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Abstract

Boiling with surfactant is important in many key industrial applications such
as the petrochemical processing, refining, refrigeration, hygiene and persona care,
pharmaceutical, and food processing, among others.

The aims of this study are experimental determination of the heat
transfer coefficient with and without the addition of surfactants to pure
water and quantify the effects of surfactant concentration, ionic nature, its
ethoxylation, and molecular weight on the nucleate boiling performance of
water on vertical cylindrical heater.

Severa different surfactants were employed: [SDS(Sodium Dodecyl Sulfate),
SLES (Sodium Lauryl Ether Sulfate) (anionic) Jand [Triton X-100 (Octylphenol
Ethoxylate) (nonionic)], they have different molecular weights, ionic nature and
number of ethylene oxide EO groups attached to its polar head.

The boiling results show that with the addition of small amounts of surfactants,
the saturated nucleate pool boiling heat transfer coefficient of water is found to be
altered due to reduction in the surface tension and this enhances the heat
transfer.The enhancement in nucleate pool boiling depends upon wall heat flux (or
temperature difference), concentration of surfactant, ionic nature, molecular weight
and number of (EO) group.The heat transfer coefficient is found to increase by as
much as (81.9%) over that for pure water for SDS solutions while (53 %) for SLES
and (45 %) for Triton X-100 at CMC (critical micelle concentration).

The enhancement increases with concentration and the enhanced solutions are
found to be with C < CMC. The optimum enhancement is a or near the CMC of
surfactants. However, the maximum heat transfer enhancement is in the order of
SDS > SLES > Triton X-100, this is also, in the reverse order of their molecular
weights and number of (EO) groups.

Keywords: Nucleate Pool Boiling, Surfactant Effect.
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1. Introduction

The existence of severd regimes
of boiling was first clearly discussed
by Nukiyama as cited in [23]. These
regimes include the nucleate boiling,
transition boiling and the radiation
zone.

With its ability to transfer large
amounts of heat in relaively smal
temperature  differences, nucleate
boiling has attracted considerable
research attention [22].

Boiling with surfactants is
generaly a very complex process and
it is influenced by a larger set of
variables in comparison to the phase—
change process of pure water. Besides
the wall heat flux or (temperature
difference), heating surface geometry,
and bulk concentration of surfactants,
the nucleate boiling behavior is also
dependent upon, among others, the
role played by surface tension,
interfacial stresses and the nucleation
process. Furthermore, it appears that
the boiling mechanism itself s
influenced by the nature of surfactant,
and its chemistry is solution [10].

The nucleate  boiling of
surfactants solutions has become one
of ethe mogt interesting subjects in the
scope of heat and mass transfer for the
last twenty years because of its
importance in the following fields:

The petrochemical processing,
liquefaction, ar separation,

refrigeration, power plant and electric
equipment [1, 2].

Surfactants ae essentially
low-molecular weight chemical
compounds, with molecules

consiging of a combination of a
water-soluble  (hydrophilic) and a
water insoluble (hydrophobic) part,
Figure (1). The hydrophobic part is
generdly a long hydrocarbon chain,
whereas the hydrophilic part of the

molecule may be ionic or non-ionic
and usually contains only one polar
group [3, 4].

Depending upon the nature of the
hydrophilic head group, surfactants
can be primarily classified as
anionics, nonionics, cationics, and
Zwitterionics [5].

Surface tension reduction of an
agueous solution decreases
continually with increasing
concentrations till the critical micelle
concentration CMC is reached, at
which point the surfactant molecules
cluster together to form micelles. All
surfactants in their solutions show
significant changes in adsorption
behavior at or around their respective
CMC. The CMC is characterized by
micelle formation, or micellization,
which is the property of surface-active
solutes that leads to the formation of
colloid-sized clusters, i.e, a a
particular  concentration, additives
form aggregates in the bulk phase or a
surfactant cluster in solution that are
termed micelles [6, 7].

2. Experimental Work
2.1 Systems Studied

Aqueous solutions of anionic
surfactants (SDS, SLES) and nonionic
(Triton X-100) having different
concentrations (measured as the ppm)
were prepared by dissolving weighted
samplesin pure water.

