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VIUaCtUrers or:

Sguipment with a certain allowable maximum inlet

ISiperature. This value is around 24°C (75°F).

) fﬂ,_, lir=conditioners in a data center usually supply cold

At 13°C 55°F. If the 13° C cold air enters the servers,

eTe 1S no difficulty in satisfying the manufacturer’s

cntenon But the cold air does not always enter at all the
- Inlet locations on the server rack.

* Often, the hot air exhausted by the rack finds its way to
the inlet of the same rack or some other rack. This Is
how the cooling In a data center is compromised.
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Chip Heat Flux (Watts/sq cm)
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Air in flow
(Impinging flow case)
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Air in flow
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Fin height, Hr (mm)

Saini et al., 2002 Inter Socic!ty Conference on Thermal Phenomena
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Air to water
heat exchanger Filter
Rr'ejecfer'
Radvecﬁon
Water RC"”V
reservoir Cold plate
R TIM
Electronic module
RS/'
//
T, | EEE— T 7

Rrejecter: Heat
Transfer bewteen
water and HX
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Hitachi Water Cooling Laptop =&
(Prototype Model)

Reservoir Tank
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| Micropump Applica
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Environmental &
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General Industry Energy & Fuels

Source: http://www.micropump.com
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displacement

diaphragm
drivers
- piezoelectric
- lateral
- axial
- thermopneumatic
- electrostatic
- pneumatic
valves
- flap
- fixed-geometry
- nozzle-diffuser
- Tesla
chambers
- single
- multiple/senies (penstaltic)
- multiple/parallel

aperiodic

- pneumatic
- phase change
- thermal
- electrochemical

- electrowetting /thermocapillary

assification of micropumps

——

electrohydrodmamic
- injection
- induction
- conduction

electroosmotic
- pqmus X
- micromachined

magnetohydrodynamic
-DC
-AC

acoustic streaming/ultrasonic

Laser and Santiago (2004)
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Stroke volume AV

pout
—
Q

Dead volume V,

Nguyen et al (2002)
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displacement

diaphragm
drivers
- piezoelectric
- lateral
- axial
- thermopneumatic
- electrostatic
- pneumatic
valves
- flap
- fixed-geometry
- nozzle-diffuser
- Tesla
chambers
- single
- multiple/senies (penstaltic)
- multiple/parallel

aperiodic

- pneumatic
- phase change
- thermal
- electrochemical

- electrowetting /thermocapillary

assification of micropumps

——

electrohydrodmamic
- injection
- induction
- conduction

electroosmotic
- pqmus X
- micromachined

magnetohydrodynamic
-DC
-AC

acoustic streaming/ultrasonic

Laser and Santiago (2004)
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from diffuser > from nozzle from diffuser < from nozzle
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Comparison of several reported micropumps based on maximum flow rate, Q..
maximum pressure p,,, and package size S,.
Self-pumping frequency is here defined as fg, = Q,/S

Laser and Santiago (2004)
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L | 0 Check-valve

E A Peristaltic

[ | o Flow rectfication

t | & Rotary 21

o O 'Qo 10° } .
- AT 61 140 %g 28 £ 68 %
< [ 1 831 E q
5 4581 020 % X 80 83
*

-U O™ 54 E 10} e
§ 10} i 032 =

’ 32 g 1 64
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— » (o) 1x Electrohydrodynamic |74
1 Oug o2} |+ Phase transfer
L 440 09 X Electro wetting
39 0% % Electrochemical
38 Oss ] Magnetohydrodynamic
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10° 10! 107

Typ. aize L{um) Typ. size L{um)

Flow rate versus typical size for Flow rate versus typical size for
mechanical pumps non-mechanical pumps

Nguyen et al (2002)
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Check-valve
Peristaltic

Flow rectification
Rotary

Ultrasonic
Electrohydrodynamic
Phase transfer
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Max. back pressure Pa)

10° 10°

L

Typical size (micron) 162 1A00 10°
Max. flow rate Q(uL/min)

OCheck-valve APeristaltic
OFlow rectification ¢Rotary

% Ultrasonic mEHD .
+ Electrokinetic @Phase transfer MaXI mum baCk ressure versus

m Electrochemical AMHD maximum flow rate

Maximum Renqlds number Nguyen et al (2002)
versus typical size
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JI,UJo dlslacemeﬂt mICrepUMpS; the most Wldely
HECTIICTOPUMPS: NaVE REERNTProttcCed™ Wit 2 WIGe Variety
mber. configurations, valve types, drivers and
IS ions

r-r] ctrically driven reciprocating displacement
rr_u et mps nave been the subject of particular attention and
e ow available commercially.

"eTIOdIC displacement pumping based on localized phase

~  change; electrowetting and other mechanisms are effective for
- transporting finite quantities of fluid in a generally
unidirectional manner.

