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ABSTRACT

Theoretical and experimental study on the pool

boiling of Al;Os nanofluid various surface conditions

Jeong-gyun. Ham

Advisor : Prof. Cho, Hong-hyun,
MSd. Department of Mechanical
Engineering, Graduate School of

Chosun University

To understand boiling heat transfer characteristics of nanofluid, the
experiment and theoretical study about effect on nanofluid concentration,
nanoparticle size and surface roughness were carried out by using AlOs
nanofluid. ~ Both  the  smooth  surface(Ra=177.48 nm) and rough
surface(Ra=292.79 nm), the critical heat flux(CHF) and superheat to reach the
CHF of AlOs nanofluid increased according to the increase of nanofluid
concentration. Maximum CHF on the smooth surface and rough surface was
72252 kW/m” and 834.9 kW/mZ, respectively, at 0.05vol%-concentration and
those were improved one more than 22 kW/m” and 350 kW/m* compared to
that of water as base fluid.

However, the wvariation trend of boiling heat transfer coefficient was
different according to surface roughness. In case of smooth surface, the boiling
heat transfer coefficient at the CHF was 0.9, 17.4, 169, 192, 17.4 kW/m’ - K at
the nanofluid concentrations of 0, 107, 107 5x107% 10 'vol%, respectively. The
boiling heat transfer coefficient of nanofluid was improved more than water and

the improvement of boiling heat transfer coefficient decreased over the nanofluid
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concentration of 0.05vol%. Besides, for the rough surface, the boiling heat
transfer coefficient at the CHF was 155, 145, 181, 142, 152 kW/m”-K,
respectively. at the nanofluid concentrations of 0, 10° 1072 5x1072 10 'vol%,
which were similar to water or a little decreased one.

In all experiments, the nanoparticle deposition on the heated surface was
observed but the influence of nanoparticle deposition to heat transfer performance
was different. Both the smooth and rough surface, the improvement of
wettability was observed compared to water during boiling. However, the
nanoparticle deposition was uniformly made on the smooth surface but was
irregularly made on the rough surface for the investigation of heated surface
geometry change by nanoparticle deposition after boiling.

To investigate the influences on nanofluid boiling according to volume
concentration and size of nanoparticle, the theoretical study was carried out
when the volume concentration was varied from 0vol% to 0.1vol% and nano
particle sizes were 25, 50, 75 nm. The critical heat flux of nanofluid
improved more than base fluid. When the volume concentration of 0.025vol%
- Al,O3 nanoparticle size of 50 nm, the maximum critical heat flux was 1,515
kW/m” and then it gradually decreased. However, in case that volume
concentration was 0.025vol%, the critical heat fluxes were 1,499, 1,515, and
1,509 kW/m* for the nanoparticle sizes of 25, 50, and 75 nm, respectively. It
was small different. For AlxOs nanoparticle of 50 nm, as the volume
concentration increased from 0.025vol% to 0.1%96, the bubble departure diameter
increased from 1.235 to 1.805 mm but the bubble departure diameter did not
show a significant change according to nanoparticle size. It is because the
energy factor and K improved according to the increase of volume
concentration of AlOs nanoparticle but it did not change a lot with
nanoparticle size. The nucleate site density at the critical heat flux increased
from 32.97 to 3053 site/cm” with the increase of volume concentration for 50

nm-AlOs nanoparticle size, but it was seriously lower than that base fluid

_Xi_
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with the nucleate site density of 65.90 site/em®  As nanoparticle size
increased from 25 to 75 nm at the volume concentration of 0.025vol%, the
nucleate site density at the critical heat flux decreased from 3559 to 31.3
site/m®. The volume concentration and nanoparticle size affects to the natural
convection boiling. At the volume concentration of 0.025vol%, the portion of
natural convection boiling was extended because the increase of dryout
fraction, which was caused by the improvement of wettability before and
after boiling. However, as nanoparticle size was similar to surface roughness,
the critical heat flux was increased because the nucleate site density

increased while the bubble departure diameter was slightly increased.

- Xii -
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Table 1.1 Summary about previous studies

SHAE dSFsdn A7t A

Table 1.1 L&At}

Reference Napo Experiment Condition Results
fluid
Deterioration of BHTC, About
40% less
BHTC decreased according to
. the volume concentration of
Heat type : cartridge heat .
Das and | ALLOs- nanoparticle
2003) | Water Dy @ 38 nm ave. BHTC is higher on rough
( a: 0.387 /m, 1.15 /m g g
surfaces than on smooth
surfaces
Particle deposition is
discovered
Deterioration of BHTC, about
Bang and D, : 47 nm avg 20% less
Ch ALO:s- Heater type : Improvement of CHF
an e
(2005&; Water Rectangular(4x100mm’) Variation of surface geometry
Volume fraction : 0~4%v caused by particle deposition
deteriorates BHTC
b : 20 nm avg.
. . Improvement of BHTC, 25-40%
Taylor Heater type : NiFe wire . . .
. Nanofluid with subcool boiling
and AlL,O3- Volume fraction : . .
led to a degradation in heat
Phelan Water 0.05~1%v .
transfer relative to saturated
(2009) Subcool and saturated ..
. pool boiling of pure water
pool boiling
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Nano

Reference fluid Experiment Condition Results
. ALO: D, : ‘ Deterioration of BHTC
Kim et SiOz, Heater type : SUS wire, Improvement of CHF
al. ZrO: D=0.38 mm CHF is enhanced by buildup
(2007) Water Volume fraction : of a porous layer of
0~0.1%v nanoparticles
Deterioration of BHTC
according to the increase of
volume concentration
D, : 45 nm avg. Improvement of CHF,”203%
Jung et ALOs- Addition of stabilizer and’2’16% at ngn-stab1hty and
al. . stability, respectively
Water Volume concentration : . .

