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ABSTRACT 

Artificial active sites were studied during nucleate 

pool boiling of degassed carbon tetrachloride. The pressure 

of the system was controlled at one and also at one and one- 

half atmospheres. 

Dynamic two phase behavior in a cylindrical cavity was 

investigated visually. A glass capillary was inserted through 

the heat transfer surface and the bore supported ebullition 

in the absence of naturally occurring nuclei. When ebullition 

occurred at the surface., a falling liquid film was observed 

on the cavity wall. 

Three cylindrical cavities with diameters ranging from 

0.004 inches to 0.008 inches were formed in a stainless steel 

heat transfer surface. The surface superheat required for 

ebullition ranged from 1.5°P to 43.2°F. For an appreciable 

range of superheats, the cavities were armed with vapor but 

did not support ebullition. 

Bubble columns were photographed using a high-speed 

motion picture camera. The diameter of detaching bubbles 

increased with higher surface superheats. Bubbles generated 

from the glass capillary had lower frequencies than those 

generated from stainless steel heating surfaces. 

The liquid flow around a detaching bubble assumed two 

modes. Axially symmetric pulsating flow and flow by continu¬ 

ous rotation about an active site were recognized by their 

effects on bubble shape. 
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INTRODUCTION 

Interest in nucleate boiling is stimulated by the need 

to transfer large amounts of heat across a small area. Nucle¬ 

ate boiling is the most efficient mode of heat transfer in 

pool boiling. 

Under nucleate boiling conditions, the bubble nuclei 

form preferentially at imperfections in the heating surface. 

The bubbles grow and detach from these active sites. The 

ebullition temperature excess, ATgg, is the minimum surface 

superheat required to support ebullition from a site. 

If all vapor is condensed within a site and no inert 

gasses are present, the site is disarmed. Incipient boiling 

will no longer occur at the ebullition temperature excess. 

The surface temperature excess whintL condenses the vapor is 

the disarming temperature excess, ATp. 

A large temperature excess is required to form vapor 

in the cavity once the site is disarmed. The creation of 

vapor nuclei is known as nucleation, and the surface superb- 

heat at nucleation is called the nucleation temperature excess, 

A\Tn- 
These characteristic temperature excesses depend upon 

the heat transfer fluid, surface cleanliness, and the micro- 

roughness of the surface. The role of these parameters is not 

yet clearly defined. 
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LITERATURE AND BACKGROUND 

Active Site Behavior 

Experimental studies have been conducted by many in¬ 

vestigators to determine the qualitative effect of the heating 

surface on nucleate boiling heat transfer. Corty and Foust 

(7) reported the effect of microroughness of the heating surface. 

Smoother surfaces required a higher surface superheat for an 

equi&Atant heat flux. Clark, Strenge, and Westwater (5) pre¬ 

sented photographic evidence that pits with diameters from 0.0003 

to 0.003 inches were active sites. Bankoff (l) has shown that 

large superheats are required to create nuclei at surface pro¬ 

jections or in the pure fluid, while much smaller superheats 

are required for incipient boiling from grooves or pits in the 

heating surface. Denny (9) found that cylindrical holes with 

diameters ranging from 0.0002 to 0.001 inches supported ebul¬ 

lition. Shallow, conically shaped cavities were inactive. 

Heat transfer results depend greatly on surface con¬ 

ditions. Corty and Foust observed different heat fluxes for 

particular surface superheats depending on the past history of 

the surface. A vapor entrapment mechanism was advanced to ex¬ 

plain their results. More recently, Bankoff (2) has determined 

theoretically the conditions for vapor entrapment in grooves 

and pits. 

The parameter /\T^-R has been investigated by many authors. 

Bankoff (3) advances a theory to predict whether or not a liquid 

flowing into a cavity will evaporate before it reaches bottom. 
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His theory predicts the maximum sized cavity which supports 

ebullition. His theory is compared to experimental facts in 

the literature within an order of magnitude. He takes the 

minimum surface superheat observed for nucleate boiling and 

calculates a pressure difference using the Clausius-Claperon 

equation. This pressure difference is related to the radius 

by AP = ^5— • R is then compared to the radius predicted R 

by theory. 

Griffith and Wallis (10) experimentally determined 

surface superheats required for ebullition from sites of known 

diameter. If the liquid and surface were kept at. a uniform 

temperature and the pressure was slowly reduced, ebullition 

occurred when the surface superheat was 3°F. When heating the 

same sites at constant pressure, ATm was about 20°F, and 

Identically sized conical cavities did not ebulate at the same 

temperature. The.authors proposed that the average temperature exces: 
o 

in the vicinity of the active sites was 3 F although the aver¬ 

age surface temperature was 20°F. The 3°F surface superheat 

was exactly equal to that required for the equilibrium of a 

curved vapor-liquid interface with a radius of curvature equal 

to the radius of the cavity. Henceforth, this superheat will 

be called the equilibrium superheat. 

Hsu and Graham (12) studied the ebullition temperature 

by analyzing the temperature distribution in the liquid. They 

proved the existence of a thin superheated layer of liquid 

next to the surface. Their Schlieren photographs showed that 
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this superheated layer is disrupted by detaching bubbles and 

the liquid is agitated as a result. These authors feel that 

ebullition from a cavity is determined by the temperature dis¬ 

tribution in the liquid. A bubble tries to grow out of the 

cavity, and the superheat at the top of the bubble must be 

greater than the equilibrium superheat if ebullition is to 

occur. A surface superheat of 20°F may be required to achieve 

3PF superheat at the top of the bubble. 

Some authors believe that incipient boiling is determined 

by A% rather than Kurihara and Myers (15) and Westwater 

(24) investigated the surface superheats needed for nucleation 

in different sized cavities. Based on a very limited amount of 

data, the authors conclude that their theory has validity. 

The above mentioned theories for predicting ATF;R have 

a common failing: there is little experimental data with which 

to test theories. Studies of artificial active sites must be 

made to solve this problem. 

Bubble Dynamics 

Once a bubble is formed, it is desirable to predict its 

effect on nucleate boiling heat transfer. Bubble volumes at 

detachment are of interest. Volumes of stationary bubbles have 

been calculated by Wart (23)., who extended the work of Bashford 

and Adams (4). Diagrams show the volume of a stationary bubble 

when the contact ang;le and the size of the base are known. Ex¬ 

tension of these results to include the dynamic conditions of 
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nucleate boiling would be very difficult. 

Simpler approaches are usually taken to measure bubble 

volumes. Van Wijk and Van Stralen (22) and Cole (6) took 

high-speed motion pictures of detaching bubbles. For cal¬ 

culation purposes they assumed that the bubbles were rotation 

ellipsoids. The height and width of the bubbles were measured, 

and the diameter of an equal-volume sphere was reported. 

An equation to determine detachment diameters was dev¬ 

eloped by Fritz, and is reported by many authors (6), (13). 

Fritz assumed that a bubble would detach when the buoyancy 

forces exceeded the surface tension forces. Experiments by 

Jakob ('13) verified the equation. Recently Cole found that 

the equation by Fritz was valid only at low heat fluxes, and 

that the drag of a rising bubble must be considered at high 

heat fluxes. 

Experimental detachment -diameters have been reported 

recently. Denny found that detachment diameters increased 

with increasing surface superheat. Perkins and Westwater (18) 

reported constant detachment diameters for heat fluxes up to 

80$ of the critical heat flux. Much data exists in the liter¬ 

ature for detachment diameters and bubble frequencies. 

The effect of contact angle on heat transfer was first 

reported by Corty and Foust. At the same heat flux, a lower 

surface superheat was observed under wetting conditions. 

Harrison and Levine (11) reported the same effect when boiling 



under natural convection conditions,, During nucleate boiling 

at high heat fluxes, more heat was transferred under non- 

wetting conditions. 

Corty and Foust reported contact angles for many or¬ 

ganic fluids under boiling conditions. Griffith and Wallis 

measured contact angles under static conditions. They found 

that contact angles for water on a paraffin-coated metal in¬ 

creased from 20° to .110° as the temperature was increased. 

On clean metal surfaces, the contact angles were not repro¬ 

ducible. Lowery and Westwater (16) reported that contact 

.angles varied from 30° to 68° for a growing bubble. Richards 

and Carver (19) showed that the contact angle of carbon tetra¬ 

chloride is zero under static conditions, but is definitely 

not zero when evaporation is taking place. 