* Dynamic micropumps based on electromagnetic fields—
electrohydrodynamic, electroosmotic and
magnetohydrodynamic micropumps—are a subject of
Increasing interest.
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Laser and Santiago (2004)
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Air to water
heat exchanger Filter

Rrejecter: Heat
Rrcjecter  Transfer bewteen
water and HX

Radvecﬁon
Water RC"”V
reservoir Cold plate
R TIM
Electronic module
RS/'
//
T, | EEE— T 7
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fer A tatlon oﬁgld Iate

ansfer Augmentatlon (Q = UAAT,)
at transfer rate,
U 'eraII heat transfer Coeff.

AT mean temperature difference

= -~ » Increase A
> Increase U
> Reduce AP at fixed Q
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Im easeA
- L se high k materials
> "ncrease femperature gradient?

aT/dy = (T, - T1)/(Y2- Y1)

= - Free stream

E ‘7-

—- =

P
—

Thermal
boundary

> Increase A

> Increase h (convective heat tra
coeft.)
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lricrease A without appreciably changing h.
Sincrease of both h and A.

’ -]n essence Increase the effective hA.

However, one should notice the constraint of
pumping power.
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Rerfotance evaluation criteria of enh [faces™
JReduced Heat Tra'mr—area for ixed pumplng

POMIETS

- madus:i pumping power at fixed heat duty

RREduced Effective temperature difference at
fl,gr- [heat duty and pumping power

=" Incr ased Heat Transfer Duty

g —
‘J —— —"
—_’5' — - =

-

Note Be aware of the constraints of
enhancements

or further details, check the details of Webb &
Kim’s book.
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IIIEN C ,lv Ne need the enhancement?
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it cost-effective?
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Design pt.2 Design pt.1

(Normal uppermbound)
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Turbulent
core
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rofeselzl ‘ £ 00/0) g
rofesel 1;0 Uld cooling (water or dielectric fluid)
SREOrced convective boiling cooling

— l"’

> Unleelde S10n cooling
- ;*;E rmalelectrics
' _frlgeratlon

p—

.
—

-Amc‘)n‘g them, smaller and smaller dimension are
employed with heat flux being increased.
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grmentationJn. turbulentsiiow
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Three dimensional
roughness (“uniform
roughness”)

Ridge type two
dimensional roughness
(“repeated nibs’)

Groove type wo
dimensional roughness ‘ N
Laminar

,) 1 sublayer

~, Turbulent

5 core
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OSEInterrupted surface
Boundary layer re-starting

a.Rectangular d. Offset Strip Fin

/ o . 4 Free stream
T ,",_‘ : "
A1 1.8 Il \ Velocity
L :

boundary
= layer

e. Perforated
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f. Louvered 1—
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Laminar boundary layer

Wake region
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SWATCOBIRoN iguid cooll single-phase to
LWOEIIESE

Buoyancy-driven
flow

Mot components
on printed
circuit boards

Hat plate

TABLE 1.1  Typical values of the
convection heat transfer coefficient

Process h
(W/m? -+ K)

Free convection
Gases

Liquids
Forced convection
Gases
Liquids
Convection with phase change
Boiling or condensation
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Q ms‘p pUD/H
sma Ter diameter tube (or
=TT mai flow pattern is mostly
,Oﬁ’rated at laminar flow

Turbuhet

l Laminar
—,2—"1' sublayer

Turbulent

Turbulent
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Chevron (V)
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OSF-1 OSF-2

Pumping power (W)
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nsion: U, V: 50 x 50 x 2 mm?
C:40x40x 4 mm?3

EEEODE C
PP D>D> <

Pumping power (W)
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Source: SIA
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© @ Viicro-channel HXs - Example

heat exchanger

expansion capillary

- evaporator

- -- heat load
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1aller Channel?

gn.,l.u aireduction of Dy, with a factor of 10, s s

PN IRLS case, 10 times increase of heat transfer. coefficient
(Nu = | h/ k)

S REICASE O tImes Increase o eat surface area at the ™

SATIEVO U me)

SEGIle same thermal resistance, flow rate, and pressure

chJe constraints, the m|crochannel desian offers 1/100

[es volumeI e —

- — —
e

— 4 D, e e M

S
|\

= ﬂULfRe ———————————

,Dﬁ

l\
N

AP oc LZ — L must reduce to e ol T
100 —

h
maintain a constant AP, while the thermal

: 1 e : oL 1
resistance = stays the same! This implies a reduction of volume to its original —
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JI v' rance
= HY0 /{lr ilic entrance length

)

— 1 aI entrance length

‘-

S Jmultaneously entrance effect

e
_"

_::f‘ Nlorstly _Laminar flow
— [Depends on boundary conditions

I
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like macro-

Developing flow D, = 0.96 mm Dittus-Boelter (heating)
Shah and Bhatti [1987] ——— Petukhov
Re, =570 —— Gnielinski
Reo ~ 620 e 0124 nlerr:D S
Re, = 1500 0.219 mm
0.308 mm
0.415 mm
0.760 mm
0.960 mm
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/ U B R (ERA G

L;, ~0.05 (L CfkEE 0.06) (B

L, ~4.4Re © (FUREN — ERZCE: www.engineeringtoolbox.com)
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HOW G 1tl0n with Re =10000.

