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Cooling limitations of boiling and evaporation J\

1. Cooling limitation of a saturated pool boiling (CHF)(exp.)
0.25
" C8\pPr— P,
oot 220 -
100 W/cm? @0.1 Mpa, water o =
' I (J e ()
2. Cooling limitation of evaporation(theory) LENNEE

=

From kinetic theory, maximum heat flux is obtained in the following

R];at where p,: the density of the vapor, h,,: the latent heat of
evaporation , R: the universal gas constant, T_,: the saturation

e = P11
22,300 W/cm? @ 0.1 Mpa, water

272' M temperature, and M : the molecular mass , respectively.

|FERAHRRICECETEND ? |

3
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Roadmap of high heat flux removal technology
(JSME,2016)

ﬁs—

10 (1000 W/cm?)
cé' . j¢e————Limit heat flux of evaporation ‘
o 10
\‘- —
@ 10° Tigh pressure Advanced U'lJi_ﬁug — m
% Burn out leyel (70 sk  Cemiconductor = | cooling level
= 10 Solid semiconductor
- umitl neat { ¥ means
= nluc}tcar fuel of MEMS)
e " clusters _ -
% 10 e pover_—2— @ | Ofcuiplifeos Tecmica breaktheoughe 7).
ot stations cating spacc shutt Thermo-electric| * Possibility of increasing the
% fl// bottom|s (raw tlnater D {CDD?EF:E? R transmission surface areas by
'_g 10° changing materials by means [
g pool boiling CHF: SEAMENES .
F ; 2 . Improving mechanisms -
5 10 100 W/cm
= ]
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pool boiling CHF
100 W/cm2 [Target ultra-high heat flux

Evaporation limit
(theory)

1000 W/cm? 22,300 W/cm?

—

| /Xy Y DBRFET, BSERRER (1000 W/em?) [FTEEN? |
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CHF Enhancement Mechanisms

-

1. Extended surface area
2. Capillary wicking

3. Nucleation site density
4. Wettability

5. Hydrodynamic limit.

The exact relevance between each effect

~ has not been well clarified yet.

N
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Previous studies for CHF enhancement

o -h

(\®)

qCHF/4CHF,plain

Porous structure

Liguid supply

Vapor removal

gty

Rahman et al. (2014)

-]

Sintered channel

Liguid supply

Jaikumar et al. (2016)

—

Narrow
channel

Ao e

Fin

J

]

0.

1

| 5
hCHF/ hCHF,plain

10

50

Zhang and Kim.(2012)
Rahman et al.(2014)
Xu et al.(2015)

You et al.(2003)

Chen et al.(2009)
Park et al.(2009)

Ahn et al.(2010)
Kathiravn et al.(2010)
Kim H. et al.(2010)
Kim S. et al.(2010)

Kwark et al.(2010)
Wu et al.(2010)
Gerardi et al.(2011)
Lietal. (2011)
Shahmoradi et al.(2013)
Sulaiman et al.(2013)
Ahn et al.(2014)
Kim BS et al.(2014)
Chu et al.(2012)

<P Cooke et al.(2012)
% Mori et al.(2015)

Kruse et al.(2015)

Kim et al.(2015)(2016)
Mori et al.(2016)
Jaikumar et al.(2016)
Dharmendra et al.(2016)
Moon et al.(2016)

Bai et al.(2016)

Aznam et al.(2016)
Gheitaghy et al.(2017)
Mori and Okuyama(2009)
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S. Mori, Y. Utaka, Critical heat flux enhancement by surface modification in a saturated pool
boiling: A review, International Journal of Heat and Mass Transfer, 108 (2017) 2534-2557.
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Previous studies for CHF enhancement

7R\
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S. Mori, Y. Utaka, Critical heat flux enhancement by surface modification in a saturated pool
boiling: A review, International Journal of Heat and Mass Transfer, 108 (2017) 2534-2557. 10




Rahman et al., Langumir (2014)

Tobacco mosaic virus
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CHF enhancement technique
using Honeycomb Porous Plate(HPP)

