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Abstract. The present paper reports experimental results for the heat transfer coefficient during flow boiling of DI-
water and DI-water/S O, nanofluids. The experiments were performed inside a 1.1 mm ID and 200 mm long stainless
steel (AlS-304) tube. Nanofluids were prepared for two sizes of SO, nanoparticles, 15 nm and 80 nm, and three
volumetric concentrations, 0.001, 0.01 and 0.1%. Flow boiling results were also obtained for DI-water on the surfaces
coated with nanoparticles. The coatings were performed through flow boiling of nanofluids prior the tests with DI-
water. For the nanofluid composed of DI-water/S O, (15 nm) nanofluid, the experimental data showed a reduction of
the heat transfer coefficient for volumetric concentrations of 0.1 and 0.001%. Variations in the heat transfer coefficient
within the uncertainty range of their measurements were noted for volumetric concentrations of the 0.01%. Results for
DI-water/SO, (80 nm) presented variations of the heat transfer coefficient within the uncertainty range of their
measurements except for the highest mass velocity, for which the heat transfer coefficient for volumetric concentrations
of 0.01 and 0.001% was higher than for flow boiling of DI-water in a clean tube. The DI-water results on the surfaces
coated with nanoparticles showed a reduction of the heat transfer coefficient for the surface coated with SO, (15 nm)
and no significant variations for the surface coated with 80 nm nanoparticles. Based on these results, it was concluded
that the modification of the surface texture due to the deposition of nanoparticles affects the heat transfer coefficient
behavior.
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1. NOMENCLATURE

ABN — Surface coated with nanofluids

BBN — Surface without deposition

ID — Internal diameter

G — Mass velocity, kg/fs

h — Heat transfer coefficient, WfAC

g — Heat flux, W/rh

Twan — Temperature of the internal tube wall, °C
Touk — Fluid bulk temperature, °C

w - Volumetric concentration, %

1. INTRODUCTION

Great effort has been demanded to understand dhglex mechanisms involved during heat transfer
processes of nanofluids since the pioneer worktafi @nd Eastman (1995). In their study, nanopagielere added to
a fluid in order to enhance its thermal condugiiviBesides altering the transport properties of lihse fluid, the
boiling process of nanofluids on a heated surfaadd to deposition of nanoparticles on the boilethse, affecting the
boiling mechanism. Controversial conclusions anentbin the literature about the effect of nanoftuimh the heat
transfer coefficient during boiling processes. @a bdther hand, it is a fact that the critical hidax increases with
adding nanoparticles to a base fluid. Some liteeat@views concerning experimental investigatiohshe boiling
phenomena of nanofluids are listed below and aggested to those interested on the state of theoaderning this
topic: Eastman et al. (2004), Das et al. (2006)erghet al. (2008), Wang and Mujumdar (2008), Ywalet(2008),
Taylor and Phelan (2009), Wen et al. (2009), Godsaal. (2010), Barber et al. (2011), Cheng and(RQd3), Taylor
et al. (2013), Wu and Zhao (2013), Vafaei and Bdraaciuc (2014).

From an analyses of the literature reviews abovatimeed, it is concluded that flow boiling of nahofis
inside narrow channels was rarely investigated. @ared to results for the heat transfer coeffictming flow boiling
of pure water, Wu et al. (2009) found incrementsta0% for convective boiling of alumina-water péuids.
Boudouh et al. (2010) found increments of more th@®% in the heat transfer coefficient for flow lo@ of copper-
water nanofluids. Chehade et al. (2013), usingesilvater nanofluids, found average increments Herftow boiling
heat transfer coefficient up to 136% compared tee puater. Despite of the HTC enhancement pointdédbguthese
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studies, additional investigations are still nee@edrder to characterize the effect of nanofluifsthe flow boiling
mechanism inside microchannels.

In the present study, an investigation about tfecebf nanoparticle dimension on the heat transtefficient
of Dl-water/SiQ nanofluids inside a stainless steel (AISI-304) fnfh ID tube is performed. Two sizes of %O
spherical nanoparticles were used in the expermhaampaign 15 nm and 80 nm. Experiments for Dlewan the
surface coated with nanoparticles were also peddrim order to evaluate the effect of the sizehaf tleposited
nanoparticle dimension on the heat transfer caefftdehavior.

