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Abstract

Experimental study for boiling heat transfer over a flat surface was achieved by
using aqueous surfactants solutions and compared with pure water. An experimental
test loop equipped with the required measuring devices was designed and constructed
to assess the effects of surfactants type, concentration of aqueous surfactants
solutions, and the applied heat flux on the boiling heat transfer process. The tested
surfactants are Polyvinyl Alcohol (nonionic surfactant) and Sodium Laury) Sulfate
(anionic surfactant). Concentrations of aqueous surfactants solutions varied in lhlS
work from zero up to 3000 ppm and the applied heat flux from 15300 to 31230 W/m?,
The experimental measurements of temperature, pressure and volume flow rate are
recorded and manipulated to calculate the boiling heat transfer coefficient and the
enhancement factor for the boiling heat transfer coefficient.

The obtained experimental results showed that, the wall temperature of flat surface
was reduced for the same heat flux by using aqueous surfactants solutions compared
with pure water. Accordingly, the boiling heat transfer coefficient increased when
using aqueous surfactants solutions and increased also with increasing heat flux in the
range of the studied operating parameters. The enhancement factor of the boiling heat
transfer coefficient reached to a maximum value with concentration 20 ppm for
Polyvinyl Alcohol and concentration 30 ppm for Sodium Lauryl Sulfate, and then it
decreased with increasing concentrations. The enhancement factor for the tested
surfactants solutions in this work relative to the pure water is found to be 1.08 to 1.3
depending upon type of surfactants, its concentration and wall heat flux. This

M1

Accepted December 25, 2008



M. 2 Hesham M. Mostafa

improvement in the boiling heat transfer coefficient characterized by a reduction in the
bubble departure diameter, increased departure frequency, reduction in the
coalescence and increased in the number of nucleation sites. Comparison with the

previous work gave good agreement.
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1. INTRODUCTION

Nucleate boiling is a very efficient
mode of heat transfer. It has been found in
a wide range of applications such as
various energy conversion systems, heat
exchange systems, refrigeration, heat
pump systems, and chemical thermal
processes....etc. The presence of surfactant
(surface active agent) additives or polymer
at low concentrations in solvent has been
found to improve the nucleate boiling heat
transfer coefficient significantly. Traces of
these additives cause no significant change
in physical properties of the solvent except
for surface tension and viscosity. The
boiling  behavivor enhancement s
dependent on additive concentration, heat
flux and the heater geometry. Surface
tension has been identified as an important
property  affecting  the  nucleation
behaviuor. The nucleation  criteria
indicates that as the surface tension is
lowered, the excess pressure requirement
is lowered, as given by AP = 2a/R, where
R is the critical radius of the nucleating
bubble and o is the surface tension. Many
industrial applications, such as food,
pharmaceutical, hygiene, and health care
product processing, among others, involve
boiling of aqueous surfactant and
polymeric solutions as an important stage
of product preparation.

Experimental results, obtained by

Yang and Maa (1983), demonstrate that
the heat transfer coefficient and critical
heat flux of the boiling process can be
improved considerably by the addition of
small amount of surfactants. The
surfactants used in this study are sodium
lauryl benzene sulfonante (SLBS) and
sodium lauryl sulfate (SLS). Because all
experiments were carried out under very
low concentrations, these additives had no

noticeable influence over the physical
properties of the boiling water, except
surface tension, which was significantly
reduced. This reduction in surface tension
causes a considerable increase in the heat
transfer coefficient and critical heat flux.

Saturated nucleate boiling of aqueous
surfactant solutions which studied by Tzan
and Yang (1990), from an electrically
heated stainless steel tube (3.35-mm-OD)
immersed in saturated water with varying
concentrations of an anionic surfactant
(sodium dodecyl sulfate). Their results
showed an increase in nucleate boiling
heat transfer versus surface tepsion
reduction. This  enhancement s
characterized by a rapid departure of
small-sized, regularly shaped bubbles from
the heater surface, and an increase in the
number of active nucleation sites.

