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Nomenclature

Ay Base area, m®
A, Cross section area of fin, m?
Ator Total surface area of micro pin fin heat sink, m?
Bo Boiling number
Bo* Modified Boiling number
C Constant in eq.(2.33)
Co Confinement number
Cp Specific heat, kJ/kg'K
d Diameter of pin fin, m
Dy, Hydraulic diameter, m
E Enhancement factor
E Electrical field, V/m
f Friction factor
Fr Froude number
Fpy Fluid dependent parameter
g Gravitational accelation, m*/s
G Mass flux, kg/m?s

Heat transfer coefficieint, W/m?*K

heg Latent heat, kJ/kg
Hpin Fin height, m
I Current, A
] Current field, A/m*
k Thermal conductivity, W/m-K
Kp Pressure dimensionless parameter
Ks Surface dimensionless parameter
L Length of heater, m
Lehannet Total length of channel, m
N Paramter in Saha correlation
N; Number of fin
Nu Nusselt number
m Mass flow rate, kg/s



D Pressure, Pa

P Power, W
Prin Perimeter of a fin, m
Pe Pelect number
Pr Prandlt number
AP Pressure drop, Pa
q”’ Heat flux, W/m?
deff Effective heat flux, W/m?
q" Volumetric rate of heat generation, W/m®
Qchannel Net power to the channel, W
Qioss Heat loss, W
R Resistance,
Re Reynolds number
S Supression factor
Sc Subcooling parameter
S, Longitudinal pitch, m
Sr Transverse pitch, m
t Tickness of heater, m

Temperature, K
174 Voltage, V
Width of heater, m

We Weber number
x Quaility
Xex Exit quality
X Martinelli parameter
z Axial coordinate, m
Greek symbols
a Termal diffusivity, m/s
{ Adjustment parameter
Nfin Fin efficiency
u Viscosity, Pa-s
p Density, kg/m®
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o Specific resistance, Q-m

o Surface tension, N/m
P2 Two—-phase frictional multiplier
Subscripts
f Fluid
g Gas
l Liquid
nb Nucleate boiling
ONB Location of on set of nucleate boiling
sp Single phase
sat Saturation
tp Two phase
v Vapor
%7 Viscous—viscous
w Wall
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Experimentally investigated cryogenic flows in a staggered micro—pin fin

channel

Hyeon Ho Yang

Department of Mechanical Design Engineering, The Graduate School,
Pukyong National University
Abstract

Due to the high integration and miniaturization of semiconductors, the power
density and heat density of electronic and photonic device have increased. To
address these issues, extensive research on single-phase and two-phase
convective heat transfer using various working fluids on micro-scale surfaces
had been actively pursued in the past few decades. In various studies for
electronic and photonic device cooling, deionized water and synthetic
refrigerants were commonly used as working fluids. But deionized water was
difficult to use as a coolant in the harsh environment, and synthetic refrigerants
have limited to use for high global warming potential(GWP). Therefore, the use
of natural refrigerants was considered, and related research was actively
conducted.

Bar—-Cohen et al. [14, 15] experimentally investigated the thermal performance
of cryogenic micro—gap and micro pin fin cooler made of copper with two—-phase
liquid nitrogen flows. The micro pin fin cooler was made up of a central manifold,
an upper insert, a lower insert and a square, inline pin fin array with 150 pm fin
width, 300 um fin height, and 300 um pin spacing. The micro-gap cooler referred
to a cooler without a micro pin fin array in a micro pin fin cooler.

In contrast, in this study, experimental investigation was performed in a
circular silicon micro-pin fin heat sink channel and liquid nitrogen as the
working fluid. The micro-pin fin heat sink was fabricated using micro-—
electromechanical systems(MEMS) for mass production of various types. It was
designed on an 8-inch silicon wafer with 1 cm X 1 cm base area, 100 pm fin
diameter, 200 um fin height and 200 to 400 pym fin spacing in inline and staggered

arrangement for considering fin spacing and array arrangement effect. Platinum

- Viii -



thin film heater deposited on the back side of wafer to simulate heater, minimize
contact resistance, and apply uniform and constant heat flux. Also, the micro
cooler with an internal flow path was designed to facilitate specimen
replacement.

