472.2oc

q"T = 5.4 W/cm 2 Ti--46.83°C

ATsub = 0.39°C PBMT1101.600
P = 100.53 kPa Run # M-17-12

Figure 5.25a Category E: incipient boiling in the presence of the conduction
thermal boundary layer, time = 1.130 scc
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Figure 5.25b Category E: boiling at five different locations, time =
4.813 sec
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Figure 5.25c Category E: the vapor mass covers nearly the entire heater
surface, time = 4.818 sec
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Figure 5.25d Catcgory E: thc small scale protubcranccs arc more

distinguishable,time = 4.820 scc
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Figure 5.25e Category E: the vapor mass with small scale interface
protuberances engulfs vertical thermocouple wires,
time = 4.823 sec
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Figure 5.25f Category E: large scale protuberances are visible,
time = 4.828 sec
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Figure 5.25g Category E: liquid bulk momentum lifts the vapor mass off the
heating surface, time = 4.973 se¢
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Thermocoupl¢ Above
Heater Surface

Side View

Underside

View

lmm

Both Views

Test Conditions

Heater Surface Q-6

a/g _= 10 .5 T s ---58.61 °C

q"T - 7.8 W/cm 2 Ti -- 47.50 °C

ATsub = 11.11 °C PBMT0131.820
P -- 145.0 kPa Run # M-18-2

Figure 5.26a Category Fi the initial bubble at the edge of the heater surface,
time = 0.513 see
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Figure 5.26b Category- F: the initial bubble moves toward the heater surface
center with two additional bubbles formed at the initial boiling
site, time = 0.628 sec
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Figure 5.26c Category F: more bubbles grow from both sites and move
toward the heater surface center, time -- 0.718 sec
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Figure 5.26d Category F: additional bubbles from the two boiling sites,
time 0.920 sec
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Figure 5.26e Category F: one large vapor mass covers the heater surface and
some vapor has separated from this vapor mass to form
individual bubbles in the Rl13, time - 3.608 sec
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Figure 5.27 Demonstration of transient thin gold film temperature measured
with the Codas and the CR7X systems
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Figure 5.28 Comparison of predicted and measured step rise in surface
temperature for various levels of power input
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Figure 5.29 Measured incipient boiling delay times with step change in
surface temperature
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Figure 5.30 Measured incipient boiling delay times and the corresponding
surface temperature at boiling inception
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Figure 5.31 Quasi-steady heating prior to incipient boiling for surface
Q-2 with horizontal up orientation
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Figure 5.32 Quasi-steady heating prior to incipient boiling for surface
SH-2 with horizontal up orientation
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Figure 5.34 Natural convection heat transfer results
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CHAPTER 6

DISCUSSION AND CONCLUSIONS

In Chapter 5, measured transient surface temperatures were presented for two

different basic thermal disturbances at the heat transfer surface: a step increase in

imposed heat flux and a step increase in imposed temperature. In the absence of

convection, these permit the computation of the temperature distribution within the

liquid, using well-known mathematical techniques. The influence of the liquid

temperature distribution at the onset of boiling on the resulting phase change dynamics

will be demonstrated, using the calculated liquid temperature distribution, together

with the measured heater surface temperature, both at the moment of incipient boiling,

to explain the type of subsequent boiling propagation observed, especially the

explosive type of boiling propagation occurring at the low heat flux levels.

Additionally, an examination of previous concepts concerning an empirical

heterogeneous nucleation factor will be presented. In conclusion, the underlying

concepts of the present work will be summarized.

6.1 Computed Superheat Temperature Distributions at Boiling

Inception: Imposed qT"

Figures 6.1 through 6.6 present the computed liquid superheat temperature

distributions at the moment of incipient boiling together with the measured heater

surface superheat temperatures in microgravity conditions obtained with the drop

tower tests. The coincidence between the measured and computed heater surface
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superheat temperatures confirms the accuracy of the calculated liquid superheat

temperature distributions. The superheat temperature distributions, using the known

total power flux input to the gold film, were calculated with the one dimensional semi-

infinite media solution. For the case of a known imposed heat flux to the liquid, the

expression for the transient one dimensional temperature rise is obtained by the

Laplace transform solution of equation 2.19 as:

AT i = T(x) -T i - 2q''-'-'-_l"kf _t

- ks _/r_

-x2 q ix

exp -_ erfc (6.1)

The initial test conditions, which were nearly identical for tests with two different

surfaces, Q-5 and Q-6, are included in the figures in order to demonstrate how the

results obtained may differ with different test surfaces. The tests were conducted at

two or three levels of heat flux with three nominal subcooling levels, obtained by

increasing the system pressure above the saturation pressure corresponding to the

initial liquid temperature.

For a given figure, the largest calculated superheated thermal boundary layer

thickness at incipient boiling,/5", is denoted for illustrative purposes in addition to the

computed liquid temperature distributions at the time of boiling inception. /5 the total

thermal boundary layer, or more simply the thermal boundary layer, is defined as a

layer of liquid near the heating surface in which there is a significant increase in the

liquid temperature above that far from the heating surface, with the liquid far from the

heating surface remaining at the initial temperature. /5 is always > /5*. The

superheated thermal boundary layer is the layer of liquid near the heater surface where

the liquid temperature is greater than the saturation temperature corresponding to the

184
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system pressure. Both the thermal boundary layer and the superheated thermal

boundary layer are shown for illustrative purposes in Figure 6.7.

Figures 6.1 and 6.2 are for the Rl13 initially near saturation conditions for

surfaces Q-5 and Q-6, respectively. It may be noted that in both tests PBMT1012.800

in Figure 6.1 with a qT" of 7.4 W/cm 2, and PBMT0125.800 in Figure 6.2 with a qT" of

7.6 W/era 2, which were conducted at the high heat flux levels, the lowest superheat

distributions existed at incipient boiling. The superheated thermal boundary layer is

the region within the liquid adjacent to the heater surface where the liquid temperature

is above the saturation temperature corresponding to the initial, constant liquid

pressure level, and it can be observed from these two figures that the high heat flux

levels have the smallest superheated thermal boundary layers. The boiling spread

associated with these two tests was the "slow growth," category F type described

earlier in Chapter 5. Tests PBMT1025.800, PBMT1026.600, PBMTll02.800 with

qT" of 7.5, 5.7, 7.7, W/cm 2 respectively, in Figure 6.1 and Test PBMT0207.600 with a

qT" of 6.3 W/era 2 in Figure 6.2 had the next larger liquid superheat distributions and

the next larger superheated thermal boundary layers. These tests were characterized

by the rapid unstable boiling spread pictured in Section 5.1.1.6, corresponding to

category D. Test PBMTll01.600 in Figure 6.1 with surface Q-5, was the most

violent of all of the microgravity tests and was referred to as violent or explosive

boiling propagation, category E, in Section 5.1.1.6. This test resulted in a heater

surface superheat temperature at incipient boiling nearly equal to that of tests

PBMT1025.800 and PBMTll02.800, but with a liquid superheat distribution

considerably above these two tests and with the largest superheated thermal boundary

layer of all of the microgravity tests.

