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a b s t r a c t 

The control of minimum film-boiling quench temperature, T MFB is investigated in water quenching exper- 

iments with several micro-structured surfaces on small spheres (diameters 10 and 15 mm) under satu- 

ration temperature T sat and 1 atm. The results show increase in T MFB and is related to the temperature 

drop across the micro-structures, and affected by its effective thermal conductivity 〈 k 〉 , height L , and 

base diameter D , based on the fin theory. The local temperature drop of surface microstructure depends 

on the hybrid Biot number, B i h = h L 2 / ( 〈 k 〉 D ) , where h is the heat transfer coefficient. The liquid–solid con- 

tact depends on this microstructure-tip temperature, and a model for T MFB with synthetic surface micro- 

structure is proposed and compared with the experimental results. The theoretical limit of maximum 

T MFB (under saturated water at 1 atm) for surface micro-structured small sphere is reached when Bi h is 

beyond 10 2 . 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

In film boiling, high wall temperature T w 

hinders a liquid–solid

contact, and the heat is mainly transferred by conduction across

the vapor film and radiation towards ambient temperature. Mini-

mum film-boiling quench temperature T MFB is the minimum tem-

perature required to sustain a stable vapor film in film boiling,

and marks transition from film to transition boiling regimes during

quenching. The heat transfer coefficient h undergoes a large change

during this transition ( h 〈 5 × 10 2 and 〉 5 × 10 2 to 10 3 W/(m 

2 -K) for

the film and transition boiling regimes, respectively). So, the con-

trol (i.e., increase) of T MFB significantly impacts the cooling rate

during quenching ( Bromley, 1948 ). Therefore, comprehensive study

in T MFB is essential for development of high-temperature cooling

systems such as the emergency core-cooling systems of nuclear

power plants, cryogenics, and metallurgic systems ( Bang and Jeong,

2011 ). 

Over the decades, quenching studies have focused on an

increase in T MFB , by micro-texturing the heat transfer surface
� Dr. Jun-young Kang is applying as the post-doctoral researcher in KAERI, and 

this work is based on his doctoral dissertation (Rep. of Korea, POSTECH, 2017). 
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 Shoji et al., 1990; Sinha, 2003; Kim et al., 2009; Lee et al., 2016;

ang et al., 2016, 2017; Kozlov and Keßler, 2016 ). In film boil-

ng, liquid–solid contact, intermittently induced by surface micro-

tructures, causes an increase in T MFB ( Bradfield, 1966 ). However,

uestions remain regarding the relationship between the liquid–

olid contact and characteristics of surface micro-structures. Re-

ently, we reported an increase in T MFB using micro-structured

uO surfaces and explained it by the fin theory to predict the fin

emperature distribution and through that the liquid–solid contact

 Kang et al., 2017 ). Major parameters in surface micro-structures

hat influence the liquid–solid contact are the effective thermal

onductivity 〈 k 〉 and characteristic length L 2 / D of micro-structures,

here L and D are the fin height and fin base diameter, respec-

ively. 

Herein, we expand our knowledge about T MFB on a micro-

tructured surface. We prepared several surface micro-structures

n metal spheres (diameter d sphere of 10 and 15 mm, using brass

nd stainless steel), and conducted a water quenching experiment

nder saturation temperature T sat and 1 atm. The objectives of this

tudy are (i) to observe the T MFB behavior depending on character-

stics of surface micro-structures, (ii) to develop a model for pre-

icting T MFB on such surfaces, and (iii) to suggest the theoretical

imit of T increase by surface micro-structures. 
MFB 
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Table 1 

Summary of proposed model for minimum film-boiling quench temperature. 

Equation Number Reference 

T MFB = T sat + 0 . 127 ρv h lv 
k v 

[ g( ρl −ρv ) 
ρl + ρv 

] 2 / 3 [ σlv 
g( ρl −ρv ) 

] 1 / 2 [ μv 
g( ρl −ρv ) 

] 1 / 3 (1) Taylor–Helmholtz hydrodynamic instability 

( Berenson 1961 ) 

T MFB = T MFB,B + 0 . 42( T MFB,B − T l ) × { [ ( ρC p k ) l 
( ρC p k ) s 

} ] 0 . 5 h lv / [ C p,s ( T MFB,B − T sat ) ] } 0 . 6 (2) Taylor–Helmholtz hydrodynamic instability with 

liquid–solid contact ( Henry 1974 ) a 

T MFB = ( 27 
32 

) T cr (3) Thermodynamic superheat limit of liquid 

( Spiegler et al., 1963 ) 

T MFB = 

( 27 
32 ) T cr { 1 −exp [ −0 . 52 ( 

10 4 ( ρ/ n 0 ) 
4 / 3 

σlv 
) 

1 / 3 

] }−T l 

exp [ 0 . 00175 ( ρC p k ) s 
−1 

] er f c( 0 . 042 ( ρC p k ) s 
−1 / 2 

) 
+ T l (4) Effect of surface thermal properties and surface tension 

of matters ( Baumeister and Simon 1973 ) 

T MFB = T sat + 101 + 8�T sub (5) Effect of liquid subcooling ( Dhir and Purohit 1978 ) 

T MFB = T sat + 0 . 6[ ( 27 
32 

) T cr − T sat ] + 

( k v 
k l 

)N u l �T sub 

( d 
δv ,min 

+N u rad ) 
(6) Effect of liquid subcooling ( Kondo et al., 1995 ) 

T MFB = T sat + 0 . 29( T MFB,B − T sat )( 1 − 0 . 295 x e 
2 . 45 )( 1 + 0 . 279 G 0 . 49 ) (7) Effect of forced convection ( Iloeje et al. 1975 ) 

T MFB = 0 . 92 T cr { 1 − 0 . 26 exp [ 
−20( P 

P cr 
) 

1+ 1700 
P cr 

] } ( 1 + ( 
k l ρl C p,l 

k s ρs C p,s 
) 

1 / 2 
) − T sat ( 

k l ρl C p,l 

k s ρs C p,s 
) 1 / 2 (8) Effect of system pressure ( Sakurai et al. 1990 ) 

T MFB = [ (1 − cos ( C.A )( 
σlv V m,l 

B 
) ] 

a 1 −a 2 
a 2 + T (9) Effect of surface wetting ( Olek et al. 1988 ) b 

T MFB = { [ 1 + ( 
k l ρl C p,l 

k s ρs C p,s 
) 

1 / 2 
] Q a 

R g 
1 

ln ( 9 
( 2 πM R g T ) 

1 / 2 �0 
N A P t 0 

) 
} − ( 

k l ρl C p,l 

k s ρs C p,s 
) 1 / 2 T l (10) Effect of surface wetting ( Segev and Bankoff 1980 ) c 

Note: The nomenclatures in Table 1 are summarized as follow; ρ , k, g, μ, h lv , σ lv , C p , T cr , P cr , �T sub , d, δv,min , Nu, Nu rad , x e , G, n 0 , T, T l , and P are the density, thermal 

conductivity, gravitational acceleration, viscosity, latent heat of vaporization, surface tension, specific heat, critical temperature, critical pressure, liquid subcooling, diam- 

eter, minimum vapor film thickness, Nusselt number, radiation Nusselt number, exit quality, mass flux, atomic number, temperature, liquid temperature and pressure, 

respectively. The physical properties with subscripts ‘ v ’, ‘ l’ ’, and ‘ s ’ denote those of vapor, liquid and solid, respectively. 
a T MFB,B denotes the minimum film-boiling temperature suggested by Berenson (1961) . 
b T MFB is defined as the surface temperature corresponding to zero contact angle, and can be obtained by curve fitting to experimental results. The C.A., V m , and B (or, 

a 1 , and a 2 ) are the contact angle, molecular volume, and fitting constant, respectively. 
c T MFB is defined as the surface temperature at highly adsorbed state: ε =�/ �0 = 0.9 where ε, � and �0 are the dimensionless occupancy, the number of adsorbed 

molecules per unit area, and, the number of adsorbed molecules per unit area which form a monolayer, respectively. The Q a , M, N A , R g , and t 0 are the heat of adsorption, 

molecular weight, Avogadro’s number, gas constant, and residence time of molecule in adsorbed state, respectively. 
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. Background 

The T MFB is explained by hydrodynamic or thermodynamic mod-

ls ( Bernardin, 1999 ) ( Table 1 ). The hydrodynamic model is based

n the minimum heat flux q" min predicted by a Taylor - type insta-

ility (Eq. (1)) ( Berenson, 1961 ). The thermodynamic model (Eq.