HPP

* Capillarity

(P, max=2-4 MPa for a pore diameter of 0.1 pm)

o D -
CHF of saturated pool boiling is O O
enhanced by more than three times Q@Q
(320 W/cm?) at the maximum that eneter

\of a plain surface (100 W/cm?). ) 1\:[;;1;1

HPP

q =47 W/cm?, AT, =0K
<¥ 7. 50BE{LRBHRR. 2020578228 12




Review of studies on CHF enhancement
(Effect of heater size on the CHF)

lllj
.-y

Decrease with the
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- (2) Water |Infinite heated urface | jnCrease of heated size
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= - 3 . .
§ I 5 @, ™ | This region can be regarded
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S | - i : by Arik & Bar-Cohen(2003)
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|
Background Fo=nnman |
ﬂJnder severe accident conditio&

Melt-through of RV must be prevented

IVR (In-Vessel Retention) is needed

\ 4

Heat removal isimited by the CHF
\CHF enhancement is needed /

[ Important points for IVR \

1.High heat flux must be removed
from large heated surface under
atmospheric pressure conditions.
2. Systems for IVR should be — '
simple and installable at low cost. In-Vessel Retention (IVR)

PRIMARY SYSTEM
PIPING

| | —SHELDWALL

| INSULATION

LOOP
COMPARTMENT

\ / Cooling system at nuclear power plant

F7.50B2{EREMIRE. 2020575228 14



CHF enhancement technique
using Honeycomb Porous Plate(HPP)

1)
N/
| : :
Water = Main mechanisms
apor
Vapor flow @Qo} il of CHF enhancement
through vapor teter
escape channnels |~ *jitee S .
| X \":PP 1. Liquid is supplied by strong
Water flow by capillary force.
capillarity
I \ 2. Vapor generated in close vicinity
LN to the heated surface escapes
Meniscus formed = upward thrOugh the vapor
a;:totr:l: mteridl channels.
Heating

~

Circulation of liquid and vapor flows

is enhanced one dimensionally

7R\
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Models for Critical heat flux .

1. Far-field model
(Hydrodynamic instability model, Zuber,1959)

2. Near-surface model
(Macrolayer dry-out model, Haramura and Katto,1984)

3. On-surface model
(Microlayer model, Zhao and Tsuruta, 2002)

- 3.2 Takaharu Tsuruta

7R\

' =7 5OBZTIEREIAES. 202 (Kyushu Institute of Technology)



Models for Critical heat flux

1. Far-field model
(Hydrodynamic instability model, Zuber,1959)

L H7.508ZItFREAFRS. 2020575228
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Far-field model
(I;Iydrodynamic instability model,Zuber(1959))

CHF occurrence condition
is assumed as follows:

4

When the velocity of the steam
column reaches the critical
velocity obtained by KH instabilit

A Ac: RT unstable wave length
A¢y: KH unstable wave length
F7.50B=2{tRBFRS. 202056785228 19
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Lienhard, Dhir, and Riherd, JHT(1973)

/’,,__,—_\ . . _, '
i/c: e, Limit flow rate at whic
ﬂ I sheet mefal “egg crate” :,fa-'//"'-"l- KeIVIn Helmholtz
;\ insert """;"_"’ _

-

e Instability occurs

., 2mo ; A
, = = -
P, Axn - 2

"_ lovuvAChfg XNi
A
Qmax,ﬁnite _ 114 Ni

Qmax,zuber H
A
C

RIEBBYCTERBEICLLLT
R AN4EFE CCHFQ L aJge

SRERBY(C (I 2[E5T2E DCHFR -

‘ J.H. Lienhard, V.K. Dhir, D.M. Riherd, Peak pool boiling heat-flux measurements on
finite horizontal flat plates, Journal of Heat Transfer, 95(4) (1973) 477-482.