2. EXPERIMENTAL APPARATUS AND PROCEDURE
2.1. Experimental facility

Figure 1 illustrates the experimental apparatus detdils of the test section. In the facility, tiest fluid is
driven from the reservoir through the circuit bgear pump (Micropump GA-T23). The mass flow ratesimated
from single-phase pressure drop measurements thraug0 mm ID, 100 mm long quartz tube using aedfftial
pressure transducer (Endress+Hauser PMD75) withasanement span of 0-3 kPa. Calibration curves prendgously
adjusted correlating the pressure drop and massrite using as reference the mass depositiondigital analytical
balance (precision 0.01 g). During these testes,télst facility was run as an open circuit. Sucbcpdure was
implemented to avoid possible effects on the flate measurements of nanoparticles deposition omtdenal parts of
commercial and non-internally inspectable flow m&td he error associated with the mass flow metes found equal
to 4.6% of the measured value with reliability &f4%.

Il —-—l

Thermostatic Reservoir

* Bath ‘

Gear micropump

Pressure-control
Valve

Mass flow meter
Heated Length . 2n9Visualization t
| Section

m {@@@@@‘ }
INACEEEE

AP @ VSX Ve
® < - U
[ — V3 Test Section V4 l
=( Pre-Heater N-I— l il |=(>P}=( Condenser =
xv2 ™ . . i 1
1st | i A
Thermostatic Visualization:— —_— . +i Thermostatic Em
i ower Source oz :
Bath Section Bath Digital Analytical
Balance

Figure 1. lllustration of the test facility.

A pre-heater consisting of a tube-in-tube heat arglr is used to impose the inlet temperatureeofett fluid
at the test section. This heat exchanger usesamfpesource a thermal fluid (capable of workingeshperatures up to
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317°C) whose temperature is controlled by a thetma#h. Needle valves located upstream and dowmstodahe test
section are used to minimize two-phase flow odailfes due to the confined bubble formation. At test section
entrance, measurements of bulk temperature, usthgrenocouple positioned within the flow, and ab#®lpressure,
using a pressure transducer (Endress+Hauser PMBAB1400 kPa) were performed. The differentialgstge along
the test section was measured with a differentiabgure transducer (Endress+Hauser PMD75 for OkB@&). The
outlet temperature was measured through a therrpbequositioned within the flow. The wall temperatuwas
measured with thermocouples fixed on the exterradl of the test section at the top and bottom ahesection. Wall
temperatures were measured at 5 cross-sectionibdistl along the heated length of the test tube.

The test section is a stainless steel tube (Al&)-3Gth internal diameter of 1.1 mm and 200 mm lompe
heating effect of the test section was obtainedupplying electrical current from a DC power souftBK-Lambda
GEN 20V-76A) directly to the test surface. All teanptures were measured with K-type thermocoupldb hot
junction diameters of 0.152 mm. Just downstreamtéisé section is a 1.0 mm ID and 100 mm long quiute,
installed in order to allow two-phase flow visualions with a high-speed camera. Downstream timsparent tube is
a heat exchanger (condenser) responsible for ceimpand subcool the test fluid by rejecting heat secondary fluid
which temperature is controlled by a second therb@h. The condenser, the pre-heater, the flow meatd the
reservoir are made of borosilicate glass, allowimg evaluation of deposition of nanoparticles aldimg circuit. To
record the data and to monitor and control the expantal apparatus, a LabView program was used ailthational
Instruments data acquisition system (SCXI-1000 &i@XI-1102 thermocouples module).

The test facility and the data regression procedwsee validated through comparisons of heat traresfel
pressure drop experimental results for single-plilase and well-established predictive methods frit@rature (see
Moreira et al., 2015).

2.2. Experimental procedures

Experimental campaign and analysis:

Heat transfer coefficient results were obtained: f@y DI-water on the surface as received from the
manufacturer (BBN); (ii) DI-water/Si©(80 nm) and DI-water/SiD(15 nm) nanofluids; and (iii) DI-water on the
surface after boiling the nanofluids (ABN). Two fdifent test tubes were utilized, one for each naitbfested. The
experiments for each tube were performed alwaysrdoty to the following chronological order: DI-vesttBBN —
nanofluid — DI-water ABN. A summary of the experimt& conditions are displayed in Tab. 1.

Table 1. Experimental conditions.

Fluid vg/llgc?i?y Heat flux Volume.tric
(kg/m?s) (KW/m?) concentration (%)
Dl-water (BBN) 600/400/200 100-350 0.001/0.01/0.1
Dl-water/SiQ (80 nm)  600/400/200 100-350 0.001/0.01/0.12
Dl-water/SiQ (15 nm)  600/400/200 100-350 0.001/0.01/0.1
DI-water (ABN) 600/400/200 100-350 0.001/0.01/0.1

Before been charged in the circuit, the test flak boiled for a period of 30 minutes in order lhmating
non-condensable gases. The experimental circuifivgily evacuated down to an absolute pressutOdéPa, and then
charged with Dl-water. The tests were performedaf@aturation temperature at the test section toafl&02 + 3°C,
subcooling at the test section inlet of 25°C anglovayuality at the test section outlet ranging froM to 0.5.

