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) specific heat of the fluid at constant pressure [J kg™' K]

Dy, hydraulic diameter of a channel [m ]

AT maximum temperature difference (= Ty out — Ttin) [K]
G total volumetric flow rate of the fluid [m? sec™]

h heat transfer coefficient [W m™2 K]

k¢ thermal conductivity of the fluid [W m™! K]

Nu  Nusselt number (= hDy/kf) [—]

Q total heat dissipation from a heat source [W ]

q heat flux dissipated from chip surface [W m™2]

R thermal resistance (= AT/Q) [K W]

R thermal resistance per unit chip-surface area or unit heat-sink base area
(=AT/q") [Kem* W]

Ty local bulk temperature of the fluid [K]

Ty local temperature of the channel wall [K]



Greek symbols

p density of the fluid [kg m™3]
Subscripts

in at inlet

out at outlet

eff effective

cap capacitive

conw convective
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Figure 1-1: Comparison of cooling requirement between recent VLSI and conventional

heat sources. This figure was cited from [4].
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Figure 1-2: (a) Schematic description of a typical rectangular-fin type microchanneled

heat sink. (b) 3M microchanneled structure with circular channels, lying on a dime.
This picture was cited from [5].
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Fluid in
'Z:> Channeled Heat Sink
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—— : temperature of heating surface
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Figure 1 - 3: Temperature variation of chip surface and coolant fluid in axial direction.
0000 Fully developed flow and constant/uniform heat flux input are assumed.
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Figure 1-4: Applicable range of each cooling method. In this fugure, ranges other than
‘microchannel (water)’ are based on these presented in [5].
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Figure 2 - 1: Drawings of (a) microchannel plate which contains 26 microchannels (cen-
ter) and 4 feeding/draining holes of ¢3 mm, and (b) manifold plate which contains 2
manifolds (header & footer) and 4 feeding/draining holes of 3 mm. There are pin holes
of $2.05 mm at each corner of the plates. Each plate is 50 mm x 50 mm square, has

thickness of 200 pm, made of stainless-steel.
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Figure 2 - 2: 3D schematic of our pHEX. 2 microchannel plates and 2 manifold plates,
sandwiched by cover plates, constitutes a unit of heat exchanger as shown in this figure.
The red- /blue-colored part represents a passage of hot/cold fluid.
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Figure 2 - 3: Perspective view of our cross-flow type pHEX. Relative proportion of this
figure is exact.
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uHEX constantan thin plate

/ / (100 pm)

copper wire
steel base slab (200 pum)
(10 mm)
(a)
O O

O O

e : Thermocouple junction
(b)

Figure 2-4: (a) Schematic description of a temperature mesurement device which mea-
sure a temperature distribution over the pHEX. 28 copper wires are welded by electric
discharging onto a thin constantan plate, forming a multi-blanched thermocouples. The
constantan plate is glued to 1 cm thick stainless-steel slab. (b) Location of thermocouple
junctions.
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A representative area [m?]

A representative area per unit channel length [m]

Bi Biot number [—]

C, specific heat of the fluid at constant pressure [J kg™' K]
Dy, hydraulic diameter of a channel [m]

G volumetric flow rate of the fluid [m? sec™ ]

Hgip, fin height [m]

h heat transfer coefficient [W m™2 K™!]

k¢ thermal conductivity of the fluid [W m~! K]

ks thermal conductivity of the solid material [W m™! K™!]
L channel length [m]

m mass flow rate of the fluid [g sec]

Nu Nusselt number (= hDp/ky) [—]

D heat exchanging perimeter [m |

AP pressure drop [Pa]

Q total exchanging heat [W ]

R thermal resistance (= AT/Q) [K W]

R thermal resistance per unit channel length [K m W™!]
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Re Reynolds number [—]

T temperature [K]

AT,  log mean temperature difference [K]
AT,.: maximum temperature difference [K]

U overall heat transfer coefficient [W m? K]

Win fin width [m]

Greek symbols

i fin efficiency [—]
Subscripts

cap Capacitive

cold of cold side
cond conductive

conv convective

developing deVelOping flow

developed  1ully developed flow

H constant heat flux boundary

hot of hot side

in at inlet

local of local

out at outlet

T constant temperature boundary
tot of total

water of water

z at axial location of =
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Figure 3 - 2: Relationship between pressure drop and mass flow rate of water. Pressure
drop was measured with a (a) manometer for low flow rate, or (b) differential pressure
transducer for high flow rate. In both figures, experimental plots are compared with
calculated results in which no pressure loss at bend/manifold were taken into account,
with contributions of each part sepcifically presented.
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Table 3-1: Experimental datasets for # 1 and # 2.