Surface tension is also an important variable in nucle¬ 

ate boiling. Jantz and Myers (l4) investigated the effects 

of surface tension on heat transfer. The dynamic rather than 

the static surface tension influenced bubble detachment size. 

All of the above work describes bubble dynamics by 

looking at the. fluid. Only,one study.has looked at the effect 

of heating surface on bubble dynamics. Moore .and Mesler (17) 

measured surface temperature fluctuations of 20° to 30°F in 

the vicinity of active boiling sites. They postulated that 

these fluctuations were due to a micro-layer of liquid vapor^ 

izing under the bubble. 
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Although much information has been gathered about grow 

ing bubbleSj predictions of heat flux.are still impossible 

because little is known about the effect of surface chemistry 

and microroughness on boiling heat transfer. 
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EXPERIMENTAL WORK 

Problem 

' Studies were to be made of nucleate boiling of pure, 

degassed carbon tetrachloride .from polished stainless steel 

surfaces .at both one and at one and one-half atmospheres. 

-Artificial active sites were to support-ebullition in the 

absence of naturally occurring active sites. The dynamic 

behavior of the vapor and liquid inside a cavity was to be 

viewed. High-speed motion pictures were to be taken of all 

interesting phenomena within the cavity and at the surface. 

The description of the .equipment will be divided into 

three sections: boiler, vacuum system and liquid -degasser. 

Apparatus 

.Boiler. Tbe pool boiling experiments were conducted 

in the apparatus shown in Figure 1. The major sections of.the 

boiler were constructed from stainless steel, and assembled 

as shown with flat copper gaskets or teflon O-rings. The 

heat transfer section (Figure 2) consisted of a stainless 

steel plate, with a small copper cylinder silver- soldered to 

the under side. The temperature of the copper cylinder.was 

controlled with an aluminum sleeve heater whose lateral sur¬ 

face was wrapped with a nichrome heating element. Although 

radial heat losses .through the stainless skirt were sizable, 

it .was possible to obtain a reasonably? flat temperature pro¬ 

file over the . central region of the surface directly., above the 

copper cylinder. 
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FIGURE' I .* BOILER ASSEMBLY 
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FIGURE 2 

THE HEAT TRANSFER 
ASSEMBLY 

STAINLESS STEEL 
HEAT TRANSFER,AREA 
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In earlier runs, the active site was a glass capillary 

which was inserted through the center of the copper-stainless 

steel piece and polished flush. (Figure 3)« A wire of the 

proper dimension was inserted into the bore of the capillary 

and the lower end of the capillary was sealed. In latter runs, 

small cylindrical holes were drilled in a stainless steel plate 

to provide active sites. 

The window section served both as a container for the 

pool of heat transfer fluid and as support for the 2 inch pyrex 

windows. The windows were fastened to the boiler with stainless 

steel followers and flange bolts. Lead gaskets were placed 

between the followers and the windows to insure uniform loading. 

Either teflon O-rings or copper gaskets provided a vacuum seal 

between the window and the window section. 

The condenser section of the boiler consisted of a 

water-jacketed tube fitted with two flanges. The upper flange 

was secured to the framework and provided rigid support for 

the entire boiler assembly. The lower flange supported the 

window and heat transfer sections described above. 

The valve assembly plate supported three stainless 

steel valves (linking the boiler with the auxiliary appa¬ 

ratus described below) and a short -hollow stainless steel rod 

used for pressure control purposes. These parts were ,heli-arc 

welded to the lower side of the valve assembly plate. 

Pressure control was achieved by varying the voltage 
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FIGURE 3 

Copper BlocK and 

Capillary Sealing Arrangement 

12 



across a nichrome heating element wrapped on a brass sleeve 

positioned at the bottom of the rod. A steady film of con¬ 

densed liquid was maintained on the inside of the hollow rod 

by means of a small water condenser positioned above the 

heater. By changing the power in the lower heater, more or 

less liquid could be vaporized. A pointed nichrome wire was 

used as the probe in the open end of the mercury manometer, 

and served as a contact for an electronic relay. When the 

mercury made contact with the probe, a small current passed 

through the relay, actuating a power relay. Resistance was 

then added in series with the heating element,of the pressure 

controller. Less, liquid was evaporated, the pressure fell, 

and the mercury-probe contact separated. A control of + 2 

millimeters of mercury.was,achieved in this fashion. 

The entire boiler was surrounded by an aluminum cylin¬ 

der whose lateral surface was wrapped with nichrome ribbon. 

This heater served as a bakeout oven during the degassing 

step and compensated for heat losses to the surroundings 

during boiling runs. 

Vacuum system . Adsorbed gases were removed from the 
" , ' i ■ 

boiler surfaces in vacuum at elevated temperatures. The high 

vacuum system was connected to the boiler through a 7/8 inch 

high vacuum valve, V 1 (see Figure 4). A pyrex to kovar 

graded seal connected the glass vacuum system to the stainless 

steel valve, VI. Stainless steel flanges were heli-arc welded 
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CONDENSER 

LIQUID DEGASSER 
CONTROL MANOMETERS 

THERMOCOUPLE IONIZATION 
GAUGE GAUGE 

HIGH VACUUM EQUIPMENT 

V2 

VI XX X V3 

O I 

BOILER ASSEMBLY 

FIGURE 4: SCHEMATIC DIAGRAM OF APPARATUS 
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to the kovar and to the high vacuum valve. These flanges were 

bolted together with a teflon O-ring in between. A one inch 

manifold led to the ionization vacuum gauge. The system was 

evacuated with the single stage mercury diffusion pump P^, 

which was isolated by the liquid nitrogen traps T^ and Tg. 

-The diffusion pump discharged to the mechanical forepump 

(a Welch Duo-Seal Vacuum Pump). 

Liquid degasser. Degassed carbon tetrachloride was 

prepared by distillation. Two liquid degassers were provided, 

connected to the boiler by means of the 3/8 inch valves V2 

and V^. Only one liquid was used in these experiments, so 

only one degasser was used. A pyrex to kovar graded seal 

joined the boiler to the glass degassing system. 

The liquid was degassed in a fractionating tower oper¬ 

ated at total reflux. The boiling pot was an eight inch 

sphere set in an asbestos heating mantle. Power was. supplied 

to the heating mantle through nichrome heating coils. The 

fractionating tower was made from a glass tube filled with 

nichrome ribbon twisted together.to provide intimate contact 

between liquid and vapor. A water cooled condenser returned 

liquid to the fractionating tower. Inert gases were discharged 

through a sonic orfice, which was connected to an auxiliary 

vacuum pump. 

Excessive superheats are necessary to initiate boiling 

of very pure liquids. The formation of the first vapor is 
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called bumping because it is similiar to a tiny explosion. 

A fraction of the condenser reflux was heated by the vapor 

bubbler and introduced into the bottom of the boiling pot., 

serving as nuclei to prevent bumping. 

Experimental Techniques 

The successful completion of this project required 

the preparation of heat transfer surfaces with artificial 

active sites which would support ebullition in the absence 

of naturally occurring active sites. -A glass capillary was 

to be inserted through and sealed to the heat transfer sur¬ 

face. . A high.vacuum seal was required over a wide temper¬ 

ature range. 

Capillary seal. The glass capillary was sealed to the 

heat transfer surface with a lead ferrule. With the arrange¬ 

ment shown in Figure 3^ it was possible to tighten the lead 

ferrule when a leak developed. The slits in the hopper follow¬ 

er and the copper heating block .were aligned to allow obser¬ 

vation of the capillary. Although the junction of the lead, 

glass, and stainless steel was polished completely flat, the 

lead remained somewhat porous. 

Heat transfer surface prepartion. Three heat transfer 

surfaces were prepared. These were polished in a lathe with 

successively finer grades of Tri-M-Ite paper. The final polish¬ 

ing of the surface I and II (when the glass capillary was to 

- 16 



be the active site) was with 500 paper. Surface III (when 

active sites were drilled directly into the metal) was polished 

further by a commercial polisher. This polishing left the sur?- 

face with a mirror finish, although very shallow (approximately 

0.0001 inches deep) scratches remained from the polishing com¬ 

pound. 

