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SCOPE AIID CONTENTS: The boiling heat transfer phenomenon has 

. presented a state of ambiguity regarding 

the role of solid-liquid-vapour interface in the mechanism of 

heat transfer. Recent studies (Sl,Ml) have given an indication 

to the possibility of the vapourization of a microlayer at the 

boiling surface as an alternative to the well-known theories 

based purely on·the hydrodynamic factors. This study is an 

attempt to understand the boiling heat transfer mechanism at 

solid-liquid-vapour interface and to study the effect of inter­

facial properties like surface tension and contact angle on the 

maximum (critical) heat flux. 

The present studies use the technique of changing the 

solid-liquid-vapour interface characteristics of water through 

the use of surface-active agent as additive, to study the boiling 

heat transfer under changed interface conditions. Four different 

surfactants were used at three levels of concentration in water. 

Surface tension and contact angle measurements were carried out 
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using the shadow photographs of pendant drops and sessile drops. 

Boiling heat flux measurements of these surfactant solutions in 

water were carried out using heat-flux meters which were made 

an integral part of the heat transfer surface. Experiments in­

volving pool boiling and the boiling of thin liquid films were 

carried out over the transition and nucleate boiling regimes. 

It has been observed that solid-liquid-vapour interface 

characteristics play a very important role in the boiling heat · 

transfer mechanism. By a suitable choice of type of surfactant 

and concentration, the critical heat flux and heat transfer co­

efficient can be improved markedly. 

It is suggested that the spreading wetting characteristic 

improves the heat transfer rate whereas the increased viscosity 

and decreased thermal conductivity of the liquid microlayer under 

the vapour masses may cause the heat flux to decrease. The 

present study shows significant possibilities for future studies 

in the nucleate boiling, transition boiling and film boiling 

regimes using surfactant solutions. 

-iii-



1. 

2. 

TABLE OF CONTENTS 

INTRODUCTION 

LITERATURE REVIE\v 

2.1 Boiling Heat Transfer 

2.1.1 The Various Boiling Regime s 

2.1.2 Nucle ate Boiling 

(a) Isola t e:i bubble region 

{b) First transition region 

(c) Vapour mushroom region 

(d) Second transition r egion 

2.1.3 Maximum Heat Flux 

2.1.4 Transition Boiling 

2.1.5 Hinimum Heat Flux 

2.1.6 Film Boiling 

2.1.7 Forced Convection 

2.1.8 Subcooling 

2.2 Summary of Pehnomenological Approach to 
Predicting Boili~g Heat Transfer 

2.2.1 Nucleation 

2.2.2 Bubble Growth 

2.2.3 Boiling Heat Transfer Nechanisms 

2.2.4 Bubble Departure 

2.2.5 Shape s of Bubbles 

2.3 Sur face Effects in Boiling 

-iv-

Pag_g 

1 

2 

2 

2 

4 

4 

6 

7 

8 

8 

12 

14 

15 

16 

18 

19 

20 

21 

22 

25 

27 

30 



3· 

Page 

2.3.1 Nucleation Effects 31 

2.3.2 Thermal Effects in the Heat Transfer 
Surface 36 

2.3.3 Effect of Surface Tension and Interface 
Characteristics 38 

2.4 Liquid Films in Boiling Heat Transfer 

2.4.1 Film Flow 

2.4.2 Film Instability 

2.4.3 Hydrodynamic Instability 

2.4.4 Stability Due to Surfactants 

2.4.5 Thermal Stability 

2.4.6 Hinimum \!Jetting Rate 

2.5 Wetting Effects in Boiling 

2.5.1 The Interface 

2.5.2 Surface Active Agents 

2.6 Interfacial Films and Forces 

2.6.1 The Disjoining Pressure of Thin 
Liquid Films 

2.6.2 Wetting 

(a) Spreading wetting 

(b) Adhesional wetting 

2.6.3 Transient Effects in Wetting 

APPARATUS 

3.1 Introduction 

3.2 The Feed Preparation System 

(a) Pool Boiling 

(b) Liquid Film Boiling 

-v-

46 

46 

47 

47 

48 

51 

52 

56 

59 
60 

61 

62 

65 

68 

69 

76 

78 

78 

81 

81 

83 



4. 

5. 

3.3 Boiler and Heat Supply 

(a) Pool Boiling 

(b) Forced convection liquid film 
boiling 

83 

85 

86 

3.4 Heat Flux Meters and Surface Thermocouples 86 

(a) Heat-flux meters 

(b) Surface Thermocouples 

86 

87 

3.5 Contact Angle and Surface Tension Apparatus 88 

3.6 Instrumentation 89 

EXPERIMENTS 

4.1 Scope and Objectives 

4.2 Selection of Surface Active Agents 

4.3 Choice of Concentration Range 

4.4 Choice of Experimental Studies 

4.5 Experimental Procedure 

92 

92 

92 

93 

94 

95 

4.5.1 Steady-State Pool Boiling 95 

4.5.2 Unsteady-state Pool Boiling 96 

4.5.3 Unsteady-state Liquid Film Boiling 96 

4.5.4 Measurement of Contact Angle and 
Surface Tension 98 

4.5.5 Special Precautions in Experimental 
Procedure 99 

EXPERIHENTAL OBSERVATIONS 

5.1 Surface Properties of Water and Aqueous 
Surfactant Solutions 

5.2 Steady-State Pool-Boiling 

(a) Heat-flux meter calibration 

-vi-

101 

101 

113 

113 



6. 

(b) Bubble dynam ics 

5.3 Unsteady State Pool-Boiling 

(a) Water 

(b) Aqueous surfactant solutions 

Page 

114 

115 

115 

116 

5.4 Unsteady State Liquid- Film Boiling 122 

5.5 Temperature and Heat Flux Fluctua tions 127 

5.6 Bubble Characteristics and Bubble Dynamics 139 

DISCUSSI ON 

(a) Liquid film boiling 

(b) Pool boiling 

139 

141 

144 

6.1 Comparison of Observed Data With That Predicted 
From Existing Models 144 

6.2 Comparison with Previous Observations 150 

6.3 A Suggested Mechanism By Which Surfactants 
Affect the Boiling Process 155 

(a) The critical heat flux 

(b) Nucleate boiling 

(c) Transition boiling regime 

(d) Film Boiling 

6.4 Effect of Concentration 

(a) Pool boiling 

(b) Liquid film boiling 

6.5 Effect of Solid-Liquid Interface 

155 

159 

160 

161 

161 

. 161 

7. CONCLUSIONS 

162 

163 

166 

168 

170 

8. RECm1HENDAT IONS 

BIBLIOGRAPHY 

-vii-



APPEND ICES 

1. 

2. 

3. 

4. 

BOILER AND HEAT FLUX MET ERS 

1.1 Boiler Operation 

1.2 Heat Flux Me ter Operation 

(a) Temperatur e distribution 

(b) Thermocouples 

(c) Visicor der 

(d) Surface characteristics 

!lliASUREMENT OF SURFACE TENSION 

HEASUREHENT OF CONTACT ANGLE 

STATISTICAL ANALYSIS 

-viii-

r_ag,~ 

179 

185 

185 

187 

197 

203 

206 

207 

211 

217 



Figure 
Number 

2.3 

2.4 

2o5 

2.6 

2.7 

2.8 

2.10 

2.11 

2.12 

2.13 

2.14 

FIGURE INDEX 

Pag~ 

POOL BOILING CURVE OF WATER ON A HORIZONTAL PLATE 3 

EFJTEC T OF SUBCOOLING AND FORCED CONVECTION ON 
11AXIMUM BOILIHG HEAT FLUX OF WATER - REF: (G8) 17 

BUBBLE DEPARTURE 26 

SHAPES OF BUBBLES 28 

EFFECT OF SURFACE MATERIALS 35 

EFF ECT OF CONC ENTRATION, BOILING CURVES FOR 
ISOPROPANOL WITH V AI\IOUS AMOUNTS OF IGEPAL 
C0-210 42 

EF:£t'ECT OF HIGH MOLECULAR VlE IGHT ADDITIVE, 
ISOPROPANOL WITH SHALL AMOUNTS OF IGEPAL 
C0-880 43 

EFFECT OF VOLATILITY OF THE ADDITIVE, ISOPROPA NOL 
\'liTH AN APPROXIHATEL Y CONSTANT WEIGHT PERCENT 
OF NINE ADDITIVES 44 

EFFECT OF MASS TRANSPORT ON THE CRITICAL WAVE 
NUl'.ffiER (Ref. W3) 49 

EFFECT OF SURFACTANTS ON NEUTRAL STABILITY OF 
FILMS 50 

DRY SPOT FORHATION OF FLOwiNG LIQUID FILMS 54 

EFFECT OF HEATING LENGTH ON DRY SPOT FORMATION 55 

WETTING OF SESSILE DROPS 66 

EFFECT OF IONIC CONCEl'J TRATION ON WETTING AND 
COI'l'T ACT ANGLE 73 

POOL BOILING APPARATUS 79 

FEED PREPARATION SYSTEM (FORCED CIRCULATION BOILING)80 

STEADY STATE POOL BOILI NG OF WATER 108 

-ix-



Figure 
Number ~ag_g 

5.2 POOL BOILING CURVE - WATFR (Unsteady State) 109 

5-3 SURFACE TENSI ON OF SURFACTANT SOLUTIONS 110 

5.4 CONTACT ANGLE OF SURFACTANT SOLUTIONS 111 

5.5 EFFECT OF HYDROPHILE CONCENTRATION 112 

5.6 EFFECT OF CONCENTRATION OF SURF ACTANTS 
(Pool Boiling, Aerosol OT) 117 

5-7 EFFECT OF CONCENTRATION OF SURFACTANTS 
(Pool Boiling, Aerosol OS) 118 

5.8 EFFECT OF CONCENTRATION OF SURFACTANTS 
(Pool Boi~ing, Pluronic F-68) 119 

5-9 EFFECT OF COnCENTRATION OF SUHFACTAl\nrS 
(Pool Boiling, Pluronic L-62) 120 

5.10 EFFECT OF CONTAi1INATION BY THIN INTERFACIAL 
FILMS 121 

5.11 SATUHATED LIQUID FILN BOILING OF WATER 
(Unsteady State) 123 

5.12 EFFECT OF CONCENTRATION OF SURFACTANTS 
(Saturated Liquid Film Flow Boiling, 
Aerosol OT) 124 

5-13 EFFECT OF CONCENTRATION OF SURFACTANTS 
(Saturated Liquid Film Flow Boiling, 
Plurcinic L-62) 125 

5.14 EFFECT OF CONCENTRATION OF SURFACTANTS 
(Saturated LiSuid Film Flow Boiling, 
Pluronic F-6 ) 126 

5.15 VISICORDER TRACE OF SATUHATED LIQUID FILH 
128 BOILING OF WATER (Unsteady State) 

5.16 VISICORDER TRACE OF SATURATED LIQUID FILM 
BOILING OF AEROSOL OS SOLUTION (Unsteady 

129 State, Concentration - O.l% by weight) 

5-17 VISICORDER TRACE OF POOL BOILING OF PLURONIC 
F-68 SOLUTION (Unsteady State - Concentration 

130 1.0% by weight) 

5.18 V ISICORDER TRACE OF POOL BOILING OF PLURONIC 
L-62 SOLUTION (Unsteady State - Concentration 
1% by weight) 131 

-x-



Figure 
Numb e r 

5.19 

5.20 

5.21 

5.22 

5. 23 

5.24 

6.1 

6.2 

6.4 

6.6 

VISICORDER TRACE OF POOL BOILI NG OF AER OS OL- OT 
SOLUTION (Unsteady State - Conc entration 
0.75}b by He ight ) 

VIS ICORDER TRACE OF POOL BOILING OF AEROSOL- OS 
SOLUTION (Unsteady State) 

VISICORDER TRACE OF POOL BOILING OF wATER 
(Unsteady State~ Condens ed Time Scale) 

SPREP.DI NG COEF 8, ICIENT OF SURFACTANT SOLUTIONS 

.ADHESIVE FORCE OF SURFACT c'i1'-JT SOLUTIONS 

INTERFACIAL TENSIO:N OF SURF ACTANT SOLUTIOliJS 

EFFECT OF CO :·TC ENTRAT ION ON >1AXIHU!·1 BOILING 
HEAT FLU'.A (Pool Boiling.) 

EFFECT OF COHCENTRATION ON CRITICAL HEAT FLUX 
(Saturated Liquid Film Flow Boiling ) 

EFFECT OF SURFACTANT CONCENTRATION- HEAT TRhNSF EH. 
COEFF ICIENT AT ~1AXIMUN rlEAT FLUX (Pool 
Boiling) 

EFFECT OF SURFACTANT CG:'JC ENTRATION-HEAT 
TRANSFER COEFF ICIENT AT ~il>XIMW1 HEAT FLU'.A 
(Satur a t ed Liquid Film Flow Boiling) 

EFFECT OF SURFACE TENSI01'1 ON CRITICAL HEAT 
F Lux (Pool Boiling ) 

EFFECT OF C01~TACT Ju~GLE ON CRITICAL HEAT 
FLu.A (Pool Bo iling ) 

COMPARISOi'I OF DIESSLER'S AHD ROHSENO'v'l 'S 
EQUATION (Poo l Boiling) 

Appendices 
Figure 
Nu:nber 

A.l 

A.2 

COPPER BLOCK. ;tliTH KANTHAL HEATERS 

LAY OUT OF HEh.T FLUX ME TER S AND SURFACE 
Tl·IER l1X OUP LES 

-xi-

132 

133 

134 

135 

136 

137 

145 

146 

147 

148 

149 

151 

152 

180 

181 



Appendices 
Figure 
NuQ!be_r __ 

A.j 

A.4 

A.5 

A.6 

A.7 

A.7a 

A.8 

A.9 

A.lO 

A.ll 

A.l2 

A.lj 

A.l4 

A.l5 

A.l6 

A.l7 

A.l8 

A.l9 

HEAT FLUX l1ETSR AND SURFACE THERHOCOUPLE 

BOILER ASSEl'1BLY (PLAN) 

BOILSR ASSEdBLY (END ELEVAT ION) 

I.NSTHUHEJ'JT CONNECT IONS F OR TH~RMOCOUP LES 

HEAT FLUX 1·1ETER ANALYSIS 

HEAT FLUX NETER CONSTANT 

HEAT FLUX dETER ANA~YSIS 

HEAT FLUX :1ETER ANALYSIS (Thin Disc - Radial 
Temperatur e s and Heat Flux) 

HEAT FLUX 1\fE TER ANALYSIS (Thick Disc - Rad ial 
Temperature and Heat Flux) 

TEMPERATURE DISTRIBUTION AT T11E AXIS OF THE 
BOILING PLATE (Steady State Pool Boiling) 

TEi.'·fPERJ\Tu"RE DI STRIBUTION ALONG THE BREADTH OF 
BOILil'IJG SURFACE (Steady State Pool Bo iling 
of ~later) 

TEiv1PERATlJRE DISTR IBUTION (Effect of Cooling, 
Heating and P e riod) 

CALIBRATION OF HEAT FLUX METER THSRMOCOUPLES 
(Cooling of Co ppe r Block in Air) 

CALI3RATI ON OF VISICORDER F OR HEAT FLUX 

CALI BRATION OF VISICORDEa FOR EDGE TE>fPERATURE 

CONTACT AlWLE A}JD SURFACE TENS ION i'1EASUREHENT 
AP PARATUS 

EFF:C~CT OF VOLUdE AND EVAPORATI ON OF SESSILE 
DROP ON CONTACT Ai1IGLK 

EFFECT OF ADSOEPTIOH AND EVAPORATION OF SESS ILE 
DROP ON COiJThCT ANGLE (Fresh Coppe r Surface -
600 Emery Finish 

-xii-

183 

184 

186 

190 

191 

193 

195 

196 

198 

199 

200 

201 

204 

205 

209 

214 

215 



Plate No. 

1A 

1B 

2 

3 

5 

PLATE INDE~ 

EFFECT OF CO~IJTAHINAT ION ON BOILING SURFA.::;E 

EFFECT OF SURFACE ROUGHNESS AND l1ATERIAL 

APPARATUS FOR BOILING HEAT TRANSFER 

SESSILE AND PENDANT DROPS FOR SURFACE 
TENSION AND CONTACT ANGLE HEASUREl'·fENT 

57 

58 

82 

102 

BOILING OF LIQUID FILMS AT HIGH HEAT FLUX 140 

BOILING OF LIQUID FILHS AT 10\-/ I-TEAT FLUX 142 

-xiii-



TABLE INDEX 

Tab l e 
Numbg Page 

5.1 PROPERTIES OF SURFACTANT, PLUR01'HC L-62 104 

5.2 PROPERTIES OF SURFACTANT, PLURONIC F- 68 105 

5.3 PROPERTIES OF SUI-\FACTANT, AEROSOL OT (A-345) 106 

5.4 PROPERTIES OF SURFACTANT, AEROSOL OS (A-354-) 107' 

· • 

-xiv-



A 

a 

c 

D 

g 

gc 

G 

h 

K 

n/A 

p 

/:::,. p 

Q/A 

(Q/A)l1AX 

r 

R 

t 

T 

NOMENCLATURE* 

area 

dimensionless wave number 

specific heat 

diameter 

acceleration due to gravity 

gravitational constant 

mass flow rate per unit 
wetted p eri~eter 

heat transfer coefficient 

thermal conductivity 

number of nucleating sites 
per unit area 

pressure 

pressure difference 

heat flux 

maximum or peak heat flux 

radius 

ft. 2 

0 
B.t.u./lb./ F. 

ft. 
2 ft./hr. 

lb./hr./ft. 
0 B.t.u./hr./sq.ft./ F. 
0 

B.t.u./hr.sq.ft./( F/ft.) 

per sq. ft. 
2 lbs ./hr. ft. 

2 lb./hr. ft. 

B.t.u./hr./sq.ft. 

B.t.u./hr./sq.ft. 

radius of heat flux meter ft. 

time hr. 

t t oF. empera ure 

* Nomenclature of the variables used locally is given at its 

location. This nomenclature is for general considerations. 

-xv-



liT 

a 

. 0 h 
' 

e 

' 0 

p 

r 

SUQ§Cri.I21§. 

viscosity 

temperature difference between 
heating surface and boiling 
liquid 

thermal diffusivity 

thickness of flowing liquid 
film 

contact angle 

interfacial tension 

latent heat of vapourization 

density 

mass flow rate per unit width 
of channel 

1, L liquid 

v, V vapour 

S solid . 
MWR minimum wetting rate 

Cr critical 
SUR surfactant solution 

0 standard condition 

H superheated liquid 

s, sat boiling liquid 

w wall or heating surface 

c center 

w water 

- XVl -

lb ./ft./hr. 

2 ft. /hr. 

in. , em. 

degrees 

2 lb./hr. or dynes/em. 

B.t.u./lb. 

3 lb./ft. 

lb./hr.ft. 



ACKNOWLEDGE~NTS 

The author wishes to express his sincere and special 

thanks to Dr. T. W. Hoffman for his helpful suggestions, guidance 

and criticism. 

The author also wishes to express his sincere appreciation 

to the helpful suggestions offered by the staff and graduate 

students of the Chemical Engineering Department. Special thanks 

is extended to Mr. Bob Dunn for his excellent suggestions and 

co:.. operation. 

Sincere thanks to Mrs. 11ary Petryschuk for her excellent 

co-operation and patience during the typing of this thesis. 

The author appreciates the partial support granted by 

the Federal Dep~rtment of Forestry. 

-xvii-



1. l l'IJRODUC T IOJ'i 

Boiling heat transfer is the transfer of heat associated 

with the vaporiz-ation of a liquid when this bulk fluid is at a 

temperature equal to or belovJ the saturation temperature of the 

liquid. The principle characteristic of boiling is the high heat 

flux . associated with a relatively small temper~ture difference be­

tween the heat transfer surface and the liquid. 

There are a wide variety of operations which involve boiling, 

ranging from vapourization in the chemical process industries, 

generating steam in nuclear reactors or conventional systems, 

quenching and cooling in the metallurgical industries, transferring 

heat to cryogenic fluids, extinguishing forest fires, etc. This 

wide application of boiling heat transfer has stimulated great 

interest in the fundamental, underlying mechanisms associated with 

the vapourization phenomenon. 

It is knovm 'that the amount of cooling, i.e. heat transfer, 

that can take place is limited by several hydrodynamic and sur­

face factors of the system. Therefore, it is not surprising that 

a great effort has been directed to the task of understanding the 

effects of these hydrodynamic and surface factors on boiling over 

the entire range of heat fluxes. The present study is one such 

attempt. 
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2.1 ~oiling Heat Trans f er 

The literature review which follows reports on and evaluates 

the theoretical and experimental work done to date to elucidate 

the fundamental mechanisms of boiling heat transfer. Since Der­

nedde(Dl) has recently reviewed this subject, only those earlier 

references, which are pertinent and/or required for continuity, 

will be included here. 

2.1.1 The Var ious Boiling Regimes 

The regimes of boiling are best discussed with reference 

to a boiling curve, viz., a ·plot of the heat flux density (Q/A 

B.t.u./(hr.)(sq.ft.)) against the difference in temperature, (b. T) 
• 

between the heat transfer surface and the bulk liquid, (Figure 2.1). 

The boiling curve and the regimes in boiling heat transfer are 

characteristic of the boiling phenomenon. The actual shape of 

the curve is dependent on the liquid, the surface and hydrodynamic 

factors and the degree of subcooling. 

The three basic regimes of boiling heat transfer are: 

(i) nucleat~ boiling 

(ii) transition boiling 

(iii) film boiling 

They have been discussed in detail by Westwater(WB), Rohsenow(R3) 

and Zuber<Z2). These regimes can be visually observed but are 

most easily identified by the change of heat flux with the surface-
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to-liquid temperature difference (Figure 2.1). In the last decade, 

research in nucleate boiling, with visual and photographic obser­

vations, has established a further classification (Gl), viz., 

(a) discrete bubble region 

(b) first transition region 

(c) vapour mushroom region 

(d) second transition region. 

These regions have typical heat transfer characteristics 

within the nucleate boiling regime as shown on Figure 2.1 and cover 

the temperature difference region from the incipience of boiling 

to the maximum heat flux, (Q/A)max• 

2.1.2 Nuc l eate Boi lina - - ------- - 1::> 
Nuclea~ ~ boiling is perhaps the most important boiling 

regime because of the high heat transfer rate observed at low 

temperature differences. The characteristics of vapour formation 

are different in all the four regions. An excellent description 

of the pool-boiling* and experimental results in pool-boiling 

which cover all the four regions of nucleate boiling has been 

given by Gaertner(Gl) •· His observations for water are discussed 

below. 

(a) Isolated bubble region 

At the lowest heat fluxes (ca. 10,000 B.t.u./(hr.)(sq.ft.)); 

the main mode of heat transfer to the fluid is by natural con­

vection. Further increase in surface temperature causes isolated 

~ The term 'pool-boiling' implies an absence of an externally 
induced-forced flow. 
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vapour bubbles to appear. Increasing the temperature further in-

creases the number of nucleation sites and bubbles. In this iso-

lated bubble region of nuclea~boiling, the bubbles are essentially 

spherical until they leave the surface, when they become either 

bell-shaped or el l ipsoid. The main mode of heat transfer seems 

to be the convecti on c aused by the agitation of the bubbles. 

Shadow photographs of the convection currents near the 
(Gl) 

hot surface are presented by Gaertner • . Studies of the wake 

behind the rising bubbles were conducted by Hsu and Graham<H4). 

They found that the disturbances behind the rising bubble propagate 

up to one bubble diameter from the nucleating site which agrees 

surprisingly Hell with the studies on Hakes behind moving liquid 
. (H2) drops carried out by Hendr~x • This also agrees with the as-

sumption made by Zuber(Z5) in his analysis of nucleamboiling 

concerning the area of influence of each individual bubble. The 

increase in the heat flux with temperature difference may be ob­

tained from the Gaertner equation(G2) in terms of active-site 

population (n/A): 

g_ = 181 (n/A)2/3 
A 

••• ( 1) 

and n/A = Exp 
-K 

( Tv13) ••• ( 2) 

where K is a constant and TH is the ·111all temperature in °R, or in 

terms of the hydrodynamics and surface properties suggested by 

Rohsenow equation<R3): 



).1 1 A 
l 

0.33 

-6-

1.7 

••• ( 3) 

where the following nomenclature is used, 

Csf = Coefficient of , the equation which depends on the nature of 
heating surface-fluid combination 

).Jl 

0 = Specific heat of saturated liquid, B.t.u./lb./ F. 

= Viscosity of saturated liquid, lb./ft./hr. 

Kl Thermal conductivity of saturated liquid, 0 
= B.t.u./hr./ft.; F. 

A 
1 

pl 

Pv 

(J 

1 

g 

= Latent heat of vapourization of saturated liquid, B.t.u./lb. 

== Density of saturated liquid, lbs ./ft. 3 

= Density of saturated vapour, lbs./ft. 3 

= Surface tension of saturated liquid vapour interface, 
lb. force/ft. 

8 2 0 =Conversion factor, 4.17 x 10 (lb. ft.)/(hr. lb. F.) 

=Acceleration due to gravity, ft./hr. 2 

The agreement of the predicted values with those observed is quite 

good in some cases (R2, Z5) and poor in others (C3, Z2). 

(b) First Transtion R~QQ 

Zuber(Z5) first observed that at a heat flux of about 

46,000 B.t.u./hr./sq.ft., the character of the boiling changes. 