Figures 6.3 and 6.4 show the corresponding results using surfaces Q-5 and Q-6

in Rl13, with a subcooling of approximately 2.8 °C. In Figure 6.3, tests

PBMT0914.805 and PBMT1013.805 had qr" of 7.8 and 7.2 W/cm 2 and in Figure 6.4,
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both testsPBMT0201.805and PBMT0223.805 had q'r" of 7.7 W/cm2. Thesefour

experimentsshow the lowest superheattemperaturedistributions and the smallest

superheatedthermal boundary layers at the onset of boiling, and the subsequent

boiling spreadassociatedwith thesewasof the "slow growth," categoryF type. On

the other hand, the remainderof the testsin Figures 6.3 and 6.4 have large heater

surface superheatsand large superheatedthermal boundary layers, and are

representativeof therapidunstabletypeof boiling spread,categoryD.

Figures 6.5 and 6.6 show the calculated liquid superheat temperature

distributionsandthe measuredheatersurfacetemperaturesat theonsetof boiling for

themicrogravitypool boiling testswith thehighestnominalsubcoolingof 11.1°C, for

surfaces Q-5 and Q-6, respectively. PBMT0919.820 of Figure 6.5 with a qa" of 7.9

W/cm 2 and of Figure 6.6 with a qa'" of 7.8 W/cm 2 show the lowest superheat

temperature distributions and the smallest superheated thermal boundary layers present

in these two figures, and correspondingly had the "slow growth," category F boiling

spread discussed earlier in Section 5.1.1.6. The remainder of the tests in Figure 6.5

demonstrate category D boiling spread. In Figures 6.1 through 6.6 for a given

subcooling, fi* associated with boiling propagation categories D and E are always

larger than the _5" corresponding to category F.

6.2 Computed Superheat Temperature Distributions at Boiling

Inception: Imposed T w

Figures 6.8 through 6.10 present the computed liquid superheat temperature

distributions and the measured heater surface superheat temperatures at the onset of

boiling for tests in the laboratory pool boiling vessel in the inverted position (a/g = -1)

only, in order to minimize convection effects and thus permit comparisons later with

the constant heat flux microgravity tests. Taking the Laplace transform of equation
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2.19with a known imposedconstantsurfacetemperatureup to themomentof boiling

inception,thetransientliquid temperaturedistributioncanbecomputedaccordingto"

T(x,t)-T
W

T.°T
i w

(6.2)

The tests conducted used three nominal subcooling levels, obtained by setting the

system pressure to the appropriate level above the saturation pressure corresponding to

the initial liquid temperature. The tests were all conducted with surface Q-14, and the

specific conditions of the tests are given in the figures. The type of boiling spread

observed in all of these experiments was always the single bubble pancake type,

category C, previously described in Section 5.1.1.6. q"T ,,,_ of these figures is the

initial step in heat flux which is imposed for 400 microseconds until the heater surface

temperature is at the desired level, at which point q"'r decreases.

Figure 6.8 presents calculated superheat temperature distributions for imposed

heater surface superheat temperatures of 4, 4, and 5 °C. The Rl13 was initially near

saturation conditions with a T, of 48.9 °C, corresponding to the liquid pressure of

these tests. A ATw, of 4 °C was the minimum level for which incipient boiling would

occur. This minimum surface superheat for incipient boiling was repeatable within 1

°C for the experiments shown here and in Figures 6.9 and 6.10. The 8" was 0.11 mm

for experiment T107, and was the largest _5" of the tests in Figure 6.8. For all of the

tests presented in Figure 6.8, the initial boiling always occurred at the same location,

as observed in the high speed video pictures.

Figure 6.9 presents calculated temperature distributions for imposed step

increases in heater surface superheat temperatures of 3, 4, 6, and 9 °C. The test liquid

was initially subcooled 2.3 °C at a nominal initial temperature of 49.1 °C. 3 °C was
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the minimum heater surface superheat temperature at which incipient boiling just

occurred. A 8" of 0.021 mm for test T106 was the largest superheated thermal

boundary layer thickness for the experiments in Figure 6.9. The initial boiling always

occurred at the same location, but was at a different location from that observed in the

tests of Figure 6.8.

Figure 6.10 presents the calculated temperature distributions for imposed step

increases in heater surface temperatures of 1, 5, 9, and 13 °C. The test liquid was

initially subcooled by 11.0 °C at a nominal initial temperature of 49.2 °C. 1 °C was

the minimum measured heater surface superheat temperature at which incipient boiling

would just occur. 8" was largest for test T114 with a value of 0.012 mm. The initial

boiling was always from the same location, but was different from the initial boiling

locations observed in the tests of Figures 6.8 and 6.9.

The minimum heater surface superheat temperature required for incipient

boiling near saturation conditions was 4 °C, while the minimum heater surface

superheat temperatures required for incipient boiling at the nominal subcoolings of 2.3

and 11.0 °C decreased to approximately 3 and 1 °C, respectively. The time delays

from the onset of heating to boiling inception were much shorter than those observed

for the imposed constant heat flux tests, being on the order of three to four

milliseconds. It might be expected that with increasingly greater imposed steps in

surface temperature that t* would be correspondingly smaller. This was not explicitly

observed here because of the relatively large uncertainty in t* due to the camera

framing rate. In the future, improved methods would be in order for more precise

determination of t*. The superheated thermal penetration depth associated with the

minimum surface superheat for inception, 8*m_, decreased with increasing subcooling

in the tests involving surface Q-14: near saturation conditions, 8*mi _ was 0.027 ram;

at a subcooling of 2.3 °C, _i*min was 0.016 mm; and at a subcooling of 11.0 °C, 8*_m

was 0.002 mm. Although the superheated thermal boundary layer of 0.002 mm is
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quite thin, it still containsa largenumberof molecules,on the orderof 7 x 10_sfor a

heatersurfaceareaof 7.25cmL

6.3 Comparisons of Computed Temperature Distributions: Imposed qr" and

Tw

Figures 6.11 through 6.15 present the computed liquid temperature

distributions at boiling inception for both the imposed constant step increase in surface

temperature and the imposed step increase in heat flux, contrasting the relative

magnitudes of the superheated thermal boundary layer thicknesses which persist

following heating by these two methods. The delay times from the onset of heating to

the appearance of the first bubble are also shown. The measurements were conducted

in both the laboratory pool boiling vessel with the heater surface in the inverted

position (a/g = -1) and in microgravity.

Figure 6.11 presents a comparison of the computed one dimensional superheat

temperature distributions at boiling inception for both imposed step increase in surface

temperature and imposed constant heat flux, for surface Q-14 with the bulk liquid

initially saturated. The imposed surface superheat temperature levels shown in Figure

6.11 are 4 and 11 °C. These two superheat levels were selected as representative of the

other superheat levels conducted in the imposed surface temperature tests near

saturation conditions. Since these tests were performed in earth gravity and the

buoyancy force was present, the high level heat flux for the constant heat flux tests of

7.8 W/cm 2 was chosen in order that boiling inception would take place before the

onset of natural convection. In Figure 6.11, the/5* associated with incipient boiling

for the imposed constant heat flux test, T207, was 0.82 mm while the largest of the 5"

corresponding to the constant imposed surface temperature tests, T110, was only 0.03

mm.
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Figure 6.12 similarly shows the calculated one dimensional liquid superheat

temperature distributions for imposed heater surface temperatures and imposed heat

fluxes for surface Q-14 with an initial subcooling of 2.3 °C. Measured heater surface

temperatures at the onset of boiling are also shown. Imposed heater surface superheat

temperatures of 3 and 9 °C were considered representative of the other tests with the

same initial conditions. The heat flux of 7.8 W/cm 2 with an incipient boiling delay

time of 1.012 seconds, was used in order to minimize the effects of buoyancy on the

computed temperature distribution. As can be noted in Figure 6.12, the 8" of 0.52 mm

for T205, an imposed constant heat flux test, was considerably greater than the 5* of

experiments T103 and T106, which were on the order of 0.02 mm.

