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ABSTRACT 

This investigation is an original study in nucleate 

pool boiling heat transfer, consisting of two parts: an 

experimental study and a theoretical study. The experimental 

study was performed with water boiling at atmospheric pressure 

on a single copper surfaceo Two different levels of heat 

flux were investigatedo For the lower level of heat flux 

(92.21 kW/m2), three different levels of subcooling (0, 6.5, 

12°C) were studied and for the higher level of heat flux 

(192.11 kW/m2), two different levels of subcooling (0, 7.5°C) 

were studied as well. 

The cross-spectral density function ·and the cross

correlation function were used to determine the time elapsed 

(-r) between the start of bubble growth at two neighbouring 

active sites with separation (S)o Th~ experimental results 

indicate that for the lower level of heat flux at three 

different levels of subcooling~ the separation (S) and the 

time elapsed (-r) are related. For the higher level of heat 

flux at 0°C subcooling it was not possible to detect any 

correlation, but for the 7.5°C subcooled condition a weak 

correlation was found to exist. For the lower level of heat 

flux, all the experimental data for the saturated and sub

cooled boiling conditions plotted as (S-Rd) versus (T--rg) drew 

together into a single curve, indicating that a single 

relationship could fit all the data. 
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Three different theoretical models were devised in 

an attempt to·explain the experimental observations. The 

first model involved heat diffusion in the water; the second 

model was based upon the disturbance caused by the pro

pagation of a pressure pulse in a mixture of water and 

vapour and finally the third model involved heat diffusion 

in the solid~ The first two models failed to give satisfactory 

agreement with the experimental results, but the theoretical 

predictions corresponding to heat diffusion through the 

solid gave good agreement with the experimental findings. 
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CHAPTER 1 

INTRODUCTION 

In recent years, boiling heat transfer has achieved 

world wide interest since it is the most efficient mode of 

heat transfer in use. The boiling phenomenon is associated 

with the transfer of tremendous quantities of thermal energy 

relative to the heat transfer rate attainable in non-boiling 

systems. Thus,· boiling heat transfer is frequently applied 

as a cooling mechanism in processes which involve very high 

density heat generation rates such as those that are found in 

nuclear reactors. 

Boiling heat transfer is defined as the mode of heat 

transfer that occurs with change of phase from liquid to 

vapour. When the surface temperature exceeds the saturation 

temperature of the liquid sufficiently, vapour bubbles form 

at specific locations on the heating surface such as· pits·, 

scratches, and grooves which have the ability of trapping vap

our. These locations at which bubbles originate are called 

active sites. The bubbles grow rapidly in the superheated 

liquid layer adjacent to the surface until they attain maxi

mum size. Depending upon whether the liquid is subcooled or 

superheated, the bubbles will either collapse or continue 

growing and move out into the bulk of the liquid. 

Because of the extensive experimental and' theoretical 

1 
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research conducted by many researchers in the last two 

decades which has provided be'tter understcl'nding of the nuc-
!. 

leate boiling phenomenon, many of the boiling parameters 
-~· 

such as bubble growth, waiting time, departure size, bubble 

emission frequency, etc. in the single bubble regime can 

be predicted with a reasonable·,:~· degree o~ a~curacy. However, 

one of the assumptions involved in these predictions is that 

no interaction occurs between the bubbles~ so that the funda

mental mechanism of heat transfer which prevails in nucleate 

boiling has not been conclusively e~tablished due to the lack 
~' 

of information to describe the multipl~ b~bble regime. 

Extrapolating from the single bubble viewpoint to the multiple 

bubble viewpoint, it is necessary to address two aspects of the 

boiling p~enomenon which are interrelated, the first of which 

is nucleation site interaction and the second of which is 

multiple bubble interaction. Information about nucleation 

site interaction is required and it is this topic which the 

present thesis addresses. 

As far as nucleation site interaction is concerned, 

the only direct reference to this phenomenon is Chekanov [1], 

who experimentally studied the interaction between two 

artificial nucleation centers in nucleate boiling for saturated 

and subcooled conditions at atmospheric pressure. Chekanov 

analyzed experimental measurements of the time elapsed between the 
_r 

start of bubble growth at two neighbouring active sites as a random vari-

able. Using a statistical distribution for the elapsed time, 
I 

this was found to follow the Gamma distrib~tion. At a distance of more 
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than three times the bubble maximum diameter, "attractive" 

interaction occurred and the~rowth of a bubble at one 

center enhanced the growth o,fJ a bubble at the other. For a 

distance of less than three tjmes"the bubble maximum diameter, 

"repulsive." interaction occurred and the growth of a ·bubble 

at on~ center inhibited the grpwth of a bubble at the other. 

The bubble flux density_of water boiling at atmospheric 

pressure on a single copper surfa~e was s~udied by Stiltan 
\. 

and Judd [2], whose results indicated that the formation of 

bubbles occurs in a non-uniform manner ·over a heating surface. 
II 

According to the boiling condition~ used.:and the non-uniform 

distribution of bubble flux density observed,the formation of 

bubbles was assumed to originate ~ithiri s~all areas whi~h 

··had· a· diameter about three times the .~~ximu~ b~~bble· diamete!< ~ ··: 

Because of the cluster effect these results were found to be 

1nconsistent with Checkanov's [1] results which indicated 

that the formation of a bubble at one nucleation site inhibited 

the formation of a bubble at a neighbouring nucleation site 

if the nucleation site spacing became very small. A theoreti

cal model to explain this phenomenon does not exist and 

hence the potential usefulness of the present investigation 

is obvious. 

The study reported herein was performed to determine 

the effect of bubble formation at a particular active site 

on the bubble formation at the surrounding active sites. It 

consists of two parts: an experimental study and a theoretical 

study. The experimental study was performed with water boiling 
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at atmospheric pressure on a single copper surface at differ

ent levels of heat flux and subcooling. The experimental 

results were obtained from analysis of the cross-spectral 

density function and the cross-correlation function coefficient. 

Three different theoretical models were devised in an attempt 

to explain the experimental findings. A theoretical model 

involving heat diffusion in the solid close to the heating 

surface gave good agreement with the experimental results, 

suggesting that this is the mechanism responsible for the 

activation of the surrounding nucleation sites. 



2.1 Introduction 

CHAPTER 2 

LITERATURE SURVEY 

The phenomenon of nucleate boiling is governed by 

the process of bubble nucleation. So far, there is no 

completely satisfactory theory of nucleation and in general 

there are two main types of nucleation, homogeneous and 

heterogeneous nucleation. The heterogeneous nucleation is 

of more interest so far as most of the engineering applications 

are concerned. 

Homogeneous nucleation takes place in pure liquids 

where no suspended non-wettable matter exists or in a 

container with very smooth walls. The theory of homogeneous 

nucleation has been advanced through the kinetic approach 

by Becker and Doring [3}, Volmer [4] and Frenkel [5], who 

considered the molecules of_which the liquid is composed to 

have a distribution of energies such that only a small fraction 

have energies considerably greater than the average. Such 

activated molecules are assumed to initiate the nucleation 

by a step-wise collision process in which inactivated molecules 

become activated and join a cluster of activated molecules 

until the cluster is sufficiently large and contains s~fficient 

energy to spontaneously explode into a vapour bubble. There

fore, very high levels of superheat are required for homo-

5 
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geneous nucleation to be initiated. 

In heterogeneous nucleation where nucleation is 

observed to occur on the walls rather than in the bulk of 

the liquid, the surface temperatures at which nucleation 

takes place are very much smaller than those required for 

homogenous nucleation. Casual observations of nucleate 

boiling show bubble stre'ams originating from specific loca

tions on the heating surface; microscopic observation of 

these locations reveals a cavity or a scratch where a bubble 

nucleates. Carty and Foust [6], Banko££ {7], Clark, Strenge 

and Westwater [ 8] and others -developed the postulate that 

bubbles at a heating surface originate from surface cavities 

in which a gas or a vapour pre-exists as shown in figure (1). 

As heat is added, more vapour forms in the cavity as shown 

in figure (l.a) and a bubble forms and departs as shown in 

figure (l.b), aft~r which liquid closes in over the cavity 

trapping vapour which becomes the nucleus for the next bubble. 

Two cases of different contact angle and opposite curvature 

of the vapour-liquid interface may be considered. In figure 

(l.c) where the vapour pressure is larger than the liquid 

pressure, the cavity if it contains pure saturated vapour in 

thermal equilibrium with the cavity walls, will collapse and 

be completely filled with liquid as the surface is allowed to 

cool below the saturation temperature of the liquid, thus 

becoming inactive. In figure (l.d) where the vapour pressure 

is less than the liquid pressure, the interface recedes into 

the cavity as the surface cools below the saturation temperature 
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(Q:) (b) (C') 

Figu~e (1). The Formation of Vapour Bubbles Over 
Cavities in a Heated Surface 

(d) 
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of the liquid thereby increasing the radius of curvature 

and reducing the vapour pressure. Since the vapou~ pressure 

decreases, its saturation temperature decreases. Consequently, 

the nucleus can be reactivated if the surface is subsequently 

reheated. 

The influence of heat flux-and subcooling on the 

pattern of the active nucleation sites was studied by Sultan 

and Judd [2]. An area of (0.2 x 0.2) inch square was selected 

from the area tested to examine the change in pattern of the 

active nucleation sites with changing heat flux and subcooling 

during a single ~xperimental run. Figure (2) shows the 

influence of three different levels of heat flux on the active 

nucleation site pattern at constant subcooling. As the heat 

flux increased, bubbles continued to originate from the 

nucleation sites already activated and some more nucleation 

sites appeared due to the increase of heat flux. Figure (3) 

shows the influence of three different levels of subcooling 

on the active nucleation site pattern at constant heat flux. 

As the subcooling increased, the active nucleation site 

pattern did not change. 

2~2 Identification of Active Sites 

There are five different site identifying techniques 

which are known at the present time; electroplating, 

observation of thin scale deposits, scanning electron micro

scopy, high speed camera and electrical probe methods. 

The electroplating technique was investigated by 
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Gaertner and Westwater [9] to determine the locations as well 

as the number of active sites up to 17.5 * 10 5 sites/m2. 

Approximately 3 1/2 liters of nickel-plating solution was 

placed in a boiler for a run. A copper heating surface was 

prepared by a series of seven grades of emery paper ending 

with grade 4/0. The technique was based on the electroplating 

phenomena by which an impressed current, at low heat flux 

resulted in a nickel film being plated on the copper surface. 

The electroplating technique indicated the location of the 

active sites, since during the electroplating, vapour bubbles 

originating at the active sites would push the plating 

solution away from the heating copper surface so that very 

little nickel could be plated at the active site locations. 

Then high contrast photographs were taken of the plated 

surface to permit counting of the pinholes representing the 

active sites. However, this technique is restricted to 

electroplating solutions only. 

The technique of observing thin scale deposits was 

proposed by Heled and Orell [10], which great~y facilitates 

the identification and location of active sites over the 

boiling heating surface. This technique was based on the 

observation of thin scale deposits (12.7 * 10- 3 to 

76.2 * 10-
3 ~m) which were formed on highly polished surfaces 

(first polished to a high degree and then electroplated 

with either chrome or nickel). The tap water or distilled 

water which was boiled contained soluble salts which formed 

ring shaped deposits during nucleate boiling. At the beginning, 
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Orell tried this technique using an artificial cylindrical 

pit. The results indicated that the size of the pits 

ranged from 23 * 10- 2 to 78 * 10- 2 ~m at a temperature 

difference of 10°C in the presence of a thermal boundary 

layer of 118 * 10- 2 pm thickness which are in good agreement 

with the theoretical cavity si:ze range predicted by Hsu [11]. 

Using this technique, active site density could be obtained 

up to 15.7 * 104 sites/m2. Furthermore this technique 

can be used for different fluids in the presence of a highly 

polished heating surface as long as sufficient salts can be 

dissolved. 