It was observed that this change takes place when the average 

bubble spacing becomes less than two bubble diameters. Under 
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these conditions bubbles interfere with each other. These inter-

actions change the regimes of bubble removal and consequently 

affect the flow conditions adjacent to the heating surface. This 

observat ion was also confirme d later by Hsu and Graham(Uit- ) from 

shadow photography of boundary layer. Moissis and Berenson(M4) 

and Zuber(Z5) derived ~quations for this transition region, based 

on hydrodyna~ic models. These equations predict Gaertner's ex­

perimental data(Gl) quite well. Although the shape of the boiling 

curve does not seem to alter during this first transition region, 

the large temperature fluctuations in the thermal layer associated 

with the isolated bubble region are dampened out. A transition 

develops in the average bubble diameter at the break off and in 

the thickness of boundary layer(fil.t). In the region of discrete 

bubbles the temperature through the thermal layer was a hyperbolic 

function of distance from the heating surface(H4). After the pre­

dicted transition by Zuber(Z5), the temperature profile was of the 

exponential for m as observed by Treschev(Tl) and C'Jlver(C2). 

(c) Vapour Mushroom Region 

At a he et flux of about 70,000 to 100,000 B.t.u./(hr.)(sq.ft.) 

coale~~nces of the vapour bubbles occur and large clouds of vapour 

attached to the heating surface only by numerous vapour spouts 

form. Analysis of this region with high speed photography(K3) has 

not yielded any quantitative infor mation about the interface be-

haviour and ther~al layer. So far we must be content to extra-

pola te the theoretical results for the lower heat fluxes into 

this r egion . The fact that experimental results show poor agree-
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ment with theory is not surprising. 

(d) Second Transition Region 

The characteristic sharp change in the slope of the boiling 

curve of water (at point 3 in Figure 2.1) distinguishes this re­

gion from the others. This break occurs at a heat flux of about 

300,000 B.t.u./(hr.)(sq.ft.). High activity in the vicinity of 

the heating surface poses a great problem in studying the inter-

facial phenomena occurring close to the heating surface even with 

high-speed photography(K3). It is believed that local vapour 

patches may be formed on the surface as a result of instab ilities 

in the vapour mushrooms at certain nucleating sites. Therefore, 

at any given time less nucleating surface is available and hence 

the decreased slope on the boiling curve. The point at which this 

sharp change takes place is known as "Departure fro m Nucleate 

Boiling (D N13 ) 11 • 

2.1.3 Maximu~ Heat Flux 

This maximum point on the boiling curve has excited con-

siderable interest recently because of its importance, expecially 

in boiling-\'rater nuclear reactors. It is aptly called the "burn-

out" point or "point of crisis". Just prior to this "burnout" 

point there is considerable interaction between the vapour leaving 

the surface and the liquid moving towards the surface. At the 

maximum heat flux this interaction causes the system to become un-

stable, so that further increase in temperature causes partial 

blanketting of the heat transfer surface at one instant and re-

version to nuc-leate boiling during the next. The net result is 
-· 
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a lower he a t flux. These ideas were formulated into a theoretical 

mathematical framework by Zuber and TribusCZ6). In this analysis, 

they coupled the hydrodynamic equation of Kelvin* with the in­

stability theory of Helmhottz** to derive the expression. 

(L) = < 
A max 

(a~ ( P ~~·-~-P_v~) _g_g~C r25 
( p 1 ) 
_p_l_+_~ 

••• (4) 

Surface tension of the liquid plays a part only in determining 

the most probable unstable wavelength. The form of this equation 

agrees well with those determined by dimensional analysis(K5) and 

wave motion theory(Cll). Borishanskii (Bll) extended Kutateladze '· s 

analysis(K5) to include the viscosity. He arrived at an additive 

correction factor due to viscosity, to the const~nt of proportion­

ality in Ku~~teladze's equation<K5). This effect is quite small 

in comparison to the deviations of tbe experimentaly observed 

critical heat flux from those calculated using equation (4). 

These predicted results are generally higher than those observed 

for pure liquids(T4). In some cases, however, purely hydrodynamic 

* i.e.' [ 

0 l t 
). = 2 IT 

1 
, where ). is the wave length, is 

g ( Pl - pv) .J 

based on the importance of surface tension as a stabilizing 

factor at interfaces of two superimposed fluids. 

**i.e., with two flowing i mmiscible fluids, there is a maximum 

relative velocity above Hhich a small disturbance will not be 

dampened out. 
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effects do not se em to deter mine compl etely the critical he a t 

flux. For exa~ple, Costello and Frea(Cl7) found tha t the maximum 

hea t flux increases , if the s urface become s contam i na t ed; Adams(A5) 

found tha t the critical heat flux was directly proportiona l to 

surface t ension. 

Berenson(BlO) -sug gests tha t all the se differences can be 

expla ined by not having unif orm surf ace conditions over the entire 

he a t transfer surface. He cla i ms that surfactants broad en the 

burnout point and that the maximum he at flux exists over a range 

of t em per ature dif f erences by virtue of the nonuni form sur face. 

The aver ag e behaviour of the surface will, therefore , indic ate a 

lower, maximum he a t flux. Even this sugg es tion do e s not seem to 

give a satisfactor y explanation to discrepancies in the predicted 

maximum he at fluxes. 

Rohs enow and Griffith(R4) proposed a modified equation based 

on the correl ation of Forste r and Zuber(F7), which employed the 

results of an analysis for bubble growth within an initially 

uniformly superheated liquid, for evaluating the bubble diameter 
(R6) 

at de partur e . This equation of Rohsenow et al given below, 

will not \-Jork: for polar fluids, while the equation is quite good 

for non-polar fluids. 

= K sf 

2.1 
6T 

8.05 
~ 

8.55 
K 1 ••• ( 5) 

where Ksf ifi a function of the hea ting surface and fluid combination 
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(determined by contact angle) and A P is the vapour pressure 

difference corresponding to AT. 

Deissler (D?), employing a physic a l model of boiling mec hanism 

at critic al heat flux, obtains the following equat ion, without 

resorting to either di mens ional analysis or va pour-liquid in-

stabilities considered earlier. 

Q 
. ( 1r ) 

.h mr·x C• . [ J 0.25 
0 l g gc ( P l- P v) ••• ( 6) 

where S is a constant, Cn is the drag coefficient of the bubbles 

and e is the contact angle. This equation is identical to equation 

(4), if the contac t angle at breakoff and drag coefficient are 

considered constant. This analysis of Deissler is based on the 

postulate that the critical he at flux occurs when the rate of 

for mation of bubbles just exceeds the rate at which they are car-

ried av.Jay. Under · these conditions the drag on the bubbles is 

sufficient for successive bubbles leaving the surface, to touch 

and coalesce. 

C, (Cl2 ) .d h t th h t t f . nang consl ers t a e ea rans er ln nucleate 

boiling is limited by the maximum rate of bubble generation from 

a unit area of the hea ting surface. He considers two extreme 

cases: 

(a) loH or no forced convection, vJhere the final bubble 

size is not too small and bubble frequency not too high and 

(b) high forced convection where the bubbles are extra 

fine and the ir concentration is very large. He considers the 

stability for a bubble growing or moving in an intensively tur-
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bulent fluid, where th~ surface tension force gives a stabilizing 

effect but the dynamic force tends to destabilize the motion. 

His analysis of critical heat flux based on the above consideration 

in terms of Weber number and Reynolds number yielded the following 

equation for burnout in s aturated pool boiling: 

(_g) 0.0206 
A max == 

where 

/p v p 1 

p 2 
1 

l 
4' 

l 

( 1 - EXP ( -C3 4 v I f3 1 ) ••• ( 7) 

••• ( 8) 

••• (9) 

.t 
Here 8 and (c3 ) 4 are system parameters which are to be determined 

from experiments. This bubble agglomeration effect was experiment­

ally observed by°Costello(Cl3). This prediction depends on the 

as sumptions: 

(i) there exists some statistically mean values of the 

final bubble size, bubble frequency and number of bubble sites 

per unit area of heating surface 

(ii) bubbles are spherical 

(iii) at the critical condition, the bubble on the heating 

surfac e has developed to its departure size under hydrodynamic 

and thermodynamic equilibrium. 

2.1.4 Transitign Boili.ng 

In this regime, one observes the anomalous decrease in 

heat transfer rate with increasing temperature as shovm in Figure 

2.1. The decrease in the ~oiling hec::t flux \vith increased surface 

temperature results from the large unstable v apour patches that 
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cover the surface. The extent of these patches increases as the 

surface temperature is increased. For this reason this regime is 

sometimes referred to as the 11 partial film-boiling regime 11
• 

Theoretical analysis of this regime has been presented by 

Zuber(Z6), Berenson(B5) and others(B4,D3,S3). Zuber<Z4 ) considers 

a vortex sheet vlhich oscillates under the influence of surface 

tension. Applying Taylor - Helmholtz instability criteria, he 

arrives at the follo\ving equations for transition boiling, 

c2 
Ol m pl Pv 2 

= (Ul - U2) 

01 + P v) ( p . + )2 
1 Pv 

••• (10) 

and 
q II Al Pv ..l.. ---
A 24 't 

••• (11) 

nc cr Jt A = 2 1 

p - p 
i v 

••• (12) 

where rn = 2 II/A is the wave number, Cis a real number for stable 

transition boiling and u1 and u2 are the constant velocities in 

the positive X direction of the vapour and liquid . phase respectively. 

The gross liquid velocity u2 is usually less and the wave lengthA 
' 

period • and velocity u1 of the vapour are interrelated. However 

due to the Taylor - Helmholtz instability, where a definite geo­

metrical configuration can be expected, the geometry is character-

ized by disturbances with wave length in the spectrum 

~- . ~ 3°1 )lt 
~ A ~ 2 II -------

g ( P 1 - P v) Lg < P 1 - P v J 
2 II 
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where the diameter of the vapour slugs was approximated by 

< z4) D = A/2. According to Zuber the interface takes the form 

of spikes and bubbles. In their downward fall, the spikes approach 

the heated surface and rapid evaporation occurs. A spheroidal 

state similar to the Leidenfrost phenomenon is expected. This 

assumes that no solid-liquid contact exists. As liquid evaporates 

from the spikes, vapour flows in the region in between two spikes. 

Therefore a release of bubbles at regular intervals occurs. As 

a row of bubbles is released due to vapour thrust effect, an un­

stable interface is again formed. Because of the downward flow 

of the liquid again a new spike beneath the bubble forms. Thus a 

thermally stable, but hydrodynamically unstable situation was 

suggested by Zuber(Z4). Similar analysis with modified criteria 

for vapour thrust effect and instability was considered by Beren­

son(B5). Westwater's high-speed movie pictures(D5) indicated the 

higher stability of vapour-liquid interface during transition 

boiling when surfactants were added to boiling isopropanol. Beren­

son(BlO) observed during transition boiling that the heat transfer 

rate was increased by the presence of wetting agent. 

2.1.5 Minimum Heat Flux 

At the point of minimum heat flux the unstable vapour films 

become stable and a continuous vapour blanket forms over the heat 

transfer surface. Hosler(H3), Zuber(Z4) and Bankoff(B4) have 

successfully applied Taylor - Helmholtz instability theory to ob­

tain an expression for the heat flux at this minimum point. In 

this case, the stability of a two-fluid system is considered where 
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the lighter fluid is below the heavier one. By utilizing as-

. h < z4) " · th sumption conc erning cri t1.cal "Ylave lengt s, Zuber aer1.ves e 

equation: 

p I. 
1 

']_ g( pl - pv) 
4 

(_g) n ). 
••• ( 14) = 1 

A 24 vl ( p l + p )2 
min v 

This equation predicts experimental data reasonably well. 

The point of minimum heat flux signals the beginning of 

stable film boiling • . Increasing the temperature of the heat tran~ 

sfer surf ace increases the he a t flux partly because of increased 

oonduction across the vapour film and partly because of the increa sing 

contribution by radiation. 

The vapour film is disturbed continuously by the departing 

bubbles which bre ak away from the vapour film. The amplitude of 

the wa ve s for med by the departing bubbles has been discuss ed in 

detail by Hosler and Westwater(H3). Thei.r experimental work sub­

stantiates Zuber's equation (14). They conclude that the minimum 

interbubble distanc e at departure is the critical wave length and 

the average distance the most dangerous one. 

The equation derived on this basis for the film-boiling 

heat flux is given below in t er ms of the bubble parame ters: 

••• ( 15) 

where f is the freque ncy of bubble formation, VB is the volume 

of the bubble, n is the number of bubbles per square foot, hv is 
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the enthalpy of the vapour . Zuber( Z6 ) and Hosler(H3) present 

the details for determining f,VB and n in their papers. 

2.1.7 Forced Convection 

The addition of for ced convection to the boiling phenomenon 

adds another complexity to an already complex problem, sinc e now 

different eff ects will be observed de pending upon the flow sys t em. 

For example, in the case of flow inside closed conduits, the a~ount 

of vapour present will deter mi ne the flow reg i me of the t wo-pha se 

system, which, in turn, should effect the he a t tr ansfer process 

(Bl3,C9,H8). The effect of forced flow on the bur nout he a t flux 

is shown in Figure 2.2. 

To da te the most successful attempt at correlating bo iling 

heat transfer in forced flow systems is through the a pproach jus t 

sug gested by Roosenow(R3). Rohsenow<R3) recommended tha t the heat 

transfer rate und er forced flow conditions could be found by adding 

each contribution separately as indic ated in equation (16). 

(~) 
A Total 

= (_g) 
A Forced 

Convection 
(Single Phase) 

+ (_g) 
A Pool 

Boiling 

(~) 
A I . . t nclplen 

Boiling 

••• (16) 

This equation is quite conservative if applied to the entire tube. 

This method worked quite well at low flow rates and vapour qualities. 

It requires a knowledge of the pool boiling characteristics of the 

heat transfer surf ace in question and since, in forced-convection 

boiling , boiling effects are far more significant than forced con-

vection, th i s represents a serious dr awback. 
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Chen(C3) presented a method based on this idea but claimed 

to correct for the effec t of forced- flow on the boiling phenomena 

by including a bubble suppr ession factor (< 1) and for the effect 

of boiling on forced flow by multiplying the forced flow heat 

transfer coef ficient by a factor (> 1) which was correlated against 

two-phas e flow parame ters. The main criticism of this work is that 

he used a pool boiling correlation of Forster and GriefCF8) which 

had been shown to be accurate only for very limited situations. 

Nevertheless Chen's correlation(C3) represents the best available 

for predicting boiling heat flux at the present time. He was 

able to demonstrate that his correlation predictions agreed wel~ 

with all avail able experimental results from over the entire world. 

This correlation serves a purpose but is quite unsatisfactory, 

since it is essentially empirical in nature. 

The problems of burnout in forced convection boiling have 

received a lot of attention. In this case the phenomenon depends 

on the stability and dynamics of a thin liquid film moving along 

on the inside of the hot tube wall (T3). Hore will be said on 

this stability problem in section ( 2.4 ) 

2.1.8 Subcooliqg 

Subcooling is of great significance in heat transfer on 

account of large heat fluxes (of the order of 10,000,000 B.t.u./ 

hr./sq.ft.) observed in subcooled forced convection boiling systems. 

Figure 2.2 shows the effect of subcooling on peak heat flux. There 

are many excellent studies on the heat transfer mechanism in sub­
(G8) 

cooled boiling. Perhaps the most interesting ones are by Gunther , 
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F t d G . f(FS) Ell' (El) d Sh (SS) ors er an r1e , 1on an arp • Growth and col-

lapse of a bubble is characteristic of subcooled boiling. Bubble 

size will be less but bubble population will be large. Bubbles 

were found to be hemispherical and coalescence and collapse \vere 

common characteristics. At lower subcooling, the fluid t emperature 

being high, bubbles may be larger in size and may have enough 

momentum to detach itself from the heating surface. Forster and 

Grief(FS ) suggested a pumping mechanism in the thermal boundary 

layer to account for large heat fluxes. Bankoff(B9) suggested 

that the condensation at the top of the bubble may be a signifi­

cant contribution. Zuber(Z3) and Hsu and Graham(H4 ) analyzed the 

bubble growth and the r mal boundary layer. Zuber(Z3) suggested an 

equation for subcooled boiling peak he a t flux , which agree s well 

with experimental data. 

Heat tr~nsfer seems to increase significantly in transition 

and film boiling regions. Theoretical studies have been done by 

Cess and Sparrow(CS). Experimental studies have been done by 

Bromley and Mo tte(Bl2). 

2. 2 Summar::z_ of Phenomenolog ic gl...AQpro_!3 ch to ?red ic ting_Boil ing 

He at . Tr ansfer 

In the previous section, discussion has centered on the 

phenomenological description of the various regimes of boiling. 

The equa tions which have been derived based on either a par ticular 

hydrodynamic model or a dimensionless-group-empirical approach 

have indicated the large number of vari ables tha t influence the 

boiling phenomenon. To date the r e ha s not been either a full de-

scription of the boiling process nor have there been s a tisfactory 
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semi-empirical equations available to the design engineer to pre­

dict boiling behaviour under any given conditions. This is es-

pecially true in the nucleate boiling regime. This situation 

suggests that considerably more effort must be directed to the 

fundamental studies of the mechanism which affect boiling in all 

regimes. The following section revievrs some of the investigations 

which have been carried out to date on all aspects. 

There is no completely satisfactory theory for nucleation 

in boiling heat transfer, though many theories have been proposed. 

By performing a force balance on a vapour bubble of radius, 

r, it can be easily shmm that the vapour pressure inside a bubble 

must be greater than the pressure in the surrounding liquid by 

2 ojr. If the bubble is in equilibrium with its surroundings then 

the liquid :nust be superheated for the bubble to exist at all. 

This simple analysis c annot be extended to the size of bubble 

nuclei but does point out that some degree of superheat is re-

quired for nucleation. 

Spontaneous nucleation within a liquid is different from 

nucleation at a heat transfer surface. For the l atter situation, 

ther e will be many nuclei of trapped gas and/or vapour on the sur­

face. Rohsenow(R3) has indicated how surface tension of the liquid 

can affect the existence of nucleating sites on a heat~transfer 

surface. Ellion(El) has presented a nucleation equation which 

predicts quite well the experimental superheat required for nu-

cleation . It is based on Laplace's,surface tension-curvature, 
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equation and the Cla peyron equation relating vapour pressure and 

temperature. Free vapour nuclei arising in the bulk of the liquid 

by virtue of molecular fluctua tions or cosmic radiation are not 

important as nucleation centres in the boiling process. 

Griffith and WallisCG6) c~rried out nucleation experiments 

with cavities for med from needle tips of a given shape. They de­

monstrated that Ellion's equation predicted nucleation quite well~ 

Hsu and Graham(H4) suggested a method for calculating the super-

heat required for nucleation under any flow condition. This model 

assumes a linear temperature gradient at the heat transfer surface 

and a hemispherical bubble. Ellion's nucleation equation is as-

sumed to hold for this situation. Nucleation is predicted to occur, 

i.e. the vapour bubble in the cavity grows, if the hemispherical 

bubble is completely immersed in a fluid, the temperature of which 

is greater than that predicted by Ellion's nucleation equation for 

the hemispherical bubble radius. Bergles (B6 ) extended this to 

forced convection. His experiments agree exceptionally well with 

the predictea results. 

2.2.2 Bubble Growth 

When a bubble is nucleated, there is an initial period of 

rapid growth (R3) followed by a much longer period when the bubble 

grows at a rate proportional to time (K3) to a size where the buoy­

ancy forces exceed the surface forces holding it to the heat trans-

fer surface. Prior to reaching this departure volume, the gas 

bubble may coalesce with anothe r bubble, etc. Although the theore-

tical investigations of the bubble growth rate of an isolated 
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bubble in a superheated isothermal liquid provide some appreciation 

of the importance of the physical properties, these growth rates 

are not realized at a heat transfer surface because of the prox-

imity of the wall and the severe temperature gradients which exist 

in this region. Indeed, Westv;ater( ~tJ7) feels that an analytical 

solution to this problem will probably never be obtained because 

of the extreme complexity of all the pheno~ena occurring simul-

taneously. It is important to note, hmvever, that the fraction 

of the heat that is transferred in boiling, which results in 

vapourization, i.e. the formation of vapour bubbles, is less than 

10%. However this does not rule out the vapourization process as 

one of the most important ones occurring, since according to 

Bankoff's · analysis(B9), vapour can be formed at the bubble base 

and then condense on those surfaces removed farthest from the 

heat transfer surface. 

To understand the factors which affect the growth rate 

next to a heating surface, one must consider the mechanism by 

which heat is transferred during boiling. 

2.2.3 Boiling_Heat Transfer 1•1echanisms 

Some of the earliest ideas about the heat transfer mechanis m 
( Jl) 

associated with boiling are attributed to Jakob , Clark and 

Rohsenow(C4) and Gunther and Kreith(G7). They suggest that the 

high heat transfer rates can be attributed to the agitation caused 

by the gro•r~ing (possibly collapsing) and departing bubbles. This 

agitation is thought to create considerable turbulen~ (microcon-

vection) in t he regions next to the surface. The area over which 
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this agitation has influence is known as the area of influence 

of a bubble. 

Forster and Grief(FB) suggested that a more efficient heat 

transfer mechanism occurs when the growing bubble displaces the 

superheated liquid layer completely from the heating surface, thus 

allowing the neighbourhood cooler liquid to move into the im~ediate 

vicinity of the hot wall. The heat transfer mechanism would be 

the continuous displacement of hot fluid. Mixon et al(M 2) per-

formed heat transfer experiments in which air was blown through 

a heat transfer surface. Although the heat transfer rate was in­

creased, the bubble agitation did not account for the much higher 

heat fluxes experiEmced in boiling systems. 

A profoundly different mechanism had been suggested by 

Snyder(S7) and Edwards(E2) on the basis of their experiments; 

they suggested that evaporation occurs directly from the base of 

the growing bubble or from a thin film of liquid which existed 

under most of the bubble during bubble formation. Credulence to 

this idea was obtained indirectly by Hoore and Hesler(Ml) and 

Sharp(Sl). Moore and Mesler measured the surface temperature 

directly under a growing bubble and noted an exceedingly high 

temperature drop which occurred almost instantaneously. This 

drop was then followed by a relatively slow rise in temperature 

until the temperature had reco~ered to its original value. The 

rapid drop and rise repeated according to bubble frequency. This 

temperature drop corresponded to heat fluxes that were approximately 

twenty times the average measured heat flux for the entire surface. , 
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These high heat fluxes could not be accounted for by the quenching 

theory or the microagitation theory, but could only be explained 

on the basis of a microlayer of liquid under the bubble. All of 

this hea t does not manifest itself as vapour as the experiments 
(C4) of Clark and Rohsenow attest. Probably most of the vapour 
. 

produced at the base is condensed on the bubble surface, leaving 

only l- 2% of the total heat as vapour bubbles (C4). There-

mainder is convected away by the agitation of the bubbles and 

produces vapour at the free liquid surface. 

Direct experimental proof that the drop in temperature 

coincided with the bubble formation over the thermocouple was pro­

vided by Sharp and Hendricks(SB). Sharp(Sl) actually ~bserved 

and measured the microlayer unde-r a grovJing vapour bubble by an 

ingenious high-speed photographic and interferometric technique. 

He concluded that the cooling at the bubble base accounted for 

more than 50% of the heat transferred. He also analyzed the 

effect of the thermal capacity of the heating surface and con­

cluded that experimental observations by many investigators sup­

ported the microlayer theory. 

All these experiments were conducted at low heat fluxes 

but the same mechanism is expected to pertain at higher fluxes. 

Whether other effects exist, such as those arising out of strong 

Marangoni forces which might exist because of the large temperature 

gradients in the vicinity of the wall and bubble, is still a matter 

of conjecture. Certainly other factors such as surface material 

and roughnes~ surface thickness, additives to the liquid and 
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the hydrodynamics associated with the liquid and vapour interact 

with the basic boiling mechanism. These factors may even over-

ride others, for example, the hydrodynamic factors at the critical 

heat flux. 

2.2.4 Bubble Degarture 

When the buoyancy or other forces on a bubble become 

greater than the surface forces holding the bubble on the surface, 

the bubble breaks away and a gravitational or forced flow field 

lecves the vicinity of the heat-transfer surface. Sharp and 

Hendricks(S~) have shown that at this point the temperature under 

a bubble reaches a minimum. They further show that when the sur-

face temperature recovers, another bubble is nucleated and the 

process repeats itself at a fairly constant frequency. The ac-

tual bubble motion and shape at the he 2ting surface depends on 

the temperature of the boiling surface (heat flux) and the par-

ticular solid-liquid combination. 

The earliest work on this aspect of boiling was done by 

Jakob(Jl) and Fritz(F2). In this work they report that the product 

of bubble diaTieter at break off and the frequency of bubble for­

mation is a constant (Figure 2.3(a)). This observation was made 

in the region of isolated bubbles; the situation beco~es much 

more complex at higher heat fluxes as indicated on Figures 2.3(b) 

and 2.3 (c). 

There are a number of excellent studies r e ported in the 

literature (Jl,Yl,K3, h'l, Z.3,F3,R3,D4) on the bubble growth, bubble 

frequency and bubble diameter at departure. A number of these in-
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elude an extensive review of earlier work. A selected review 

of the subj ect is presented below. 

2.2.5 Sha~ of Bubbles 

One of the earliest descriptions of the shapes of bubbles 

in boiling was presented by Yamagata et al(Yl). Zuber(Z5) con-

cluded that the sha pe s of bubbles in boiling were no different 

from those generated at orifices, as reported by Anick and Davidson 

(A2). Figure 2.4 illustrates the various bubble shapes considered 

by Zuber(Z5), Sharp(Sl), and Kirby and Westwater(K3). The shape 

changes from type I through to type III as the heat flux is in-

creased. 

At very low heat fluxes, the small bubbles are essentially 

spherical. The diameter of the bubbles in this region can be cal-

culated by balancing buoyancy and adhesive forces. Fritz's ana-

lysis of this problem indicated that the bubble diameter at de­

parture should be given by: 

D = 0.021 ••• (17) 

is the bubble contact-angle in degrees. The equations of Zuber 
· (P2) (Z7) and Plesset differ only by the constant of proportionality. 