Figure 6.13 presents a similar comparison of the one dimensional superheat

temperature distributions at the time of boiling inception with a nominal subcooling of

11.0 °C, for surface Q-14 also. The representative imposed heater surface superheat

temperatures of 1 and 13 °C with the corresponding liquid superheat distributions were

plotted along with a test at the same initial conditions with an imposed heat flux of 7.8

W/cmL The boiling inception delay time for the constant heat flux test was 1.518

seconds. Similar to Figures 6.11 and 6.12, the 8* for the imposed heat flux

experiment again was greater than the 8" corresponding to the imposed heater surface

temperature experiment. The 8" for T206 was 0.40 mm and the _5" for T114 was 0.01

mm.

Liquid superheat temperature distributions computed at boiling incipience but

using a thin film heating surface different from surface Q-14 show a considerably

larger difference between the superheated thermal boundary layer for the constant heat

flux tests than for the imposed increase in surface temperature tests. Figures 6.14 and

6.15 show comparisons of the liquid superheat distributions with both the imposed

heater surface temperature tests and constant heat flux tests for another surface,

designated as Q-6. Tests with the imposed heat fluxes were conducted under
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microgravity conditions in the drop tower, and no question exists as to the absence of

natural convection during the heating process, while tests with a step in surface

temperature were conducted at earth gravity in the inverted position, as described

previously. Figure 6.14 is for experiments near saturation conditions with two

imposed heat flux levels, both conducted in microgravity conditions, of 6.3 and 7.6

W/cm 2. AT,, is given as zero for test T51 in Figure 6.14, but AT,,, cannot be zero as

nucleation would not occur. This apparent contradiction of nucleation occurring at a

superheat of 0 °C results from the heater surface temperature uncertainty, which is + 1

°C. ATw, must actually be greater than 0 °C, but the actual value is less than the

uncertainty associated with the heater surface temperature measurement. The heat flux

of 7.6 W/cm 2 has the smaller t* and resulting smaller superheated thermal boundary

layer of the two imposed heat flux tests, but the superheated thermal boundary layer

thickness, 0.15 mm, of the 7.6 W/cm 2 test is still greater than the calculated

superheated thermal boundary layer thicknesses of 0.008 mm and 0.059 mm for tests

T51 and T52, respectively. Figure 6.15 is for tests similar to those of Figure 6.14

using Q-6, but with a nominal subcooling of 2.8 °C. The computed liquid superheat

temperature distribution with two different heat flux levels, 4.9 and 7.7 W/cm 2, are

shown with the imposed increase in heater surface temperature tests. The constant

heat flux tests were performed in microgravity, and the imposed surface temperature

tests were performed with the heating surface inverted. Of the two imposed heat flux

tests, the test with the higher heat flux of 7.7 W/cm 2 resulted in a lower heater surface

superheat at the onset of boiling, and consequently a smaller superheated thermal

boundary layer. However, the superheated thermal boundary layer thickness of 0.2

mm resulting from the 7.7 W/cm 2 imposed constant heat flux test is still considerably

larger than the superheated thermal boundary layer thickness of 0.027 mm resulting

from an imposed surface temperature.
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In the tests using surface Q-14, 8*mi _ decreased with increasing subcooling, but

for the tests with an imposed surface temperature involving surface Q-6, _*mi_

increased with increasing subcooling. 5*mi _ for T50 with a subcooling of 2.61 °C was

0.027 mm while 8*mi_ for T51 near saturation conditions was 0.008 mm as presented

in Figures 6.14 and 6.15. Table 6.1 lists computed _5" values in microns for imposed

heat fluxes and imposed surface temperatures for surface Q-14 with similar initial

conditions.

6.4 Estimation of Change in Internal Energy

It is conjectured that the type of boiling spread observed is related directly to

the amount of thermal energy within the superheated thermal boundary layer.

Superheated thermal boundary layers with more energy can be expected to exhibit

more violent boiling propagation than those with less energy. With constant properties

evaluated at an appropriate mean temperature, estimates of the increase in internal

energy of the superheated thermal boundary layer up to the instant of incipient boiling

can be made.

The change in internal energy of the superheated thermal boundary layer per

heater surface area up to the point of boiling inception, AU*, can be estimated by:

8*(0

= p c J (T(x)-Ts)
AU*

0

dx (6.3)

where 8*(0 denotes the superheated thermal boundary layer thickness. The integration

of equation 6.3 from x = 0 to x = 8*(t) for the change in internal energy of the

superheated thermal boundary layer and from x = 0 to x = 8(t) for the change in
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internal energy of the thermal boundary layer were performed using Simpson's Rule,

using the appropriate analytical expressions for T(x) and values of 8*(0 and 8(0

corresponding to the measured onset of boiling. The values of the superheated

penetration depth, internal energy change of the superheated boundary layer, total

internal energy change, the ratio of the change in internal energy of the superheated

thermal boundary layer to that of the total thermal boundary layer, and the type of

subsequent boiling spread observed are presented in Table 6.2 for the microgravity

tests where a constant heat flux was imposed.

The experiments in which the increase in internal energy of the superheated

thermal boundary layer was 19.150 kJ/m 2 or more at the moment of boiling inception

are those in which the boiling propagation was either the rapid unstable type, category

D, or the rapid violent type, category E. The rapid violent type of boiling propagation

occurred only for tests in which the liquid was initially near saturation conditions. The

tests with an increase in internal energy of the superheated thermal boundary layer of

6.815 kJ/m 2 or less are characterized by the slow marangoni type of spreading,

category F. Experiment PBMT1101.600, which was the most violent of all tests, had

the largest increase in internal energy of the superheated thermal boundary layer,

46.68 kJ/m 2, and also the largest ratio of increase in internal energy of the superheated

thermal boundary layer to the increase in energy of the thermal boundary layer,

0.9977. Two other microgravity experiments with category E type of boiling

propagation, PBMT1025.800, and PBMT1102.800, had a change in internal energy in

8* of 33.22 kJ/m 2 and 31.28 kJ/m 2 , respectively, and a ratio of the increase in internal

energy of 8 to 8* of 0.9974 and 0.9969, respectively. From the estimated change in

internal energy, it is observed that the energy content for the most explosive type of

boiling spread is the largest, 46.68 kJ/m 2. The most rapid vapor bubble growth

occurred in the microgravity experiment with a heater surface temperature of 120 °C.

This experiment, PBMT1101.600, had one of the lowest temperature gradients at the
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heatersurface,but hadthe largestsuperheatedthermalboundarylayerenergycontent

of all the microgravity tests. The boiling spreadthat occurredwith relatively small

increase in internal energy in the superheatedthermal boundary layers were

characterizedby categoryF spreading,while the boiling spreadthat occurredwith

relatively largeincreasesin internalenergyin thesuperheatedthermalboundarylayer

were of the rapid unstabletype, or on occasionfor very large increasesin internal

energyin thesuperheatedthermalboundarylayer,theexplosivetype.