• Photography. High-speed motion pictures of detaching 

bubbles were taken on Kodak Tri-X reversal film in a 16 milli¬ 

meter Wollensak Fastex camera capable of speeds up to 4000 

frames per second. A 101 millimeter lens with 2 to 2-3/8 in¬ 

ches of extension tubes was used. The bubble column was lighted 

from behind with a 500 watt General Electric photospot bulb. 

Experimental Measurements 

Vacuum. During the boiler degassing step the vacuum 

was measured with a Veeco RG-3A ionization gauge. The gauge 

-5 -9 
is capable of reading pressures from 10 to 10 millimeters 

of mercury and was calibrated at the factory. Extreme accuracy 

in the measurement of system vacuum was not required, so no 

further calibration was made. 

Pressure. During a boiling run, pressure was in¬ 

dicated by a mercury manometer and was measured with a meter 

stick. -Pressure settings were .adjusted for daily variations 

in barometric pressure as well as for the hydrostatic head of 

the carbon tetrachloride in the system side of the manometer. 
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Temperature. Temperatures were measured with copper- 

constantan thermocouples using an ice bath reference junction. 

The emf generated by the thermocouples was balanced and measured 

by a Leeds-Northrup potentiometer with a sensitivity of •+ 7.5 

microvolts per millimeter. The thermocouples were used uncal¬ 

ibrated . A rough calibration at the ice and steam points in¬ 

dicated that the error in the thermocouple reading was within 

the accuracies of the calibration (approximately +.0.5°P)« 

Bubble data. Information on bubble dynamics was ob- 
l 

tained directly from the processed photographic movie film. 

The film was lenlarged eleven times in a microfilm reader and 

this image was studied frame by frame. The time between frames 

was determined from a knowledge of the frame rate. During a 

photographic shot, timing marks were generated on the film's 

edge by a light flashing with a known frequency, enabling a 

simple calculation of frame rate. 

Experimental Procedures 

Degassing the boiler. Adsorbed gases were removed 

from the internal boiler surfaces at elevated temperatures 

in vacuum. At.the beginning of the degassing operation, a 

polished heat transfer surface was carefully cleaned, rinsed 

in carbon tetrachloride, drained vertically dry, and quickly 

bolted into place. The boiler assembly was then evacuated 

through valve Vq, and the various gaskets and O-rings were 
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-S 
tightened systematically until a vacuum of approximately 10 ^ 

millimeters of mercury was obtained. The boiler assembly was 

slowly heated, with care being exercised to maintain high vacu¬ 

um conditions. The heating surface was heated to 350°F, while 

the rest of the boiler surfaces were heated to only 250°F. 

This procedure removed adsorbed gas from only the heat transfer 

surface. 

The boiler assembly was degassed at these temperatures 

for from 12 to 24 hours. An automatic relay shut off the 

heaters if the pressure exceeded 1.5 x 10 millimeters of 

mercury. At the end of the degassing operation, the boiler 

was cooled to 200°F and readied for filling with liquid. The 

pressure after this step was always lower than the minimum 

pressure before degassing. 

Degassing the liquid. Removal of dissolved gases in 

the heat transfer fluid was accomplished in the liquid de¬ 

gasser. Following each exposure to the atmosphere, the 

liquid was degassed for from four to seven days. If the 

liquid had not been exposed to the atmosphere since the last 

degassing operation, it was degassed for one day immediately 

prior to filling the boiler with liquid. 

The liquid degasser was set into operation in two 

steps. Soon after the heater was turned on, and audible 

bumping occurred, signifying the formation of the first vapor 

nuclei. The vapor bubbler was immediately turned on, preventing 
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further bumping. The system pressure was controlled at about 

400. millimeters of mercury by adding or subtracting resistance 

in series with the liquid degas heater to lower or raise the 

pressure. The control manometer used was the same as that 

used to control the system pressure during a run. 

Filling the boiler with liquid. When the liquid and 

the boiler assembly were degassed, preparations were made to 

fill the boiler with liquid. The pressure in the liquid de¬ 

gasser was first raised to one atmosphere. When the boiler 

assembly was cooled to 200°F, valve was closed and valve 

was opened immediately. The liquid degas condenser water 

was turned off, and the, boiler condenser water was turned on. 

Liquid was slowly boiled from the liquid degasser to the boiler. 

When a pool of liquid from one and one-half to two inches deep 

was formed, valve was closed and the liquid degas heater 

was turned off. A dry ice-methyl cellosolve mixture was added 

to a dewar flask surrounding trap T^. Trap T3 was constructed 

from thick-walled capillary tubing, and the carbon tetra¬ 

chloride was frozen in the line, completely sealing off the 

liquid degasser. Valve V2 was opened, and the manometer could 

be used to measure system pressure. The bake-out oven, pressure 

control heater, pressure control condenser water, and boiler 

condenser water were then adjusted to give pressure control 

at the desired pressure. 
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Making the experimental measurements. The surface 

superheat was adjusted to maintain ebullition from only the 

artificial active sites. The ebullition temperature excess 

was determined for both increasing and decreasing heat flux. 

The surface superheat was slowly lowered, taking.thermocouple 

readings, until ebullition ceased. The surface superheat was 

then slowly raised until ebullition began from the active 

site. These.temperature readings allowed calculation of 

/X Tgg. 
The disarming temperature excess was obtained by lowering 

the surface superheat, below the ebullition temperature excess. 

If a site was not disarmed, ebullition occurred. This pro¬ 

cedure was repeated until a site.was disarmed. A site could 

be armed by raising the surface superheat to AT^. If the 

boiler assembly and.liquid had been properly degassed, AT^ 

, was much greater than AT^. 

AT^ and ATp were first measured for all the arti¬ 

ficial sites at one.atmosphere. Motion pictures were.then 

taken of detaching bubbles. The system pressure.was raised 

to one and one-half atmospheres, and the measurements were 

repeated. 

Whenall measurements were completed valve was 

opened by removing the dewar flask to allow the solid carbon 

tetrachloride to melt. Liquid was then boiled back to the 

liquid degasser, valve Vg closed, and a new heating surface 

installed. 
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EXPERIMENTAL RESULTS 

Active Site Behavior 

Dynamic vapor-liquid behavior of superheated carbon 

tetrachloride in the neighborhood of artificial active sites 

was studied for a variety of experimental conditions. The 

boiling site for Runs I and II consisted of the long cylindrical 

bore of a glass capillary tube sealed flush in the stainless 

steel heat transfer surface. The boiling sites for Runs III 

through VI consisted of cylindrical holes drilled in the 

polished heat transfer surface. Surface superheats marking 

both the onset of ebullition from a site and the collapse of 

nuclei within a site were obtained from thermocouple measure¬ 

ments. Information concerning bubble growth and detachment 

was obtained from high-ispeed motion picture film. Supple¬ 

mental visual observations were noted for the phenomena en¬ 

countered in Runs I and II. The existance of a few extraneous 

bubble columns at the boundary between the lead ferrule and 

the stainless steel plate could not be prevented in both Runs I 

and II; however for Runs III and IV it was possible .to study 

ebullition from only the artificial cavities over a signifi¬ 

cant range of surface superheat. 

Visual observations. The capillary tube employed in 

Run I (0.0202 inch bore) enabled satisfactory study through 

the narrow slit in the copper heating block. The flat tip 

of the wire which formed the bottom of the cavity was located 
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about three-fourths inch below the surface. The top one- 

fourth inch of the bore was obscured by the lead ferrule. 

When ebullition occurred from the cavity bore, a 

liquid film was seen flowing down the cavity walls and evapo¬ 

ration took place either on the walls or at the top of the 

wire. The existence of the film was determined from the 

refraction of light caused by ripples at the vapor-liquid 

interface. When ebullition ceased, a vapor-liquid meniscus 

was seen about 3/l6 inches above the bottom of the cavity. 

At low surface superheats.the vapor-liquid meniscus moved 

to the bottom of the capillary. A small vapor bubble then 

was formed, remained momentarily, and finally collapsed. 

If the capillary were then gradually heated, small bubbles 

formed at the top of the wire, rose in the cavity and coa¬ 

lesced. The meniscus slowly moved up the capillary bore 

until it disappeared behind the lead ferrule. Shortly there¬ 

after a bubble formed at the mouth of the capillary. This 

behavior occurred several times at the saturation temperature 

corresponding to one and also to one and one-half atmospheres. 