A micro pin fin heat sink with 200 um fin spacing in staggered arrangement
was selected for experiment and was attached to the internal flow path of the
micro cooler. The experiments were conducted at the range of 2.2 to 2.5 g/s
mass flow rate and 6.7 to 55.2 W/cm? effective heat flux. The experiment results
show that a base heat transfer coefficient was determined as 78 kW/m?K to
133 kW/m?K and expected quality of 0.05 to 0.14 was calculated. The
comparison of thermal performance among the current study, previous study,
and flow boiling heat transfer coefficient correlations derived results has been

conducted.
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Heat transfer coefficient(W/cm?-K)

-

8 1292z dAof g EXFE A (2]

H1.1 17|40 4, &, R134a, R410A 2 24%[[6, 7]

Property unit N Water R134a | R—410A
Molecular g/mol 28 18 102 72.58
weight
Boiling point K 77 373 247 221.7
Melting point K 63.15 273.15 170 118.15
Liquid enthalpy kJ/kg —-122 419 165.8 126.3
Latent heat of kJ/kg 199 2956 | 217 276
vaporization
Liquid specific |y 0 | 083 1.3 1.28 1.37
heat
Liquid density kg/m3 806 958 1377 1349.7
Vapor density kg/m?® 4.6 0.6 5.26 4.07
Liquid viscosity pPa - s 160 282 378.7 312.6




Vapor viscosity wPa - s 5.4 12.2 9.78 9.87
Liquid thermal e 10 145 | 0.0246 | 0.1 0.0087
conductivity
Surface tension N/m 0'0588 0.059 0.0152 0.0175
Thermal 10°m%s | 0.088 | 0.168 | 0059 | 0.0726
diffusivity
GWP (ARD) Co’=1 0 0 1300 1924




1.2 718

&

A 173

7}l

SAE 7o s HE 9 V] =H A

1E Bz AA & A2k 243t vpol A2 3 o AHd

)

wlo] 22 4

To-

o

=K

N

N

o
Jo

jpuze)

v

!
‘mo

i
file)

]

M
fug

ﬂ.o



ntol| g2 3 3] S| E AHA ?101]/\1 AL 92 A= A2 AL 3 1)
%%ﬁ%ﬂ?@%&7ﬂ‘ﬁ?ﬂﬂ Dl whebd] P, 2HEGA),
24719 A7] & FE& MM 55 1% gFdAg A3 AT} 59
HRom AlgHe] 72 g gl w}ﬁ} Argstoich T 2.1 = A8 AT
g ANFH Fx, Y 24, 48 99 55 B Aotk

Kilmenko[8]+ WA 2 AA L 42, =3 oA AA A, 54, 1
22 AFRAR T APAFREL] A AINE o] 8 W BA]S
sto] Al Ay tin] oF £35%9] A4S 7FA| = Nusselt = 43215 7

st

|

0

x

1 Bo* < 6 x 10* (2.1)
Nu/Nunb =
0.0041B0*%° Bo* > 6 x 10* (2.2)
Ny, = 0.0042P2°K35 K2 (2.3)
he. G

Bo* = y,u+x@um—1n (2.4)

1

)
o - \(r=p,)g (2.5)

e =
hsgpva
p

K =
P log(p, — pp)M/? (2.6)



Pe+= Pelect 7 ©|™ Kpot K= o8], B3 #dd Fxpd st o]
O~

Bo* 578 % Boiling 5 oItk heyi= H9E, 6= AFEZE S, ¢'= 75, «x
¥

>
rir
1)
=
Q
rlr
=5
g
o
;E
«
rlr
ofy *®
)
N

EAw

Shah[9]= A 4, v, L4, of 23S Do fA| 2 sh AyATA
=9 AAAHE AFESt] AN T v T B 2 TS VA=
HAUSES At ol o B2 55 v R dSAsT 4Ha S e
=

hyp = max(E,S) by (2.8)
h, = 0.023[Re;(1 — x)]°®Pr?*k, /D, (2.9

N>1du o} s& ofefje} &2 218 7HA|H
E = 230B0%° (2.10)
S =18/NO°8 (2.11)

