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Abstract. The aim of this study was to analyze the effectaobstructured surfaces on the nucleate boiling &EMR100, at

saturation temperature and atmospheric pressuree Tilanostructure investigated consisted of nanoglagi of maghemite,
deposited on a copper disc substrate with two differeughness values. The results obtained with #heostructure were
compared with experimental results for the smoaith @ugh substrates. An increase in the heat temnsbefficient was observed
for the substrate with maghemite deposition andafbgap sizes tested.
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1. NOMENCLATURE

Alphabetic

CHF Critical heat flux Greek

SEM Scanning electron microscopy Letters

h Heat transfer coefficient [kW/mz2K] 0 Apparent contact angle [°1

hy Latent heat of vaporization [kJ/kg] p Density [ka/m?3]
q” Heat flux [kW/m?] c Surface tension [N/m]
R Electrical resistance q v Specific volume [m?/kg]
R, Average roughness [um]

Tsa Saturation temperature of the fluid [°C] Subscripts

Tw Surface temperature [°C] a Advancing

\Y Volume [T r Receding

| Electrical current [A] | Liquid

A Heated surface area Y Vapor

e Nominal deposited layer thickness [m]

m Mass [ko]

2. INTRODUCTION

Recent interest in boiling on nanostructured sws$abhas mainly been derived from research on boilisigg
nanofluids. Nanofluids are fluids containing suggehnanoparticles (< 100nm). The boiling of naridéthas become
an attractive subject over the past decade. A nuwitresearchers have observed the depositionrafpzaticles on the
heating surface. This deposition has the effeéhafeasing the surface roughness and wettabilitytha critical heat
flux can also be significantly improved. Howevenntroversial results have been reported for the hremsfer
coefficient. Most researchers reported no changedrheat transfer; others observed a deterioratitieeh value (Kim
and Kim, 2007; Bang and Chang, 2005) and some tegbdreat transfer enhancements (Kedzierski, 2088 &nd
Jung, 2007). Nevertheless, authors generally abestea CHF enhancement can be achieved, despittiffaegences in
the percentage reported (from 10% to 400%).

Both heat transfer coefficient and critical heatxflmodifications may be attributed, mainly, to ches in the
surface wettability due to the deposition of namtpie@s. The behavior of the boiling process isyveensitive to
changes in the surface characteristics, espetk@lyumber and shape of nucleate sites.

Wen (2011) studied the influence of nanoparticlesttee boiling process focusing on the modificataini) the
heating surface through particle deposition; agdhe bubble dynamics through particles suspendethé liquid.
According to the author, both roles are co-existana typical boiling system through the influenokthe active
nucleation sites, bubble departure volume and deafrequency, as well as modifications to othepprties.

Wen and Ding (2005) carried out pool boiling expents using stable aqueous-based nanofluids camgain
alumina nanoparticles. The results showed that ialumanofluids can significantly enhance boilingtansfer. This
effect increases with increasing particle conceioimaand reaches 40% enhancement in the heat éracséfficient at a
concentration of 1.25 wt%.

Narayan et al. (2007) carried out experiments t@stigate the effect of concentration, surface hoegs and
particle size on pool boiling heat transfer on atigal tubular heater. Experiments with differergating surface
roughness characteristics and alumina nanoparitidacentrations were conducted. The results reveaed
enhancement or deteriorationtirdepending on the combination of concentrationfaser roughness and particle size
applied. The authors introduced a surface intevagtarameter (SIP), which is defined as the ragiwvben the surface
roughnes®, and the particle siza,.
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Using a series of boiling tests with water and dewhased nanofluid, White et al. (2010) studieel pinysical
mechanisms associated with nanofluid boiling. Byparing the performance of the water and the naitbHoiling on
the same horizontal heating surface, they sepatiéeéffect of suspended particles from that ofeser roughness.

Enhancement in the heat transfer coefficient wasbated to particles settling on the heating stefavhich
increases the number of nucleation sites and eekahe thermal properties of the nanofluid. Res@lforted in the
literature indicate that the rate and uniformitypafrticle deposition are dependent on the nanofioitcentration. In
one study, particle deposition occurred at a lovege in the case of a low nanofluid concentrafferol vol.%),
resulting in an enhancementhfAhmed and Hamed, 2012).

Heitich et al. (2012) performed experiments onnhbeleate boiling of water, as the working fluid, Gonstantan
nanostructured surfaces of molybdenum and magheifii nanostructured surfaces showed an increase iGHF,
especially for the case with maghemite depositiuth the rough substrate samples showed an enhantantba heat
transfer coefficient. The authors concluded thafases with hydrophobic behavior positively infleenthe heat
transfer coefficient.

