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ABSTRACT

The scope of the present paper is the evaluation of the heat
transfer coefficient during flow boiling of DIl-water/silica
nanofluid inside a 1.1 mm ID tube. The experiments were
performed for nanoparticles and DI-water with both having
thermal conductivities of the same order of magnitude (Kpy.water
= 0.6 WImK, Ksica = 1.4 W/mK). So, it was possible
investigating the effect of the nanoparticles on the heat transfer
coefficient under condition of negligible thermal conductivity
enhancement. Experiments were carried out for mass velocities
of 200, 400 and 600 kg/m3s, heat fluxes from 60 kW/m2 to 350
kW/m2 and nanoparticles volumetric concentration of 0.001%,
0.01% and 0.1%. Moreover, flow boiling heat transfer data
under similar experimental conditions were obtained for DI-
water without nanoparticles before and after performing each
nanofluid test. The experiments were performed at the same test
section according to the following sequence: i) DI-water, ii)
0.001% vol. nanofluid, iii) DI-water, iv) 0.01% vol. nanofluid,
v) Dl-water, vi) 0.1% vol. nanofluid, and vii) DI-water. Such
procedure was adopted in order to evaluate the influence of the
deposition of nanoparticles at each concentration on the heat
transfer coefficient. For single-phase flow the HTC decreases
as the experiments were performed. The thermal resistance due
to deposition of nanoparticles is relevant to the heat transfer
coefficient for single-phase flow of nanofluids inside
microchannels. The flow boiling HTC decreases with
increasing the nanoparticle volumetric concentration from a
concentration of 0.001%. Based on the flow boiling HTC
behaviors for tests with pure DI-water before and after the
nanofluid tests, the fact that the HTC decreases with increasing

the nanoparticle volumetric concentration is not explained only
by the deposition on the surface of a nanoparticle layer. Tests
for pure DIl-water before the tests of nanofluids (BBN
condition) and after all the nanofluids tests (ABN 0.1%
condition) presents similar heat transfer coefficients, despite the
deposition of a nanoparticle layer on the surface.

INTRODUCTION

Great effort has been demanded to understand the complex
mechanisms involved during heat transfer process of nanofluids
since this denomination was proposed by Choi and Eastman
(1995). In their study, nanoparticles were added to a fluid to
enhance its thermal conductivity. Besides altering the transport
properties of the base fluid, authors also identified that boiling
of nanofluids leads to deposition of nanoparticles on the boiled
surface, affecting the boiling mechanism. Controversial
conclusions are found in the literature about the effect of using
nanofluids on the heat transfer coefficient during boiling
processes. On the other hand, it is fact that the critical heat flux
increases with adding nanoparticles to a base fluid. Some
literature reviews concerning experimental investigations of the
boiling phenomena of nanofluids are listed below and are
suggested to those interested on the state of the art concerning
this topic: Eastman et al. (2004), Das et al. (2006), Cheng et al.
(2008), Wang and Mujumdar (2008), Yu et al. (2008), Taylor
and Phelan (2009), Wen et al. (2009), Godson et al. (2010),
Barber et al. (2011), Cheng and Liu (2013), Taylor et al. (2013),
Wu and Zhao (2013), Vafaei and Borca-Tasciuc (2014).

From an analyses of the literature reviews above
mentioned, it is concluded that flow boiling of nanofluids
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inside narrow channels was rarely investigated. Compared to
results for the heat transfer coefficient during flow boiling of
pure water, Wu et al. (2009) found increments up to 20% for
convective boiling of alumina-water nanofluids. Boudouh et al.
(2010) found increments of more than 100% in the heat transfer
coefficient for flow boiling of copper-water nanofluids.
Chehade et al. (2013), using silver-water nanofluids, found
average increments for the flow boiling heat transfer coefficient
up to 136% compared to pure water. Despite of the HTC
enhancement pointed out by these studies, additional
investigations are still needed in order to characterize the effect
of nanofluids on the flow boiling mechanism inside
microchannels.

In the present study, the heat transfer coefficient of DI-
water/silica nanofluid inside a 1.1 mm ID tube is investigated
for volumetric concentrations of nanoparticles (silica - SiO2, 80
nm diameter) in water of 0.001, 0.01 and 0.1%, mass fluxes of
200, 400 and 600 kg/mas and heat fluxes up to 350 kW/mz.