As can also be notedfrom a detailedexaminationof Table 6.2, the largest

ratiosof increasein internalenergyof the superheatedthermalboundarylayer to the

increasein energyof thethermalboundaryoccurwith initially saturatedliquid, ascan

be anticipated.The last two digits of the filenamesin Table 6.2 provide the nominal

liquid subcoolingsin degreesFahrenheit.

In the caseof the imposedsurfacetemperaturetests,incipient boiling began

before the superheatedthermal boundary layer thickness reached the values

correspondingto the imposedheatflux tests. Themorenon-equilibriumconditionsof

a steepertemperaturegradientanda smaller time scaleassociatedwith the imposed

heatersurfacetemperaturetestsmayhavemadetheliquid-vaporinterfaceof thenuclei

in the surfacecavitiesmoreunstablethanunderthe conditionsof an imposedheater

surfaceheat flux. In Table 6.1, the boiling delay time and the liquid temperature

gradient at the surfaceboth for 400 microsecondsand the onset of boiling are

presented.It is notedthat at a time of 400 microsecondsthat the surfacetemperature

gradient tends to be larger than that associatedwith the imposedheat flux tests.

Particularly strikingis thecontrastin magnitudeof theboiling delaytimesbetweenthe

imposedheat flux testsand the imposedsurface temperaturetests. The surface

temperatureat incipient boiling wasalwaysgreaterfor an imposedheatflux than for

an imposedsurfacetemperaturefor similar initial conditionsand the samesurface.

Furthermore,from examinationof the areaunder the temperaturedistribution curves,
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Figures 6.11 through 6.15, the tests associatedwith an imposed heater surface

temperaturehave a smaller increasein the internal energyof 8" as comparedto the

imposedheatflux tests, and thus category F boiling propagation is expected for the

tests involving the imposed heater surface temperatures.

The integration involved in the estimation of the internal energy with equation

6.3 was found to be more convenient with an approximate polynomial representation

of the liquid temperature distribution. If the temperature distribution is approximated

with a quadratic polynomial, the thermal boundary layer thickness is found by the

integral method as described in Arpaci (1966) to be:

8(0 = "W_ (6.4)

and with the x coordinate axis shown in Figure 2.2a the liquid temperature distribution

from the integral method is"

AT i = T(x)- T i - (6.5)

2kl

The integration of the approximate solution, equation 6.5, is more convenient than that

of the analytic solution, equation 6.1, with an error of approximately 2%. However,

the integration of the exact expression, equation 6.1, was used in Table 6.2.
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6.5 BubbleShapeat Onsetof Rapid Unstable Spreading in Microgravity

From Figures 5.23 through 5.25, the photos for the microgravity tests in which

the imposed heat flux resulted in the rapid unstable and violent boiling spreading,

categories D and E respectively, the bubble was initially smooth and symmetrical

(This smooth and symmetrical bubble is not pictured here.), but later in time, Figures

24a and 24b for example, the bubble ruptures at the liquid-vapor interface and then

rapid spreading occurs. The correlation of the bubble shape at the moment of this

rupture in dimensionless form with the dimensionless heat flux is examined here.

For the physical situation in microgravity with no fluid motion, it is reasonably

assumed that one dimensional conduction describes the heat transfer from the heated

surface. For this situation the differential form of the energy equation is:

_2T
_T 1

_x 2- _t cx
(6.6)

with the boundary condition:

(6.7)

From equation 6.6, in terms of the physical dimensions of the situation:

T T !
or _ ~ x2

82 ~
(6.8)

where 8 is the diffusion length scale defined in terms of some characteristic

temperature difference, x is the characteristic time scale. Figure 6.16 shows a small
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bubblewith D, the largestdiameterparallel to the heatersurface,and with H, the x

coordinatedimension. The projectedareaof the bubble over the heatingsurfaceis

muchsmaller than the total areaof the heatingsurface,and the effect of the bubble

presence,resulting in local coolingdue to the phasechange,on the remainderof the

superheatedthermalboundarylayeris assumedto benegligible.

Fromconsiderationof theenergyequation6.6andequations6.7 and6.8 it may

bededucedthat:

D -- f_(T,q", 5, k, H) (6.9)

whereT is a characteristictemperature,q" is theheatflux, andk is the liquid thermal

conductivity. From the application of the Buckingham Pi theorem, three

dimensionlessgroupsarefound:

 610,H=f2 'kTJ

H appears on both sides of equation 6.10, and it is desirable to have the dependent

variables on one side of the dimensionless relationship only. The two dimensionless

groups on the RHS of equation 6.10 are multiplied resulting in two dimensionless

groups:

D ['c1"81
H= f3[kTJ (6.11)
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T is a characteristic temperature which may be a temperature difference. With Tw-T ,

as the characteristic temperature in this situation, 8 is taken as 8", the superheated

thermal boundary layer at the time just prior to rupturing, and:

D
• q"8* ]

k(TcT)J

(6.12)

Measurements of D, H, and (T w - T,) were obtained at the onset of boiling for the

experiments conducted in microgravity, and combined with the corresponding values

of 8" in equation 6.12. The dimensionless shape of the bubble about to rupture was

correlated with the heat flux imposed at the heater surface, which was made

dimensionless in equation 6.12, and these quantities are plotted in Figure 6.17. The

boiling spread became more violent as the dimensionless heat flux increased, which

corresponds to the tests to the right of the dashed line. The lower limit of this

relationship is characterized by the slow, category F boiling spread.

6.6 Explosive Boiling Spread in Microgravity

Following the appearance of a single bubble on the heating surface at a low

heat flux level near saturation conditions, the explosive type of boiling spread,

category E, was observed for the first time in the present microgravity experiments as

described in Section 5.1.1.6, Figures 5.25a through 5.25g and briefly referred to in

section 6.5 in the discussion of the bubble shape and corresponding dimensionless heat

flux. The rapidly growing vapor-liquid interface was covered with small scale

disturbances which remained small at initial times, but these protuberances grew in

size with time, as seen in Figures 5.25a through 5.25g. The rapidly growing vapor
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masswith the interface disturbances pushed into the subcooled liquid located above

the visible thermal boundary layer. Boiling inception was accompanied with a

momentary spike in the measured pressure as indicated in Figure 5.10.

In classical bubble growth theories, the bubble is assumed to grow from a

smooth spherical vapor bubble in a uniformly superheated liquid, and heat transfer

effects are considered in the liquid but thermodynamic equilibrium is assumed for the

vapor. These theories describe three consecutive stages of bubble growth: very early

surface tension controlled growth followed by inertia controlled growth which is, in

turn, followed by a heat diffusion dominated stage. An example of such theories are

presented in Prosperetti and Plesset (1978). Figure 6.18 shows two limiting conditions

for vapor bubble growth, along with the measured growth rate of the vapor mass in

microgravity for experiment PBMTll01.600. The Rayleigh solution for bubble

growth which is applicable to boiling, cavitation, and underwater explosions is shown

as the upper limit on the growth rate. The Rayleigh solution applies to a spherical

bubble growing in an infinite fluid, and assumes that the sphere expands radially

outward producing a purely irrotational radial flow through the action of pressure

forces alone. Panton (1984) gives the Rayleigh solution using the velocity potential

and continuity equation in spherical coordinates with the Bernoulli equation. The

boundary conditions specified that the fluid was stationary at infinity and that it

followed the sphere motion at the sphere surface, with the resulting differential