Nail, Vachon and Morehouse [12] used the scanning 

electron microscope technique to identify the location of 

active sites over the heating surface which was made from 

cold rolled, 304 stainless steel. A-C power was controlled 

so that the first twelve to twenty active sites formed on the 

heating surface remained on the surface sufficiently long to 

allow the bubble locator to be positioned over the center 

of the selected bubbles, the positions of all the centers 
• 

were recorded and the stainless steel heating surface was 

removed for study in the scanning electron microscope in 

order to measure the cavity size. This technique is restricted 

to low heat flux conditions only. 

The high speed camera technique has been used by many 

intestigators in order to. study the boiling phenomena. Using 

this technique the location of the active sites over the 

heating surface can be determined. Recently, Judd [13] 
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studied the boiling of dichloromethane (methylene chloride) 

on a borosilicate glass heating surface coated with a half 

wave length thickness of stannic oxide, using a high speed 

camera operating at 4000 frames per second. The location 

of active sites were obtained for different levels of heat 

flux and subcooling under atmospheric and subatmospheric 

pressures. The location of the active sites for saturation 

conditions under atmospheric pressure obtained by Judd's 

work is represented in figure (4). This technique was found 

to be suitable only for organic liquids such as carbon 

tetrachloride and dichloromethane which would not attack the 

glass heating surface coating. Photographic studies of water 

boiling on·a metal heating surface cannot be performed by·using 

a high speed camera technique. The boiling of water 

at atmospheric pressure on a horizontally electrically heated, 

1 nun stainless steel sheet, was studied by Sgheiza and 

Myers [14] using a high speed infrared camera operating at 

15 to 60 frames per second. According to the appearance of 

the temperature contours on the underside of the boiling 

surface observed with the infrared camera, it was possible to 

identify the active· site locations during boiling. For the 

boiling of organic liquids on metal surfaces the active site 

locations can be obtained using the infrared camera. Raad and 

Myers, [15] studied the boiling·of methylene chloride 

at atmospheric pressure on a metal surface consisting of an 

electrically heated 1 mm stainless steel sheet. Active 

nucleation sites were located and counted by photographing 
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changing colour patterns in the liquid crystals that coated 

the underside of the thin heater for heat fluxes up to 
2 75.7 kW/m . 

Finally, the electrical probe technique which is 

widely used for obtaining information on the flow structure 

in two phase gas-liquid flows as presented by reference [16] 

may be used to advantage. The behaviour of a vapour void on 

a horizontal heating surface which· includes the distributions 

of time-average void fraction and the thickness of the liquid 

rich layer were studied by Iida and Kobayasi [17] using an 

electrical probe technique. The conductance probes, which 

depend for their operation on the fact that the electrical 

conductivity of a two phase mixture is strongly dependent on 

t·he phase distribution can be used fo~ flow regime study, 

since the electrical conductivity of the vapour phase is 

significantly different from that of the liquid phase. 

Consequently the probe technique can be used to identify the 

active site locations. Recent;ly Sultan and Judd [2] used the 

bubble detection probe technique to identify the location of 

the active sites in order to study the spatial distribution 

of the active sites as well .as the bubble flux density. 

Boiling of water at atmospheric pressure on a single copper 

surface was performed for different levels of heat flux and 

different levels of subcooling. The distribution of the 

active sites at heat flux 166 kW/m 2 and 1.7°C subcooling 

is presented in figure (5). The influence of changing carrier 

frequency on the bubble detection probe response is represented 
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in figure (6). More recently Shoukri and Judd [18] studied 

the effect of the cavity size on the bubble emission fre

quency. The bubble detection probe was used to determine 

the locations and the bubble emission frequency as well at 

different active sites for boiling of water and isopropyl 

alcohol on a single copper surface having two different surface 

finishes. 

2.3 Interaction of Nucleation Sites 
in Nucleate Boiling 

The only direct reference available for the inter

action of nucleation sites is Chekanov [1], ~ho experimentally 

studied the interaction between two artificial nucleation 

sites in water boiling at atmospheric pressure. The time 

elapsed between the start of bubble growth at two neighbour

ing artificial nucleation sites was obtained using the analysis 

of the photomultiplier signals corresponding to the formation 

of bubbles above the surface. The water was boiled on a very 

thin permalloy plate with 20 p thickness and dimensions of 

1 x 4 em. Two heated copper rods, 1.4 mm diameter and 4 mm 

length were located beneath the permalloy plate to act as 

artificial nucleation centers. The heated rods could be moved 

relative to each other in order to change the distance between 

them. Chekanov analysed experimental measurements of the 

time elapsed between the start of bubble growth at two neighbour-

ing nucleation sites as a random variable using statistical 

methods and found that the results followed a Gamma 
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distribution 

P(-r) 

where P(-r) is the probability density function 

v is the shape parameter 

A is the scaling parameter 

Chekanov found the shape parameter v to be a function of the 

different spacings as shown in figure (7). At a distance 

greater than three times the bubble maximum diameter there 

was "attractive" interaction in which v was found to be less 

than unity (v<l) and the growth of a btibble on one center 

enhanced the growth of a bubble on the other. For a distance 

of less than three times the bubble maximum diameter there 

was "repulsive" interaction in which v was found to be greater 

than unity (v>l) and the growth of a bubble on one center 

inhibited the growth of a bubble on the other. Chekanov 

postulated that the formation of bubbles •£fected one another 

by acoustic action and hydrodynamic mixing. At distances 

between the two nucleation sites much greater than maximum 

bubble diameter there were no interactions, probably because 

the acoustic effect is of little importance under these 

boiling conditions~ 

2.4 Bubble Flux Density 

The bubble flux density distribution on the heating 

surface is the indirect source of information about the 
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behaviour of the bubble formation process. The fact that 

very little bubble flux density data exists may be due to 

the fact that knowledge of the frequency of vapour bubble 

emission is not very extensive. Voutsinos [52] studied the 

influence of heat flux and subcooling upon the bubble flux 

density. For dichloromethane boiling on a glass surface, 

Voutsinos showed that the bubble flux density increases with 

increasing heat flux in agreement with Judd and Hwang [19]. 

For increasing subco·oling Voutsinos' results for the same 

surface/fluid combination were found to be contrary to Judd 

and Hwang's results, perhaps because of different methods 

of computing the average frequency of vapour bubble emission. 

Recently Sultan and Judd [2] studied the bubble flux density 

for boiling of water at atmospheric pressure on a single 

copp~r surface at different levels of heat flux and subcooling. 

A typical distribution of bubble flux density is shown in 

figure (8). The percentage cumulative bubble flux density 

versus the percentage cumulative area for the heating surface 

is shown in figure (9). It is seen that the effect of sub

cooling is quite small but that the effect of heat flux is 

significant. The bubble flux density was observed to be 

non-uniformly distributed on the heating surface as shown in 

figure (9). Consequently, there was a tendency for the bubble 

fLux density distribution to become uniform at high heat 

flux, in which case ten percent of the area would contribute 

ten per~ent of the bubble flux density. 

It can be deduced from,Sultan and Judd~s [2] results that 
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at the lower level of heat flux the bubble flux density must 

have been distributed in cluster form, perhaps because the 

formation of bubbles at one nucleation site enhanced the 

formation of bubbles at surrounding nucleation sites. 



CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

The apparatus used was built by Wiebe [20], in 

1970 to measure the liquid temperature distribution per

pendicular to the heating surface .. The apparatus is capable 

of: 

1. Boiling water up to a maximum heat flux of 470 kW/m2. 

2. Subcooling the bulk liquid by at least 20°C at 

the maximum heat flux conditions. 

·3. Obtaining unidirectional heat flow normal to the 

boiling surface. 

The apparatus was later modified by Sultan [21] to examine 

the active site distribution and bubble flux density over 

the heating surface, and in the present study the apparatus 

was modified once again, changing the bubble detection probe 

in order to meet the requirements for studying the interaction 

of the nucleation phenomena at adjacent sites. The modified 

apparatus used was capable of: 

1. Accurately determining the active site locations 

with the capability of locating them. 

2. Accurately determining the distance between the two 

neighbouring active sites. 

3. Allowing the measurement of the time elapsed between 

the start of bubble growth at two neighbouring active 

sites. 

24 
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4. Allowing observation of the bubble formation regions. 

3.1.1 Boiler Assembly 

The sectional view of the complete boiler assembly 

is presented in figure (10). The vessel was made from 

schedule 40· stainless steel pipe, 45.7 em in length by 

20.3 em inside diameter. Two stainless st.eel flanges 1. 9 em 

in thickness were welded on the outside diameter at both ends 

of the pipe. A stainless steel cover plate 1.3 em in thick

ness by 29.2 em in diameter was attached to the flange at the 

top end of the vessel with eight cap screws which compressed 

a rubber gasket between the flange and the cover plate. Two 

circular sight glass windows 2.5 em in diameter were located 

diametrically opposite, on the axis of a high intensity lamp 

at a level which permitted observation of the two bubble 

probes.over the heating surface. 

The heater block was made from a copper cylinder 15.0 

em in diameter reduced to 5.0 em at the boiling surface. 

Thirteen "Firerod" cartridge heaters (Watlow Electric Manu

facturing Company) with a total power rating of 4000 Watts 

were installed in symmetrically located holes in the base of 

the copper heater. A stainless steel skirt 0.3 em in thickness 

was brazed flush with the top of the copper block to provide 

a continuous extension of the boiling surface. A stainless 

steel flange welded inside the vessel supported the skirt 

and positioned the heater block within the vessel. Eight 

cap screws served to compress an "0" ring seal which provided 
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a water tight joint at the flange. 

The present investigation required that the sub

cooling in the bulk liquid be varied. This condition was 

satisfied by using a single pass heat exchanger comprised 

of eight 0.5 em diameter stainless steel tubes, semi

circular in shape, brazed between two stainless steel pipes 

and located 2.5 em from the skirt to provide the bulk 

subcooling. Appendix (B) shows the locations of the two 

thermocouples used to measure the bulk liquid temperature. 

To condense the vapour which formed at the free surface of 

·water, a single pass condenser comprised of two 0.5 em dia

meter of stainless steel tubes arranged in a semi-circular 

form between two stainless steel pipes was positioned 2.5 em 

below the cover plate. The cooling water flow rate throu_gh 

each of the coils was controlled by needle valves. The 

vessel was fitted with a vent located on the cover plate to 

allow any non-condensed vapour to escape to the atmosphere 

and also to keep the applied pressure at·the atmospheric level. 

To minimize the heat flow in the radial direction 

through the heater block, vermiculite was located between 

the heater block and the vessel. Furthermore, to minimize 

the heat lbss from the outer wall of the vessel, 3.6 m of 

7.5 em wide ~eating tape (Electrothermal Engineering Limited, 

Model HT 362) with the capacity of 500 Watts was helically 

wrapped around the vessel to serve as a guard heater. 

Fiberglass insulation 3.8 em in thickness covered the guard 

heater and the vessel, which was then covered with light 
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gaugegalvanized steel sheet. An asbestos disc was attached 

to the bottom of the heater block to minimize the heat loss 

in the downward direction. 

The bubble probe assembly described in Appendix (G) 

was mounted on a vertical positioning mechanism to control 

the vertical distance between probe tips and the heating 

surface. 

Photographs showing three different views of the 

test assembly and associated equipment are presented in 

figures (11), (12) and (13). 

3.1.2 Temperature Measurement System 

Chrome! constantan thermocouples were selected 

because the EMF characteristic for this combination of materials 

is large, approximately 36 p Volts/°F. Two 36 gauge nylon 

insulated chrome! constantan thermocouples insertedin stainless 

steel tubes were used to measure the bulk liquid temperature. 