3)) is derived from the foam limit of a stable vapor film, deter-

ined by the van der Waals equation ( Spiegler et al., 1963 ). A

umber of studies have reported the thermo-physical properties of

he heat transfer surface with the surface tension of liquid-vapor

nd liquid–solid (Eqs. (2), (4)) ( Henry, 1974; Baumeister and Simon,

973 ), liquid subcooling (Eqs. (5), (6)) ( Dhir and Purohit, 1978;

ondo et al., 1995 ), forced convection (Eq. (7)) ( Iloeje et al., 1975 ),

ystem pressure (Eq. (8)) ( Sakurai et al., 1990 ), and surface wetting

Eqs. (9), (10)) ( Olek et al., 1988; Segev and Bankoff, 1980 ). How-

ver, few studies have addressed the influence of surface micro-

tructures on T MFB . 

The increase in T MFB by the surface micro-structures can be ex-

lained by the change in liquid–solid contact dynamics. The main

ariables of liquid–solid contact are the contact duration t c , contact

requency f c , contact area A c , and wall temperature T w 

. Previously

ublished researches concerning the liquid–solid contact have not

ocused on the effect of surface micro-structures ( Yao and Henry,

978; Lee et al., 1982 , 1985; Dhuga and Winterton, 1985; Neti

t al., 1986; Chang and Witte, 1990; Kikuchi et al., 1992 ) ( Table 2 );

nstead, these researches mainly studied t c , f c , and A c changes ac-

ording to T w 

. T w 

, in particular, plays a crucial role in liquid–solid

ontact during quenching, because it is related to the superheat

imit of the liquid at the liquid–solid contact site. It is well known

hat T w 

causing liquid–solid contact is represented by the homoge-

eous nucleation temperature of the liquid T hn ( Carey, 1992 ). 

The surface micro-structure is characterized in simplified terms

y 〈 k 〉 , L , and D . Earlier studies focused on only L , because we be-

ieve that micro-structures solely touch the liquid–vapor interface

ausing destabilization of vapor film in film boiling. A representa-

T  
ive example is the study of a single Leidenfrost drop reported by

im et al., (2011) ; the role of micro-structures is to trigger liquid–

olid contact during film boiling. However, we should recognize

hat the liquid–solid contact is not only affected by L , and, is but

lso combined with other micro-structure parameters such as 〈 k 〉
nd D . 

This study started from a question about the relationship be-

ween the characteristics of surface micro-structures and liquid–

olid contact. We expect that L , 〈 k 〉 , and D together impact the

hange in T w 

at a local spot. In contrast to smooth surfaces, a

ocal cool-down spot can exist at microstructure-tip on surfaces,

hich leads to liquid–solid contact in film boiling during quench-

ng, causing an increase in T MFB . This expectation is in agreement

ith known quenching studies concerning T MFB increase on the

eat transfer surfaces coated with insulating materials ( Moreaux

t al., 1975; Kikuchi et al., 1985 ). 

. Material and method 

.1. Quench appratus and test sample 

The apparatus, sample, and procedure of the quenching experi-

ent have been developed to our previous quenching studies, and

 detailed demonstration is available in several references ( Kang

t al., 2016, 2017, 2018a,b,c ). The quenching apparatus has four

omponents, namely, the radiation furnace, quench pool, transport

evice, and data acquisition system. Water quenching experiment

as conducted under saturation temperature T sat and 1 atm, and

he initial quench temperature T initial is 600 °C. When the quench

phere is heated up to T initial by a radiation furnace, the transport

evice rapidly delivers the sphere into the quench pool contain-

ng the distilled water. The temperature of the furnace and quench

ool was controlled by the P.I.D. system and its deviation was be-

ow ± 5 °C. In all quench tests, the water coolant was de-gassed.

he dynamics of the liquid-vapor interface in film boiling during
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Table 2 

Physical parameters of liquid–solid contact. 

Condition Contact area A c [m 

2 ] Contact duration t c [ms] Contact frequency f c [Hz] Reference 

√ 

Steady-state experiment √ 

SUS or Copper coated by Cr 

or Au layer √ 

Ethanol or Water √ 

1 atm and T sat √ 

Electrical conductance 

method 

Theoretical area fraction, 

A c 
∗ = A c /( λD ) 

2 

A c 
∗ = 10 ( T int = 150 °C, Ethanol) 

A ∗c = 0 . 1( T int = 220 ◦C, Water) 

t c = 100 ( T int = 150 °C, Ethanol) 

t c = 1 ∼10 ( T int = 220 °C, Water) 

N/A ∗∗ Yao and Henry (1978) 

√ 

Transient experiment √ 

Copper coated by Ni layer √ 

Water √ 

1 atm and T sat √ 

Micro-thermocouple method 

N/A Time fraction, t c 
∗ = t c /( t c,r + t c ) 

t c = 0.5 ∼5 ( T w ∼236 °C) 

t c 
∗ = 0.1 ∼0.15 ( T w ∼236 °C) 

t c = 1 ∼100 ( T w ∼160 °C) 

t c 
∗ = 0.2 ∼0.4 ( T w ∼160 °C) 

N/A Lee et al. (1982) 

√ 

Transient experiment √ 

Copper coated by Al layer √ 

Water √ 

1 atm and T sat √ 

Micro-thermocouple Method 

N/A t c = 0.5 ∼32 

( �T sat : 42.5 °C ∼114.5 °C) 

t c 
∗ = 0.5 ( T w ∼30 °C) 

t c 
∗ = 0.0 03 ( T w ∼20 0 °C) 

f c = 5 ( �T sat > 180 °C) 

f c = 50 ( �T sat : 100 °C ∼180 °C) 

f c = 30 ( �T sat < 100 °C) 

Lee et al. (1985) 

√ 

Transient experiment √ 

Anodized aluminum √ 

Water or Methanol √ 

1 atm and T sat √ 

Impedance measurement 

Measured area fraction, 

A c 
∗∗ A c 

∗∗ = 0.2 ( �T sat ∼180 °C, Water) 

A c 
∗∗ = 0.02 ( �T sat ∼260 °C, Water) A c 
∗∗ = 0.2 ( �T sat ∼60 °C, Methanol) A c 
∗∗ = 0.015 ( �T sat ∼70 °C, Methanol) 

N/A N/A Dhuga and 

Winterto-n (1985) 

√ 

Transient experiment √ 

Vycor glass √ 

Water √ 

1 atm and T sat √ 

Fiber optic measurement 

N/A t c 
∗ = 0.0 01 ∼0.0 015 

( �T sat ∼750 °C) 

t c 
∗ = 0.01 ∼0.1 

( �T sat : 610 °C ∼650 °C) 

N/A Neti et al. (1986) 

√ 

Steady-state experiment √ 

Hasteloy-C √ 

Freon-11 √ 

1 atm and T sat √ 

Micro thermocouple method 

N/A t c 
∗ = 0.0035 ( �T sat ∼180 °C) 

t c 
∗ = 0.02 ( �T sat ∼160 °C) 

t c 
∗ = 0.08 ( �T sat ∼120 °C) 

f c = 0.03 ( �T sat ∼180 °C) 

f c = 0.4 ( �T sat ∼160 °C) 

f c = 1 ( �T sat ∼120 °C) 

Chang and Witte (1990) 

√ 

Transient experiment √ 

Silver sphere √ 

Water √ 

1 atm and T sat √ 

Impedance measurement 

N/A N/A f c = 2.2 

( T w : 600 °C ∼650 °C) 

f c = 2.6( T w : 550 °C ∼600 °C) 

f c = 2.7 ( T w : 500 °C ∼550 °C) 

f c = 3.1 ( T w : 450 °C ∼550 °C) 

Kikuchi et al. (1992) 

Note: The nomenclatures in Table 2 are summarized as follow; the Tint, λD, t c , r , and �T sat are the interface temperature between two semi-infinite mediums ( Henry 1974 ), 

the most dangerous wavelength, the residual time before/after the contact duration, and wall superheat, respectively. The N/A indicates not-available. A ∗ and A ∗∗ indicate the 

area fraction based on a theoretic and experimental, respectively. 