The local heat transfer coefficient, h, was estadatccording to the Newton'’s cooling law, as fokow

h=——3___ 1
(Twall _Tbulk) ( )

The temperature at each one of the five crossesectivith thermocouples was estimated by averadieg t
measurements at the top and bottom of the tuberatteurface. Based on this value for each crossose the wall
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temperature of the inner surfadgai, was estimated by solving the heat diffusion eiguaéssuming one-dimensional
heat conduction through the wall, uniform heat gatien by joule effect and adiabatic external stefal'o estimate the
fluid bulk temperatureTpu, firstly, based on the heat flux and the measteegperature and pressure at the test section
inlet, the subcooled region length, the single-phaessure drop over its length, and the saturatiomperature at the
beginning of the saturated region were calculatgddiving simultaneously an equation of state negasaturation
temperature and pressure plus single-phase predmpeand a local energy balance. The overall presdrop over the
saturated region was then determined by subtrattiegsingle-phase pressure drop from the measotatpgressure
drop. After that, a constant pressure drop gradiginen as the ratio of the overall pressure dreer dhe saturated
region and the corresponding length, was assuneed the beginning of the saturated region untiléhd of the test
section. Then, the saturation temperature was leadzl from the estimated local pressure. The hieat §, was
calculated as the ratio between the electrical paupplied to the test section and its internahdrased on the heated
length. The electrical power was calculated agtioeuct between the electrical current and theageltsupplied by the
DC power source. The local vapor quality was edtahabased on determined by an energy balances theer
corresponding heated lengths.

Temperature measurements were calibrated and tygetature uncertainty was evaluated according ¢o th
procedure suggested by Abernethy and Thompson J1@£8ounting for all instrument errors, uncertastfor the
calculated parameter were estimated using the mietficsequential perturbation according to Taylod &uyatt
(1994). The experimental heat transfer coefficiertor was always lower than 20%. The heat transtefficient
average error was 10.6%.

Nanofluids manufacturing

The nanofluids were prepared according to the tiwpssmethod, which consists of adding Si@noparticles
(with 80 nm or 15 nm diameter), weighed throughigital analytical balance (resolution of 1 pg),adase fluid (DI-
water) and dispersing them through ultrasonicadiorng a period of 30 minutes (Coleparmer CP505).

3. RESULTS

Figure 2 illustrates the heat transfer coefficidmhavior with varying vapor quality for DIl-water(3%i
nanofluids, DI-water BBN and ABN. According to thiigure, distinct behaviors were obtained with vagythe
nanoparticle dimension. Generally, the heat transfefficient presents a reduction for the DI-wged, (15 nm)
nanofluid and variations within the uncertainty ganof its measurements for the DI-water/S{B0 nm), both in
relation to the DI-water BBN. Moreover, the comgan between results for the DI-water BBN and ABMNic¢ates a
reduction of the heat transfer coefficient for theface coated with SKQ15 nm) nanoparticles and no significant
variations for the surface covered by ${®0 nm).

SO, (15 nm) nanofluid and covered surface

For the volumetric concentrations of 0.01%, indejsenly of the mass velocity, and 0.001% for G=200
kg/n?s, the heat transfer coefficient varies within timeertainty of its measurements compared to thatsefor DI-
water BBN. The heat transfer coefficient for théuwoetric concentration of 0.1% is lower than théuea obtained for
the DIl-water BBN. It is worth to highlight that farxperimental conditions characterized doy0.1%, x>0.13 and
G=200 and 400 kg/fs, the heat transfer coefficient is less than bithe values obtained for DI-water BBN. Under
low vapor quality conditions and G=200 kgénthe results for the heat transfer coefficienDdfwater BBN and
nanofluids with volumetric concentrations of 0.01d#.001 are almost similar.

For Dl-water BBN and nanofluids with volumetric @amtrations of 0.01 and 0.001, it is noted thathbat
transfer coefficient decreases with increasing vapmlity under conditions of low vapor quality a@d200 kg/ms.
This behavior is observed until a vapor qualitydrich the heat transfer coefficient presents aimmim value. Then,
further increases in the vapor quality implies naréasing the heat transfer. For DI-water ABN, B&nl nanofluids
and mass velocities of 600 and 400 kignvariations of the heat transfer coefficient wiitbreasing vapor quality were
within the uncertainty range of their measuremeantiicating a predominance of nucleate boiling efe

For flow boiling of DI-water on the surface coatedth SiO; (15 nm) nanoparticles (DI-water ABN) a
reduction of the heat transfer coefficient in congzn to DI-water BBN is observed in Fig. 2. Theeggnt authors
speculate that the layer formed on the surfacetaltiee deposition of nanoparticles presents legsiea with the size
within the range necessary for their activationisTdehavior implies on the suppression of the ratel®oiling effects,
reducing the heat transfer coefficient. Based erréisults for the heat transfer coefficient obtdifr the SiQ (15 nm)
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nanofluids and DI-water ABN in comparison with théwater BBN it is concluded that the insertiontbé SiQ (15
nm) nanoparticles impacts directly on the nucléaiéng, reducing its effects.
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Figure 2. Heat transfer coefficient results for Sianofluids, DI-water BBN and DI-water ABN.