Both thermocouples were introduced into the vessel through 

rvswagelok" fittings in the cover plate at s~o em radius 

from the vessel centerline and were located at levels of 5.0 

em and 10.0 em respectively above the heating surface. Eleven 

additional thermocouples were used to measure the temperature 

at various other locations. To determine the axial temperature 

gradient in the copper block near the heating surface, three 

thermocouples A, B and C as shown in figure (14) were inserted 

in the block centerline at approximately 0.6 em intervals from 

the heating surface. The radial temperature distribution in 
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Figure (11) Nucleation Site Location System 
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Figure (12) Experimental Arrangement 



Figure (13) Experimental Arrange~ent 
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the neck of the copper block was measured by three thermo

couples D, E and F as shown in figure (14) located at 0.6 em, 

1.3 em and 1.9 em radii from the axis in the plane per

pendicular to the axis 1.3 em below the heating surface which 

included thermocouple B as well. These six thermocouples 

were constructed of 30 gauge thermocouple material as shown 

in figure (15). Bare 30 gauge thermocouple wire was threaded 

through lengths of 0.16 em diameter two-hole ceramic insulators. 

A drop of Epoxy cement was used to hold the wires in place in 

the insulator. A small lipped collar of brass was cemented 

to the ceramic insulator in such a position that when the 

thermocouple was fully inserted into the positioning hole, 

the sensing junction was press'ed firmly against the bottom 

of the hole. Three spring loaded wires were used to hold the 

six thermocouple assemblies snugly in place. Another thermo

couple was located in the center of the cartridge heater cluster 

to provide a check on the maximum block temperature. Two more 

thermocouples were placed at different radii one on the copper 

block, the other on the vessel wall in the vermiculate 

insulation in order to check on radial heat loss from the 

copper block and two thermocouples were soldered to the 

underside of the skirt in 0.3 em deep holes at 4.5 em and 5.7 

em radii respectively. A typical thermocouple circuit is 

shown in figure (16). To conserve chrome! constantan wire, 

a transition was made to single strand nylon insulated 

thermocouple grade copper wire at ice baths in all thermocouple 
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circuits. The leads were connected to the center post 

of copper knife switches which directed the output in either 

of two directions. The first direction connected to the 

twelve channel Honeywell recorder (Model #15303836) capable 

of reading with an accuracy of ! 0.1 millivolt. The second 

direction connected to a single channel manual balanced 

Honeywell potentiometer (Model #2745) capable of reading with 

an accuracy of ! 0.01 millivolt. Figure (17) shows the 

thermocouple switching arrangement in both directions. In one 

direction, ten thermocouples were connected to ten channels 

of the twelve channel recorder. In the other direction, 

fourteen terminals were connected in parallel to allow connection 

to the manually balanced potentiometer to obtain the reading 

of each thermocouple individually. 

3.1.3 Power Circuitry and Measurement 

Two separate circuits were used to power the appara

tus. The first circuit controlled the block heaters as shown 

in figure (18.a). The line voltage was applied directly to 

a 110 Volt, 2.1 maximum KVA (Superior Electric Company, type 

226T) "Powerstat" variable output autotransformer, which 

controlled the power input to the thirteen "Firerod" block 

heaters.- A wattmeter was used to measure the power dissipated 

in the heaters which were connected in parallel. A 10 Ampere 

fuse was used as indicated for protection and an indication 

lamp was installed in the circuit to show that the line voltage 

was applied to the primary windings of the "Powerstat". 
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The second circuit controlled guard heaters as shown 

in figure (18.b). The line voltage was applied directly to 

a 110 Volt, 1.4 KVA "Powerstat" variable output autotransformer, 

which controlled the power input _to the guard heaters. A 

3 Ampere fuse was used as indicated also for protection and an 

indication lamp was installed in the circuit to show that the 

line voltage was applied to the guard heaters. A wattmeter 

was connected before the commencement of testing and a graph 

representing the relationship between the output from the 

autotransformer and·dial indicator was obtained. Afterward, 

during the test program, the wattmeter was disconnected from 

electric circuit of the guard heaters, and the graph was used 

while adjusting the power setting of the guard heaters. 

3.1.4 Bubble Detection Probes 

Electrical probes are widely used for obtaining 

information on the flow structure in two-phase gas-liquid 

flows as indicated in reference [17]. The conductance probes, 

which depend for their operation on the fact that the electrical 

conductivity of a two phase mixture is strongly dependent on 

the phase distribution, can be used for flow regime detection, 

void fraction measurement, bubble and drop size determination 

and film thickness measurement, since the electrical conduct

ivity of the vapour phase is significantly different from that 

of the liquid phase. 

Two electrical probes were used in the present 

investigation as shown in figure {19) to determine the 
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horizontal distance between the two neighbouring active 

sites and also to obtain the time elapsed between the start 

of bubble growth at the same active sites. 

The tip of each probe represents one electrode while 

the other electrode is the boiling surface itself. In spite 

of the fact that direct current excitation might seem easier 

to control, electrochemical phenomena occur at the electrodes 

which interfereswith the measurement of conductivity. There

fore, alternating current excitation was used instead. 

Appendix (G) presents design details of the bubble detection 

probe assembly. 

A schemati~: diagram of the electric circuit designed 

to obtain the output signal for one probe is shown in figure 

(20). A function generator, Phillips model Z906069, capable of 

generating stable signals up to 11000 Hz was used to generate 

a high frequency carrier signal which was modulated by low 

frequency signals from the probes. The modulated signals 

were detected and filtered through a low pass filter and then 

the two output signals were amplified. Figure (21.a) which 

represents typical probe response at some considerable distance 

from the nucleation site, shows that there was a bridge of 

water between the bubble detection probe and the heating 

surface. The conductance of the medium within the probe-heating 

surface gap decreases as vapour is generated and thus, 

figure (2lob) shows the probe response at a horizontal 

distance of approximately 0.25 mm from the nucleation site 

which yielded the signal shown in figure (2l.c). The observa-
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tion of "strong" fluctuations identified the location of the 

active site. 

3.1.5 Nucleation Sites Locating System 

An "X-Y Stage" provided with two micrometers capable 

of reading '! 2.5 * 10- 3 mm was fixed to the cover plate on 

four supports. The stage·provided a controlled and accurate 

travel of the bubble probe assembly in two normal directions. 

The bubble probe assembly described in Appendix (G) was mounted 

on a vertical positioning· mechanism to control the vertical 

distance between probe tips and the heating surface. 

A telescope was designed as shown in figure (22) with 

10 em equivalent focal lengtho The telescope was mounted at 

the top of the vessel to enable fine adjustment of the probes 

over the active sites when the distance between them was very 

small. 

3.2 Test Conditions 

The experimental part of the present investigation 

was performed for water boiling at atmospheric pressure on a 

single copper heating surfaceD Two different levels of heat 

flux were investigated. For both the lower level of heat 

flux (92.11 kW/m2) -and the higher level of heat flux (192.11 

kW/m2), two different levels of subcooling (0, 7.5°C) were 

studied. For the higher level of heat flux (192.11 kW/m2), 

different sets of active sites were studied individually at 

each level of subcooling, each set consisting of one active 
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site and its surrounding active sites at various distances 

(Sl, SZ, ... ). The separating distances S were varied from 

2.5 mm up to 6 mm. For the lower level of heat flux one set 

of active sites was studied at each level of subcooling. 

A single additional set consisting of an active site 

and its surrounding active sites was studied in detail at the 

lower level of heat flux (92.21 kW/m 2) at three different 

levels of subcooling (0, 6.5, 12°C). 

It was experimentally difficult to distinguish the 

location of active sites over the heating surface due to the 

large number of active sites present for heat flux levels 

greater than 192.11 kW/m2 or due to the decrease of bubble 

departure diameter for levels of subcooling greater than 12°C. 

The nomina~ values of the various parameters investi

gated in the experimental tests described above are listed in 

Table (2) which follows. 

3.3 Test Procedures 

The vessel was filled approximately to a depth of 

15 em with deionized distilled water containing 0.1 gm of 

salt/litre. At the beginning of each test, the level of 

water inside the vessel was checked to confirm the appropriate 

water level. The cooling water valves which were used to 

control the flow rate to the subcooling and vapour condenser 

coils were completely closed. The high intensity lamp, the 

signal generator, the oscilloscope and the signal conditioning 

units were turned on. The signal generator output was adjusted 



49 

TABLE (2) 

NOMINAL VALUES OF TEST CONDITIONS 

Set No. Heat Flux Subcoo1ing 
Q/A fkW/m2) (T -T .)°C s co 

A1 192.11 0.0 

A2 192.11 0.0 

A3 192.11 0.0 

A4 192.11 0.0 

Bl 192.11 7.5 

B2 192.11 7.5 

B3 192.11 7.5 

B4 192.11 7.5 

c 92.21 0.0 
-

D 92.21 7.5 

E 92.21 0 

F 92.21 6.5 

G 92.21 12 



so 

to 11 kHz and 10 Volts. The oscilloscope time scale was 

adjusted to 0.05 second/division and voltage scale to 

1.0 Volt/division. The amplifiers located in the signal 

conditioning units were set to the lowest amplification 

values. The bubble detection probe assembly with a separation 

distance S equal to zero was lowered until the tips came in 

contact with the heating surface, after which it was raised 

a very small distance. The gap between the tips of the bubble 

detection probes and the heating surface was maintained at 

approximately 0.25 mm. The X-Y stage was used to move the 

bubble detection probe assembly in different directions to 

check that there was no. contact between the probe tips and 

the heating surface. 

A copper block heater setting of approximately 470 

kW/m2 was established to heat up the boiler assembly quickly. 

In all the tests, the guard heaters were set to yield a heat 

input of 125 Watts. All the thermocouples were switched in 

the direction of the recorder after which the recorder was 

turned on. A warm up time of approximately two hours was 

allowed to el~pse in order to achieve steady state conditions, 

and ensure that the nucleation sites were properly activated 

at the beginning of each test, after which the heat input was 

reduced to the desired level. Appendix (A) shows how the rate 

of heat transfer was calculated. Two hours were required for 

the syst~m to regain steady state after ~ change in heat flux 

or subcooling took place. The attainment of thermal equilibrium 

was indicated by invariant measurements of the different 
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thermocouples which were located at different places in 

the boiler assembly. It was found that the water bulk 

temperature was sensitive to the vapour condenser and the 

subcooling systems especially at lower level of heat flux. 

Consequently, care was taken to set the cooling water flow 

rate to minimize the interdependence. Once conditions had 

attained steady state, the individual temperature readings 

were measured by the manually balanced potentiometer. The 

individual temperatures were measured twice, once at the 

beginning and again at the end of each test. The average 

of each set of measurements was recorded. The reading of 

the barometric pressure was obtained in order to compute the 

saturation temperature of the water corresponding to the 

atmospheric pressureo 

In order to place the first probe on an active site, 

the X-Y stage was used as indicated below. The Y micrometer 

was fixed at one position and the X micrometer was moved very 

slowly until a significant deflection in the_ signal appeared 

in the first channel of the oscilloscope screen~ X and Y 

micrometers were moved very small increments in both directions 

until a strong deflection in the signal appeared. The second 

bubble detection probe was moved horizontally relative to the 

first probe, establishing a small separation distance S by 

advancing the mechanism as described in Appendix (G) after 

which the second probe was moved along the periphery of 

circular with a radius S until another active site was encounteredo 
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The separating distance S between the probes was equal to 

the distance between the two bubble centers when a strong 

signal appeared on the second channel of the oscilloscope 

screen. Similarly other surrounding active site locations 

were determined. The distance separating the probe tips 

was measured after each test with an optical comparator to 

a precision of ! 2.5 * 10- 3 mm in order to obtain an accurate 

value for the separating distance S. 

As the signals from the two probes were transmitted 

to the oscilloscope, the signals were also transmitted to the 

DECLAB 11/03 digital computer. The process of digitizing 

consists of converting continuous data into discrete data 

numbers. For each signal, a 1000 value data sample was stored 

in the digital computer memory for subsequent analysis to 

calculate the time elapsed between the start of bubble growth 

at two neighbouring active sites using cross-spectral density 

function analysis and cross-correlation function coefficient 

analysis. The experiment was repeated for the same test 

conditions and each time a new set of 1000 values for each 

signal was stored in the computer memory for similar analysis. 