equation for the interface motion:

d2R

P(R)-P. 3 [dR]2= R -'T +_ _ (6.13)
P dt
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where R is the bubble surfaceradius and p is taken as a constant. If P(R), the

saturationpressurecorrespondingto theheatersurfacetemperatureat the time of the

appearanceof the f'u'stbubble,andP.. areassumedconstantasa f'trst approximation,

thenR(t) and R'(t) are readily determinedfrom equation6.13. The stepin pressure

from P,. to the saturationpressurecorrespondingto the heatersurfacetemperatureis

consideredto provide a higher than expectedgrowth rate. The solution for R(t)

appearsin Figure 6.18. The otheranalytical solutionis for heatdiffusion controlled

growth of the vapor bubble,and provides the lower limit. During early stagesof

bubblegrowth the pressureforcesareexpectedto control growth and at later times

heatdiffusion is expectedto control growth. For the presentcase,neither of these

solutionsisclosely followed. The effectiveradiususedin themeasurementsof Figure

6.18is definedin Figure6.19. Limitations in themeasurementsof the growthratesat

theearly time periodsexistdueto therelatively slow framing rate of thecamera,400

fps,which areindicatedby thedatapointsin Figure6.18.

The typeof boiling spreadshownin Figures5.25athrough5.25gis explosive

and hasnot beenpreviouslyobservedfor the conditionsof no liquid motion during

heatingprovided by microgravity. Thesephotographssuggestthat extremely large

evaporationrates occur during early stagesof the bubble growth which drive an

instability at the bubbleinterface. A wrinkling of the liquid-vapor interface occurs

which persistsfor some time after the vapor masshas coveredthe entire heating

surface,Figures5.25athrough5.25e. The patternof protuberancescovers the entire

liquid-vaporinterface,andtheregularityof thepatternis striking. It is speculatedthat

the presenceof the small scaleprotuberancesgreatlyincreasesthe areaof the liquid-

vapor interface, which significantly increasesthe massflux to the growing vapor

bubble,which in turn drives the instability. It is also speculatedthat the wrinkles

somehowarisefrom veryrapidevaporationat the interface.
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Similar small scale interface disturbances and large growth rates have been

observed by Shepherd and Sturtevant (1981) and McCann et al (1988). In the

experimental investigation of Shepherd and Sturtevant, a droplet of butane immersed

in (immiscible) ethylene glycol in a bubble column apparatus at the homogeneous

nucleation temperature was observed to vaporize explosively. At the periphery of the

bubble, wrinkles were observed similar to those shown in Figures 5.25a through 5.25e

and were believed to be driven by rapid instability. The wrinkles were speculated, but

not proven, to be the result of the so-called Landau mechanism of instability, which is

described in Landau (1944). Shepherd and Sturtevant used experimental pressure

measurements to estimate the evaporation rate associated with the observed instability,

and they found that the evaporation rate corresponding to this instability was two

orders of magnitude greater than that predicted by conventional bubble-growth

theories. Shepherd and Sturtevant believed that the large mass flux across the

distorted liquid-vapor interface generated vorticity responsible for the Landau

instability in the vapor by the flow transition at the interface. Vapor bubble growth in

slightly superheated liquids has been investigated extensively, and this wrinkling of

the interface was not seen earlier. The liquid superheat temperatures prior to the

occurance of homogeneous nucleation, in the work of Shepherd and Sturtevant, were

atypically large for butane, about 105 °C.

The present experiments are different from those of Shepherd and Sturtevant in

that the liquid in the present study was heated from a solid boundary in the presence of

a comparatively large temperature gradient, and the heater surface temperature in the

present study was below the homogeneous nucleation temperature for the given liquid

pressure, in test PBMT1101.600 (T w / Thorn _- 0.9). The heater surface temperature at

incipient boiling for test PBMT1101.600 was 120 °C, which corresponded to a heater

surface superheat of nearly 75 °C. This heater surface superheat temperature at boiling

inception for the present test conditions is large when compared to other observed
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values of the heater surface superheat temperature at incipient boiling for R113 on

glass in earth gravity, as described in You et al (1990).

6.7 Empirical Heterogeneous Nucleation Factor

As discussed previously in Chapter 2, the form of the homogeneous nucleation

rate used here was given by Fisher (1948):

nkT -AG*

J= ----h--exp (----_) (6.14)

In the presence of a solid heating surface, AG* can be expected to be considerably

lower than that for homogeneous nucleation. This lowering of the thermal activation

energy has been incorporated into the description of heterogeneous nucleation in terms

of a dimensionless parameter defined as:

(6.15)

F is a positive number varying between zero and unity: zero implies no nucleation

while unity corresponds to homogeneous nucleation. Kottowski (1973), Cole (1974),

and Blander and Katz (1975) defined F in terms of a specific cavity geometry. In most

situations, however, the actual cavity geometry and surface topography are seldom

known, since typical boiling surface cavities are extremely small (on the order of 10-7

to 10 -9 m).

Since the cavity geometry is difficult to determine at present, Gerum et al

(1979) and Ngheim et al (1981) attempted to define F empirically, as discussed

previously in Chapter 2. Gerum calculated F values based on measured heater surface
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temperatures during quasi-steady heating, and included boiling crisis data in his work.

Ngheim et al also defined F empirically in terms of the measured heater surface

temperature during transient heating at the instant of the appearance of the ftrst bubble.

Since the heterogeneous nucleation appeared to take place in the fluid immediately

adjacent to the heater surface, the fluid temperature was taken to be the same as the

heater surface temperature. The validity of using the measured heater surface

temperature and measured system pressure to determine F is re-examined here. Since

the present study is primarily concerned with transient incipient boiling, the work of

Ngheim et al (1981) is discussed first, followed by a discussion applicable to both the

work of Ngheim et al (1981) and Gerum et al (1979).

In the work of Ngheim et al (1981), the dimensionless heterogeneous

nucleation factor, F, was calculated based on the measured heating surface temperature

at the instant of nucleation, and was plotted against the dimensionless temperature

difference:

T-T
W E

0 - (6.16)

Thom-T s

for various transient boiling nucleation data.

F may be written from equations 2.4, 2.5, and 2.16 as:

2

nkTwt* 1 3kTw(P-P')F= In (---'_)J 3 (6.17)
16/to
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saturation pressure with

temperature at nucleation.

nucleation.

t*, as defined earlier, is the time delay from the onset of heating of the liquid to the

appearance of the fhst vapor bubble. In the development of equation 6.17, J was taken

to be l/t* as a reasonable f'ast approximation. Pv was taken approximately as the

a flat interface, corresponding to the heater surface

o was evaluated at the heater surface temperature at

t* may be neglected as a parameter in equation 6.17 since it appears in the

logarithmic term. This can be demonstrated by expanding the logarithmic term as:

nkT t* nkT
W W

In (_) = In (----_) + In t* (6.18)

The Fast term of the RHS of equation 6.18 is the natural log of a quantity with a

typical magnitude of about 1030 seconds, but t* of the second term of the RHS of

equation 6.18 is much less than 1030 seconds for most boiling situations. (As a matter

of reference, l0 s seconds is about 100 years.)

To quantify this explicitly, consider R113 near saturation conditions initially at

a temperature of 310 K, and heated to a temperature of 320 K at the surface. With the

appropriate properties substituted into equation 6.17, F becomes:

-8

F = 7 x 10 (93 + In t*) (6.19)

t* may be varied by as much as 105 seconds with a resulting change of only 12% in F.