(2012) 105-10"%v Below the critical point of
stability, the effective boiling
area increases but past the
critical point, the increase is
interrupted
The improvement of CHEF,
about 7 - 47%

Dy : 40 nm Deterioration of BHTC, about
Shahmora .
di el al AbLOs- Voiumel fraction : 13-40
(2013) Water 107-10"%v Boiling curve is affected by
Heater type : Cu plate the relation between
nanoparticle size and surface
roughness.
As the weight concentration
CNT- increased, BTHC decreased in
Ag-H, Dp:<10nm,10-20 nm, the presence of the
Amiri et @) 20-40 nm, 40-60 nm non-covalent nanofluid.

N CNT- Weight concentration : BTHC of covalent nanofluid
(2014) Cys-H 0.01%, 0.05%, 0.1% increases as the concentration
20 Heater type : plate, of CNT increases

CNT-- D=15 nm The diameter of CNT
H,O increased, the amount of the
BHTC and CHF decreased
— 5 —

Collection @ chosun



A3d AT =24

3

o uAy

=
[¢)

oo deA Ao Y=Ae Faek 27, v

&7+

g2 Yeprdu,

Aol wheh b A v

¢}

EER

= 7

ol 4 v F§ Aol

A

ki3
A7)

2ol o

p=h
=

3

o H]

TR

=0

!

3

el

H

e A

AU Sl vhE

!

</
B
s

i

o wAge] o

‘:]j_
A% W ohe thefAl

W5

%

271,

SRS

T

4

th=l

[e]
35

=3
0

—_—

0

o
T
;OH
T
blo
=

o
)

X
B
BH
7o)
o}

i~

_XU

B
B

o}

o

A

0

¢

i~
o

[e))]
AN

o

ki3

=
.

sz
gl o

T E
=

s

= oz
o =2

RSN S I

Aol A =

O
R

=

2} A

2}
2}

= 2] A (Polishing)
o A AlOs Y=<

oy Mie)
T

A
Rid

2

7

Heat flux

KR
T

Kurul®} Podowski(1990)

3

_(H
Fol wegiate] 2] wakd] w

S

AlLO; YA 9

=
=

°o]-&

o
=

partitioning model

731

g

R =
tRow vm=da 27)9

S

a4

Aol e A3

O
R

=

]
fJES A}

-
T

Ao nl A
Aol AlLO; Y= 4]

al

o=}
=

AlLOs Yx=A1¢ H%&

t‘sc}:

%

B7hstach

Collection @ chosun



A 27 sEAE o] &

AlAdRsIdE TF7F

A dAoA FUE A BEAAGY A FiEE ddg
HAo 7 A FH S (Natural convective boiling)®  ZAthF  H 5 (Fored
convective boiling)®] F7FA E7F7F vt AAHFH &S Aol FxZe ZE
ool zHgekA B2 AAGEHS AA HoA EAs= HlTs EH 5 (Pool
boiling)el g} st s 2= FAQF A B FAst= Hl5S AU FH
T frevlseld gttt E¥ed fEnlee dA X weh Ay
(Subcooled boiling) ¥+ E3HH| 5 (Saturated boiing) &2 FE3H AAo 2%
7b S (T,,, )BT o AyHlE, A 2xvF £33 E(T,,)% oW
Tz sor FRAG

—
—
—_—
—_—
—_—
—p F—
—
N
—_—
—_—

S B

Heating 1 L
Heating
(a) Pool boiling (b) Flow boiling

Fig. 2.1 Classification of boiling on the basis of the

presence of bulk fluid motion
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Fig. 2.2 Classification of boiling on the basis of the

presence of bulk fluid temperature
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AeelA Sl e dgas] 9 AuslE A7 sk

o

1. High-speed camera, 2. Vacuum pump, 3. Pressure transmitter,
4. Computer, 5. Data logger, 6. Integrating wattmeter, 7. Slide-Ac,
8. Temperature Controller, 9. K-type thermocouple, 10. Pre-heater,
11. Sight glass, 12. Condenser, 13. Insulator, 14. Brass bar,
15. Copper bar, 16. Cartridge heater, 17. Packing,
18. High temperature silicon adhesive

Test section

Fig. 3.1 Schematics diagram about the pool boiling equipment of nanofluid
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Fig. 3.2 Experiment equipment
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Table 3.1 Properties of Peek insulation

Item Specification
Specific gravity 1.51
Tensile strength 90 MPa
Heat dzeilteclt%grzl lt\je[rlilgerature 0.75%
Fusion point 340C
Continuous duty temperature 0.40%

Absorption
(under water, 24hs)

Chemical resistance

Very superior
at oil, acid, alkari, organsic solvent

(a) Bottom insulation and brass (b) Top insulation and copper  (c) Cartridge heater and thermal

bar

specimen couple

Fig. 3.3 Component of boiling experiment heater

Collection @ chosun

_16_



Hedd A W 4 840 2EFAS 387 98 k-type SAHE Hls
A et v AR syl A A k-typed] A= HiL 1200C7HA] &2

NAEE ztor e Ah4el Fmatn, Y, WAl B FHe 2

rr

ok k-type @AY Lo x= FHEY +x1.0C v vko|t}, Fig. 3.4%F Table. 3.2

= Hs AAAAd A E k-type Bt HEARI ALY HojEH

Fig. 3.4 K-type thermocouple

Table 3.2 Specification of K-type thermocouple

Item Specification

Temperature range 0 ~ 600C

glass fiber outer stainless steel
braided material shield

£15T or 0.75% at measure
temperature

Insulation material

Allowable error

_17_
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L e I

s Ag Al v e

A7) s WA Ao
Setrarl 730Model®] Zl-&& <= AES A dHA Ho AL
2& 1,000 Torr(133.3 kPa)olH

332 AAE kgAe A=A AARE Al

Setra Systems, Ic.
Boxborough, MA U.S.A.