Table 3 

Test matrix in quench experiments. 

I.D. Substrate material Structure material Diameter of sphere, d sphere [mm] ENP treatment Annealing 

RS SUS316L SUS316L – 10 X O 

MS SUS316L SUS316L SUS316L 10 X O 

RS Brass Brass – 10 and 15 O O 

MS Brass Brass Brass 10 and 15 O O 

MS CuO Brass CuO 15 X O 

MNS Brass/CuO Brass Brass & CuO 15 X O 

NS CuO Brass CuO 15 X O 

RS Zr Zr-702 – 15 X O 

MS ZrO2 Zr-702 ZrO 2 15 X O 

 

 

 

 

 

 

 

 

 

 

 

 

e  

c

 

h  

(  

f  

t  

c  

i  

u  

[  

a  

w  
quenching was also recorded using a high-speed camera (Vision

research, Phantom Miro). 

We selected quench spheres with different sizes (diameter

d sphere of 10 and 15 mm) and different materials (Brass and

stainless steel). The test matrix is summarized in Table 3 . Test

spheres were purchased by Kopeco Co., Ltd. The temperature dur-

ing quenching was obtained by K-type thermocouple inserted into

the center of the quench sphere (Omega; Inconel-sheath; 500 μm).

The contact resistance at the junction of the sphere thermocouple

was minimized using thermal grease. The supporting guide (1/16 ′′ ,
SUS316L) was installed in a quench sphere to hold the test sam-

ple, to transport the device, and to prevent the thermal damage of

thermocouple in a quenching environment. We checked that the
rror in the thermocouple used in this study was below ± 1 °C, by

alibrating it at Korean Measurement Technical Laboratory Co. Ltd. 

Due to the small sphere Biot number [ B i sphere = h L c /k =
V/ ( Ak ) = 0 . 02 for SUS316 ( d sphere = 10 mm), 0.006 for brass

 d sphere = 15 mm)], the lumped-capacitance approximation is used

or T MFB ( Cengel, 2003 ), where L c , V , and A are the characteris-

ic length, volume and area of the sphere, respectively. This indi-

ates the temperature distribution within the sphere is negligible

n the film boiling regime. The heat transfer coefficient h is eval-

ated by the temperature variation d T /d t during the film boiling

 h = ρCp( V/A )( d T /d t ) / ( T (t) − T sat ) , where ρ and C p are the density

nd specific heat of sphere]. The error estimate of h is below 5%

hen Bi sphere is below 0.1. By converting the quench curve to the
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Fig. 1. Determination of minimum film-boiling quench temperature T MFB : (a) quench curve, and (b) cooling rate curve. 

Mechanical polishing 
& chemical cleaning

Fabrication of micro-structures 
by chemical etching

Annealing

Fig. 2. Fabrication process of micro-structured surface. 
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ooling rate curve ( Fig. 1 a), T MFB is calculated and corresponds to

he minimum d T /d t ( Fig. 1 b). 

.2. Surface preparation 

Prior to fabrication, all surfaces of the quench spheres were

olished using sandpaper (20 0 0-grit, Daesung) and chemically

leaned by acetone, ethanol, and distilled water, sequentially. The

mooth surface is referred to as a reference surface (RS). We

repared three micro-structured surfaces (MS) to investigate the

mpact in T MFB depending on the micro-structure characteristics:

icro-structured surface of SUS316L (MS SUS316L ), micro-structured

urface of brass (MS Brass ), and hierarchical micro- and nano-

tructured surface (MNS Brass/CuO ). In this study, the fabrication in

urface micro-structures is based on the chemical etching method

nd detailed recipe depends on the test materials ( Fig. 2 ), follow-

ng the below description. 

- In case of MS SUS316L , SUS316L ( d sphere = 10 mm) sphere was

etched in 0.9 wt% nitric acid (HNO 3 ) with 2.7 wt% hydrochloric

acid (HCl) as an electrolyte with a constant electrical potential

�V = 18 V for a reaction time, t r = 30 s ( Lee and Kim, 2015 ). 

- In case of MS Brass , the brass ( d sphere = 10 and 15 mm) sphere

was etched by an acid solution [8 M nitric acid (HNO 3 ) with

1.2 M cetyl trimethylammonium (cTAB)] under ultra-sonication

condition ( t r = 1800 s) ( Pan et al., 2010 ). 

- MNS Brass/CuO ( d sphere = 15 mm) was prepared by the fabrication

method in MS Brass with adding the CuO nanostructure-coating

( Pan et al., 2010; Xiao et al., 2011 ). This treatment facilitates the

fabrication of hierarchical surface structures on a brass sphere:

CuO nano-structures on micro-structured brass. 

In particular, RS Brass and MS Brass were treated using electroless

ickel plating (ENP) to prevent additional surface oxidation un-
er the quenching conditions ( Tian et al., 2012 ). The thickness of

he nickel layer was thin enough to ignore changes to the surface

icro-structures (e.g., L and D ) during the ENP process; note that

 nickel ∼90 W/(m ·K) is similar to that of brass ( k brass ∼10 2 W/(m ·K)).

ll surfaces underwent a heat-treatment process under 250 °C for

 h, followed by 500 °C for 1 h before the quenching experiment

o eliminate the residual chemical elements by the fabrication pro-

ess. 

We recently reported the T MFB results using quenching experi-

ent with small spheres and evaluated the characteristics of the

icro-structured CuO surface (MS CuO ), nano-structured CuO sur-

ace (NS CuO ) ( Kang et al., 2017 ) and micro-structured ZrO 2 surface

MS ZrO2 ) ( Kang et al., 2018 c), respectively. For analyzing the rela-

ion between T MFB and surface micro-structures, we provide our

ecent results from the surface characteristics to the quench data

s support data. 

.3. Surface characterization 

The surface morphology was observed using field-emission

canning electron microscopy (FE-SEM) ( Fig. 3 ). All reference sur-

aces (e.g., RS Brass , RS SUS316L and RS ZrO2 ) seem to be smooth and

lightly scratched, caused by the sand-paper surface finish, and

he surface micro-structures were regularly distributed around

ach micro-structured surface (e.g., MS Brass , MS SUS316L , MS ZrO2 , and

S CuO ), NS CuO and MNS Brass/CuO . The roughness (or, fin) height L ,

nd roughness diameter D of surface and the contact angle (C.A.)

ere measured using FE-SEM with the surface profiler (KLA Tencor,

lphastep-IQ) and contact angle measurement system (Femtofab,

mart-Drop), respectively. Its average values were summarized in

able 4 . In particular, the C.A. strongly related to surface morphol-

gy was nearly identical for MS Brass and MS SUS316L (C.A. ∼55 °). In

ddition, the contact angle for MS CuO , MNS Brass/CuO , NS CuO , MS ZrO2 
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Fig. 3. Surface morphology for the reference surface (RS) and micro-structured surface (MS) for each material: (a1,a2) RS Brass , (b1,b2) MS Brass , (c1,c2) RS SUS316L , (d1,d2) 

MS SUS316L , (e1,e2) RS Zr , (f1,f2) MS ZrO2, (g1,g2) MNS Brass/CuO , (h) MS CuO and (i) NS CuO . 

Table 4 

Surface parameters for different quench spheres. 

