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Background

After the Fukushima accident,

Advanced ATF (Accident-Tolerant Fuel) design

Major issues
* Improved Reaction Kinetics with Steam

» Slower Hydrogen Generation Rate Aimed components
* Improved Fuel Properties « Advanced fuel .
* Improved Cladding Properties - |Advanced fuel claddlngﬂ |
~+ Enhanced Retention of Fission Products v" Reduced steam reaction
. N v" Reduced hydrogen generation
\_ v' Improved aging-resistance Y
Aging-resistant surface coating T _
- Being considered
o zo, * Iron-based alloys
R ~*) « [Surface coating on Zr-based aIonsl
A5 o el v Manufacturing process of Zr-
, based alloys
[Kim e v" High melting temperature
" v High neutron economy %
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Background

Material aspect Boiling aspect
Layer characteristic Surface characteristic
Thick and dense Micro/nanostructure

[Kim et al., 2016]
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_— How to produce aging-resistant (FeCrAl, Cr, SiC...) thin-film
_ layered surfaces favorable to BHT?
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Background

* Previous studies (CrN, Pure Cr, SiC...)
v" Uniform and smooth particle distribution
v" No concerns for roughness

— reduced nucleation and wetting performance
- decrease in CHF Roughness control

* Present study (FeCrAl, Pure Cr)
v Uniform but rough particle distribution
v" Superhydrophilic property
— enhanced wetting performance
— increase in CHF

Bare SS316 FCA-layered Cr-l

ayere

N3 M TR - I (T ST

Hydrophilic Hydrophilic Superhydrophilic

ptory




Objective

* Objective
v To investigate roughness effect of Cr-layered superhydrophilic
surfaces on capillary wicking and pool boiling CHF

Polishing ﬁ
are 3

are
ri
Thin film 5 3 )
deposition ;
r-layere r-layere




Surface preparation
Surface polishing

Average particle diameter (um)
800 12.70

As-received

600 15.24 More ITZ|IEI|1

400 22.86

320 3556

Grit. 400 Grit 600 Grit 800 Grit
L A AR 8 o 4 A pn

Bare-SP800

-------
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Surface preparation

DC magnetron sputtering T Ll
Sputtering condition — “
Substrate material SS316 plate o _ . _
Taraet material Pure Chromium with A" :;:u%l;?:rr::nfamdes:. .: ..° G SRifiering
J (Cr, 99.95%) 00.0.: o5 * Plasma
Substrate temperature (°C) 150 am O falling L -
. A down o o* .: . Ar sputter gas
Exposure time (hour) 1 et o O, Tfowingdn
Base pressure (Torr) 1>X10-° ot I * o ¢ Substrate (SS316)
Working pressure (Torr) 1102 Sputered aricies. N, :
DC power (W) 150 ~ 160
Argon flow rate (sccm) 29.7 1 I 1 I ] I

Substrate heating

600 Grit 800 Grit

.............................

R X

' Cr-150C-SP800
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Surface characteristics
Thin film growth

« Cr composition: 96.7 wt.%

« Cr particle size: ~200 nm

Bare surface
100

9.7 (Before Cr sputtering)
] Il Bare SS316
80
60
40 -
20 + 14.8
0 T ' p—
Fe Cr e

Cr-layergd Surface
(After Cr sputtering

Composition (wt.%)

Major elements

),
 Thickness of thin film: > 1 ym ‘
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Surface characteristics
Surface roughness

Grit number of Number of measured

Test specimen sandpaper point (-) Rem (HM)

Cr-SP800 800 3 101+4 1.88+0.09 1.09+0.02

Cr-SP600 600 3 183140 2.4610.43 1.17+0.05

Cr-SP400 400 3 213142 2.86+0.36 1.15+0.02

Cr-SP320 320 3 258145 3.18+0.50 1.2040.002
Bare surface

300 (Before Cr sputtering)

I Bare
V77) Cr-layered

250

200

150
Cr-layered surface

(After Cr sputtering)

R, (um)

100

Crﬁpértic‘le Size 4 <
&/200°nm™

50

\ X
)

Grit number of sandpaper (-)
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Contact angle ( °)
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Surface characteristics %%
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Wicking criterion
(Quéré [2008))

Base line

Drop base diameter (D)

Partial wetting
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Experimental description