Similar behavior also occurs with liquid nitrogen and water. Hence, F, assumed to be

a measure of the liquid-heater surface character, is a strong function of the heater

surface temperature at nucleation, but a weak function of the delay time to nucleation,
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andthenucleationdelaytimecannotnecessarilybeusedasa parameterto characterize

theheatersurface.Thust* maybeneglectedwhen:

In t*

nkT
W

ln---'/-

<< I (6.20)

The condition of equation 6.20 is expected to hold for typical engineering boiling

applications for reasons given in connection with equation 6.18.

Both the work of Ngheim et al (1981) and of Gerum et al (1979) rely on the

concept that F, which results from the measured heater surface temperature and the

liquid pressure, are representative of the heater surface-fluid character. Because of the

exponential nature of J in equation 6.14, a narrow range of F may be calculated for a

large range in J (over several orders of magnitude). To demonstrate the consequences

of this behavior, J was set equal to 1 sec -I cm -3 (a reasonable value for the present

experimental study) and curves for F were calculated for R113 at three different liquid

pressure levels of 1, 2, and 3 atm. Figure 6.20 presents F, as defined in equation 6.17,

as a function of 0, defined in equation 6.16, for Rl13 for these three pressures. Thom

for each of the three pressure levels and the corresponding curves which show

calculated data points are also given in the figure. A distinctly different curve results

for each of the pressure levels, which implies that the relationship for F is property

dependent, and not universal. The F curves, by definition, approach unity as 0

approaches unity and approach zero as 0 approaches zero. F may indeed be a function

of the solid surface and liquid-surface character and is not described by nucleation

delay times, but perhaps from heater superheat temperature at nucleation, or some

related function, together with equation 6.17.
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In the work of Ngheim et al (1981) and Gerum et al (1979) and similar works,

it was thought that there might be a general relationship between F and the

dimensionless heater surface temperature, which was independent of the fluid type

because F data calculated from measured heater surface temperatures for water and

Rl13 heated with the same heater surface fell approximately on a single curve. In

light of the present discussion, it is fortuitous that the calculated F values fell on a

single curve. Considerable work remains for the more precise description of the

nucleation characteristics of solid surfaces.

6.8 Conclusions

The main points of the present study are now summarized:

1. Known temperature distributions in the heated liquid at the moment of boiling

incipience, obtained in microgravity or for short times with the heater surface inverted

in standard earth gravity, were shown to characterize the subsequent boiling

propagation across the heated surface. Large superheated thermal boundary layers

formed in the conditions of microgravity and low heat flux levels on a "smooth"

surface are associated with a particularly explosive type of boiling spread previously

unobserved, which is believed to be the result of an interfacial instability driven by a

large mass flux across the wrinkled liquid-vapor interface.

2. Buoyancy was shown to greatly affect the phase change dynamics associated with

incipient boiling. Buoyancy, which produced fluid motion, affected the liquid

temperature distribution during heating and the subsequent boiling propagation.

Certain types of boiling spread, such as the explosive type of spreading, were observed

only in microgravity, and not in earth gravity for either the horizontal up or the

horizontal down heater surface orientations. Buoyancy induces convective motion
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which reduces the energy of the superheated thermal boundary layer that would

otherwise be available for boiling propagation. The buoyancy force carded vapor

bubbles away from the heater surface when the heater surface was in the horizontal up

orientation in earth gravity, but held vapor bubbles at the heater surface for the

horizontal down orientation.

3. The method of heating the liquid determines the temperature distribution in the

liquid, which affects the resulting phase change dynamics significantly. The tests

conducted with an imposed heat flux resulted in larger superheated thermal boundary

layers than did the tests conducted with imposed step changes in surface temperature.

As a result, the boiling spread after boiling incipience was markedly different. The

temperature gradient in the fluid at the heater surface was greater with the imposed

step change in surface temperature than in the fluid with the imposed heat flux, but the

phase change dynamics with the imposed heat flux were more violent. In addition, the

onset of boiling with the imposed step change in surface temperature occurred at

significantly shorter delay times and lower heater surface temperatures than those for

imposed heat fluxes.

6.9 Recommendations for Future Study

Because of the physical limitations of the drop tower, the microgravity tests in

the present work were of short duration (about 5 seconds). For these tests, boiling

propagation categories D and E at the low heat flux levels, on the order of 5 W/cm 2,

were particularly striking. It would be desirable to perform microgravity incipient

boiling tests at lower heat flux levels, on the order of 0.5 to 2 W/cm 2, for longer times

than was possible with the drop tower experiments. As a result of the knowledge

gained from the present experiments, low level heat flux experiments are being

planned for a future space shuttle flight.
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Figures 6.1 - 6.20 follow.
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boiling inception, 2.3 °C subcooling (surface Q-14)
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B. CALIBRATION

B.1 Gold Film Heater Surface

A massive copper fixture was used to calibrate the tempered gold film heater

surfaces and is shown in Figure B. 1. The thick copper insured uniform temperature

conditions for calibration. The copper fixture, which was sealed with an o-ring, was

immersed in a constant temperature water bath. The Colora constant temperature bath

(model NB-35 640) provided the temperatures for calibrations over the temperature

range 20 to 96 °C. Legs on the fixture positioned the surface about 5 cm from the

bottom of the container. A calibrated chromel-constantan thermocouple positioned

near the heater surface within the sealed fixture indicated the temperature of the gold

film. The voltage of the thermocouple, which used a water-crushed ice reference

junction, was measured with the CR7X data acquisition system. Once the surface

reached a steady-state temperature as indicated by the thermocouple, the gold film

resistance was ready to be determined.

Since resistance is calculated from voltage measurements, rather than being

measured directly, voltage measurements across the heater surface and across a

calibrated shunt were used to calculate the heater surface resistance at an arbitrary

constant temperature bath level. The voltage measurement circuit for calibration of

the gold surfaces is presented in Figure B.2. A six volt battery provided the d.c.

current source. The variable resistor was adjusted to a nominal value of 400 _ so as to

produce a small current which would, in turn, result in a negligible amount of ohmic

heating in the gold film (0.01 watts), so that the film resistance would not be affected.

A National Bureau of Standards calibrated standard shunt (Leeds and Northrup Model

No. 4221-B) used for the determination of the current had a resistance of 0.1000008

fl with an uncertainty of 0.001% at the current levels corresponding to this surface
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calibration, as stated by the calibration certificate. The CR7X determined the voltages

across the thin film and the shunt. A typical gold film calibration is shown in Figure

B.3, and the coefficient of determination, described in Montgomery (1983), for this

linear fit of the resistance and temperature is unity.

B.2 Thermocouples

Sections of a chromel-constantan thermocouple spool were calibrated

individually. Copper extension wires were used between the thermocouple wires and

the water-crushed ice reference junction, both during calibration and during use. Each

set of thermocouple wire and extension wires were numbered for identification

purposes. A Colora constant temperature bath provided the variable temperature for

comparison with a platinum resistance thermometer, while a hypsometer at

atmospheric pressure provided the steam point. Using a Mueller Temperature Bridge

(Leeds and Northrup Model 8067) with a null detector, the resistance of the platinum

element was measured to an accuracy of + 0.0001 f_, which corresponds to an

uncertainty in the temperature of the platinum resistance thermometer of + 0.001 °C.

