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Quialitative investigation of the convective boiling heat transfer of dilute Al>Os-
water/glycerol solution inside the vertical annuli
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In this work, the flow boiling heat transfer coefficient of Al.Os-water/glycerol nanofluids was experimentally
investigated under different operating conditions. The influence of different operating parameters such as heat flux,
mass flux and sub-cooling temperature, as well as concentration of nanofluids on the convective boiling heat transfer
coefficient was studied and discussed. The results demonstrated that two heat transfer regions with different heat
transfer mechanisms can be distinguished during the convective boiling of nanofluids, namely single-phase forced
convection and two-phase nucleate boiling. The results also showed that with increasing the heat and mass fluxes, the
heat transfer coefficient of nanofluid increases and with increasing the nanofluid concentration, the heat transfer
coefficient decreases which is due to the deposition of nanoparticles on the heater surface. The sub-cooling temperature

only influences the onset of nucleate boiling.
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INTRODUCTION

Boiling and two-phase flow phenomena are used
in a variety of industrial processes and applications,
such as refrigeration, air-conditioning and heat
pumping systems, energy conversion systems, heat
exchange systems, chemical thermal processes,
cooling of high-power electronic components,
cooling of nuclear reactors, micro-fabricated fluidic
systems, thermal processes in aerospace stations
and bioengineering reactors [1]. In nuclear power
applications, boiling heat transfer plays a key role
both in the efficient energy transportation during
the normal operation and in the successful decay
heat removal for the transient accident condition,
due to the large latent heat of water and the bubble-
driven convection or turbulence. Specifically, to
prevent the core melt down and to mitigate the
leakage of radioactivity to the outside of the reactor
vessel, successful removal of decay heat is
necessary [2]. Solid particles of nominal size 1-100
nm are called nanoparticles, and low-concentration
dispersions of such particles in a base fluid are
called nanofluids. Nanofluids are known to display
a significant increase in thermal conductivity over
that of the base fluid [3-7]. Early studies on the
utilization of nanofluids in flow and pool boiling
have mainly focused on the critical heat flux and
surface characteristics of a heating section, as well
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as on the thermal conductivity enhancement and the
parameters that govern this behavior [8-17]. One
may want some more information about the recent
flow boiling heat transfer research [18-22]. In
previous studies, most investigators pay more
attention to the critical heat flux and surface
characteristics of the heating sections. Less
attention has been paid to the forced convective and
flow boiling heat transfer coefficient of the
nanofluid due to the undesirable deterioration of the
heat transfer coefficient.

The purpose of this study is to experimentally
measure the forced and nucleate flow boiling heat
transfer  coefficient of  Al,Oswater/glycerol
nanofluid and investigate the influence of different
operating conditions such as heat flux, flow rate
and volumetric concentrations of the test nanofluid
as well as sub-cooling temperature on the single
phase and two-phase flow-boiling of the Al;Os.
water/glycerol nanofluid.

EXPERIMENTAL

Different  volumetric ~ concentrations  of
nanofluids were prepared using two-step methods.
The Al;Os; nanoparticles (45-50 nm, PlasmaChem
GmbH, Germany) were uniformly dispersed into
the base fluid (70 vol % of water and 30 vol % of
glycerol) to obtain a stable nanofluid. In the present
work, deionized water was considered as the base
fluid. Briefly, the preparation steps were:
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I The mass of Al,Os was weighed on a
digital electronic balance (A&D EK Series Portable
Balances, EK-1200i).

[I.  The weighed Al;O3 nanoparticles were
added to the weighed water/glycerol mixture while
it was agitated in a flask (using a magnetic
motorized stirrer (Hanna instruments Co.) Also, 0.
1 vol. % of QF-STK190 dispersant was added to
the nanofluid as a stabilizer. Experiments were
carried out on the nanofluids to check their stability
and dispersion. Dynamic light scattering (DLS) test
was also done (using a Malvern DLS device) to
check the nanoparticle size count.

I1l.  UP400S ultrasonic  Hielscher GmbH
(400W / 24 kHz) was used to uniformly disperse
the nanoparticles into the water/glycerol mixture.