EXPERIMENTAL TEST SETUP

The test facility consists of a closed loop and was validated
based on comparisons of results for single-phase flow
experiments for DI-water and well-established predictive
methods. Figure 1 illustrates the experimental loop and details
of the test section. In the apparatus, the test fluid is driven from
the reservoir through the circuit by a gear pump (Micropump
GA-T23). The mass flow rate is estimated from single-phase
pressure drop measurements through a 2.0 mm ID quartz tube,
100 mm long using a differential pressure transducer
(Endress+Hauser PMD75) with a measurement span of 0-3
kPa. Calibration curves were previously adjusted correlating
the pressure drop and the volumetric flow rate, using as
reference the rate of mass deposition in a digital analytical
balance (precision of 0.01g) with the test facility operating as
an open circuit. The mass flow rate is estimated from the
volumetric flow rate based on the fluid density. Such procedure
was implemented to avoid possible effects on the flow rate
measurements of nanoparticles deposition on the internal parts
of commercial and non-internally inspectable flow meters. The
error associated with the mass flow rate was estimated as 4.6%
of the measured value.

A pre-heater consisting of a tube-in-tube heat exchanger is
used to impose the inlet temperature of the test fluid at the test
section. This heat exchanger uses heating source water having
its temperature controlled by a thermal bath. Needle valves
located upstream and downstream of the test section are used to
minimize two-phase flow oscillations due to compressible
volumes. At the test section entrance, the bulk temperature
(thermocouple within the flow) and absolute pressure
(Endress+Hauser PMP131 for 0-400 kPa) are measured. The
differential pressure along the test section (Endress+Hauser
PMD75 for 0-300 kPa) and temperature of the exit flow are
also measured. The wall temperature was measured with
thermocouples fixed on the external wall of the test section at
the top and bottom of each section. Wall temperatures were

measured at 5 cross-sections along the heated length
(159.4mm) of the test tube. The test section is a stainless steel
tube (AISI304) with internal diameter of 1.1 mm heated by
Joule effect. Electrical current from a DC power source (TDK-
Lambda GEN 20V-76A) was supplied directly to the test
surface. All the temperatures were measured with K-type
thermocouples. Just downstream the test section isa 1.0 mm ID
quartz tube, 100 mm long, installed in order of allowing
visualizations of the two-phase flow with a high-speed camera.
Downstream the transparent tube is a heat exchanger
(condenser) responsible for condensing and subcooling the test
fluid by rejecting heat to a secondary fluid which temperature is
controlled by a second thermal bath. The condenser, the pre-
heater, the flow meter and the reservoir are made of borosilicate
glass allowing the evaluation of the deposition of nanoparticles
along the circuit. To record the data and to monitor and control
de experimental apparatus, a LabView data acquisition system
was used (SCXI-1000 with SCXI-1102 thermocouples
module).
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Figure 1 llustration of the test facility and details of the test
section.T represents the temperature measurement, P and AP
the absolute and differential pressure measurement,
respectively, and V the valves locations.

The nanofluids were prepared according to the two-steps
method, which consists of adding nanoparticles, (silica - SiO2
nanoparticles with 80 nm diameter) weighed through a digital
analytical balance, to a base fluid (DI-water) and dispersing
them through ultrasonication during a period of 30 minutes
(Cole-Parmer CP505). Once prepared, the nanofluid was loaded
into the test facility and experiments were performed as quickly
as possible to minimize nanoparticles sedimentation.

TEST PROCEDURES
Heat transfer coefficient results were obtained using a single
test section for the following conditions: (i) DI-water before
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tests with nanofluids (BBN); (ii) 0.001% vol. concentration
silica nanofluid; (iii)DI-water (ABN 0.001%); (iv) 0.01% vol.
concentration silica nanofluid; (v) DI-water (ABN 0.01%); (vi)
0.1% vol. concentration silica nanofluid and (vii) DI-water
(ABN 0.1%). The tests for each nanofluid were performed all at
once and, then, the test fluid was removed at the end of the
experiments, in order of avoiding the deposition and
sedimentation of nanoparticles on the internal surfaces of the
test circuit. After removing the nanofluid, the test facility was
“cleaned” by repeating a procedure consisting on charging the
circuit with DI-water and, then, circulating and draining the
fluid. Before being charged in the circuit, the solution was
boiled during a period of 30 minutes in order of eliminating
non-condensable gases. The test circuit was firstly evacuated
down to an absolute pressure of 10 kPa, and then charged with
the test fluid.