# Teotd,in | Teotd,out | Thot,in | Thot,out | ATmaz F ATy | Tawater Q Reonv + | Reap
Reond

[°C] [°C] [°C] [°C] [K] [-] [K] [ g/sec ] [W] [K/W] [K/W]
#1 25.05 29.4 39.4 34.15 14.35 0.959 9.54 0.88 17.67 0.518 0.294
#1 25.2 31.1 44.6 37.2 19.4 0.957 12.74 0.87 24.26 0.502 0.297
#1 25.3 32.55 48.85 40 23.55 0.957 15.49 0.88 29.54 0.502 0.296
#1 25.1 34 53.6 42.75 28.5 0.956 18.61 0.87 36.06 0.493 0.297
#1 25.15 35.3 58.7 46 33.55 0.958 22.1 0.87 41.7 0.508 0.297
# 2 25.8 30.1 39.95 34.9 14.15 0.959 9.47 0.88 17.16 0.529 0.295
# 2 25.75 31.75 44.8 37.95 19.05 0.957 12.62 0.88 23.63 0.511 0.295
# 2 25.8 33.15 49.15 40.7 23.35 0.957 15.44 0.88 29.09 0.508 0.295
# 2 25.7 34.85 54.4 44 28.7 0.956 18.92 0.88 35.96 0.503 0.295
# 2 25.7 36.35 59.1 46.95 33.4 0.956 21.99 0.88 41.91 0.501 0.296

000000000000 PB00000000000ooooooooooooon
000 QUOOO0O0 (overall heat transfer coefficient) U D 0000000000000
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Table 3 -2: Experimental datasets for # 3 00 # 6.

# Teotd,in | Teotd,out | Thot,in | Thot,out | ATmaz F ATy | Tawater Q Reonv + | Reap
Reond

[°C] [°C] [°C] [°C] [K] [-] [K] [ g/sec ] [W] [K/W] [K/W]
# 3 29.25 36.25 49.6 40.8 20.35 0.944 12.43 0.64 21.29 0.551 0.405
# 3 29.2 35.85 49.65 41.55 20.45 0.952 13.06 0.76 23.53 0.528 0.341
# 3 29 35.35 49.65 42.05 20.65 0.958 13.67 0.88 25.81 0.507 0.293
# 3 29.15 35.1 49.65 42.45 20.5 0.962 13.92 0.99 27.25 0.491 0.261
# 3 28.8 34.75 49.75 42.75 20.95 0.964 14.47 1.09 29.46 0.474 0.238
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#6 25.55 33.15 49.35 41.4 23.8 0.958 16.02 0.96 31.09 0.494 0.272
# 6 25.65 32.9 49.5 41.8 23.85 0.961 16.37 1.06 33.19 0.474 0.244
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Figure 3 - 15: A simplified pHEX configuration for a thermal modeling and analysis.
An area sorrounded by adiabatic planes, marked by {A}, denotes a domain used in the
analysis.
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Acn
Cy
Dy,
F
frp

cross sectional area of a channel [m?]

specific heat of the fluid at constant pressure [J kg™' K]
hydraulic diameter of a channel |[m]

F-factor for correction of AT}, [—]

two phase friction factor [—]

volumetric flow rate of the fluid [m? sec™]

fin height [m]

enthalpy of the fluid [J kg]

enthalpy of liquid at saturated state [J kg]

enthalpy difference between gas and liquid at saturated state (= hy — hy)
[J kg]

enthalpy of gas at saturated state [J kg]

length of a bubble [m]

mass flux of two phase flow [kg sec™ m~2]

mass flux of liquid phase flow [kg sec™! m~2]

mass flux of gas phase flow [kg sec™ m™2]
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mass flow rate of the fluid [g sec]

pressure at specific location [Pa]

perimeter of a channel [m |

pressure drop [Pa]

total exchanging heat [W ]

heat flux at channel wall [W m™2]

thermal resistance (= AT/Q) [K W]

an equivalent thermal resistance of R, in case of boiling heat exchange
(Riot — F ATy /Q) [K W]

boiling temperature of the coolant [K]|

temperature of cold side fluid [K]

temperature of hot side fluid [K]

log mean temperature difference [K]

maximum temperature difference [K]

velocity of homogeneous fluid [m sec™!]

specific volume of homogeneous fluid [m?® kg™ ]
specific volume of liquid at saturated state [m?® kg™!]
specific volume difference between gas and liquid at saturated state
(=vg—vy) [m®kg™']

specific volume of gas at saturated state [m?3 kg™!]
width of a bubble [m]

width of a channel [m]

quality of the flow [—]

axial location along a channel [—]

Greek symbols

density of homogeneous fluid [kg m™3]
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Tw shear stress at channel wall [N m™?]