Test section
Epoxy insulation
B i / \Vohaae tap DC power supply
» O Epoxy Insulation O ‘
(% Heating surface

Epoxy Insulation O

Contact area with

copper electrode Heating surface
{2 mm in thickness)

i

1 B . E -. A
: |
Epoxy insulation

K-type thermocouple
(0.5 mm in sheath thickness)

Test matrix
Test specimen
Shape and size
Grit number of sandpaper
(controls base roughness)

Heating method
Test condition
Working fluid

Heater orientation

Pool boiling facility

Temperature and voltage signals
Data ———— - ———— bl
Acquisition |
System |————- | |
|
|
! :
A
Dg Power | i Pool ';empemlum
upply | ensor
-
|
|
| | Polycarbonate
| Cover
PC ! |

J

Copper
N High Speed / Electrode
Camera |
™

p—— Immersion

I E_ Heater

Test
Specimen

Cr-layered SS316, bare SS316

Flat-plate, 25X10X2 mm3

320, 400, 600, 800

DC joule heating

Saturated at atmospheric pressure

DI water (~10 MQ-cm)

Upward-facing (horizontal)
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Results and discussion

« CHF comparison between Cr- and FeCrAl-layered

surfaces

Present study

2500
m  Bare surface
® Cr-layered surfaces (150°C, 1hr sputtering)
0
2000 - , % 9% A
| , 53%
§ 1500 b 36%;
= 32%® |
L
I
(&
10004 Zuber's prediction, g_=1072 kW/m”
500 T T Y T ? T Y T 1
0.05 0.10 0.15 0.20 0.25
R, (kM)
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FeCrAl sputtering

Seo et al., 2016

2000 -

1 O 1hr sputtering
1800 - O 6hr sputtering
1600 -

_ §42%
o 14004 20%

32%
£ )
< 1200 ? 14% 15%
L 4
I RN g & & & &k L ¥ & 2 2 & & & & B M o 2]
O 1000
| CHF of bare sample
800
600

T T T T T T T T v |
0 150 300 450 600 750

Substrate Temperature (°C)
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Results and discussion

* Model comparison Conventional static force balance
@ Kandlikar’s model of Wenzel bubble

Modeling parameter
* Receding contact angle (5,) (partial wetting)

172

j[i+%(l+cosﬁ)cos¢_‘ x[ag(p,. —pg)_l

T

l+cosf
16

q. =r"sapi3(
RN

@ Chu et al.’s model (textured)

Modeling parameter
* Receding contact angle (5,) (complete wetting)
* Roughness factor (r=ricroXMmano)

) 1/
q. :Kthgpézx[o’g(ps—pgﬂ 2500
s CHF data
1+ 2(1+ - O Bare-SP800
k(LY 20D 21 cos phcosy| g o
16 Jl #(l+cos ) 4 2000 | g Gr-spaoo % |
© crsP320 | 1L =

3 Quan et al.’s model (textured)
Modeling parameter

* Receding contact angle (5,) (complete wetting)
* Roughness factor (r=ric;oXfmano) 1000
« Solid fraction (¢.)

iy

(52

o

o
1

| ——CHF~f(0-0") (Kandlikar [24])
—— CHF~f(6 =0". 1) (Chu et al. [5])
-- CHF~f(()I:0“: $=0.0,r) (Quan et al. [10])
LB vCHF~f(er=0“, $.=0.1,1) (Quan etal. [10])
-_—— CHF~f(UI_0“‘, $.~0.2, 1) (Quan et al. [10])
Wi CHF~f(e[:0“, $.=0.5, 1) (Quan etal. [10])

CHF (kw/m®)

Zuber's prediction

1/2
L 500 . I . 1 . 1 " 1 . !

1+cosd, )| 2 - r+cosd r« 2 .
K ouan =( 16 j{;(l—\/@ ? Y +Z<1—M)2 (1+cos6, )cosy 05 10 rc;.:e(_) 2.0 25 3.0
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Results and discussion