01<N<19u EX= o} 72L& A8 714 s= 2(2.11) I A3}

=

E = FB0%%exp(2.47N~%1) (2.12)

N<1du Ex= obdfioh 22 A< 7HAM 5= 4(2.11) ¥ 5 Ldsit



E = FBo%%exp(2.47N~%15)

(2.13)
T8 1N & el A ofel 9} o] Ao H v
1 _ 0.8 0.5
|(( xx) (’;—") Fr; = 0.04 (2.14)
l
=1
1 _ 0.8 0.5
lk0.38Frl< xx) (‘Z—") Fr, < 0.04 (2.15)
1
21(2.12), 21(2.13)9] F &= o}ge} o] Aojwt},
{0.064 Bo>11x10"* (2.16)
F =
0.067 Bo<11x107* (2.17)

= Ag 2R, s SHE ARl m 4

2ol Aoy m
= (2.18)
2]

Bo+T Boiling = ©]H ta-3}
Prandtl 5=, D&

_q

Bo = Ghrs (2.19)
GZ

Fn = (p?gDy) (2.20)

o

Kandlikar[10]& ja 2 ~A| L] 4, 1
R-22 Y&, Ax 58 AEo 4w

Ty =21~ o = —

#He A &, R-11, R-12,
e HAAT AAE ALgS] BFHE



h
—2 = (;N(25F )% + C3B0C+Fy, (2.21)

BTG — CR FANEAT 2 3 [2.2-2.3]0 AEetlon N2 2

(2.14), hy=> 21(2.9), Bo= 2(2.19)& AH&38FA T

Zhang et al.[11]& vlo]|a 2 AALREH a2 ~A L7 9

AN AALLE AeHAZ TFF AIS o 55 ve 4 4
A& Jhgetglon dinlso] A ARl A thFrS ol AEA]l F9=
T ske] ofefet o] YER T
x <03
Nuy, = 1059.83B0% 454 W e 045 0106 x 0107 ¢, ~1.825 (2.22)
x=03
Nuy, = 0.0042B07 0872y ¢ ~0-059 0-293 x0.065 ¢, ~1.704 (2.23)
— 99 0.5 0.1
P (1 x) (&) (ﬂ) (2.24)
X P Hy
G*D
Wel = h (225)
pio
(2.26)

szl

Dy,

X & Martinelli H<=0]" We+x= Weber &+ Co+= Confinement = 9

u) g},



2.2 WA 2-vlo] A2 AYelN 5F vF QAL AT

Warrier et al.[12] & mlo]a 2 ~7A|de
A2 AREE] T A FE A

AL S Faste
w Az weh ol T2 Al S Al
AR e
h
% =1+ 6.0B0"/16 + f,(Bo)Sc*15 (2.27)
l
f1(Bo) = 290[1 — 855B0] (2.28)
Cpi(Tsge — T, L
Sc(z) = < p,l( sat l)) _ [Qchannel(z ' Zong) (9.29)
hfg ONB Lchannelmhfg
23} 2
h
% =1+ 6.0B0o/1 + £,(Bo)(x)*¢5 (2.30)
l
f>(Bo) = —5.3[1 — 855B0] (2.31)

Qchannel% iﬁgoﬂ ?_]7]'Q ‘1: A8 ‘], Lchamnel"(—DT /:(H]éq ZE]
of, mi= AZ#, A sat =

-

= Sinls AR ol

2.37te]AZ 4 @ HEAQFNAY 55 HF AT AT

Krishnamurthy and Peles[13] =
A= wlol A2 A 3 SE A A

FAstgon Agats 5o

o) 53} o) Fl 5o e

-10 -



('E Agrolm ¢ =149 e 7FA Al p2E o] upR
rolm 0.24 ) e 74t

1/2

" |(ap/az),

M (2.35)

(AP ) a 2p;

2
fN(Gx) (2.36)