An excellent review by Wasekar and
Manglik (1999) gave many studies in
nucleate pool boiling of aqueous
surfactants and polymeric  solutions.
Several of these investigations have
attempted to determine the influence of the
type of additive, its molecular weight and
concentration, heat flux level, heater shape
and size on the enhanced boiling
performance.

Saturated nucleate pool boiling of
aqueous surfactant solutions on a
horizontal cylindrical heater has been
experimentally investigated by Wasckar
and Manglik (2000). Sodium dodecyl or
lauryl sulfates, an anionic surfactant, were
employed. A considerable enhancement in
heat transfer coefficient relative to that for
pure water is found (10% -65%, depending
upon concentration and wall heat flux).

Saturated nucleate pool boiling on a
horizontal cylindrical heater in aqueous
solutions of surfactants, which has
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different  molecular  weight,  were
investigated experimentally by Wasekar
and Manglik (2002). The molecular
weights for the used surfaclants, (sodium
dodecyl sulphate, sodium lauryl ether
sulfate, Triton X-100 and Triton X-305)
arc 288.3, 422, 624 and 1526. The boiling
performance is significantly enhanced, and
the maximum enhancement increases with
decreasing surfactant molecular weights,

Saturated and sub-cooled pool boiling
of environmentally acceptable surfactant
solutions  (alkyl glvcosides), on a
horizontal tube, was experimentally
invesligaled by Hetsroni et al , (2004). The
kinetics of boiling (bubble nucleation,
growth and departure} was investigated by
high-speed video recording. Boiling curves
for various concentrations were oblained
and compared. The results showed that the
bubble behavior and the heat transfer
mechanism for the surfactant solution are
quite different from those of pure water.
Boiling of surfactant solutions, when
compared with that in pure waler, was
observed 10 be more vigorous. Surfactant
solutions promote activation of nucleation
sites in a clustered mode, especially at
lower heat fluxes.

A state-of-the-arl review paper is
presented by Cheng et al., (2007) with
respect 10 studies of boiling phenomena of
aqueous surfactant and polymeric additive
solutions in the hiterature. It covers both
experimental — studies  on boiling
charactenistics  of  various  aqueous
surfactant and polymeric additive solutions
and theorctical studies on the boiling
mechanisms such as the effect of
surfactants and polymeric additives on
nucleation process, bubble dynamics and
interfacial phenomena by the methods of
visualization and modeling.

Expenimental analysis of bubble growth,
departuore  and interactions during pool
boiling on artificial nucleation sites (on a
single and on two neighbouring nucleation
sites) was studied by Siedel et al., (2008).
Bubble growth appears very reproducible,
the volume at detachment being

independent of the wall superhcat, whereas
the growth time is dependant on the
superheat. The bubble frequency has been
found to be approximalely proportional to
the wall superheat.

According to this review, several
important research directions related to
boiling phenomena with surfactants and
polymeric additives. In the long run, effort
should be made to develop heat transfer
models  of boiling phenomena  with
surfactants and polymeric additives and it
15 suggesied that more experimental work
must be done 1o explore this research area
and 1o verify these hypotheses.

1. EXPERIMENTAL TEST LOOP

A schemalic diagram for the experimental
test loop is shown i Fig. (1), 1t consists of
a test chamber, a heating circuit and
cooling circusl.

The test chamber 15 made of aluminum
hollow box; inner dimensions are 100
mm=100 mm, and height 40 mm. The
lower 2nd upper bases are flat Aluminum
tubes ended by two welded headers at both
sides; each header has a diameter of 16
mm. The flat aluminum mulli-channe)
lubes have 22 sub-channels. Rectangular
sub-channels of dimensions 3.85 mm=3.6
mmt. The wide of the (lat aluminum tube
18 100 mm and its length is 100 mm. The
aluminum hollow box, lower base and
upper base are welded together by
aluminum welding, as shown in Fig. (2).
The aluminum box has two valves on one
side the first valve is used to charge the
test chamber with the working fluid and
the second one connecting to the vacuum
pump suction line. The absolute value for
pressurc inside test chamber was fixed
during the expenments at value equal to
2 bar (the corresponding saturation
temperature was 60 °C).