(800) 257-3872

Fig. 3.5 Pressure transmitter

Table 3.3 Specification of pressure transmitter

Item Specification

Pressure range 0~1,000 Torr(133,3 kPa)

Accuracy +0.5%
Excitation 9-30 VDC
Output 0~5 VDC
<20 ms

Time constant

_18_
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o delgs3 A

UrfrAe] Eus A3 Al Fe3 AASRAE 21& FAS] S8 AXE &
A, dddel gk delHE F3st7] 91381 Yokogawarle] MX 1005 A X st
of delgE st Helgsy A= F83% delHE 5 5 Ethernet
sAle F3 PCol 4% HolHE dEst, =54 dHelB = Yokogawailel A
A EH MX100 standard Z2I18S Za ZUHHS 3 ¢ JA 9, 23 =

5 5 7549 dHelgE AqARdr FHacrh Fig. 3.63 Table 34%= HolE

Fig. 3.6 Data acquisition

Table 3.4 Specification of data aquisition

Item Specification
Model MX100 (Yokogawa Inc.)

Measurement interval 100 ms (shortest)
Supplying Voltage 100 ~ 220 VAC

Thermocouple £0.05% of rdg.

Accurancy
DC voltage £0.05% of rdg.
_ 19 _
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2. sgojga

W5l wAss st ol

()]
=
7] slal salolttas AAGAT. Seolhae] AARGL

o A2 240 Voltt Fig. 3.7% Table 35+ AAE &dfolo~o] HAEA

Al ALS B

Fig. 3.7 Slide-ac

Table 3.5 Specification of slide-ac

Item Specification
Model DS 232(deakwang Inc)
Rated normal capacity 2 kVA
Maximum voltage 240 V
Maximum current 83 A

_20_
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Hl o] dAsts 7fdgHor Agdye &

It WA e vz ALkde wek A 3ol wE W58 E oA
£

= }— =
AE deFe]l o] dastt HTAEs|He Agge dFoz Hstdoz A
HAMAE o] &3t HEAHHY AEFS SA}AT Eefolgd9f A
3318 Atolo] A= HAA(WT230, Digital Power Meters)S A X|3lo] v 523

S|Eol M EAE = dYFe Ao 7E25AHeak= £01% °Jvh. Fig.

3} Table 3.6 HAHA4A S A2 A Alds BHojEn

Fig. 3.8 Digital power meter

Table 3.6 Specification of digital power meter

Item Specification
Model WT230 (Yokogawa Inc.)
Base accuracy £0.196 of reading
Measurement Volage Max. 600 V
Range Current Max. 20 A
Interface RS-232
— 21 —
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s Al 71329 AL vlolaz 2 9 ® o Folx7] wZo] 7|xo AA
& wFEey] A= 2aud gtvidkst & F Fdo] dasin B AolA =

A A

=,

127k 2} (High speed camera, I-speed 2, Olympus Inc)S 23 &%
sto] YfAe 712 g s #zEsksth Fig. 39 ¢ Table 3.7 & %
i ete] AEAR T Al Y-S HolFE

=
==

K

Fig. 3.9 High speed camera and display unit

Table 3.7 Specification of high speed camera

Item Specification
Model I-speed 2 (Olympus Inc.)
Size 106x98x264 mm®
Weight 2 kg
Resolution 800x600 activie pixels
Max. for full resolution 1,000 fps
_ 22 _
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A2 A YefgA AZ

1. Y=fA AzxHH

YrfAle] Az o= One-step?t Two-step method”} dow R o

AT BEHAY YedAES BAA7IE F9S Two-step method® &3k},
One-step method= =2 4F HAAAS 2 9F di o] YA Alx7F o Hrt,
ofo & AFAM= AxH UYedAE 253 BAVIE ol&ste] Yxdas
RHA o FEAAl 7= Two-step method WH O 2 UWwFAE A Z3Act

S-3} EXAH(Ultrasonic Dispersion)< 20 Hkz ©o]Ae] &35 E3Eq W

AAE F2E microcavity o 98 ATt 93 oA

=
o s IAN= WAES NI WHoeR uEHIHAS ol &

(a) Ultrasonic hone and (b) Mixer and tank (c) Controller (d) Thermostate
chamber

Fig. 3.10 Ultrasonic Liquid processor with continuous flow equipment
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Table 3.8 Specification of ultrasonic homogenizer

Item Specification
Model SHT 750S (Inc. Sonictopia)
Output Power 750 W
Frequency 19.97 khz
Converter PZT(40 mmx6 ea,PZT-81)
Length @ 160 mm
Booster $®48x140 mm
Horn $®30x123 mm

Collection @ chosun
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2. AlO3 Y=+A

ALO; Y=FAE Azxs7] 3] & A9 A= RND Korea AtollA A|ZH
o] g3l YrfAE A3 Fig. 3112
RND Korea AtollA A&k AlbOs nano powder® SEM ©|un]X]o]™ Table 3.9

R =
Uit d el

9} 3.10% AlOs nano power?] A3 33 BTt ALO; Y= Ak
=] 0.001, 0.01, 0.05, 0.1vol%2] AlOs;

Al;O3 nano powder&

Fooh Ywelxbe] %S Table 3.1100 vheby 2lo).

Table 3.9 Aluminum Oxide Nanopowder (80%

Certificate of Analysis - wt%

Fig. 3.11 AlxOs nanopower SEM image

JrgAe dzs] 9 AreH

alpha : 20%gamma)

3}
=g

=

o

A1203 B203 CaO Fezos MgO NaZO SiOz
99.90% | <0.002 | <0.001 <0.03 <0.002 <0.01 <0.02
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Table 3.10 Specification of nanoparticle

Item Specification
Nano particle Al,03(80% alpha : 20% gamma)
Pureity 99.9%
APS size 50 nm
Density 3.95~4.1 g/cm’
Thermal conductivity 30 W/m-K
Specific heat 773 J/kg - K
Manufactor RND KOREA

Table 3.11 Concentration of Al:O3; nanofluid

Volume percent[%] Water mass [g] Mass Of. ALOs
nanoparticle [g]
0 1497 0

0.001 1497 0.600

0.01 1497 6.001

0.05 1497 30.015

0.1 1497 60.060
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2. Ad=xA

0, 102 1072 5x1072% 10 vol% o2 Azstgomn ztzte] 7149
oM H5AHE F3EATH Table 312 ALO; Ux=fA HE 5S4 4