The signals were assumed stationary and consecutive 

cumulative averages for the power spectrum, amplitude and 

phase of the cross-spectrum and the cross-correlation function 

coefficient were taken until invariant distinct peaks were 

observed. 



CHAPTER 4 

STATISTICAL SIGNAL PROCESSING 

The following chapter describes the methods used 

in calculating the time elapsed between the start of bubble 

growth at two neighbouring active sites. The first method 

was based upon the analysis of the cross-spectral density 

function and the second method was involved with analysis of 

the cross-correlation function coefficient. As mentioned 

previously in Chapter 3, the signals from the two probes were 

transmitted to an oscilloscope in order to assist in locating 

the probes over two neighbouring active sites. At the same 

time the signals were transmitted to the DECLAB 11/03 digital 

computer for subsequent analysis. 

4.1 Digitizing of Continuous Data 

The computer signal processing consisted of digitiz

ing each of the two continuous signals depicted in figure (.23) 

into discrete numbers and arranging them into consecutive 

records. An illustration of equispaced sampling that converts 

continuous data into discr~te data is shown in figure (24). 

The sampling interval (h) for both signals was chosen 

such that 

h = 1/2 fc (4.1) 

where fc is the cutoff frequency. 
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In the process of digitizing continuous signals the sampling 

interval h must be small enough so that "aliasing" will 

not be a problem. For example, suppose that we are observing 

some response signal that contains both high and low 

frequency components. If this response contains a 100 Hz sine 

wave and another signal of, say, 50 Hz, the sampling rate 

must be enough to pick up details from both signils. According 

to the sampling theorem, we must sample a sine wave twice per 

cycle to define it unambiguously. Thus we must sample the 

50 Hz sine wave which has a period of 20 milliseconds, at 

least once every 10 milliseconds. This requires a sampling 

rate of 100 samples per second. The consequences of not 

sampling at a high enough rate are shown in the following 

figures. , Figure (25. a) shows a sine wave sampled at just the 

cutoff frequency fc. Figure (ZS.b) shows a frequency somewhat 

higher than the cutoff frequency, which may be represented as 

fc + a£. Figure (25.c) shows a third frequency fc - a£ which is 

just the same amount below fc. Each of these three frequencies 

is sampled at just the cutoff frequency, fc. 

It is clear from either tracing or inspection that 

the data which the computer digitizes at the frequency fc + af and 

fc - a£ are identical. In fact, the points have exactly the same 

amplitude in the two cases, leading to the misidentification 

of a frequency fc + a£ as being fc - df. This phenomenon is 

known as "fold-back", or "aliasing", and can be avoided only 

by choosing a sampling rate which is at least twice the cutoff 
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frequency. In the present study, neither signal contained 

frequencies greater than 250 Hz and the cutoff frequency 

was taken as 500 Hz for the sake of accuracy in the subsequent 

analysis. The resulting sampling rate as 1000 samples per 

second and the sampling interval was equal to 1 millisecond. 

For each set of data, the mean value IT as represented 

by· equation (4.2) was calculated 

where 

N is the number of data samples 

un are the data values 

1st signal un = xn 

2nd signal un = Yn 

(n = 1,2, ... ,N) 

(n = 1, 2, ••. N) 

( 4. 2) 

and subtracted from each data point. Accordingly the two 

sets of data wer·e stored in the digital computer memory in a 

difference form for subsequent analysis. The advantage of 

using this difference technique is that the cross-correlation 

function coefficient goes to zero very quickly after a signifi

cant peak has occurred, and then oscillates about zero with 

a well defined period. 

4.2 Measurement of the Time Ela~se 

Two methods of data processing have been used in the 

present study to obtain the time difference between the start 

of bubble growth at two neighbouring active sites involving 
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measurement of the time difference between the activity in 

two sets of signals cau~ed by the formation of vapour bubbles. 

These methods are based on the cross-spectral density 

function and the cross-correlation function coefficient res-

pectively. Tw~ IMSL subroutines (FTFREQ and FTAUTO) have 

been used to calculate the mean, variance, autocovariance, 

autocorrelation and power spectrum of the individual series, 

as well as the cross-covariance, cross-spectrum, amplitude 

and phase of the cross-spectrum and coherence square of the 

two time series. The distinct peak locations in both cross

spectral density function. and cross-correlation function 

coefficient have been noted. The experiment was repeated for 

the same test conditions and each time a new set of 1000 

samples for each series was stored in the computer memory for 

similar analysis. Consecutive cumulative averages have been 

taken for the power spectrum, amplitude and phase of the 

cross-spectrum, cross-correlation function coefficient and 

coherence function until invariant distinct peaks were observed. 

The number of 1 millisecond correlation lag or lead values 

was specified equal to 100 in order to cover the bubble cycle 

time (growth and waiting time). 

The two methods for determining the elapsed time T 

are outlined in detail below. 

4.2.1 Determination of Time Elapse by Cross-Spectral 
Density Function Analysis 

The cross spectral analysis of two simultaneously 
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recorded time series provides information on the relation-

ships between them in the form of estimates of amplitude 

and phase shift as functions of frequency. The cross-

spectrum is simply defined as the Fourier transform of the 

cross-covariance for the two sets of time series x(t) and y(t). 

The cross-covariance for nonzero mean values can be defined 

by 

( 4. 3) 

and in the case of zero mean values the cross-covariance 

becomes 

(4.4) 

The cross-spectral density function for a continuous 

signal is defined as 
CQ 

=! ( 4. 5) 

-co 

The cross-spectral density function for discrete data 

processes is defined as 

co -j2'11"fl" 1 1 
S xy (f) = h L Rx ( 1" ) e , - 211 5.. f < -zn 

T=-co Y 
(4.6) 

This cross-spectrum is a complex quantity such that: 

( 4. 7) 

where the real part, Lxy(f), is called the co-spectral density 



61 

function and the imaginary part, Qxy(f), is called the 

quadrature spectral density function. Therefore it is more 

convenient to express the cross-spectral density function in 

complex polar notation such that: 

(4.8) 

where: 

ISxy(f)l is the cross-spectral amplitude and exy(f) 

is the cross-spectral phase shift. 

The cross-spectral amplitude ISxy(£)1 shows whether 

the frequency components in one series are associated with 

large or small amplitudes at the same frequency in the other 

series. Similarly, the cross-spectral phase shift exy(f) 

shows whether the frequency components at any frequency 

in one series lags or leads the components at the same fre

quency in the other series. Accordingly 

IL 2 (f) + Q 2 (f) xy xy (4.9) 

(4.10) 

The measurement of time difference between the start 

of bubble growth at two neighbouring active sites is one of 

the possible applications for a cross-spectral density function 

analysis. The time difference between the activity in the 

two time series x(t) and y(t) at any frequency f will be 

given by 



T = a (f)/Zttf xy 
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(4.11) 

In the computer analysis of the present investigation, the 

phase shift is represented in fractions of a circle between 

0 and 1 and the amplitude is represented in fractions of 

the ratio of the amplitude at any frequency f to the largest 

amplitude in the cross-spectral density function. 

The values of the spectral density function for each 

signal x(t) and y(t) and the cross-spectral density function 

have an undesirable property that their variances are 

dominated by a constant term which does not tend to zero as 

the record length increases. Hence the auto-power spectrum 

and the cross-power spectrum must be smoothed using a 

spectral (lag} window. The Hanning lag window method was used 

to eliminate discontinuities at the ends of the signal 

record. Multiplying the signal by the function 

1
1 1 27rn I 2 - 2 cos (N-l) , where 0 ~ n ~ N-1, a modified signal 

was obtained, which has zero values at both ends of the signala 

4o2.2 Determination of Time Elapse 
Function Coefficient Analysis 

by Cross-Correlation 

The cross-correlation function Rxy(T) for two sets of 

data describes the general dependence of the values of one set 

of data on the other. An estimate for the cross-correlation 

function of the values of a continuous signal x(t) at time t 

and a continuous signal y(t) at time (t+T) may be obtained 

by taking the average product for the two zero mean values 
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over the observation timeT as T approaches infinity. 

lim 
T->oo 

0 

x(t) y(t+-r) dt (4.12) 

Estimates for the cross-correlation function are computed 

from discrete values of the signals x(t) and y(t). For the 

case where the series xn(t) leads the series Yn(t) by time 

increment -r, where T = 0, 1, ... ; N-1, the cross-correlation 

function is given by 

N--r-1 
R ( -r) = Nl ~ xn ( t) Yn ( t + T ) 

xy ~0 
(4.13) 

For the case where series yn(t) leads xn(t) by time increment 

T, where T = -1, -2, -N+l, the cross-correlation function 

is given by 

N-1 
R ( T) = Nl )" X (t) y (t+-r) 

xy ~=ITI n n 
(4.14) 

The cro~s-correlation function coefficient can be 

defined as 

(4.15) 

where 

is the auto-correlation function for series.x(t) 

at a displacement T = 0 (variance of x(t) series). 
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is the auto-correlation function for series 

and 

y(t) at a displacement ~ = 0 (variance 

of y(t) series),. 

-1 < p. c~J < 1 - xy -

The function Pxy(~) measures the degree·of linear 

dependence between series x(t) and series y(t) for displace

ment of ~ in the i(t) series relative to the x(t) series. 

The measurement of the time elapsed between the start of 

bubble growth for the two neighbouring active sites is one of 

the possible applications for a cross-correlation function 

coefficient analysis. 

4.3 Confidence Limit on the Cross-Correlation 
Function Coefficient 

A crude check was used to see whether the peak values 

of the cross-correlation function coefficient Pxy(T) were 

significant which was done by comparing the corresponding 

cross-correlation estimates with their approximate standard 

errors obtained from a formula by Bartlett [78] as mentioned 

in reference [22] given by: 

(4.16) 

on the hypothesis that the two processes have no· cross-

correlation., 

The confidence limit is calculated for the unknown 



65 

variance of pxy(-r) to find a region within which we can be 

95% confident that the true value of Pxy(-r) equal to zero 

lies. 

The 95% C.I. on Pxy(-r) = 0 can be calculated for 

99 degrees of freedom by 

( 4 .17) 

In the calculation of the time elapsed between the 

start of growth at two neighbouring active sites, all the 

values of Pxy(-r) within the confidence interval have been 

ignored and only those which exceed the confidence interval 

have been considered to be significant. 

4~4 Signal Processing Flowchart 

A flowchart of the data processing technique is 

presented in figure (26). 

4.5 Representative Example 

The experimental data for the elapsed time (-r) was 

obtained using cross-spectral density function analysis and 

cross-correlation function coefficient analysis as discussed 

previously. Figure (27.a,b) shows an example of the data 

which was obtained from S = 4.2 mm after several cumulative 

averages had been taken for the results. - The autopower 

spectrum of the signal x(t) indicates that the predominant 

frequency in this series is approximately 18 Hz and the 

autopower spectrum of the signal y(t) indicates that the 
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predominant frequency in this series is approximately 

13 Hz. Analysis of the cross-spectrum amplitude indicates 

that the first significant spike which is present in the 

correlation between the activity in x(t) and y(t) where x(t) 

leads y(t) occurs at fxy = 10 Hz. Analysis of the cross

spectrum phase shift at fxy = 10 Hz indicates that the phase 

shift axy is approximately 0.55. Since the computed value 

of the phase shift was expressed in fractions of a circle 

between 0 and 1, therefore exy = 0.55 * 2 ~ radians so that 

by substitution of the values of fxy and exy in equation (4.11), 

the time elapsed between the start of bubble growth at the 

two neighbouring active sites turned out to be 55 milliseconds. 

The analysis of the cross-correlation function 

indicates a strong correlation between the activity in both 

signals x(t) and y(t) at 55 milliseconds, consistent with the 

value o~tained by cross-spectral analysis in which case it 

may be concluded that site x causes the activation of site y. 