The bubble shape and the boundary layer thickness depend 

on the hydrodynamic conditions in the liquid as well as on the 

interface phenome non at the triple interface of vapour-liquid­

solid as reported by Zuber(Z2). The bubbles are normally isolated. 

At intermediate he a t fluxes, bubbles grow and interact 
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with other bubbles, thus causing coalescence and bubbles of non-

unifor m size. They have been described as precession or tandem­

type by Yamagata et al(Yl) and as mushroom-type by Kirby(K3) and 

Gaertner(G5). The actual shapes depend on the liquid-solid com-

bination and on the density of nucleating sites. For this re ason, 

studies of the type reported by .Hesler 016), which are based on 

hydrodynamics only, may not provide an adequate description. 

At high heat fluxes, above 50% of the maximum, type III 

bubbles and vapour mushrooms are common along with the continuous 

swirling vapour columns or jets (S3,Jl). Sharp(Bl) suggests a 

pulsating vapour column which rests on a thin micro-layer of liquid 

at the base. At lower heat fluxes he feels that this column pinches 

off to form individual bubbles. Kirby and Hest\vater(K3) photo-

graphed bubbles from beloH a .transparent he ating surface and ob­

served type III ·shaped bubbles and consider able dry-spot forma tion 

as well. They suggested that irregular vapour masses rather than 

individual bubbles lie above a thin liquid layer. These vapour 

masses are held to the surface by the sizeable dry spots Hhich 

are probably as soc ia ted vli th the nucleating cavities. This ob­

servation contrasts the small dry spots observed by Sharp(Sl) and 

Moore and Mesler(Ml). 

The transition boiling regime is comprised of unstable 

regions of nucleate and film boiling and therefore bubble dynamics 

are associated mainly with the hydrodynamic instabilities that 

arise . under these conditions. 

The preceding discussion has attempted to provide the 
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reader with an appreciation of the variables which are important 

in the boiling process. In summary, these can be classified as 

those variables affecting the hydrodynamics and the heat transport 

-phenomena and those associated \vi th the nucleation and surface 

phenomena. There obviously is an interaction . among these vari­

ables and also there ~re situa tions when one phenomenon controls 

the entire process. 

In this study, the interest is focused on the interfacial 

and surface phenomena, in particular, on the effect of surface 

active agents on the boiling of flowing liquid films and a pool 

of liquid. The discussion which follows considers this aspect 

in gre ater detail. 

2.3 Surface Effect:s in Boiling 

The heat transfer surface and its condition have been ob-

served to alter the boiling process in two ways: (i) by altering 

the bubble sha pe, size and frequency and (ii) by changing the de­

gree of superheat required to initiat~ the bubble growth for a 

given heat flux. The earliest attempts to characterize the nu­

cleating surface were by Jakob(J2 ) and Fritz(F2 ). As indicated 

earlier, Rohsenow(R3) in deriving his model for boiling for his 

correlating equation utilized the earlier observation by Fritz (F2 ) 

concerning, fD = constant, which involved a surface tension fun-

ctionality and allowed the coefficient in the equation to vary with 

liquid-solid combination, presumably to account for wettability of 

the surface. He claimed the equation was applicable to me tals 

that were obta ined from normal manufacturing processes and, in this 
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way, claimed to circumvent the problem of surface condition. 

From the previous discussions we can conclude that the 

surface material and condition is going to affect the nucleating 

characteristics of the surface, the bubble shape (and therefore 

growth characteristics) and the frequency of departure of the 

bubbles. Since this covers the entire boiling process, there is 

obviously going to be strong interaction between surface variables 

and the hydrodynamic effects and transport properties. Moreover, 

a method has not been developed where the surface under consider-

ation can be characterized for the boiling process. Couple this 

with the extreme difficulties associated with direct observation 

(even with high-speed cameras) and it is not surprising that a 

number of factors are still unknown concerning surface effects 

in boiling. Furthermore, the gas-liquid interface may play a 

considerable role in determining the boiling characteristics of 

a given system. Some of the studies related to these points are 

discussed below. 

2.3.1 Nucleation Effect~ 

The extreme complexity of the boiling heat transfer pheno-

menon, associated with the great difficulty in measuring surface 

characteristics has restricted considerably the study of the ef-

feet of surface variables. Nevertheless, many significant studies 

regarding the effect of nucleation sites on boiling have been made 

(A3,A4,B5,Bl4,c5,G6,K6,S3,C6). Gaertner(Gl,G2 ) revievls the various 

studies which have been made on the nucleation phenomenon to 1965. 

The earliest attempts to characterize the nucleating vari-
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ables vlere by Yamagata ( Yl) , Jakob ( Jl) and Fritz (F2). Corty and 

Foust(C5) studied various surface variables and concluded that 

there is a very significant effect of contact angle, surface rough-

ness and -surface material on boiling heat transfer. Their ob-

servation that a rough sur face yielded a higher heat flux than a 

smooth one at a given temperature difference and for a given sur-

face-liquid combina tion has been well substantiated now. This 

factor has been analyzed by Griffith and Wallis(G6) who also car­

ried out extensive and controlled experiments. They attributed 

Carty's and Foust's observation to the various cavity sizes (nu­

cleating sites) and their effect on the nucleation phenomenon. 

They also studied active-site population, type and size of cavities 

and contact angles. They concluded that nucleation occurs from 

preexisting, gas-filled cavities and generally only width is suf­

ficient to characterize them. K~iharaCK7,K6) studied extensively 

the effect of surf ace roughness and superheat on boiling coef-

ficients. He observed that (Q/A) is not proportional to nucleation 

site .density (n/A), as Jakob(Jl) observed, but is proportional to 

(n/A)m where m is a constant. He also observed a greater number 

of bubble columns in a rough surface and derived a relation re-

lating the temperature difference driving force and the number of 

active centers. 

Hestwater and Gaertner(W6 ) utilized a novel electroplating 

technique to study active site population. They measured population 

densities up to 1130 sites/sq.in. at 317,000 B.t.u./(hr.)~q.ft.) 

for aqueous solutions. The Corty and Foust(C5) studies only in-
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volved site densities of 60 per sq. in. Other studies (K7, Nl) 

were limited to lower heat fluxes as well. Gaertne r(GlO) later 

had limited succes s in his high- speed photographic stud y of the 

nucle ating site popula tion. His analysis of the problem (Gl,G2) 

sugges t ed the following relationships for water between nucle ating 

site population (n/A), heat flux (Q/A) and wall t emperature in 

the range of hea t flux. of 317,000 B.t.u./(hr.)(sq.ft.) 

( Q/A) = 18l(n/A) 2/ 3 ••• (18) 

••• (19) 

where Cn and K are constants which depend on the hea t flux range. 

Kurihara(K6 ) obta ined a value of 0.55 for the exponent for the 

identical system. Kirby and Wes t wat er(K3) obtained an exponent 

of 0.73 for a glass surface. 

Bonilla, Grady and Avery(Bl5) conducted som~ excellent 

experiments on the effects of scratches. Copper surfaces were 

polished with successively finer grades of emery paper from #2/0 

to a fine finish. Scratches 2400 to 3500 microns wide a.nd 120 to 

68 microns deep were put in the heating surface. They observed 

tha t the scratches should be sp aced a pproximately at 2. 5 lq_ /(p 1 - Pv )g 

for maximu~ effectivene ss and the depth may be about 25 microns. 

They also observed better improvemen t with liquid me tals. 

Some very inter es ting studies have been conducted in this 
(Y2) 

area by Young and Hu.m:ne l • They obtain nucle a ting sites by 

sticking s mall teflon spots onto the heat tr ansfer suri'ace and 
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obtain well-controlled nucleation in this way. These treated 

surfaces yield higher heat fluxes for a given temperature difference 

and given material. Similarly Gaertner(G2 ) treated surfaces with 

teflon and silicon grease. In this case, a lower maximum heat 

flux and larger bubbles which easily formed vapour bhnket were 

observed. Studies with silicate spots, which have good wetting 

properties and low thermal conductivity yielded improvement in 
... 

boiling heat transfer. 

Costello and Frea (Cl7) studied the boiling of tap water 

and observed that the coating of the deposits on the heating sur­

face allowed extremely high heat fluxes. They reported a 50% 

increase in peak heat flux by using a coated 0.125 inch diameter 

cylindrical heater. 

Averin(A3,A4) during his studies on the effect of materials 

and machining o~ surface observed significant effects of nucleating 

sites and thermal conductivity of heating surface on the boiling 

heat transfer rate. Berenson<3 5) in his studies with Copper-Pentane 

boiling observed that roughness had no effect on critical heat 

flux rates and film boiling regimes but had considerable effect 

in the transition and nucleate boiling regimes. Stock(S3) treated 

his heating surface with various coatings and observed that though 

there was considerable change in nucleating sites, critical heat 

flux rate remained essentially the same. 

The only experimental support for the hydrodynamic instability 

analysis of the peak heat flux was that obtained by Stock(S3) and 

(B5) . 
Berenson , (Flgure 2.5). Surface · material, roughness and con-
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tact angle do not seem to influence the peak heat flux. 
(Cl5) . 

Costello suggested that the experlments may have been 

conducted in the region where the cohesive energy of the bubble* 

is negligible. Si!lce the cohesive energy depends on wettability, 

type and number of nucleating cavities and surface tension, the 

effects may have been compensating. These questions still remain 

unanswered. 

2.3.2 Ther'llal._Effects in the Heat Transfer Surface 

The interest in the heat transport effects within the heat 

transfer surface have only recently received some attention. This 

lack of interest can be traced to the success of the hydrodynamic 

studies; its . recent interest arises out of the proposed mechanism 

and experimental temperature measurements of Hoare and Hesler(Ml). 

Sharp(Sl), during his experimental studies on the micro­

layer vaporization found that the thermal capacity and conductivity 

of the heat transfer surface 'i·Jas very important in determining 

boiling dynamics. He found that the surface material \vith the 

highest ratio of thermal conductivity to the square root of ther-

mal diffusivity exhibited the steepest boiling curve. He also 

concludes on the basis of the microlayer vapourization theory and 
. (Bl6) (B5) 

the experimental data of Bonllla and Perry and .Berenson , 

that a gre ater degree of superheat is necessary for materials with 

decreasing Ktp:" values. All situations which did not agree with 

this rule could be attributed to differences in active-site dis-
------- ·---------------·--

* i.e. adhesive energy at the solid-liquid-vapour interface due to 
the force vl S/L = C)i ( 1 + Cos 6) 
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tribution in different metals when they were given the same polish. 

For example, he shows boiling curves for smooth and roughened 

platinum in which the roughened surface required a higher wall 

sup erhe at than a polished surface for the same heat flux. He 

concludes that site distribution alone is not sufficient to ac-
-

count for observed surface effects. Sharp also considers the 

effect of thin heat transfer surfaces and problems of temperature 

recovery after bubble detachment. 

Some of these preceding effects have been observed ex­

perimentally. Carne and Charlesworth(Cl4) studied the boiling 

of n-propanol at atmospheric pressure on various metal strips 

(monel, inconel, mild steel, beryllium-copper ~nd copper). They 

observed that the critical heat flux increased by a factor of t\W 

vlhen the element conductance, Kt*, increased from 4. 5 x 10-6 to 

1680 x 10~ 6 watt/°C. Bernath(Bl4 ) and Ivey and Horris(Il) re-

viewed critical heat flux data for water and observed that the 

critical heat flux from horizontal cylindrical elements decreases 

as the thickness and the diameter of the test pieces are decreased. 

The data also indicated an asymptotic critical heat flux for thick 
(Cl6) elements. Carne found a similar dependence of critical heat 

flux on thickness for a number of organic liquids. Carne et al (Cl4-) 

explained these effects as arising out of the large variations in 

local heat flux. These variations were considered by him to be 

due to local variations in nucleating site characteristics due to 

roughness, surface energy and contamination. The local variations 

* t is the thickness of the metal strip 
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in heat flux caused local variations in temperature which per­

mi tted the thermal conduction to neighbouring microscopic areas 

on the heater sur face. They assumed tha t for a fixed fluid con-

dition, the local maximum heat flu x can never exceed some chara­

cteristic maxi~um value. 

Effect of Surface Tension and Interf ace Characteristics 
--------------------~------------------

It is a well-known fact tha t the most significant variable 

in the for mation, shape and size of a bubble is the surface ten­

sion. This is borne out by Ellion's derived expression which re-

lates the minimum degree of superhea t required to the size of 

cavity, the surface tension and other fluid properties. Similarly 

the coalescing properties of bubbles at high heat fluxes is going 

to be influenced by surface tension effects. The semi-empirical 

correlations on boiling heat transfer fail to agree on the effect 

of surface tension. As equations (4-) and (5) indicate, correlations 

based on purely hydrodynamic considerations predict a direct de­

pendence to the 0.25 power (Z5), whereas those bas ed on bubble 

agita tion (R3) indicate an inverse dependence to the 0.5 power. 

The for mer correlations do not include any interfacial effect; 

the latter imply such an effect by requiring a coefficient which 

depends on the solid-liquid combination. This state of affairs 

sug gests that the whole area of surface effects requires inves-

tigation and probably the developme nt of new experi~ental tech-

niques. 

The discussion up to this point has indicated tha t it is 

i mpossible to separate surface tens ion and interfacial effects for 
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a particular solid-liquid combination. Moreover it is very diffi-

cult to determine the interface characteristics. Perhaps the 

only \vay of changing the interface characteristics is by using 

liquids of varying wetting characteristics. 

So far, there has not been an experimental study on boiling 

heat transfer which has completely characterized the solid-liquid­

vapour interface. Most of the studies have looked into the effect 

of surface tension of pure liquids. Dunskus and Hestwater(D5) con­

clude from their studies that consideration of only the surface 

tension is a gross over-simplification. Althougp Griffith and 

Wallis(G6) were the only ones to measure surface tension and in­

terface characteristics (contact angle) under controlled conditions, 

they indicated that they experienced extreme difficulties in deter-

mining contact angle under boiling conditions. 

Some of •the studies to date have reported observations and 

have ac6umulated data on the effect of varying surface properties 

through the addition of surface active agents. Most of these are 

at low heat fluxes (R5)M5,F2,\16,El,Jl,Yl); only a few experiments 

have been carried out at high heat fluxes (L4,D5,Cl,El). Nany of 
rcl' 

these indicate conflicting results: for example, Costello and Adam§ ' 

reports burn-out heat fluxes for water containing wetting agent 

in which these fluxes varied as the 0.3 power of surface tension 

on stainless steel, as the 0.55 power on smooth graphite and as 

the first power on rough graphite. All observers agree that solu-

tions containing surfactants do not exhibit the same boiling 

characteristics as pure liquids. They also agree that present 
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correlations are grossly inadequate in this respect. Explanations 

based on volatility, molecular weight and viscosity effects have 

been too specific and inconsistent and hence do not offer any 

general explanation. These experimental programs are reviewed 

below. 
(Yl) . 

Yamagata et al observed that bubbles eminating from 

a solution containing surface active agents tend to be smaller in 

diameter and that the ratio of pausing time to generating time 

was smaller than in the pure liquid. Indeed, vapour columns or 

jets and vapour mushrooms begin at much lower fluxes with the 

surfactant solutions. They attributed their observations on bubble 

characteristics to evaporation from the surface of the bubbles. 

These investigators also observed that, with these solutions, the 

spots of bubble formation were liable to be shifted during con­

tinuous bubble generation. Roll(R5) reports essentially the same 

observations as Yamagata. He also observes a large density of 

smaller bubbles which coalesced and drifted their nucleating sites. 

Hyers(M3) also reports a higher bubble frequency with 

solutions containing surfactants. Rather surprisingly, he finds 

that the bubble frequency-bubble volume product is constant for 

any given concentration. The constant varies with the concentration 

of the Tergitol* solutions, but remains constant over a wide con­

centration of Aerosol* although the surface tension varies con-

· siderably with concentration in both cases. Hyers feels that the 

* These are industrial trade names of surface active agents. A 

complete description may be found in (R5). 
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effect of the s e surfactants is not related to the break-off 

dimensions of the bubbles. 

Dunsxrus and v/estv1a t er (D5) r e port on a study of surf actants 

in the boiling of isopro panol. Figures 2.6 to 2.8 show their 

results. They studied the effect of the molecular weight , con­

centration, volatility and viscos ity of the additives on the 

boiling char acteristics. They observed that the molecula r weight 

of the additive had a significant effect, the highe r the molecular 

weight, the higher the hea t flux for the same concentration of 

additive at a given temper ature difference. Low molecular weight 

additives at low concentrations caused the heat flux to be lower 

than the pur e isopropanol. They attributed this effect to the 

ability of the molecule to diffuse away from the interf ace. They 

believed that the increased mobility associated with low molecul ar-

weight material reduces the build up in the vicinity of the heat 

transfer surface. They suggested that this reduced build up al­

tered the surface viscosity so as to reduce the boiling heat tran­

sfer. Increa sing the volatility of the additive, greatly increases 

the peak he a t flux. The peak heat flux approximately doubled as 

the concentration of one surfactant was increased. Dramatic changes 

also occurred·in the transition boiling regime. this unstable 

region beca~e much more stable in the presence of surfactants. 

The effect of surfac e active agents on bubble growth has 

been studied by Ellion(El). He also conducted boiling studies 

with subcooled liquids cont a ining Aerosol surfactant. He found 

that the critical heat flux was lower for solutions than for pure 

water over the entire range of subcooling from 10 to llt0°F. At 
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saturation there was no significant difference in maximum heat 

flux. 

Sabers ky(S6) sugges ted that a liquid with low thermal 

diffusivity should have a lower growth r ate. He used Ellion's 

results for an Aerosol solution and carbon tetrachloride which 

have equal surface tensions but different thermal diffusivities. 

The observed bubble growth rates corresponded to the predicted 

results. 

Leppert et alCL4) studied the effect of adding ·s mall 

amounts of alcohol to boiling water. They observed that with 

about l% isopropanol or 2% methanol (by weight~ the nucleate 

boiling heat transfer coefficient was unaltered or slightly im­

proved. However, the average and maximum bubble size was greatly 

reduced. Although these studies were conducted in forced-con­

vectionflow normal to a single tube, they do point up some of the 

perplexing problems associated with these studies. 

This discussion indicates the need for more experiments 

to try to solve some of the mysteries in this area and also to 

improve our underst anding of the basic mechanisms in boiling heat 

transfer. 
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Interest in the boiling of flowi ng liquid films arises 

fro m recent developments in the metallurgical indu~try, boiling 

in nuclear reactors and cooling of rocket motors. Moreover, in 

any boiling , two-phase system in a clos ed conduit, most of the 

boiling usually t ake s place in the annular flo w r eg ime . 

The e arlie st investigat ions on film flow were in the studies 

on mass transfer in wetted-wall columns and on heat transf er in 

condensing syste~s . An extensive review of the film flow phenomenon 

has been presented recently by Fulford(F6), so that only the es-

sential details will be discussed here. 

Analogous to the film flow in pipes, film flows may be 

laminar or turbulent depending on the magnitude of the film Reynolds .. 
number, 4-r • Films are definitely in turbulent flmv if thj_s Rey-

lll 
nolds number is greater than 1600. The flow is not truly laminar, 

i.e. free from waves, uhless the Reynolds number is < 10. In the 

intermediate range the flow is usually wavy-laminar unless stabilizers 

are present. 

At low flows, surface forces become of the same order or 

highe r than viscous forces and surface tension has a stabilizing 

influence o The approxi11ate relationship bet\.,re en average thick­

ness and Reynolds nunber is given by Fulford(F6). 

The gas velocity aff ec ts film flows when it is high enough. 

Dukler (D6) observed consider ab le effect in his studies; whereas 
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Knuth(KB) andKinney et al(K9) observed a lesser effect. There are 

a number of other studies (H8,Bl3,C9JD6) on film flow inside con­

duits which are not of real interest here. Dernedde's study of 

the boiling of liquid films in this laboratory (Dl) has not ob-

served any effect of the shear exerted by the 11 stagnant11 gas on 

one side of the film (HlO). 

2.4.2 Eilm Inst&bility 

Instability of the film may not by itself be harmful, so 

long as the conditions of flow and heat transfer are not appreciably 

affected. A flowing film is considered unstable when its flow 

patterns change and then break-up occurs. Instabilities in film 

flow can, in general, be attributed to hydrodynamic or thermal 

causes (temperature gradients). · Surface tension effects are in­

cluded in both. Extensive studies have been reported in the 

literature (Bl3,Bl7,C7,ClO,C9 ,02) on both types of instability. 

Berenson and Stone(Bl?) have made a photographic study of heat 

transfer to flowing films in a two-phase flow system and concluded 

that liquid films f0rmed dry spots on the surface because of vapour­

ization and not because it was hydrodynamically unstable. In this 

case, however the flowing gas may have had a stabilizing effecto 

2.4.3 ]ydrodyna~ic Instability 

Ostrach(02 ) has given a description of the various hydro-

dynamic instabilities that can occur as a result of shear, surface, 

buoyancy and inertia forces and presents criteria for film break-

up. These instabilities are characterized by Reynolds, Froude and 
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Heber numbers. 

2.4.4 Stab ility Dve to Surfactants 

The fact tha t surface active agents can stabilize the flow 

of a liquid film has been known for a long time. Vlhitaker ( ~l/2 ) has 

extended Benjamin's analysis (B 8) of instability of film flow 

to include the effect of surface active agents. He shows that 

surface tension and surface viscosity can dampen only very small 

disturbances and that the stabilization results from what he calls 

surface elasticity. Surface elasticity arises out of gradients 

in surface tension which, in turn, arises from surfactant con-

centration gradients along the interface. These surface tension 

gradients introduce a tangential surface force (from high to low 

surf ace tension) which acts to stabilize any wavy interface. There-

fore, the rate of mass transport of surfactant to the fresh inter­

face will determine, in part, the stability of the film. It can 

then be said that the dynamics of a flowing film of a liquid con-

taining surfactant will . depend on the Surface Elasticity number 

( ao I Clc ) Weber number (--0 --), Reynolds number (h uop ) , 
C cf u2"b ' P Uo 2 h J.l 

g 
Schmidt number (~), Froude number ( p 2') and the equilibrium 

Dp ~ 

concentration of the surfactant. The regime of flow and chemical :in the 

syste~ will determine which of these groups are dominanto Berg (Bl~ 

Whitaker ( VJ2 ) and \1/hi take r and Jone s (W3 ) present the results of 

their coJ~ puter studies to indicate under what conditions instability 

can be expected. Figures 2. 9 and 2.10 are t aken from their papers 
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(Bl,H3). They indicate the type of results that have been obtained. 

In Figure 2.9 the effect of mass transport of surfactants on 

stability is given ; in Figure 2.10 the stability curves are shown 

for surfactant solutions in which temperature effects exist. Un-
' 

fortunately, there is no work done on the stability of liquid films 

und er varying conditions of liquid-solid-gas interfaces. 

Most surface active agents exhibit a tendency to approach 

an asymptotic surfa ce tension as concentration is increased. There~ 

fore the effect of surfactants on stability is expected to become 

small at high concentrations. 

2.4.5 Thermal Stability 

The earliest studies on thermal instability date back to 

1836, when Varley (Vl) "observed strange and curious motions in 

fluid s undergoing evaporat ion''· This motion which is not normally 

visible to the naked eye r eceived serious attention by the turn 
(Bl8) 

of the c entury by Benard who found a systematic hexagonal 

pattern of convection cells in a layer of liquid heated from below. 

This is the famous "Benard T,hermal Instability" and is the most 

common one. Pearson(P3) in 1958 analyzed this problem considering 

the temper ature varying layers and ascribed the motion to surface 

tension effects ( Marangoni forces) rather than to buoyancy forces, 

whenever the depth of the liquid is less than 1 em. 

Many experiments later indicated the importance of inter­

faci al contamination. Langmuir and Lang muir (L5) noted ~hat mono-

layers of several surfactants eliminated the convection which nor-

mally accompanies the evaporation of aqueous ether solutions. 



-52-

Bell(B 7 ) demonstrated that silicone monolayers prevented the 

occurrenc e of Benard cells. Berg and Acrivos (Bl) have done an 

extensive study of stabilizing this "Benard The r mal Instability" 

by using surface active agents; Figure2.10shovvs the s,tability 

curves. 

Some of the recent studies on thermal ins t abilities h&ve 

been conducted by Hsu et al(H9), Staub and Zuber(S9 ) and Ostrach and 

Koest~lro2 ~ These are essentially a combination of the hydro­

dynamic instabilities and Benard instabili ty. 

Many authors have their own system of classification of 

thermal instability (S9,H9,02 ). One such interesting classification 

is by Staub and Zuber (S9). They consider the film break up and 

dry patch formation in liquid film flow boiling heat transfer as 

due to three causes, 

' 

(i) thermo-capillary effect 

(ii) vapor thrust effect and 

(iii) bubble growth effect. 

An excellent description of this has been recently given by Der-

nedde(Dl). An extensive study of the film break up and dry patch 

formation criteria is given in (03,S9,H9,Dl). None of these seems 

to consider the difference between liquid-vapour interface and 

liquid-solid-vapour interface in detail. 

2.4.6 Minimum Wetting Rate 

In flow systems, the co~bination of hydrodynamic and thermal 

instabilities is more obvious. This necessiated both experimental 

and theoretical studies on minimum wetting rates needed to avoid 
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film break up and dry patch formation. Some of the excelle~t 

studies on minimu~ wetting rates are by Norman and Mcintyre<N2 ) 

and Ostrach et al(03). Mini~um wetting rate depends on the liquid 

te~perature and temperature of the tube surface. The minimum 

wetting rate is less at higher than at lower temperatures. Norman 

and Mcintyre(N2) correiated their results for thin continuous films, 

in terms of average fil:n thickness at the point of break down and 

the product ( o· tw ) , where Ao is the difference between the 

surface tension of the liquid in equilibrium with tube surface 

temperature and the bulk liquid surface tension. They observed 

a sharp increase in he a t transfer coefficient at the point of film 

break up. During boiling the minimum wetting rate decreases con- · 

siderably and therefore dry spot formation is reduced when boiling 

takes place. The minimu~ wetting rates · for water reported in the 

literature are very scattered. Hartley and Murgatroyd (H 7 ) attempted 

to predict the minimum wetting rate both from heat energy principle 

and from a force balance. The former was not generally applicable 

especially to thin interfacial films. Here the meta stable con-

dition exists and the sum of potential energy and surface ene rgy 

may not have a minimum. The latter wa s based on the force balance 

to form dry spots. 