SO, (80 nm) nanofluid and covered surface

For mass velocities of 200 and 400 kégnthe differences of the heat transfer coefficemiong Dl-water
BBN, DI-water ABN andDI-water/Si®(80 nm) nanofluids with volumetric concentratiasfs0.01 and 0.001% were
within the uncertainty range of the heat transfeefficient measurements. For G=600 kégnmand volumetric
concentrations of 0.001 and 0.01%, the heat tracsfefficient of the nanofluids are higher than tiadues obtained for
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Dl-water BBN. Forw=0.1% and G=200 and 400 kgna reduction of the heat transfer coefficient whserved
compared the results for DI-water BBN. Under theisavolumetric concentratiorE0.1%) and G=600 kg/fa the
differences of the heat transfer coefficient betwte nanofluid and DI-water BBN were marginal.

For the DI-water BBN and nanofluids with volumetciancentrations 0.01 and 0.001%, independentlyasfam
velocity, it is noted that the heat transfer cadint increases with increasing vapor quality. Tdebavior is typical of
flow boiling dominated by convective effects. For0.1% and independently of mass velocity, the ¢fééc¢he vapor
quality on the heat transfer coefficient is onlyrgiaal. Such behavior is typical of conditions ungeedominance of
nucleate boiling effects.

The results of the heat transfer coefficient forviditer ABN under low vapor quality conditions andgs
velocities of 200 and 600 kgfsiare higher than the values obtained for DI-w&BN. This result suggests the
enhancement of nucleate boiling effects due to siéipn of nanoparticles. For DI-water ABN and G=#g0v’s, no
significant variations on the heat transfer coéffit compared to DI-water BBN were observed.

It is speculated by the present authors that the deposifiSiQ (80 nm) nanopatrticles on the surface provides
an increment of the number of active nucleatioritese This speculation is in accordance with thpegimental trends
observed for results for G=600 kgsn For these results, the fact that the heat tearsfefficient for the nanofluids
with volumetric concentration of 0.01 and 0.001%iigher than for DI-water BBN is attributed to ttehancement of
nucleate boiling effects.

4. CONCLUSIONS
Based on the analyses of the results obtaineckiprésent study, the following conclusions are gurtesd:

i. In general, the addition of Si15 nm) according to volumetric concentrationdf01 and 0.01%
causes a reduction of the heat transfer coefficmmhpared to DI-water BBN. For nanofluids
containing Si@ (80 nm) nanoparticles, the variations of the hesatsfer coefficient compared to DI-
water BBN, are, in majority, within the uncertaimgnge of the measurements of the heat transfer
coefficient. For G=600 kg/fs and volumetric concentrations of 0.01 and 0.00tt#,heat transfer
coefficient for the nanofluids containing SIGB0 nm) is higher than for DI-water BBN. A decreas
on the heat transfer coefficient for the $iB0 nm) nanofluids in relation to the DI-water BB¥s
observed for=0.1% and G=400 and 200 kgkn

ii. The DI-water on the surface covered with 15 nm parnticles showed a reduction of the heat transfer
coefficient in relation to DI-water BBN, as disp&d/in Fig. 2. For the surface coated with 80 nm
nanoparticles, in general, differences of the eamisfer coefficient between DI-water ABN and DI-
water BBN were within the uncertainty range of theasurements of the heat transfer coefficient. For
G=200 and 600 kg/fs and under low vapor quality conditions, the hHeatsfer coefficient for DI-
water ABN presented higher values than for DI-w&BN, indicating an increment on the nucleate
boiling effects under these conditions.

iii. Finally, based on the results displayed in Figt B, clear that the nanoparticles affect the hesatsfer
coefficient during the flow boiling of nanofluids/bmodifying the surface texture due to deposition.
This change on the surface structure provided leydéposition affects the nucleate boiling and
consequently, the heat transfer behavior. Moreaber characteristic of this effect depends on how
the nanopatrticles fill the cavities on the surfdtat may either increase or decrease the number of
cavities on the active range of bubble nucleatimmgared to the original surface.
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