<4




Models for Critical heat flux

2. Near-surface model

(Macrolayer dry-out model, Haramura and Katto,1984)

-

7R\
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Near-surface model

(Macrolayer dry-out model, Haramura and Katto, 198

A hydrodynamic model consistent with the fluid behavior
near the heated surface Vapor bubble

FRST ()

T S e

-------

Liquid film

7i S SR S AR i B
&G 7 — v bl

Critical Heat Flux

pilcrien Asi ; Helmholty i

Zuber DR FLEFIHIZ B 1T 2 BEHD £ 7L

t
Time history of microlayer consumption at CHF
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Experimental apparatus

Stainless steel wire
(CDO.B‘ mm)

Condenser
n Heater
U1 AC100V
i
®50mm Pyrex Tubg
! LT 487
10.0mm T = 1
ggmm '?:e pecouple
waer  WoOrking fluid: Water
System pressure: 0.1MPa
Copper cylinder diameter: 50 mn
Cold || Insulator —
Junction || Copper ATSUB O K
Cylinder
Pen .
Recorder | Castuidge

Heater 2 4



Relationship between g and HPP thickness.

—

——— CHF is enhanced by <
~up to 3 times that ) :
300 of a plain surface

NS
S
S
|
/
/
|

~

Plain surface: ~~ -9 -
84W/cm2  T=== O

gcur [W/ sz]

ek
S
-
1
!
e
|

0 2 4 6 8 10
Thickness 01, [mm]

F\CHF increases with a decrease in HPP thickness

7R\
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Capillary limit model(Mori and Okuyama(2009)) _

2_0- _ lulQmaX5 lqumax5 A
o T 4 pl
Ty KA, p,h % 2nmp,d; h 2
Maximu ——
capillary the frictional the frictional pressure ﬁ¢
pressure | Pressure drops | drops caused by the
caused by the | vapor flow through the 20'101 h KA
liquid flow in channels depr = /8 4
L. |the porous U, s )
‘ — medium ik
\__ S/ 5OEETCHREARS. 2020578228 26



Relationship between qcy¢
and HPP thickness.

D
\—
300
£ 200
z,
T
S 100
[ Mori and Okuyama(2009) 1
O ! | ! | ! | ! | ! | I
0 2 4 6 8 10
Thickness O [mm]
/ﬂ-:h]s model is roughly agreement with experimental results.
\_ 's7semzitmmmns. 2020578228 27



Khrustalev and Faghri model(1995) .

Wetted region of the R)orous structure

% 7\ g
MA

Heat flux

Aljc,max — Apl + APV,C T Apv,p

(;_, £7.508 Tt RBEHARS. 2020575228 28




Relationship between qcy¢
and HPP thickness. -

300

DO
S
S

[
S
-

gcur [W/ sz]

Khrustalev and Faghri }
(1995)

Thickness 04 [mm]

RSP0 RAREE LTS
NC EZZERBYC EHER




"

HPPIE "B COHkHE

|
Wetted region of the porous structure
|

R
I Water \\1 \

N

LM\ ﬂwmﬂ 1 Heattﬂuxttt

"‘ "‘ "‘ "‘ "‘ Wetted region of the porous structure

Heat flux IHPPE RO EEE |
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ITOE

— 57z

W2mEDh

—_—p —

Thermocouple
(¢ 1 mm sheathed)

Refrigerated
chiller

Condenser

AC voltage

Cooling coil

Bo
(¢

regulator |

rosilicate glass tube
87 mm Inner diameter)

\_

Working fluid — | | 8o
~— 000
Pre-heater —— | | % 08
0 %
A
£
7 i Q
I
1
ITO 1
- Mirror | ‘\ ayex
High speed &----—"""" —
infrared camera Reference plane

C=

etectlon wavelength 3~5 um

v D e~ | S Al =/ | U A Y _————

ZALDRIRE
~ Heating =
sectio ¢
AC power supply
P 20 Unit:mm

Cr+Au coated / 4
u / <
/ v

)

| ITO layer
Sapphire substrate (TiO, coated)

Experimental condition

» Saturated pool boiling
» System pressure . 1 atm

 Energization method

1 kHz AC
» Working fluid : Distilled water

. 78224
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Observation of “dry out” using Total reflection method