Table 3.12 Experimental condition

Item Specification
Saturated pressure 3 kPa
Nano particle Al03(80% alpha : 20% gamma)
Concentration 0, 107 107 5x10°% 10 'vol%
Stabilizer addition no addition
Surface roughness 1775 nm / 292.8 nm
_ o8 -
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Fig. 3.12 Steady state thermal analysis and thermal error about boiling heater
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Table 3.13 Detailed uncertainty of instrument used in this study

Parameter Instrument Uncertainty
Cross section area (m) Precise engineering 0.001 m
callipers
Temperature (K) Calibrated K-type 0.1 K
thermocouple
Digital Power meter £0.1% of
Voltage (V) (WT 230) reading
Digital Power meter £0.1% of
Current (A) (WT 230) reading
Bulk Temperature (K) Calibrated K-type 0.1 K
thermocouple
—_ 30 —_
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A4Fd UesA RS 2E

AlA defA 293
Bef Al v a7]e B4 g 0gE 447 B, 09, Y 59 wiA
of EatHel e EFEEA EFAd HIUME = WYz Tl A7l w
@ Al GBAH Adol Folahl bR dwHom tedAe §i
ko] Z 4o wel dAER Un dAx gugde S48 v nda gE
7hE Aagth 2 AFolM = defATE Hls Al 5A4S diAetr] 918 ALOs
UefAE ALOs Y=g z27t EFAQl Eo ddsiA £3dd =2 714t
Rom Table 41 & ©l&sto] AlLO3 W=y Ae] TFada A7|d wE =45
Axbsta k. YAl 9t v dS A4-1)3 4-2)= woh
pnf = (1 - ¢)pbf + ¢pnp (471)
(1—¢)p,Cpy; + ¢ Cp,
Cp,lf: ¢be Py ¢ Pryp (4-2)
pnf
Table 4.1 Properties of base fluid and nano particle
Properties Value Properties Value
Duf 959 kg/m’ Prp 3970 kg/m’
Chyy 4218 JkgK CPoy 205 J/kgK
Ky 0.681 W/m'K k., 7.2 W/m'K
iy 1.68x10° m?/s
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AHdEo] AdE g3 dx=gasel o) Hes A

Hausdet vls A/F9 J57 vistes 1
gEtuE R vlsdde ol JFgFS

B
(2 o
-3

)

2 b
X i
o,

W ATE VES Aoy WF ¥ PR A% 4G mRe ®RAL),
egdabe F5 9 A7), S AWAT F a%d w5k 2Aske] 930l

o1 ofo] tigh AT HolH= v F-=sirh

Kubiak 5(2011)2 Aluminum, Titanium, SUS, Copper, Ceramic, PMMA %
vt Aol s xHAZY] W3t mE J57 WEE SAstRen 1A
7] Wl wE Heol nHddAe HEFZ WItE Curve fittings &3l E A<
HE2S dS5etdt. SUS AAL] WA HF7Ztol gk Kubiak 5(2011)&
o] Curve fitting 3212 2 (4-8)3 #th

— Ra

0, = 52.80382exp| —— =+
o p(0.0674x10‘6

)+ 65.90199 (4-8)

Chinnam $(2015)2 60% propylene glycol®} 40% &2 7|¥te 2 Al,Os ZnO
TiO;, SiO; H=fAle]l HE52el e =gt 2719 i, HemAle =
To  Wig GEFAEdES wrdst]  AdA S JiEEslen A (4-9)¢ 2
Al Os-Water Y42 HE52o] tigt TAd2AE Fast 23 AlOs-Water U}

whAY AEzel U@ ABAe ofd AuHA ge Aotk W 64

o:]t‘scl:
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propylen glycol& &% £33 o] 247 &5 7|Hte 2 Axgdo= &3

A HEZFS zZl7)o] Kubiak 5(2011)¢ A AAE 53+ Curve fitting dl o]
B¢l Chinnam %(2015)¢ YxfAl HEFZ F32ES o)&ste HE A
AlOs-Water YA o] HEH2E o 5313 T,

0 T d,

nf np -

ebf—a1¢ + a0+ b, ( T )+Cl(dbf )+D (4-9)

2 (3-9) A ay, ay by, ¢, DE FALAFE 105194, -4.17912, -0.00252388,
-0.0000674063, 0.989345°1™ Ty FHa2%== 299K o]t}

Kim 52007)& =& 7]9to 2 AlLO; ZnO, SiO, Y=fAlE #Al#ste] Hl5 <
A Aes Fysigon stdigEe gHAZZIZE 01~015 mel SUS #wol
A vl d /) Fo] JEAS SAs e 2 Oﬂ?oﬂﬁ% H S 5 ALOz U=+t
Ao HEF2HS Curve fitting 31 ALO3 W= HE52S Albstd on o=
2] (3-9)9} 2t}

Ongaier = 77 exp(— 103.39259(1004 — 0.00705)) (4-10)
Fig 41 & ALO3 Yx=dAte] ol WE Hls A5 HJ52 WHstE B
e 7192

%=t} Kubiak %(2011)9] @Jﬂré o] &3] Ra=0.1 mol A =9 H=
UEts ok vls A ALOs YiefrAle] HEZE U dAke] A7)l A#gle]l vie

QU] gl Ovol% ol A Olvol%eo= Z7hgkol meh oF 77976014 521°% 7
astgrh e FRFel S mek wE ext BAAAT FA
2404 HE A Kim 50079 15 A 457 Asksh fAE G nelvh

Yx=dxe] =717} 25 nm, 50 nm, 75 nm oA HE=ZF W3t Xol= 04°0] o
2= e o7t gtk ME F ALO; thefAle REZS Uweglate] ah§Zo
0.001vol%el Al 0.1vol% o2 F7kstel whe} 13.39°0 A 40°22 F 71t em™ Kim
5(2007)e] A¥FAne}t 2 A stA ). Fig 4.2+ ALO3; U=fAY HEF7 9
g MRS Kol

NI\
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120
Kubiak etal.(2011) —— [] Kim et al(2007), before bailing

ALO, , after bailing ---- Kim et al(2007), after boiling
ALO,, D =25 nm, before bailing=---~:
ALO,, Dp=50 mm, before boiling—-
ALO,, Dp=75 mm, before boiling—--