The boiling heat transfer mechanism can also befifaddy the confinement of the system using, fwaraple, an
unheated surface assembled close to the heatedTheecharacteristic most commonly observed in #ailts of
previous studies is that the heat transfer coefficincreases when the distance between the heattdinheated
surfaces decreases (the confinement increases)dderate heat fluxes (Passos et al., 2005). Fatively high heat
fluxes, this enhancement effect disappears andhehé transfer coefficient decreases with increasonfinement and
the dryout heat flux (DHF) limit can be attainedlgas shown by Kinet al (2005).

The effect of the confinement on the bubbles caohagacterized by a dimensionless parameter knevineaBond
number,Bo, defined as the ratio of the characteristic lerigtthe confined spacs, and the capillary length,. The
latter is proportional to the detachment diametfehe vapor bubble in a pool and defined as (Cat892):

L= L (1)

V(a-n)

whereao, g, pi andp, represent the surface tension, the accelerationtaggavity, the liquid density and the vapor
density, respectively. Thus, the Bond numBer = s/L In general, wherBo<1 the effect of the confinement is

important and the bubbles trend to be coalescediafaimed, while foBo>1, the bubbles become isolated (Ishibashi
and Nishikawa, 1969).

Surface roughness has long been known to havendicamt impact on the boiling process. Corty amit (1969)
studied copper and nickel surfaces prepared witferdnt levels of polishing. The authors found tlia¢ surface
roughness not only affected the superheating reddor the onset of nucleate boiling, but alsodtepe of the boiling
curve. Rougher surfaces resulted in lower superigedbr the same heat flux value, due to the presesf larger
unflooded cavities on the rougher surfaces.

Results from the polished surfaces indicated thagjinness only improved the boiling performanceap tertain
point. The best heat transfer performance was mdxdafor R, = 1lum and other surface roughness values yielded no
additional benefit (Luke, 2003).

Pool boiling on heating surfaces with different ghness, at atmospheric pressure and with two fluidk
differing wetting characteristics, was experimeytaixplored by Jones et al. (2009). For water, régults showed a
little improvement in the heat transfer coefficidot roughness abovig, = 1.08um, except for a very rough surface,
which led to a significant increase in the heandfar coefficient. The working fluid FC-77 showedliferent trend
with the heat transfer coefficient continuouslyraasing with the surface roughness, for the saraefhe value. The
general trend of increasing heat transfer coefitcigith surface roughness was correlated ubirgR, ™, whereR, is a
measure of the surface roughness amié the roughness exponent. The results indicatsttolger dependence on
surface roughness for FC-77 with= 0.2 compared witm = 0.1 for water.

The objective of this study was to analyze the eatel boiling of HFE7100 under saturated temperatumet
atmospheric pressure conditions, for different gags § = 0.1 and 13mm), on three types of heating susfane of
which was nanostructured by maghemite nanopartidgmsition via an evaporation process. The main\aas to
investigate the influence of different parametstgh as gap size, roughness and nanostructuresuda the boiling
phenomenon and to observe how these parametdrgatter.

3. EXPERIMENTAL APPARATUS

The test section consists of a copper disc of 12tiameter and 1mm thickness, with three type-E tloeouples
of 0.15mm diameter set in the disc close to itdaremhe copper disc is heated by acbdlectrical resistance skin
heater, fixed with Araldit& epoxy resin on the bottom side of the disc, anfixexl to a piece of PVC beveled to an
angle of 45° with an outside diameter of 20mm. Terisemble is mounted inside a boiling vessel, stingi of a glass
tube with a 90mm inside diameter and 180mm heidtie boiling vessel is mounted inside a second Vesse
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170x170x186mm, as shown in Fig.1, whose laterallswafe transparent plexy-glass plates, allowing Idieral

visualization of the boiling space.
) ! . Pressure transducer

Condenser

Valve

Cube

Figure 1. Boiling Chamber.

The test condition temperature of the working flisdimposed by a forced flow of water in the spaceated
between the glass tube of the boiling chamber hagpltexy-glass wall of the external chamber. Theewsemperature
is controlled by a cryostat. Inside the boiling heer, in the upper part, there is a serpentine eosel cooled by water
whose temperature is controlled by a second crioBtee boiling chamber is equipped with a presstaesducer and
valves. Two type-E thermocouples located in theitigand in the vapor allow the monitoring of thetteondition
temperature, which is controlled by cold water flogvinside the serpentine.