Similarly a strong correlation can also be seen at 

-34 ms in which case site y causes the activation of site x 

as shown in figure (27.b). As far as the present investiga-

tion is concerned, in order to study the effect of one active 

site on its surrounding active sites, only the peaks corres-

pending to the case in which signal x(t) leads the signal 

y(t) were considered. The coherence function didn't play any 

significant role in the present investigation. 



CHAPTER 5 

P~SULTS AND DISCUSSION 

This chapter is devoted to the analysis of the 

experimental data obtained and comparison of the proposed 

theoretical models with the experimental findings. 

In general, during stable nucleation and boiling 

of a liquid at an active site on a surfac~, a periodic 

stream of bubbles is emitted. The time elapsed between 

two subsequent bubble emissions is defined as the bubble 

time period. This time is comprised of two components, the 

waiting time Tw which is the time from the last bubble 

departure to the beginning of the next bubble growth and 

the growth time Tg which is the time from the beginning of 

bubble growth until its departure from the surface. 

The present study concerns time T which is the time 

elapse~ between the start of bubbl~ growth at two neighbouring 

active sites. Because this is an original investigation, 

three different theoretical models have been devised in an 

attempt to explain the experimental findings. The first model 

involves heat diffusion through the water, the second model 

is based upon the disturbance caused by the propagation of a 

pressure pulse in a mixture of water and vapour and the third 

model involves heat diffusion through the heating surface. 

5.1 Experimental Results 

The characteristic boiling curve for the heating 

70 
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surface used in the present study is shown in figure (28). 

The boiling curve represents the relationship between the 

surface superheat (Tw-T
5

) and the heat flux Q/A. The 

experimental part of this investigation was performed for 

boiling water at atmospheric pressure on a single copper 

surface for two different levels of heat flux (92.21 and 

192.11 kW/m2) and two different levels of subcooling 
. . 0 

(0, 7.5 C). Since the present investigation was performed 

to study the .interaction of the nucleation phenomena at the 

adjacent sites, the relationship between the time elapsed 

between the start of bubble growth at. two neighbouring active 

sites T and the separating distance. S was examined. 

Different sets of active sites were studied individ-

ually at each level of heat flux and subcooling, each set 

consisting of one active site and its surrounding active 

sites at various distances (S1 , s2 , ..• ) as shown in figure 

(29). The time elapsed between the start of bubble growth 

at two neighbouring active sites was determined by cross

spectral density function analysis and cross-correlation 

function coefficient analysis as discussed previously in 

Chapter 4. The high heat flux level (192.11 kW/m2) was tested 

first at saturation conditions; due to the vertical and 

horizontal bubble interactions as reported by Moissis and 

Berenson [23] and Kirby and Westwater [24] it was not possible 

to detect any cross-correlation between the two probe signals 

x(t) and y(t). The vertical· and horizontal interactions can 

be reduced by increasing subcooling at the same heat flux 
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level. For the (7~5°C) subcooling condition at the same 

level of heat flux (192.11 kW/m2) it was possible to detect 

a cross-correlation between the two probe signals. The 

regression analysis for the results obtained as shown in 

figures (30, 31, 32, 33) indicates that a weak correlation 

existed between the elapsed time (1) and the separating 

distance (S). Different sets were examined as a preliminary 

study for the lower level of heat flux (92.21 kW/m2) and 

subcooling (O, 7.5°C) for which it was possible to detect 

a stronger cross-correlation between the two probe signals. 

The regression analysis for the results obtained as shown in 

figures (34) and (35) indicates a significant correlation 

between the separating distance (S) and the time elapsed 

(T), such that the time elapsed between the start of bubble 

growth at the two neighbouring active sites increases with 

increasing separating distance between two active sites. 

In light of this significant correlation, a single set 

consisting of an active site and its surrounding active sites 

was studied in detail at the lower level of heat flux (92.21 

kW/m2) and three different levels of subcooling (0, 6.5, 12°C). 

The combined experimental results are presented in figure 

(36). The graph shows the existence of a unique relationship 

between the separating distance S and the time elapse T 

between the start of bubble growth at two neighbouring active 

sites. The dependence of T on S disappears for the three 

-different levels of subcooling after approximately 4.5 mm 

which is about twice the bubble departure diameter in the 
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saturation condition. The values of bubble growth time 

and bubble departure size for the lower level of heat flux 

(92.21 kW/m2) and three different levels of subcooling 

(0, 6.5, 12°C) are represented ·in table (3). The computation 

of the tabulated values is presented in Appendix (H). 

Although the experimental results indicate that the time 

elapsed between the start of b~bble growth at two neighbour-

ing active sites for the three levels of subcooling is greater 

than the corresponding bubble growth time, the interaction 

phenomena between the nucleation site and its surrounding 

active sites may occur after bubble detachment from the heating 

surface. Accordingly, the experimental results were rearranged 

in terms of the separating distance - bubble departure size 

difference (S-Rd) and the time elapsed between the start of 

the bubble growth for the two active sites minus the bubble 

growth period (T-Tg). 

Plotting the data in terms of (S-Rd) versus (T-Tg) 

as shown in figure (37) tends to draw the experimental results 

together into a single curve suggesting that a single relationship 

might fit all the experimental data as discussed later in 

this chapter. 

5.2 Theoretical Analysis and Discussion 

As mentioned before, three different theoretical 

models have been devised in an attempt to explain the experi

mental findings; these models will be discussed in detail below. 
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5.2.1 Heat Diffusion Through the Water 

The approach used in the derivation of this model 

was based upon the propagation of a temperature disturbance 

in the water. As far as the temperature field in the region 

around a growing vapour bubble is concerned, very little 

literature is available. However the temperature field 

around a growing vapour bubble was discussed by Beer et al. 

[25] for Freonll3 (Rl3) boiling under atmospheric pressure 

conditions. High speed motion pictures (1800 and 600 frames 

per second) were obtained with a HeNe-Laser. The interfere

grams show an undisturbed temperature field above the heat 

surface at a considerable distance from the bubble interface. 

The isothermal fringe pattern formation close to the growing 

bubble which they observed can be seen in the photographs 

presented in figures (38.a) and (38.b). As the bubble starts 

to grow, the superheated liquid layer at the surface is pushed 

away from the nucleation site and high temperature liquid 

accumulates at the periphery of the growing bubble on the heating 

surface as shown schematically in figure (39). On the basis of 

this observation, the phenomenon in the present model has been 

approximated by the transfer of heat to the surrounding liquid 

from an instantaneous ring source with strength Q at a radius r' 

in the plane Z = 0 as shown in figure (40). The temperature 

disturbance which results propagates outward through the liquid 

in the radial direction. Throughout this derivation the 

following assumptions were considered: 
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(a) Interference fringe pattern for a growing Freon 113-steam bubble (bubble sequence, 1800 
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1. Nuclei capable of being activated exist at surround-

ing nucleation sites at distances s1 , s2, ... 

2. Only the pair·of sites being investigated interact 

with each other. 

3. Heat diffusing from an instantaneous ring source 

through the surrounding liquid propagates in the 

radial direction close to the heating surface. 

4. For the purpose of analysis, no heat is transferred 

from the ring source to the heating surface. 

The temperature variation of interest occurs in the vicinity 

of the heating surface, so that the differential equation 

of heat conduction in cylindrical coordinates was considered 

most appropriate to describe the process. Therefore, the 

governing equation becomes 

(5.1) 

The initial conditions are: 

TR. (r, 0) = To r=r' (5.2) 

TR. (r, 0) = 0 rf=r' (5.3) 

The boundary conditions are: 

aTR.(O,t) 
= 0 (5.4) ar 

T
1

(c:o,t) = 0 (5.5) 
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Ingersoll and Zobel [26] provide the solution of 

equation (5.1) for the transfer of heat from a point source 

at r=r' having strength Q such that T
0 

-+ Q/P tc t 
41fa3/3 

at time t = 0 

where a is the radius of the point source. 

(5.6) 

Carslaw and Jager [27] provide the solution of equation (5.1) 

for the transfer of heat from a ring source of strength Q' 

at a radius r' in the plane Z'=O at time t=O by considering 

the ring source as being composed of point sources of strength 

Q which are distributed round the circle r=r' 

aR_ (r,z,t) = (5.7) 

Interpreting this solution to suit the problem by putting: 

Z=O, S=r, 't=t, Rd=r' and a ' = T.fl.-Tsat' then 
!1. 

equation (5.7) becomes 

e ' (S 'L) 
Q'/p.fl.C.t sz+Rdz 

Io 
SRd 

(5.8) = 3/Z exp - (4K T ] CzK -r) R, 
8 ( 'lrK !J. T) R, !1. 

The relationship between the time elapsed from bubble departure 

(-r--rg) and the distance which the disturbance has moved from 

the ring source (S-Rd) can be obtained from equation (Se8) as 

shown in Appendix (C). However the temperature disturbance 

propagated outward in the radial direction through the surround

ing liquid close to the heating surface can be approximated by 
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(5.9) 

Equation (5.9) can be rewritten for water by 

substituting the value of the thermal diffusivity K
1

= 1.685* 

10 ... 4 mm2/ms for boiling water at atmospheric pressure to 

obtain the relationship 

(5.10) 

A comparison between the experimental findings and 

the predictions of the theoretical model based upon heat diffus

ion through the water represented by equation (5.10) is shown 

in figure (41). The predicted values of the relationship 

represented by equation (5.10) imply very slow heat propagation 

because the water has a low value of thermal diffusivity. 

5.2.2 Propagation of Pressure Pulse 

The interaction of the nucleation phenomena at 

adjacent sites was treated in this model by considering the 

disturbance of a pressure pulse caused by the rapid growth of 

a bubble as shown schematically in figure (42). After the 

bubble detaches from the heating surface, the pressure pulse 

starts to propagate outward in a· ~.radial direction. The 

disturbance created consists of compression and rarefaction 

pressure pulses. 

Throughout this derivation the following assumptions 

were considered: 

1. Nuclei capable of being activated exist at surrounding 



100 

E 
10 E -cc"" 

t 
CP) 
~ 

w 
(.) 
z 
<t 
1-
en -c 

0.1 

92 

• • 6T = 0 sub 
c 

0 

~ 6T = 6.5 c 
SUD 

• ~T = 12 c• 
sub 

.... • • a• • ~ 
• A• 

• 

HEAT DIFFUSION IN WATER 

10 100 

TI_ME (T-~) ms 

Figure (41). Comparison Between the Theoretical 
Prediction for Heat Diffusion in the 
Water and the Experimental Findings 



NUCLEUS STANDING AT THE 

CAVITY MOUTH 

EARLY STAGE OF BUBBLE 

GROWTH PERIOD 

END OF BUBBLE GROWTH 

PERIOD 

BUBBLE DETACHMENT AND 

THE FORMATION OF A 

PRESSURE PULSE 

93 

>»J77/7/77%Jfln?//))/))) 

0 1 (0)---... .. a 

a ... 

PRESSURE PULSE PROPAGATION '"7?7777/?/777/77?7? 

Figure (42). Pressure Pulse Propagation Originating 
from an Active Nucleation Site 



94 

nucleation sites at distances s1 , s2 , ... 

2. Only the pair of sites being investigated interact 

with each other. 

3. The pressure pulse propagation has been assumed to 

start at the end of the bubble growth period. 

4. The liquid pressure around the nucleus at the 

neighbouring active site decreases as the pressure 

pulse passes it. 

For a nucleus to become a seed for subsequent bubble growth, 

the size of the nucleus must exceed that of thermostatic 

equilibrium corresponding to the state of the liquid. The 

condition for thermostatic equilibrium at a vapour-liquid 

interface in a liquid can be written as 

p - p 
v· R. 