Aqueous surfactants solutions and pure
water used as working fluids. The
specified amount of the working fluid was
charged (o the test chamber through the
charging line to give a level equal to 10
mm. Nonionic surfactant  (Polyvinvl
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Alcohol) and anionic surfactant (Sodium
Laury! Sulfate; SLS) are used in this work
with varying concentrations up to 3000
ppm and compared with pure water. [t is
known that; nonionic surfactant has lower

surface tension and lower molecular

weight than the anionic surfactants 3).

The lower base of the test chamber is
heated by hot water circuil. The desired
amount of hot water flow rate was
controlled by using a control valve |ocated
afier the hot water circulating pump, and
the remaining return back 1o the electric
heater tank. The hot water was pumping Lo
flow inside the flat aluminum tube (lower
base) and then is returned back to the
electric heater (1.5 kW rated power) The
basic dimensions of the electric heater are
0.4 m in diameter and 0.6 m height.

The vapor generated in the test
chamber is naturally moved in the upward
direction toward the lower surface of the
upper base. Cold water was drawn [rom a
constant head water tank by using a cold
water circulating pump to flow inside the
flat aluminum tube (upper base). The
desired amount of cold water flow rate was
controlled by using a control valve located
after the centrifugal pump, and the
remaining relurn back to the water tank.
Then the generated vapor is condensed at
the lower surface of the upper base. The
condensate retuned back by gravity inside
the test chamber.

To ensure minimum heat loss to the
surroundings, a layer of 50-mm of glass
wool thermal insulation followed by
additional aluminum foil sheet is wrapped
on the outer surface of the whole parts of
the test chamber.

3. EXPERIMENTAL MEASUREMENTS

Temperature recorder was used lo
measure the temperatures wilh minuoum
readsble value of #0.1 °C. Two
thermocouples of K-type are attached
inside the test chamber The first
thermocouple is suspended in the middle
of the working fluid layer to measure its
saturation temperature. The second one

located on the center of the inner surface
for the lower base to measure the wall
temperalure. These two thermocouples are
induced in the aluminum box through four
small diameter tubes fixed on it (where
each wire of thermocouple enters through
one of these tubes). The tubes are injected
by adhesive matenal to prevent |cakage
For the lower and upper bases, each header
has two threaded holes for fixing
thermocouples (0 measure inlet and outlet
water temperatures, as shown in Fig (2)
Also, the temperature of the outer surface
layer of insulation for the lower base and
ambient temperature are measured

Bourdon tube pressure gauge ranging
from 0 to -1 bar was fixed at the side of the
lest chamber to measure the inside vacuum
pressure.

Hot and cold water volume flow rates
measured by using a (ubine type flow
meter having a range from 010 10 Lit/min
with an accuracy of + 0.2% from full
scale. Water flow meter (type HFL2102A
OMega Eng Inc.) was calibrated using a
constant volume tank and a stop watch.

The experimental apparatus was
allowed to operate unul the [uctuation in
temperatures was about *0.1 °C. Then,
sleady state condition was reached and the
required measurements of temperature,
pressure and volume flow rate were laken.
The root-mean-square random  eror
propagation analysis was carried out in the
standard fashion wusing the measured
experimental uncertainties of the basic
independent parameters. The ertor analysis
is done for the average values of the
calculating parameters. The experimental
uncertainties  associated  with  these
measurement techniques were estimated to
he approximately equal to 7.8 % for
boiling heat transfer cocfficient

4. DATA REDUCTION

The basic measurements were analyzed
using a computer reduction program lo
calculate the boiling heat transfer
coefficient for swfactant solutions and for
pure water.
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At steady state, the total input heat (Q )
lo the test chamber from the hot water
which flows inside the flat aluminum tube
(lower base of the test chamber) divided
into useful heat which causes the boiling
(Qu ) and the remaining amount of heat
transferred from the outer surface of
insulation for the lower base 1o the
surroundings 2s heat 1088 (Qioes ).