The boiling curve for pure water
was firgt established. The water data
provide the baseline reference for the
surfactant solution results.

The concentrations of each
surfactant that have been used in this
study were:

1). Anionic surfactants:

SDS :( 300, 600, 900, 1250, 2500,
5000, 10000) ppm.

SLES :( 250, 500, 1000, 2000,
4000) ppm.

2).Nonionic surfactant:
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Triton X-100 (100,200, 400, 600,

800) ppm.

2.2 Experimental Procedure:

1. The unit was charged with water
until the level of water in the
cylinder was (20— 30) mm above
the top of the heater.

2. The €lectric heater was adjusted
to about (30) watts and the water
flow rate was adjusted until the
desired pressure was about (latm)
and then the voltage, current,
vapor pressure, liquid temperature
and metal temperature were
observed.

3. The power was increased to (100)
watts; and the cooling water flow
rate was adjusted to give the
desired pressure. When water
started to boil vigoroudly, the
pressure release valve steam was
pulled out to release any air in the
cylinder.

4. When water reached
saturation temperature and steady
state conditions, the current,
voltage, liquid temperature, and
wall temperature were recorded.
The power input was then
increased at an equa intervals and
the same operation was repeated.

2.3 Determination of Heat Flux and

Nucleate Pool Boiling Heat

Transfer Coefficient:

All the heat generated in these

experiments was from the heater. The

energy generated by the heater can be
calculated using the current (I) and the

voltage (V).

Power (Jsec) =l (Amperes).V (volts)

.. (D

At steady state, heat from the hegter is

transferred to the test fluid while some

is lost through natural convection
from the glass this can be trandated
into the following energy balance.

Power =0josses T Qiiquid

. @

The heat transfer term for liquid
(Qiquia) can be determined from its
heat capacity (G.) and temperature
difference as shown below:

Qiiquid = M Cpi (Tow— Tin)
...(3)
The heat transfer due to natural
convection (Qosses) Can be determined
from Newton's law :
0 10sses= Nair Aglass (Touk—T ambient)
..(4)
Power — Qiosses
m CPI (Tout - Tin)
... (5
Since the capacity of the electric
heater is (300) watt and the area of the
heater is equal to (0.001986) n¥, the
heat flux (g,"'= gu/A) is designed to
vary uniformly in six different levels
as follows (38.10, 48.66, 61.35, 74.08,
86.78, 101.60) kW/m?, so that the heat
transfer coefficient can be solved
using the following equation
h=qgy"/ (Tyw— Tex)

The net of heat

... (6)
More experimental details are found
in Ref. [21].
3. Reaultsand Discussion:

Nucleate pool boiling experiments
and the measured heat transfer
performance of aqueous solutions of
the three different surfactants are
described.

The results of solutions of
different concentrations are presented,
and the optimum enhancement in heat
transfer is identified. In addition, the
effects of the molecular weight and
ionic nature and ethylenoxide (EO) of
the surfactants are delineated.

31 Pool Boiling without

Surfactants:

Figure (4) shows the saturated
nucleate boiling data for pure water,
and its comparison with the
cylindrical steel - heater/water data
available due to Borishanskii [8] and
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other researchers such as Shakir et al.
[9]; Wesekar [10] and Zhang [11].

Borishanskii’s data is based on
the principles of thermodynamic
similitude.

The experimental data of present
work agree very well with both
Borishanskii’s data and  other
researchers data, and they provide an
accurate basdine reference for the
nucleate boiling performance of the
surfactant solutions described in the
next section.

Figure (5) shows the measured
heat transfer coefficient in the present
work as a function of heat flux. The
results illustrate that the heat transfer
coefficient increases as heat flux
increases. In Figure (5), comparisons
are aso made  with the
Peyghambarzadeh et a. data [12] ,
and found the experimenta data of
this study agree very well with his
data (maximum error of 15%).

3.2 Pool Boiling with Surfactants:

The experimental data for pool
boiling of various concentrations of
aqueous anionic (SDS and SLES) and
nonionic (Triton X-100) surfactant
solutions are presented, respectively,
in Figures (6, 7, and 8).