•With the assistance of a co-worker, temperature readings were 

taken at the same time visual observations were made. The 

complex geometry inside the copper block made calculations 

of precise surface superheats difficult; but the significance 

of the exact temperature did not justify the requisite work 

to solve the problem. 
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The bore of the capillary tube employed in Run II 

(0.005 inches in diameter) was obscured by an opaque film 

so that visual study was not possible. 

Characteristic temperature.excesses. Approximate 

values of the temperatures in the vicinity of the capillary 

tube are reported in Table I. 

The artificial cavities employed in Runs III and IV 

consisted of three holes with diameters of 0.004, 0.006, and 

0.008 inches. The same heat transfer surface was used in 

Runs III and IV. For Run III the holes were drilled after 

the polishing operation while for Run IV the same surface was 

polished again, rounding the mouth of each artificial site. 

Three more 0.006 inch holes were drilled in the same surface 

for Run V, while an additional nine 0.004 inch holes were 

.added prior to Run VI. Figure 5 gives the location of the 

various active sites below which thermocouples were placed 

at distances of.1/8, 3/8* and 5/8 inches from the top of the 

copper block (see Figure 2). Tables II, III, and IV give a 

flow diagram of the order in which measurements were made 

for.Runs III, IV, V, and VI. Runs V and VI were not made 

primarily for this investigation. The data reported In Table 

IV.without error limits were measured by a co-worker, and are 

included in this report on a qualitative basis. These tables 

are organized to distinguish between data taken at one and at 

orte-half atmospheres. The data is further subdivided into 
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TABLE I 
CHARACTERISTIC,TEMPERATURE EXCESSES - RUNS I AND II 

Ebullition Temperatures 

PSAT T
SAT 

-ZX'f'K'R Run I 
0.0202 in. Cavity 

A
T
EB Run 

0.005 in. Cavity 

1.0 170 168* 170 

1.5 195 194* 194 ■> 

Disarming Temperature 

PSAT A
T
D -Run 1 Alj “ Run II 

1.0 never disarmed 169 

1.5 156* 194 

Nucleation Temperature 

p 
' .. SAT A

T
N - 

Run 1 
ATN ' " Run 11 

1.0 222-228* 238 

* These temperatures were obtained from a 

thermocouple placed against the side of.the glass capillary 

tube. 
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RUNS III AND IV 

  Dimensions of Copper Heating Block - 1.984 inches O.D. 

 Position Circle for Artificial Sites - 0.992 inches O.D. 

Symbol Cavity Size 
Diameter Depth 

O 0.004 0.006- .002 

4- 0.006 0.Oil-.002 

A 0.008 0.010-.002 

FIGURE 5• LOCATION.OF ARTIFICIAL ACTIVE SITES 
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TABLE II 
-CHARACTERISTIC TEMPERATURE EXCESSES - RUN III 

Maximum pressure^-during boiler degassing operation 
4 x 10 millimeters of mercury 

0.004 in. Cavity 0.006 in. Cavity 0.008 in. Cavity 

•^•
T
EB ^

T
EB ^-

T
D ^

T
EB ^

T
D 

PSAT = 1,0 AtmosPheres 

Sub-run 1. Nucleation,/\T^ = 110 

6.2+.3 3.0+.7 30.6+.7 above 40 

Sub-run 2. Nucleation, Camera runs III-A-1 through 4 

7.6+. 4 1.5+.^ 32.7±. 2 

Sub-run 3* Nucleation 

25.2+. 3 

?SAT = 1.5 Atmospheres 

Sub-run 4. Nucleation, Camera runs III-B-1 through 3 

1.1+.4 34.0+.3 34.0+.3 

Sub-run 5• Nucleation 

5 • 6+. 2 4.3+.4 27.8+ o! 
2.8+. 4 

4 /15.7+.4 
II8.3+. 4 

15.7+.4 

Sub-run 6. Nucleation 

29.5±. 2 15.2+.4 15.5+.4 
12.1+.4 

15.1+.4 

PgAT = 1•0 Atmospheres 

Sub-run 7* Nucleation, Camera run III-A-5 

25.0+.3 39.3±. 2 25.9±. 3 
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TABLE III 
CHARACTERISTIC TEMPERATURE EXCESSES - RUN IV 

Maximum pressure during boiler degassing operation 
2.2 x 10-/+ millimeters of mercury 

0.004 in. Cavity 0.006 in. Cavity 
JATJJB A^D A^RR A

T
D 

0.008 in. Cavity 
A

T
EB A

T
D 

PSAT ^ Atmospheres 

Sub-run 1. Sites active when filled boiler 

f34.6+.4 
\33.2+.4 

T2.4+.3 
\2.7+.4 

/26.6+.4 
\24.0+.4 

Sub-run 2. Nucleation, ATN .= 115 

(34.4+.3 
\34.1+.3 

I8.6+.7 19•4JQ[4 

Sub-run 3- Nucleation , AT^j = 122 

T27.3+.8 
\25.3+.8 

fl8.3+.8 
\17.3+.8 

/14.3+.8 11.4+.6 
\13.3+.8 

Sub-run 4. Nucleationj A% = 123 

26.8+.1 16.4+.3 17.0+*3 • 3 9.7+.^ 
7•5+•4 

11.1+.4 

PgAT 
= !*5 Atmosphere 

Sub-run 5* Nucleation, A% = 122 

/16.9+.8 
\i5.8T.8 

.8.6+.6 /13•0+.8 
\13•8+.8 

7•8+.6 r 9.0+.8 
(11.0+.8 

Sub-run 6. Nucleation,AT^ = 158 

l0,3+*§ 8.9+.3 10.5+-4 10.4+.3 8.5+.3 8.4+.3 
“ —3 - - 6.9T.4 
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Table III (Cont'd) 

0.004 In. Cavity 0.006 in. Cavity 0.008 in. Cavity 

4^.
T
EB A

T
D A

T
EB A

T
D A

T
EB ATD 

SAT 
1.0 Atmospheres 

Sub-run 7- Nucleation, /\T^ 

.4 26.0+ 
• 3 

25.9+o3 

Sub-run 8. Nucleation, A^N 

5 
above 
26.9 

= 115 

= 111, Camera runs IV-A-1 to 5 

36.2+;^ 

-P„ 1.5 Atmospheres 
SAT   

Sub-run 9. Camera runs IV-B-1 to 3 

TABLE IV 
CHARACTERISTIC TEMPERATURE EXCESSES - RUNS V AND VI 

0.004 

AT. EB 

RUN V 
Cavity size, 

0.006 0.008 

A
T
EB AT, EB 

P„ - 1.0 Atmospheres 
SAT 

Sub-run 1. Nucleation, AT. 
N 

28.1+*2 ^.6+’^ 25.2+’^ inactive cavities 

D 
.0.006 

^TEB 

90 

.0.006 
AT EB 

Sub-run 2. Nucleation 

30. 3.5±;| 2
-7±:l 

0.006 
AT. EB 

1-.9+.4 

Sub-run 3. Nucleation, AT
N = 148, Carbon tetrachloride 

decomposed on surface 

39.8 30.9 31.3 38.1 30.9 30.2 
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Table IV (Cont'd) 

Run VI 

= 1.0 Atmospheres SAT  1  

Cavity size, D ^•TEB 

0.004 43.1 

0.004 33.1 

0.004 29.6 

0.006 36.6 

all other cavities below 26.6 
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sub-runs, which include all data taken between two nucleation 

events. 

Ebullition temperature excesses are reproducible within 

a sub-run, so that some of the data shown resulted from three 

or four identical temperature measurements. In all cases, 
o 

/XT™, was within 0.2 P whether starting or stopping a bubble 
p/B 

column. 

Between sub-runs, ebullition temperature excesses were 

not reproducible, due to surface chemistry changes caused by 

nucleation and the intense light required by high speed pho¬ 

tography. A thin gray surface film was noticed after many 

camera runs, and was probably.the result of decomposition of 

carbon tetrachloride in light. 

The changes in surface chemistry between sub-runs proba¬ 

bly obscured any effect of cavity diameter on ATfr. However, 

even within a sub-run, no consistent trend was noticed. Sub- 

run V-3 indicated that AT may range from 30.2°P to 38.1°P 
EB 

for identically sized cavities within the same sub-run. Run 

VI also showed a wide variation in AT for the same sized • Hj B 

cavities. 