Subscripts

amb ambient

cap capacitive

cond conductive

conv convective

escp escaping

in at inlet

mean mean

out at outlet

sat at saturated state
surf surface

FC fluorocarbon, or Fluorinert
water water
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Figure 4-2: A device for measuring volumetric flow rate of fluorinert.
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Flow Direction

(top view )
( A) ®) ) © O i = Small foams or bubbles, which sometimes barely be seen on the
®) e O 2 o O screen, are contained in the liquid. ( #}, < 0.5 Wy )
(B) Middle size plug bubble, both of whose meniscuses are clearly seen.
(W= Wepy, Wen < Ly < 4Wy)
C Long size plug bubble, both of whose meniscuses are clearly seen.

( ) (Ly 2 4Wy)

( Long vapor column, whose frontal meniscus is almost vanishing while
(D) or rear meniscus is still clear. Often the front can be seen as a progressing

liquid wave.

R e The channel wall is always wetted with the stratified/wavy liquid, which
(E) ! L e is often observed to progress forward. No meniscus can be found in the
o it i particular region.

Wide liquid wave, which ranges almost entire channel region, passes
(F) ( ) through periodically/intermittently. While no liquid passes, the channel
wall is almost dried out, otherwise barely wetted.

Figure 4 - 3: Distinction of each boiling regime in this report (A O F). Each regime is
schematically delineated for a part of a channel in top-view manner. Wy, Ly, and W,
denote width of a bubble, length of a bubble, and width of a channel, respectively.
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Fluorinert Conditions :
:> HMHEX Twaten in — 74 °C
TFC in 41 °C
ﬂ rhwaler = 151 g/sec
Hot Water
Gre
[ce/sec] |||

0.5 A A | BC | B | D
0.4 A | AB | AB | BC | BC| D
0.3 A B | BC | C/D |CDE| E
0.2 B B/C/D | D/E D/E E/F F
o1 || DE | E F F F F

Table 4 - 2 : Observation of local boiling phenomena for several G~. The microchannel

arca was divided into six rectangular areas, then the boiling regime for each area was deter-
mined from a movie taken with a high-speed camera. Definitions of the boiling regimes are
based on Figure 4 - 3.

000000000000000 Gpe=0.60 0.4 cc/sec00000000Table 4 -2
000000000000000000000000000000000000000
00000 Peng0O [2)0000000000000000000000000O000
0000000000000000000000000000000 0.6mm x 0.7 mm
000000000000000000000000000000000000000
OoO000O000O00oO
00030000000000000000000000000000000000
000 Tre im ~ 40 °COri = 1.51 g/sec 0 0 049 °C < Tygrerin < 79°CO0000000
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Table 4 - 3: Experimental datasets for # 7 O # 15.

# Tc,zn Te,out Th,,in Th,out ATmaz F ATy, Mwater Q Grc AP FA/gm, Riot
[(°cl | [°clp | 1°cl| [°ci [K] [-] [K] [g/sec] [W] | [ec/sec] | [kPa] | [K/W] | [K/W]