In general, with the addition of
surfactant to water, the nucleate
boiling curve shifts to the left
indicating enhancement in heat
transfer. This can be seen, in Figures
(6, 7, and 8) for SDS, SLES and
Triton X-100 aqueous solutions
respectively.

Boiling with surfactant solutions,
when compared with that in pure
water, was observed to be more
vigorous. The surfactant additive
reduces significantly the tendency of
coalescence between veapor bubbles.
The bubbles grow continuously and
collapse on the surface heater. The
bubbles are smaler but much larger in

number than in the case of pure water.
A decrease in the bubble size at
boiling in the surfactant solution may
be attributed to a decrease in the
surface tension compared to the pure
water.

Lower vaues of o alow
departure of smaller-sized bubbles
because of the reduction in surface
tension force a the heater surface that
counters the buoyancy force trying to
pull the bubble away from the surface.

This is consistent with the
well-established Fritz equation [13],

d,=0.0208 f o T
)
which suggest bubble departure
diameter isdirectly proportional toc.
These mechanism vapor bubbles
contribute  significantly  towards
enhancing heat transfer.
3.3 Optimum Heat Transfer and

Critical Micelle
(CMC):

A closer inspection of Figures (9,
10 and 11), reveds that an optimum
heat transfer enhancement is typically
obtained over a concentration range
aound CMC of the respective
surfactant.

The concentration of surfactant at
which micellization beginns is called
the criticd micelle concentration
(CMC).

The process of micelle formation
characterizes this range of
concentration [14] ,and for the
surfactants tested in this work, this
concentration range is (2500 -
- 4000 ppm for SDS,1000 — 1500
ppm for SLES, and, 200 — 300 ppm
for Triton X-100).

Several investigators have
developed empirica  relationships

Concentration
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between the CMC and the structura
features of surfactants. Becher
caculated the coefficients for the
linear relationship  between the
logarithm of the CMC, the number of
ethylene oxide (EO) and the number
of carbon atoms (C) in hydrophobic
part for surfactants
LogCMC=a-bC+ dEO
...... (8)

With a= (1.646 + 0.082), b = (0.496
+ 0.08) and d = (0.0437 £ 0.0094).

The CMC is affected by severd
factors like as hydrophobic group,
hydrophilic group, and temperature
[15].

The markedly different behavior of
heat transfer performance for pre- and
post-micellar surfactant solutions can
be seen from Figures (9,10 and 11)
which give a typical enhancement plot
guantifying the extent of heat transfer
enhancement in nucleate boiling of
SDSSLES and Triton X-100
solutions.

The results are graphed in the form
of heat transfer coefficient defined as:

h- hNater_ (ql‘l"/D-I-gat ) - (ql‘l"/DTﬂ)Nater:a
Nyater (ql‘l"/DTﬂ)water

e (9)

Figure (9) shows a maximum

enhancement of (81.9%) for 2500
ppm agueous SDS solution while
(53 %) for SLES and (45 %) for
Triton X-100 at CMC Figure (10 and
11) .The repeated decreases and
increases are probably connected with
the hydrodynamic situation
prevailing.
In addition to improving heat transfer
in solutions with 0 < C < CMC ,
Figure (9) clearly shows the decrease
in boiling heat transfer enhancement
in 5000 ppm and 10000 ppm SDS
solutions a ( C > CMC).

3.3.1 Effect of Concentration:

The experiments were carried out
to study the effect of concentration on
nucleate pool boiling heat transfer
coefficient.

Figures (12, 13 and 14) show
different influence of SDS
concentration on nucleate boiling heat
transfer coefficient for heat different
fluxes. It was observed that on
increasing the concentration  of
surfactants the nucleate boiling heat
transfer coefficient increases and the
optimum heat transfer enhancement is
found to be around CMC.

At low concentration, surfactant
molecules arrange themselves at the
interface in the form of monomers
with their hydrophilic part inside
water and the hydrophobic part away
from the interface. This results in an
gppreciable reduction in the surface
tension a the interface. This process
continues with increasing
concentrations until CMC is reached,
at which point no more molecules can
be aranged a the interface. The
surfactant molecules then cluster
together inside water to form micelles.