Hsu et al (H9) extended this dry spot theory. Figure 2.11 shov:s 

the schematic representation of the liquid film analyzed by Hsu 

and also shows the temperature profile assumed for the analysiso 

The temperature depends on the heating the film has undergone. 

The dry spot for21ation depends on the temper a ture and the thickness 

.. 
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of the film. Thus he considers thickness at minimum wetting r a te, 

o HVffi, for e ach heating length, instead of the minimu:u wetting flo·,,r 

rate criteri a discussed earlier . He derives an expression for 0 NWR' 

based on the thermal boundary layer at the entrance region. The 

results of his theoretical studies on the o HV.'R are reproduced in 

Figure 2. 12. He proposes a critical thickness, ocr , for a stable 

dry spot based on the wetting properties of the heating surface 

apd compares with ol'1v·JR in the same Figure 2.12. The minimum thick­

ness of a -vravy fil m is at its valley (Figure 2.11). He compares 

his experimental data of thickness of the film at the valley, 8 v 

with o H~ffi for various heating lengths. Thus any study on film 

flow boiling heat transfer needs a consideration of this dry spot 

formation of a flowing film. It is better to have liquid flow rates 

so as to have a film thickness greater than o r{vffi and preferably 

greater than o crit. There is no study so far on t he minimum 

wetting rate and critical dry spot thickness of surfactant solutions. 

The effect of wetting in boiling heat transfer, especially 

at high fluxes, has received very little attention and yet direct 

obs ervation, as shO\vn on Plate 1 , has indicated how surface c on-

t amination , roughness and surface material c an change the boiling 

process. Gaertner(G2 ) has shown the effect of non-wetting teflon 

on boiling ; Jakob(Jl) has mentioned that a thorough study of con-

tact angle is necessary for further development of the theory of 
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PLATE lA 

EFFECT OF CONTAMINATION ON BOILING SURFACE 

a Boiling of water on a hori­
zontal surface covered with oil. 

Ref. (Jl) 

b Boiling of water on a clean 
horizontal surface. 

{Q/A) = 19,000 B.t.u./(hr.){sq.ft.) 

Time of Exposure = 1/200 sec. 

(a) Surface Unwetted 

Small no. of Large Bubbles 
Bell or Tandem Type 

(b) Totally Wetted 

Large Number of Small Globular 
or Oval Bubbles, and Vigorous 
Activity. 
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Boiling of water on a 
smooth vertical surface. 
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Boiling of water on a verti­
cal surface painted with a graphited 

mass. 

Ref . (Jl) 

( Q/A) = 19 , JO Dot o G/(hr o)(sq oft c) 
Boi l ing Surface is 1!' O. D. Steel oiler Tube 

Ti e of Exposure: 10~ 5 seco by lig t of 16,0 0 V. S ark 

(a) uc ~ation at a few places, 
large bub les 

( b) ucleatlon at large nunber 
of laces, smal cr bubble 
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nucleate boiling. Most investigators consider the contact angle 

of water* as constant for any surface. Jakob (Jl) assumes 50°, 

Gaer tner(Gl) 60°. Direct measurements have shown it to vary fro m 
0 

50 to 90 on a coppe r plate (B2, 01) depend ing on the surface 

roughness , cont amination and ionic pro perties of the surface. 

Certainly some dra~atic effects have been observed to occur 

as a result of wetting. By ad ding 0.04 percent of potassium to 
(Ll) 

mercury Lo zhkin has found an increase of 200% in the boiling 

heat tr ansfer coefficient. This was attributed to the greater 

wetting power of the potassium amalgam. 

Although more quantita tive dat a on the effect of wetting are 

not available, the existence of a microlayer and its part in the 

mechanism of nucleate boiling have demonstrated the importance of 

wetting and other thin-film properties . Since surface active agents 

affect these properties they are expected to have a considerable 

affect on the boiling process. The review that follows considers 

some of the fundamen tal properties of interfaces and surface active 

agents. 

The Interf ace ------
Since the follm·Jing discussion is centered on interf acial 

phenomena and properties it is '.Vorth\vhile considering what is meant 

by an interface. 

Mathematically, we always ponsider an interf ace as a plane 

* Defined on page 67. 
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when i n essenc e i t is a fu zzy boundar y extend ing over s ever al 

molec ul ar l ayer s . For c es will exi st ove r t his r eg ion which will 

be qui te diff erent fr om t hose in t he bul k . These will manifes t 

thems elves i n cer t a in propert i es such a s s urf ace t ens ion , visc osity 

and ela st i ci t y. In other words , t h i s r egion c an be thoug ht of a s 

a r eg i on oc cupied by a fluid of quit e diffe rent physic al propertie s. 

In some c as e s t he s e properties b ecome very i mportant in determ ining 

the overall behav i our . Sur f ac e activ e agents or sur f ac tants pl ay 

a lar ge rol e in changing the pro pertie s of t he :na t eria l 11 in the 

interf ac e" . The follO\ving discuss ion cons i ders this int~rfacial 

behav i our . 

2 . 5.2 Surfa c e Active Agents 

Substance s ar e c alled s ur f ace active age nts when t he surf ac e 

tens ion decr e as es as the bulk conc en tration of the substance in-

cre a s es . This lowering of the surf ac e tens ion is proportional to 

the concentrat ion of the solut e raised to some fr actional power. 

This c an be expre ss ed by Freundlich ' s equa tion (F5 ) 

1/n 
flo = kc • • • ( 20) 

Further more , t he conc entra tion of the subs tance is diff er ent at 

the interf ace r el a tive to the bulk of the solu tion . Usua lly a 

l arg er conc en t ra t i on of s urf ac tant is obser ved at the i nt erfa ce 

and this conc entra ti on increas e s as the bulk conc entr a tion increase s , 

at l e&s t for dilut e solutions . The di s tinct de pe nde nce of c on­

c entr ations at equilibrium is indic a t ed by Stucke ' s equa tion (S4 ) 

= cons t ant ••• ( 21 ) 
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d oco 

and 0 . _ 0 ::=-C_ 
~ co ~ •.• (22) 

de 

wher e o. and crco ar e the surf ace t ens ions at the interface and 
~ 

bulk concentrat ions respectively and c co is the concentra tion of 

surf actant in the bulk. 

Consider able time is required for the concentra tion to 

change at the interf ace after a new surface is for med. The time 

to reach equilibrium concentrations depends on the nature and 'con­

centration of the solut e . As a result of this time lag, surf aces 

of diff er ent ages will have different concentrations and hence regions 

of different surface t ension. Such a situa tion gives rise to Maran-

goni forces which cause movemen t of liquid from points of high to 

thos e of lower surf ace t ension. This coupled with similar effects 

tha t arise out of te~per ature differences leads to a very co mplex, 

interacting flo~tl phenomena . Therefore any accurate and complete 

study of the effect of surfactants on t he boiling phenomenon must 

necessarily consider the equilibrium and non-equilibrium chara­

cteristics of the solid-liquid-ga s interfaceo · Unfortunate ly, the 

development in the knowl edge of surface forces at an interface is 

still not complete enough to study the equilibrium/non-equilibrium 

aspects of this problem (D2) . 

2.6 Interf acial Films and Forces 

The prec ed i ng discussion has indicated the i mportance of 

the heating surface in deterQ1 ining the boiling heat-flux o The 

existence of an evaporating microlayer of liquid und er a vap our 
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bubble has underlined the importance of the \Vetting character istics 

of a liquid on any given solid surf ace. One can visualize a com-

ple x interaction b e tween the hydrodynamics of the syst em and its 

interfac ial characteristics. Associated with this probe lm are the 

difficulties in measuring the physico-cheillical proper ties of thin 

films and the solid-liquid interface (Fl,W3 ). 

Since the depth of the microlayer film cannot be more than 

50-100 molecules , the surf ace fo rces of the solid are expected to 

influence considerably the behaviour of the thin filmo Studies on 
(

7 1 ) (D2 ) colloidal stability by Zisman ~ and Deryagin have shown that 

the effect of the forces exerted by a solid surface may extend 

s everal molecular layers. Moreover, with such thin liquid films 

properties such as surface viscosity, elasticity and others , Hhich 

may be a function of the orientation of the molecules at the sur-

fac e, will becone important in establishing stability, flow, vapour-

izat ion , etc. More sophisticated experimental techniques are ob-

viously r equired to measure the properties of these thin liquid 

fil~s . One can only hope that the measurements (such as contact 

angle) with larger quantities and thickness of liquids on solids 

are directly r elated to the behaviour of thin films. A discussion 

of some of the . fundament~ls and experimental measurements followso 

2.6.1 The Disjoi~i9.g Pressure of Thin Liquid_Films 

The studies r eported by Fuks(Fl) on the resistance to 

thin..ning exhibited by surface films rnay have some direct bearing 

on the dynamics of the microlayer. In these experimen~s, the 

kinetics of thinning were studied by measuring the time of thinning 
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of liquid fil ms con t a i ne d be tween t wo pa r alle l discs. The time of 

thinning (t) c an be related to the measur ed variables in the ex-

periment by the Stefan-Reynolds equa tion: 

t = 
3 ITJJ 

4F 

1 
(­
h.2 

1 

1 
--) 
h 2 

f 

••• (23) 

wher e F is the applied force, hi and hf are the initial and final 

thicknesses r e spectively, r is the radius of the disco Problems 

aros e when an atte~pt was made to extend the e xperiments to zero 

final thicknesso Fuks found that low molecular-weight hydrocarbons 

could be extruded completely, whereas solutions of mineral and 

fatty acids could not. His data show that the residual film-depth 

of a solution and the resistance to thinning depend, not only on 

the force applied but also on the solute, the solvent and the solid 
.. 

body. The equilibrium factor which determines this r esidual film 

depth for any given system is the disjoining pressure. It is de-

fined as the negative of the derivative of the system free energy 

with respect to film thickness. It ref ers only to equilibriu~ 

surface forces normal to the interface. The disjoining pressure 

is a property of a particular solid-liquid combination; it shows 

up only in thin liquid films and hence must be related to inter-

f acial forces. Some ther modynamic considerations of disjoining 

pressure are discussed belo'.v . 

ThermodynaTtics of ordinary systems consid ers that the 

ordinary surf ace or interface pheno~enon arise from an excess of 

free energy or some other ther modynamic potential, which is pro-
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portional to interfaci a l area. The theory of the se effects de-
. (G 9) . l . b velo ped by G1bbs 1s on y appl1c a le to sys tems of moder ate 

dimensions . Thus this theor·y i s only strictly applicable to systems 

with dimensions gr ea ter than 10-4- em., above wh i ch the surfa ce 

t ension is independent of dimens ions (r). In recent years, many de­

velopments (D2,S2 ) have been made to exte nd the Gibbs Theory, so 

as to alloH for the dependence of surface tension on 11 r 11
• These 

studies in Russia (D2,S2,Fl) have shown that departures fro m the 

additive distribution of free energy or other potentia ls over the 

component parts, whose dimensions fall below a certain limit (film 

depth '~h" or bubble or drop radius "r" equal to lo-5 em.) cannot 

be accounted only by a single term for surface energy in the bulk. 

Thus they introduced some new terms. T~ese are not characteristic 

of the surface of the drop or bubble or fil m alone but ref er to 

the \-Thole structure. Thus vli th the knowledge of these factors it 

may be possible to extend the tre at ment to cover small objects, 

in which a separation into surface and bulk components cannot be 

madeo 

This effect of dime nsion of the thin film was observed by 

Scherb akov (S2 ) and Deryagin(D2 ) while \o!orking on the .Adhesion 

Pre ssure or Disjoining ?ressure. They found that equilibrium 

hydrostat ic pressure in thin liquid films exceeds the normal hydro­

static pressure. 

Indeed , Scherbakov(S2 ) derived an expression for the dis-

joining pres sure as given belo;,.,r: 

P = P CX) Exp 
( 

vl 

RT 
2 CJ dO ) (- + --) r ar ••• ( 24-) 
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where 0 is the Di.s joining or Adhesive Pressure • 

p"" is the Hydrostatic Pressure in the bulk 

vl is the volu:ne of a bubble or vapour mass 

R is the gas constant 

0 is the surface t e nsion 

r is the depth of film from the surface. 

The superheat of the boiling surface needed for the micro-

layer vapourization may thus be different compared to the superheat 

needed in normal systems, where normal hydrostatic pressure is as­

sumed to be the factor controlling the superheat. 

With future progress in theoretical and experime ntal studies 

on residual film thickness, disjoining pressure, surface elasticity 

and surf ace vi scosity , criteria for microlayer vapourization and 

superheat may be possible • 
• 

2.6.2 Wet tina ----':.!.b. 
vlhen a liquid is placed on a solid surface, the bare sur­

face of the solid adsorbs the vapour of the liquid until the fuga-

city of the adsorbed material is the same as that of the vapour and 

liquid. The adhesive force between a liquid and solid is that 

existing between the liquid and adsorbed layer on the solid. 

The meaning of the term wetting is only a matter of de-

finition and , in general , indicates the relative magnitude of ad­

hesive forces at the interface, i.e. the wetting of a liquid on a 

solid is a measure of the adhesive force between the liquid and 

solid relative to the adhesive force between two liquid masses. 

When sm&ll drops of liquid are placed on the surface of a 
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F, I!: 'um;:cc ? 13 u .... \. ;_1 0 - . 

v!ETT Il~G OF SESSILE DRO~S 

a -Wetting of s mall s essil e drops 

b - Wetting and Non- Wetting Sess ile Drops (Large ) 
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solid they do not spread completely but form a seg ment of a sphere. 

Larger drops form s egments of ellipsoids; still larger masses 

spread over the surf ace. Wetting is usually defined in terms of 

the contact angl e for me d at the li'quid-solid-g as interface shovrn 

in Figure 2.13. The solid is co mpletely wetted if this angle is 
0 

zero and consid ered to be non-..,Jetting if the contact angle is 180 • 

There are a number of me thods for experimentally measuring 

contact angle. Each has certain advantages and disadvantages. 

Some of the most v.ridely-used methods, their limitations and the 

choice for the present study, ar e given in Appendix III. 

_.. . ·- ... 

The contact angle can be related to the liquid-vapour 

interfacial (surface) tension through the interfacial tension of the 

solid-liquid and solid-vapour (crS/L anda S/V respectively) by the 

equa tion: 
0 S/V - 0 S/L 

Cos 9 = 
(J 

••• ( 2 5) 
1/V 

If the calculated cos 9 > 1, the measured contact angle will be 

zero and wetting is considered to be complete. 

To achieve complete wetting , cos e should tend to 1, a S/V 

should be large and oS/L and oL;V should be small. Often a S/L is 

large in practical systems, especially if the surfaces are rough 

or particulate. Thus cos e can be increased by lowering the 

liquid-vapour interfacial tension through the addition of surface 

active agents. With most surf actants, the wetting is further im-

proved becaus e the liquid is ~ble to penetrate and · wet some of the 
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unvtetted areas of the solid surface and thereby reduce cr S/Lo 

Furthermore since surfactants concentrate at the interface the 

free energy of the solid-liquid interface will be affected by 

virture of these other species being present. These foregoing 

characteristics work to improve the \1etting characteristic of any 

liquid. 

There are thr e e types of wetting vthic h may occur depending 

upon the magnitude of the free energy changes which take place in 

the entire system and the manner by which they are brought about. 

They are described as adhesional wetting, spre ading wetting and 

immersiona l wetting. The first two are of interest in boiling 

pheno'Ilena . 

(a) Spreading \·Jett ing 

Spreading wetting is referred to as the process which occurs 

when a layer of liquid spreads over a solid and displaces the gas 

or vap0ur , i.e. in the case of a liquid film, a given area of solid­

gas interface disappears and is replaced by equal areas of the 

solid-liquid and gas-liquid inter f aces. Spre ading wetting is ob­

viously important as the liquid moves in behind the departing 

vapour bubbles on a heat tr ans fer surface. 

It is possible for spreading to be essentially spontaneous 

as a result of interfacial forces only. Often mechanical or chem-

ic al forces may influence spreading although interfacial free 

energies may still be the dominant factor. The tend ency for 

spreading of a liquid is measured by the spreading coefficient, s. 

It is a measure of the Free Energy change accompanying spreading 
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and is given by 

s = 0 V/S - 0 1/V - ••• (26) 

where 0 V/S , 0
1/V and 0 

118 are t#he int erfacial tensions of the 

vapour-solid, liquid-vapour and liquid-solid interfaces. If S 

is gre&ter than zero, spreading is spontaneous and the driving 

force is given by S. However most liquids invariably show negative 

S-value s and highly negative coefficients mean less wetting of 

the solid surface (D2). 

Surface active agents influence spreading wetting by their 

effect on the interf acial tensions. The values of S will reveal 

their influence in the ·VTetting process. This is visualized better 

by writing the spreading coefficient in terms of the cont act angle, 

viz: • 

S = o L/V (cos 9 - 1) 0 .. (27) 

This equation strictly applies to equilibrium contact angles. 

There are many relatively easy methods for measuring 

spreading wetting. For liquids with positive 11 8 11 values, direct 

measure ments have be en made using monolayers of the liquid. If 

stable sessile drops are easily formed, the spreading coefficient 

should be calculable with reasonable accuracy from the measurements 

of contact angle and surface tension. 

(b) Adhesional Wetting 

When a state of equilibrium exists between liquid, solid 

and gas at a thr ee phase bound ary, there is certain resist ance 

offered to the liquid when it is displaced from the solid by the 
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gas. The driving force by the liquid to overcome such a resistance 

is what is known as Adhesive Force, WL/S and is given by: 

\>JL/S = 0 L/V + a V/S ooo(28) 

where again a represents the interfacial tension between the phase 

indicated by the subscripts ( I. is liquid, V is gas and S is solid). 

In terms of contact angle this can be conveniently expressed as: 

WL/S = a L/V ( 1 + cos 9) ••• (29) 

Adsorption of surface active agents at interfaces, generally re­

duces interfacial tension and consequently affec~the degree of 

adhesive wetting. It is to be noted, however, that the lower the 

surface tension the lower will be the work of adhesion and the 

easier it will be to displace liquid from the solid by the gas. 

On the other han.d., the smaller the contact angle, the higher wi 11 

be the work of adhesion and the greater effort will be necessary 

to disjoin liquid by the gas. 

Adhesive wetting is expected to influence the vapour for­

mation and departure from the solid surface during the boiling 

process. Although some preliminary work has been done on this 

aspect (Hl,Yl,Gl,Sl) direct studies on this variable have not been 

made. This situation exists because of the complexities of the 

interact ions and the need for neH experimental techniques. 

Some preliminary suggestions for the effect of vJetting on 

boiling c an be obtained from the criteria for adhesive joints (G3). 

They are 

(i) the surface free energy of the so lid should be high, 
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(ii) the liquid vapour interfacial tension or fre e energy 

should be inter med i a te, not too high, not too low, 

(iii) the solid-liquid interf acial t e nsion or free ene rgy, 

a S/L, should be lm·l, 

(iv) generally solid and liquid should possess similar 
-

polarity. The surface free energy of the solid and solid-liquid 

interfacial free energy are the most important properties. It c an 

be seen from prec eding studies tha t higher critical heat fluxes 

have been observed in the case of high energy heating surfaces (Sl)o 

In principle this can be done by cleaning or etching or atta cking 

with polar reagents. Roughness increases the available area and 

thus increases the surface free energy. However, in practice it 

is very difficult to prepare a clean rough surface which will allow 

liquid contact of the entire area. In practice it is also very 

difficult to select the solid-liquid combination which give low 

interfacial tension for high energy surfaces. 

As already indicated, surface-active agents may improve 

the wetting characteristics of any surface by lowering the surface 

tension. Many of the best wetting agents have irregularly-shaped 

molecules which very rarely pack into micelles but usually con­

centr a te at interfaces because of the differ ent affinity that various 

function a l groups in the molecule have for the solvent. This 

characteristic probably accounts for the l arge effects of relatively 

small concentrations. For this re ason the ionic character ( anionic 

or cationic) becowe s very important in determining the effect on 

the wetting . For example, silica and glass are always wetted by 
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water containing anionic surfactants, whereas they become non­

wetted by very low concentrations of cationic agents. At higher 

concentrations of this latter material, wetting occurs again. Fig­

ure 2.14 shm..,'s the effect of increasing the concentration of sur-

fact ant and ionic char acter on the ¥Jetting . behaviour. 

A property of liquids containing surface-active agents 

\vhich is j_ mportant in heat transfer studies is the so-called Krafft 

point. This is the temperature at which the surfactant molecules 

agglomerate to form micelles. As expected, at this temper ature a 

significant change in surf ace tension is observed. 

· Many surfaces are not wetted by liquids because of the 

roughness of the surface, or when wetting occurs significant 

changes in contact angle are observed because of this factor. 

Roughness has the effect of making the contact angle greater than 

the smooth-surfa~e contact angle if it is already greater than 

90° d . i h 90° an Vlce versa for systems w th contact angles less t an • 

For example, water on ro~gh paraffin wax exhibits a contact angle 

of 132°, whereas on smooth wax it is 110°. Similarly water on 

smooth copper indicates a contact angle of 80° and 50° on a rough 
Cl4) surface. \ve nzel v has expressed many of these ideas quantitatively. 

When making experimental measurements of contact angle much of the 

scatter of data will arise because of the variations in surface 

roughness or contamination over the surface. 

There is a critical wetting temperature for many surfaces 

above which 9 = 0. Rideal (Rl) has presented a procedure to cal­

culate this from the energy of mixing of the molecules. Si~ilarly 
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it is neither unusual nor difficult to make a surface non-wetting. 

In practic e a contact angle greater than 90° is a sufficient cri-

terion for non-\vetting. 

All the interfacial phenomena previously discussed will 

be i mp ortant in boiling heat transf er ; however additional effects 

are going to arise in very thin liquid fil ms . These effects are 

discussed below. 

The adhesive or disjoining pressure which was discussed 

earlier is directly related to the adhesive wetting behaviour of 

a liquid-solid system . This adhesive ·wetting can be related to 

the thickness of the r esidual film (Fl). s~~e of the properties 

of the residual film c an be obtained by considering the effect of 

various solutes on the thickness of this film. It has been ob-

served that the minimu~ thickness of the fil m at any pressure can 

be expressed by the equation: 

~in = k1 + k2 .f ( Molecular weight) ••• (30) 

k1 is a constant and is equal to the depth of the residual film 

for any solvent; it decreases as the adhesive energy decreases. 

· This constant can be zero or almost zero, in which case the residual 

fil m can be easily stripped from the surface. This probably leads 

to e asier dry pa tch formation and possibly a lower critical heat 

flux. k2 is also a constant vThich depends only on the properties 

of the solvent. The characteristics of the surfactant additive are 

conta ined in the functional relationship which seems to be dependent 

only on the molecular weight of the solute. 
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Therefore by introducing a suitable surfactant (i. e. choice 

of molecular weight and hydrophobic character) it should be possible 

to vary the residual film . thickness to a considerable extent. 

Some of the interesting effects of temperatu:c·e on this 
(Fl) . (D2) residual film have been observed by Fuks . and Deryag1n • 

They observed that the residual depth of the film is unaffected bi 

a rise in temperature at very low temper atures. However, at higher 

temperatures the effect of temperature becomes considerable. At 

still higher temperatures (within a very small range) the film 

softens and this softening temperature increases as the molecular 

weight of the dissolved substance increases and film depth decreases. 

This softening point is always lower than the me lting point of 

mono-molecular film. 

There see~s to be an excellent analogy between the dry 

patch formation from microlayer vapourization in boiling he .s t 

tr ansfer and softening and r.ielting behaviour of thin films. The 

studies on temperature, residual film thickness, resistance to 

thinning and adhesive pressures gives a preliminary understanding 

of solid-liquid-vapour i nterface behaviour (S3,D2,Fl). All the 

preceding discussion point to the fact that the orientation and 

firmness of bonding of molecules of solute in film, diminish in 

moving mvay from the solid surface and gradually pas3 over into 

the disorganized state which is characteristic of bulk. The structure 

and behaviour of microlayer may thus hold a clue to high-flux boiling 

heat transfer. 
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2.6.3 Transient Effects in Wetting 

The effect of time during wetting as applied to t he boiling 

phenomenon, is very complex. In general, there c an be long-range 

time effects, knovm as aging, and short-time transients effects, 

known as the dynamic effects of wetting. Changes in the solid-

surface characteristics take place over a long period of time 

when these changes occ ur by chemical attack, erosion, etc. The 

only reported study of this aging behaviour in boiling heat transfer 

is by Rohsenow(R3). Higher surface temperatures were r ecorded 

for a given heat flux. This was attributed to either scale de-

posit, or to oxide for mation or to chemical re ac tion which may 

cause the cavities to shrink. 

More impor tant to ,the funda~nental lJlechanism of boiling 

are the dynamic effects of wetting which, in general, c an be 

attributed to two mainfactors, viz the surface roug hness and the 

dynamic surface tension. The dynamic surface tension is the in-

stantaneous value of the surf ace te nsion during e xp&~sion and 

contraction of surfaces. Most of the discrepancies in the measure­

ment of contact ang le can be attributed to surface roughnes s and 

contam ination which affect the attainment of equilibrium by the 

interf ac i al forces. During the time spre ad ing \vetting occurs, 

equilibrium may not be attained as well because of the dynamic 

surface effects and the considerable time required to attain equil-

ibriu'n. 