: ar ~ 0.05( 0,06)x1000xD, = 50~60 D,
~ 4.4x10000"1/6xDh = 20.5 D,

bulent
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(a) bubbly flow

(b) plug / slug flow

(c) slug flow

(d) churn flow
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INIENCENElation for two- phase flow In micro
preenaiikarand Balasubrar anian (20

-

K (water) 1.0
R-11 1.3
- R-12 -
- R-13B1 1.31
’ R-113 I.3
F (Convection number) (22) R-114 1.24
R-22 2.2
p—— — R-134a 1.63
- S é}i%ﬁf’a{}ﬁ}ﬂ{*i EAHEENu,, 100 < Re,, <1600 Kerosene 0.488
——— = PARe, , = 16008ERe, ,=3000 RR°'14714b 1.8
B | e - <12 1.0
T P — M9t RETETSMENTE #1600 < Re,, <3000 R-410A a
(’1 .)(RC—IUOO)])I' R-152a -~
D, 53000 < Re, <10 =
“u:’;“='107-|’7“f¥ (P2®-1) (23
i

(' : 2 )Re‘,_(, Pr,

11n+|2*¢ﬂ,(vﬁ‘—n

10" <Re, , < 5x10°
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1ary O crocha
HX Is considered a&ﬁ[&ernatwe for hlgh -flux electronic cooling

nd it is applicable in both single and two-phase applications.

transfer and frictional characteristics for microchannel in single
: same as that of macrochannnel. However, the two phase flow
rable difference in it subject to the bubble/flow phenomena.

gmentatlon Is an effective way for laminar flow cold-plate.

—

| _,entrance should be considered for microchannel HXs.

— .
Mal=dist Tbutlon could be a concern for multiple port channel cold-plate.

-—‘

o] H‘two-phase flow application, contraction loss may be quite important when
compared to frictional loss.

“The two-phase boiling heat transfer coefficient is usually increased with the rise
of heat flux but shows no (or slight decrease) with vapor quality.

*The two-phase flow pattern for microchannel is quite different from that of
macrochannel with virtually no stratified flow pattern.
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<
—_— -
AP =2.17 kPa
L =12691W
AP = 4.9 kPa
(1)
= 47.94 W

V= 1.0 (m/s):

AVyax = 0.2852 (m/s)

AT yax = 1.345 (°C)

i
AQuax = 148 (W) MC Lu et al., (2004)
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Lu and Wang, (2006)
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Inlet R egion

Fdgze Wall(Rizht) * E Wall

Boindary Wall * B Wall
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Edge Wall(Right) * E Wall

\

Boundary Wall * B Wall
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Various Fin Patterns

Note: ERL has the biggest database for all kinds fin patterns

Design software are available (please call, Mr. J.S. Liaw at 03-5914220; jsliaw @itri.org.tw)
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Easbive method to improve airside performances
" - Technology Evolution —

—

lBoundary Layer Restart

\/

mal Wake Management

B i

Plain fin - continuous fin Interrupted surface
L A [
Performance Peﬁonnance

e A

ALAAAAARAA

US patent 4817709



http://www.nctu.edu.tw/

- -
Az 26 5
Narioyal Chiao Tung University

- -

~ Type of vortex

IBOICHLUGIRIVOREX GULPETTC

— .
- | -

LS

Rectangular Wingiots
/ \ Longitudinal Vortices
=

¥l
Faih =
)

AT
Rib fin


http://www.nctu.edu.tw/

Benefits of vortex generato.r

3oundary Layer separation -
e heat transfer performance with acceptable pressure drop

g
iy \‘\Ell.”
| AR -
oy - . \‘\\'tu -
B -,
| | -

Int. J. of Heat and Mass Transfer, Vol. 45, pp. 1933-1944.

Int. J. of Heat and Mass Transfer, Vol. 45, pp. 3803-3815.
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tence of vortex generator on flow.fielc

Int. J. of Heat and Mass Transfer, Vol. 45, pp. 1933-1944.
Int. J. of Heat and Mass Transfer, Vol. 45, pp. 3803-3815.
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SUMMary )

ling is gonsidei’e%-’a’n alternatlve for hlgh -flux

Pa——— - -
1NN a1l ata NN -

)S is the key element of liquid cooling, reliability issue is
cerns for those with valve designs while efficiency is for
free design.

rar sfer augmentation is an effective way for laminar flow

- -

"“"‘ »,,"
?ﬁﬂfu,enpe of entrance should be considered for microchannel HXs.

- -Mal-distribution could be a concern for multiple port channel cold-
plate.

*Radiator is the final place to dump heat — it is very crucial to
choose suitable fin pattern .
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