1 1 = a(R + R) 
1 2 

(5.11) 

where R1 and R2 are the principal radii of curvature of the 

interface. For a spherical nucleus of radius R, equation (5.11) 

becomes 
2a 

=R (5.12) 

When the liquid pressure around the nucleus decreases due 

to the pressure pulse propagation effect, ~ PR. < 0 the force 

created by the difference in pressure between the vapour and 

the liquid exceeds the surface tension force, Pv-PR. > 
2; and 

causes the bubble to start to grow. 

The propagation velocity in a single component two-phase 

mixture has been studied by Karplus [28], Davies [29], Gause 
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and Brown [30] and Grolmes and Fouske [26]. Their experi

mental and theoretical results show that although the velocity 

of the pressure pulse for the liquid state was high, the 

velocity of the pressure pulse in a single-component two-

phase mixture containing a small amount of vapour was extremely 

low. The velocity of pressure pulse propagation for a pure 

substance is usually found by evaluation of the thermodynamic 

derivative 

(5.13) 

where a is the pressure pulse propagation velocity. 

Grouse and Brown [30] determined the velocity of 

pressure pulse propagation ~n a single-component mixture 

(water-vapour) using a finite difference form 

a 2 (6P) 
= go 7lP s (5.14) 

A state (quality) was selected in the two-phase region along 

a given constant pressure line. A second pressure was chosen, 

and a second state, having the entropy of the first state was 

found. The derivative in equation (5.14) could then be 

evaluated. Some general characteristics can be obtained from 

a log-log plot of pressure and density values as shown in 

figure (43). Two typical constant-entropy lines are presented 

in figure (43) for conditions near the saturated liquid and the 

saturated vapour states. Two general conclusions can be 

drawn; the constant entropy lines have a continuous slope in 

both the single-phase and the two-phase regions, with a 
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discontinuity of slope at the phase boundaries. For the 

saturated liquid state there is an extremely large change 

in slope across the phase boundary. This indicates that 

although the velocity of sound for the liquid state is high, 

the velocity of sound for a two-phase state which contains 

a small amount of vapour will be extremely low. Accurate 

thermodynamic data are an obvious prerequisite. Since 

thermodynamic data are usually given in terms of specific 

volume rather than density, equation (5.13) can be rewritten 

as 

a2 go 
2 (~) (5.15) = - v av 5 

It is of interest to consider an alternate form of equation 

(5.15). Using classical thermodynamics, equation (5.9) 

becomes 

(5.16) 

Since constant-pressure and temperature lines are coincident 

in the two-phase region, it follows that 

and 
s - s.f g 
v -v g f 

Thus, equation (5.6) bec.omes 

(-l..) 2 C ) 2 CaT) 
V 

5 £g ----as· v fg 

( 5 .17) 

(5.18) 

(Sel9) 
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The finite-difference forms of equation (5.19) 

requires the evaluation of an ';~ntropy change for a constant-
·j· 

! ' 

volume process between two satu .. ration temp·eratures in the 
_;· 

two-p~ase region. The mass qtiality of a .two-phase state, x 

is de~ined as 

mv 
X = m +m v Jl, 

(5.20) 

The specific volume for such a state ·can b~ written in terms 

of quality x, 

(5.21) 

so that equation (5.19) becomes 

(5.22) 

The results of the pressure pulse propagation velocity 

obtained by Karplus [28] are shown in figures (44) and (45). 

In figure (44) the velocity of the pressure pulse propagation 

is shown as a function of saturation temperature and quality 

in the two-phase region. Along the saturated-vapour line, 

the values of the velocity of the pressure pulse propagation 

are generally between 300 and 600 m/s, consistent with normal 

expectations for the velocity of propagation in pure steam. 

As the quality of the two-phase state decreases, the velocity 

of the pressure pulse propagation decreases rapidly. For 

states along the saturated-liquid line the propagation velocity 

increases from the value of 0.3 m/s at low temperature to a 
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maximum at about 150 m/s near the critical state. For the 

two-phase mixture at the atmospheric pressure the velocity 

of the pressure pulse propagation at quality 0.001 is 3 m/s. 

In the present study the calculation of the pressure 

pulse propagation velocity was based on equation (5.22). All 

physical properties for boiling water were considered at the 

atmospheric pressure. The quality x was calculated as follows. 

X = 1 
p-R. v t 

1+--
Pg VV 

(5.23) 

where 
v 1 _£ = B-1 VR. 

(5.24) 

and 

B 
15 = 

2 N Lg 
1TDd AT LT 

(5.25) 

The-details pertaining to the computation of the quality x are 

presented in Appendix (E}. 

In the experimental apparatus used it was not possible 

to measure the bubble departure size Dd or the bubble growth 

period -rg and therefore these parameters had to be predicted. 

The details of the determination of bubble departure size, 

bubble growth period, bubble cycle time and the active site 

density at the lower level of heat flux can be found in 

Appendix (D). 

For the valu~ of quality obtained (x = 0.000075), th~ 

pressure pulse propagation velocity is 1.3 m/s. A comparison 
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between the experimental findings and the predictions of the 

pressure pulse propagation model is presented in figure (46). 

The predicted values of the relationship (S-Rd) versus 

(T-Tg) using the pressure pulse propagation model gave higher 

values than the experimental findings. 

· 5.2.3 Heat Diffusion Through Surface 

The approach used in the derivation of the present 

model was based upon heat diffusion through the surface. The 

local instantaneous heat transfer coefficient on a heat transfer 

surface has been studied by Barakat and Sims [31]. One of 

their curves is represented in figure (47), and shows that 

during the early stages of bubble growth, while there is an outward 

movement of the _flow field around the bubble interface as shown 

in figure (48.a), the local heat transfer coefficient h increases 

to maximum (at T/Tg = 0.5) and then decreases as the bubble 

interface velocity decreases. The heat transfer coefficient 

goes through a minimum at R (T/Tg =0.7). When the bubble 

leaves the heating surface the liquid moves inward as shown 

in figure (48.b), causing the heat transfer coefficient at the 

heating surface in the vicinity of the bubble periphery to 

attain another maximum (at T/Tg = 1.0) at a period approximately 

equal to the bubble growth time. After the bubble detachment 

from the heating surface, the heat transfer coefficient 

decreases monotonically to its original value. The interesting 

stage in Barakat and Sims' [31] studies as far as the present 

investigation is concerned occurs when the bubble leaves the 
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heating surface. 

The temperature field around a growing vapour 

bubble was presented by Beer et al. [25] as discussed in 

5.2.1. When the bubble starts to grow, the superheated 

liquid layer at the heating surface is pushed away from 

the nucleation site and high temperature liquid accumulates 

at the periphery of the growing bubble. The corresponding 

temperature field in the surface (copper and steel) around an 

active site were computed by Beer et al. [25] as well. The 

temperature of the surface was distorted as shown in figures 

(49) and (SO), at Tw = 0 ms, because most of the heat transfer 

to the growing bubble comes from the heating surface. Figure 

(49) shows that at 20 ms after bubble detachment from the 

copper heating surface, there has not been enough heat cond~c-

ted in the axial direction to achieve surface temperature 

recovery. On the basis of these observations, the phenomenon 

in the present model has been approximated by an instantaneous 

transfer of. heat to the surface in the form of a ring source 

surrounding the bubble base. The temperature disturbance which 

results propagates outward through the heating surface in the 

radial direction, and the differential equation of heat 

conduction in cylindrical coordinates was considered most 

appropriate to describe the heat conduction process adjacent 

to the surface. The idealized model for the heat conduction 

in the surface is represented in figure (51) and figure (52) 

shows the superposition of the temperature distribution result

ing from the instantaneous heat source and the temperature 
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distribution resulting from conduction within the heating 

surface. It is evident that the period required to attain 

the initial wall temperature depends on the wall material 

as shown in figures (49) and (SO). The temperature disturb-

ance caused by the transfer of heat from an instantaneous 

ring source can have an effect in materials which have high 

thermal diffusivity such as copper, but for a material such 

as steel which has lower thermal diffusivity than the copper, 

the temperature disturbance will not be as significant. For 

these materials, the formation of bubbles at adjacent sites 

may not be related and the regeneration of the initial wall 

temperature may depend only on the axial heat conduction within 

the heating surfacee 

Throughout this derivation the following assumptions 

were considered: 

1. Nuclei capable of being activated exist at surround

ing nucleation sites at distances s1 , .s2, ... 

2. Only the pair of active sites being investigated inter

act with each other. 

3. Heat diffusing from an instantaneous ring source 

through the surface propagates in the radial direction 

close to the heating surface. 

4. For the purposes of analysis, no heat is transferred 

from the ring source to the surrounding liquid. 

Therefore, 

(5.26) 
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The initial conditions are: 

T (r,O) = T r=r' s 0 
(5.27) 

T (r, 0) = s 0 r'fr' (5.28) 

The boundary conditions are: 

aTs(O,t) 
0 = ar (5.29) 

T (co' t) = 0 s (5.30) 

The solution of equation (5.26) for an instantaneous 

iransfer of heat from a ring source was provided by Carslaw 

and Jager [27] as discussed in 5.2.1. 

(5.31) 

Interpreting this solution to suit the problem by putting 

z=O, S=r,.T=t, Rd=r' and e~ = 

(5.31) becomes 

6' (S,T) 
s 

T , then equation s 

(5.32) 

The relationship between the time elapsed from bubble departure 

(T-Tg) and the distance from the ring source (S-Rd) can be 

obtained from equation (5.32) as discussed in Section 5.2.1. 

(5.33) 
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Equation (5.33) can be rewritten for copper by 

substituting the value of the f,hermal dif£u~ivi ty Ks = 8.15 

* 10- 2 mm 2/ms' to obtain the .irelationship 

-1'he prediction of this relations·hip and the ·experimental 

findings are presented in figures (53) and (54). The theoreti

cal prediction of the heat diffusion ·through the solid gave 

much better agreement with the experi_mental findings . 

. Comparison between the experim~ntal findings and the 
\ ~:_ . -~ 

three proposed theoretic~! models is pre~ented in figure (55). 

The first two models failed to give satisfactory agreement 

with the experimental results, but the theoretical prediction 

corresponding to heat diffusion through the solid gave good 

agreement with the experimental findings. 

5.3 Implications of the Research 

The experimental results obtained at the lower level 

of heat flux (92.21 kW/m2) and three different levels of sub

cooling (0, 6.5, 12°C) showed that the separating distance (S) 

and the time elapsed (T) between the start of bubble growth at 

two neighbouring active sites were uniquely related, such that 

the time elapsed between the start of bubble growth at the two 

. neighbouring active sites increase·d with increasing separating 

distance. For this particular level of heat flux, all the 

experimental data for the saturated and subcooling boiling condi-

tions plotted as (S-Rd) versus (T-Tg) tended to draw together 
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into a single curve suggesting that a single relationship 

might fit the data. A theoretical model involving heat diffusion 

in the solid close to the heating surface gave good agreement with 

the experimental findings at the lower level of heat flux suggest

ing that this might be the mechanism responsible for the activa

tion of the surrounding nucleation sites. 

As a result of the research performed, it has been proven 

that the bubble nuc~eation phenomenon and the distribution of 

active nucleation sites are related in a manner which is not 

yet completely understood. One implication of this inter

dependence is that the emission of a bubble at a nucleation site 

is governed by the pattern of bubble emissions of all of its 

neighbours within a certain as yet undetermined distance and 

that it is not an isolated event as commonly thought. Hence

forth, it will be necessary to think in terms of "area averaged" 

bubble emission frequencies in the formulation of nucleate 

boiling heat transfer models. Obviously more research is required. 

The investigation re~orted herein only represents the first step 

in a series of experimental and _theoretical studies to· be done for 

the various. liquid/surface combinations at different levels of 

heat flux and subcooling with a number of different applied 

pressures to investigate more general situations. 