I.D. Contact angle, 

C.A, [ °] 
Height of Structures L , 

[μm] 

Base diameter of 

Structures D , [μm] 

Structure material Structures 

shape 

Structure scale Porous characteristics 

of micro-structure 

RS SUS316L 50 ± 6 ∼0.1 ∼0.1 – – – X 

RS Brass 55 ± 3 ∼0.1 ∼0.1 – – – X 

MS SUS316L 56 ± 4 7 ± 1 2 ± 1 SUS316L Conical Micro X 

MS Brass 53 ± 1 11 ± 1 25 ± 3 Brass Conical Micro X 

MNS Brass/CuO ∼0 10 ± 2 25 ± 3 Brass & CuO Conical Micro/nano X 

MS CuO ∼0 100 ± 5 20 ± 5 CuO Conical Micro O 

NS CuO < 10 ∼0.1 ∼0.1 CuO Conical Nano X 

RS Zr 64 ± 4 ∼0.1 ∼0.1 – – – X 

MS ZrO2 ∼0 8 ± 3 ∼5 ZrO 2 Conical Micro O 
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( CuO  
exhibited a super-hydrophilicity (C.A. ∼0 °). Therefore, we are able

to evaluate the influence of sub-parameters in surface microstruc-

tures ( < k > , L , and D ) at T MFB , except for the contact angle, sepa-

rately. 

4. Results 

All T MFB results at the quenching experiment were obtained by

the three repeatability and three reproducibility tests, and aver-

age deviations of T MFB in each case were less than ± 7 °C. The in-

crease in T MFB against each reference surfaces depends on the sur-

face characteristics ( Table. 5 ) ( Fig. 4 a and 4 b). First, although L was

approximately 10 μm in the case of MS Brass and MS SUS316L , the in-

crease in T MFB compared to each reference surfaces is related to

the thermal conductivity of surface micro-structures; in general,

the order of k is 10 2 for the brass and 10 1 W/(m-K) for SUS316L,
espectively ( Fig. 4 a). In addition, the L and D of the surface micro-

tructures were quite different between MS Brass and MS SUS316L 

 Fig. 3 and Table 4 ). This indicates that the surface micro-structure

oes not always play a role in triggering the liquid–solid contact,

ven though L is at the micrometer scale. This result is distinct

o several classical researches about the T MFB considering surface

oughness; they have believed that the surface roughness always

auses a liquid–solid contact in film boiling regardless of its spe-

ific condition (e.g., L, D, and < k > ). 

Second, the increase in T MFB also depends on the micro-

tructure characteristics under same surface super-hydrophilicity

C.A. ∼0 °). The effect of surface super-hydrophilicity in T MFB regard-

ess of surface micro-structures can be independently checked by

he results between RS Brass and NS CuO . The T MFB in MNS Brass/CuO 

30 0 °C) and NS (30 0 °C) also suggest that the surface micro-
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Table 5 

Minimum film-boiling quench temperature for different quench spheres. 

I.D. Structure scale Substrate material (sphere diameter) T MFB , [ °C] 

RS SUS316L – SUS316L ( d sphere = 10 mm) 239 ± 3 

RS Brass – Brass ( d sphere = 10 and 15 mm) 252 ± 5 

MS SUS316L Micro SUS316L ( d sphere = 10 mm) 257 ± 7 

MS Brass Micro Brass ( d sphere = 10 and 15 mm) 247 ± 5 

MNS Brass/CuO Micro/Nano Brass ( d sphere = 15 mm) 300 ± 5 

MS CuO Micro Brass ( d sphere = 15 mm) Beyond 600 

NS CuO Nano Brass ( d sphere = 15 mm) 300 ± 5 

RS Zr – Zr ( d sphere = 15 mm) 302 ± 6 

MS ZrO2 Micro Zr ( d sphere = 15 mm) 375 ± 6 

Fig. 4. Quench curve for the reference surface (RS) and micro-structured surface (MS): (a) d sphere = 10 mm and (b) d sphere = 15 mm. 
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tructures ( L ∼ 10 μm) with brass material ( k ∼10 2 W/(m-K)) does

ot play a role in the T MFB increase ( Fig. 4 b). 

Last, previous results of T MFB we reported show that increases

n T MFB on MS CuO and MS ZrO2 are represented by the characteris-

ics of surface micro-structures under surface super-hydrophilicity

 Fig. 4 b) ( Kang et al., 2017 ). Low 〈 k 〉 of surface micro-structures

auses significant increase in T MFB , and increased ratio in T MFB 

ompared to each reference (RS brass and RS Zr ) depends on the L,

 and 〈 k 〉 , where 〈 k 〉 = ϕ k v + ( 1 − ϕ ) k s with local porosity ϕ = 0.5,

apor thermal conductivity k v ( ∼0.025 W/(m-K)) and solid ther-

al conductivity k s ( ∼1 W/(m-K) for CuO or ZrO 2 ), respectively

 Samsonov, 2013 ). 

Through this, we evaluated experimentally that change of char-

cteristics in surface micro-structures determines the degree of

 MFB increase during quenching ( Table. 5 ). This phenomenon is

losely related to liquid–solid contact in film boiling, and seems

o be explained by local cool-down of the micros-structure’s tip,

llowing the liquid to exist on the solid surface. 

. Discussions 

.1. Evaluation of T MFB 

Prior to evaluating the T MFB increase, we checked the effect of

phere diameter on T MFB . We use quench spheres with two diam-

ters ( d sphere = 10 mm and 15 mm) and this belongs to the range

f a small sphere ( Hendricks and Baumeister, 1969 ). This criteria

s based on the critical wavelength λcr = 2 πλ related to release of

apor bubble, where λ is the capillary length, ( σ lv / ρg ) 1/2 ( De genes

t al., 2013 ). When d sphere is smaller than λcr , vapor bubble with

 single dome forms in the film boiling from submerged quench
phere, and a multi-vapor dome is generated when d sphere is larger

han λcr . With λcr ∼17 mm for saturation temperature of water at

 atm, the vapor releasing dynamics on quench spheres we dealt

ith ( d sphere < λcr ) is a vapor bubble with single dome. 

By considering that the hydrodynamics of the liquid-vapor in-

erface can influence T MFB , we can check the liquid–vapor interfa-

ial dynamics in film boiling during quenching through high speed

isualization ( Fig. 5 ). These results indicate that all of the quench-

ng sphere exhibited single vapor bubbles. Therefore, the size effect

f small quenching spheres is negligible in the T MFB determination,

hich is within the range of 10 to 15 mm. This is also able to be

roved by classical prediction in T MFB suggested by Gunnerson and

ronenberg (1980) ; T MFB for water weakly depends on d sphere (the

tainless steel sphere of diameters 6 and 9 mm, which are smaller

han the λcr ). 

The surface micro-structures lead to a T MFB increase in a water

uenching experiment, and, this cannot be predicted by classical

odel in T MFB . In particular, the predictive model considering the

hermal effusivity ( ρC p k ) 
1/2 of the surface did not predict T MFB ac-

urately for each reference surface ( Table. 6 ), and this discrepancy

as recently reported by Lee and Kim (2017) , where ρ , C p , and

 are the density, specific heat of volume, and thermal conductiv-

ty, respectively. For example, all reference surfaces were treated

y the annealing process before the quenching to match the same

ondition with the each micro-structured surface, and this prob-

bly impacts the T MFB result in this experiment. In addition, we

xpected that T MFB in each reference surfaces shows a reasonable

esult to evaluate the role of surface micro-structures, by compar-

ng with a number of previous quench studies using a small sphere
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0ms 10ms 20ms 30ms 40ms 50ms

RSBrass
(dsphere = 10 mm)

MSBrass
(dsphere = 10 mm)

RSSUS316L
(dsphere = 10 mm)

MSSUS316L
(dsphere = 10 mm)

MNSBrass/CuO
(dsphere = 15 mm)

MSCuO
(dsphere = 15 mm)

NSCuO
(dsphere = 15 mm)

RSZr
(dsphere = 15 mm)

RSZrO2
(dsphere = 15 mm)

Fig. 5. High speed visualization images in film boiling on small spheres: T ∼500 °C. 

