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Abstract Variation in degree of surface wettability is

presented through the application of Cooper’s correlative

approach (h � M-0.5qw

000.67) for computing enhancement (/)

in nucleate pool boiling of aqueous solutions of SDS and

Triton X-100 and its presentation with Marangoni parameter

(v) that represents the dynamic convection effects due to

surface tension gradients. Dynamic spreading coefficient

defined as rdyn Na, which relates spreading and wetting

characteristics with the active nucleation site density on the

heated surface and bubble evolution process, represents

cavity filling and activation process and eliminates the

concentration dependence of nucleate pool boiling heat

transfer in boiling of aqueous surfactant solutions. Using

the dynamic spreading coefficient (rdynNa = 0.09qw

000.71),

correlation predictions within ±15% for both SDS and

Triton X-100 solutions for low heat flux boiling condition

(qw

00
B 100 kW/m2) characterised primarily by isolated

bubble regime are presented.

List of symbols

C Surfactant bulk concentration (wppm)

cp Water specific heat capacity (J/kg K)

dd Bubble departure diameter (m)

f Bubble departure frequency (1/s)

h Heat transfer coefficient (kW/m2 K, W/m2 K)

k Water thermal conductivity (W/m K)

M Molecular weight

Na Active nucleation site density (1/m2)

n Exponent

qw

00
Wall heat flux (kW/m2, W/m2)

S Spreading coefficient (N/m)

Sdyn Dynamic spreading coefficient (N/m3)

v Marangoni parameter (Eq. 3)

/ Defined in Eq. 2

h Contact angle (deg)

q Density of water (kg/m3)

r Equilibrium or static surface tension (m N/m, N/m)

rlv Liquid–vapour surface tension (N/m)

rsv Solid–vapour surface tension (N/m)

rsl Solid–liquid surface tension (N/m)

rdyn Dynamic surface tension @50 ms, 80�C

(mN/m, N/m)

1 Introduction

The addition of small amounts of surfactants in water has

been found to enhance the nucleate boiling heat transfer

coefficient of water significantly [4, 16]. Because of their

low concentration, the presence of surfactants in water

causes no significant change in the physical properties of

the aqueous solution except for surface tension [16]. The

heat transfer coefficient is considered to be related to the

equilibrium or static surface tension of the fluid as h a rn in

the nucleate boiling regime. However, as pointed out by

Lowery and Westwater [8], there is no unanimity regarding

the value of exponent n, and it ranges from -2.5 to

?1.275. This is also illustrated by Wasekar and Manglik

[16], where variations in the value of n from 0.4 to -11.87

are presented.

Boiling being inherently dynamic, dynamic and not the

equilibrium surface tension should be a relevant correlation
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parameter. Dynamic surface tension is characterised by the

adsorption of surfactants at the vapour–liquid interface

under dynamic conditions and is primarily dependent on

the bulk diffusivity of surfactant molecules, the rate of

expansion/contraction of the interface, and the kinetics

including the surface activity of the surfactants at the

interface. The role of dynamic surface tension was pointed

out by Morgan et al. [10] for the first time as the surface

tension of ‘‘young surface’’ that may govern the nucleate

boiling behaviour of aqueous surfactant solutions. Later,

Jontz and Myers [7] carried out dynamic surface tension

measurements to predict the boiling behaviour. They could

not however satisfactorily predict the nucleate boiling

performance of surfactants: Tergitol and Aerosol in their

aqueous solutions. Yang [18] attributed dynamic surface

tension affecting the boiling process through the rapid

extension of vapour-liquid interface during growth and

coalescence of vapour bubbles in the vicinity of the boiling

surface. With the consideration that the same value of

dynamic surface tension yields similar heat transfer per-

formances, the importance of dynamic surface tension

under boiling conditions as one of the primary determi-

nants of nucleate boiling heat transfer characteristics of

aqueous surfactant solutions was established by Wasekar

and Manglik [15]. However there was no conclusive

expression presented to correlate the experimental data

using dynamic surface tension.