100+

2 80-\%\
Q 0
2 o
© 60 - \x_\h\_
3 T
©
€ 40d o —
] P b
)
20 =
.
0 I ' I ' I ' I ' I ' I
0.00 0.02 0.04 0.06 0.08 0.10

Volume concentration of Al,O, - nanofluid (vol%)

Fig. 4.1 Contact angle according to volume concentration of Al,Os nano

particle.
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{ Start )

¥
Input conditions

e Surface roughness

¢ nanoparticle concentration

e nanoparticle size

¥

Calculation about the base fluid contact angle
e Calculate basefluid contact angle through
curve fitting of Kubiak et al. result

Nanop article concentration > 0% v

Calculation about the nano fluid contact angle
e Calculate basefluid contact angle through
Chinnam et al. correlation

¥

Calculation about the nano fluid contact angle
e Calculate basefluid contact angle through
curve fitting of Kim et al. result

Y

End }

Fig. 4.2 Flow chart about calculation for base/nanofluid

contact angle
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Hle& 7129 A, A%, olgaAH o= o] Fojx ™ Han ¥ Graffith(1965)+=
THE V|EGFoAM ] dHE HAH S Fig. 437 Zo] 4dAZ FESA 7L
e dfg Yol S7Hete] W 2% AA9 Est2EHU FolX A
W 7tdad FHe dAASH 7xE st 487 AddEn. 249
718 JFERHORRE AL FoUA R Algto] Aol whet A sty 7]
Fo| AgH = I Fg¥o] xHAHN fAo AAHEY AH W VE= F
Hol A AAAZFE] A5 A oAl Hrt oW VX o'’ A FW oA
A= 7127 ZAA st e F2o 9, 798 A= L3 FA o] vhE
A #t Moore ¥ Mesler(1961)2 H]%5 Al 7] ®ol| w4 oA 2H(Microlayer)
o] @Aol W, WA Z(Microlayer)® Swz <Qla) 7|E7F A3gS F3st

(a) @A 1 (b) A 2

e Coatsction
'\ 7

Natural
/ Convection Layer

TT T T T T 1T Towme T T T T T T T Toustee

Heat flux Heat flux

Evaporating Microlayer
Superheated

liquid

() @A 3 (@ 2A 4

N AN\ C s
TTT T T T 71771 Tswae TTT T T T T 7 Tsufce

Heat flux Heat flux

Fig. 4.3 Mechanism and process about the bubble growth
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Kurul ¥ Podowski(1990)+= 71329 A% w7l s %, =A% AAdHF
o] g3 S =3tsto] Heat flux partition (HFT) modelS 7istgdon o] Al

4-11)2 B39t

/l} (4711)01]}\1 Aes Gies qnc% %HEl-y ‘T’/}_E%—

o
S guEy A (4-12) ~ A(4-14) 2 xdHh

s

6e = 5 s prfNohy, (4-12)

Qe = Ny AppA Ty (4-13)

Gne = Ny Ap AT,y (4-14)

(4-13) A h, = H=A= dHSATIH, 4, 7IEY olEA o] A

s

prL
B 1>
El
ol
4,
X
filo
lo
=
o
=
\_F‘

kipsC
h,, =2 % (4-15)
Abub - Na 4 (4716)

2 (4-16)o1 4 K 71Foldz 4 WA tigh gakdol st Fa-d stefrg

Eh olge hdne] dg W] gEe] M ent Fasy
AR pladARe R AYHE AFES FAT o2 Aste] AW F
3]

Mol oA el LETEL GAHY AE RS L% ol s AT
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7b Agkty, Han ¥ Griffith(1965) = AAdiFel o8] dExe E/5d 24
4-11E A48t AddlF{ ddD2AT h, 9 7IxelG Ho| JFs whA] &
= Al A, E A U178 A (4-18)e2 FdE
/3
B ﬂgATaJ% !
hye = 0:14p; Cp| ——— (4-17)
Anc* ]‘_tnga.( 4 _tu;fNa 4 (4 18)

&4 (Critical heat flux)E d538tA Eott), AAEFEHS M sEAGA T =
S #u5o dAHAS e E AFEZ 7gdHe dfEo] AAERES 23 A
Hol-o] WASle] S|EHE A 7|H HWo] F7|we R do] nHTdAE AT

3t YALFSE A= F2 Zuber(1963) ¢+ Kandlikar(2001)¢] #2143
2 AeY 3 YA JedAE JegdAe Aoz o) Tz sAdol dbx
™ Zuber(1963) ¢} Kandlikar(2001) 3212 7FExm e A2 gady 1A
A7) 23, YA 24 A 59 Fo] nHHA ol UefAY dALE
45 d ol AH3gatA| &t} Dryout fractiont= 713%¢] 429} o]&z S o] &35}
Zhdxel 7l E7F AAskE HlE YElE dEH B2 Bl (2015)2 Dryout

fraction, F& ©¢]&3to] YxfAle JALRFEHS d539 2™ Kandlikar(2001)
oA vl =S AIAHS Bk olo E Ao A= Dryout fractiong ©|
&oto] AL FES dS5stith Dryout fraction & 2 (4-21)9F o] Ao ¥ w

F7} n/4 23 Al AAIEF& Edastdvtar 7Hg sk ok
F= %didNa (4-21)

Aol v sl tE A== Fig. 449 2
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( Start

r
Input conditions

Nanofluid conditions (knp. CpPup: Pup. Dup and ¢ etc. )

Fluid conditions (k¢ k.. Cps, Cp,. ps p. and s efc. )

Surface conditions (ks;.r, CPeue and psm;za.‘c. )

Superheat (A T=TwTsi, To=Tt0.05K)

r

Calculate nanofluid modeling
Calculate nanofluid property
Calculate nanofluid conatact angle about before/after

F 9

r

Calculate boiling modeling

¢ Calculate dyy. fand N, erc. T=T,+0.05K
» C(Calculate heatfluxs (Qe. G, Qnc)