Table 6 

Comparison evaluation of minimum film-boiling quench temperature T MFB under saturation temperature water, 1 atm and reference surface condition. 

Reference Description Specific condition T MFB , [ °C] 

Berenson (1961) Prediction model Consideration of hydrodynamics, infinite flat plate 186 

Spiegler et al. (1963) Prediction model Consideration of thermodynamic limit 272 

Henry (1974) Prediction model Consideration for thermal properties of heat transfer surface: Brass 290 

Henry (1974) Prediction model Consideration for thermal properties of heat transfer surface: SUS316L 325 

Henry (1974) Prediction model Consideration for thermal properties of heat transfer surface: Zr-702 439 

Baumeister and Simon (1973) Prediction model Consideration for thermal properties of heat transfer surface: Brass 272 

Baumeister and Simon (1973) Prediction model Consideration for thermal properties of heat transfer surface: SUS316L 272 

Baumeister and Simon (1973) Prediction model Consideration for thermal properties of heat transfer surface: Zr-702 272 

Kim et al. (2009) Experiment Quench, water, d sphere = 9.5 mm, Stainless steel substrate, reference surface condition 250 

Kim et al. (2009) Experiment Quench, water, d sphere = 10 mm, Zircaloy substrate, reference surface condition 275 

Xue et al. (2007) Experiment Quench, water, d sphere = 50 mm, Nickel-plated copper substrate, reference surface condition 225 

Zhang et al. (2013) Experiment Quench, water, d sphere = 50 mm, Nickel-plated copper substrate, reference surface condition 225 

Vakarelski et al. (2012) Experiment Quench, water, d sphere = 20 mm, Steel substrate, reference surface condition 250 

Fan et al. (2014) Experiment Quench, water, d sphere = 10 mm, Stainless steel 304 substrate, reference surface condition 234 

Fan et al. (2016) Experiment Quench, water, d sphere = 10 mm, Stainless steel 304 substrate, reference surface condition 274 

Present Experiment Quench, water, d sphere = 10 mm, Stainless steel 316 substrate, reference surface condition 239 

Present Experiment Quench, water, d sphere = 10 mm, Nickel-plated brass substrate, reference surface condition 252 

Present Experiment Quench, water, d sphere = 15 mm, Nickel-plated brass substrate, reference surface condition 252 

Present Experiment Quench, water, d sphere = 15 mm, Zr-702 substrate, reference surface condition 302 

Note: Atomic number n 0 at T MFB calculation ( Baumeister and Simon 1973 ) is assumed to be 29 for the Brass, 26 for the SUS316L, and 40 for the Zr-702, respectively. 
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with reference surface condition ( Kim et al., 2009; Xue et al., 2007;

Zhang et al., 2013; Vakarelski et al., 2012; Fan et al., 2014,2016 ). 

Depending on the characteristics of surface micro-structures,

the ratio of T MFB increase compared to the reference surface is sig-

nificantly different when the surface wettability is nearly identical.

We reported the extreme increase in T MFB on MS CuO and explained
his mechanism by the fin theory to describe the local tip-cooling

n the micro-structure, causing the liquid–solid contact ( Kang et al.,

017 ). It is well known that T w 

to maintain the liquid–solid con-

act in film boiling should be lower than the homogeneous nu-

leation temperature, T hn , of water ( ∼330 °C), because the liquid

hase above T hn approaches the superheat limit of the liquid. It
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Table 7 

Thermal properties of test materials. 

Material Density, ρ [kg/m 

3 ] Specific heat of volume, C p [J/(kg-K)] Thermal conductivity, k [W/(m-K)] Thermal diffusivity, α [m 

2 /s] 

Brass 8500 380 121 0.0 0 0 037 

SUS316L 7990 500 21.4 0.0 0 0 0 05 

CuO 6400 531 1.0 0.0 0 0 0 0 029 

Zirconium 6520 270 22.6 0.0 0 0 013 

ZrO 2 5700 502 1.7 0.0 0 0 0 01 

Note: The thermal properties are the value under T = 25 °C and 1 atm ( Cengel, 2003;Samsonov, 2013;Bergman et al., 2011 ). 

Fig. 6. Fin analysis of conical-spine fin geometry. 
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m  
mplies that the liquid can make contact with the quench sur-

ace if there is some local cold-spot that is close to T hn . There-

ore, close evaluation about the temperature profile of the surface

icro-structures is necessary using the fin theory to determine the

ossibility of liquid–solid contact ( Fig. 6 ). 

.2. Fin theory 

A fin, or extended heat transfer surface, is an appropriate way

o analyze the liquid–solid contact, because it is easy to evaluate

ontrol variables, such as the shape of the micro-structure, < k > ,

 , and D , considering the heat transfer; a number of studies have

overed a variety aspects of a fin such as complicated geometries

 Gardner, 1945 ) or ambient conditions ( Han and Lefkowitz, 1960 ). 

Fins have been widely used to improve the heat transfer by in-

reasing the surface area. Whereas a high-efficiency fin is neces-

ary to achieve its general purpose with a small temperature gra-

ient, dT / dx , a low-efficiency fin will contribute to a large dT / dx ,

hich causes liquid–solid contact. We evaluated the temperature

rofile of several surface micro-structures, which is modeled as

icro-scale conical-spine fin under the film boiling condition, h

10 2 W/(m 

2 -K). 

The Fourier number F o = αt/ ( L 2 c ) , of the surface micro-

tructures is relatively high (beyond unity) and it facilitates our

n analysis as quasi-steady-state problem, where α, and t is the

hermal diffusivity ( k / ρC p ), and time, respectively. Thermal prop-

rties of each micro-structure were summarized in Table 7 . The

ime is assumed to be contact duration, t c = 10 ms ( Lee et al., 1982,

985; Kikuchi et al., 1992 ) and the characteristic length is the

eight of surface micro-structures L . For example, with t c = 10 ms

nd L = 10 μm, Fo is about 3 × 10 3 for Brass ( α = 3.7 × 10 −5 ), 5 × 10 2 

or SUS316L ( α = 5.0 × 10 −6 ), 6 × 10 1 for ZrO 2 ( α = 1.0 × 10 −6 ), and

 × 10 1 for CuO ( α = 3.0 × 10 −7 ) respectively. Our fin analysis is

ased on Murray-Gardner assumption ( Kraus et al., 2002 ) and detail

erivation of the temperature gradient of surface micro-structures

s available in Appendix: fin theory . 

The dimensionless temperature difference of fin, θ ∗ =
( T (x ) − T amb ) / ( T ( x = L ) − T amb ) and the fin efficiency η for conical-

pine fin are 

∗ = 

(
T ( x ) − T amb 

)
/ 
(
T ( x = L ) − T amb 

)

= 

(
L 

x 

)0 . 5 

I 1 

[
4 ( B i h ) 

0 . 5 
(

x 

L 

)0 . 5 
]
/ I 1 

[
4 ( B i h ) 

0 . 5 
]

(11) 

nd , η = 

[
1 

( B i h ) 
0 . 5 

]
I 2 
[
4 ( B i h ) 

0 . 5 
]
I 1 
[
4 ( B i h ) 

0 . 5 
]
, (12) 

here Bi h , T(x), T amb , T ( x = L ) , I 1 , and I 2 are the hybrid Biot number,

L 2 /( < k > D ), temperature, ambient temperature, fin base ( x = L )

emperature, the modified Bessel function of the first kind of order

ne , and modified Bessel function of the first kind of order two , re-

pectively (Eqs. ( A11 ), ( A12 ), and ( A17 ) of Appendix ). The Bi h is the

hermal resistance ratio of fin conduction and surface convection

 Lienhard, 2013 ), in analogy to the modified Biot number , B i m 

= hL/k

 Bradfield, 1966 ) first suggesting the physical parameters affecting

he liquid–solid contact in stable film boiling. 