The thin gap between the periphery of the copper dihd the PVC support is filled with Aralditepoxy resin but
this is not sufficient to avoid the presence ofunalt parasite sites at the periphery of the copligr. Moreover, the
polishing treatment of the copper surface, afterltbiling tests, can contribute to creating nevapié nucleation sites.
This can adversely affect the quality of the experital results.

The experiments were performed using HFE7100 awthking fluid under saturated conditionspat 1bar sy =
61°C). The capillary length is closeltc= 1.11mm. The surface of the copper disc, whidh ontact with the working
fluid, was polished using emery paper #600 or #12@dresponding to a roughnes$s, of 0.16um and 0.09um,
respectively.

The confining element, Fig. 2, consists of a tranept acrylic piece fixed to an aluminum suppoud #his, in turn,
is fitted to the test section. This conical unhdgiéate is placed parallel to the heating surfat® cone angle and
12mm diameter at the bottom). The gap sizes od0dl13mm were analyzed in this study.

‘*'-‘-e-%

—
Acrylic piece

= Copper disc

= Resistor

Figure 2. View of test section assembly.

The DC power supply, HP6030A, is connected to t#ie keater and controlled by a PC using LABVIEW.eTh
acquisition and preliminary treatment of the dam @arried out with an HP34970A system. The heatiintpe copper
disc is controlled by increasing the heat flux.
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3.1 Test Section Preparation

In this study three types of heating surface waraly@ed: smooth surface, rough surface and a surfiath
maghemite deposition (nanostructured). The nandsires were produced by maghemite nanoparticle sifémo via
an evaporation process. Prior to the depositiorcgs® the copper disc was polished using emeryr papeo,
corresponding to a roughnes, of 0.16um and cleaned with acetone.

Maghemite { - FeOs) nanoparticles with an average diameter of 10nmewesed. They were synthesized
following Massart's method (Massart, 1982) throubk precipitation of F& and F&" salts in alkaline medium and
dispersed in water.

The deposition of maghemite on the heating surfea® carried out by evaporation with a nanopargdgpension,
consisting of water and maghemite nanoparticles. filocess involves applying a layer of this solutigth a syringe
onto the copper disc. The surface is connected pmwer source, which allows surface heating andsequent
evaporation of the liquid, leaving only the depedihanopatrticles.

3.2 Experimental Procedures

The same experimental procedure was applied in easé in order to ensure the repeatability of twilts. A
vacuum was created inside the boiling chamber gddilling it with the working fluid. During the x@eriment the
temperature of the working fluid and the atmosphpressure conditions were controlled by a forded bf water in
the space created between the glass tube of thiegochamber and the plexy-glass wall of the exdeomamber.

Before each test run the working fluid was heatedery close to the saturation temperature in otaeegas it. No
evidence of significant amounts of gas dissolvetheworking liquid was detected on the boilingvas. Once the test
conditions had stabilized, the heat flux was impadsethe range of 5 to 70kW/mz2.

The experimental procedure was programmed in LABVIBnd each test had 180s duration for each heat flu
applied. Only the temperature data for the lastc@Qke test interval were acquired, at a rate pbihits/s. In this study
the heating mode involved increasing the heat flmtil the dryout heat flux was reached. Due to thehnical
limitations of the heating system, only the drybeat flux for the confined case was obtained.

The temperature uncertainty was +0.8°C. The exparial uncertainty for the heat flux varied fror6%.to 1.7%
for all surfaces tested. The experimental uncestdior the heat transfer coefficients varied frod?d to 2%, for the
smooth substrate, 5.6% to 1.7% for the rosugtstrate and 10% to 2% for the nanostructureccerf

3.3 Characterization of Samples

Prior to each test the samples were characterigied the following techniques:

i. Scanning electron microscopy (SEM) to obtainuctnral and chemical information. This procedureswa
performed using a Phillips XL30 scanning electrdoroscope.

ii. The parameteR, was determined using a Surftest SS measuring systerdel 401), with the same scanning
area for all samples.

iv. The wettability test involved measuring the amnt static ), advancing 4,) and recedingé) contact angles.
The device used was an OCA 20 goniometer (DataBhyisistruments). The measured contact angles fr th
nanostructure surfaces presented in this studyirafact, apparent contact angles because of epce of the porous
layer.

The characterization measurements were carriedtdbe Materials Laboratory - LabMat, at the Febleraversity
of Santa Catarina - Brazil.

Table 1 shows the different types of surfaces tkedteing the nucleate boiling of HFE7100.