It is felt that this sort of investigation will advance 

our knowledge of the boiling phenomena and help to fill the gaps 

between the actual behaviour and the existing models in the 

prediction of boiling heat transfer. 
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APPENDIX A 

ESTIMATE OF HEAT 
TRANSFER RATE 

In the present investigation, two methods were 

used to calculate the rate of heat transfer through the 

boiling surface. The first method considered the rate of 

heat transfer in the neck of the heater block to be deter-

mined by one-dimensional heat conduction using the one

dimensional Fourier conduction equation. The heat transfer 

in the radial direction was minimized by using vermiculate 

as an insulation material, so that it was reasonable to 

assume that 

2 = -k ~ (A.l) 

where k = 251 W/mK according to Wiebe [33] and dT 
<rx is 

the axial temperature gradient measured in the neck of the 

heater block. 

The second method considered the actual rate of 

heat transfer as the total rate of heat generation less the 

rate of heat loss, using the same procedure as Wiebe [20] to 

calculate the rate of heat loss from the system as shown in 

figure (56). 

A.l Skirt Heat Loss 

The heat loss through the skirt QFin is shown in 

figure (56). 
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(A. 2) 

where 

Tf = f (2hcL/k5 t 1) = f(mL) (A. 3) 

The functional relationship between nf and mL 

is given in reference [ 32] . 

ks = 16 W/mK 

he = 738.2 W/m 2K 

tl = 12.7 * 10- 3 m 

do = 19.7 * 10- 2 m 

d. = 5.1 
1 * 10- 2 m 

L = 7.3 * 10- 2 m 

A Fin = 2.8 * 10-z mz 

mL = 15.8 * 10- 2 

-2 Then "£ = 8.5 * 10 so that 

(A. 4) 

A.2 Radial Heat Loss Through Vermiculite 

The volume occupied by the vermiculate can be con

sidered to be comprised of two hollow cylinders for the 

analysis of heat transfer in the radial direction Qvl and QvZ 

as shown in figure (56). The locations of the thermocouples 

used in this analysis is shown in figure (57). 
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A. 2.1 Heat Loss from Neck of the Heater Block 

where 

kv = 83 * 10- 2 W/mK 

11 = 2.5 i; 10- 2 m 

T· = 2.5 ft 10- 2 m 
1 

r3 = 10 * 10-z m 

Therefore 

Qv1 = 0.094 (Tp - TK) 

A. 2. 2 Heat Loss from the Base of the Heater Block 

where 

r2 = 7.6 * 10~ 2 m 

1 2 = 7.6 * 10- 2 m 

Therefore 

(A. S) 

(A. 6) 

(A. 7) 

(A. 8) 

A.3 Heat Loss from the Bottom Face of the Heater Block 

The heat loss from the bottom face Qb as shown in 

figure (56) was minimized by using an asbestos disk of 
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6.35 * 10- 3 m thickness. Accordingly the heat loss becomes 

Qb 
(T I-Ta) 

= 
ta 1 --+ 

kaAb 11caAb 

(A. 9) 

where T a is the surrounding air temperature 

ta = 6.35 * 10- 3 m 

ka = 15.6 * 10- 2 W/mk 

Ab = 3.6 * 10- 2 m2 

Tr,-Ta 
hca = 0.1615 [ a J Reference (32) 

3 
(A .10) 

r 1 , is the temperature of the outside surface of the 

asbestos disk 

d 3 = 0.2 m 

and therefore 

115.66 
1.14 + [T -T ]1/4 

I' a 

(A .11) 

r 1 , is obtained by a trial and error procedure as the heat 

transfer by conduction through the asbestos disk must equal 

the heat transfer by convection from the bottom face of the 

disk. 

A.4 Numerical Calculation 

QT = 400 Watts 
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TABLE (4) 

THERMOCOUPLE READINGS 

THERMOCOUPLE TEMPERATURE 

A 122.50 

B 127.20 

c 132.10 

D 127.15 

E 127.15 

F 127.10 

G 100.00 

H 100.00 

I 155.20 

J 115.20 

K 108.72 

L 101.10 

M 100.50 

oc 
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A.4.1 The First Method 

~~ - 765.3 K/m as shown in figure (58) 

Equation (A.1) gives 

Q/A = 251 * 765.3 = 192.11 kW/m2 

A.4.2 The Second Method 

TFin Base = 101.1 oc 

Equation (A.4) gives 

QFin Base= 1.78 (101.1-100) = 1.95 w 

Equation (A.6) gives 

Qv1 = 0.094 (127.1-108.72) = 1.72 W 

Equation (A.7) gives 

QvZ = 1.38 (115.2-108.72) = 8.94 W 

Equation (A.11) gives 

Q - (155.2-27.2) = 3.51 w 
b - 1 14 + 115.66 

. [142.38-27.2] 174 

= 1.95 + 1.72 + 8.94 + 3.51 = 16.12 w 
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QActua1 = 400 = 16.12 = 383.87 W 

(Q/A) = 189.47 kW/m2 
Actual 

in comparison with 

(Q/A) = 192.11 kW/m2 

giving 1.37% difference. 

The first method values were used to represent the 

value of the rate of heat transfer in the present investiga-

tion. 



APPENDIX B 

BULK LIQUID TEMPERATURE 

In the present investigation it was essential 

to obtain the value of the bulk liquid temperature in both 

saturation and subcooled conditions. This value was required 

for computing the subcooling level in each test. The bulk 

liquid temperature could be determined by considering the 

temperature variation over the heating surface at different 

levels. At a certain distance from the surface, the liquid 

temperature remains constant in both of the saturated and 

subcooled conditions. A preliminary experimental study was 

conducted to obtain the liquid temperature distribution above 

the heating surface using the thermocouple probe shown in 

figure (59) positioned in the water at different levels as 

reported by Sultan [21]. 

Figure (60) shows three temperature profiles for the 

saturated condition obtained at three different radii. 

Additionally, figure (61) shows three temperature profiles 

obtained under conditions of high heat flux level (315 kW/m2) 

and highly subcooled boiling liquid (53.9°C). At a dis

placement of approximately 5 * 10-Z m from the heating surface, 

the three temperature profiles approach a common value of 

100°C for the saturated conditions, whereas for the subcooled 

conditions, the three curves approach a common value of 
0 46.1 C. Consequently, it was felt that the temperature 
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measured at a displacement of 2 * 10-Z m from the surface 

would adequately characterize the bulk temperature. During 

the actual test, thermocouples were located at 5 * 10- 2 m 

and 10 * 10- 2 m from the heating surface at 2.5 * 10- 2 m 

radial displacement. The two measurements taken were averaged 

so that the error resulting from using one thermocouple might 

be reduced. 



APPENDIX C 

PROPAGATION OF A TEMPERATURE 
DISTURBANCE IN A SEMI-INFINITE 
MEDIUM 

In the present investigation the superheated liquid 

layer at the heating surface is pushed away from the nuclea

tion site and high temperature liquid accumulates at the 

periphery of the growing bubble on the heating surface as 

shown schematically in figure (39). On the basis of this 

observation, the phenomenon responsible for the propagation 

of a temperature disturbance has been approximated by the 

diffusion of heat from an instantaneous ring source with 

strength Qat a radius r' in the plane Z = 0, through a 

semi-infinite medium. 

The differential equation of conduction of heat 

in cylindrical coordinates is 

2 
pc aT = k [l ~ (r !I) + a T] 

at r ar ar ;21 

The initial conditions are: 

T (r,O) = To 

T (r,O) = 0 

r=r' 

r#r' 

The boundary conditions are: 

aT(O,t) = O 
ar 
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(C.l) 

(C. 2) 

(C.3) 

(C.4) 
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T (oo,t) = 0 (C. 5) 

Carslaw and Jaeger [27] presented the solution of 

equation (C.l) in the form of 

a'(r,z,t) = Q/ pC . 
8(nKt) 3/Z 

(C. 6) 

Interpreting this solution to suit the problem by putting 

z = 0, S = r, T = t, Rd = r' and e' = T1 - Tsat' then 

equation (C.6) becomes 

6' (S,T) (C. 7) 

The propagation of the maximum temperature disturbance is 

determined by 

ae(S,T) I 
d't' 

s = 
= 0 

canst. 

Consequently from equation (C.7) 

ae'(S,-r)j = 
dT 

S=const. 

1 * +. -:rn: 
T 

+ 1 * e -;m: [-

4KT SRd 
I CzK't') 0 

SRd SRd } a !
0 

( "2KT) 
(C.8) :---z * SR ] 

2KT a C d) -z-;:; 



138 

ae'~~,TJI = Q/pc 
3!2 

S=cons t. 8 ( 1TK -r) 

However 

2 2 [ SRd SRd ] [(s +Rd) - 6KT] - 25 R I ( )/I ( ) - d 1 ~ 0 ~ 

2 [ SRd SRd J (S-Rd) = 6KT - 2S Rd 1- [I 1 Cu:r)/1 0 C2-KT)]. 

SRd 
(2KT) 

(C. 9) 

(C.10) 

(C.11) 

(C.l3) 

(C .14) 

(C .15) 

(C .16) 

SRd 
The function H ( ) has been calculated at different values 2K"t' 
of (SRd/2KT) between 0 to ~ and the results showed that in the 

range of interest 0.5 < SRd/2KT < ~ the function H (SRd/2KT) 
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varies by less than 5% from unity. Therefore the function 

(SRd/2KT) ~ 1, and 

is a good approximation. 

For the present conditions 

T = T-Tg 

Equation (C.l7) becomes 

(C.l7) 

(C.18) 

Equation (C.18) represents the propagation of the maximum 

temperature disturbance in a semi-infinite medium. 



APPENDIX D 

PREDICTION OF ACTIVE SITE DENSITY, BUBBLE 
GROWTH PERIOD, BUBBLE EMISSION FREQUENCY 
AND BUBBLE DEPARTURE SIZE 

The active site density N/AT in nucleate boiling 

has been reported by Sultan and Judd [2], Kurihara and 

Myers [33] and Westwater and Gaertner [9] among others. 

Their results indicated that the active site density increases 

with increasing heat flux. Sultan and Ju4d [2] using the 

present apparatus showed that changes in heat flux and sub

cooling did not affect the pattern of active nucleation sites 

appreciably. For the lower level of heat flux (92.11 kW/m2) 

the value of N/AT is approximately 4 * 10 5 bubble/m2 

according to Sultan and Judd's [8] resultso 

The tapour bubble grows on the heating surface 

until its sile reaches the bubble departure size marking the 
I end of the growth period Tg' i.e., the bubble growth period 

ends when, 

(D.l)~ 

The bubble growth period Tg in the saturation conditions 

was calculated according to the Mikic and Rohsenow [34] 

relationship. For the lower level of heat flux (9loll kW/m2), 

the surface superheat is 17°C and the bubble growth period Tg 

is approximately 5.9 mso In the case of subcooled boiling 

Unal [35] proposed a semi-empirical model to predict bubble 
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growth period for boiling of water at low velocity as 

followso 

1 
't'g = 1.46 bcq, (D.2) 

where cl> = 1 for v < 0.61 m/s -

b 
IJ.Tsub 

= 2(1-pv/p 1 ) 
(D. 3) 

65 for p 0.1 MN/m 2 c ~ = 

At IJ.Tsub = 6.5°C and atmospheric pressure conditions 

b ~ 3.25 

c ~ 65 

'Lg = 3.2 ms 

and at ll.Tsub = 12.0°C and atmospheric pressure conditions 

b ~ 6 .. 1 

c ~ 65 

'Lg = 1.7 ms 

The formation, growth and departure of a bubble 

from an active nucleation site is a cyclical processo 

Therefore the bubble emission frequency is given by 

f = 1 (D .. 4) 
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The bubble cycle time is given by 

(D.S) 

The average bubble emission frequency was measured by 

Sultan [21] for boiling water on the same copper surface 

at atmospheric pressure. At the lower level of heat flux 

(91.11 kW/m2) the average bubble emission frequency is 

approximately 20 bubble/s. Therefore the average bubble 

cycle time TT is approximately SO ms. 