The output of the thermocouples were measured using a Leeds and Northrup K-5

potentiometer with a built-in null detector. The sensitivity in measuring this voltage is

within + 0.1 _tV.

B.3 Pressure Transducers

A Ruska Pressure Dead Weight Calibration System (2400 Series dead weight

gage) was utilized in the calibration of the Heise pressure transducers used in the

laboratory boiling vessels and the Setra pressure transducer for the drop vessel. The

uncertainty in the pressure level provided by the Ruska system was + 0.0017 kPa
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0.0003psi) for the pressurerangeof the present study: 96 to 172 kPa (14 to 25 psi).

A schematic of the Ruska system and measurement circuitry for the pressure

transducer calibration appears in Figure B.4. A representative calibration curve is

shown in Figure B.5. The Ruska system was also used for calibrating a Heise

Bourdon tube gage, which in turn was used for in-place periodic checks on the

pressure transducer calibration. In Figure B.4, a precision pressure regulator was

connected to the pressure transducer being calibrated, which was in turn connected to

the dead weight system. Since the mass of the weights were known accurately along

with an accurate determination of g, the pressure transducer signal measured by the

multimeter or K-3 potentiometer could be correlated with the known pressure from the

dead weight tester.
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Figure B.I The copper fixture for gold film calibration
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Figure B.2 The voltage measurement circuit for gold film calibration
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C. CR7X AND CODAS DATA ACQUISITION SYSTEMS

Four tests were performed to determine the performance of the CR7X under

various measuring conditions. The smallest voltages involved in this study were those

of the chromel-constantan thermocouples. The accuracy desired for temperature

measurement was 0.06 °C (0.1 °F) which corresponds to about 3 I.tV. It was found, in

the fhst test, that an ice reference junction for thermocouples provided much more

satisfactory temperature measurements than with the internal reference junction

compensation of the CR7X. A set of negative and positive terminals were shorted

with a copper wire to establish a condition of zero voltage in a second test. Voltage

readings were taken employing both the fast and slow sampling rates of the instrument

every two seconds at eight different ranges, from the 1.5 mV range to the 5 V range.

It was found that two intermediate ranges, 15 mV and 50 mV, were the most desirable

in terms of accuracy in temperature measurement in the 20 to 60 °C ambient

temperature range.

In the third test, the accuracy of the CR7X with various input voltages for

different ranges and sampling rates was verified. The accuracy at each range and

speed was measured using a K-3 potentiometer (Leeds and Norttu'up Model 7553-5),

which had a maximum sensitivity of 0.5 _tV, and a null detector (Leeds and Northrup

Model 9834-1), which had a maximum sensitivity of 0.1 microvolts per division, as

the voltage standard. The desired maximum deviation of 3 I.tV was not met for all of

the ranges. The ranges of 500 mV to 5000 mV in the slow sampling rate mode did not

meet the 3 _tV criterion for any voltage level. The 1.5 mV and the 5 mV range in the

slow sampling rate mode were unable to measure voltages exceeding 5 inV. Hence,

their effectiveness was diminished. For thermocouple measurements, the 15 mV and

the 50 mV ranges were used at the slow sampling rate which had an uncertainty of +

0.3 _tV. The maximum uncertainty on the fast sampling rate mode was + 0.6 IxV for
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the 15, 50, and 150 mV ranges at the 49 °C level, which corresponds to a maximum

uncertainty in temperature of about + 0.01 °C.

The dynamics of the CR7X were evaluated in a fourth test against a 7700 series

eight channel Sanborn recorder. The Sanborn (with a Model 8803 high gain d.c.

amplifier) and the CR7X were used individually and sequentially to measure the

transient shunt voltage near the voltage level expected in the transient pool boiling

measurements. For this test, the high gain amplifier of the Sanborn recorder had a

sensitivity range of 1000 I.tV per division to 1 I.tV per division. The Sanborn pre-amp

followed from 10 to 90% of a step change in 5 ms. The CR7X and Sanborn voltage

measurements were in excellent agreement, as shown in Figure C. 1.

Tests were performed with both the CR7X and the Codas data acquisition

system in the 50 to 150 mV range, the range of the divided voltage difference across

the heater surface, in order to estimate the uncertainty in the Codas system voltage

measurement. In this voltage range, there were differences of about one millivolt in

the voltage readings between the Codas and the CR7X with the same d.c. source. As

a result, the uncertainty in the Codas voltage measurements in this voltage range were

estimated to be + 1 mV.
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D. UNCERTAINTY ANALYSIS

The uncertainties associated with the calculation of the gold film temperature,

thermocouple temperature, system pressure, and total heat flux are estimated following

the procedure of Kline et al (1953). According to this procedure, the uncertainty u r in

computing r is given by:

r

I 2 2 210Z I I 0Z 2 + "'"+ (0Z n Zn

I/2

(D.I)

where r is a function of z 1, z2..... z_ and Uzp Uz2.... , Uz_ are the uncertainties in each of

these values, respectively.

D.1 Gold Film Temperature

The CR7X was used for calibration of the gold film heater surfaces and for the

imposed constant heat flux tests. The uncertainty in the heater surface resistance,

which ultimately results in the heater surface temperature, was less for calibration of

the heater surfaces than for actual power tests. From equation D. 1 the uncertainty in

the gold f'dm resistance is expressed as:

u, foul]_-- + +

R - tv J tRhJ

I/2

(D.2)
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Values of the quantities in equation from a representative calibration are:

uvw = 0.6 }.tV

V w = 120 mV

URsh - 0.001 f_

R,h = 3.760 f_

uv, h = 0.6 I.tV

V_h = 50 mV

These values substituted into equation D.2 result in an uncertainty of 0.03%. For

power runs, the above values are different and result in a greater uncertainty.

Representative values for a power run are:

uvw = 0.05 mV

V w = 120 mV

URsh = 0.000002 f_

R,h = 0.016314 f_

uv, h = 0.6 gV

V,h = 50 mV

with a resulting uncertainty in the heater surface resistance of 0.11%.

Calibration data with the largest scatter would be expected to provide a

conservative estimate of the uncertainty in the slope. From the calibration data of

surface Q-2, the corresponding temperature and resistance data with the largest

deviation from the fit line are 54.85 °C at 2.8801 f_ and 83.59 °C at 2.0172 f_. An

estimate for the uncertainty in the slope of the linear relationship between the surface

temperature and resistance can be found by using equation D.1 together with the

definition of this slope and the above values for temperatures and resistances,

respectively. The uncertainty in the slope for these values is + 0.23 oC/f2.

The uncertainty in the surface temperature measurement can now be estimated

with a known estimate of the uncertainty in the heater surface resistance and of the
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slope in equation 4.1. Carrying out the indicated operations of equation D.1 on the

equation for the surface heater temperature, equation 4.1, the following expression for

uncertainty in the temperature measurement results:

UT
W

1/2

(D.3)

Representative values for the quantities in equation are:

UTc = 0.05 °C

u m = 0.23 °C/_

These values result in an estimated uncertainty in the surface temperature

measurement of about + 1 °C using the CR7X data acquisition system. The

calculations were repeated in the same manner for the Codas system, and the

uncertainty for representative values of the above quantities was found to be + 6 °C.