Significance of dynamic surface tension measured at

near boiling conditions is presented by Wasekar [12] for the

surfactant combinations independent of ionic nature and

molecular weight using a correlation based purely on

dynamic surface tension alone. It covers heat flux range of

30–225 kW/m2 and the normalised dynamic surface tension

(normalised with water value (rdyn/rw)80�C) range of 0.65–

0.96. Heat transfer coefficient ratios (hA/hB) of lower A to

higher B molecular weight surfactants are correlated within

±25% accuracy as shown in Fig. 1. Furthermore, the cor-

relation predicts negligible dependence of comparative

saturated, nucleate pool boiling heat transfer performances

on the dynamic surface tension at high heat flux levels of

200–225 kW/m2. The results clearly explain the importance

of concentration boundary layer influence through dynamic

surface tension values under boiling conditions.

The correlation by Wasekar [12] however provides

comparative heat transfer performances amongst various

surfactants and calculation of heat transfer coefficient

values for a given aqueous surfactant system is not possible

using this correlation. It is therefore necessary to predict

the heat transfer coefficients in nucleate boiling of aqueous

surfactant solutions for the effective design of cooling

systems. This paper presents influence of surface wetta-

bility during the nucleate pool boiling of aqueous SDS

(sodium dodecyl sulphate, an anionic surfactant) and Triton

X-100 (Octylphenol ethoxylate with 9–10 EO, a non-ionic

surfactant) solutions and provides a correlative approach

based on the dynamic spreading coefficient for the pre-

diction of nucleate boiling heat transfer coefficient under

the conditions of low heat flux boiling.
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Fig. 1 Dynamic surface tension

based correlation predictions
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2 Theory

2.1 Surface wettability

Diffusion of surfactant molecules from the bulk towards

the vapour–liquid interface depends primarily on the

molecular weight of the surfactant such that heavier

surfactant molecules, which represent higher molecular

weight surfactant tend to diffuse slowly compared to faster

moving lower molecular weight surfactant molecules. This

diffusion process has important role in determining the

dynamic surface tension at the interface mainly because of

the adsorption at the interface taking place from the con-

centration sublayer at the interface. Thus, molecular weight

of surfactant can impact significantly the nucleate boiling

heat transfer of aqueous surfactant solutions.

Cooper [5] presented molecular weight dependence on

saturated nucleate pool boiling through an accurate reduced

pressure correlation based on extensive experimental data.

For a given surface roughness value and the operating

pressure conditions, the nucleate boiling heat transfer

coefficient for a pure fluid is shown to be dependent on the

fluid molecular weight as,

h / M�0:5q
000:67
w ð1Þ

This correlation has wide ranging applicability in terms

of operating conditions, heater geometries and fluids. The

correlation covers reduced pressures from 0.001 to 0.9 and

molecular weights from 2 to 200. The correlation however

does not account for the variations in degree of surface

wettability [6].

As defined by Bernardin et al. [2], the interaction of

liquid with a solid is referred to as wettability. When the

liquid spreads spontaneously out as a thin film across the

surface, it is said to ‘‘wet’’ the surface. When the interac-

tions are weak, the liquid beads up on the solid surface and

the liquid partially wets the surface. The wetting charac-

teristics of a vapour-liquid-solid system can be described

by the interfacial energies or tensions. Surfactants have

great effect on the wetting properties of water and wetting

and surfactant diffusion and adsorption at interfaces may

also lead to surface tension gradients on the free surface

[11]. These gradients are caused by local variations in

surfactant concentration. For evaporation of a droplet,

Sefiane [11] has observed that there are two evaporation

regimes. At low surfactant concentrations, the droplets are

pinned, they then depin with a sudden rise or jump in

contact angle and the sharp decrease in the base width. At

higher surfactant concentrations however the droplets are

pinned for most of the droplet lifetime. It is only near the

end of the droplet lifetime that the base width decreases.

The depining of the evaporating drop at low surfactant

concentrations and not at higher concentrations was

explained by a maximum in the force generated by surface

tension gradient acting to pull triple line.