In the present work, nanofluids with volumetric
concentrations of 0.5%, 1% and 1.5% were
prepared using 45-50 nm (claimed by
manufacturer) Al,O3 nanoparticles and
water/glycerol 70:30 base fluid. Particle size
measurements and XRD test of the solid particles
were performed to check the size and quality of
nanoparticles. As can be seen in Fig.1, maximum
size count corresponds to 45-50 nm nanoparticles.
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Fig. 1.
nanoparticles

Fig. 2 depicts the TEM image of the Al,Os
nanoparticles. This image shows that particles are
well dispersed in water/glycerol and there is no
agglomeration and clustering inside the nanofluid.
The XRD pattern (Fig. 3) depicts a single-phase
Al,O3 with a monoclinic structure. No significant
peaks of impurities are found in the XRD pattern.
The peaks are broad due to the nano-size effect.
The scheme of the experimental close loop is
shown in Fig. 4. The working fluid enters the loop
from a main tank through the isolated pipes and is
continuously circulated by a centrifugal pump
(DAB Co.). Due to the importance of the fluid flow
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Particle size distribution of Al,O3

rate in flow boiling heat transfer, a Netflix®
ultrasonic flow meter was also installed in the fluid
line to measure the flow rate. The fluid temperature
was measured by two PT-100 thermometers
installed in two thermo-wells located just before
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Fig. 2. TEM image of Al;Oz nanofluid; vol. %=1.5
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Fig. 3. XRD results of Al,Ossolid nanoparticles

and after the annular section. Resistance
thermometers or PT, also called resistance
temperature detectors (RTDs), are the sensors used
to measure the temperature by correlating the
resistance of the RTD element with temperature.
Most RTD elements consist of a fine coiled wire
wrapped around a ceramic or glass core. This type
of thermocouple is shown as PT-100. The complete
cylinder was made from stainless steel 316a.
Thermometer voltages, current and voltage drop
from the test heater were all measured and
processed with a data acquisition system in
conjunction  with a  proportional-integral-
differentiate (PID) temperature controller. The test
section shown in Fig. 4 consists of an electrically
heated cylindrical DC bolt heater (manufactured by
Cetal Co.) with a stainless steel surface, mounted
concentrically within the surrounding pipe. The
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Fig. 4. Scheme of the test loop

dimensions of the test section are: diameter of
heating rod 22 mm; annular gap diameter
(hydraulic diameter) 30 mm; length of the pyrex
tube 400 mm; length of stainless steel rod 300 mm;
length of heated section 140 mm which means that
just the first 140 mm of stainless steel are heated
uniformly and radially by the heater. The axial heat
transfer through the rod can be ignored because of
the insulation of both ends of the heater. The heat
flux and wall temperature can be as high as 190,000
W m? and 163°C, respectively. The local wall
temperatures were measured with four stainless
steel sheathed K-type thermocouples installed close
to the heat transfer surface. The temperature drop
between the thermocouples location and the heat
transfer surface can be calculated from:

TW =Tth —-q i

A (1)

The ratio between the distance of the
thermometers from the surface and the thermal
conductivity of the tube material (s/Aw) Was
determined for each K-type thermocouple by
calibration using the Wilson plot technique [23].
The average temperature difference for each test
section was the arithmetic average of the four
thermometers  readings  around the  rod
circumference. The average of 10 voltage readings

was used to determine the difference between the
wall and bulk temperature for each thermometer.
All  K-type thermocouples were thoroughly
calibrated using a constant temperature water bath,
and their accuracy was estimated to =0.3K. The
local heat transfer coefficient & was then
calculated from:

_a
(TW _Tb )ave. (2)

To minimize the thermal contact resistance and
temperature jump, high-quality silicone paste was
injected into the thermocouple locations and also on
the heater wall to expel the possible air from the
center of the heating section and around the heater.
To avoid possible heat loss, the main tank
circumferences were heavily insulated using
industrial glass wool. To control the fluctuations
due to alternative current, a regular DC power
supply was employed to supply the needed voltage
to the central heater. Likewise, to visualize the flow
and boiling phenomenon, the annulus was made of
Pyrex glass.

The uncertainties of the experimental results
were analyzed by the procedures proposed by Kline
and McClintock [24]. The method is based on
careful specification of the uncertainties in the
various primary experimental measurements. The
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heat transfer coefficient can be obtained using Eq.

3):
_ pVCpnf (Tout _Tin)
(rw - Tb ) av. (3)

As seen from Eq. (3), the uncertainty in the
measurement of the heat transfer coefficient can be
related to the errors in the measurements of volume
flow rate, hydraulic diameter, and all temperatures,
as follows:

a=f {\/lAh' (Tout _Tin)’ (TW _Tb)} (4)

m:\/[({%j.av] +H§—Z].6A} +H6(‘I’o§7u—ﬁn)} 8(Tout —Tin )} -{[ﬁ].sﬁw—m)]
(5)
According to the above uncertainty analysis, the
uncertainty in the measurement of the heat transfer
coefficient was found to be 16.23%. The
uncertainty of the equipment is presented in Table
1. The main source of uncertainty is the
temperature measurement and its related devices.