« Limit of roughness factor estimation on polished surfaces

v' R, and R, monotonic increase
v’ I': non-monotonic increase
v' Surface area ratio I hardly represents

monotonic CHF increase

v' Sometimes lower roughness shows P

higher surface area ratio

(a) Cr-SP800 (b) Cr-SP600

R, (hm)
2500 05-50- 1.4
B CHF data das
=R, L 0.4
2000 —A—R 1
o L H40
——r |
o u 0.3 [
€ 435
3 1500
= 430
= -02 | P ———
() i [P Cr-150C-SP400] 10 Cr-150C-SP320]1
1000 - 1
0.1
420
500 i : . i 5 : 0041510 5o
SP800 SP600 SP400 SP320 Ra (1um) r(-) Lower peak denSIty
Specimen number (-) B " " 20 2 d - s m m P 2 »
Width distance (um) Width distance {um)
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Results and discussion

« Better approach to capillary wicking flow model instead B
of conventional static force balance

Textured surface

Polished surface

Capillary Pressure Klm et al’ 2015
; w2000 -1 i b Capillary pressure Viscous frictional
i il pressure
Or 20—' COS@ 32ﬂu
L L . VS P, = = I—[
. ; illary Fl i 2 f ¢i
I\\\\\\\\\V\”W\\"\w\\\\\\\\\\\\\\\\\\\\\\\ | @ @
e e How to define a capillary flow channel

on polished surfaces?

Force balance between capillary and
frictional pressures

20C086, u
g K ave
Average liquid inflow velocity —

2
L u L u 1l o
Uave =___+\/(__j T Capillary flow channel
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Results and discussion

Micro-scratched
channels

Capillary chann
modeling ‘
- —

Capillary-induced
volumetric flow Q

Frictional

0 ~ 20, cos@ 32puu,,
Dh / 2 ¢3le

L,JAC

pressure loss P;

illary pressure P,

Structural parameters

Peak height =4R,
Peak pitch=R_,

Unit cell parameters

A: = %(4Ra) Rsm
1

pwetted — 2\/(4Ra )2 + Z Rszm

Hydraulic diameter

pwetted ?
4 R, + 1
R, 4
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Results and discussion

* Model validation

Dynamic wetting properties b

Specimen R,(um)  Rg,(HM) Ry/Rgn () A (um?) &, () D, (um) dD/dt (mm/s) AD, (mm)
Cr-SP800 0.101 1.933 0.052 0.39 0.08 0.18 2.23 0.47
Cr-SP600 0.183 2.467 0.074 0.90 0.16 0.31 2.50 0.53
Cr-SP400 0.213 2.868 0.074 1.22 0.16 0.36 2.63 0.49
Cr-SP320 0.258 3.189 0.080 1.64 0.19 0.43 3.34 0.60
Modified capillary flow model S — -
for polished surfaces —e— Volumetric flow, Q_ =u, A,
2000 - /+ "
db ,
Ru—72" _ ls
. 20,,C0s6 dt <2 . 2
_ \ _ AD £ i / | >
Qo T\ Tp 2 T apz 2B ™ . % / %
[T 14 @
5 ‘ 5,
A% 1(4R3)Rsm er ./ 42 -
Dh — p — 2 : 1 ./
wetted - p2 ) | ) ‘ ‘
2\/(4Ra) +4Rsm 500 : : - 0

17

(F-F)X 107 (N)
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Results and discussion

* Further estimation of R, on CHF limit of polished
superhydrophilic surface
v Assumption: linear approximation of R, with R
v’ Critical limit of R,=1.3 ym —
v'Dhillon et al.’s estimation:

dD,/dt, and AD,

sm?

dD,/dt (m/s)

Rap T4

0.000004 . , ; . T . : — 0.010 - 0.0010 3500000 : y : ’ : v 0.000004
B R || —R_=8.1124R +10° (R’=0.97) ] J
| | ® dDJdt ... 4D /dt=6459.2R +0.0015 (R*=0.72) 3000000
. - 0.008 - 0.0008 : i
0.000003 L. &P ||~~~ AD =799.72R +0.0004 (R*=0.88) /'/ 1 —m— Capillary pressure S
] J 2500000 - —0O— Frictional pressure
—@— Effective force without friction loss
___A__--20006 - 00006 —O— Effective force with friction loss |- 0.000002 M
o 2000000 ' =
0.000002 E] Qe
L 7 g
Q -
- 0.004 - 0.0004 L 1500000 I 0.000001 &
=)
° 3
o« 1 ] 1000000 -
L e . o - _
0.000001 —— o e |l R,=1.3 ym
' gl T 1 L 0.000000
500000 / \™\g
nky
1 D'D-[]j.'-'a- .-
0.000000 1 N 1 L 1 L 1 +10.000 - 0.0000 0-o0- EBHU !:D:D:DZD‘D=D=D'D'D'D-D‘D 0.000001
1.00E-007 1.50E-007 2.00E-007 2.50E-007 AD_(m) 0 T T T T T T T T " T T -0.
b 0.0 0.5 1.0 15 2.0 25 3.0
R_(m)
R, (um)
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Summary and Conclusions