The θ ∗ and η are divided by certain range in Bi h ( Fig 7 a), where

 is the axial length (Eqs. ( A11 ) and ( A17 ) of Appendix ). In the first

egion (Bi h 〈 10 −3 ), there was no temperature difference between

he fin tip ( x = 0) and fin base ( x = L ). The fin efficiency is unity in

his region. In the second region (Bi h : 10 −3 ∼10 2 ), the tempera-

ure difference begins to increase as the Bi h increases. In the fi-

al region (Bi h 〉 10 2 ), the fin tip temperature T ( x = 0) equals T amb 

s it would be in the case of an infinitely long fin. This indicates

hat even though the fin efficiency becomes relatively small (be-

ow 0.1), the fin tip temperature influencing the liquid–solid con-

act becomes the lowest. 

We calculated temperature profile of the conical-spine micro-

cale fin to evaluate the possibility of the liquid–solid contact

uring film boiling ( Fig. 7 b). We selected three cases of 〈 k 〉 to

valuate a wide range of Bi h : 〈 k 〉 ∼1 W/(m ·K) for ZrO 2 , 〈 k 〉 ∼10

or SUS316L and < k > ∼100 W/(m ·K) for brass ( Samsonov, 2013;

ergman et al., 2011 ). The fin base temperature T (x = L) was 600 °C,

nd T amb was assumed to be the same as the film temperature

 f ilm 

= ( T ( x = L ) + T sat ) / 2 . The heat transfer coefficient h is assumed

o be 250 W/(m 

2 -K) with vapor film thickness δv = 100 μm and

 v = 0.025 W/(m-K), which is general order of film boiling heat

ransfer and its approximation, h δv / k v = 1 ( Dhir and Purohit, 1978 ).

he L 2 /D is simplified as 100 with L = 10 μm and D = 1 μm. 

In the case of 〈 k 〉 ∼100 W/(m ·K) (or, Bi h ∼5 × 10 −4 ), there was

o decrease in fin tip temperature during film boiling. This indi-

ates that the micro-structures of the MS Brass cannot cause local

emperature drop, causing liquid–solid contact, and does not con-

ribute to increases in T MFB during quenching (Bi h ∼3 × 10 −4 for

S Brass ). As 〈 k 〉 decreases, the fin tip temperature decreases when

i h is beyond 1 × 10 −3 (Bi h ∼3 × 10 −3 for MS SUS316L ). That is, micro-

tructures with low k can promote liquid–solid contact during film

oiling due to local cooling of the microstructures, resulting in

n increase in T MFB . This is identical to our recent report about

he fast quench on MS CuO , causing increase in T MFB beyond 600 °C
 Kang et al., 2017 ). 

.3. T MFB on micro-structured surfaces 

Based on the fin analysis, we suggest a model for T MFB on a

icro-structured surface of a small sphere. Using the thermal re-
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Fig. 7. (a) Fin-efficiency η and dimensionless temperature difference of fin θ ∗ ver- 

sus hybrid Biot number Bi h , and (b) temperature profile of micro-structures depend- 

ing on Bi h . 
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1 This micro-structured surface proposed by Kim et al. (2009) was prepared by 

the nano-particles deposition during boiling into nano-fluid. The nano-particles are 

aggregated and form the porous-micro-structures of which maximum height of sur- 

face roughness is about micrometer scale. 
sistance analysis of the fin R f in = ( T ( x = L ) − T amb ) / Q cond, ( x = L ) , T MFB on

micro-structured surface can be described; 

Q cond ( x = L ) = 

(
T ( x = L ) − T amb 

)(πk 0 . 5 h 

0 . 5 D 

1 . 5 

2 

)
I 2 

×
[
4 ( B i h ) 

0 . 5 
]
/ I 1 

[
4 ( B i h ) 

0 . 5 
]
, (13)

R f in = 1 / ( ηA s h ) , (14)

�T fin = Q cond ( x = L ) R fin ( 1 − θ ∗∗) = 

(
T ( x = L ) − T amb 

)
( 1 − θ ∗∗) 

= T ( x = L ) − T ( x =0 ) 

= 

(
T ( ( x = L ) ) − T amb 

){
1 − 2 ( Bi h ) 

0 . 5 
/I 1 

[
4 ( Bi h ) 

0 . 5 
]}

, and (15)

T M F B,M S = T MF B,RS + c�T f in , (16)

where Q cond,( x = L ) , A s , R fin , �T fin , θ
∗∗, T MFB,MS , T MFB,RS , and c are

the conduction heat from the fin base, surface area of fin, thermal

resistance of fin, apparent temperature difference between fin tip

and fin base, T ( x = L ) - T ( x = 0 ) , the dimensionless temperature between

fin tip and fin base, ( T ( x = 0) - T amb )/( T ( x = L ) - T amb ), minimum film-

boiling quench temperature on micro-structured surface, minimum

film-boiling quench temperature on reference surface, and weight-

ing factor, respectively (from Eqs. ( A14 ) to ( A19 ) at Appendix ). 
The T MFB 
∗ indicates the ratio between T MFB,MS and T MFB,RS and

s calculated on the basis of the absolute temperature, which is a

unction of Bi h , and is divided by three regions ( Fig. 8 ). In the re-

ion of low Bi h (below 10 −3 ), the micro-structure does not cause

he liquid–solid contact during film boiling. An increase in T MFB is

etermined by �T fin in the intermediate region (Bi h : 10 −3 ∼10 2 ),

nd is limited in the last region (beyond 10 2 ). This limitation is

aused by the approximation of T amb to T film 

. We expect that al-

hough it is hard to fabricate micro-structures with a high Bi h 
for instance, Bi h = 10, which corresponds to L = 1 mm, D = 10 μm,

 k 〉 = 1 W/(m ·K), h = 250 W/(m 

2 ·K), and c = 3), T MFB can be max-

mized to approximately 1,0 0 0 °C under water quenching (1 atm

nd T sat ). 

We also calculated the ratio between vapor film thickness

nd height of the surface micro-structures δv / L versus Bi h , which

s strongly related to the liquid–solid contact ( Bradfield, 1966 )

 Fig. 8 ). We assumed that h, 〈 k 〉 and D is constant as 250 W/(m 

2 -K),

.5 W/(m 

2 -K), and 1 μm, respectively. The heat transfer coefficient

s assumed by the relation h δv / < k > = 1 with k v = 0.025 W(m-

), corresponding to δv with 100 μ suggested by Dhir and Puro-

it (1978) . The Bi h beyond 5 results in large δv / L (beyond 1). When

i h is below 5, the mechanism of the liquid–solid contact becomes

hrough the local temperature drop, as opposed to destabilizing the

iquid-vapor interface by hydrodynamic instability . 

Our predicted values for T MFB using the proposed model are

n good agreement with previously reported ( Kim et al., 2009 )

 Table. 8 ) ( Fig. 8 ). For each micro-structured surface, the values for

 MFB,MS , T MFB,RS , L, D , and h are provided for calculation of the �T fin 

n Eq. (16) ( Eq. (A19) of Appendix ). The T MFB,RS in Eq. (16) indi-

ates the reference surface condition obtained experimentally. Al-

hough surface micro-structures can exist on quenched surfaces,

icro-structure with low Bi h (i.e., < k > ∼500 W/(m ·K) in the case

f diamond) does not cause an increase in T MFB . This contrasts

ith the T MFB result of silica ( < k > ∼0.5 W/(m ·K)) and alumina

 < k > ∼5 W/(m ·K)) micro-structured surfaces under saturated wa-

er quenching. 1 The prediction model is in well agreement with

ur experimental results: MS Brass , MS SUS316L and MS ZrO2 as well as

igh Bi h case (MS CuO ) ( Kang et al., 2017 ). 