F>n/4

‘ CHF=Total heat flux

Y

End

Fig. 4.4 Flow chart for the simulation of nanofluid boiling
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tephan(1992)2 A3 4

A kol A E5EA] ke who] Q). o] = H ok}
9] B9 FAL+<¢l Archimedes number ¢F AH3IA] gy} 29
=7

number, <A<}

H] 2l Jakob

1¢] Aol A tFE i8¢ Prantle numbers L& ste] 7]

Folgt AAE A4-23)9 o] AostAtt. ARt YefAl= HeYdAte] sk
7b S7hskel wel HJE7bo] A 2R A dfAE SN HE5Z
o thet kAol xEstEojoF st} Li 5(2013)2 Jensen I Memmel(1936) <}
Phans(2009)°] A|¢tgh 7| EolDA 74 s Adste] 1 MAdEHRe} 7=

o FFHE TG 7

- 7

bl
-
10}

N,
o,
tlo

2,

golstgom 2 (4-28)¥ #th

Table 4.2 Bubble departure diameter correlation

Reference Correlation
Frize(1936) d, = 0.02080 | ——22 (4-22)
’ 9(p; = p,)
. o Ja \} 1 B
Stephan(1992) dy.q = 0.025 \/(g(pf—pg) [H_(Prf) (E)D (4-23)
1/2
dy.y = 0.019(1.8 + 105K)2/3(L) (4-24)
Jensen ¥} Memmel Apg/g .
(1986) Where k= -2 Apg( 7 ) (4-25)
Prf fo Apg
o 1/2
dbvd—0.626977f(9)(Apg) (4-26)
Phan 5(2009)
Where f(6)— 2+ 3cosz—cos 0 (4-97)
R 0) a3 o |2
Li 5(2013) d, ;= 0.01 f(o 1.84+10°K ( ) 4-28
s b 009f(50)(8 0°K) oy (4-28)
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A s wdol A%HUT Li 5@ AE7te] 90° wwrel A5y ww

of ol FHA/TUE FuAe 4 @30T AL

N, = Maz(612.5(1 — cosf), 19.7) i B RTOIATE (4-34)
RS W AR digh Fx9 Iefu|goln 24 (4-33)2 d €t
Ra.Psat Ra.P
R—14.5+4.5( - )+0.4( = ) (4-33)

UefAls EaAe g8 deda S el wel HJ57o] Wslsto] J57)
Aae @AV 5 R AAE o|EE bl AFE FI RauHglon,
Wang 3} Dhir(1993)2 v=f+Ale] 52 ®ste] w2 9 254 avrt 24
a7l sd o] ek gl el 4 (4-35)¢ 2 AAES zre=via dFska

N_ _
wnf ooy = L0080 (4-35)
Nyor 1—cosé

2 (4-35)0 4 0= HlS A 7t oA FEZbolH, 9= HS T A xH
A FHE7bol )

Li 5(2015)& 719w FHFol i3t SA4F71e 7Fdwe] gl AA7 9 Y=dxt
o] FHE MHAAA 2 (4-36)S etEedtt

AT?

sat

N, = 512%1%1‘63(3/\*3) f( [t )

d

np

Eowqe asish BRAEY Y JPYL Pobshs

2] (4-36)°ll A f
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S

=
v
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Ra\_ 0275 (Ra/d,,) ? 0 < Ra/d,, <1
f = 0.68 (4737)
d 0.275+ 0.791(Ra/d,, — 1) Ra/d,, =1

np np

ool ¥ ATeIME BN FUE Qo] 24, e A7), FAEe
AAs EAAAN ) GFHL B A A FhFl e Wl
Li 52013)¢] 4848 thefAol 4% Li 520159 4848 o &stel a4y
97 FUEE Atan.
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A5 F ALOs Ux=#A Hlesdde 49 2%

A1 d Adde] AHAY HI

7hEdEHe] AAY] Wste] wE ALO; Wi=frAle HlsEdYE A¥s FAE
ool HleIdHdYE Aol AHIAHS H7lstzl 98 Rohsenhow(1952) ¢t
Zuber(1959)¢]  A#A3 AdelHE  Husktk. Rohsenhow(1952) ¢
Zuber(1959)2] F¥A2 2 (5-1)3 2(5-2)¢F 2t}

Cp/.(Ts - Tsat) s

(5-1)

alps—p,) 1"?
q_“fhfg[ f(, J}

1714 ne A< %

Cai= Hle =40l Hap FA 2] & ez fAloh 2384
ofel fs] HlE= T
0.013 ¥ 0.0068¢] H]s=4 oA Aoy o3 Hls=ilo] AdH == &<l
&ttt
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=2,
of
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filo
N
v
o,
=
Y
2
23]
=)
A=)
i
o,
o
=
lo
1t
o)
o

qCHF,Z'uber = %pl/thg[gg(pf_pg>]1/4 (572)

AL FE el M= Zuber(1959)9] FALDF< Aaa3 vjaste] Aol A
Brbskanh. Ade T3k ol 3 kPastollA A9 25 24T= dAe
A A el A ekt

Fig. 512 =9 Hle=4del el A3 el vas HolEr HexdS
Rohsenhow(1952) “ga4 ol A=l dAsh= A B dALFE]
A5 wize® EW(Ra=1775 nm)ollA Zuber(1959)¢] UAILD+E valste] oF

fob
2,
o
(|
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9%9] x5 Hot AEH(Ra=292.8 nm)2] A% Zuber(1959)9] AALH-<LH

t} 43.3% =4 YERSETR o]9f o] iy mHIF AXRHE] vlE34d3 A

Aol Zol7t Y ol vy xwe] A9 AXEH] vl xHo] wjiz
&

29 7|3 Ao Had 7]Fo] o stdxHe

ot}

400 ;
Rohsenhow(polished) ---- N
Rohsenhow(scored) ——=—- /
Zuber —— 3

300 EXP(Ra=177.48nm) —[— I,'

1 EXP(Ra=292.7%m) —O— )
_
|
E
>
g
X 2004
X
3
=]
D

100
C
O pe==mmeq
0 5 10 15 20 25 30

Superheat [K]