® |n this study...
v Surface modification: thin film deposition of 1 um Cr layer
v Surface characteristic: superhydrophilic (liquid droplet spreading)
v" CHF: enhanced up to 79 % within 0.3 ym R,
® Major findings
v" Roughness factors for polished surfaces
. hardly predict the CHF trend
v' Better CHF prediction
. capillary wicking force balance instead of conventional static force balance

! dD
—(4R, )R b
D - A _ 2 4R R .. 26, 0080 S 4
h Punied : 1, Uone ~ - > —AD, |A
weted 2 (4R, + R D, /2 .0,

v' Critical Rg,, on CHF limit ~ 11.5 ym (for polished superhydrophilic surfaces)
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Surface characteristics

Dynamic wetting

standby
: Base line

/ _~ Drop base diameter (D,)

Advancing of
drop base
diameter (dD,/dt)

Drop base diameter (mm)

34 Drop base diameter
W Cr-SP4000-Test #1
@ Cr-SP4000-Test #2
Lo O Cr-SP400-Test #1 Slope:d Db/dt
—&— Cr-SP400-Test #2
304 {2 Cr-SP400-Test #3 é
—E5— Cr-SP400-Test #4 &~ T
O Cr-SP400-Test #5 ,,vg-'j,.-)_,.ég
2.8 B .é«';‘"cp—- &
v e . n
j —&"m W . ®
28 oo o ¢
éD,) ;
24 ( — ] =1.06mm/s
ol J Spanin
b, ) ,
ae ( —2 =2.63mm/s
ol 4 SPAG
204 ; . . r . . v r . )
0 50 100 150 200 250
Time (ms)
4
»
£ X Data scatters
E —Mm— Averaged dD /dt
8 sl _
@
E /
8 E/
©
g —
@
Qo 2r- B
Q.
9] 00
5 o
—
o ce ce
\\ \\
k) i e““a oﬂ‘\a
o 1} “ .
= ve
(o))
[=
©
} =)
@
% 1 1 1 1 1
= SP4000 SP800 SP600 SP400 SP320

Specimen number (-)
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Supplementary

 Variation of structural parameters (R, /R
using AFM data (R,

Rsm)

v R,/R,,: the worst R-square value of 0.45
v'D,,: the best R-square value of 0.98

sm?

R/R ()
a sm
10 T T T T 0.1549 1.0
" R — Linear fitof R (R-square=0.74)
sl & R/R..| ww=== Linear fit of R /R_ (R-square=0.45) do12dos
. 5 T Linear fit of D, (R-square=0.98)
---400940.6
E
v&
o’ 0.06 4 0.4
0.03+4 0.2
0 . 1 L 1 L 0.00- 0.0
0.10 0.15 0.20 0.25 0.30 035 D (um)
h
R, (um)
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Supplementary
Single bubble growth in pool boiling

Meniscus diameter of dry spot (mm)

Meniscus diameter of dry spot (mm)
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35
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25

20

15

05 H

Bare surface
—m— Dd=4.0 (4"=200 kW/m?)
Cr-150C-SP800

—@— Dd=5.9 (q"=220 kW/m’)
—8— Dd=4.5 (q"=200 kW/mZ)
—®— Dd=4.3 (q"=200 kW/m?®)

4 6 8

10 12 14 16

Time (ms)
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Bare surface

—m— Dd=4.0 (q"=200 kW/m°)
Cr-150C-SP400

—w— Dd=4.1 (q"=270 kW/m°)
—=— Dd=3.9 (q"=290 kW/m?)
—— Dd=3.8 (q"=270 kW/m®)

4 6 8

10 12 14 16

Time (ms)

18

Meniscus diameter of dry spot (mm)

Meniscus diameter of dry spot (mm)

35 -— 71—
a0l Bare surface |
’ —m— Dd=4.0 (q"=200 kW/m?)
Cr-150C-SP600
25| —A— Dd=3.5 (q"=250 kW/m?) -
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