A summary of /\Tp is reported for three cavity sizes 

and two pressures in Table V. Disarming temperature excesses 

were obtained by lowering the surface superheat below the ebul¬ 

lition temperature excess.. If the cavity were not disarmed, 

ebullition occurred when the surface superheat was raised to/\Tff. 
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This process was repeated until the cavity was disarmed. The 

lowest surface superheat was disarming the cavity and the 

highest surface superheat disarming the cavity established 

the disarming temperature excess. Neither nucleation nor 

camera runs affected 

TABLE V 
DISARMING TEMPERATURE EXCESSES - RUNS III AND IV 

D  Run AT.p - 1.0 atm. ATD - 1.5 atm. 

0.008 III,IV Disarmed when ceased ebullition 

0.006 III 25.2 - 25.9 12.1 - 15.2 

IV 7-5 - 9.7 7.8 - 10.4 

o.oo4 III 1.5 - 3.0 2.8 - 4.3 

IV 16.4 - 18.6 8.6 - 8.9 

The nucleation temperature excesses presented in 

Tables I through IV are the surface superheats which were 

required to rupture the liquid-solid interface and form the 

first stable vapor nuclei on the heat transfer surface. Rapid 

transition to film boiling then- occurred, and it was necessary 

to reduce the surface superheat rapidly to prevent undesirable 

decomposition of carbon tetrachloride on the surface. AT^. is 

a metastable parameter that depends on both heat flux and time. 

Although these variables were not studied, the surface super¬ 

heat required for nucleation gives a qualitative idea of the 

effectiveness of degassing the boiler surface and the liquid. 
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Bubble Dynamics 

Information on the dynamic behavior of detaching 

bubbles was obtained by a frame by frame analysis of t he 

motion picture film, from which two representative frames are 

shown in Figure 6. Quantities such as height, width, and 

base diameter.at detachment are obtained for a number of 

bubbles in any one film. 

In addition, one or two bubbles were analyzed through¬ 

out their entire appearance on the film. The complete investi¬ 

gation of one bubble will be referred to as a bubble history. 

Contact angle measurements were made with a protractor for a 

few bubbles on each film. The angle will be called the ap¬ 

parent contact angle, because the microscopic angle at the 

surface cannot be measured accurately on these film. Com¬ 

plete photographic data is tabulated in Table VI. Detachment 

diameters were measured just prior to the separation of a 

bubble from the surface, and are reported as the diameter of 

an equal*-volume sphere. 

This diameter was determined assuming the bubble sur¬ 

face to be an ellipse of revolution, using bubble height for 

the axis of rotation and bubble width for the other axis. 

Thus 

D
d = <h • 

In most cases h = w at detachment 
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Run II-B 0.00112 Seconds Between Frames 

Run IV-A-5 0.00112 Seconds Between Frames 

FIGURE 6 : PHOTOGRAPHS OF DETACHING BUBBLES 
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Figure 7 shows the detachment diameter as a function 

of surface superheat with cavity size and pressure as para¬ 

meters. Detachment diameter increased with increasing surface 

superheat, as well as with decreasing pressure. 

In Runs I and II, with the glass capillary as the active 

site, the larger cavity supported larger bubbles. In Runs III 

and IV the detachment diameters are grouped closely with no 

significant trend due to cavity size. 

The small diameter in Camera Run III-A-5 (see Figure J) 

is the result of changes in surface chemistry. The thin gray 

surface film described earlier was clearly visible before this 

camera run was made. 

Average bubble frequencies for one camera run are listed 

in Table VI. In Runs I and II there was a short time delay 

(less.than three milliseconds) between the detachment of one 

bubble and the formation of another, while no delay time was 

noticed for runs III and IV. Sixty bubble frequencies were 

calculated for Camera Run IV-A-5* The distribution of frequen¬ 

cies about the average value, 55*8 bubbles per second, was 

nearly Gaussian (see Figure 8) with a standard deviation of 

6.35 bubbles per second. 

The detachment diameter times the frequency is a mea¬ 

sure of the agitation of the liquid by a bubble. A growing 

bubble pushes liquid away from the cavity, while after.bubble 
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FIGURE 7s DETACHMENT DIAMETER VERSUS 

TEMPERATURE EXCESS 
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60 consecutive bubbles 

average f = 55-8 sec 

-1 
standard deviation — 0.3 sec 

FIGURE 8: FREQUENCY DISTRIBUTION FOR A 

SINGLE CAMERA .RUN 
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detachment the liquid must fill the space formerly occupied 

by the bubble. The product, x f, indicates the number of 

times per second that the liquid is "pumped" back and forth 

the distance D^. x f had an average value of 3.29 inches 

per second during Run IV.at one atmosphere. In Run III at 

one atmosphere, x f decreased with decreasing superheat. 

Raising the pressure reduced the value of x f, and hence 

reduced the agitation achieved with bubbles at higher pressure. 

Table VI also lists the apparent contact angles at the 

time of maximum base diameter. This angle was nearly the same 

in all the runs, and had an average value of 60°. The ap¬ 

parent contact angle varied with a growing bubble, as shown 

in Figure 9. When the base started to shrink just before 

detachment, the apparent contact angle began to increase, 

attaining a value of 90° at detachment. 

■Analysis of each film showed several cases of bubble 

interaction. In Run III-B-1, the 0.004 inch cavity activated 

a site close to it and the bubbles coalesced. This horir- 

zontal interaction persisted throughout.the entire camera 

run. Vertical interaction was observed between sucessive 

bubbles from the same site, except in Camera Runs I, II, 

III-A-4, and IV-A-5. 

Vertical Interaction resulted in the coalescing of 

successive bubbles. The first bubble detached by Itself. 

•About 3 milliseconds later, the second bubble (still very 
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Sketch of shape 

o 
O 
Q 
0 
0 

Measured contact angle 
Left Right 

59 69 

56 69 

64 62 

83 74 

73 89 

FIGURE 9: VARIATION OF CONTACT ANGLE 

DURING BUBBLE GROWTH 
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small, and still attached to the heating surface) coalesced 

with the previous one, forming a mushroom shape. Later, the 

bubbles assumed a tornado shape which soon detached, and a 

new.bubble was formed. Occasionally, a third bubble coalesced 

with the other two. The above phenomena will be referred to 

as a doublet.and triplet formations. The detached mass of 

vapor rose, assumed irregular shapes, and finally became el¬ 

liptical. The dimensions of width and length oscillated about 

a mean value which Increased slowly with the bubble ascent. 

The history of three bubbles is shown in Figures 10, 

11, and 12. In Figure .10, the total lifetime attached to the 

heating surface was 0.0782 seconds. During the last 0.0580 

seconds, the width of the bubble remained constant while the 

height gradually increased. After the bubble detached, the 

height oscillated irregularly as the bubble rose with a con¬ 

stant rate of ascent of 5*8 Inches per second. 

Figure 11 shows a doublet formation history in which 

the height and width increased throughout the entire life¬ 

time of the bubble. The first bubble grew and detached in 

10.b milliseconds,. after which a doublet was formed and the 

combination detached 4.4 milliseconds later. Usually, the 

first bubble was attached about four-fifths of the total 

lifetime. 

Figure 12 shows .the bubble history of the same bubble 

shown pictorially in Figure 6. The base of the bubble grew 
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and collapsed almost symetrically. After detachment, there 

were erratic oscillations in the height.and width of the bubble. 
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DISCUSSION OF RESULTS 

Errors 

Temperature. The method used to calculate surface 

superheat is outlined in Appendix.A, Temperatures of the 

copper block were measured to 0.1°F, and these temperatures 

were extrapolated to the end of the copper block, yielding 

a maximum error of + 0.1°F. The temperature drop through 

the stainless steel heating surface was calculated from heat 

flux measurements made at the same temperature by a co-worker. 

The inaccuracy of measuring the stainless steel thickness 

■(12$), as well as the absolute inaccuracy of the heat. flux 

measurements, contributed to a temperature drop maximum error 

of + 0,2°F at low heat fluxes and about + 0.4°F at high heat 

fluxes. The surface superheat error thus increased at high 

surface superheats, and error limits are shown on all temp¬ 

eratures listed in this report. 