The importance of surface tension gradients in boiling of

aqueous surfactant solutions is presented through suitably

defined parameter, which represents the Marangoni con-

vection due to the gradients of dynamic surface tension

with bulk concentration. Correlative approach of Cooper

[5] for the nucleate boiling heat transfer coefficient with

molecular weight and heat flux is used to compute

enhancement, / for the experimental boiling data of SDS

and Triton X-100 [15]. Figure 2 gives the variation of /
with respect to this Marangoni parameter, v. The variables

/ and v are given below.

/ ¼
hM0:5

�
q
000:67
w

� �
surfactant

hM0:5
�

q
000:67
w

� �
water

ð2Þ

v ¼ Cjordyn=oCj
rwater

ð3Þ

here, rwater = 58.91 mN/m [3] and represents pure water

boiling under saturated atmospheric conditions.

The gradients of dynamic surface tension are computed

using the following equations obtained from the curve fits

for experimentally measured values under boiling condi-

tions [15].

For SDS:

rdyn ¼ 35:953036

þ 27:081358

ð1þ expðC � 1676:6916=650:35242ÞÞ ð4Þ
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WATER
φ =1+6.4 χ0.1

φ =1+7.9 χ0.1

Fig. 2 Variation of enhancement using Cooper’s approach with

Marangoni Parameter
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and for Triton X-100:

rdyn ¼ 62:6857� 0:0327C1:5 þ 0:0022C2

� ð1:6924e� 6ÞC3 ð5Þ

Figure 2 covers concentrations up to near micellar

concentrations and heat flux levels from 30 to 225 kW/m2.

The equations for curve fits depicted are given below.

For SDS:

/ ¼ 1þ 6:4v0:1 ð6Þ

For Triton X-100:

/ ¼ 1þ 7:9v0:1 ð7Þ

This depiction clearly presents relevance of Marangoni

parameter, which tends to establish the physical picture,

where non-uniform rates of evaporation and bubble growth

at the interface lead to variations in surfactant concentrations

along the interface. The representation in the form of / and v
is independent of heater surface and geometry and is for the

given operating conditions of saturation pressure for both the

nucleate pool boiling of pure water and aqueous surfactant

solutions. As seen from Fig. 2, the higher the Marangoni

parameter, the greater is the nucleate boiling heat transfer

coefficient. The correlations for SDS and Triton X-100 (Ref.

Eqs. 6 and 7), present the effect of degree of surface

wettability, which is not accounted by Cooper’s correlation

(Ref. Eq. 1). This effect of degree of surface wettability is

represented by the ratio of constants associated with the

Marangoni parameter and is characterised by a constant

value of 1.234 for the degree of enhancement as seen from

Fig. 2 for Triton X-100 over SDS.

Furthermore, as pointed out by Carey [3], contact angle h is

a direct index of the wettability of liquid. By convention, a

liquid for which h = 0� is said to completely wet the solid

surface, a liquid with a value of h between 0� and 90� is

termed a wetting liquid, for 90� \ h\ 180� the liquid is said

to be nonwetting, and for h = 180� it is completely non-

wetting. As presented by Wu et al. [17], the equilibrium or

static contact angle values for Triton X-100 decreases sig-

nificantly with the surfactant concentration and are lower than

the values for SDS. Thus, the contact angle values for Triton

X-100 show better wetting characteristics of Triton X-100

over SDS, which is also reflected through the effect of degree

of surface wettability, which is characterised by a constant

value of 1.234 for Triton X-100 over SDS. A value of less

than 1 will therefore represent poor wetting characteristics

with a value of 1 representing equality in wetting behaviour.

2.2 Dynamic spreading coefficient

To predict nucleate boiling heat transfer coefficient in

boiling of aqueous surfactant solutions, Wasekar [14]

introduced the concept of dynamic spreading coefficient,

which primarily relates the spreading and wetting charac-

teristics with the active nucleation site density on the

heated surface and the bubble evolution process, the theory

for which is described below.