.4. Approximation 

The weighting factor c in Eq. (16) can be related to the fol-

owing parameters: variable cross-section of fin, non-uniform heat

ransfer coefficient around fin h ( x ), and the instantaneous super-

eat of liquid when liquid contacts to the heat transfer surface.

rior to a systematic study to identify the factor c , and we ana-

yze an independent effect in the variable cross-section of fin, and

he non-uniform heat transfer coefficient around fin h ( x ), when the

urface micro-structure is analyzed by fin theory. 

.4.1. Variable cross-section of fin 

In the T MFB correlation proposed in Section 5.3 , we set a micro-

tructure as conical-spine fin geometry. Owing to surface polish-

ng and surface corrosion, a non-uniform cross-section conical-

pine Fig. 9 a) is a more realistic approach than the uniform cross-

ection fin (e.g., cylindrical-spine geometry) ( Eqs. (17 ), ( (18) ). The

imensionless temperature difference θ ∗ and efficiency η of the

ylindrical-spine fin are (noting the relatively large conduction

esistance R cond = L/ ( 〈 k 〉 A ) compared to the case of the conical-

pine) 

∗ = cosh 

[
( 2 B i h ) 

0 . 5 
( x/L ) 

]
/cosh 

[
( 2 B i h ) 

0 . 5 
]
, and (17)
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Fig. 8. T MFB increase (or, T MFB 
∗) and δv / L versus Bi h . 

Table 8 

Hybrid Biot number of surface micro-structures under saturation film boiling condition. 

I.D. Fin height, L 

[μm] 

Fin base diameter, 

D [μm] 

Effective thermal conductivity 

of micro-structures, 〈 k 〉 
[W/(m-K)] ∗

Heat transfer 

coefficient, h 

[W/(m2-K)] 

Hybrid Biot number, 

Bi h = hL 2 /( < k > D ) 

T MFB 
∗ = T MFB,MS /T MFB,RS 

RS SUS316L – – – – – –

RS Brass – – – – – –

MS SUS316L 7 2 10 333 0.003 1.03 

MS Brass 10 25 100 333 0.0 0 03 1.00 

MNS Brass/CuO 10 25 100 333 0.0 0 03 1.08 

MS CuO 100 20 0.5 800 0.8 1.65 

NS CuO – – – – – 1.08 

RS Zr – – – – – –

MS ZrO2 10 5 0.5 585 0.023 1.12 

Kim et al. (2009) : SiO 2 12 5 0.5 727 0.041 1.24 

Kim et al. (2009) : Al 2 O 3 21 5 5 900 0.016 1.29 

Kim et al. (2009) : Diamond 15 5 500 285 0.0 0 0 025 1.00 

Note: In case of the MS CuO , MS ZrO2 and the experimental results from Kim et al. (2009) , the vapor thermal conductivity k v , and porosity ϕ is assumed to be 0.025 kW/m-K, 

and 0.5, respectively, when we calculate the effective thermal conductivity, 〈 k 〉 = ϕk v + (1- ϕ) k s . Also, thermal conductivity of solid k s is assumed to be 1, 10, and 10 0 0 for 

the SiO 2 , Al2O 3 , and diamond, respectively. 

η

5

 

m  

h  

T  

r  

�  

a  

n  

b  

(  

t  

w  
= tanh 

[
( 2 B i h ) 

0 . 5 
]
/ 
[
( 2 B i h ) 

0 . 5 
]
. (18) 

.4.2. Non-uniform heat transfer coefficient around fin 

An inherent characteristic of saturated film boiling is the wave

otion of the liquid–vapor interface and this affects the local

eat transfer rate, by changing the local vapor film thickness.

he film boiling heat transfer is dominated by conduction and
adiation, by neglecting radiation: q ” = 

k v �T sat 
δv (x ) 

= h (x )�T sat where

T sat is the wall superheat, T w 

- T sat . From several literatures ( Han

nd Lefkowitz, 1960; Chen and Zyskowski, 1963; Gardner, 1951 ),

on-uniform heat transfer coefficient around fin can be described

y h (x ) = ( γ + 1 ) h ( ( x L ) 
γ , where γ is the distribution constant

 Fig. 9 b), with γ = zero for the uniform, 1 for the linear distribu-

ion and 3 for the exponential distribution. The fin efficiency η,

hich indicates the �T fin , decreases as the distribution constant
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Fig. 9. Fin analysis of micro-structures: (a) fin-efficiency and dimensionless tem- 

perature difference of fin for different fin geometry, (b) effect of non-uniform heat 

transfer coefficient around the fin versus fin efficiency and hybrid Biot number , (c) 

temperature profile of micro-structures based on non-uniform heat transfer coeffi- 

cient around fin. 
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ncreases. All cases show that the fin efficiency starts to decrease

hen Bi h is beyond 10 −3 . 

We calculated the temperature gradient of micro-structures

ith different distributions of heat transfer coefficient ( Fig. 9 c).

in geometry is selected using rectangular shape for simplification,

nd T (x = 0) decreases as the γ increases. The effect of heat trans-

er distribution around fin will impact the fin tip cooling of micro-

tructures when the liquid-vapor interface of film boiling is wavy,

nd will be similar to variable cross-section area fin (an increase

n the convection resistance, R con v = 1 / ( hA ) ). 

Even though we cannot completely quantify c , intuitively the

n tip temperature T (x = 0) decreases as the Bi h increases, causing

he liquid–solid contact in film boiling. The trend of minimum

lm-boiling quench temperature increase T ∗MF B = T M F B,M S / T MF B,RS 

emains valid regardless of c (strongly depends on Bi h ) ( Fig. 8 ). The

roposed model of T MFB is based on a uniform heat transfer coef-

cient, i.e., more conservative. 

. Conclusion 

The effect of surface micro-structures in T MFB was investigated

y a quench test (saturated water at 1 atm) with small-diameter

pheres. The T MFB increase by surface micro-structures is repre-

ented by hybrid Biot number B i h = h L 2 / ( 〈 k 〉 D ) , and this governs

he local fin tip cooling, causing a liquid–solid contact. 

Low 〈 k 〉 and high L 2 /D of the surface micro-structure lead to

 significant increase in T MFB during quenching. Surface micro-

tructures of a small Bi h below 10 −3 cannot play a major role in

riggering the liquid–solid contact, and thus, the increase in T MFB 

s negligible. In particular, surface micro-structures of which Bi h is

eyond 10 2 is proposed for a maximum increase in the T MFB under

aturation temperature and atmospheric pressure of water condi-

ion. 

Based on these results, we can design the heat transfer sur-

ace that delays the post-critical heat flux(CHF) regime under high-

emperature conditions, by adding surface micro-structures with

igh Bi h condition (beyond 10 2 ). Even though it will be further

ecessary to consider factors affecting T MFB during quenching, such

s the effect in a variable cross-section fin and non-uniform heat

ransfer coefficient around fin, we expect that this approach for

redicting T MFB by surface micro-structures contributes to a guide-

ine in the development of advanced high-temperature cooling sys-

ems. 
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ppendix. fin theory 

All demonstrations in fin analysis are referred to textbook

dited by Kraus (2002) . Similar approach was already developed

y our previous quench study: Kang et al., (2017) . 

The fin analysis is based on the energy balance equation

q. (A1) with Murray-Gardner assumption ; 

(a) The heat flow in the fin and its temperature remain constant

over time. 

(b) The fin material is homogeneous; its thermal conductivity is

the same in all directions, and it remains constant. 

(c) The convective heat transfer coefficient on the face of the fin

is constant and uniform over the entire surface of the fin. 

(d) The temperature of the medium surrounding the fin is uni-

form. 
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(e) The fin thickness is small compared with its height and

length; thus, the temperature gradient across the fin thick-

ness and heat transfer from the edges of the fin may be ne-

glected. 

(f) The temperature at the base of the fin is uniform. 

(g) There is no contact resistance where the base of the fin joins

the prime surface. 

(h) There are no heat sources within the fin itself. 

(i) The heat transferred through the tip of the fin is negligible

compared with the heat leaving its lateral surface. 

(j) Heat transfer to or from the fin is proportional to the

temperature excess between the fin and the surrounding

medium. 