(8P, =

f = 63.246Re ;%777

Xpp= Martinelli ¥ 4=0] 3L (APf) 2
Aol v b= ), £ Blasius vFHAl S0l ok, @ o)
Reynolds 7ol 9Jal 27 %™ He|of 212 oo} 2

Rey < 100
Pr
) (2.38)

Nug, = 0.0423Rey*°Pr021 (Pr
S

Req > 100
0.16 0.2 -0.11
ST) (SL> (Hfm> Re033 pp033 (2.39)

Nusp—076<d d d

11 -



Sp= 7FE 9], 5,2 AE AR, Heyp & 3 F0l, die 3 A4S vER
=3
Bar-Cohen et al. [14-15] & & 9] 7|EAFZA] wfo] A2 7Y, v}
o) 2% B H AN AAALE AEFAR she] AU S WA 0w
oA W 29} FC-72 & A5FA 2 AHEE 299 o] 2 hRIABASE
A%z g8 a4 st AES F3l vl AR A, vlolA= ¥ F 3
E Qa2 GARLE ASHAR G 43 A% gt ol gFa
A7 g= sk Wil FC-72 35 A ke i3] S7hshs 24 &= 21l
steiet
E 2. BRATES NEE X, HSRA U 5 HPI[8-15]
Author Geometry Work_lng Performed rage Year
Fluid
Pressurer:
Vertical & O.9—22ba.r
Klimenko Horizontial Tub LNz Heatufux:
\ - LH, 0.04-2.1W/cm? | 1982
[8] Di:1.6—14.1mm ;
L:100—-1900 LNe Mass flux:
‘ m 20-2200
kg/m?s
Sah Vertical & igz Rei: 0.27-630
[e;]a Horizontial Tube LN; Mass flux: 7 1984
Di:1.09—14mm 28—-2210kg/m?s
LHe
Water
R-11
. R—-12 Heat flux:
Kandlikar Vertical & R-22 | 3-22.8W/cm’
Horizontial Tube ) 1990
[10] D5 —95mm R—-113 Mass flux:
v R-114 | 40-4850kg/m®s
LN
LNe
Zhang et al Vertical Tube tem Irelll”ztture'
set@ | p=0.531, 0.834, LN P "~ | 2007
[11] 78.2—79.8K
1.042, 1.931mm .
Inlet Pressure:
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300—-920kPa

Outlet
Pressure:
140—-580kPa
Heat flux:
5.09-21.39
W/cm?
Mass flux:
440—-3000
kg/m?s
Inlet
. temperature:
Mgg;r?lflm 96, 40, 60°C
Warrier et al. N: 5 FC—84 Heat flux: 2001
[12] . 0—5.99W/cm?
Dy 0.75mm
L=307mm Mass flux
557—=1600
kg/m®s
Microgap with
circular pin fin Heat flux:

) WXL:1.8 X10cm 20—350W/cm?
Krishnamugthy D: 100pm = Mass flux: 2008
and Peles [13] S:1501m Water 346-794

S1:150pm kg/m?s
Hens 250pm
Micro gap
W XL XH:
12X12X0.33mm
Micro pin fin Chip Power:
Bar—Cohen et heat sink N2 31, 70, 96W 2021
al. [14—15] WXL XH: FC-72 Mass flow rate:
12X12X0.33mm 1.6—2.23g/s
N: 1600
Dn: 150pm
Hen: 300um
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ZtAI9| Constant Value[10]

# 2.2 Kandlikar &f 2t 2]
Constant COHVQCtiVG N.ucleate.
region boiling region
C 1.136 0.6683
Co -0.9 -0.2
Cs 667.2 1058
C4 0.7 0.7
Co 0.3 0.3

w5

s ol s Fr;>0.04 91 7494}

ASaAE Fy [10]

-1 O

H# 2.3 Kandlikar &2HAl 9|
Fluid Fn
Water 1
R-11 1.3
R-12 1.5
R-13B1 1.31

R-22 2.2
R-113 1.3
R-114 1.24
R—-152a 1.1
Nitrogen 4.7
Neon 3.5
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Top SiO, layer