A variety of expressions have been proposed for 

the bubble departure size. In general, most of them are 

based on the Fritz [36] relationship which was derived by 

equating buoyant and surface tension forces. Later 

Staniszewski [37] and Cole [38] modified the Fritz relation

ship, taking into account dynamic affects. The bubble 

departure size Dd for the-saturation conditions was calculated 

according to the Cole and Rohsenow [39] relationship as 

follows 

(D.6) 

where 

C = 1.5 * 10- 4 for water 
* Pi ci Tsat 

J a is a modified Jakob number (P li . ) 
v fg 

Mikic and Rohsenow [34] suggested that ~he prediction 

of bubble departure diameter Dd when detaching from the heating 
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surface using equation (D.6) seems to give the best agree

ment in the whole range of available experimental data for 

a variety of liquids. For water, 

(J = 54.85 * 10- 3 N/m 

PR. = 958 kg/m3 

Pg = 0.597 kg/m3 

Tsat = 373 k 

hfg = 2257 kJ/kg 

Substitution into equation (D.6) gives 

Dd = 2.34 mm 

In the case of subooled boiling the maximum bubble diameter 

was determined according to Rallis et al. (40] who assumed 

that the maximum bubble diameter is proportional to the 

temperature difference between the heating surface and the 

subcooled liquid as follows. 

T -T w sat 
T -T w CX) 

and derived a general equation to predict the heat flux 

in both saturated and subcooled boiling; the prediction 

showed good agreement with their experimental results. 

(D. 7) 

In the present investigation the bubble departure 

sizes for subcooled boiling were obtained according to 

reference [40] . At ~Tsub = 6.5°C, Dd = 1.5 mm and at ~Tsub 
0 = 12.0 C, Dd = 1.1 mm. 



APPENDIX E 

DETERMINATION OF QUALITY IN 
TWO PHASE MIXTURES 

The mass quality of a two phase mixture, x, is 

defined as 

(E .1) 

For a control volume as shown in figure (62) bounded by 

the maximum bubble diameter at departure from the heating 

surface in the vertical direction, and per unit area in the 

horizontal direction the mass quality x for the two phase 

mixture is obtained as follows. The volume of the vapour 

bubbles in contact with the heating surface per unit area 

vv 4 -3 N Tg 
A- = -3 1T R (- -) 

T AT TT 
(E. 2) 

The volume of water in contact with the heating surface 

per unit area 

vt 
2 Rd -

vv 
AT 

= A T 
(E. 3) 

so 

vv 1 = 2 ~ Rd 
[ ] -1 
4 -3 N Tg 
'!1T R --

AT TT 

(E. 4) 
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R3 1 
jg 

R3 (t) dt (E. 5) = 
t'g 

0 

R(t) = A It (E.6) 

where A is constant dependent on the Jakob Number as well 

as the physical properties of the fluid. 

Equation (E.S) becomes 

Letting 

t'g 

R3 A3 J t3/2 
= 

t'g 
0 

R3 = 2 A3 3/2 
"5" t'g 

R3 = 2 R3 
5 d 

B = 

2 Rd 
B = ------

itt*;_R3 1CN _-rg 
3 ;:) d T -rr 

resulting in 

B = 15 

dt (E. 7) 

(E. 8) 

(E. 9) 

(E .10) 

(E.ll) 

(E .12) 

(E .13) 
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From equation (E.l) 

(E.l4) 

X = 1 (E .1 5) 

By substitution of equation (E.l3) into equation (E.lO) 

vv 1 (E .16) vi = 
15 

2 N Lg 
-1 [1rDd 1C -] 

T LT 

For saturated conditions at atmospheric pressure for boiling 

of water 

pi 
= 1602.56 (E .17) 

Substituting equations (E.l6) and (E.17) in equation (E.lS) 

gives 

1 
X = (E .. 18) 

1 + 1602.56 

so that the quality x in the two phase mixture is a function 

of the bubble departure size, active site density and the 

ratio of the growth to- cycle time. 



APPENDIX F 

TIME DELAY CALIBRATION 

The time difference between the start of bubble 

growth at two neighbouring active site~ was calculated 

by cross-spectral density function analysis and cross

correlation function coefficient analysis for the two 

probe signals. The time difference between the activity 

in the two probe signals was considered as the time difference 

between the start of bubble growth at the two different 

active sites. In order to obtain confidence in the computer 

results, a calibration test was done for the time difference 

T o Two sine wave signals with the same frequency and 

amplitude having a varying time shift less than the cycle time 

were transmitted to an oscilloscope and the DECLAB 11/03 

digital computer simultaneously. At the same instant that 

the signals were digitized by the computer, the signals were 

also stored on the oscilloscope screen in order to be able 

to measure the time shift between the two sine wavese The 

digital computer output for the time delay in the two cases 

of x(t) leading or lagging y(t) are shown in figure (63). 

Comparison of these values with the computer obtained values 

for both cross-spectral density function and cross-correlation 

function coefficient analysis are shown in figures (64 and 

65) which indicate that the computer analysis yields the 

correct value of the time elapsed between the start of bubble 

growth at two neighbouring active sites. 
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x(t) Leads y(t) 
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0 0-----+----

0 
T • -4 ms (Computer Readinv) 

- I T = - !1' ms ( Osdlloscope Readng ) 

+I 
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Reading .. 
0 0 

0 

T = 7 ms (Computer Reading) 

-I T =6.9 ms (Oscilloscope Reading) 

TIME LEADS OR L.AGS (ms) 

Figure (63). An Example of the Time Delay Calibra
tion for x(t) Leading or Lagging y(t), 
[Cross-Correlation Function] 
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Figure (64). Time Delay Calibration for x{t) Leading 
or Lagging y(t), [Cross-Correlation 
Function] 
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APPENDIX G 

BUBBLE DETECTION 
PROBE ASSEMBLY 

The single most important component of the appara

tus was the bubble detection probe assembly. Alternating 

current with a frequency of 11,000 Hz at 10 volts passed 

through the 0.007 inch diameter varnished copper wires of 

the probe which were bared to the water or vapour in the 

gap between the heating surface and the tips. It was 

important to use very small diameter varnished copper 

wire and to place the wire tips as near as possible to the 

heating surface in order to detect the bubbles originating 

from the two neighbouring active sites. 

The design details of the bubble detection probe 

assembly are shown in figure (66). It consisted of two 

stainless steel cylinders A and B, 1/2 and 1/4 inches in 

diameter respectively. Cylinder B travelled up and down 

in the vertical direction while cylinder A was stationary 

on the X-Y stage. Probe #1 was made in a conical shape 

having a drilled hole with a diameter of 0.032 inches. A 

stainless steel tube closely matching the hole diameter was 

soldered at the tip of the copper cone in order to support 

the varnished copper wire in such a way as to disturb the 

flow pattern of the bubble emitted as little as possible. 

Probe #2, rotated around pivot 0 and a leaf spring was used 
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PROBE I PROBE 2 

Figure (66). Bubble Detection Probe Assembly 
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to keep the stainless steel tube in contact with the 

bottom of cylinder B. When the handle was rotated~ cylinder 

B moved and positioned the stainless steel tube of probe #2, 

the tube rotated around pivot 0 and a separating distance S 

was established be~ween the probe tips. Any further movement 

of cylinder B caused the separation distance S between the 

probe tips to change. The vertical travel of cylinder B with 

respect to cylinder A was determined with a dial indicator. 

The positioning mechanism which was used for controll

ing the vertical distance between the copper wire tips and 

the heating surface is depicted in figure (67). Figure (68) 

shows the relationship between displacement of the dial 

indicator and the separating distance between the probe tips. 
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Figure (67). Positioning Mechanism 
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APPENDIX H 

EXPERIMENTAL DATA AND RESULTS 
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TABLE (5) 

TABULATION OF THE EXPERIMENTAL DATA 

Test Heat Flux Subcooling Separation Time Elapsed 
No. Q/ A(kW/m2) !1Tsub (oC) Distance S T (ms) 

mm 

Al 192.11 0 2.2 21 
2.7 No Value 
3.7 No Value 
4.2 24 

4.5 No Value 

A2 192.11 0 2.5 No Value 
3.2 No Value 
4.1 No Value 
4.7 No Value 

A3 192.11 0 2.1 No Value 
2.9 10 
3.4 No Value 
4.6 No Value 

A4 192.11 0 2.7 40 
3.4 No Value 
4.1 No Value 
4.5 No Value 
5.1 No Value 

Bl 192.11 7.5 2.30 35.0 
2.80 2.0 
2.50 8.0 

5.00 19.0 

(continued) 
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Heat Flux Subcoo1ing Separation Time Elapsed 
t 

Test 
No. Q/ A(kW/m2) ATsub (oC) Distance S T (ms) 

mm 

B2 192.11 7.5 2.25 18.5 

3.33 37.0 

3.50 7.0 
4.30 15.0 

4.70 38.0 

5.50 36.0 

6.50 14.0 

B3 192.11 7. 5 ' 2.10 20.0 

2.70 11.0 
3.00 10.0 
3.40 28.5 

4.30 15.0 

B4 192.11 7.5 2.90 2.0 
3.40 37.0 

4.10 3.0 
5.30 27.0 

6.60 31.0 

c 92.21 0 3.00 8.5 

3.50 16.0 

4.00 15.0 

5.50 28.0 
6.50 33.0 

D 92.21 7.5 2.00 10.0 

3.00 15.5 

5.50 36.0 

6.'50 40.0 

(continued) 
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Test Heat Flux Sub cooling Separation Time Elapsed 
No. Q/A(kW/m2) ~Tsub (OC) Distance S T (ms) 

mm 

E 92.21 0 2.50 8.5 
3.70 19.2 
4.70 32.6 

5.70 34.0 

6.50 35.0 

F 92.21 6.5 2.50 24.4 
3.70 52.2 
4.70 49.4 

5.70 41.5 
6.50 50.4 

G 92.21 12 2.50 29.4 
3.70 54.3 
4.70 57.3 

5.70 50.0 
6.50 54.8 
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TABLE (6) 

TABULATION OF THE EXPERIMENTAL RESULTS 

Test Heat Flux Sub cooling (S-Rd) ('r-Tg) Noo Q/ A (kW/m2) ~Tsub (OC) 

E 92.21 0 1.33 2.6 
2.53 13.3 

3.53 26.7 

4.53 28.1 

5.33 29.1 

F 92.21 6.5 1.75 21.2 

2.95 49.0 
3.95 46.0 

4.95 38.3 

5.75 47.2 

G 92o21 12 1.95 27.7 
3.15 52.6 

4.15 55.6 

5.15 43.3 

5.95 53.1 



APPENDIX I 

CORRELATION ANALYSIS 

The correlation coefficient between the two vari-

ables T and S is given by 

(I.l) 

The quantity Rxy is a measure of the association between 

the two variables, the correlation coefficient R lying xy 
between -1 and +1. For the case of Rxy = 1, the two variable 

T and S are perfectly positively correlated and the possible 

values of T and S all lie on a straight line, with a positive 

slope in the (T, S) plane. If R =-1 the two variables xy ' 
T and S are perfectly negatively correlated and the possible 

values of T and S again lie on a straight line, with a negative 

slope in the (-r, S) plane. If Rxy = 0, the two variables 

are uncorrelated, that is, linearly unassociated with each 

other. 

In the present investigation the correlation coeffic

ient for the different levels of heat flux and different 

levels of subcooling were calculated according to equation 

(I.l). The computed results are represented in Table (5). 
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:TABLE (7) 

·coRRELATION COEFFICIENT ANALYSIS 

Test n n 
T)2 

n 
E (Si-S) 2 

E ( T.- L (S.-S) (Ti-T") Rxy No. . 1 1 . 1 1 i=1 1= 1= 

Bl 5.345 630.00 -16.50 -0.28 

B2 12.22 1008.32 10.24 0.092 

B3 5.70 319.44 17.51 0.41 

B4 8 .. 97 1071.00 45.60 0.465 

c 8.50 406.20 58.25 0.99 

D 13.24 660.50 93.07 0.99 