Borosilicate glass tube _
(¢ 87mm Inner diameter)

Teflon flange .
N

N\

Vapor bubble

//ITO layer _Sapphire
l/

Quartz prism

Light

Water (liquid)

~+ Total reflection method

a

Mirror

<

Silicon oil

g=0.14 MW/m

High speed
optical camera

2

Difference of refractive index

m between liquid and gas
apor
Liquid == Dark

\ Gas ™= Light

Determine “dry area” from brightness 32

J




Change of wall temperature and dry out
( plain surface, CHF condition, g= 120 W/cm?) S

Record rate:
480fps

Play rate:
10 fps

Record rate:
6000 fps
Play rate:
10 fps

\_ '=7.504




Change of wall temperature and dry out
(a= 120 W/cm?)  pp . Distilled water

Boiling under the intersection of HPP

20 mm

- ---------l-l---l-l’l

— :P =} 'l',l-"-. ! L \F""i'
o STV W Ty Ty W ) Tar Ptk |
o A 2 5‘1}:7 "‘"“,,7,
i % ]
3 & ot i
2 ) 143
. E
S 3r
o A
'a".-' LR e G W
3 < A 8 ¥Ry e
” g .
y (%2
ey 2 e
; o e
5

- ™l 19

VﬁEIII-I-IIIlI-I-IIIIII!'

A e JEANTEN "EEVTEN S W ‘

C3F
._,‘
3 !
i)
1

Play rate:
10 fps

Record rate:
6000 fps
Play rate:
10 fps

RFEENANDRE © #13~6 m/s



Change of surface wall temperature with time
( CHF condition, g= 200 W/cm?)

With HPP
Record rate: 2,500fps

Prof . Matteo Bucci
(MIT)

frame 501; Heat Flux 2.01 MW/m?
140

Wall temperature, fC Heat flux, W/m?

135

130

1125

1120

B 115

110

106

100

Wall temDeraturé
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Change of surface wall temperature with time
( CHF condition, g= 200 W/cm?)

With HPP Record rate: 2,500fps

Wall temperature, °C frame S07; Heat Flux 2.01 MWim” Heat flux, W/m? <108 o frame 510; Heat Flux 2.01 MW/m?
N 1 6 Wall temperature, °C

Heat flux, W/m?
[y -

] F 1.2 ms S Nt
Surface Surface Heat flux
Heat flux | ;
te rT]“Qm? r‘ua.tu re frame 508; Heat Flux 2.01 MW/m? Heat flux, Wim? i temaﬁmw re framie 5‘:2; :x 20 MV;Im Heat flux, Wim?
ot 6 i ke 1 . T . i

Surfaoe

ﬁurfaoe Heat flux . - Heat flux |
ﬁ{, AR REHIRA. 2020578228 More t 25
R More than 600 W/cm# 2




Can we improve the CHF by thinning the HPP
thickness? N

300

NS
S
S

Plain surface:
84 W/cm?

gcur [W/ sz]

[
S
=

[ Mori and Okuyama(2009) J
|

2 4 6 8 10

Alumina HPPs are fragile ~ Thickness & [mm]

What happens when the HPP thickness is decreased to less than 1 mm?
Is the CHF increased?




Test porous materials

MF-millipore HPP Metal HPP
(cellulose) 316L) _
02 \‘1 f' \. ......: i'.. ;T‘:‘ |
1 i e
) =
- 0.5mm OQ—
o | ¢30 mm ~ | ¢30 mm
MF-millipore
HPP Metal HPP
Effective pore radius: rg[pum] 1.6 18
Porosity: ¢[-] 0.82 0.7
Permeability: K[ x 10"*m?] 6.9 66
Aperture ratio
(ratio of the open area to total area) 0.35 0.35

F7.50BZ{tREARS. 2020F78228



Refrigerated
Chiller

Cooling

Bulk

ExperlmentalﬁLratus

= d0.3mm SUS304 wire

Coil T

Thermocouple

\ Hose
-
Condenser
a Heater
] ‘%_( ACI100V

L]