Micro pin fin array

Platinum heating pattern

Bottom SiO, layer
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Voltage
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H 32 /ees oM ZAEA

Physical conditions

FEA model dimension(W x Lxt)

10x10x501.2um

(500 um Si layer / 1 um SiO; layer / 0.2 um
Pt layer)

Boundary and Thermal conditions

Fluid temperature (K) 89
Applied Voltage (V) 40, 60, 70
Effective heat transfer coefficient 150, 200, 250

(KW/m?-K)

Software and computational elements

Software package

Ansys Multiphysics

Number of elements 38.8k
Number of node 162K
Element type SOLID 226
Mesh type Free mesh

Solution Methods

State

Steady-state

Multiphysics model

3D Thermal-electric analysis

b
w
w
1z
1 m]
o
in
1%
MO
0z
Rl

conductivity [W/m-K]

Thermal Resistivity [uQ-cm]

1.824 @ 77 K
Platinum, Pt 70 2.80 @ 100 K
6.90 @ 200 K
Silicon oxide, SiO» 1.4 -
Silicon, Si 150 -
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96

94 ®
< ®
o
&
e
I_
92 ®
® FEA
Analytical
90 T T T I T T T T I T T T I T T T
50 100 150
P(W)
T3 3.8 25| Q| Rt AdlAl 2ot AAZNS HAd HHI2E
H 3.4 93 utotslElo] fEte s sfAHD Y AMEL
P(W) R(Q) TSUT,HVB(K)
53.5 31.5 92.6
Analytical 110.8 32.5 94.5
145.9 32.6 94.8
53.5 29.8 92
FEA 110.8 32.4 93.8
145.9 33.6 94
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Water inlet/outlet Mass flow meter

Thermocouple Heat exchanger

Vacuum jacket Test section
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DC power supply
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Data logger
Bypass
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Pressure I Vent
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Temperature (°F)
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Temperature (°C)
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E 3.5 4% YA 2 B S5
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1 LGC HANBEECRYO VLC090—-MP
2 Vacuum jacked hose Doo—jin Custom order
SAM SUNG
P A 1000
3 ressure gage INSTRUMENT type 100
4 Data logger Agilent 34970A
5 DAQ PC ASUS -
6 DC Power supply Agilent 6655A
7 Temperature sensor OMEGA T—type Thermo couple
8 Heat exchanger Alecoil BP3X8—-10
9 Mass flow meter OMEGA FMA—-1864A
10 Insulator Aerogel Cryogel Z
11 Lok—fitting S—Lok %W npt, %7 npt
12 Tube - SUS316L 4”7
) ) 0856—-0—-15—-20—-82—
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P — Quoss = htp(nfinNtPfianin + wL)(Ts — Tsqr) (3.7

o714 Pi= A elr] DC vhg) A Eeole] &7t A3} Agte] Foi A
Ak,

P=VI (3.8)
SAZE A Z A mfol a2 A 2 AE Y] vlo] g A E o]
S8 P 2EwkE 583 18l LS WA A A S JAgsiion
2 3|E e} Wzt7] ¥ Alolo] Aol o]%t & &=AS FA|sital 7 e 4 Q)
o dAYE ASE 4F 2= dEAZ A5 L9 zfo] 7} un|
St frgol otk A& w3k FAlE AL 7P H Y g, A B8R o}
o} o] AlAkHETH
tanh(mHy ;)
n (3.9
f mein
hy, P
m= |2 [ (3.10)
kSAC
Ne= 2 3] N Pryp= A A8 58, Hpyp & 50, we S| E A
A ol Z LS Wo]~ YH| T, SE AT XHRE, Ty © L3215,
kg A o o] g ol o] g o A2 EA
e

P = htpAtot(Ts - Tsat) = htp,bAb(Tb - Tsat) (3.10)

T,~T,(n=1) (3.11)
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(3.12)

Tin + Tout
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(3.13)

pP— Qloss
Aheater

eff =

qll

(3.14)

pP— Qloss

mhg,
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Xex

(3.15)

m
Amin

Gm ax
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(3.16)
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