The total input heat can be determined
as,

Qi=m'y Cpy (Thi=The) (1)

Where m', Cps, Thi and Tug are the
mass flow rate of hot water, specific heat
of hot water, inlet and outlet hot water
temperatures respectively. Hot  water
properties are calculated at average
temperature (Thav =(Tn; + Tao ¥2).

The amount of heat loss from outer
surface of insulation o the surrounding air
(Quss ) can be determined as;

Quoss = baree Avas (Tis —Tamp ) (2)

Where; hiee, Ainse Tws and Tomp are free
convection heat transfer coefficient
between outer surface of insulation and
outside air (taken 10 W/m’°C), outer
surface area of insulation for lower base,
outer surface insulation temperature and
ambient air temperature respectively.

Then the useful heat transfer at the test
chamber (boiling heat transfer) can be
calculated as,

Qus = Q1 - Quass (3)

Heat flux (q") can be calculated from
the following equation as,

q" = Qu/ A, (4)

Where, A; = Inside surface arca of the
lower base for the test chamber (A, =
LxW). Also, L and W are length and width
of the lower base of the test chamber.

The experimental boiling heat transfer
coefTicient (hy ) was defined by the ratio of

heat (lux (g") and the temperature
difference between the lower base average
wall-temperature (Tuyy ) and the saturation
temperature for the working fluid (T, ) as;

by =q" 7 (Loean =Tsa ) (5

The enhancement factor (EF) is defined
as the ratio of the boiling heat wansfer
coefficient when using aqueous surfactants
solutions (hy ;) to the boiling heat transfer
coefficient when using pure water (hyw);

EF= I\g_g n\_w {6)

5. RESULTS AND DISCUSSIONS

The main aim of the research workers in
the field of boiling heal transfer are 1o
transmit the largest heat flux by applying
the smallest temperature  difference
between the heating surface and the boiling
liquid and to bring the cntical heat flux 10
the highest possible value. Various means
have been developed with this aim in mind,
including the use of surfactants solutions
instead of pure water. Clearly, more
nucleation sites would become active at a
given superheat. Boiling curves for
nonionic  surfactant (Polyvinyl Alecohol)
and anionic surfactant (Sodium Lauryl
Sulfate; SLS) are plotted a1 different
concentrations and compared with pure
water (0 ppm), as shown in figures (3) and
{(4). It is noticed that, higher heat flux for
surfactants solutions than pure water (for
the same value of temperature difference;
Twan-Tsw). This increase takes its highest
value at low concentration about, 20 ppm
for Polyvinyl Alcohol and 30 ppm for SLS
and then it decrcases when increasing
concentration. On the other hand, for the
same value of heat flux the temperature
difference; (T.au-Tw) was decreased [or
surfactants solutions than pure water.

The effect of heat flux on the
boiling heat transfer coefficient was
illustrated in Fig, (5) for different values of
concentrations of Polyvinyl Alcohol. It is
clear that, as expected boiling heat transfer
coefficient increases with increasing heat
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flux for the same concentration. For low
concentrations range (less than 100 ppm),
as shown in Fig. (5.a), the boiling heat
transfer  coefficient  increases  with
concentration and takes the highest value at
20 ppm. After this value for concentration
the bojling heat transfer coefficient was
decreased and takes an asymptotic value.
As shown in Fig. (5.b) it 1s observed that,

for higher values of concentrations the .

enhancement in boiling heat transfer
coefficient was vanished because the
calculated values lies in the range of the
experimental errors (less than 7.8 %).