Cold

Junction

I

Pen

TE1
TC2
TC3

[

Recorder

- Pyrex Glass
MF-millipore HPP

[ Water  heated surface

Honeycomb Heated
Porous Plate Surface

Metal porous HPP
was fixed to
heated surface
Using stainless steel wire

' aBaCala \I‘
LOePa0a0ePa e

was fixed to

using adhesi

Experimental condition

| Insulator
1 e Test fluid : Distilled Water
e Pressure : 0.1 MPa

ATsub:OK

<L, 57.50/8ZIEREMARS. 2020578228 39




Metal HPP

BO]l]ng CUrves MF-millipore HPP T

Y

Pemax = Apl,l T Apz,z +Ap,

. 1.5

/

0.15m

A (a) MF-millipore HPP 2.03 MW/
7L © (b) MF-millipore HPP

with metal HPP

NE B (¢) Plain surface ?.46 MW/ 2Ap 1,1{- 9 A
; 1 ’ pc,max = Apl,l T AZ?V
= 1F ml.oz MW/m’
S
O() | 10 | 20
A Tsat [K]
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(MF-millipore HPP with metal HPP, q.,,-=200 W/cm
"

Boiling configuration near the CHF ;L
2

= HA:#910 Hz
1A g 4 0.15mm

N H/. s 'T‘Ela’f tREARS. 2020575228 41




Growth processes of
the coalesced bubbles on a HPP. "

Vapor Water| Vapor

Water
Water NA
L T A /

\\>

"m{f ' "

Heating Heating Heating

A stagnant large bubble restricts liquid supply from the bulk liquid to the HPP.
| |

Time of coalesced Bubble Detachment

I}

Evaporation process

S: Liquid saturation
(volume fraction of pores 1
occupied by the liquid phase)

All the pores are
<7 filled with water

All the pores are
filled with vapor

0 I( >le >l >
t, |ty T oty time
\_ "$7. 508t REHARS, 2020575228 2




CHF enhancement method using HPP with two-layer
structure

Hiih I:]OVOS“V “La}lt?”'a' Two-layer structured HPP can

(High permeability) | o.pance CHF significantly in
lodiamet saturated pool boiling

Smaltt-diameter pores . oy s

(large capillary action) The reasons and required conditions

and are summarized in the following .
thin film material

! -The CHF is increased with decreased in the
thickness of HPP.

*When the HPP is too thin, dryout of liquid in a
porous medium during the bubble-hovering
period occurs.

* In order to prevent dry-out in a porous medium
during the bubble-hovering period, a HPP with
_ 20p lhfg K4, large permeability can be stacked on another
- o HPP with a large capillary action.

Yoy
F7.50BZLFREAIES. 202078228 43




Models for Critical heat flux

3. On-surface model
(Microlayer model, Zhao and Tsuruta, 2002)

-

7R\
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On-surface model

(Microlayer model, Zhao and Tsuruta, 2002)

Individual Wapor
Dry-out  pyhhle  mushroom

Microlayer model

ERNSIAV e G at K
HOFEINHN?

F7.50BZ{tREARS. 2020F78228
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%) JX
1. B8R0 —)UBECHFR L DREDIRBRZLBT LIS, T

2. J—)UBBECHFETVICE DUV \ZCHFO EFEICRS

TSR TIRLS,

Steam flow(steam column)

Individual Vapor
Dry-out  pybhle  mushroom
rea \ '

¥l /7 -
D@

Mo~ .

|
. T\ T,
Liquid film fﬁli jI‘EE’Iu
Ac: RT unstable wave length N L L NG |
e g R IR BR AR AT —==l_g=-

=

-------

', A *
A/ Ny ey
AL ,//Y’;’J- PR A

liameter of steam column

Boiling surface AH: KH unstable wave length : 7
& B 7 — v U - :
Hydrodynamic instability model Macrolayer dry-out model  Microlayer model
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