The time to attain equilibrium of the i nterfacial forces 

has even more significance when surfactants are involved. This 
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situation arises because of the time required to reach an equili­

briu~ interfacial concentration of surfactant after fr es h surface 

has been formed. Obvious ly then equilibrium is go ing to r equ i re 

considerably rn'Jre time to attain in the liquid film on the solid. _ 

Dyna~ ic surface t ens i on has been observed to be greater than the 

static value when the surf ace is being exte nded and is le ss than 

the static value when the surface co~tracts . Tempera ture c hange s 

in the surface cause similar effects. Similar ly if the contac t 

angle was measured while the liquid was in motion the contact 

angle is invariably higher vlhen the liquid was advancing than \vhen 

the surface was rec ed ing . The cleaner and smoother the surface 

the smaller this hysteresis effect (Rl). 

Time eff ec ts are more pronounced at low concentrations 

where r e latively l arge amounts of surfactant must be taken up by 

the interf ace . At high concenttations a considerable number of 

molecules is at the interface already and hence thes e effects are 

less pronounced. 



3.1 Int:r;:oquc tion 

The overall syst em is basically the same as that used earlier 

by Dernedde (Dl) in his study of boiling of flowing films of pure 

liquids . It is shovm diagramatical ly on Figures 3.1 and 3.2; a 

photograph of the. boiler is shmvn in Plate 2. Hmvever, cons ider­

able modifications in boiler, heater, piping and pool boiling 

apparatus are made. Liquid i s fed from an overhead tank through 

a rotameter and heater to the boiling apparatus. Some evaporation 

occurs as the liquid passes over the hot surface. The bulk of 

the liquid flows back to a hold-tank located at the inlet to a 

gear-pump. The pump transfers this liquid back to the constant-

head tank. Coolers and heaters are located in this transfer line. 

The apparaills used in this study can be resolved into four 

s eparate parts, eacr~ serving a distinct function: 

(i) The heat-trc..nsfer surface \vith its electrical heat 

supply. 

(ii) The feed preparat ion system for supplying measured 

flows of aqueousmlutions of surfactants at predetermined con-

centrations and temperatures. 

(iii) The sp ec ific devices such as heat-flux meters and 

surface thermocouple s to measure heat-flux and surface temperature 

continuously in any given situat ion. 

(iv) The devices for measuring surface tension and con~ 

tact angl e of the solution on the heat-transfer surface so that 
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the heat-transfer surface could be characterized at any time. 

3.2 Th52._Fe ed Pr§.Qaration SY§_t em 

The feed in the present studies consisted of degassed 

distilled water or aqueous solutions of various surface active 

agents. The feed system was different for the two different types 

of experiments that were performed , i.e. for the pool boiling or 

for the boiling of flowing liquid films. The former experiments 

were carried out under steady-state or unsteady-state surface­

temperature conditions while the latter were all unsteady-state 

experj_ments. 

(a) Pool_~oiling - The equipment details can be seen in 

Plate 2 and Figure 3.1. The steady-state pool-boiling equip­

ment requires a continuous addition of water at or near its 

boiling point during the entire run. Since heater capacity 

limited the steady-state heat fluxes to those less than 100,000 

B.t.u./(hr.)(sq.ft) relatively small addi tion rates were required 

in this case. During the unsteady-state experiments, in which 

the entire system is cooled from a relatively high temperature, 

considerably more liquid feed was necessary (ca. 2 litres). This 

fe ed \vas made and kept in a 5 lit. stainless steel vessel at 90 to 

95°C. From time to time it \·Jas transferred to a 1500 c.c. glass 

flask . An electrical heater maintained the liquid at or near its 

boiling point. A stopcock on the outlet fro m t he flask allowed 

the f lo\'ITates to be controlled in order to maintain essentially . 

a constant liquid depth in the boiler. 
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PLATE 2 

APPARATUS FOR BOILING HEAT TRANSFER 

1 Boiler System 

2 Heater for Feed 

3 F ed Storag in Pool Boiling 

4 Camera with the Extension Tube 

5 Visicorder 

6 Pre- amplifier 

7 12 pt . Honeywell Recorder 

8 Vapour Collection nd 

9 Liquid inlet end 

10 Potentiometer 
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(b) _1igu_id-film boil_ing_ - Figure 3.2 shO\vS the feed 

system for the forced-convection, subcooled or saturated liquid­

film boiling exp eriments. 

Distilled water or surfactant solution was charged to 

the collector tank at a known concentra tion and the system was 

filled by circulating the liquid through the entire system. 

Solutions of surface-active agents were made up in the system 

by charging the appropriate amounts of dis ti.lled Hater and c:::m­

centrated solution. The heaters and coolers were adjusted to 

provide a predetermined inlet temperature to the boiler. The 

by-pass system allows better control . The liquid ~as distributed 

over the flat heat-transfer surface by an adjustable slot at the 

inlet followed by a 3 i nch length of wire mesh which was placed 

flat on the inlet section prior to the heat transfer surface. 

The flow was measured by a calibrated rotameter; it was main­

tained constant throughout any exper i ment . 

3 . 3 Boiler and Heat Supply 

The boiler consists essentially of a large copper block 

8 inches long by 6 inches wide by 6 inches deep in which electr­

ical heating strips have been i mbedded (Figure 3 .1). The upper 

surf~ce is the heat transfer surface in which heat-flux meters 

and thermocouples have been placed . To allow these devices to 

be accur a tely ~ade and located and to allow rela tive ease in 

manufacture, the upper l inch of the block had to be removed 

from the lower heated section . This upper piece was later bonded 
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to the lower section by tin-lead solder. ·The upper section was 

further cut up by removing a i inch deep by 6 inch long by 3-7/ 8 

wide section from the upp er plat~. After the heat-flux meters 

were manufactured and the thermocoupl e s installed this plate was 

silver-soldered into the thic ker bloc k . 

The layout of the heat flux me ters and the surface thermo-

couples is given in Figure A.2. Surface ther moc ouples are made 

from 0 . 013 inch insula t ed and sheathed constant an vlires . Details 

of their construction are given in section 3 . 4 . The heat flux 

meters are similar to those used by Dernedde (Dl ), a modification 

of those first introduced by Gardon (G4 ). They are made by cutting 

holes in the copper block to leave a thin ~opper disc on the heat 

tr ansf er surface which has accurately known dimensions . Cons tantan 

wires ( 0 . 005 in . dia .) are silver soldered into accurately located 

hole s at the center and on the periphery of the disc. There are 

seven heat flux meters of 0 . 078 inch radiu~ . Two of these are 

referr ed to as thin (O. OlO in. thick) , and five others are thick 

(0 . 030 in . thick). Further det a ils are p~ovided in section 3 . 4 . 

The heater block has slots 6 inches long by 0 . 125 inches 

wide by 3 inches de e p cut into it , into which Kant hal heater 

strips, 0 . 75 inches wide by 0 . 015 inches thick are placed as 

indic ated in Figure A.l. These he a ters are held in place inside 

the se slots by high t emperature , elec~rical insulation (Hiloset 

c e~ent manuf actured by the Kaiser Manufactuting Co . ) . Outside 

the bloc~ t he he a ters are electrically insulated by fib erg l a ss 
·• 

high temperatur e insul ating sleeves . The power is supplied from 
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the 3 phase 230 V. :nains through a povJerstat , auto -transformer 

to 10:1 stepdown tr&nsformer to provide a continuously varying 

voltage from 0-25 V. The heaters are separDted into six inde-

pendent supply systems, three are 7.5 k.w. and t hree are 3 . 0 k . w. 

De t ai l s are given in App end ix I. 

The upper heat tr ans f er surface was car ef~lly machined 

in the hope of providing a uniform surface and one that vmuld 

be simil ar to that of Gaer tner( Gl ). It wa s finished by 600 emery 

paper to 10.0 micro inches as measured by a profilometer. This 

tre a t ment and surf&ce f inish is almost i dentic al to Gaertner's. 

The upper 2_urface of the boiler is enclos ed in a t eflon and glass 

cover. The bottom i s housed in a tr ansite box fi lled with gl ass-

wool . 

The arrange~ents of t he boiler surface for pool boiling 

and forced-convection e xperiments were entirely diffe r ent. 
t 

( a) £ool_.1'-.Q.iling - The details of the equipment for 

steady and unsteady state pool boiling c an be seen in Plate 2 

and Figure 3.1 . About a lt ins.dep th of liquid was maintaine~ 

on the horizontal surface by inserting l/16 inch t hi ck brass, 

end-plate s at the inlet and outlet of the heated plate . A glass, 

goose-nec ked , bell-sha pe d ves sel was placed over the heating sur­

f ace (Figure 3.1) to act as a vapour collector over a known- area . 

The bell - shape extended below t he fr ee liquid surfa.ce but about 

' a ~ i nch above the heating surf&ce . It was assu~ed tha t this 

arrange~ent did not disturb th e boiling process but did collect 

all t he vapour which was generated by the heat t hat was tr ans -
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fe rr ed over the bell ar ea . The heat-f lux ~eter s iere located in 

the c en tr al r eg i ons of t he bell . 

The condensa t e f r om a shell - and - tube condenser was co l lected 

in a 100 c.c. gr ad uated cylinder . A slight vacuum was applie d 

to the r ec e iver t o f acilitQt e t he va pour f l ow to the CJ ndenser . 

(b) Forc ed - convection Liquid - fil'Tl boilin; - In this case , 

t he br as s - pla t e s wer e r emoved and the enti r e apparatus could be 

tilted to any desired angl e be twee n 0° and 90° . Li quid f l owed 

from the slot at the entr ance ov er a 3 inc h l ength of t eflon plate 

( ov er whic h , was placed t he 100 mes h s cr een), ont o another 3 inch 

entr ance s ection of unhea t ed c opper pla t e , onto the heated copper 

plate . A t i nch l ength of t hi s heat transf er s urf ace was made 

thin to minimize heat f low ups t ream and to pr ovid e cont r ol over 

the poi nt of bre ak- up of t he liquid f i lm . The unevap orated liqu id 

is removed by a 1 n d i a . s. s. tube back to bottom col l ec tion tank afte 

it passes over the heated surfa ce . This liquid i s r ecirculated to 

the constant head t ank . Flexible hose connections al low the 

a pparatus t o be ti l t ed to t he de s ired angle and bac k to t he 

horizonta l with the minimum of del ay . This practic e is nece s sary 

s ince t he he a t trans f er surface wa s charac terized by "contact-

ang le" measur ements before and aft e r e ach r un. 

3.4 Heat Flux Het er s and Surf ace Ther mo - Coupl e s 

( a) Hea t Flux Me t ers - Hea t flux me t er s ar e the ffiJS t 

delic at e , sens itive and com pl ica t ed part s of t he boiling sur face . 

The r e ar e seven heat f lux meters all with the sa~e r adius ( 0 . 078 in .) 

Two of them are 0 . 010 in. thi c k , the other five are 0.030 in. 
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thick . Znch heat flux meter had three constantan wir e s of 0 . 00 5 in . 

dia~cter si lv er-s oldered into 0.006 inch diameter holes . The line 

joining the thr ee heat flux meter thermoc ouples , was perpendicular 

to the direction of the liqu id flow. Th~ l ayout of the he a t flux 

meters is given in li'igure A.2. The de tails of the he a t flux 

me ters are given in Figure A.3. The under side of the co pper disc 

of heat flux me ter is insulated by sauereiscn ce~ent (Sodium 

Silicate) so as to minimize the heat flow from or to the underside. 

Except for the final 0.25 inch length, toe constantan wir es wer e 

contained in a magnesium oxide insulation covered with a 0 . 04 inch 

diameter stainless steel sheath. The wires \.Jer e thinne r and the 

insulation thicker than those used in earlier experinents (Dl). 

Conduction error was therefor e minimi zed and responses vJe r e faster . 

(b) Surface thermocouple s - The layout of the surface 

thermocouples is given {n Figure A.2. Surface thermocouples were 

made from 0 .013 inch diameter constantan wires which had a thin 

magnesia insulation and a copper sheath of 0. 032 inch diame t er . 

About 15 inches of this sheathed wire was fil ed flat at one end 

and was polished with a fine eme ry paper. After proper cleaning 

with dilute hydrochloric acid followed by wash water, t he tip was 

e leo tro- plated in a dilute co p per cyan:ide solution for about 4 5 
0 minutes at ~volts d.o. at about 70 c . (equivalent to about 20 

a.mps/sq .ft). A cone shaped luoite shield placed 0.25 in. above 

the ti~ was very useful in preparing a satisfactory surface thermo­

couple. Electroplating of 0.035 in. was done. This included 

sufficient allowance for metal removal during the surface finish 
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of heating surfac e and shrinkage during t es ting . The surface thermo-

couple was slowly he a t ed in a bunsen fl ame to hi gh t empera ture 

oxidation and was t ested for c onti nui ty . Eleven sur face t hermo-

couples were prepared and t es ted us ing the me t hod de t ai led above 

and were joined to t he boiling pl ate by silver soldering in a 

suitably sized hole. 

3.5 Contact Angle and Surface Tension Appar a tus 

Contact angle was measured using a shadow photograph of 

a sessile drop. The apparatus for the shadow photograph con-

sisted of an Exacta Camera equipped Hith a 100 mm l ens and a 

10 inch extens ion tube to give a magnif ication of 2.5 times. A 

Sylvania No . 2, super flood lamp in combina tion Hith a condenser 

was used to provide the parallel beam of light for the shadow 

photogra ph. A microlitre syringe and a ministat pipette were . 
used to form a sessile drop of fixed volume . De tails regarding 

appar atus used and choice of methods are given in Appendix II 

The shadow photograph of the sessile drop was magnified to give 

an overall magnification of 35 times. The ca~era wa s set up on 

a bed which could be adjusted in t wo directions. This facilitated 

the exactness in the location of sessile drop on any of the heat 

flux meter positions. The t emperature control of the boiling 

surface was possible by us ing a fi ne control of input to he aters . 

The glass box over the boiling surface was used for providing a n 

atnospher e of air satura ted with H20 v apour . 

Surface t ension of t he surfactant solutions was det ermine d 
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using the pendant drop method . Here a suitably sized drop (of 

about 40 ~litre) was formed on a specially made t eflon tip at 

the end of a microsyringe (or in some cases at the tip of minis tat 

pipette) as a pendant drop and photographed using es s entially 

the same lighting and camera arrangement as described befor e . 

The pendant drop was allowed to for~ at the t i p of a syr inge 

which was well stabilized otherwise, the l east d i s turbance would 

cause the pendant drop to fall down. Temperature around the 

pendant drop was maintained at required level by enclos i ng the 

pendant drop in the closed space formed by glass walls on t he 

boiler. An atmosphere of air saturated with water vapour wa s 

provided for hi gh temperature measur ements. The pendant drop 

was magnified to 35 times and essentially the same procedure a s 

given by Andreas et al (Al) was used to determine the surface 

tension. 

3. 6 Instrumentation 

The instruments of the system mainly consist of a Honey­

well Visicorder, a Honeywell multipoint recording potentiometer, 

a preamplifier and an Exacta came ra with 100 mm lens and an 

extension tube for still photography . However, to study the film 

flow, a pentax camera with 50 mm lens and high speed (400 ASA) 

film were used. 

The Honeywell Visicorder 906C, which is a recording 

oscillograph, wa s used to give the tr aces of the t wo heat - flux 

me ter outputs and outputs of the two edge-thermocouples of the same 

heat flux meters. More sensitive M-40-350A galvanometers were used 



-90-

for heat flu x me t er outputs in the range of 0.0 to 2.00 millivolts 

for heat flux measur ement. Tv.ro other less sensitive I·f-1 00- 3 50 

galvanome t ers wer e used for t emperature me asure~e nt fro m edge 

ther moc oupl es . One M-lOQO galvanome ter wa s us ed in combination 

with pre amplifi er to r ecord the output of heat flux me t er for 

heat flux rneasure JJ.en t during steady stat e pool boiling . Chart 

speed Has ad jus t ed at O.l~" pe r sec . though for occ asiona l checks 

in liquid fil m boiling higher speeds of 10 inches/s ec. and 2 

inches/sec. v1ere tried. Details of the connections and c alib­

r a tions arergiv en in Appendix I. 

The Honeywell Multipoint Temperature Recorder was mainly 

used to me asure in 0 to 10 millivolts range, temper ature s of the 

feed, the copper block and surface temperatures of the boiling 

plate fro'n surface thermocouple s . This r ecorder provided an 

excellent check with the visicorder readings. It was also used 

for measurement of surface t emperature distribution by he a t flux 

meter and surf ace ther mocouples . The satura tion temp erature of 

the boiling liquid i n pool boiling was also measur ed in this re­

corder. The r ecorder is ad justed to a chart speed of one inch 

per minute . The Honeywell single point recorder was used to get 

occas ional tr acing s of ed ge ther mocouple temperatur es during un­

steady stat e pool boiling and liquid film boiling experiments . 

This was necessary to f acilita t e the conparison of edge and centre 

ther mocouples of heat flux JJ.eter . 

Pr eamplifier wa s us ed only to get the tr aces of ou t put 

of heat flu x met er in stead y sta t e pool boiling of water . Output 
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is taken to M-1000 galvanometer of the visicorder through a 220 

ohms resistance i.n series . The input was vJithi~ 0.3 mv and the 

output was about 3 volts. 

An Exacta c amera with 100 mms lens and extension tube 

and Pentax C3.mera \vi th 50 mms lens and extension tube were us ed 

for still photography of t he flowing films, sessile dro ps and 

pendant drops . High speed fil ms of 125 ASA and 4 00 ASA were used . 

Deta ils of the apparatus including lighting and 11agnific a tion 

r anges are given in Appendix II. 

0 



4- . EXPERIMENTS ____ ........ ___ _ 

The objective of this study was to find out qualitatively 

and quantitatively the eff ect of surface active agents in boiling 

heat tr ans f er of water with the hea t flux meters and boiling sys-

tem described in Chapter 3 . The type and concentr ati on range of 

surface active agents and the c hoice of experiments were such as 

to give maximu~ informat ion regarding t he boiling heat transfer 

mechanism and the eff~ct of surf ac tants on high he a t-flux rates 

( especi ally the maximum heat f l ux). 
I 

4- . 2 Selection of Surface P.c~.:.~~~~~~::ts 

Four surfactants , two manufactured by t he American Cyna~ id 

Co ., under the trade na:ne of Aeroso l s and t Ho manufactured b y the 

Wyandotte Chemical s Co . , m1.der t he trade name of Pl uroni cs vrere 

selected . The f our surface ac t i ve igents were 

( i) Aer osol - OT 

Ci i ) A.eroso l OS 

( i ii) Pluronic - L-6? 

( i v) Pluronic - F- 68 

The important properti e s and c ha racteristic s of these 

surface active agents are given in Tables 5.1 t o 5.4. The vari -

ation of many of these proper ties with the type of surfactants 

is shown in Figure 5. 5. 

The ma i n cr i t er i a in the selection of the surface active agents 
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were, molecular weight, hydrophobic and ionic character. These 

agents Here also used in earlier boiling heat transfer studies 

(El, R5,J3) and are employed in the tr e atment of boiler feed water 

for corrosion inhibition. 

Aerosols are among the very well known surface active 

agents of lmv molecula-r v;eight and high v1etting characteristics. 

Aerosol OT is nonionic by nature and produces a very low surface 

tension and high wetting properties even at very low concentrations. 

Aerosol OS has a similar hydrophobic character but it is anionic 

by nature; it produces the lower surf ace tension and high wetting 

property ( si:nilar to Aerosol OT) but at very high concentrations o 

Pluronics have a much higher ~ol ecular weight than Aerosolso 

They are non-ionic by nature and , unlike the Aerosols , are highly 

soluble in water. Pluronic L-62 has a lm·l molecular \·Ieight com­

pared to Pluronic F-68 and exhibits high wetting characteristics. 

Pluronic F-68 has high dispersing characteristics, i.e. it does 

not allow salts to adhere to solid surface and keeps them in 

solution. Compared to L-62 it has poor wetting characteris t ics. 

Figure 5.5 and Tables 5.1 to 5.4 indicate these compar isons. 

4.3 Choice of Concentr 3tion_B.§_nge 

The r ange of concentrations was mainly li~ite d by 

( i) Solubility 

(ii) Micelle formation 

(iii) Concentration ranges used in previous studies or 

practice 
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( iv) Experimental difficulties regarding formation of 

foam and surf ace contamination. 

The concentration range was limited by the performance of the 

surfactant solution and the availability of time . The solubility 

was not a problem in the c ase of pluronic s . Abovel.O ~% by ·"1eig~~ 

it was very difficult to dissolve aerosols in water. Micelle 

formation "\'-las possible at high er concentra tions in the case of 

high molecular we ight pluronics. The concentrat ion range of 

previous experimental studies and industrial practices indicated 

t hat a high concentration of 1% by weight was required . Simil arly 

the lower limits were set at 0 . 1 to 0 . 01% by weight. However , 

on the basis of pre l iminary experiments, a concentrati on r ange 

of 0 . Ol% to 1. 0 ~1a by irleight for pool boiling studies and 0 . 01 ;~ to 

0 . 1% for the liquid film boiling ~tudies , were se l ected to avoid 

excessive foaming and contamination of the surface . 

4. 4 Choic:_e of E:fQ.§rimen:tal §tudiq§. 

The c hoice of exper i mental studies was limited to mainly 

t hr ee different type of experiments with d i stilled water and 

solutions of surface active agents: 

(i ) ste2dy-state poo l boiling of water 

( ii ) unstead y- state pool boiling of water and surfactant 

s ol utions , 

( iii ) unsteady- state forced convection l iquid-film boiling 

of Hater and solutions of surface active agents . 

The choice of the se experiments 'tlas mainly based on the design 
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of the boiler and heat-flux meters . Similar studies by Dernedde (Dl) 

simplified the choice of experiments. 

Steady-state pool boiling and liquid-film boiling studies 

were greatly limited by the performance of heaters (which developed 

very high resistances at the joints because of oxidation). In 

addit ion , the center thermocouple of the thi~ heat flu x meters 

became disengaged from the plate quite early i n the experimental 

program and could not be used . In all about 50 pool-boiling runs 

and 30 liquid-film boiling runs were made with water and sur f actant 

solutions. 

4.5 Experimental Proc edure 

4.5.1 §teady-~~~!~o~l Boiling 

About 580 c.c. of degassed distilled water were added 

to the boiling chamber to produce a height of about 1.5 inches 

above t he heat transfer surface. This height was maintained by 

fe eding boiling , distilled water continuously from the feed-pre­

paration sys tem . An overfl ow disposed of t he slight excess . The 

he a t inpu t t o the boiler was controlled by setting the auto trans ­

for mers for a given voltage output from the step-down transformers Q 

Ste ady state was indicated by the constancy of the t emperature 

over a t en minute period. The amount of condensate collected wa s 

me asured in consecutive fiv e minu t e inte rval s; the tota l volume . 

collected was about 100 c.c. Pla te t emperatures and the te~perature 

differences fr om the heat-flux meters were measur ed by potentio­

meter and visicorder . Six runs of condensate collection were 

made for each of t he seven heat- f lux l evels in the range fr om 
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10 ,000 to 100,000 B.t . u ./( hr .)( sq.ft ) . This r ange was about twice 

that atta ined earlier by Dernedde (Dl) with this apparatus . How-

ever , this was still not sufficient to reach the higher heat fluxes 

of the nucleate boiling r eg ime. 

Dur ing these t ests , the differences in temperature ind ic a ted 

by all the pl ate t emperatures , i ncluding those on the edge of 

t he he at-flux meters , were recorded. 

Unsteady-state pool boiling exper i ments are carried out 

by heating t he entire apparatus to a high temperature (c a 450°F.) 

and t hen flowing water or surfactant solution was allowed into 

the boiling chambers to yield a depth of approxi ma t ely 1.5 inches. 

A.s t he entire system cooled do-~m , all boiling r eg i mes could be 

vi sually observed on the surface. Heat-f l ux me ters continuously 

monitored the boiling syst em as t hese different boilin6 processes 

occurred and provided a record of heat-flux versus plate tcrnperatur e_. 

In spite of t he local variat ions in t emperature during boiling, 

t he visicorder continuously traced out the variat i ons in heat fl ux 

as the plate t em perature ch anged . Dernedde(Dl) had shown earlier 
I 

that this process c an be considered as quasi - steady state. 

4.5.3 Unsteady-State Liquid - F ilm Boiling 

Unsteady-state boiling in this case ref ers to t he experi­

ment in ·which the b l ock i s heated t o approximate l y 450°F. and t hen 

cool ed by a flowin g film of water or solution containing surfactants . 

As th e plate cool s the point of destruct i on of the film moves 
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dawn the plate and aver the hea t-flux meters . The region of 

destruction occurs over a region of l/4 to 3/8 inches over which 

violent nucleate boiling can be observed. The heat flux ~eter 

then records t he heat-flux for all boiling regimes and the edge 

ther mocouple also allows measurement of t he plate t em perature . 

Dernedde (Dl) has shown that this meter allows a fairly accurate 

measurement of heat-fluxes which are in agre e~ent with those rc -

ported in the literature . 

Only the thick disc (0 . 030 i nches thick) wa s used in these 

experiments. Each experiment l asted about one ninut e , somewhat 

les s for subcooled liquid. 

Essentially the sa~ e hydrodynamics were maintai ned through-

out all the surfactant t ests by maintaining a flow rate of 10 lb./ 

min ., the sa~e angle of inclination of the plate and the same in­

let temperature conditions . At this flow r ate co mplete wetting 

of the plate was ma intained , the syste~ opera ted without diffi­

culty and excellent control was possible . Dernedde (Dl ) showed 

that the ang le of i nclination does not have a pronounced effect 

on the boiling process . Smal l changes in vi s cosity that may have 

r esulted for the surfactant sol utions were considered to have a 

neg l igible effect on the heat trans fer process . 