The tests were performed for saturation temperature at the
test section outlet of 102 + 3°C,subcooling at the test section
inlet of 25°C, heat fluxes from 60 to 350 kW/m?K, vapor
quality at the test section outlet from 0.001 to 0.5 and mass
velocities of 200, 400, 600 kg/m?. The local heat transfer
coefficient, h, was estimated according to the Newton’s cooling
law, as follows:

q
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The temperature at each of the five cross-sections of the

heated length is estimated by averaging the values obtained

from thermocouples placed on the top and bottom of the tube

external surface. Based on this value, the wall temperature of
the inner surface, Tyan, is estimated as follows:

. 2 L2 .
Twall = Twall,ext + i ((TBM Zrmt ) + rext3ln(ﬁ)) (2)

This equation was deduced taking into account one-
dimensional conduction through the wall, uniform heat
generation by Joule effect and adiabatic external surface.To
estimate the fluid bulk temperature, Ty, firstly, based on the
heat flux and the measured temperature and pressure at the test
section inlet, the subcooled region length, the single-phase
pressure drop over its length, and the saturation temperature at
the beginning of the saturated region were calculated by solving
simultaneously an equation of state relating saturation
temperature and pressure plus single-phase pressure drop and a
local energy balance, given by:
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Where i; is the local enthalpy and iy is the enthalpy in the
previous section of a discrete element in length of the test
section. The overall pressure drop over the saturated region was
then determined by subtracting the single-phase pressure drop
from the measured total pressure drop. After that, a constant
pressure drop gradient given by the ratio of the overall pressure

drop over the saturated region and its length was assumed from
the beginning of the saturated region until the end of the test
section. Then, the saturation temperature was calculated from
the estimated local saturation pressure. The heat flux, g, was
calculated as the ratio between the electrical power supplied to
the test section and its internal area based on the heated length,
where the electrical power was given by the product between
the electrical current and voltage supplied by the DC power
source. The vapor quality was determined by an energy balance
over the heated length, as follows:

i—ij
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Temperature measurements were calibrated and the
temperature uncertainty was evaluated according to the
procedure suggested by Abernethy and Thompson (1973).
Accounting for all instrument errors, uncertainties for the
calculated parameter were estimated using the method of
sequential perturbation according to Moffat (1988).The
experimental heat transfer coefficient error was always smaller
than 30%. The HTC average absolute error was 10.6%.

RESULTS

Figure 2 illustrates the variation of the heat transfer
coefficient (HTC) along the test section under single-phase
flow conditions and the theoretical HTC curve based on
Churchill and Ozoe (1973). As result of flow development
effects, the heat transfer coefficient decreases along the tube
length and tends to a constant value at a distance from the tube
inlet of approximately 0.1 m. It is also noted in Fig. 2 that the
HTC decreases with increasing the nanoparticle volumetric
concentration, even for the lowest nanoparticles concentration
of 0.001% in volume.
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Figure 2: Single-phase heat transfer coefficient for
G=600kg/m2s and q=60kW/m2,
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Moreover, lower HTCs are displayed for the tests with DI-
water ABN 0.1% at the two first sections where the wall
temperature is measured. This result is explained by possible
changes on the surface due to the deposition of nanoparticles
during flow boiling of nanofluids. Figure 3 shows an image of
the internal surface of the test section for the tube as received
and after performing all the experiments at the first and fifth
cross section containing thermocouples for wall temperature
measurements. The images were obtained from axial cuts of the
tube using a Nikon D5200 camera associated with a Nikon
E200 microscope with magnification of four times. It can be
noted from Fig. 3 that the deposition of nanoparticles is more
intense close to the entrance of the test section and less intense
close to the outlet.

Figure 3: Images from axial cut of the test section (a) tube as
received, (b) after all the silica nanofluids tests for the first
thermocouple section and (c) the fifth thermocouple section.

According to the literature, variations of the transport
properties due to the addition of nanoparticles to DI-water are
indicated as responsible for variations in the heat transfer
coefficient. So, in the present study the thermal conductivity
(Hukseflux TP-08 probe), surface tension (SensaDyne
QC6000) and viscosity (Brookfield DV-III Ultra - Cone/Plate
CP40) of the nanofluids were evaluated at a temperature of 25.0
+ 0.1°C. From these measurements, it was concluded that
variations of the properties are only marginal and within the
error band of the equipment. In a previous study (Moreira et al.,
2015), the effect of adding alumina nanoparticles to DI-water
was evaluated for the same experimental conditions,
nanoparticles volumetric concentration and using the same test
facility. In this study, a thermal conductivity augmentation of
44% relative to pure DI-water was found for a volumetric

concentration of alumina nanoparticles of 0.1%. This thermal
conductivity enhancement affects positively the HTC for
single-phase flow.