Table 1. Description of the heating surfaces testehis study.
Smooth Substrate Copper disc (#1200) without déipasi
Standard smooth surface.
R, = 0.09m
Rough Substrate Copper disc (#600) without deposition.
Higher roughness due to sanding process.
R, = 0.1im
Maghemite Nanostructure  Copper disc polished wib¢emery paper and maghemijte
deposition by nanofluid evaporation process (voluind
concentration equal to 0.29¢g/l and pH = 2).
R, =0.18&m
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3.3.1. Smooth and Rough Substrates

Table 2 shows the characterization of the smoothrangh substrates. The copper disc that was galisising
emery paper #1200 is considered as a smooth swéanpared to the other samples. The roughriegsMas 0.0am
and the images obtained by SEM revealed a smoafacguwith few topographic irregularities. The rbugubstrate
surfaces presented roughneRg) (of 0.16um and SEM images revealed an increase in the tapbgr irregularities.
The chemical analysis revealed the composition @ariieg the Cu.

Table 2. Results for the smooth and rough substteseacterization.

Characterization Smooth Rough
Techniques Substrate Substrate
Ra 0.0um 0.16um

SEM

250x 250x

SEM

3.3.2. Maghemite Nanostructure Surfaces

Table 3 shows the results for maghemite nanostregttharacterization by SEM where the microstrattaspects
with different grain sizes and heterogeneous thigtion can be observed.

The chemical analysis showed the presence of F®andhe composition. In this study, the magherdégposition
was performed only on the copper disc polished witlery paper #600. The roughness was obtaineddmsimeter
and the value was 0.{A8.

Table 3. Results for the maghemite nanostructuvsetsate characterization.

Characterization Maghemite Nanostruture
Techniques

R, 0.18m

SEM

SEM

1.682.883 80 4 00500 6.6 7_0888_08 9_08

A method based on the weight of samples with antthout deposition was carried out in order to defihe
deposited layer on the rough substrate. In the ci#® nanostructure the true weight was consalascthe difference
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between the weight of the samples with and witlimgosition. Based on these values and the corrdsprolumes
of the samples, as well as the densilydf each material obtained from the literaturey#s possible to calculate the
nominal thickness of the deposited layer, accorttngqgs. (2) and (3):

-m
Y 2
V = Ae 3)

where A is the heated surface area (in contact with thekiwg fluid) ande is the nominal of the deposited layer
thickness.

The nominal thickness of the maghemite nanostradayer deposited on the heating surface polishigd #600
emery paper was 0.00lmm. The advantage of thinmghemite deposition is the ability to minimize ttermal
resistance normally added by the nanoparticle layer

3.3.3. Contact Angle Measurements

The surface characteristics of the samples werlyzethby the wettability test using the workingiitHFE7100.
Table 4 shows the results for the smooth, roughrembstructured substrates. It was observed thatdpper, which
was the material used as the substrate, preseateplete wettability and contact angle hysteresis wat observed.
The surface with maghemite deposition showed a tetelg wetting behavior.

This behavior is expected because the working fhaid a low surface tension (about 0.013N/m), ités,a well-
wetting fluid.

Table 4. Wettability test results for the smoothygh and maghemite nanostructure substrates.

Contact Angles Smooth Substrate Rough Substrate Maghemite
Nanostructure
Static ' '
| — ——— | —
T —— I—

4. RESULTS

Figure 3 shows the effect of the gap size on tl& transfer coefficient, as a function of heat fltoc the smooth
substrate, at saturation temperature, using HFE708 = 0.1 and 13mm. For these valuessothe Bond number is
equal to 0.09 and 12.89, respectively.

For s = 0.1mm and heat fluxes higher than 30kWihe wall temperature increased, and thus the Ipitigsiof
starting the dryout heat flux earlier than in tlee ofs = 13mm was considered. Due to this very thin glag@bubbles
are deformed and the frequency of bubble detachimsentt sufficient to cool the heating surface, relaterizing a

decrease in the heat transfer coefficient.

—e—s = 13mm

6000

5000 |

4000

3000 -

h (W/m*C)

2000

g

0 10 20 30 40 50 60 70 80
q"(kw/m?d

Figure 3. Heat transfer coefficient as a functibthe heat flux for the smooth substrate,
using HFE7100, for s = 0.1 and 13mm.
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Figure 4 shows the effect of the gap size onhhalue as a function af” for a rough substrate, at saturation

temperature, using HFE7100, for 0.1 and 13mm.
For the cases with a very high degree of confinentba enhanced boiling for heat fluxes lower tA&RW/nt is a

consequence of an increase in the number of agtigkeation sites, due to an increase in the surfaoghness.
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Figure 4. Heat transfer coefficient as a functibheat flux for the rough substrate,
using HFE7100, for s = 0.1 and 13mm.