Table 1. Summary of the uncertainty analysis

Parameter Uncertainty

Length, width and thickness, (m) +5x10°

Temperature, (K) +0.3K

Water flow rate, (. min™?) +1.5% of
readings

Voltage, (V) +1% of readings

Current, (A) +0.02% of
readings

Cylinder side area, (m?) +4x108

Flow boiling heat transfer +16.23 %

coefficient, (W/m2.K)

RESULTS AND DISCUSSION

In this section, the effect of different operating
parameters on the flow boiling heat transfer
coefficient of Al,Os-water/glycerol is briefly
discussed.

Effect of heat flux

The experimental results demonstrated that the
heat transfer coefficient in both heat transfer
regions is a direct function of the heat flux. On
increasing the heat flux, the heat transfer coefficient
of the nanofluid in both the forced convective and
the nucleate boiling heat transfer regions
significantly increases due to the increased number
of nucleation active sites on the heater surface. On
the other hand, on increasing the heat flux, the rate
of bubble formation dramatically increases. Fig. 5
presents the influence of the heat flux on the
convective boiling heat transfer of the Al,Os-
water/glycerol solution. Fig. 6 depicts the effect of
heat flux on bubble formation of nanofluids.
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Fig. 5. Effect of heat flux on the flow boiling heat
transfer coefficient of the Al,Os-water/glycerol nanofluid
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Fig. 6. Bubble formation in flow boiling heat transfer
of the Al,Os-water/glycerol nanofluid

Effect of mass flux of fluid

Fluid flow rate (volumetric flux or mass flux)
has a strong influence on the flow boiling heat
transfer coefficient in both heat transfer regions.
Experimental results showed that the heat transfer
coefficient significantly increases when the fluid
mass flux increases.

Fig. 7 presents the effect of fluid flow rate on
the flow boiling heat transfer coefficient of Al,Os-
water/glycerol nanofluids.

Effect of concentrations

The effect of concentration of nanofluids on the heat
transfer coefficient in flow boiling of Al,Os-
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Fig. 7. Effect of mass flux on the heat transfer
coefficient of the Al,Os-water/glycerol nanofluid

water/glycerol is represented in this section. As can
be seen from figures 9 and 10, when the
concentration of nanofluids increases, in the forced
convective region the heat transfer coefficients
increase, while for the nucleate boiling region, the
heat transfer coefficients deteriorate. Due to the
sedimentation of nanoparticles around the heating
section and scales created on the surface, the
surface heat transfer resistance increases and the
surface becomes isolated against the heat transfer.
Moreover, the surface characteristics significantly
change and the surface wettability would also be
affected by deposition, more bubbles covering the
heating surface would lead the heat transfer to
decrease. Fig. 8 illustrates the influence of
concentration of nanofluids on the flow boiling heat
transfer coefficient. For better understanding, the
surface roughness was determined before and after
the experiments. To this purpose the profile meter
Elcometer-7061-MarSurf PS1 surface roughness
tester was employed with uncertainty of +0.2.
According to roughness meter results, the surface
roughness due to the presence of nanoparticles has
significantly increased.
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Effect of sub-cooling temperature

Influence of the sub-cooling temperature can
only be seen on the onset of nucleate boiling (ONB)
point. In fact, ONB is the boundary separating the
forced convective and the nucleate boiling heat
transfer regions. However, the first bubble may be
seen at this point or even not be seen by naked
eyes. Briefly speaking, with increasing the sub-
cooling temperature of the fluid, the heat flux
corresponding to the ONB point significantly
decreases. A small increase in the heat transfer
coefficient in the nucleate boiling region is reported
while no significant influence on the forced
convective heat transfer coefficient is seen. Fig. 11
presents the influence of sub-cooling temperature
on the flow boiling heat transfer coefficient of
Al,Os-water/glycerol nanofluids.
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Fig. 11. Effect of sub-cooling temperature on the
flow boiling heat transfer of the Al,Osz-water/glycerol
nanofluid
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CONCLUSION

A large number of experiments were performed
on the convective boiling heat transfer of Al,Os-
water/glycerol nanofluids at different operating
parameters and the following conclusions were
drawn:

e  Similar to previous studies, two significant
heat transfer regions with different heat transfer
mechanisms were observed, namely: forced
convective and nucleate boiling.