Q cond,x = Q cond ,x + d x + d Q con v , (A1) 

Q cond,x = −k A cs ( d T /d x ) , (A2) 

Q cond ,x + d x = Q cond,x + 

(
d Q cond,x /dx 

)
dx = −k A cs ( dT /dx ) 

−kd /d x ( A cs d T /d x ) d x, and (A3) 

d Q con v = h ( d A s ) ( T − T amb ) , (A4) 

here Q cond , Q conv , k, A cs , T, x, h, A s and T amb are the conduc-

ion heat into fin, convection heat around fin, thermal conductivity,

ross-section area of the fin, temperature, axial length, heat trans-

er coefficient around fin, surface area of the fin, and ambient tem-

erature, respectively. By substituting each terms Eqs. (A2 )–( A4 )

nto Eq. (A1) , the general form of the heat equation is obtained: 

 

2 T /d x 2 + ( 1 / A cs ) ( d A cs /dx ) ( dT /dx ) 

− ( 1 / A cs ) ( h/k ) ( d A s /dx ) ( T − T amb ) = 0 . (A5) 

Contrast to constant A cs , we consider A cs as the function of x

e.g., conical-spine fin). The fin geometry is represented by the as-

umption of the surface profile f 2 ( x ); 

f 2 ( x ) = 

(
D 

2 

)(
x 

L 

) 1 −2 n 
2 −n 

, (A6) 

f 1 ( x ) = π [ f 2 ( x ) ] 
2 = A cs , and (A7) 

f 3 ( x ) = 2 π f 2 ( x ) = p, (A8) 

here n, D, L, and p is the geometric constant of the fin, fin

ase diameter, fin height, perimeter of the fin, respectively. For

he conical-spine ( n = −1), substitution of Eq. (A5) by Eqs. (A6 )–

 A8 ) results in the second order, homogeneous, ordinary differen-

ial equation, 

 

f 2 ( x ) ] 
2 
(
d 2 θ/d x 2 

)
+ d /d x [ f 2 ( x ) ] 

2 
d θ/d x −

(
2 h 

k 

)
f 2 ( x ) θ = 0 , or 

(A9) 

 

2 d 2 θ/d x 2 + 2 xdθ/dx − M 

2 xθ = 0 , (A10)

here θ , M , and m are the temperature difference T (x) - T amb ,

 (2 L) 1/2 , and, [2 h/( kD )] 1/2 , respectively. Solution of Eqs. (A9 ) or

 A10 ) is expressed by the general form of the modified Bessel func-

ion of the first kind of order one I 1 , and, we can evaluate the tem-

erature distribution along the fin, so called dimensionless temper-

ture of fin, θ ∗, as 

∗ = θ/ θ( x = L ) = 

(
T ( x ) − T amb 

)
/ 
(
T ( x = L ) − T amb 

)

= 

(
L 

x 

)0 . 5 

I 1 
(
2 M x 0 . 5 

)
/ I 1 

(
2 M L 0 . 5 

)
= 

(
L 

x 

)0 . 5 

I 1 

[
4 ( B i h ) 

0 . 5 
(

x 

L 

)0 . 5 
]
/ I 1 

[
4 ( B i h ) 

0 . 5 
]
, (A11) 

here θ (x = L) and Bi h is the temperature difference between fin

ase and ambient temperature T (x = L) - T amb , and hybrid Biot num-

er, hL 2 /( kD ), respectively. The solution in Eq. (A11) at singular

oint ( x = 0) can be, in particular, obtained by L’Hôpital‘s Theorem

y Eq. (A12) : 

lim 

 

x → 0 ) 
θ( x =0 ) = lim 

( x → 0 ) 

[ 

θ( x = L ) 
(

L 
x 

)0 . 5 
I 1 
(
2 M x 0 . 5 

)
I 1 
(
2 M L 0 . 5 

)
] 

= θ( x = L ) M L 0 . 5 / I 1 
(
2 M L 0 . 5 

)
. (A12) 

Using Eq. (A12) , we can theoretically express the dimensionless

emperature difference between fin tip and fin base, θ ∗∗; 

∗∗ = θ( x =0 ) / θ( x = L ) = 

(
T ( x =0 ) − T amb 

)
/ 
(
T ( x = L ) − T amb 

)
= M L 0 . 5 / I 1 

(
2 M L 0 . 5 

)
= 2 ( B i h ) 

0 . 5 
/ I 1 

[
4 ( B i h ) 

0 . 5 
]
. 

(A13) 

We need an apparent temperature difference between fin tip

nd fin base, �T f in = T ( x = L ) − T ( x=0 ) to apply the prediction model

n T MFB on micro-structured surface such as relation: T M F B,M S ∼
 MF B,RS + c�T f in like Eq. (16 ) in manuscript, where T MFB,MS , T MFB,RS ,

nd c are the minimum film-boiling quench temperature on micro-

tructured surface, minimum-film boiling quench temperature on

eference surface, and weighting factor, respectively. 

We analyze the thermal resistance of the fin R f in =
( x = L ) / Q cond, ( x = L ) . The heat transferred from the fin base, Q cond,(x = L) 

s calculated by the Fourier’s law like Eq. (A2) , by considering it as

 function M through the transformation of variable u = 2 M ( x ) 1/2 : 

 cond, ( x = L ) = k A cs d θ/d x ( x = L ) , and (A14)

 cond, ( x = L ) = A cs 

(
2 M 

2 /u 

)
d θ/d u 

= (πk D 

2 M θ( x = L ) I 2 
(
2 M L 0 . 5 

)
/ 
[
4 L 0 . 5 I 1 

(
2 M L 0 . 5 

)]
= 

(
T ( x = L ) − T amb 

)(
πk 0 . 5 h 

0 . 5 D 

1 . 5 / 2 

)
I 2 
[
4 ( B i h ) 

0 . 5 
]
/ I 1 

[
4 ( B i h ) 

0 . 5 
]
, 

(A15) 

here I 2 is the modified Bessel function of the first kind of order two .

he fin efficiency η is defined as the balance between Q cond,(x = L) 

nd Q conv . The Q conv is ideal case of the heat transfer ( η = 1), and,

here is no spatial distribution of the temperature profile at the

n: 

 con v = h A s θ( x = L ) = h 

[ (
π

2 

)
DL 

] 
θ( x = L ) , and (A16)

= Q cond, ( x = L ) / Q con v = 

(
2 

0 . 5 /mL 
)[

I 2 
(
2 M L 0 . 5 

)
/ I 1 

(
2 M L 0 . 5 

)]
= 

[
1 / ( B i h ) 

0 . 5 
]
I 2 
[
4 ( B i h ) 

0 . 5 
]
/ I 1 

[
4 ( B i h ) 

0 . 5 
]
. (A17) 

The fin resistance R fin is represented in terms of the fin effi-

iency η, as follows: 

 f in = 1 / ( ηA s h ) . (A18) 

Using the Eqs. (A14 )–( A18 ), we can summarize the �T fin as a

unction of Bi h like Eq. (A19) : 

T f in = Q cond, ( x = L ) R f in ( 1 − θ ∗∗) = θ( x = L ) ( 1 − θ ∗∗) = T ( x = L ) − T ( x =0 ) 

= 

(
T ( x = L ) −T amb 

){
1 − 2 ( B i h ) 

0 . 5 
/ I 1 

[
4 ( B i h ) 

0 . 5 
]}

. (A19) 
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Our theory suggests that a fin theory elucidates the tempera-

ture distribution of surface micro-structures, and facilitates a de-

velopment of prediction model of T MFB on micro-structured sur-

faces taking into account the characteristics of the micro-structures

( k, L , and D ) as dimensionless number, so called hybrid Biot num-

ber , Bi h . Final forms in minimum film-boiling quench temperature

on micro-structured surface are proposed by T M F B,M S = T MF B,RS +
c�T f in , or ( T MFB, MS / T MFB, RS ) ∼ c �T fin . 
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