Fig. 5.1 Comparison with the experiment and other

correlations
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A2 A vndys EHAA AlO; Ux=iA HSEAE

m11e] e EHAA ALOs YiefAe] nsddd 548 u#sty] S8 zuAA
717} 1775 nm 91 W=5-A1e] ko] 107014 10 'vol%7b A F7HAA AE S 5
gatsirh Fig. 52% ALO; YAl 5 wiste] oigh njgaS HolFEr &
FAA =olA AL RS AL FEANA Bl Fad Hdvs
K 7 204K 2 vephgon 5x10 vol% ALO; WimfAlold 9AD 53 AL
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rir
[\
[\
[\
~
=
3.
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b A Y fAlle] dfFo] Tk wt=Al AAIE RS s T e
TR SUHE oplske AL ofyh E AFdAE ALO; Ui=fAlY ol
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800

Nanofluid concentration
Ovol% —=—
10°wli% —O—
6004 10%wl% —A—
5x10%wol% —V—
10"wI% —%—

400
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LA R L N AN A RR LI |

Ra=177.48nm
P_ =3kPa

T_=24.02°C

Superheat [K]

T
20

30 40

Fig. 5.2 Boiling curve according to the variation of nanofluid

volume concentration at smooth surface
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2. Y=A FFF ¥t U dASwS 22

Fig. 53¢ Y2k sagol mt QAdF% e HolFrh BE Ywqi
o ALHEES FEL BAoY YufA TP
5x10 'vol%7hA] S kel meh AlOs Wb Al AL fr42 121.8%01 4 225.1%
A g el Al 7225 kW/m® - K 74 S7bstdon o1 o] FejlAs A DR
FE2 o] FoIHARE VEHT B2 A E JAE HTh Hedge 5(2012)
CuO YAl & olgste] Hleddd 545 drssier CuO WAl &

_IQI‘
Fol 0.2vol%7kA S 7Fgell wheh YALFE2 130% FEEANe 1 o5 i

o]  10°%vol% ol A]

N Al AFF AALRE Ade] ol Fol R o] mlo] ¥ w g A
A BRAG e AADRE T BASFAW hef A FhF ST e
PALFE PPl A} EATL & 5 9

=2 T M

250

Ra=177.48nm
P_.=3kPa, T_=24.02C

2004

150
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50 1

0 T r T r T r
1E-3 0.01 0.05 0.1

Volume percent [vol%]

Fig. 5.3 Improvement of critical heat flux according to

nanofluid volume concentration at smooth surface
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Fig. 5.4 Boiling heat transfer coefficient according to

nanofluid volume concentration at smooth surface
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4. Yx=wA9 71x4F 12

Grefale] mEAAe SAS setalr] 8l v fAlst wE Al A

S &b el High spped camera, i-speed, Olympus Inc)E ©]&3to] 935
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Water 10ms 20ms 30ms 40ms 50ms

102vol% AL O,

¥ 10ms 20ms 30ms 40ms 50ms
nanofluid
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119.34kW/m?
198.26kW/m?
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493.11kW/m?

FETHTM S
T

Fig. 5.5 Bubble growth for water and 10 vol% Al:Os nanofluid according to
heatflux

Water 80.64kW/m?, 10-3vol% Al,O; nanofluid 198.25kW/m?,
Contact angle : 77deg Contact angle : 61.2deg

Fig. 5.6 Dynamic contact angle in water and 10 *vol% Al,Os; nanofluid at

smooth surface
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(a) 2D surface roughness map
at smooth surface before boiling

(b) 3D surface roughness map
at smooth surface before boiling

sz

] 2 1281
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(d) 3D surface roughness map

(c) 2D surface roughness map
at smooth surface after boiling

at smooth surface after boiling

Fig. 5.7 Variation of surface roughness at smooth surface

before and after boiling

Smooth Surface
Ra=177.48nm

0 vol%o

0.01 vol%o

0.05 vol%

0.1 vol%

Fig. 5.8 AlOs nanoparticle deposition according to nanofluid

concentration on smooth heated surface
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Fig. 5.9 Boiling curve according to the variation of nanofluid
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Fig. 5.10 Improvement of critical heat flux according to

nanofluid volume concentration at rough surface
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Fig. 5.11 Ratio of critical heat flux with rough and smooth

surface according to nanofluid volume concentration
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Fig. 512 Boiling heat transfer coefficient according to

nanofluid volume concentration at rough surface
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‘Water 10ms 20ms 30ms 40ms S50ms

-3
10-3vol% Al,O4 10ms 20ms 30ms 40ms 50ms
nanofluid
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Fig. 5.13 Bubble growth about water and 10 *vol%-Al,05 nanofluid

according to heat flux at rough surface

54 0476

Water 118.67kW/m?2, 10-3vol% Al203 nanofluid 192kW/m?2,
Contact angle : 54.04deg Contact angle : 48.37deg

Fig. 5.14 Dynamic contact angle about water and 10 *vol%-Al,0;

nanofluid at rough surface
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(a) 2D surface roughness map (b) 3D surface roughness map
at rough surface before boiling at rough surface before boiling