Ebullition temperature; excesses were measured when 

the copper block was heated or cooled at a rate of 0.1°F to 

0.3°F per minute. There was a time lag between viewing a 

bubble column, balancing the potentiometer, and seeing whether 

the bubble column had stopped. The overlapping values of max¬ 

imum and minimum possible temperatures decreased the range of 

possible.temperatures. 

Pressure. There was a large systematic error in pres¬ 

sure because the metal connection to the manometer lines ob¬ 

scured the top liquid level. This level could be measured 
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only within +9*3 centimeters of carbon tetrachloride, or 

within .+ 10.9 millimeters of mercury. The corresponding 

error in saturation temperatures due to this systematic 

pressure error was + 0.9°P- 

Bubble dimensions. Bubble dimensions were measured 

on each frame with a + 5 per cent error, except for very 

small measurements, which were within + 20 per cent. The 

conversion to actual size was based on measuring a known 

dimension in the same frame, so the total error in bubble 

dimensions was 10 per cent. 

Bubble frequency. The frame rate of the film.was 

measured and plotted versus feet of film. A smooth curve 

through these points gave the instantaneous frame rate at 

any film position. The instantaneous film rate might vary 

between 800 and 810 frames per second for a given bubble, 

so the average frame rate during a given bubble.lifetime 

was used. Bubble detachment could occur anytime between 

two successive frames, so the time of detachment was only 

determined within one frame* For Runs I and II the maxi¬ 

mum error is less than two per cent; while for Runs III and 

IV the maximum error is less than ten per cent in all cases, 

and usually no more than five per cent. 

Ebullition temperature excess. This study emphasizes 

the importance of surface conditions in determining AT^-p,. 

Other investigators report similiar effects. Denny (9) 
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obtained ebullition temperature excesses of 34.7.5 34.6, 34.0, 

35.3J and 4l.4°F for the same 0.001 inch cavities in successive 

runs. A 0.2 x 10-^ inch diameter site had /\Tgg equal to 35*4°F 

while a 0.5 x 10 inch diameter site had equal to 47.0°F. 

These data indicate that surface conditions can be controlled 

to give nearly reproducible results, but do not show the signifi 

cance of cavity diameter. Griffith and Wallis (10) found ebul- 

o 
lition temperature excesses varying around 20 F from many coni¬ 

cal cavities 0.019 inches in diameter. The above is the only 

published data for ebullition temperature excesses from arti¬ 

ficial sites. 

The ebullition temperature excesses for artificial cavi¬ 

ties can be compared to those predicted by various theories. 

The ebullition temperature excesses were much higher than the 

equilibrium superheat. For the cavities investigated, the 

1 o ,, 
equilibrium superheat is 0.24 F to 0.46 F. (Calculations in 

Appendix A). 

Bankoff (3) looked at the rate of liquid penetration 

into a cylindrical cavity after a bubble had detached. His 

flow model neglected liquid inertia and assumed the friction¬ 

al.drag was given by the Poiseuille relation. The temperature 

of the meniscus was evaluated from the equation for the temp¬ 

erature distribution due to a variable plane source in a solid 

rod initially at uniform temperature. The above model yielded 

a nonlinear second order integro-differential equation. Bankoff 
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made further simplifications and obtained an equation for the 

largest capillary radius supporting ebullition. Calculations 

based on this equation (see Appendix A) yield a critical cavi¬ 

ty diameter of 0.46 x 10“^ inches when 0 = 60°. The equi¬ 

librium superheat corresponding to this small diameter was 

20°F for carbon tetrachloride at one atmosphere. This value 

fell within the range of values reported in this experiment, 

but according to this theory, the cavities used in this work 

would not have supported ebullition. 

Griffith and Wallis advanced the hypothesis that the 

temperature excess required to support ebullition is directly 

related to the cavity size through the equilibrium superheat. 

Ebullition temperatures of 3°F verified this theory in a uni¬ 

form temperature field. They obtained ebullition temperature 

excesses of 20°P when heating a surface at constant pressure, 

so the authors postulated that the average surface temperature 

near the site was 3°F. However, the ebullition temperature is 

the same whether heating or cooling a surface. If a surface 

superheat is raised to klT^g, no bubbles are formed until the 

average surface superheat is 20°P (in Griffith and Wallis' 

case). The data reported in this report indicate that the 

surface superheat can be above that predicted by the equi¬ 

librium superheat without ebullition occurring. 

Hsu and Graham (12) indicated that ATm depended on 

the temperature profile in the fluid. The superheat at a 
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distance b from the wall must be just equal to the equi¬ 

librium superheat for a critical bubble of height b. The 

value of b depended on contact angle, cavity size, and 

lip geometry. This theory is attractive because it in¬ 

corporates microscopic detail of the surface. Nonetheless, 

the data reported here indicate that the phenomenon of ebul¬ 

lition is much more complicated than this theory predicts. 

In all runs, the liquid superheat was .always greater than 

2°P at a point one inch above the surface, so that a bubble 

would grow in this liquid if it were larger than 0.9 x 10“^ 

inches in diameter. Although this size is an order of magni¬ 

tude smaller than the cavities used in this study, vapor 

was still present within these.cavities without ebullition, 

even when the liquid superheat was five.times larger than 

the equilibrium superheat. 

Before this study began, it was felt that heat con¬ 

duction to an active site might influence.the ebullition 

temperature excess. A bubble grows most rapidly when emerging 

from a cavity. It was postulated that heat is absorbed from 

the heating surface during this time, lowering the temperature. 

The ebullition temperature excess would then be determined by 

the growth rate of the emerging bubble .and the time response 

of the heating surface. If this theory were correct, two ef¬ 

fects would be seen. A surface with higher thermal conductivity 

and thermal diffusivity would have lower ebullition temperature 
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excesses. Lip geometry would also be important, because a 

bubble could grow more slowly out of a cavity with rounded 

corners and still satisfy the contact angle requirements. 

The ebullition temperature excess could then be lower be¬ 

cause the heating surface would have more time to supply the 

same amount of energy to a growing bubble. Neither effect 

was observed. Glass cavities, with low .thermal conductivities, 

had very low ebullition temperature excesses and /\T^g did not 

differ consistently between Runs III and IV, although the lip 

geometry had been changed. 

At present, there seems to be no adequate explanation 

for the ebullition temperature excesses observed in this study. 

Obviously, surface conditions play.a very important role in 

determing ebullition temperature excess. 

Disarming temperature .excesses. Few hypotheses have 

been advanced to explain the effect of cavity dimensions, 

heat flux, and contact angle on the disarming temperature 

excess. Bankoff (2) looked at the importance of cavity size 

by studying the conditions for a vapor to be entrapped in a 

cavity by an advancing liquid surface. However, nucleate 

boiling conditions differ from the conditions when an iso¬ 

thermal liquid displaces inert gas from a cavity. Under boiling 

conditions, the liquid can evaporate as it moves into a hot 

cavity. A cavity in which vapor cannot be entrapped by a liquid 

under isothermal conditions may or may not be disarmed under 
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dynamic boiling conditions. The heat conduction to the pene¬ 

trating liquid is then definitely important. If liquid entraps 

vapor under isothermal conditions, it most certainly will en¬ 

trap vapor in a hot cavity where evaporation can take place. 

The cavity sizes in which carbon tetrachloride will entrap 

vapor are given in Table VII as ,a function of contact angle. 

TABLE VII 
VAPOR ENTRAPMENT CRITERIA 

Diameter 
(inches) 

,Contact Angle 
(degrees) 

.0015 29.5 

.0049 54.0 

.0102 69.5 

.0168 8O.5 

If the contact angle is 60°, vapor can be entrapped 

in all cavities below 0.0062 inches in diameter. Liquid will 

not-entrap vapor.in cavities larger than 0.004 inches if the 

contact angle is below 49.5°. If the apparent contact angle 

of 60° measured in this work is the actual contact angle, 

liquid would always entrap vapor in the 0.004 and 0.006 inch 

diameter cavities. Heat conduction to the liquid entering 

the 0.008 inch cavity would.determine if the cavity could be 

disarmed. In all cases the 0.008 inch cavity was disarmed 

when the ebullition ceased, while this was not true in the 

smaller cavities. This agreement between theory and experiment 
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may be fortuitous, but these results indicate that the vapor 

entrapment theory can have a bearing on the disarming temp¬ 

erature excess. 