Thr ee runs vlith subcooled boiling and three repeated ruhs 

for saturated boiling at each concentration of any given surfactant 

constituted a set of experi~ents . Later runs included only satur -

ated boiling bec ause the pl ate cooled too f ast with subcooled 

liquid o Some difficulties Here experienced \vi th the h i gher con-
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centrat ions of surfactants because of excessive frothing of these 

solutions. 

Characterization of the boiling surface ·vr as done before 

and after each set of experiments with a particular type of s ur­

f actant. This was done by measuring the contact ang l e of wate r 

on the plate and carrying out a c ooling experiment vli th water . 

4.5.4 Me asur emen t of Contact Agg_le __ and Surface Ten_:'3 i og 

The wetting and i nt erfac ial forc es of the sur f actant 

solutions c an , in gener al, be characterized by surface t ens ion 

and cont act angle measurements. The details of the a pparatus for 

measuring these are described in Chapte r 3 and App. II and III. The 

cho ic e of methods and their r e liabi lity are also discussed ther e . 

The difficulties in the measurement r e sulted fro m: 

( i) high \vetting achieved by medium and lo·we: r surface 

tension liquids on high- energy surfaces l ike copper and 

(ii) aging and evapor ation of surfactant solut ions . 

The experimental procedure for determining contact angle 

vlas r elatively simple . Boiling l iquid, t he contact angle of vih ic h 

Has to be measured , was t s.ken up in a 0 . 1 c.c. syr i nge and a kno1m. 

volume of liquid was carefully placed on the surf ace a t the point 

where t he surfac e was to be tested . The boiling surface was main­

tained a t a t emper ature of 214 ~ 2°F. by controlling the heaters 

and pl acing othe r patches of water around the s ess ile drop. This 

procedure allowed suffic i en t time to photograph the droplet. 

In s ome instances there were probl ems of evapora tion and 

aging . These were overcome by careful wash i ng of t he surfactant 
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contam inated surface and by t aldng the pictures very shortly after 

the drops were for med (c ~ one minu t e ) 

Surface tension measurements of th e solutions were measured 

by the pend ant drop method a l ready described . Liquid was t aken 

up in a 0 . 1 c.c. syringe and then alloWE?d to f orm a pendant dr.Jp 

on the end of a teflon tip. \..Jhen the drop was almost breaking 

off the t ip , a shad O\.v photograph \vas taken. l1easure rn ents were 

made on photographic enlargements (ca. 35 X) . 

These measurements were made at or near the boiling 

te mperature by performing these measurement s with the dr op in a 

steam atmosphere. Surface t ension r at ios of v.rater to s urf actant 

solution rema i ned almost the same thus confirming the obs erva tions 

made by Roll (R5). 

4 . 5 . 5 Sg_ecia l Prec autio,ns in Exp~riment s: l Procedure 

The hea t-flux meter provides a quick and convenient way 

of ascertaining the effects which are under i nvestigation here . 

The ne ed for fast experiments arises bec aus e of the pro~lems of 

i ncrease in concentration and d eposition ( contamina tion) on the 

s urface with surfa ce - active agents or their decomposition products . 

By performing any given li~u id film flow exper imen t within the 

30-60 sec . time span , these eff ec ts should be minimi zed. Moreover , 

to obv i a t e the effects of contam ination aft er each set of exper -

iments with solutions of a give n sur f actant , t he apparatus was 

flu shed for two to four hours with t ap wa ter and then an amount 

of distilled wat er equivalent to fo ur times the system hold - up 

was pu~ped through i n s tage s . Furthermor e , after the cleaning 



-100-

befor e each test, the boiling surface was tested to insur e the 

same c::mdi tion by measuring the conta ct angle . Tes ts with pure 

wat er were c arr i ed out to ensur e r epr od ucibility of the surface 

conditions; only when reproducibility similar to tha t of water 

was e stablished were ne w t es ts c arried out. The proble ms of in­

crease in concentr a t i on, cl eaning and testing on the surface were 

l ess in pool boiling compared to liquid film flow experiments, 

but es sentially the same procedure for cle an ing and testing was 

used. Here cleaning and testing of the surface in between runs 

\vith Hater \-.'ere possible. It 1:1as found that after the initial 

breakin pe riod of the apparatus, the surface conditions as in­

dicated by the above tests r emained essentially constant. 

MILLS MEMORIAL LIBRARY. 



5. EXP ERI HENTAL OBSERVATIONS 

5.1 Surface Prooerties of \~la t e r and Agueous Surfactant Solutions 

The previous discussion in section 2.5 has indicated _ 

how contact angle, surface t ens ion, molecular Height and hydro­

phobic character of the surfactant may influence various types of 

wetting and interfacial film thic kness and stability. Indeed,-

surface t ension and contact angle are the only properties that 

can easily and conveniently be measured in situ. The ~ssumption 

is made that these properties are a direct function of those 

properties which effect the basic mechanisms of the boiling 

process. Moreover, all measurements are made at equilibrium 

conditions. Since the boiling pr ocess is a dyriamic one, the 

shortcomings of these measurements are obvious; ways to circum-

vent this difficulty are not. Plate 3 shows two photographs of 

sessile and pendant drops. 

Me~surements of contact angle of good wetting liquids 

like \·!Bter and aqueous surfactant solutions on a high energy 

surface like copper are very susceptible to errors because of 

contamination, roughness, method of placing droplets and eva­

poration. With good control and standardization of time, tern-

perature and volume , reproducibility within ! 4° in the range of 

8 0 + 0 . 0 30 to 0 and - 2 1n the range of 15 to 30 was possible. De-

t a ils of the contact angle measurements are given in Appendix III. 

Standardization of the procedure was made . by measuring the contact 
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PLATE 3 

SESSILE AND PENDANT DROPS FOR SURFACE TEN SION 

AND CONTACT ANGLE MEASUREMENT 

. (Aerosol- OT , 0.025 Wt. %) 

(Pluronic L-62, 0.1 Wt . %) 
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angle of doubly distilled water; values of 66° to 72° were ob-

served. Observations of the various surfactant solutions are 

shown on Figure 5.4. 

The reliability of the pendant drop method for measuring 

surface tension was demonstrated by the measurements for pure 
0 water, viz 71.0 to 72.0 dynes/em. at 25 C. However, as expected 

the surface tension of the surfactant solutions varied consider-

ably with time and temperature. A constant value was indicated 

only after an initial non-equilibrium situation. For this reason, 

pictures were taken after approximately 1 min. of the drop for­

mation~ased on the initial studies with a solution of 0.01% by 

wt. Pluronic L-62). Accuracy of measurement is suggested to be 

! 2%; .Appendix II contains the details of the surface tension 

measurement. The results for the measurement of surface tension 

for the various surfactants at several concentrations are shown 

on Figure 5.3. 

The preceding measurement of contact angle and surface 

tensions were used to predict the spreading coefficient (Figure 

5.22), interfacial tension (Figure 5.24), and adhesive wetting 

(Figure 5. 23) o 

Data on the molecular weight and hydrophylic tendency 

of the surf~ctants were obtained from various references (W5, 

F4,Rl,K2). These data are tabulated in Tables 5.1 to 5.4; the 

variation of the various characteristics of surfactants with 

hydrophile concentration is shown in Figure 5.5. 
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TABLE 5.1 * 
PROPL<.:RTIES OF SURFACTANT~ P LURONIC L-62 

Comp osi tion 

Molecular Weight 

Appearance 

Specific Gravity 

Cloud Point 

pH 

Solubility in Water 

Viscosity 

VJettability 

Foamability 

Toxicity 

80% Hydrophobic Units (polyoxypropyl ene glyc ol) 

on a base of 20% hydrophyllic Units (Polyo­

xyethylene) 

2500 

Thick transparent liquid 

1.04 (at 25/25°C.) 

< 0°C. 

6 .. 8 Non Ionic 

> 10 gms./100 ccs. 

400 c.p. (but negligible effects in aqueous 

solutions up to 1% by weight) 

78 sees. in Draves wetting test at 25°C. 

at 0.1% concentr a tion 
0 

35 rnms in dynamic foam t ester at 120 F. and 

at 0.1% concentration at a Ilow rate of 400 

ccs/min. 

Non toxic, oral LD 50 > 5 gms/kgm 

* This data was compiled fro m Technical Bulletin of M/S -~tJ"yandotte 

Cher;J.icals ( vl5) 
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TABLE 5.2* 

_PROPERTIES OF SURFACTA NT\_PLQRONIC_f-68 

Composition 

Molecular Hej_g ht 

Appe arance 

Melting Point 

Cloud Point 

PH 

Solubili t y in Water 

Viscosity 

Wettability 

Foamability 

Toxicity 

80% Hydrophyllic Unit (Polyoxye t hyl ene ) and 

207~ Hydrophobic Units ( Polyoxypropylene 

Glycol) as base 

8350 

Hard, mil ky white flakes 

50°C. 

> 100°C. in 1% Aqueous Solution 

6-8 (Non Ionic) 

> 10 gms/100 ccs. 

Negligible effects up to 1.0 gms/100 ccs. 

> 1800 sees. in Draves wetting test at 

25°C. at 0.1% concentration 

0 > 600 mms. in dynamic foam tester at 120 F. 

and 0~1% concentration at a flow rate of 400 

ccs/min. 

Relatively non toxic, oral LD 50 > 35 gms/kgm 

* This data was compiled from Technical Bulletin of 1'1/S 

Wyandotte Chemicals (W5) 

' ' 
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!ABL~_l.!_1* 

PROPEHT IES OF.2lm.£.ACT JUTT,_AE~OSQI,:_Q'r_.Lt!.::3.:±.22. 

Comp os it ion 

Mol ecular vleig ht 

Appe aranc e 

Specific Gr avity 

Cloud Point 

pH 

Sodium Dioctyl Sulfo Succinate. Mostly 

hydrophobic in na tur e. 

444 

Viscous, transparent liquid 

1.05 

< 20°C. 

6-8 Non ionic 

Solubility in Water Low, 1.6 gms/100 ccs. of wa ter at room 

temperat ure 

Viscosity 

Wettability 

Negligible effects in solu tions up to 

7.5 gms/100 ccs. 

30 sees. (max) in Dr aves te xt at 0.025 % 
solids 

* This data was compiled from Refs. (K2,F4,Rl). 

' ' 
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f~.Q!: ER T I E~Q~-SLJRF ~C T AN~ __ _: __ ~ER OS Q!: _Q~-~~:: ~_24) 

Composition 

Molecular ~·jeight 

Appearance 

Cloud Point 

Solubility in Water 

Viscosity 

'v'let t abili ty 

Foamability 

Sodium Isopropyl Naphthalene Sulfonate 

Not knovm ) ( ~ 400) 

\\'hi te, fr ee flO\'v'ing pov.Jder 
0 > 100 C. for l.O% Aqueous Solution 

9 ~ 1.0 (Alkal ine) 

1.43% at room temperature 

Negligible effects up to 1.0 gm/100 ccs . 

Low 

High 

* This data was compiled from Refs . (F4,K2,Rl) 

• 

' ' 
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5.2 St.§.ady:-S~a~Pool:.~Qiligg 

(a) He~t- fl~x m~!g~-~~liQration 
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The s te ady-state pool-boiling experiments were performed 

with degassed distilled water to calibrat e the heat-flux meters. 

The calibration was achieved by measuring the heat-flux in two 

ways: 

(i) from the rate of cond ensation of the vapours pro­

duced by the boiling within a known area, and 

(ii) from the temperature difference between the centre 

and periphery of the heat flux meter. 

The heat flux was calculated from the two-dimensional equa tion 

(Equation A5) assuming constant heat flux over the entire disc. 

The comparison of the heat fluxe s is $hown on Figure 5.1 

as a regular boiling curve plot. Two experimental curves are 

shown; the difference is associated with the measurement of 

surface temperature. In one case (curve B) temperature as indicated 

by the thermocouple at the edge of the disc is assumed to be the 

temperature of the entire heat transfer surface. Curve A shows 

the boiling curve which results when the temperature as indicated 

by ~he surfac e thermocouple at the centre of the heat transfer 

area is used as the wall te mperature. Figure A.ll shows the 

variations in surface temperature that were indicated by the 

various thermocouples in this study. Such a difference is un­

expected in a copper plate of this thickness and with the pre­

sent-he ater distribution and design. The attachment of the 

ther moc ouples to the plate is suspected as the cause of the 
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difference. 

The hea t flux as calculated from the condensate rate is 

consistently higher than that indicated by the heat- flux meter. 

The operat ion of the heat-flux meter under boiling conditions is 

an~lyzed in section A.l.2. The thick-disc meter was quite in-

sensitive at he at-fluxes below 30,000 B.t.u./(hr.)(sq.ft.); how-

ever, the fluxes indicated by the tvlO discs agreed to vli thin 

I 10% at the higher fluxes. Unfortunately only one heat-flux 

meter (0.030 in~ thirik) remained active during the liquid-film 

boiling experiments. 

The results of Gaertner(Gl) and Dernedde(Dl) are plotted 

on the sa:ne figure. The materials and surface finish in Gaertner's 

experiments were identical to those used here; Dernedde used 

the identical apparatus but did not control his surface finish 

and therefore is · unknown. Tbe differences among these measure-

ments may be fundamental to the boiling process or may reflect 

the··experimental errors involved in these studies. 

(b) Bubble Dxnamic s 

The experimental observations shown as data points on 

Figure 5.1 correspond to operation in the isolated bubble region, 

the first-transition region and vapour-mushroom region of the 

nucleate boiling regime. 

At a heat-flux of 11,000 B.t.u./(hr.)(sq.ft.), isolated 

bubbles could be clearly observed but the bubble departure at any 

particular site was quite rapid. At 34,000 B.t.u./(hr.)(sq.ft) 

bubble interfer ence was quite apparent. It was impossible to 
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control the heaters to adjust the heat flux exactly to the flux 

corresponding to the upper li~ it of the isolated - bubble region. 

At 50,000 B.t.u./(hr.)(sq.ft.), there was vigorous formation and 

break-up of large bubbles. These bubbles corresponded with the 

mushroom-shaped bubbles observed by GaertnerCGl). 

At 100,000 B.t.u./(hr.)(sq.ft.), the root of the vapour 

release was not visible. However large vapour bubbles of Type 

II suggested by Kirby(K3) were observed. Further visual ob­

servations were not possible due to the high bubble activity 

and turbulence. 

5.3 Unsteady-State Pool Boilin& 

(a) :d,ater 

The measurements of the heat-flux as the copper block 

was cooled by the pool-boiling of water served a dual purpose: 

(i) the agreement betHeen the steady-state and un­

steady-state boiling curves (Figure 5.2) demonstrated 

the quasi steady-state behaviour of the boiling 

system and indicated that extrapolation of the 

calibration of the heat-flux meters to higher fluxes 

was reasonable, and 

(ii) it provided a convenient datum point for comparing 

the effects of surfactants on the boiling process 

over the entire range. 

It will be noted that the heat-fluxes recorded here all 

seem to be higher than those previously observed by other workers. 
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The temperature differences required for a given heat flux are 

in the range of earlier observations. The fact that Gaertner 

observed variations of ! 20% fro m run to run at high heat fluxes 

where as the pre sent work indicates ~ 5% reproducibility may have 

a bearing on these differences. It must be remembe red that 

Gaertner's were direct measurements whereas the present ones are 

indirect and without a calibration of the heat flux meter at or 

near these high heat-flux~s; therefore, some question of absolute 

accuracy still remains. However, it is expected that the relative 

performance of these devices will indicate the effect of surface 

active agents on the boiling process. 

Some discussion of the method of treating the output 

signal from the heat-flux meter thermocouples is warranted. The 

phenomena associated with boiling lead to considerable fluctuation 

in surface temperature, the magnitude and duration depending upon 

the surface material and the boiling regime. The fluctuations 

recorded by the heat-flux meter are sizeable, amounting to ! 15% 

in some cases (see Figures 5.15 to 5.21). In all cases the 

average temperature was determined by averaging the Visicorder 

trace by eye; this temperature is the one reported here. The 

maximum variation of the heat-flux is shown on Figure 5.2 for 

the various regimes . Further discussion on these fluctuations 

is included in section 5.5. 

(b) Aqueous Surf actant Solutions 

Results of the high-flux pool-boiling studies of the 
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solutions of surfactants are given in Figures 5.6 to 5.10. The 

most striking result is the variation of the peak heat flux com-

pared to \vater. In some the heat flux increased considerably 

while in others it indicated an appreciable decrease. Very 

significant and consistent variations of maximum heat-flux with 

concentration, molecular weight and the hydrophobic character 

of the surfactants were observed. The fact that the peak heat 

flux changed by as much as :: 50% is in direct opposition to 

existing theories regarding the effect of contact angle and sur -

face tension, first with respect to the magnitude and secondly 

with respect to the direction of change. 

5.4 Unsteady-State Liquid-Film Boiling 

Since the type of experiment may play a role in producing 

the effects observed , unsteady-state experiments vli th water a.nd 

surfactant solutions were carried out at one flow rate (10 lb./ 

min.) and plate-angle (30°). The results of these studies are 

shown on Figures 5.11 to 5.15. 

It is to be noted that the heat fluxes indicated in these 

tests for pure water are much higher than those suggested for 

forced-convection subcooled boiling films (G8) or those measured 

by Dernedde(Dl) with similar heat-flux meters , although they are 

in line with those obs erved by Leppert et al (I}+). The reasons 

for this difference may be associated with the heat-flux meter 

construction as discussed in section A.l.2. Here again the rela-

tive changes in heat-flux brought about by the surfactant solutions 
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should be indicated. 

These experimental observations show the same changes 

in maximum heat flux that were observed with these solutions in 
' 

the pool-boiling experiments, i.e. changes in heat transfer 

according to c oncentration , molecular weight and hydrophobic 
-

character of the surfactant. There is also a tendency for the 

entire boiling curve in the nucleate boiling regime to shift to 

lower te mperature differences for the same heat flux and hence 

higher he&t transfer coefficients result. 

5. 5 ,1:emQerature and Heat Flux Fluctuations 

The temperature and heat flux meter tracings from visicorder 

provide some additional informa tion other than the boiling curve. 

The fluctua tions in heat flux and temperature are shown for water in 

Figures 5.15 and 5.21; quite diffe r ent behaviour is evident when 

surfactant solutions are used (Figures 5.16 to 5.20). The early 

studies of Moore and Hesler(Hl) and Sharp ( Sl) have pointed out 

the importance of temperature fluctuation of the heat transfer 

surface in determining the boiling characteristics of a given 

surface and of a particular boiling regime. These te mperatur e 

fluctuations should provide some qualitative information on 

boiling and indicate some of the wetting and stability chara-

cteristics of the thin interfacial films that exist during 

nucleate boiling. 

The heat-flux me ter with the thin disc showed greater 

fluctuations than the thic k disc as expected from their respective 
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FIGURE 2.16 
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-
thermal c a pacities. The visicorder t racings indicated similar 

patterns and fluctua tions for a particular solid-liquid combination 

in all runs. 

The fluctuation frequency and magnitude differed con-

sid erably for a different type and concentration of surfactant. 

All solutions showed l esser fluctuation in the transition boiling 

regime. This obs ervation beca~e more appar ent at higheB con­

centrations of surfactants. 

Observations particular to specific surfactants are 

noted: variations in temperature were higher in Aerosols than 

in Pluronics at the same concentration; F-68 showed higher 

fluctuations than 1-62 solutions in all regime S except near the 

maximum heat flux ; Aerosol OS indicated higher fluytuatfions 

amo11g all the surfactant solutions in all regime s except in the 

region of maximum heat flux throug h to the point of de par iur e 

from nucleate boiling; Aerosol OT showed nearly the highes t 

fluctuation of any around the Departure fron Nucleate Boil ing . 

In the transition regime, Ae~osol OT indicated slightly larger 

fluctuations than Pluronic L-62 at the same conc entration. 

The frequency and rate of cooling and recovery also suggest 

a different behaviour for these solutions. Frequency of fluctu­

ation is very high for pluronics, especially at the highe st con­

c entration; F-68 shows a higher frequency than L-62; Aerosol OS 

show highe-r frequency t han OT. lt also shaHs a very slo'<l rate 

of cooling and r ecovery . All the se temperature and heat flux 

fl uctuations show considerable consistency. 
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These observations were mostly confined to high heat 

flu xes (greater t han 70 ;~ ( Q/ A) HAX) though limited observations 

were possible a t lov1er heat fluxes (less than 20% ( Q/A ) MAX)e 

The detailed study of the bubble shape and · behav iour needs a 

high-speed photographic study which was not within the scope of 

the pr esent studies. 

( a) J,iguid Film Boiling 

Larg e bubble s Here formed at high heat flu xe s and viere 

highly unstable. Representative pictures of the top view of 

boiling films are given in Plates 4 and 5 and c an be compared 

with the films of water obs e rv ed by Dernedde( Dl ). Plate 3 shows 

the effect of con6entration at high he a t flux . th~re seems to 

be a stabili zatiQn of liquid film Hith increase in concentration 

from 0.05% to 0.1% (by weight ). There also seems to be a t endency 

to form dry patches in the c ase of the Aerosol OS solutions at 

high he a t flux and lower conc entration. This may be due to its 

loH molecular Height and lovi Hetting ability. 

An obs ervation Has comm on to all boiling surfactant 

solutions, tha t is a noticeable reduction in spl ashing of drops 

of liquids in comparison to water. The l arge amount of splashing 

which was observed Hith water is illustrated in Pla te 4. This 

c an only be attributed to the higher wetting of these solutions . 

Turbulence on the surface was observed in all the studies. Liquid 

spi kes were observed at higher hea t fluxes and loH conc entrations . 



PLATE 4-

BOILING 01" LIQUID FIL~1S AT HIGH HE AT FLUX 

(Aerosol-OS in Water at 10 lb . /min . and 30° incline) 

0 . 1% Concentration 

0 . 01% Concentr a tion 

0 . 05% Concentration 

Water at 4-.3 lb./min. 

(Tief. Dl, Plate 4-) 
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This is obv ious fro m the higher va por iza tion rat e obs erved a t 

low conc ent ra tions . ~her e se em to be vapour ma s se s a lmos t like 

mushr ooms \vhich. ar e highly uns t able during the high flu x boiling. 

A significant inc rease in the thic knes s of flm-ling boiling 

liquid film around the r eg ion of de s truction wa s obs erved. This 

inc reas e was some times as muc h a s t en times. This inc r ease in 

thickness v1as due to the l ar ge numb Er of s mall bubbles tha t vlere 

forme d at lower heat flu xe s. 

A few observations of the bubble characteristics were 

made at lowe r heat flu xes; these are shown on Plate 5· There 

is a swarm of bubbles which are held together instead of the 

isolated bubbles observed in pool boiling . The thicknes s of the 

film i ncr eas e s very rapidly by virtue of these agg lomerated bubbles. 

This shows that the bubbles which would have nor mally collapsed 

have the tendency to remain stable. There seems to be a signi­

ficant effect of flow in changing the sha pe s of bubbles (Plate 5) . 

The bubbles at the surface not only show an eccentricity due to 

f low, but also show increased eccentricity due to concentration. 

( b) Pool boiling 

Some obs ervations -v1ere possible on the bubble shape and 

departure in the pool boiling . Due to high activity, it was not 

possible to obs erve the bubble shapes and departures at high heat 

fluxes, but some comparison with the predicted bubble shapes was 

po ssible. At about 1% concentration by Height and at lower heat 

fluxe s , bubbles were s mall and were spherical for all sur factants. 

High wetting Aerosol 01' and PluT'onic L- 62 showed larger bubbles 



PLATE 5 

BOILING OF LIQUID FILMS AT LO~h HEAT FLUX 

(Aerosol-OS in Water at 10 lb./min. and 30° incline) 

0.1% Concentration 0.05% Concentration 

-1~2-

0 . 61% Conc ent ration Water at 4.3 lb./min. 
(Ref . Dl, Plate 4) 
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but departure was sluggish. F-68 and Aerosol OS showed higher 

fr equency of smaller bubb l es at this concentration . At high hea t 

fl uxes most of the bubb l es had the shape of bubbles suggested 

by Kirby (K3) as Typ e III. But the size and fr equenc y of release 

of these vapour masses varied. The vapour release looked as 

though the vapourization t akes place from a thin film into a 

l arge vapour mass in the case of all the solutions except Pluronic 

L-62. Pluronic L-62 especially at high concentrations showed vapour 

mas ses which are very slugg ish. The size of the vapour masses 

increased cons iderably with the heat flu x . Aerosol OT showe d 

very l arge numb er of va pour mas s es r e leased at a faster rate. 

The va pour masses in general were all i rregularly shaped. The 

size and frequ ency of the bubble depends on the r a t e of vapourization. 

The shape and agitation of these bubbles may be i mportant in 

varying the he a t transfer as can be seen from the e arli er dis-

cus sions on the micro convection i n thermal boundary l aye r. 

Bubble density was higher and vapour masses smaller in the case 

of Aerosols compared to Pluronics. The bubble shape and be haviour 

seem to i ndicate th~t it depends on the heat flux and the fo am 

stability , while the bubble frequency var ie s significantly with 

the solid-fluid combination . 



The experimental observat ions in this study demonstra te 

most conclusively surface active agents affect the boiling hea t 

transfer of water in both pool and forced-flow boiling. The 

shape of the boiling curve i s affected over the entire nucleate 

boiling and transition boiling regimes. Moreover, the maximum 

heat-f lux is changed considerably by the addition of surfactants. 

The effect in each case is concentration-dependent, (Fig. 6ol to 6o4 ) , 

indica ttng an increase in heat flux at low concentrations a.'1d a de­

crease at higher conc entrations . The actual differences 'also seem 

to be quite s ensitive to the typ e of surfactant employed. 