reats

amz

] e2e 1281

(d) 3D surface roughness map

tE} 210 sirfate romshugss iap at rough surface after boiling

at rough surface after boiling

Fig. 5.15 Variation of surface roughness at rough surface

before and after boiling

Rough Surface
Ra=292.97nm

0 vol% 0.001%

0.01 vol% 0.05 vol% 0.1 vol%

Fig. 5.16 Al:Os nanoparticle deposition according to nanofluid

concentration on rough heated surface

_65_

{ICollection @ chosun



Al 6 F AlO; YAl HTEAE 34 23}

AlAdUxqA HsE2Edy A4 F7t

Guiae] g G Aol 27 wE AL, Aol o 54 o)
# a4 ] ol del e sjEdel AHQS Bkelr] s A1Ee A

TAEe AA et BlaEdnh ol & 98 Geradi(2009) ¥ Shahmoradi 5 (2013)
A st A A REs AEAA Hestlon AiE vlalste] v
A v Rdee] AAS kst Fig. 6.1 7]1EdAte 2 A4 Hs
LS HolErh Fig. 6.1°] HolF5% &7 Zolu Ui A B tisto] af4
Axpel A AwtHow v]Ee] Ayel & dAsilon dREHe dFdhe s
g ¢ o BE A AW oAkt Hireas 47 172% 9F 62%=
AT AEATNE Geradi(2009)2] =7 Shahmoradi 5(2013) <]
UiefA vls A3 Ao & dxEth A3 9 AR & v ZHAD B
Waed2Z7h A7 AS W A S A Hle 1k S ol ol
t} 53] Geradi(2009)9] ¥ Shahmoradi 5(2013) ¢ Agel Hl&] B]G F3to]
#1 JALGFSE 100 kW/m® o] =ol7h ik ol 7Fdgwe] Ado] 2oz A
H Ao]Z Geradi(2009)2 7AW el Aol oA HEHAAS FPgE whd
Shahmoradi 5(2013) 2 FgxHAA HAFS FPA7]  wfFolth
Shahmoradi 5(2013) ¢ AgolA &9 HEFZLS oF 45°% Geradi(2009)7F 5743
HE5240 80°l &l 2tk o] HlEsEH G A He] AER st YiefA|

o gl dFe w= & F AUtk

Lo

EhE

x

any
)

[e)
=

_66_

Collection @ chosun



2000

0 ExpofGeradi(2009) -pure water
O Expof Shahmoradietal (2013) - pure water
@® ExpofShahmoradi et al.(2013) -Nanofluid
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Fig. 6.1 Comparison of boiling curve with this model and previous studies

_67_

Collection @ chosun



A2 A Y

Fig. 6.2+ =

30 wehe
78 e

RE ALH

&

A

T

A BEF

Aol A717F 25, 50, 75 nmol A v A]

nelFm gtk mgAel s g ol

9l
%!

glo] dALF

—

—

5
=

2 AFstdh 25, 50, 75 nm Y= Ao
Hjgtol vEREom 1499, 1,515, 1,509 kW/m®*
Zkel A717F 25 nmol Al 75 nm = F7Fse] wet ¢
HA=7F S7FekRH ol Wi A77F 7
2% uEth YAk ol 0.025vol% ol ¥
ol 0.1vol%oll Al FHAghe

O 4~ O
=

R

o

]

2 0.1vol%el A 25 nm, 50 nm, 75 nm<] YALFES 1,109, 1,125, 1,134 kW/m®
o2 yetyth ol BlSeM YmdAe] dwF SR I ded ARG
AE52 daw Qg 3EA Jhde] Hleddde d3FS v & F o
Harish (2011 YW= A7F 7FE9 ol we} fHS52zo] W3 wEeqion, A
=7te] Wats Yxdze] daEy muaAEz wet 24 yepsith 58
Shahmoradi 5(2013)> 7FEE W YiegAte] JAHdo=m s wEox yw &
o] ZtdxHe A I ZAeH M FEITL AT V=9 o
TE9 A3 vt o R YefAe A5 Wt Heddd Ao & 9=
Tl & = Aduk 71EY olgA A, olgFY], AV e ZSA Wl
B oy HFIHAE & IS F= 8Lboth
_ 68 -

Collection @ chosun



1600
—_ d Corncentration ofnandfluid ’
E 2004 ow —
§ d  0.0254v==—
= 1 oos0%v...-
= 800 0.075%v
X 1 o.00%v
= 400 <
® -
é’ 0 LJ l LJ LJ
0 5 30
Tsup=Tw-Tsa’( (K)
(a) Dp=25 nm
1600
«— o Corcentration ofnancfluid /’
E oo+ ow —— S
s 4 ooemive—— / I/;" ~
0.050%V eeeome -
= -
= 800 0.075%v ‘
o 1 o.00%v
= 400 <
® -
é’ 0 LJ l LJ l LJ
0 5 25 30
Tsup=Tw-Tsa’( (K)
(b) Dp=50 nm
1600
— o4 Concentration ofnandfluid S
£ w200+ 0w ——
; o 0.025%ve===
0.050%V «+ come
= -
< 800 0.07 5%V
X 1 o100y
«— 400 <
® -
é’ 0 L) l L)
0 5 30

Tsup=Tw-Tsa’( (K)
(c) Dp =75 nm
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Fig. 6.3 The bubble departure diameter according to volume concentration
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(b) Frequency of bubble departure according to nanoparticle size

Fig. 6.5 The frequency according to volume concentration and size of

nanoparticle
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(b) Waiting time ratio according to nanoparticle size

Fig. 6.6 Wait time ratio about total time according to volume concentration
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(b) Nucleate site density according to concentration of nanofluid

Fig. 6.7 Nucleate site density according to concentration of nanofluid and

nanoparticle size

_79_

Collection @ chosun



*® TSurface wettability parameter 28

1 10.025%v 7777 0.050%v I
——0.075%v [[]]]]] 0.100%v

—2.0

N
\ 1.5

—1.0

o
»
1

o
w
1

o
N
1

-~ 0.5

=]
=
1

Surface wettability parameter (-)

Relative parameter about -

0.0 nanoparticle size and roughness —ll— 0.0
. | T | T -

25 50 75

Relative parameter about
nanoparticle size and roughness (-

Nanoparticle size (nm)

Fig. 6.8 Surface wettability parameter and relative parameter for nucleate site

density of nanofluid
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(a) The heated surface with Ra=0.1 deposited 75nm — nanoparticle

(b) The heated surface with Ra=0.1 deposited 50nm — nanoparticle

(c) The heated surface with Ra=0.1 deposited 25nm — nanoparticle

Fig. 6.9 Schematic diagram for the influence of nanoparticle
deposition on heated surface (a) Dn,=75 nm, (b) Dnp=50 nm,

(¢) Dyp=25 nm
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Fig. 6.10 Influence of heat flux transferred by natural convection and dryout

fraction for water, 25 nm-0.025vol%5, 75 nm-0.025vol% and 75

nm-0.1vol%
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