Young’s equation,

rlv cos h ¼ rsv � rsl ð8Þ

Spreading coefficient,

S ¼ rsv � rlv � rsl ð9Þ

Substituting Eq. 8 in Eq. 9,

S ¼ �rlvð1� cos hÞ ð10Þ

Equation 10 indicates that S must be negative, which

indicates the tendency of the liquid to wet and spread into a

thin film. A positive value of S indicates that the liquid will

wet and spontaneously spread into a thin film whereas a

negative value of S indicates that the liquid will partially

wet the solid and establish an equilibrium or static contact

angle h [3].

Based on the experimental findings, Basu et al. [1] have

shown that

Naað1� cos hÞ ð11Þ

Now, combining Eqs. 10 and 11 and using liquid-vapour

surface tension under dynamic conditions of boiling,

expression for dynamic spreading coefficient Sdyn can be

given as,

SdynardynNa ð12Þ

Boiling bubbles as observed in the nucleate pool boiling

of aqueous solutions of SDS and Triton X-100 are more

regularly shaped and have smaller sizes as compared to the

pure water boiling bubbles [4, 16]. Furthermore, the bubble

growth behaviour in nucleate pool boiling of aqueous SDS

and Triton X-100 solutions show absence of microlayer

evaporation at the bubble base Wasekar [13]. With the

consideration of area of influence within a circle around

each active nucleation site with a diameter equal to the

bubble departure diameter for microconvection regions,

computations for Na were carried out using microconvection

model of Mikic and Rohsenow [9]. For low heat flux boiling

(qw

00
B 100 kW/m2) characterised by isolated bubble regime,

Eqs. 13 and 14 respectively, give correlation fit for the

dynamic spreading coefficient and correlation for the

prediction of nucleate boiling heat transfer coefficients for

both the surfactants SDS and Triton X-100, as presented in

Figs. 3 and 4.

rdynNa ¼ 0:09q000:71
w ð13Þ

h ¼ 0:045

rdyn

� �
½pðkqcpÞ�0:5f 0:5d2

dq
000:71
w ð14Þ
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As seen from Fig. 3, dynamic spreading coefficient,

which represents cavity filling and activation process, not

only eliminates the concentration dependence of nucleate

pool boiling heat transfer but also represents generalised

nucleate boiling performance of aqueous surfactant

solutions for low heat flux boiling conditions

(qw

00
B 100 kW/m2). Figure 4 presents the correlation

predictions given by Eq. 14, which correlates the

experimental data of Wasekar and Manglik [15] using

dynamic spreading coefficient given by Eq. 13 within

±15%.

3 Conclusions

Application of Cooper’s correlative approach

(h � M-0.5qw

000.67) for computing enhancement (/) and its

presentation with Marangoni parameter (v) lead to the

insights about the effect of degree of surface wettability,

which is represented by the ratio of constants associated

with the Marangoni parameter and is characterised by a

value of 1.234 for the degree of enhancement for Triton X-

100 over SDS. Prediction of the nucleate pool boiling heat

transfer coefficient in aqueous surfactant solutions is car-

ried out using the dynamic spreading coefficient defined as

rdyn Na, which represents cavity filling and activation

process and eliminates the concentration dependence of

nucleate pool boiling heat transfer in boiling of aqueous

surfactant solutions. In larger sense, it represents force per

unit volume, which can be used to evaluate the nucleate

boiling performance of a given surfactant-surface combi-

nation. The correlation predictions using the dynamic

spreading coefficient (rdynNa = 0.09qw

000.71) for low heat

flux boiling (qw

00
B 100 kW/m2) characterised by isolated

bubble regime correlates the experimental data of Wasekar

and Manglik [15] for both the SDS and Triton X-100

surfactants within ±15%. This correlation can also be used

for the prediction of heat transfer coefficients during boil-

ing in confined spaces, which has significant importance in

the development of compact and micro thermal compo-

nents such as micro heat exchangers, cooling technology

for electronic cooling and others, in addition to the pro-

cessing of materials such as steel where accelerated or ultra

fast cooling is applied to improve the controlled-rolled

thick plate and strip properties such as tensile strength,

toughness and weldability, among others.
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