In addition, it was found that
temperature difference ATsa)
decreases with increasing amount of
surfactant and tends to increase heat
transfer coefficients and the optimum
heat transfer enhancement isa CMC.

Figure (15), shows that at
(2500 ppm) CMC gives less
temperature difference and optimum
heat transfer enhancement. A similar
trend can be obtained for SLES
(CMC=1000 ppm) and Triton X-100
(CMC=200 ppm) in Figures (16 and
17).
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3.3.2 Effect of Surfactant M olecular
Weight:

Figure (18) provides insights on

the role of surfactant molecular
weight and ethoxylation, of their
solutions and show the maximum heat
transfer enhancement is in the order of
SDS >SL ES >Triton X-100. Thisisin
the reverse order of their respective
molecular weights and EO groups.
The rate of relaxation and hence the
vaue of the surface tension is
a function of surfactant molecular
weight and number of EO group
present init [16,17].

It can be observed that in the
entire range of  concentrations
employed in this study departure
diameter for SDS is aways less than
SLES. The main reason for this
occurrence is the difference in
molecular weight and EO groups
among the anionic surfactants. The
surfactant molecules  with  lesser
molecular weight (and no EO group)
diffuse faster than their heavier
counterpart towards the rapidly
growing and departing interface [17].
This results in faster relaxation of
surface tension a the liquid-vapor
interface in the case of SDS (as
compared with SLES) resulting in
smaller bubbles departing quickly.
This correlates well with the greater
enhanced heat transfer observed in
SDS as compared with SLES The
departure diameter for SDS and SLES
continues to decrease even after
reaching the CMC.

3.3.3 Effect of Ethoxylation:

Furthermore, except for SDS, the
[SLES and Triton X-100] surfactants
tested in the present study have EO
group in their hydrocarbon chain.

The presence of ethylenoxide
(EO) group increases the overall size

of the polar head and makes the

surfactant more hydrophilic Such that

they occupy a larger area a the

interface than the SDS molecule [16].
Consequently, in comparison with

SDS, lower concentrations of SLES,

Triton X-100 are required to depress

s by the same amount.

For the present data, the addition
of EO groups decreases the CMC
value and increases s aa CMC for
anionic surfactants, Figure (18).

Both s and CMC values increase with

increasing number of EO groups in

nonionic surfactants [10].

The EO groups in a molecule of
polyoxyethylated sulfate (SLES in the
present work) act as a hydrophobic
group, in contrast to the situation of
nonionic  surfactants [18].  this
hydrophobicity of EO groups in
anionics could be caused either by
genuine contribution to
hydrophobicity or by an enlargement
of the distances between the charged
sulfate groups from each other [19].
3.3.4 Effect of lonic Nature:

In genera, nonionics show higher
s relaxation and lower CMC values in
comparison to anionics. The CMC for
the three cases are (200 ppm for
Triton X-100, 1000 ppm for SLES,
and 2500 ppm for SDS) in Figures
(14, 13, and 12) respectively. The
lower values of CMC observable with
nonionic  surfactants have been
atributed to the absence of any
electricad repulsion, which could
oppose micelle formation unlike that
associated with anionic surfactants
[16, 20].

4. Conclusions:

The sdlient features of this work
can be summarized asfollows:

1. The heat transfer in saturated
nucleate boiling of agueous
surfactant solutions is found to be
enhanced  consderably. The
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optimum nucl eate boiling Institute, Brooklyn College, 3°
heat transfer performance ed.

enhancement is generally 4. Goyd, P. S, and Aswd, V. K.,
observed to be at or around CMC 2001," Micellar Structure and
of the surfactant in the order Inter-micelle  Interactions  in
SDS > SLES >Triton X-100, Micdllar  Solutions:Results  of
which is in the reverse order of Small Angle Neutron Scattering
their respective molecular weights Studies’, Current Science, Vol.
and EO groups. 80, No. 8, pp. 972-979.