The decrease in the heat transfer coefficient éat fiux higher than 45kW/frand fors = 0.1mm is caused by the
effect of the confining element, which increasesndsidence time of the bubbles on the heatingserdnd inhibits the
cooling effect caused by the liquid front after theparture of a bubble. According to Cardoso ef2dl11), the dryout
mechanism is dependent on the conditions imposethéygeometric characteristics of the heating serfand its
support. Thus, the ratio between the diameterkestipport and of the test section can influenealtkiout heat flux.

Figure 5 shows the effect of the gap size on théingocurve for the maghemite nanostructure sulbstrat
saturation temperature, using HFE7100,sfer0.1 and 13mm.

Compared to the other surfaces tested in this stilly case presented a higher heat transfer cissftifor the
confined case and for low heat fluxes. Das et2608) observed that when the average particleisinéthe order of
the surface roughness, the number of nucleati@s $$t greatly decreased. It was also found thanwihe average
particle size is smaller than the heater surfaoghess value the number of nucleation sites mtigrencreased.

According to Narayan et al. (2007), when the s@faarticle interaction parameter (SIP) is much tgretoan one,
the enhancement is higher. This is because thdesnpalrticles are sitting in nucleation sites andtiplying them by
splitting a single nucleation site into multipleesn
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Figure 5. Heat transfer coefficient as a functibthe heat flux for maghemite nanostructure substra
using HFE7100, for s = 0.1 and 13mm.

Figure 6 shows the results for the nucleate boilimgthe smooth substrate, rough substrate and mmaghe
nanostructures, for the unconfined case. The naticigadeposition causes an increase in the haaster coefficient.
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Figure 6. Heat transfer coefficient as a functibheat flux for smooth, rough and maghemite namnestire substrates,
for the unconfined case.

In the case of the nanostructure a decrease isizhef the vapor bubbles and an increase in thblbuelease was
observed for the same heat flux. As a result, thalitions required for the CHF are delayed andviiiaes for the heat
transfer coefficient are significantly higher fbietnanostructured surface compared to the smob#irate.

Figure 7 shows the results for the nucleate boilimgthe smooth substrate, rough substrate and mmaghe
nanostructures, for the confined case. As in tteoofined case, the surface with maghemite depos#tfmwed better
results for the heat transfer coefficient compdeethe smooth and rough substrates.
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Figure 7. Heat transfer coefficient as a functibheat flux for smooth, rough and maghemite nanstire substrates,
for the confined case.
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The presence of the nanoparticles on the substtaface introduces a substantial change in thehregs, with
numerous valleys between the deposited particldgtaa interferes with the capacity to trap vapuablles. From the
SEM images (Table 3) it was possible to observeithéne maghemite deposition a microstructureayas created.

According to Carey (1982), surfaces with smalleritis require a higher superheating to start theleation, but
when it starts the superheating required to keep/éipor bubbles is smaller. This could explainitieeease in the heat
transfer coefficient obtained with the nanostruetapplication.

In summary, it is suggested that the microstruttnemostructure surface influences the heat transfecess in
such a way that its surface defects can be tremgeducleation sites, and factors such as theiraigequantity are

important factors.

5. CONCLUSIONS

This study presents experimental results for nteléailing on copper discs as heating surfacespstanctured
with maghemite by the nanofluid evaporation techaigThe experiment was performed at the saturatiomperature
and atmospheric pressure of HFE7100, used as thengdluid.

The following conclusions can be drawn from thigdst

i. Nanoparticle deposition modifies the heatingate characteristics;

ii. The maghemite nanostructure substrate showeghaancement in the heat transfer coefficient ofiad 87%

compared to the other samples;
iii. As a general trend the heat transfer coeffitimcreases when the confinement increases, qamegng to a

gap size decrease;
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iv. Surface defects can influence the heat transferhanisms and the critical heat flux. The nancsires have a
greater number of these defects due to the smadipzaticle size;

v. The heating surfaces tested in this study shaweaimpletely wetting behavior. Due to the lowerffate tension,
the working fluid was nearly perfectly wetting dhleeating surfaces, hindering the measuremerttetontact angle;

vi. The maghemite nanostructure substrate, comp@rethooth and rough substrates, showed an inciedbe
heat transfer coefficient, for confined and uncoedi cases. The presence of the nanoparticles ometiteng surface
introduces a substantial change in the roughneih, mumerous valleys between the deposited pastieled this
interferes with the capacity to trap vapor bubbles.
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