D.2 Thermocouple Temperature

As discussed in section B.2, the thermocouple spool was calibrated against the

platinum resistance thermometer which had an uncertainty in temperature of + 0.001

°C, and a calibration equation for the spool was determined from a fourth order

polynomial least square fit of the measured thermocouple voltage and the determined

platinum resistance thermometer temperature. In terms of the uncertainty in the CR7X

voltage measurement, which was + 0.6 gV, the uncertainty in the temperature

determination is estimated to be + 0.01 °C.

254



255

D.3 System Pressure

There was little discrepancy, on the order of + 0.005 psi between the Ruska

pressure determination, with an uncertainty in pressure of + 0.0003 psi and the

calculated pressure resulting from the calibration equations. The uncertainty in

pressure resulting from the use of these equations was then taken as + 0.005 psi. From

equation D. 1:

(I).4)

where P is the calculated pressure from the calibration equation and V is the pressure

transducer voltage signal. For a typical run the following values were obtained:

uv= 1 mV

_P

= 9.8608 - 2.7352 x 10 -2 V

P = !6 psi

V-- 1.6V

The uncertainty in pressure at this level is estimated from equation to be 0.06%.

D.4 Total Heat Flux

The expression for q"T was given earlier in equation 4.2. Using equation D. 1

with equation 4.2, an expression for the uncertainty in q"r is:
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_= + + +

q"'r [V'rJ iV,hi JR,hi

(D.5)

In the experiments using the CR7X the following were typical values:

uvr = 0.3 gv

VT=5V

uv, h = 0.3 I.tV

V,h = 0.08 V

UR, h = 0.000002

Rsh = 0.016314 f_

u A = 0.08 cm 2

A - 7.25 cm 2

With equation D.5 and these values, the estimated uncertainty in the calculated q"r is

1%.
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E. ELECTRONIC CIRCUITRY

E. 1 Power Supply for Step in Heat Flux and Quasi-Steady Heating

As shown in Figure E.1, the power controller receives the set point voltage

from either the CR7X or a manual input command, and amplifies the signal by two.

The feedback signal (FBK1) from heater card number 1, presented in Figure E.2, is

then subtracted from the amplified set point voltage and extraneous noise is filtered.

For a positive difference, a proportional amount of current is sent into the base of

transistor number 1. For a negative or zero difference, a diode prevents current from

entering the base of transistor number 1. The base current then draws an amplified

amount of current from the collector which is connected to bases (B1, B2, B3, and B4)

of the four transistors on heater card number 1. Thus, as the base currents to the heater

card transistors are increased, more power is sent to the heater.

E.2 Power Supply for Step in Heater Surface Temperature

This power supply produces a rapidly varying, programmed schedule of power

to the test heater to result in a constant temperature of the test heater. The schedule

begins with the maximum power to the heater, and the power is progressively

decreased.

Discrete changes in the heating power permit the use of switches. N-channel

MOSFET switches are used. The heater is on a common bus which connects the

sources of all of the MOSFETS. The power supply voltage is connected to a separate

loading resistor for each switch, the other side of the load resistor is connected to the

drain of the MOSFET. The series combination of the heater and load resistances
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determinesthe powerto the heaterwhen the appropriateswitch is on. Eachgate is

optically coupledto its particularswitchingsignal.

The voltage-timescheduleis divided into 24 different time intervals;as short

as20 micro-secondsfor earlyintervalsandaslong as1.3secondsfor thefinal interval.

A micro-processorprogrammedin assemblytimesthesignalsto theswitches.

Sincethe power supplystarting transientrequiresabout 50 milliseconds,an

output resistorwith a MOSFETpermits the power supply to operatenearmaximum

powerbeforetheactualpowerswitchingtransientis imposed.Detailsof theelectronic

circuitry arepresentedin FigureE.3.

E.3 PressureController

For largedeviationsfrom the setpoint pressurelevel, the pressurecontroller

operatesasanon/off controllerby openingandclosing the solenoidactuatedfill/vent

valves in responseto large pressuredeviations. More precisecontrol is achieved

throughregulationof the proportional valve while a needlevalve admitsa constant

flow rate of air into the bellows and the fill/vent valves remain closed. The

proportionalvalveis operatedwithin its linearrangeof operationsothat asvoltageto

theproportionalvalveis increasedor decreased,theflow rateof air exiting thebellows

in directproportionto thevoltage. Theelectroniccircuitsarepresentedin FiguresE.4

throughE.6.

E.4 Drop VesselTemperatureController

Before a drop test, the drop vesselwasbrought to a uniform temperatureby

meansof heating films attachedto the external surfacesof the drop vessel. The

heatingfilms were poweredby meansof thedrop vesseltemperaturecontroller. The
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electroniccircuits for the drop vessel temperature controller are presented in Figures

E.7 through E. 10.
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F. ANALYSIS OF IMPOSED STEP IN TEMPERATURE

One dimensional conduction to two semi-infinite media, in this case R113 and

quartz, from the common plane heat source, which produces a step in the interface

temperature at the boundary, are described analytically. The problem is considered in

two domains as shown in Figure F.1. The following governing equation, initial

condition, and boundary conditions are for the R113:

_0 _20

= 0=.1)

where 0 = T - T w

0(x,0) = T,.,- T w ('F.2)

0(0,t)- 0 (F.3)

0(oo,t) = T.- T w (F.4)

The solution to F.1 and the heat flux necessary at the boundary to maintain the

constant temperature are by the Laplace transform method as described in Arpaci

(1966):

(F.5)

q"]
(Tw-T**)
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The temperature distribution in the quartz is also given by equation F.5, but with the

properties for quartz substituted for the R113 properties and the origin for the quartz

domain as indicated in Figure F.1. The heat flux to the quartz is given by equation F.6

with the appropriate quartz properties. The sum of the heat flux to the quartz and the

heat flux to the R 113 results in equation 3.1, the total power input to the heater surface

divided by the surface area to impose a step increase in surface temperature:

T-T

(3.1)
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Figure F. 1 One dimensional conduction to two connecting semi-infinite
media with energy generation at the common plane
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G. ANALYSIS OF IMPOSED STEP IN HEAT FLUX

The transient temperature distribution resulting from conduction in two

connecting semi-infinite media with a uniform plane heat source qv" at the interface

may be found analytically for each of the two media. The solutions for the R113 and

quartz substrate are, respectively:

(G.1)

2q"_ _qtz0Clt ierfc [ xq....._._

Tqtz" T" = kl_q= + kqtz'_l L2_q_ t"

(G.2)
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H. THREEDIMENSIONAL CONDUCTIONNUMERICAL ANALYSIS

A three dimensional numerical solution for the transient temperature

distribution in the quartz and the Rl13 was obtained by solving the conduction

equationwith temperaturedependentpropertiesandpowergenerationin the common

plane. TheCrank-Nicholsonfinite differencemethod,which is unconditionallystable,

wasusedto solvetheequations.Thenumericalgrid hadequivalentnodespacingin all

threecoordinatedirections,andthe spacingwasadjustable. Sincethe problem was

symmetric,the temperaturein one fourth of the quartz and R113 solution domain

provided the three dimensionaltemperaturedistribution. Temperaturesolutions in

severalvertical planesof the quartz and Rl13, including the heatersurface,were

printed at thedesiredtime. Boundaryconditionson the bottomof the quartzsurface

included thoseof convectionand an insulatedboundary. The edgesof the heater

surfaceandtheR113abovewereassumedto beinsulated.
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