In trying to relate thi s behaviour to the basic mechanisms 

of the boiling phenomenon, this discussion will be concerned with 
• 

two aspects of the problem. 

( i) the compatability of the present obs ervations with 

current theor ies and for models of the boiling 

process, and 

( ii) the mechanism by which surfactants affect the 

boiling process. 

According to the hydrodynamic stability model of Zuber 

and Tribus ( ZG) , i.~. equation (4 ), the critical heat flux should 

vary as the ( surface t ension of the liquid) 0 ·25 . Figure 6.5 

- 144-



a' 
(I) 

-145-
FIGURE 6 . 1 

EFFE~T=OF CONC~NT..B.,A TION ON MAXHfUH BOILINQ_HEA.T FLUX 

( Pool Boiling ) 
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FIGURE 6.2 

EFFECT OF CONCENTRATION ON· CRITICAL HEAT FLUX 
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FIGURE 6.4 

E.Er: ECT OF SURFACT &.NT CO NCEN.J:RAT I ON- HEAJ:_TRAN;JF ER QOEFFICIENT AT lvfA.X IMUr1 ijEAT F LUX 
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FIGURE 6~ 

EFFECT OF SURFACE TENSION ON CRITICAL HEAT FLUX 

( Pool Boil ing ) 
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illustrates quite dramat i cally that the crit ic a l heat f lux c an 

be as much as 40% greater al thoug h the surface t ensi on i s de-

creased and al l other propert i es are essentially constant. 

Equation ( 5) has s uggested t hat the maximum heat flux s houl d 

inc rease as t he s urface t ension decreases . Figure 6 . 5 i nd ic a t es 

that the i nv8rse square root dependence does not hol d eit her . 

Ind eed , the cri t ical heat flu x i ncreases as s urface t ens i on de-

creases and t hen decreases· at hi gher concentrat ions of surfactants 

where the sur f ace t ens ion i s decreased even fu r ther . Theref ore 

the obs ervati ons sugges t tha t ther e doe s not s eem to be any 

simpl e r e l ation be t ween s ur f ac e t ension and critic a l he a t flu x . 

The ef f ect of c ont act angl e ( equilibrium value ) on 

critic al hea t flu x ha s bee n predic ted by Rohs enowCR3 ) and Die s sler ( D7)~ 

The r esult s pre s ented on Figures6.6 and 6. 7 i l l ustra te t ha t t he criti0.U 
1 

hea t flux is ne ither pr oportiona l t o 8 or e~ . Each surf actant 

sol ution shows a uniqu e curve . 

6. 2 COffiQ§l: i §.Q!l wi.t_p Preyiog.§_QQ§.§.J.:Ya tiQ.!l§. 

Dunskus and We stwa t er (D5) obs erved a similar i nc rease 

i n cri t ic al heat flu x with the addition of a number of sur f actants 

t o i so propanol. They found tha t i ncr easing the molecul ar we ight 

of the additive of the s ame homologous seri es ( Ig e pals , in t his 

c a s e ) increased the critic al he a t flux even more . They explained 

th i s on the basis of i nc reas ed s urfac e viscosity r esulti ng from 

c oncentrating the sur f actant i n the l iqu id fi l m under the va pour 

mass es . Thi s incr eased viscosity was s a id to l ead t o an increased 
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FIGURE 6.6 

EFFECT OF CONTACT_~~GLE ON CRITICAL HEAT FLUX 

(Pool Boiling ) 
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stability of thes e films and hence a greater r esistance to the 

dis rupting f orces. In the present case , the highes t molecul ar­

weight add itives , Pluronics, did not ind i cate a higher critical 

heat fl ux than the lower mol ecul ar weight surfactants. In f ac t 

at the higher conc entrations the critic a l hea t flux wa s l ess . 

Furthermore at any g iven wall t emperatur e t he Pluronic addi tive s 

indic at ed a lower hea t flu x than that of wa t er whereas the Aerosols 

indicated a hi ghe r hea t flu x in mos t cases . Therefor e , stab ility 

of the liquid film, due to sur face viscosity, does not seem to 

pl ay a major par t in the pre sent case. Similarly their obser-

vation of a higher temperatur e diffe rence corre spond ing to the 

critical he a t flux is not borne out here since Aerosol OT 

solutions show a dramatic dec rease in the temperature at which 

the maximum he at flux occurs. 

Lovrrey and \'Jest\-Jater (L6) suggest that organic molecules 

of surf actants may form nuclei and increase the he a t transfe r 

rate at any surface t emperature in the s ame way as the teflon­

spotted surfaces of Young and Hammel(Y2 ) do. The behaviour of 

Aerosol OT solutions in the nucleate boiling reg ion makes them 

suspect. HoHe ver, close exam ination of the surf ace after a 

boiling test did not show any loc al deposition. 

Costello and Frea(Cl7) sug gest that deposition of mat erial 

from tap water should increase wettability as well as create 

artificial sites and i ncrease the nucleate boiling flux and the 

maxi mum heat transfer rate. Ivey and Morr is(Il) also state that 

wett ability of the surface should affect the he a t flux as well, 
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pointing out that oxidized (low energy ) surfaces yield higher 

heat fluxes than clean metallic (high energy) o~es. Berenson(B5) 

performed tests with a high-energy surface which had be en roughened 

to various degrees and found little effect on the critical heat 

flux , although in this case t he roughness may not have affected 

wetting to any significant degree. The present tests with the 

cont aminated surface (Figure 5 .10) illustrates that \ve tting of 

the surface is very important in determining the maximum heat 

flux since the amount of surfactant left . on the surface is not 

expected to yield any appreciable c oncentration even if it were 

dissolved completely in the liquid used in the test. 

Thus ther e is strong evidence to suppor t the belief that 

the critical he a t flux is controlled by facto~s othe r than those 

relating to hydrodynamic stability. Furthermor e , these factors 

seem to be associated with surface phenomena , either at the solid­

liquid-gas or the liquid-gas interface. 

The effect of the surface active agent is to reduce the 

surface tens ion of the fluid, incr eas e the spread ing and adhesive 

tendency of the l iquid and r educe the interfacial tension at the 

solid-liquid-vapour interface. Other effects tha t mus t be con­

sidered are deposition or adsorption of orga nic material on the 

he a t tr ansfer surface (contamina tion ) and effects arising out 

of differenc es in the concentration of surfactants at different 

parts of the inter f ac e (Marangoni forces ) . Obviously some of 

these character istics are directly measureable; other s c an only 

be specul ated upon since no direct measureme nt is possible with 
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existing equipment. 

(a) Th,e Critical He~!; Flu~ 

The pres ent observations of critical heat flux are not 

consistent with the predictions based on the hydrodynamic models 

and some of the ob servations of others regard ing the effect of 

surfactants discussed in previous sections. Therefore additional 
' 

effects must be hypothesized to account for the present obser-

vations; obvious ly the se effects must be consiste nt with what 

is already known of the boiling phenomenon. The qualitative mode l 

which follows is offered to explain these additional effects. 

Let us cons ider the phenomena occurring during nucleate 

boiling since these phenomena must be occurring at or near the 

critical heat flux as well. The existence of a micro l ayer of 

liquid under a vapour bubble, mushroom or j e t has been established 

by Sharp ( Sl) . Attachment of these vapour masses to the wall 

occurs only at specific spots, as observed by Gaertner <G5) , 

Kirby and \<lestwater (K3 ) and by ·de st'.vat c:, r and Gaertner ( \,J6 ) in 

their e l ectroplating experi tnents. This microlayer vapourizes 

continually at the liquid-gas interface by virtue of the heat 

transfer from the wall across it to the interface. Therefore, 

liquid must conti nually move f rom the periphery of the vapour 

mass to all par ts of the liquid film. The film then is expected 

to vary i n thickness according to the distance from the main 

liquid source . 
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At high hea t - flu xes (near the maxi mum ), i ncreo. sing the 

surf ace t emperature will i ncreas e the heat t rans f er ( and va pour ­

i za tion) by virtue of the i ncreas ed dr i ving for ce and possibly 

decr eas ed film thic kness. However, inc reas i ng a~ounts of the 

surf ac e ma y bec ome dry bec aus e the liquid flow rat e may not be 

gr ea t enoug h to pr ovide the necessary liquid to cove r t he sur ­

face with a mic r olayer of liqui d. Ther efore any change in the 

system which will affect the flow of liquid ov er the sur f ac e is 

expected to affect the he a t flux, especi ally the critica l he a t 

flux. 

Up to the pr esent t i me , it ha s bee n assumed that th e 

hydrodynam ic instability which de ve lops b e t we en the upward 

va pour and downward liquid flow ha s caused the liquid to be 

separ at ed fro m parts of the surface for short periods of time. 

Thi s in turn has led to decr e a sed liquid coverag e of the surfac e 

and henc e decr e ased heat flux . Although such a stability pro­

blem may exist, the pr esent results indicate tha t oth~ r phenomena 

may b e controlling the critical heat flux or microlayer cov er age 

of the surf ace. The s e effects must be associated wi th all pheno­

mena that may be affected by surfactants . 

By their very na ture , surf actants will accumulate at 

the interfaces. An ad ditiona l conc entr a ting effect will. occur 

in the liquid microlayer under the vapour masses since the more 

vol atile solvent (water) is continually be ing evapor ated from 

this fil m. A highe r conc entration of surfactant l eads to a 

l owe r surf ace t ension in the se re gions. The surfac e t ens ion 
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gradient that will result from the concentration differences 

will cause flow of liquid from the regions of higher surface 

tension to the regions of lower surface tension (Marangoni 

effect). The temperature gradients existing in th~se regions 

will magnify these effects. In addition, the shear forces 

arising out of the vapour movement will cause liquid to flow 

into or out of the microlayer. This complicated liquid flow 

coupled with the vapourization of solvent will determine the 

concentration of surfactant at every point in the microlayer. 

The concentration of the surfactant in the bulk of the solution 

will also play an obvious role. The concentration of solute 

is expected to be much greater in the film than in the bulk. 

This increased concentration in the microlayer will 

affect both the surface and transport properties in that region. 

As a result, the liquid should wet the surface much more readily 

and spread more easily over the surface. Figure 5.23 indicates 

that the adhesive energy does not seem to be changed appreciably. 

But Figure 5.22 shows that spreading changes considerably. This 

greater spreading ability should act to increase the critical 

heat flux since there should be a greater driving force to cause 

the liquid to spread over the surface. On the other hand, the 

higher concentration of surfactant should increase the viscosity 

of the thin liquid film and decrease its thermal conductivity. 

The increased viscosity will mean a higher resistance to liquid 

flow and therefore act to reduce the extent of the microlayer 

coverage. Decreased thermal conductivity will cause less heat 
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t ransfer across t he liquid fi l m (less vapourizat ion) for any 

given t emperature and film thic knes s. 

This model serves to explain the present experimental 

r esults as well as t hose of other s. I n the pr esent c ase , a small 

quantity of a g iven surfactant serves to increase t he vle t tabili ty 

of the surface bu t doe s not offe r a l arge increase in resistance 

to he a t transfer. At higher concentrations , the much higher c on­

centration at the interf ace offers a l arge r es i s t ance to heat 

t ransfer and hence c auses the decrease i n heat flux. 

Althoug h the general t rend of the critical heat flu x 

\-Jj_th i ncreas i ng concentration is the same for t he diff er ent sur­

fact ants, the magnitude of the effec ts is di fferen t for e ach. 

For example , the wetting characteristics of Aerosol OT and Pluronic 

L-6 2 are extr eme ly high and of about the s ame magn itude ye t the 

critical heat flu x and general behavi our in the nucleate boiling 

r eg i me i s quite different. Sinc e the molec ular we i ght of these 

ma t eri als is ve ry different (Pluronics high and Aerosols low), 

the viscos ity of the concentrated thin fil m is expected to be 

higher for the F-68 . Furthe rmor e , the diffusion and bulk t rans­

fer of F-68 fro m this film is expected to be less. 

These eff ect s s erve to expl a in the observations of others 

as well. Duns kus and We stwa t e r ob served an incr ease in the 

critic al hea t flux of i s opropanol wi th the addition of var ious 

I ge pa l s. Th ey found tha t the higher the mo l ecul ar weight of the 

addi tive the gr eE ter the hea t flu x . Since the thermal conduc tivi ty 

of these org anic ma t erials will not be very much different, the 
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change fro m one ma t eri a l to the next may be de t ermined mainly 

by the we tting pr oper t ie s of these ma t eri als. I t would b e of 

interest to know wh e t her the higher molecular we i ght I ge pal s 

rendered the sur f ac e s more eas ily we ttab l e withou t cr eating a 

hi ghly viscous solution. 

( b ) li..1?&l§ a t§._ B Q .i.li D.-K 

The abov e discussion conc er ning wetting and the additiona l 

resistanc e to hea t transfer is applic able to the entire nucleate 

boiling regi me . In add ition, visua l and photographic observations 

in s ection ,5..6indicate th at the vapour dynamics ar e affected con­

siderably by the ad dition of surf actants, solutions of each 

surfactant having a unique behaviour. 

The best manifestation of this be haviour is th e variation 

of the he a t transfer co efficient over the entire regime for the 

various solutions. Since the heat fluxes are nearly the same, 

l arge changes in heat t ransfer coefficients indicate a sub­

stantial shift in the boiling curve either to l ower or higher 

temperature differences. 

In agreement with the increased resistance hypothesis, 

the heat transfer coefficient is observed to decre a se with in­

cr eased concentration of surfactant in eve ry case. Figure 6.3 

shows the effect of concentration on heat transfer coefficient. 

The Aerosol OT solutions indicate l arge heat transfer coefficients; 

this is consistent with the observed behaviour with this solution . 

Why Aeros ol OT should produce such hi gh boiling fluxes at low 

temp er a ture differences is not kno wn except tha t it may be 
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specul ated tha t i t may be due to its low molecul ar weight and 

high wetting r e sulting in a comparative ly high s~reading and 

thermal conductivity and low film thickness and surface viscosity. 

In the case of L-62 , which exhibits very l ow coefficients , the 

acc umul ation of a r elatively thick, oily film on the surfac e 

may be off er ing a fairly l ar ge resistance to heat transfer . 

For the l iquid film boiling , the observations are es ­

sentially the same (Figure 6.4) except tha t of Pluronic F-68. 

No explanation c an be off ered for this behav iour of Pluronic F- 68. 

(c) Trans it} og_Boiling_fiegj._mg_ 

Aerosol OT and Pluronic L-62 solutions show higher 

neg at ive slopes in the tr ansition boiling r eg i me . These are 

very good wetting agents. I n addition, for the few runs which 

were observed, th e minimum heat flux seems to be higher than tha t 

for pure water . In this c a s e the hydrodynamics must be playing 

a part , but wetting also seems to have c onsiderable influence . 

One of t he interesting obs ervations was t he "dry-patch11 

formation on the meter near the point where film boil i ng beg ins 

(Figures 5. 16 to 5.20 ). This phenomena develops because of the 

l ower temperature on t he he a t flux meter and the fact tha t the 

heat flux i ncreas es v.rith reduced tewperature . In t his Hay the 

liquid on the meter evapor a tes very quickly and since very l ittle 

liquid exists on the pl ate around it , a dry-pa tch results for 

a short period of time . With no l iquid on the meter , the te ~­

perature incr eases quickly and soon the outside te mpera ture 

(boiling still occurring there ) is l ower t han the c entral one . 
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Thi s accounts for the negative readings on th e Visicorder . It 

a l so suggests that the dry-wall phenomenon c an be a very local 

one . 

(d) Film_Boiling 

Although the present study was primar ily interested i n 

and geared to the above t wo boiling regimes, some observations 

were possible in the fil m boiling regime. I n line with the ob-

serv ation of others ( H3 ), the minimum hea t flux was observed 

t o be greater than that of wa t er thus indicating a greater sta-

bility of the vapour l ayer next to the heat transfer s ur f ace. 

Thi s increased flux is not predic t ed fro m existing hydrodynamic 

stability analys es althoug h dynamic effects may be clouding the 

pitture. Berenson 's(BlO) suggest ion that the only effect of 

surfactants is t o make the surf aces more wettab l e and therefore 
• 

behave more uniforrnly does not seem to be borne out in t he ex-

periments r eported her e . Certainly visu al ob servation would 

suggest quite dramatic change s in the dynam ics of vapour mass es. 

6.4 Effect of Concentra tion 

(a) Pool Boiling 

Figures 5.6 to 5.9 and 6.1 show that the maximum heat 

flux increases considerably over tha t for pure water for all 

surfactant solutions when the concentr ation is less than 0.1% 

(by weight). As the concentr a tion is increased the maximum 

heat transfer rate decreas es although this decre ase is s maller 

for the Aerosol solutions. Pluronic L-62 shows a substantial 

decrease; Aerosol OS and Pluronic F-68 indlcate a drop at in-
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termediate concent rations (0.1 to 1.0%). 

The conc entration level s were not decreased to the point 

where the cr itical heat flux star t ed to decr eas e and ap proach 

that of pure ·Hate r . This may oc cur only at ext r emely low con­

centra tions. Some indic ation of thi s is suggeste d by the boiling 

curve observations with di s tilled wa ter over surfac es contam ina t ed 

with Aerosol OT and Pluronic L- 62 (clean- up runs ). The s e data 

are shmvn on Figure 5.10 and indicate a 50% increase in the nor= 

mal heat flux for pure water. Since both of these materials are 

very good wetting agents, the increase must be attr ibuted in 

part to this property. 

(b) Liquid- Film Boiling 

Similar effects wer e obs erved here (Fig . 5.12 to 5.14 and 6.3) 

as in the pool boiling case in that the critical heat flux was 

greater than that for pure water only at low concentrations of 

surfactants. At the higher concentrations this flux was less. 

Furthe r more, the relative effect of sur factant addition is less 

pronounced with the liquid- film boiling. Similar observations 

were made of the temperature fluctuations. Pluronic F-68 and 

Aerosol OT exhibit essentially the same behaviour as their con­

centration is incre ased. However, L-62 indicates smaller changes 

with concentration. This variation of heat flux with concentration 

cannot be explained by the change in surface tension since Aerosol 

OT and Pluronic L-62 solutions have low surface tensions but the 

change in critical heat flux is quite different. 
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The interface properties of a boiling system can in 

general be characterized by using the surface tension and con­

tact angle measurements. Figures 5.22 to 5.24- illustrate the 

variation of these interfacial proper ties with surfactant con-

centration. These variables are more useful in illustrating 

the effects of spread ing wetting. 

Figure 6.5 indic a tes that the maximum heat flux seems 

to pass through a maximum as the surface tension is lowered by 

the addition of surfactants. This is the same effect as ob-

served with concentration. The plot of this flux against con-

tact angle will also show this behaviour. The critical heat 

flux decreases as the wetting of the heat transfer surface gets 

better. Since Figures 5.23 and 5.24- indicate that the adhesive 

energy and interfacial tension does not change appreciably, the 

liquid requires about the same energy to remove it from the sur­

face. In the light of the microlayer mechanism of boiling heat 

transfer, one would expect tha t better spreading wetting with 

the same adhesion would lead to a situation which would favour 

higher heat fluxes. To explain in more detail: the situa tion 

can be visualized where the microlayer is evaporating under the 

bubbles, mushrooms or jets; attachment of these masses of vapour 

to the wall occurs only at specific spots (as photographed by 

Gaertner(G5) and Kirby and Westwater(K3). This microlayer is 

being fed coritinually from thicker liquid films at the periphery. 

Up to the DNB point more nucleating sites provide for more of 
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t hese microlayers and hence the increasing flux . At higher and 

higher hea t fluxe s, beyond the DNB point the size of t he dry 

area increases but this i s offset by a thinner liquid film, 

v.Jhich v;ill all ow greater t ransfer of heat to the upper evapora ting 

interface. This implie s a dynamic balance of supply and demand 

of liquid f or vapouri za tion at the bubble base. The i mbal ance 

allows a dry wall conditi on at higher temperature. The decrease 

in flux in the tr ans ition regime ar ises because of the 11 dry-

vJall 11 cond ition as the temperature inc reases . Hence , some con-

sid eration mus t als o be given to the solid - liquid interface and 

the so - c alled 11 dry- \..rall 11 condition th at is going to exist a t 

the vapour attachment points in nucleate boiling and in the 

t rans ition and film boiling reg i~e. As discussed in s ection 2.6 5 

fo r any liquid- solid combination, a polymolecular, residual 

liqu id film wilr exist on a surface provided the surface t em­

perature i s below some given value . This liquid film will deter-

mine the sutface energy and affect the wetting characteristics 

of the surface. Tha t such a film exists ha s been clearly de-

monstrated by the e xpe riments with contaminated surfac es which 

are illustrated on Figure 5.10. Without this stable film there 

would have be en no effect of surf actants on the boiling curve. 

Dernedde (Dl) observed similar effects -vrhen he studied the boiling 

of water on a surf ace which had been wiped with a benzene-soaked 

cloth at a high temperature (> 4-00°F.). Temperature and he a t 

flux fluctuati ons on t he boiling surface not ed in section 5.5 

seem to . indic a te qualitatively the thic knes s, wetting and stabili t y 
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characteristics of the interfacial film. Surfactant solutions 

whose residual film is expected to be thicker due to the molecular 

weight and adhesive wetting , show higher resistances to heat 

transfer and lower fluctuati~ns. This is evident from the lower 

fluctuations and higher surface temperatures in pluronics as a 

contrast to higher fluctuations with Aerosols especially at 

higher concentrations. Such fluctuations can only be expected 

fro~ bubble dynamics or microlayer dynamics. Moreover the 

thic kness and properties of the microlayer of these various 

solutions is expected to be different and this will lead to 

different resistances to heat transfer and flow of liquid. How 

these film thicknesses and properties are related to the measure­

able properties of the surfactants is un~1own • 

• 



The additi on of small amounts of surfactants c an affect 

the boiling phenomenon significantly. In particular , the vapour 

dynamics are affected ; the cr itical heat flux is increased a t 

lo\-J concentrations and decreased at higher conc entrations ; and 

the boiling curve of water is changed dramatic ally so that the 

heat transfer coefficient is increased cons id erably. There is 

reason to beli eve that increas ing the wetting characteristics 

of a liquid ~n a sur {ace caus e s an increase in heat flux~ It 

is also suggested that the addition of surfactants causes an 

increase in t hic kness and viscosity and a decrease in thermal 

conductivity of the microlaye r of liquid which for ms over the 

surface during nucleate boiling. These effects lead to a re-
.. 

duction in the heat flux . 

The existing equations to predict the critical heat 

flux which ar e based on hydrodynamic stability considerations 

are inadequate . Similarly those models of the boiling phenome na 

based on bubble agitation -do not account for the surf ace pheno-

mena adequa tely. 

Different surface active agents cause different effects 

in boiling . There is no simple 'vlay of predicting the perfor mance 

of a given surfactant fro m its measurable properties. Even a 

thin inter f acial film of a surfactant solution indicates cons ider-

able and dr amat ic changes in the boiling curve . Different thick-

ness and properties of microlayer, resulting from different 

-166-
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surfactant solutions ( even during "dry-vmll" conditions ) is 

expected to be the cause of these different effects in boiling. 

The heat flux meters which have been developed during 

thi s series of investigations are excell ent devices to study 

the botling heat transfer. These are quite convenient to tn­

vestigate the effect of additives on the boiling pr oc ess. Some 

refinements are still necessar y to allow more accurate quanti­

tative data and to withstand the rigours of high temperature 

operation. 



8. BJi:C O~Q·f.f.JlDAT IQI-1i?, 

The studies on the boiling heat t r ansfer of 'dater and 

surfactant solutions lead to some interes ting results, reg arding 

the concent r ation of surfactants, solid- liquid interface, boiling 

phenomenon and operation of boiler and heat flux meter s . These 

lead to the following id eas for future experimental studies and 

modifications in the appar atus. 

(a) The most interesting experimental study would be 

the effect of surface active agents at very loH concentr a tion; 

with a view to find the maximum of concentration versus maximum 

heat flux curve. The study of Aerosols should be of primary in­

ter est. 

(b) Th\n interfacial films of surfactant solutions (with 

me asured thickness) would be of considerable interest in the 

pool and liquid film-flow boiling. These films may be character­

ized initially, by measuring surface viscosity and contact .angle. 

(c) High speed photographic studies of nucleation sites 

and bubbles on the heat flux meter area should contribute signi­

~icantly to the use of heat flux meter for better quantitative measure­

ments. High speed photographic studies with sur factant solutions 

coupled with fine wire thermocouples should contribute signi­

ficantly to the understanding of bubble and microlayer dynamics. 

(d) Pre sent studies were mostly confined to changing 

the interfacial behaviour by surfactant solutions. It should 

be of great interest to study boiling heat transfer of surfactant 
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solu tions with different boiling surfaces having vc-~rying nucleat~ 

ing characteristics. It would also be of interest to use films 

of ~arying volatility charac t eris tics. 

( e ) It would be of interes t to extend the present 

studies to subcooled pool and film boiling studies. 

(f) The calibration of heat flux meters during the 

entire hea t flux range of pool boiling of v.Tater under steady 

state conditions vJOuld i mprove considerably the quantitative 

measurements. This would be possible ~y designing a new boiler 

surface of a smaller area. 

(g) Present studies showed considerable improvement in 

the heat-flux meter thermocouple sensitivity and resistance to 

oxidation and stresses in comparison to the earlier studies (Dl). 

But length of service and quantitative .measurements still need 

considerable i mprovement. Hence, modifications in the fine wire 

thermocouple joint with the parent metal by soldering under re­

ducing atmosphere at low pressure followed by high temperature 

test and calibration should improve the quantitative measm·ements 

and length of service of heat flux meters. 