2. The maximum enhancement in 5. Nagargan, R., 2001," Polymer-
nucleate pool boiling is found to Surfactant Interactions'. In “New
be dependent upon wal heat flux Horizons: Detergents for the New
(or temperature  difference), Millennium Conference Invited
surfactant concentration, Papers”, published by American
molecular weight and its EO Qil Chemists Society and
groups. Consumer  Specidlty  Products

3. The heat transfer generdly Association, Fort Myers, Florida.

increases with surfactant 6. Jean-Louis Salager , 2002,
concentration (C) up to a C < "Surfactants Types and Uses',
CMC. Depending on C, the heat Teaching Aid in Surfactant
transfer coefficient is found to Science& Engineering in English,
increase by as much as (81.9%) Version # 2, FIRP BOOKLET #
over that for pure water for SDS E300-A, Mirada-Venezuela.
(a low molecular weight ionic 7. Lutz Maibaum, Aaron R. Dinner,
surfactant and zero EO group) and David Chandler, 2004,
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Table (1) Physo-chemical properties of various surfactants
analyzed in this study [16].

Surfactant .
(Chemical DS S ES Triton X-100
Name)
C,,H..SO4
Chemical le & C2H5(OCH,CH,); | C,H,,(OCH,CH,),.,,OH
a
Formula 0O,Na
lonic Nature Anionic Anionic Non-ionic
(EO group) (0) 3 (9-10)
White Slightly yellow -
AETEERTES Powder viscous liquid Clear liquid
Mol ecular
weight 288.3 422 624(average)
Manufacturer Fisher Henkel Union Carbide
Méelting point | >206 C° - -
Specific 0.4 1.03 1.065
gravity

TTycdraophilic

(]Julai'_l Taw=acd .i
t-ﬁrnljhnbic oo —

o lar) tail

Figure (1): Schematicillustration of the primary structure
pof a surfactant molecule
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Figure (2) Schematic Diagram of the experimental setup

1. Glasschamber 10. Rotameter

2. Heating element 11. High temperature cut-out
3. Condenser 12. High pressure cut-out

4. Variac 13. Relief valve

5. Voltmeter 14. Cooling water inlet

6. Ammeter 15. Cooling water outlet

7. Digital reader 16. Drainagevalve

8. Glassthermometers 17. Switch

9. Pressuregauge
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Figure (3): General View of Experimental sstup
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Figure (4): Variation in heat flux with temperature difference for pure water.
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Figure (5): Pool boiling heat transfer coefficients of pure water.
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Figure (6): Pool boiling data for aqueous solutions of SDS
(an anionic surfactant)
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Figure (7): Pool boiling data for aqueous solutions of SLES
(an anionic surfactant)
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Figure (8): Pool bailing data for aqueous solutionsof Triton X-100
(nonionic surfactant)
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Figure (9): Heat transfer enhancement of aqueous SDS solutions and its
variation with heat flux and surfactant concentration.
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Figure (10): Heat transfer enhancement of aqueous SL ES solutions
and itsvariation with heat flux and surfactant concentration.
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Figure (11): Heat transfer enhancement of aqueous Triton X-100 solutions
andits variation with heat flux and surfactant concentration
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Figure (12): Theeffect concentration of surfactantson heat transfer
coefficient at different heat fluxes of SDS
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Figure (13): Theeffect concentration of surfactantson heat transfer
coefficient at different heat fluxesof SLES.
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Figure (14): Theeffect concentration of surfactantson heat transfer
coefficient at different heat fluxes of Triton X-100.
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Figure (15): Nucleate boiling heat transfer coefficient asafunction of
temperature difference for aqueous solutions of SDS.
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Figure (16): Nucleate bailing heat transfer coefficient asafunction
of temperaturedifference for aqueous solutions of SLES.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.17, 201( Heat Transfer in Pool Boiling with

Surfactants
(o )
12
u pure watel
101 @ 100 ppm
é 0 200 ppm
; 8 A 400 ppm
i/ X 600 ppm
61 g o 800 ppm
4
2 T T T T
4 6 8 10 12
\ ATsat.(K) y

Figure (17): Nucleate boiling heat transfer coefficient asafunction
of temperature difference for aqueous solutions of Triton X-100.
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Figure (18): Effect of surfactant molecular weight and its ethoxylation on the
heat transfer coefficient enhancement at variation of heat flux at CMC.
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