The same trend is noticed from Fig. (6)
for Sodium Lauryl Sulfate (SLS) except the
boiling heat transfer coefficient takes the
highest value at concentration 30 ppm. It is
noticed that; boiling heat transfer
coefficient increases by a small value for
nonionic surfactant (Polyvinyl Alcohol)
than anionic surfactant (SLS) because it
has lower values of surface tension.

Enhancement factor was plotted against
heat flux for nonionic surfactant (Polyvinyl
Alcohol) and anionic surfactant (Sodium
Lauryl Sulfate), as shown in figures (7) and
(8). The enhancement factor for the tested
surfactants solutions in this work relative to
the pure water is found to be 1.08- 1.3
depending upon type of surfactant, its
concentration and wall heat flux. The
responsible mechanism for the
improvement in the boiling heat transfer
coefficient for surfactants  solutions
compared with pure water, for the same
heat flux, due to increasing the number of
nucleation sites, reduction in bubble
departure diameter, increase departure
frequency and decreased tendency to
coalescence. Also, it is observed that
enhancement factor takes higher values at
lower heat fluxes, especially at low
concentrations. This can be explained as;
under very low concentrations, these
additives had no noticeable influence over
the physical properties of the boiling
aqueous solution, except surface tension,
which is significantly reduced.

Accordingly, the boiling in surfactant -

solutions was observed to be more active,
especially at lower heat fluxes, when
compared with that in pure water. Bubbles
formed in surfactant solutions were much
smaller than those in water and the surface
became covered with them faster.
Companson between the present work,
and the previous work for boiling of
Sodium Lauryl Sulfate solutions on a
horizontal cylinder heater, which has been
investigated experimentally by Wasekar
and Manglik (2000). It is observed that,
comparison between the present work and
the previcus work gave good agreement.

CONCLUSIONS

Experimental study for the boiling heat
transfer over flat surface was achieved by
using nonionic and anionic surfactants
solutions compared with pure water.
Experimental results indicate that, for the
same value of heat flux the wall
temperature was reduced when using
surfactants compared with pure water,
especially at  low  concentrations.
Therefore, the boiling heat transfer
coefficient increased for surfactants and
also increased with increasing heat flux.
The enhancement factor of the boiling heat
transfer coefficient reached to the
maximum value with concentration 20°
ppm for Polyvinyl Alcohol (nenionic
surfactant) and concentration 30 ppm for
Sodium  Lauryl  Sulfate  (anionic
surfactant), and then it decreased with
increasing concentrations in the range of
the studied operating parameters. The
enhancement factor for the ftested
surfactants solutions in this work relative
to the pure water is found to be 1.08- 1.3
depending upon type of surfactant, its
concentration and wall heat flux. Boiling
heat transfer coefficient increases by a
small value for the nonionic surfactant
(Polyvinyl Alcohol) than the anionic
surfactant  (Sodium  Lauryl Sulfate)
because it has lower values of surface
tension. The responsible mechanism for
the improvement in the boiling heat
transfer characterized by a reduction in
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bubble depariure  diameter, increased
departure  frequency, reduction in
coalestence and increased in the number
of nucleation sites. Comparison with the
previous work gave good agreement.
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NOMENCLATURE

A :Surface area, m*

Cp  Specific heat for hot water, J/kg, “C
L. : Length of the lower base, m

EF :Enhancement faclor, -

h . Heat transfer coefficient, W/m’.°C
m  Water flow rate, kp/s

0 - Heal transfer rate. W

qQ" Heat flux, W/m®

T - Temperature, °C

W Width of the lower base. m

Subscripts:
amb : ambient
av | average

b :boiling
free : [ree convection
h  : hot water

; ' inlet, inner
ins :msulation
loss : loss

(] P putlet

S . surfactant
sal  saturalion
t : lotal

us - useful

W . pure walter
wall ; wall
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Fig. (1) Schematic diagram for the experimental test loop.
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Fig. (2) Details of the test chamber.
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Fig. (6) Variation of boiling heat transfer coefficient versus concentration of SLS for
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