o Investigations on the operating parameters
indicated that both heat flux and mass flux had a
direct influence on the heat transfer coefficient and
the fouling resistance. On increasing the heat and
mass fluxes, the heat transfer coefficient increases
in both regions.

e On increasing the concentration of
nanofluids, deterioration of heat transfer
coefficients can be seen which is due to the
deposition of nanoparticles on the heating surface.

e The only influence of sub-cooling
temperature is to decrease the corresponding heat
flux related to the onset of nucleate boiling. In fact,
the higher the sub-cooling temperature, the lower
corresponding heat flux related to ONB point is
reported.

o Nanoparticles deposition can increase the
flow pressure drop which was not studied in this
work. It is recommended to conduct future research
on the possible pressure drop of nanofluids in
convective boiling heat transfer.

Acknowledgement: The authors wish to dedicate
this article to Imam Mahdi and appreciate for the
financial support by Semnan University.

NOMENCLATURE
A area, m?
b distance, m
Co heat capacity, J.kg*..C?
dn hydraulic diameter, m
h enthalpy, J. kg
k thermal conductivity, W.m.°C1
L heater length, m
P pressure, Pa
q heat, W
S distance, m
T temperature, K
Subscripts-Superscripts
b bulk
bs base fluid
nf nanofluid
c critical
fbo flow boiling
in inlet
out  outlet
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| liquid

m mixture

n number of components
nb nucleate boiling

ONB onset of nucleate boiling
Sat saturated

th thermometers

% vapor

w Wall

Greek symbols
heat transfer coefficient, W.m2.K!
density, kg.m3
viscosity, kg.m2.s?
Volume fraction
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KAYECTBEHO U3CJIEIBAHE HA KOHBEKTMBHOTO TOIUIOITPEHACSAHE C KUIIEHE B
PA3PEJIEHU CYCIIEH31U HA AL203 BbB BO/IHO-T'JIMLIEPOJIOBU CMECH BbB
BEPTUKAJIHO ITPbCTEHOBH/JHO ITPOCTPAHCTBO

M.M. Capadpas”, @. Xopmosu

Daxyrmem no XuMu4Ho, Hepmeno u 2az080 uHxicenepcmeo, Yuusepcumem Cemnan, Upan
Mocrenuna Ha 18 ronu, 2013 r.; kopurupana Ha 22 despyapu, 2014 r.
(Pestome)

ExcniepyMeHTAIHO € U3CleJBaHO TOIUIONPEHACSHETO U € ONpe/iesicH KOe(UIMeHTa Ha TOIUIOIPEHACSHE IIPH KUIIEHE
Ha cycreH3uu oT HaHovacTuin Ha Al;O3 BB BOAHO-TIIHIIEPOTIOBH CMECH TIPH Pa3inyHu pabOTHH YCIOBHsL. BiusHueTo
Ha pa3iu4YHU pabOTHHU MapaMeTpu KaTo TOIUIMHHMS MOTOK, MAaCOBMS IOTOK M TeMIIepaTypaTa Ha OXJIaXkJaHe, KaKTo U
KOHIICHTpAaIMiATa Ha HAaHOYACTUIM BBPXY Koe(HIMEHTa Ha TOIUIOOOMEH € H3ClIeABaHO W oOchaeHo. Pesymrarnte
MIOKa3BaT, 4e ca HaJMIE JBE Pa3INYHM 00IAaCTH Ha TOIUIONPEHACSHE HAa KOHBEKTHBEH IIPEHOC C Pa3IMYHU MEXaHU3MH
Ha IIPEHOCHMS TIpOIeC: NPHHYICHW KOHBEKIMM B efHa ¢a3a M IBy-(a3HO KHIICHE CBhC 3apOAMIIOOOpasyBaHe.
PesynraTure moka3BaT ChINO TaKa, Y€ KOSPHUIMEHTHT Ha TOIUIONIPEHACSHE HApacTBa C HApPACTBAaHE HA TOIUIMHHHA H
MacoBHs TOTOK, JIOKaTO TOM HaMaisBa C HapacTBaHE KOHIIGHTpalMATa Ha HaHouyacTUlnTe. ToBa ce oOscHSIBa C
OTJIaraHeTO Ha HAHOYACTHIM BHPXY TOIUIOOOMEHHATA MOBBPXHOCT. TemrepaTypaTa Ha OXJIaXKIaHe BIIUsE eIUHCTBEHO
BBPXY BB3HHKBAHETO HA 3apOJUIIN Ha KUIICHE.
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