The vapor entrapment mechanism and heat conduction to 

the liquid can determine disarming temperature excesses only 

at the moment ebullition ceases. When the surface superheat 

is less than vapor is either present in the cavity or 

it is not. The criterion in this case is the surface super¬ 

heat at which the last vapor condenses under conditions ap¬ 

proaching steady state. A small vapor nucleus is then pre¬ 

sent, and the size of the nucleus corresponds to the equi¬ 

librium superheat. The data presented in Table V can be 

analyzed to see if the radius of vapor nuclei, R-p, should be 

the same at both pressures. 

Table VIII shows the results of the calculations, and 

indicates reasonable agreement.. The defining equations and 

a sample calculation are given in Appendix A. 

TABLE VIII 
RADII OF ENTRAPPED VAPOR NUCLEI 

D Run RD at 1.0 atm. RD at 1. 5 atm 

0.006 III 0.37 
-4 x 10 H 0.43 X 10-4 

IV 1.1 
-4 

x 10 0.62 X 10“^ 

o.oo4 III 4.2 x 10-2* 1.6 X 10-4 

IV .0.54 x .10“^ 0.67 X 10-4 
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Thus, it would seem that the vapor entrapment mechanism 

and the qualitative ideas of liquid penetration into a cavity- 

are consistent with experimental results of disarming temp¬ 

erature excesses only at the moment ebullition ceases. If a 

cavity is not disarmed when ebullition ceases, the bottom ge¬ 

ometry determines the surface superheat at which the last vapor 

nucleus,will collapse. 

Bubble Dynamics 

Frame by frame analyses of motion picture films of de¬ 

taching bubbles were analyzed to determine qualitative effects 

of bubble dynamics on nucleate boiling heat transfer. 

Detachment diameter. Fritz, as reported in references 

6 and 1-3, derived the following expression to predict the dia¬ 

meter of the bubble at detachment: 

D = 0.0148 0 ( . ^——V1^. His expression 
S ( - PG.) 

gives a diameter of 0.0585 inches for a contact angle of 60°. 

In order to account for the variation in detachment diameters 

reported here, the actual contact angle would have.to range 

from 25° to 65°. The reported detachment diameter increased 

with increasing temperature, which is contrary to the effect 

predicted by the equation, since surface tension decreases 

with temperature more rapidly than density. The data reported 

in Table IX indicate that surface tension forces were not ex¬ 

actly balanced by buoyancy forces when the bubble began to rise. 



Table ix 

Surface Tension Versus Buoyancy Forces 

Run D<* Db P<r F
B v 

'Fe 

III-A-2 0.035 0.021 2.87 0.542 5.3 
III-A-2 0.031 0.012 1.64 0.384 4.3 

III-A-5 0.031 0.015 2.06 .0.384 5.3 

IV-A-1 0.047 0.019 2.67 1.29 2.1 

IV-A-3 0.038 0.019 2.63 0.66 4.0 

IV-A-4 0.031 0.012 1.75 0.384 4.6 

IV-A-5 0.050 0.031 4.38 1.56 2.8 

IV-A-5 0.066 0.041 5.69 3.53 1.7 
rv-B-i 0.034 0.009 1.13 0.456 2.5 
IV-B-2 0.050 0.027 3.20 1.517 . 2.1 

IV-B-3 .0.028 0.008 0.91 0.261 3.5 
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A smaller actual contact angle would decrease the surface 

tension force, but there is no reason to believe that the 

actual contact angle would vary radically from one bubble 

to the next. It is evident that the actual contact angle 

is smaller than the measured 60° apparent contact angle. 

Figure 13 gives sketches of the bubble shape along with 

the ratio of surface tension to buoyancy forces. The bubble 

clearly began to rise before the buoyancy exceeded the 

surface tension forces. 

Literature values of Dd also change with ATsuR° 

Denny (9) observed detachment diameters ranging from 0.093 

to 0.1-4 inches as the surface superheat increased. His data 

was obtained when the copper heater was much closer to the 

surface, because the stainless .steel heating surface was 

thinner. His cavities were also smaller, so the bubble edge 

was in contact with the surface during more of its lifetime. 

Both of these effects would cause the base to grow faster, 

and the bubble could become bigger before detachment. Perkins 

and Westwater (l8) observed 0.09 inch diameter bubbles when 

boiling methanol from a copper tube, while Jakob (13) ob¬ 

served 0.0396 inch diameter carbon tetrachloride bubbles 

rising from a chromium plated copper surface. 

The data available to date indicate that the de¬ 

tachment diameter depends not only on the buoyancy forces, 

surface tension forces, and contact angle, but also on the 
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37 Frame 
Number 

Pcr/FB 7-05 

40 

3.00 

3 

1.95 

6 

1.40 

Number 

P<r/P
B 

1,25 0,865
 O.685 0.221 

Shapes were traced from enlarged image of photographic film. 

FIGURE .13: BUBBLE SHAPES DURING DETACHMENT 



the temperature excess and type of heating surface. 

Frequency. The average frequencies reported here 

for each camera run are higher than those reported by Denny 

(constant frequency of 42 bubbles per second) but near those 

reported by Jakob (JO bubbles per second). Within a camera 

run the frequencies vary widely but have a Gaussian distri¬ 

bution, (Figure 8), as reported also by. Strenge, Orell, and 

Westwater (21). 

The type of heating surface affects the frequency. 

Bubbles rising from the glass capillary had a much lower 

frequency than those rising from stainless steel. Denny re¬ 

ported a nearly constant frequency within any run, while the 

data reported here indicate a widely varying frequency. The 

proximity of the copper heating block may account for the 

difference. The frequency will not be independent of the 

detachment diameter, because the diameter somewhat determines 

how soon a bubble detaches. 

-Bubble ascent. Jakob reported a constant velocity of 

9.0 inches/second for rising.steam bubbles. The average value 

reported here was 6.0 inches/second, and the velocity was con¬ 

stant for a particular bubble. The bubble size increased as 

it rose, and the increase was greater than that due to the 

decrease in the hydrostatic head. Thus, bubbles grew as they 

rose through the superheated liquid. Temperature measurements 

throughout the liquid might enable one to predict their growth 
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rate from the equations developed for bubble growth in super¬ 

heated liquids. 

Second or third mode oscillations of the bubble shape 

were observed for rising bubbles. It is impossible to observe 

the third mode of oscillation on the two dimensions of the 

photographic film. The frequency of oscillation determined 

experimentally was 135 to 150 per second for Run III-A-5. 

The theoretical frequency for the oscillation of this bubble 

is 119 per second for second mode oscillations and 228 per 

second for third mode oscillations (20). Oscillations were 

observed for both single bubbles and doublet formations. 

The coalescence of two bubbles to form doublets was 

noticed by Davidson and Amick (8) for gas bubbles at horizontal 

orifices. From observations of bubble shape, they deduced 

transitions between two assumed flow regimes. The first, which 

they called axially symmetric pulsating flow, was associated 

with the formation of bubbles in pairs without coalescence. The 

second, which they concluded to be continuous rotational flow 

about an axis perpendicular to the orifice plane, was associ¬ 

ated with the formation of single bubbles which were elongated 

and twisted. Neither flow type was stable, and sudden tran¬ 

sitions were observed from one flow to the other. However, 

at higher flow rates, the bubbles coalesced as doublets and 

the shape resembled a mushroom. 

These qualitative hypotheses were applied to the bubble 
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shapes observed during nucleate boiling. Single bubbles caused 

axially symmetric pulsating flow - the "pumping" action associ¬ 

ated with x f. Doublet formation was associated with ro¬ 

tational flow around the active site. In some photographic 

films which were studied., the shape after coalescence resembled 

a mushroom, while in other films the bubble was shaped like a 

tornado. In a few films, both shapes were observed. The ro¬ 

tational flow characteristic of a tornado-like bubble indicated 

that the liquid was actually undergoing rotational flow. 

The primary mechanism of nucleate boiling .at low heat 

transfer is agitation of the liquid. The reported results in¬ 

dicate the type of agitation that may be present. 