For a mass velocity of 600 kg/m2s, heat flux of 60 kW/m?
and under single-phase flow conditions, the pressure drop of
Dl-water (ABN) and DI-water (BBN) was considered to be the
same once the difference of the values was within the error
band of the differential pressure transducer. This result was
already expected for single-phase flow because the effect of
surface roughness under such condition is negligible and no
effect on the viscosity is observed with de addition of
nanoparticles to DI-water, as mentioned before.

Figures 4 to 6 illustrate flow boiling HTC results for DI-
water and nanofluids. For each mass wvelocity, similar
conclusions can be drawn for different heat fluxes.
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Figure 4: Two-phase HTC for G=200kg/m2s and g=300

kW/mz,
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Figure 5: Two-phase HTC for G=400kg/m2s and q=200
kW/m2,
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Figure 6: Two-phase HTC for G=600kg/m2s and q=250
kW/mz,

It can be noted in Figs. 4 to 6 that the lowest nanoparticle
concentration in DI-water provides the highest flow boiling
HTC. This behavior becomes more evident as the mass flux
increases. The lowest two-phase HTC is observed for the
highest nanoparticles concentration (0.1% vol.). It is also noted
in Figs. 4 to 6 that the HTC for DI-water BBN and DI-water
ABN for a concentration of 0.1% are not significantly different
opposite to what was observed by Moreira et al. (2015) for
alumina nanoparticles in DI-water. Another conclusion from the
experimental data is that for flow boiling of DI-water/silica
nanofluids the HTC decreases with increasing nanoparticles
concentration from a volumetric concentration of 0.001%. The
effect of nanoparticle concentration is not evident for the tests
with pure DI-water before and after the tests with nanofluids.
This result suggests that only the deposition of a nanoparticle
layer, promoting an additional thermal resistance, does not
explain the reduction of the flow boiling HTC from a
concentration of 0.001%.

Moreira et al. (2015) observed that the flow boiling
instabilities due to the boiling process under confined condition
decreases significantly with the addition of alumina
nanoparticles to the DI-water even for the lowest nanoparticles
concentration (0.001% vol.). In the present study, the effect of
the nanoparticles addition to DI-water on the flow boiling
instabilities characterized by temperature, pressure fluctuations
and back-flows was not evident.

CONCLUSIONS

Single-phase flow HTC data of nanofluids composed of DI-
water+SiO2) were gathered and their analyses revealed that the
thermal resistance due to deposition of nanoparticles is relevant
to the heat transfer coefficient for single-phase flow of
nanofluids inside microchannels.

The flow boiling heat transfer coefficient of the nanofluid
(Dl-water+SiO2) with a volumetric concentration of 0.001%
was higher than the HTC of pure DI-water before the tests with

nanofluids (BBN condition). The flow boiling HTC decreases
with increasing the nanoparticle volumetric concentration from
a concentration of 0.001%. Based on the flow boiling HTC
behaviors for tests with pure DI-water before and after the
nanofluid tests, the fact that the HTC decreases with increasing
the nanoparticle volumetric concentration is not explained only
by the deposition on the surface of a nanoparticle layer. Tests
for pure DIl-water before the tests of nanofluids (BBN
condition) and after all the nanofluids tests (ABN 0.1%
condition) presents similar heat transfer coefficients, despite the
deposition of a nanoparticle layer on the surface. The
nanoparticle deposition was more intense at the initial length of
the heated surface. The effect on the thermal instabilities of
adding silica nanoparticles to DI-water was negligible.

NOMENCLATURE
ABN After boiling of nanofluids
BBN Before boiling of nanofluids

AP Differential pressure drop, kPa
G Mass velocity, kg/m?s
h Heat transfer coefficient, kW/m?K

i Enthalpy, kJ/kgK
i Saturated liquid enthalpy, kJ/kgK

iy Saturated enthalpy, kd/kgk

Ky Thermal conductivity of the tube; W/mK
L Test section length, m

ID Internal diameter

m Mass flow; kg/s

P Pressure, kPa

q Heat flux, KW/m?

Q Power applied, kW

Fint Internal radius, m

Fext External radius, m

Sec Temperature cross section

T Temperature, °C

\% Valve

X Vapor quality

z Tube position from the inlet, m
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