(h) Thick disc meters used in the present studies 

(0.030 in. thick) seem to be adequate for subcooled and saturated 

film flmv boiling studtes. Hm<~ ever, for saturated film flow 

boiling studies, 0.020 in. thicl{ heat flux meters would give 

better quantitative measurements. 
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A?PENDIX 1 

1. BOILER AND HEAT FLUX HETERS 

Some of the essential deta ils have already been discussed 

in Chapters 3 and 4. Here the r est of the description that is 

neces sary to understand the problems in the boiler operation 

(s ec . A-1.1) and he at-flux meters (sec. A-1.2) is cons idered . 

The boiler cons ists essentially of a he avy copper block as the 

source of heat, into which Kanthal he 8t ing strips are imbedded. 

Power is supplied to these Kanthal strips at a maximum of 30 volts, 

to generate the he a t necessar y for boiling . Figure A.l shows the 

heater assembly and povJer connections. Figures A.5, A.4 and 3.1 

show the sideview, plan and elevation of the boiler assembly with 

the copper block and heaters. These are essentially the same as 

those used earlier by Dernedde(Dl); major modifications were 

mentioned in section 3.3. The copper block is connected by soft 

solder to a 1.011 thick copper plate to even out the heat distri­

bution. This copper plate has a t" thick copper plate inserted 

into it. The copper plate with i in.insert plate is shown in 

Figure A.2. The top surface of the insert plate is the boiling 

surface. The insert was used to facilitate the assembly of heat-

flux meters. 

Figure A.2 also shows the lay-out of the heat-flux meters 

and surface ther mocouples. There are five thick-disc heat-flux 

meters (0.030 in. thic k), two thin-disc heat-flux meters (0.010 

in. thick) and eleven surface thermocouples. Assembly and preparation 

-179-
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procedure for the heat-flux meters and surface thermocouples are 

essentially the same as used earlier by Dernedde(Dl). Figure Ao3 

shoviS a thic k disc and a thin disc heat-f lux meter and a surface 

thermocouple. The thermocouple s (insulated and sheathed) pass 

through convenient channels made in the copper plate and are 

connected to a junction box , fro m which they are connected to a 

visicorder or a Honeywell recorder. Typical connections of heat­

flux meters and surface thermocouples are shovm in Figure A.6. 

1.1 Boiler Operat ion 

Major problems in the operation of boiler was the frequent 

breakdovm in the electrical circuit used for hea ting (shovm in 

Figure A.l). High contact resistances were developed at the 

joints connecting the Kanthal strips to copper power leads. These 

connections needed replacement from time to time. Further this 

contact resistance caused the heat input to the boiler to be re­

duced considerably with usage. The Kanthal strips used for heating 

shovled excellent durability and performance. However, some poorly 

welded contacts got disconnected. ~here was also very small leak-

age of current from the Kanthal strips to the copper block through 

the insulating heat transfer cement. This leakage was eliminated 

from the boiler system by proper earthing. The operation of the 

steady-state pool boiling of water in the entire range needs 

considerably large power input than what can be provid~d at present. 

1.2 Heat Flux Meter Operation 

Heat Flux meter is an essential tool for these boiling 
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heat transfer studies. Essentially the same pr ocedure used 

successfully by Dernedde (Dl) in his me asurement of boiling he a t 

flu x of thin liquid fil ms was followed , for measurement of heat 

fluxes. The te mperature of the boiling surface was measured by 

a separate edge thermocouple . The present analysis of the prob l ems 

associated with the use of the heat-flux meter i s a continua tion 

of the magnitude of error analys is and problems cons idered e arlier 

by Dernedde(Dl). Pr oblems associated with the measurement of heat 

flu x and temperature are several. Of the :n only a f ew are significant. 

These can in general be considered by the following theoretical and 

exper i mental cons id erations: 

(a) temperature distribution 

(b) thermocouples 

(c) visicorder 

(d) sur1ace character i stics. 

(a) Temperature distribution 

(i) Theoret ical Study - The tempera ture distribution in 

three dimens ions in a cylindric al disc of the heat-flux meter 

(Figure A.7) is given by: 

a 2 T 
t t 2 2 I t 

1 aT R a T aT 
(~) . ••• (Al) a r 2 r a r t a z2 aG 

where T temperature at point ( r I z') = any 
' t 

r = r /R
0 

z = z f /t 

e = a 8
1

/ Ro2 
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Considering the heat flux meter as shown in Figure A.7 

the following boundary conditions apply to equation (Al), for a 

constant heat flux over the entire heat flux meter area. 

where 

dT 
r = o, - = o, 

dr 

dT 
z = 0 = o, 

dz 

radial symmetrical temperature 

distribution 

no heat loss from the underside of 

••• (A2) 

the disc ••• (A3) 

z = 1, 
dT (Q/A) t 

, uniform heat flux away from the 

' T = T 

=-~-
dz K 

- T w 

disc ••• (A4) 

Assuming a constant edge temperature (Tw), T = o, at r = 1 steady 

and unsteady analysis of the temperature distribution at the center 

of heat-flux meter was carried out by Dernedde(Dl). He concluded 

from his analysis that the average temperature at the center of 

the disc coupled with the two-dimensional analysis of Gardon(G4) 

with the same boundary conditions agree with the heat flux pre­

dicted by three-dimensional analysis. The equation resultingfrom 

the two-dimensional equation is given as 

Q = 4- K0 t 

A R 2 
0 

••• (A5) 

where K = K
0

(1 +C>( . ~T) is the thermal conductivitr of the material of 



the heat flux meter di.sc and t is the thickne ss of the disc~ Sub-

stituting for t em per ature differenc e in t erms of the rmocouple 

E.M.F. ( E = BT + rT2) ~ equa tion (A5) can be wr itten as 

\vhere c 

Q 

A 

is 

c = 

::: 
lt K t 

0 

R2" 
0 

llE 

c 

the heat flux meter 

( B+ 2 y !::. Tw.) 
.-._.,-.. 

(l + 
(J. " 

Tw) 

o. = -0.00005 5 8 = 0.0212 and 

••• (A6) 

constant given by 

••• (A7) 

Y = 0.137 x 10-
4 if t~ T\o/ is the 

temperature difference between \vall and reference junction in °F. 

The equation (A6) has been used in determining the heat flux from 

the voltage output recorded by the visicorder. Variation of C 

with temperature indicated by the edge thermocouple (T ) is shown w 

in Figure A.7a 

The analysis of Gardon (Glt) and Dernedde (Dl) discussed 

earlier hoHever assumes two boundary conditions that may not be 

met in practice, namely the heat flux is constant over the entire 

heat··flux meter area and that the edge temperature is constant 

along the thickness of the heat-flux meter. Recently Hoffman 

and Dernedde(H6 ) considered the effect of the temperatu"l'e gradient 

that must exist at the edge of heat flux meter. Dernedde solved 

equation ( Al) using finite-difference methods and the three boundary 

conditions mentioned earlier. There seems to be considerable 
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grad i ent espe cially a t hig h heat fluxes and typic al r esult s of the 

or der of magnitud e error in hea t flux measurement is given i n 

Figur e A.8. Because of thi s i ncreased edge t empera t ure the mea s ured 

heat .flux shoul d be higher. Thi s agrees well with the observat i ons 

of higher heat f luxes corresponding to liter a ture pool boil i ng 

cur ve s shown i n Figure 5.2. 
The fo llowi ng analys i s assume s t hat hea t flux a t any point 

on the he at fl ux me t er , varies with the t emper a tur e accord ing to 

the rel ati onshi p g iven by the boiling cur ve . The effect of surfa ce 

characteristic s and t empe r a tur e distribution as s ocia ted with boiling 

is e s sentially a two dimens ional pr obl em . Two dimens ional heat 

c onduction equat ions at the boiling sur f ace for varying he a t flux 

c an be written fro m Figure (Ao7) as 

dT (Q/A) 
= 0 ••• (AS) 

dR 

Assumi ng radi al symmetry the following boundary conditions can be 

written; 

At 

At R = 0 

T 

dT 
dR 

= 0 

••• (A9) 

••• (AlO) 

Here it is very i mportant to note that since the heat flux meter 

is used to mea sure the boiling on the entire area , the edge te rn-

peratur e is considered as the basis. 

Equat i on (A8) is a second-order differenti al equa tion with 
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a t erm having (Q/A) whi c h varie s as T where n i s the slope of the 

boiling curve. Thi s equat ion was solved us i ng a MI~IC pr ogram on a 

IBcl 7040 dig i tal computer . * The r esults wer e obt a i ne d for var ious 

t emperatures a t t he edge of heat flux me t er ( 2 52°F. to 292 °F.) 

and ar e g i ven in Figures Ac9 and A.lO . vle fi nd a cons i derable 

vari a tion of heat flux predic ted by th is anal ys i s in compar ison 

to that predic t ed by equa tion (A5) for co pper--..Jat er system having 

boiling cur ve char acteristics s hown i n Figure 5.2 in the nuc l eat e 

boiling region around critica l he at flux . It can be s een fro m 

Figures A.9 and A.lO that the t em per a ture s predicted by equa tion 

(A5) wer e lower than those predict ed by the solution of equa tion 

(A8). If visicorder were to me asur e accor ding to the t emperature 

distribution given by equa tion (A8), then the he at flu x pr ed icted 

using the Gardon 1 s equation (A6) should be lo-v1er than the actual 

he at fluxes. Contrary to this expe ctation in the r eg ion of critic al 

he a t flux, it ~tva s observed tha t the he at fluxes calculated using 

Gordon 1 s equation (A5) and visicorder dat a for pool boiling of 

water are higher than those predicted in literature, (Figur e 5o2). 

(ii) _Ex perimental_~1!J.Q.ies - Tempera ture distribution along 

the leng th (x) and bre adth (y) of the boiling surface during steady-

state pool boiling and na tural-convection heat trans fer to air have 

been plotted in Figures A.ll and A.l2. 

The t emper ature distribution of the boiling surface seems 

to differ cons ider ably during boiling and natural-convection studies 
·----* MI MIC is an executive routine which allows a differenti al equation 

to be set up as an analog problem on a digita l com puter. In-

tegrations ar e by fourth-order Runge-Kutta integra tion· 
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at the same reference temperature. The lower tempera tures observed 

during boiling may be due to the preferential nucleation at the 

tip of some thermocouples or contact resistances at the junctionso 

The former can be expected mostly at the surface thermocouples~ 

while the latter with the heat flux meter ther mocouples. The 

magnitude of error in ~urface and heat flux meter thermocouples 

can be obta ined from Figures A.ll to A.l4. The heat -flux meter 

the rmocouples were calibrated with respect to the near est surface 

thermocouplesS2 and 84 and are shown in Figure A.l4. 

The temperature distribution var ies with the duration of 

operation of the boiler, and heating and cooling (Figure A.l3). 

The effect of duration of operat ion may be due to oxide formation 

at the joint of boiler plate and copper block. The effect of 

heating and cooling can be expected to be due to contact resistances 

in the thermocouples. 

(b) ThcrQocouples 

Thermocouple errors are usually associated with: 

(i) inhomogenity of the wires 

( ii) parasitic voltages 

(iti) high resistance to heat transfer at the junction 

(iv) conduction of heat via the leads 

It is i21practicable and usually too small to make any sort of 

corrections for inhomogenity (B3). Parasitic voltages may appear 

due to dissi~ilar junctions at variable temperatures. Dissimilar 

junctions were avoided and thermally insulated junction boxes -vrere 

us ed to make this effect negligibly small. 
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Thermal contact must be established between the sens itive 

element and t he body to insure that t emperature corres ponds to 

actual t emperature of the body. But the thermal resistance b e~ 

t\veen the sensitive element and t he ambient should be as high as 

possible so as to have negligible heat loss or gain from the 

surroundings . The effect due to thermal contact depends upon the 

thermal conductivity of the material of the body, the size of 

exc avation and the degree of thermal contact betvwen the body and 

the sensitive element. The constant an wire used as thermocouple 

vlas , of very s mall diame te:r (0.005 in . ) and the holes drill ed are of 

0.006 ino The parent material (copper ) was silver -sold ered to 

the constantan wire. Excellent thermal contact was expected. 

The resistance to oxidation and mechanic al stresses of these 0.00511 

di ame ter constantan wire s with i mmer sion length of 0.010 to 0.030 

in. is not well known. It is obvious from the experiences of 

earlier workers (Dl,Kl,G4) in the field of heat flux meters, 

that it is quite conveni~nt to use these thermocouple s for a 

sufficient length of time under the conditions that exist in the 

present experiments with r easonable degree of resistance to oxidation 

and local stresses. Contrary to the expectat ions, thermocouples 

showed very little resistance and could be verified from the dis­

engagement of thermocouple wires from the par ent metal (copper ) 

surface. Further from Figure A.l4-, which shmvs considerable 

varia tion in edge t emperature and fro m the fact that some of the 

he at flux meter ther moc ouple s failed through oxidation or bre aking 

away at the soldered joint, it can be concluded that the method 
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of fabrication has to be modified to improve resistance to oxida tion 

and local stresses. 

(c) Visicorder 

Errors in visicorder can in general be due to: 

(i) r eadability of t he char t 

(ii) zero reading fluc-tuation 

(iii) sensitivity of the galvanometer . 

Re adability of the chart was limited to 0.1 em. in the entire 

length of 15.0 e ms. This amounted to 0.012 m.v. of the heat flux 

meter output in the range of 0-2 m. v. and 0.050 m.v. of the edge 

thermocouple output in the range of 4.0 to 10.0 m.v. Maximum zero 

reading fluc tuation to the extent of 0.024- m. v. was observed in 

heat flux measurement. It was always positive showing higher values 

in heat flux at the start. This did not vary with the t emperature 

of the boiling surf ace and henc e it may be considered to be due 

to the internal stray currents. The sensitivity of the galvano-

meter of the visicorder is! 1% (as per the manufa cturer's catalogue ). 

However, it varies considerably with the eff ec tive i mpedence of 

_the galvanometer thermocouple circuit. Therefore, the galvanometers 

were caliberat ed using a Honeywell potentiometer. Caliberat ion 

for M-40-350 galvanome ters (3&4-) and M- 100- 350 galvanometers (5&6 ) 

are given in Figures A.l5 and A.l6 and the maximum deviation from 

the straight fit was ~ 0.04 m.v. and ± 0.1 m.v. respectively. The 

heat flux was c alculat ed from the m.v. output using equ~tion (A6 ). 

The heat flux me ter constant C fro m equation (A7) was plotted in 

Figure A. .7a. 
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( d ) Surface Charac teristics 

Surface characteristics may significantly alter the heat 

f lux and temperature measurements due to change in the number of 

nucleating sites, s ize of nucleat1ng s1te and contamination on 

t he heating surface as described in detail in Chapter 2. Con­

s ideration of these variables was not possible in the present 

s tudy. Hov;ever, c a l iberation Has done using the steady and un­

steady state poo l boi l ing of water. 



APPENDIX II 

2. MEASURE>1ENT OF SUPFACE TENSION 

Since the middle of the last century, a large number of 

methods have been proposed for the determination of surface tension. 

Paddy(Pl) considered them recently in the Third International 

Congress on Surface Activity; an excellent review of these 

methods is also given by Hansen(H5). Considering these reviews 

of Paddy and Hansen on merits and demer its of various methods, 

pend ant drop method Has selected. The measurement and calculations 

are essentially based on the method described by Andreas et al(Al). 

Brief descriptions of some of the im portant methods for measuring 

surface tens ion along with some merits and demerits are given 

below. 

(a) capillary rise method, (B2,A6) 

(b) drop weight and drop volume method , (A6, Al ) 

(c) ring method or du Nuoy tensiometer method (Ol,Pl) 

(d) pendant drop method, (A6,Pl,Al) 

(e) sessile drop method, (A6,S5) 

(f) bubble pre ssure method, (A6,0l) 

Among these, except for (b) and (c) which are dynamic methods 

(me cning that measurements are done at the time of rupture of 

the surface) all others are static methods in which equilibrium 

can be attained. 

The very fact that capillary methods , ring _method, and 
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sessile drop :nethod involve three phase systems, brings obvious 

complications. In the pendant-drop and bubble-pressure methods, 

only the liquid and vapour phases in contact are considered. 

The du Nuoy tensio~eter and capillary rise method have the ad­

vantage of rapidity but lack precision due to three phase con­

tacts. This effect is further increased in the case of surface 

active agents at liquid-air-solid interfaces. In routine deter ­

minations where the ring of tensiometer is removed quickly, this 

error may be small but errors due to non-equilibrium factors may 

be introduced and make reproducible results difficult to obtain. 

S~ssile drop and bubble pressure methods, may in some occasions 

be the only possible methods. However complicated calculation 

and measurement procedur es are required (S 5). 

All the se point to the fact that pendant drop me thod may 

give better repre"seritative values of surface tension for surfactant 

solutions. It is very difficult to suspend a droplet of a low 

surface tension liquid and this makes the pendant drop me thod 

difficult to use in these circumstances. This method needed 

sometimes as much as a half hour for taking the picture and 

measuring the linear dime nsions of the pendant drop which are 

required in the calculation of surface tension. 

The details of the set up used for pendant drop photo­

graphy is shown in Figure A.l7. With a 100 mms lens mounted on 

an Exacta camera fitted with an extension of about 10 inches by 

a bellows and an extension tube, a magnification of 2.5X was 

achieved on the film. The photograph was further enlarged to 
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give a total mag nification factor of 35. Kodak ASA 150 high 

speed, fine grain 35 mm film was used. The surface tension at 

the boiling point was measured only for a few representative 

surfactant solutions. 

Some of the low surface tension liquids had very unstable 

pendant drops especially near the boiling point. The surface 

tension at room temperature \-las measured for the various surfactant 

solutions used in the boiling studies. Results have been plotted 

in Figure 5.3. Ratios of surface tension of the solution whose 

surface tension was measured near the boiling point, to that 

measured at room temperature remained almost constant and was of 

the same order as the ratio of surface tension of water at boiling 

point to that at room temperature. This is in agreement with the 

studies by Roll(R 5) for similar type of surfactant solutions. 

Hence the surfac~ tension of solutions at room temperature was 

considered to be representat ive of the surface tension at the 

boiling point for all liquids. 

Errors in the measur ement may arise out of (i) measurement 

of linear dimensions of drop, (ii) illumination and focusing 

(iii) aging of the solution. Leniar dimensions were measured 

to better than 1% accuracy and standardization with distilled 

water drops showed deviations of not more than 2%. To account 

for the aging, about l min. was allowed for the drop to attain 

equilibrium. Surface tension values obta ined were generally lower 

than those obta ined with ring tensiometer (R5, W5) but were of the 

s ame order. 



APPEND I X_ III 

3. IviEASUHEHEHT OF CONTACT ANGLE 

There ar e several methods for deter mining the contact 

angle. The application of the me thod in general depends on the 

sur faces us ed, the fluid us ed and the ac curacy needed. Some of 

the most impor t ant methods r e lative to the systems encountered 

in boiling he a t tr ansfer are: 

(i) Harkins and Jura method, (Ol,G6) 

(ii) 

(iii) 

(iv) 

(v) 

Langmuir's Reflection me thod (L2,B2) 

Zisman' s Gonome t er me thod (Zl ,Ol) 

. Poynting and Thompson method (Rl,A6) 

Fritz's bubble method (F2,Sll) 

Many of these methods and their modifications are described ex­

tensively in literature (A6,B2,0l,G6,F2,Sll,L2,Zl). Hence no 

attempt is made to give the descriptions. Most of these methods 

are easily applicable to lm.,r energy solid surfaces. However, 

high energy surfaces as encountered in boiling heat transfer 

presents additional limitations. 

A modified form of (i) was used by Griffith and Wallis(G6) 

and considerable difficulties in the measurement were reported. 

Further this me thod cannot be used in our present study because 

the boiler surface cannot be tilted in a pool of solution. Further 

this gives contact angle at a particular line of contact along 

the boiler surface, while the pres ent interest is in the repre-
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sentative contact angle me asur ement in the he a t flux me ter area. 

Ses s ile dr op methods seem to be simple and the most suitable for 

our studies. Hence the me thods considered in the present study 

are (ii), (iii) and (iv). Initially Langmuir's reflection method 

was considered. The advantage claimed by Langmuir( L2) is a high 

degree of accur acy. This method was, however, found to be ex-

tremely difficult with the existing boiler surf ace. The diffi-

culties of locating the reflection and adjustment of the microscope 

incre ased especially while using surfactant solutions. Using 

this method initial studies regarding the effect of evaporation 

and adsorption from ses s ile drops, on the measurement of contact 

angle were considered. The results are given in Figure A.l8. 

The variation of contact angle with concentr ation of 

solutions \vas measured using a modified form of Zisman r s method ( Zl~ 

Direct measur emeht of contact angle in a magnified shadow photo­

graph of a sessile drop was made. The apparatus and procedure 

for photographing the sessile drop was essentially the same as 

used for pendant drop as described earlier in Appendix(2). The 

height of the sessile drop (from the shadow photograph) was used 

* in determining the contact angle by Poynting and Thompson 1 s method-

(A6). The cont act angle values from this method were used as a 

check with those obtained by direct measurement. Variation of 

* which uses the relation Cos e = -------- \vhere h is the 

height of the sessile drop. 
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contact ang l e with concentration for the sur f actant solutions are 

giv en in Fi gure 5.4. 

Determi nation of con t act angl e pre sent s t hree ma jor sour c es 

of error . They are (i) eva pora tion, volume and aging of ses s ile 

drops, (ii) illumina tion and photography, (iii) surface charac ter~ 

istics like roughness and cont am i na tion. Liter ature revi ew of 

some of the se as pects were cons id er ed earlier in Cha pter 2. Ef­

fect of t emper a ture on contact angle is repor t ed to be negligible 

(Rl). Value of 0.06°/C 0 was reported. Repr es entative studies 

of the measur ement of contact angle at 98°C. for some solutions, 

did not show an incre ase of more than 6°. Further, technique s 

for me asuring contact angle at even lower temperature s need lot 

of improvement. Herice only a few cont act angle me asur ements at 

boiling point were done to check the effect of temperature. 

To have the idea of some of the pr oblems involved in the 

measurement of contact angle, initial studies were done using 

Langmuir method and Poynting and Thompson method. Results are 

reported in Figures A.l8 and A.19. These results give only an 

order of magnitude analysis. By the very nature of contact angle 

there may be considerable error in the measurement. 

Effect of evaporation seems to be considerable. Even at 

25°C. there seems to be considerable difference between closed 

and open systems for contact angle measurement. Figure A.l8 shows 

the effect of evapor ation on contact angle of water on copper sur­

face open to atmosphere. Hm.:ever the effect in clos ed conta iners 

was considerably less and wa s only of the order of -2° in 5 min0. 
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F.IGURE A .13._ 

EFFEC'I' OF VOLUME AND EVAPORAT ION 

60 - - ---- Ad vanc i ng Contact Ang l e 

-- - - Reced i ng Contact Ang l e 

50 

Ul 40 Ea ch Division on (j) 

0.002 511 H X axis = .jJ 

·rl 
....::: 

0 
H 
() 

30 orf .. 
::8 

c: 
•rl 

(j) 

El 
:::s 

H 
0 20 :> 

10.0• 

0. 0 ---~-------~-----~------j__----L------4-----1---__J 
20 24 28 32 36 40 

Height in No. of Divisions 



EJ.GUR E_A_,_~? 

EFFECT OF ADSOH£1;I_Qli_AND~VAPORATIOJi 

OF SESS ILE DROP ON CONTACT ANGLE 

(Fr esh C opp~r Sur f ace - 600 Emery Fi ni s h) 

so 

70 '·~ 
• 

60 - ··~. 
~ 

50 ' 
- - - - -Effect of Ev a pora tion 

-- · --Effect of Ad sor ption 

ItO- --- Fr e sh Surf ace 

30 

0 3 6 9 12 15 iS 21 24 27 

Ti me in Min. 

-215-

30 



-216-

The effect of adsorption on the surface was negligib le. It was 

too difficult to control the evaporation effects. 

Errors in contact angle measurement were also observed 

due to advancing and receding contact angle and volume. These 

effects were plotted in terms of the height of the ses si le drop 

in Figure A.l9. The advancing drop for mati on with a volume of 

more than 65 micro litres of water gave s table and large sessile 

drops for standardization. 

Aging of surfactant solutions was one of the most diffi­

cult factors (like evaporation) to control. This was a major 

problem at low concentrations of surfactants. To account for 

this problem was virtually impossible. Hence the time of measure­

ment of contact angle was standardized at 30 sees. after pl ac ing 

the sessile drop. 



APPENDI~_IV 

1. Stat Lstical,_[Hl§.)Ssis 

The results of the pool boiling studies with water and 

aqueous surfactant solutions were analyzed to find out how much 

this data is subject to chance error. The t-tests were con­

ducted to test how much of these observed differences between 

the sets of data for concentration is due to chance • . The 

following table gives the data and the results (data from fig.5.6-5.9) 

Concentration 

0.010 

0.100 

1.000 

0.000 

Total 

Mean 

Sum of Squares 

s 

n 

Average Maximum Heat Flux of Surfactant Solutions 

Aerosol OT Aerosol OS Pluronic L-62 Pluronic F-68 

9.8 11~8 10.6 10.3 

9-3 11.6 7.8 9.6 

8.8 8.5 3.0 6.1 

8.2 

36.1 

9.03 

1.90 

0.796 

4 

8.2 

40.1 

10.03 

11.28 

1.94 

4 

8.2 

29.6 

7.4 

10.2 

1.84 

4 

8.2 

34.2 

8.55 

10.27 

1.85 

4 

Here it is assumed that the mean of each of the concentrations 

is u and that the variance of each type of surfactant is the 

same: 

t = (x - u)/s/~ ••• (All) 
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where x is the average 

u is the assumed mean 

s is the standard deviation 

n is the degrees of freedom 

-218-

Using equation (All) it was observed that 't' values varied 

from 1.9 to 4.78 at high and low concentrations. Thus with 4 

degrees of freedom it can be observed that there is only less 

than 10% chance that there is no effect of concentration. 
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