Surface temperature fluctuations. Surface temperature 

fluctuations could not be observed in these experiments. How¬ 

ever, the observations made on bubble history may relate to 

the mechanism proposed by Moore .and Mesler (17) to explain 

their surface temperature fluctuations. 

Moore and Mesler observed a 20° to 30°P drop in surface 

temperature every 20 milliseconds. The temperature fell within 

2 milliseconds and gradually increased to the original value. 

Moore and Mesler suggested that a microlayer is formed beneath 

a bubble and the rapid decrease in surface temperature is caused 

by the rapid evaporation of this microlayer. Figure 14 illus¬ 

trates their ideas. 
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89 n in. 

FIGURE 1-4 
MICROLAYER HYPOTHESIS 

If the detachment is determined by surface tension and buoyancy 

forces alone, the data in this work indicate that the bubble 

base actually could be smaller than the base observed. 

Temperature fluctuations were not observed by Moore and 

Mesler at low heat fluxes so the effect may be due to many 

bubbles generated in phase. Denny noticed a hydrodynamic in¬ 

teraction of neighboring bubbles, which caused bubbles to de¬ 

tach in phase. Experimental data at the present time does not 

show how single bubble formation from artificial sites is re¬ 

lated to nucleate boiling with many natural sites. An experi¬ 

ment to study the temperature fluctuations caused by nucleate 

boiling from an artificial site would be informative. Synchro¬ 

nization of the temperature-time response with a high speed 

still camera could resolve this difficulty. 
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CONCLUSIONS 

1. Observations of vapor-liquid behavior within an active 

boiling site prove that liquid enters an active cavity 

following detachment of a vapor bubble from the site. 

2. The surface superheat necessary to support ebullition 

from an artificial cavity is strongly dependent on 

surface chemistry and microroughness, although the ef¬ 

fect of cavity size could not be determined. 

3. The disarming temperature excess is determined by the 

ability of the liquid to penetrate a cavity. If liquid 

does not entrap vapor in a cavity, or the liquid entering 

a cavity is not vaporized, the cavity will be disarmed 

when ebullition ceases. If a vapor nucleus remains in 

the cavity below the ebullition temperature excess, the 

geometry of the bottom of the cavity determines the dis¬ 

arming temperature excess. 

4. The diameter of a detaching bubble increases with in¬ 

creasing surface superheat and with decreasing pressure. 

Buoyancy and surface tension forces are not sufficient 

to predict detachment. 

5. Detaching bubbles induce at least two types of liquid 

motion. .Axially symmetric pulsating flow and flow by 

continuous rotation about an active site were observed 

indirectly. 
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NOMENCLATURE 

Cp 
D 

Dd 

Db 

f 

Per 

P 
B 

h 

k 

n 

P 

?SAT 

TSUR 

V 

heat capacity of heating fluid 

cavity diameter 

diameter of detaching bubble 

base diameter of bubble 

frequency 

surface tension force 

buoyancy force 

height of bubble 

thermal conductivity 

keal/kg °C 

inches 

inches 

inches 

-1 
sec 

dynes 

dynes 

inches 

either Btu/hr ft °P 

kcal 
or hr m °C 

mode of oscillation 

pressure 

heat flux 

equilibrium bubble radius 

radius of entrapped vapor nucleus 

radius of oscillating bubble 

critical radius,..Bankoff theory 

heating surface thickness 

temperature 

saturation temperature 

surface temperature 

rate of ascent of bubble 

specific volume of vapor 

atm. 

Btu/hr ft2 

inches 

inches 

inches 

Inches 

inches 

°P 

°P 

°P 

in/sec 

cm^/g 



NOMENCLATURE (Cont'd) 

:VL 
specific volume of liquid cm^/g 

W width of bubble inches 

AHV heat of vaporization joules/g 

ATD 
disarming temperature excess °P 

A
T
EB ebullition temperature excess °P 

A
T
EQ equilibrium superheat °P 

A% nucleation temperature excess °P 

ATSUR 
surface superheat = TgUR - TgAT °P 

e contact.angle measured through the liquid 

? L density of liquid g/cm^ 

ev density of vapor g/cm^ 

CT~ surface tension .dynes/ cm 
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APPENDIX 

Sample Calculations 



CALCULATIONS 

1. Calculation of detachment diameter 

= (h x w2)1^ 

h = 22 millimeters on film 

w = 22 millimeters on film 

= 22 millimeters on film x 0.00313 mm'3h~TlTm 

= O.O69 inches 

inch 

2. Calculation of surface tension force 

D, b 

TrD^cr sin & 

= 0.0406 inches 

CT = 20.2 

0 = 60° 

F<r 

F<r 

dynes 
cm 

, _ dynes .cm 
TTX ,0406 in. x 20.2 — x O.867 x 2.54 In. 

5.68 dynes 

3. Calculation of buoyancy force 

PB 

?V 

B 

= ( ?*. - ?v) g £ D. 

D* = 

FT, = 

1.477 ^ 
cnP 

98O — 2 
sec 

0.069 in. 

1.477 -% cmD 
x 980 ^ 

sec 

PB = 3.96 dynes 

x ^ x (0.069)-3 in- x 

* 16.4 

A-l 



4. Calculation of surface temperature 

a. Temperature was measured at three positions in the 

copper block below each site. These temperatures 

were fit with a second order polynomial to calculate 

the temperature at the end of the copper block 

Distance below end 
of copper block 

5/8 in. 

3/8 in. 

1/8 in. 

Then T .= 187.6 +.0,8 x +0 x^ 

T..= 187.6.+.1 at . x .= 0 

Temperature 

188.1 

187.9 

187.7 

b. The heat flux, measurements, measured concurrently 

by another.investigator, were used to calculate 

the temperature drop through the stainless steel 

surface. 

-For T ..= 187.6, q - 7^0 + 370 §|£t2, t = O.O65 in., 

k = 9.4 Btu/hr ft°F 

q 
AT 

= k 
AT 

t 
740 x 0.065 
9.4 x 12 

= 0.4 +.2 

c. Surface temperature excess 

ATOTTO = I87.6 - 0.4 - 170.2 = 17.O F 
SUR 
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5. 

6. 

Calculation of equilibrium superheat 

2CT 
R (Gibb's equation) 

.Ms. 

AP = 

AP 
AT
 " 

T
(VG-Vl) 

AT = 2cr T(Vq- Vl) 

(Clausius-Claperon Equation) 

R AKy 

for carbon tetrachloride at 1.0 atmospheres 

D .= 0.004 in., R = = 0.002 in. 

cr = 20.2 dynes/cm A% = 194.3 joules/g 

II O
 182 cm8/g V-^ = 0.7 cm8/g 

T
SAT 

170°F = 350°K 

AT
E<J = 

1.8 R/°K x 2 x 20.2 dyne/cm x 350°K x 182 

2 x 10 3 in. x 2.54 cm/in x 1Q4.^ joules y 
6 

ATEa = 
• 0 

0.47 F 

cm- 

joule 

Calculation of Radius of Entrapped Vapor Nucleus 
Using the same equations as in 5. 

T(Vr, - VT,) 
A% 

m O A:0-, 

% 
_ 2 0- 

R D = 1.1 -x 10 for T
SUR= 

8
-
6 P 

7. Calculation of Critical Radius by Bankoff's Liquid 
Penetration Theory 

Rc = (A/4B
2
)
1//3 

A = 4k JJ / ^LCp cr cos 0 
B = (AH/ / T VG ( VQ - VL) )AV0_ / 20- ^ Op cos 6 

k = O'078 
-4 / 

JJ = 5 x 10 kg/m sec. 

^ = 1483 kg/nr* 
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p 

a~ 

e 

T = 

^ kcal 
0 * 2°5 kg°c 

= 60 

20.2 dynes/cm 

o 

= 194.3 
joules 

g 

350°K 

Combining these values with appropriate converstion factors 
gives 

A = 1.39 x 10“6 cm 
o -1 

B = 1.30 x 10-5 cm 
_2L 

RQ = 0.59 x 10 cm 

D = 0.46 x 10-if in. 

8. Calculation of frequency of second mode oscillation 

f = 
(n2-l)(n + g) 

PL
R
O 

1/2 

2TTR, 

n = 2 for mode 

CT ■= 20.2 dynes/cm 

RQ = 0.0262 in. = O.O666 cm 

= 1.48 g/cm^ 

f = 119 per sec. 
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