# 7 38.8 42.2 49.3 47.8 10.5 0.986 8.01 1.51 7.46 0.90 30.61 1.06 1.41
H# T 39.2 44.3 54.3 52.2 15.0 0.986 11.4 1.51 10.39 0.90 30.76 1.08 1.45
# 7 40.3 46.7 59.1 56.5 18.7 0.986 14.2 1.51 13.11 0.90 30.01 1.07 1.43
H# T 40.4 48.9 64.3 61.0 23.9 0.985 17.9 1.51 17.85 0.90 29.94 0.99 1.34
# 7 40.1 50.9 68.9 65.1 28.8 0.985 21.4 1.51 20.54 0.90 30.64 1.02 1.40
H# T 40.7 53.8 73.9 69.4 33.2 0.983 24.2 1.51 24.71 0.90 31.50 0.96 1.34
# 7 40.6 56.2 78.8 73.3 38.2 0.981 27.3 1.51 30.87 0.90 36.07 0.87 1.24
# 8 38.8 42.3 49.3 47.9 10.5 0.986 8.0 1.51 6.89 0.80 24.27 1.14 1.52
# 8 39.9 45.0 54.3 52.4 14.3 0.986 10.8 1.51 9.03 0.80 23.83 1.18 1.59
# 8 39.8 46.8 59.1 56.6 19.3 0.986 14.5 1.51 12.62 0.80 23.79 1.13 1.53
# 8 40.1 49.3 64.1 60.9 24.0 0.984 17.7 1.51 16.89 0.80 24.11 1.03 1.42
# 8 40.6 52.0 68.9 65.1 28.3 0.983 20.5 1.51 20.65 0.80 24.68 0.97 1.37
# 8 40.9 54.7 73.8 69.3 32.9 0.982 23.4 1.51 24.55 0.80 26.41 0.94 1.34
# 8 39.8 56.8 78.6 73.0 38.9 0.979 27.1 1.51 31.81 0.80 33.72 0.84 1.22
# 9 39.5 43.1 49.3 47.9 9.8 0.984 7.2 1.51 6.87 0.70 19.35 1.04 1.43
# 9 40.1 45.4 54.2 52.4 14.0 0.985 10.4 1.51 8.65 0.70 18.97 1.19 1.62
#9 40.4 47.6 59.1 56.7 18.7 0.984 13.7 1.51 12.01 0.70 19.05 1.13 1.55
# 9 40.1 49.9 64.2 61.0 24.1 0.983 17.4 1.51 16.65 0.70 19.26 1.03 1.45
# 9 40.8 52.9 69.0 65.3 28.2 0.982 20.0 1.51 19.88 0.70 20.14 0.99 1.42
# 9 40.3 55.4 74.0 69.4 33.7 0.980 23.5 1.51 24.95 0.70 24.13 0.92 1.35
# 9 41.2 58.4 78.6 73.5 37.3 0.979 25.8 1.51 27.76 0.70 32.09 0.91 1.35
# 10 39.4 43.1 49.2 48.0 9.8 0.985 7.25 1.51 5.33 0.60 15.22 1.34 1.84
# 10 40.5 45.9 54.0 52.4 13.5 0.985 9.91 1.51 7.39 0.60 14.98 1.32 1.82
# 10 41.0 48.6 59.0 56.8 18.0 0.983 12.92 1.51 10.74 0.60 15.16 1.18 1.68
# 10 41.2 51.5 64.3 61.3 23.1 0.981 16.16 1.51 15.08 0.60 15.86 1.05 1.53
# 10 40.1 53.8 69.1 65.5 29.0 0.980 19.94 1.51 19.10 0.60 17.46 1.02 1.52
# 10 40.3 56.9 73.9 69.7 33.5 0.979 22.58 1.51 22.70 0.60 22.78 0.97 1.48
# 10 40.8 59.7 78.6 73.7 37.9 0.978 25.30 1.51 26.86 0.60 30.68 0.92 1.41
# 11 39.6 43.5 49.3 48.0 9.7 0.984 7.06 1.51 5.59 0.50 11.41 1.24 1.74
# 11 40.9 46.5 54.2 52.5 13.3 0.983 9.51 1.51 7.79 0.50 11.31 1.20 1.71
# 11 40.1 48.8 59.1 56.9 19.1 0.982 13.35 1.51 11.26 0.50 11.58 1.16 1.69
# 11 41.1 52.1 64.1 61.4 23.1 0.981 15.85 1.51 13.80 0.50 12.11 1.13 1.67
# 11 40.3 54.9 69.2 65.5 28.9 0.978 19.26 1.51 19.40 0.50 14.26 0.97 1.49
# 11 40.1 58.1 74.0 69.8 33.9 0.976 22.07 1.51 23.12 0.50 21.32 0.93 1.47
# 11 40.7 60.4 78.7 73.7 38.0 0.976 24.96 1.51 27.44 0.50 28.51 0.89 1.39
# 12 39.6 43.8 49.1 48.0 9.5 0.982 6.69 1.51 5.03 0.40 8.36 1.31 1.89
# 12 39.7 47.0 54.0 52.4 14.3 0.980 9.59 1.51 7.67 0.40 8.56 1.23 1.87
# 12 40.5 50.3 59.0 56.8 18.5 0.978 12.11 1.51 10.82 0.40 9.18 1.09 1.71
# 12 40.8 53.6 64.1 61.3 23.4 0.976 14.98 1.51 14.52 0.40 10.08 1.01 1.61
# 12 40.3 56.4 69.2 65.6 28.8 0.975 18.32 1.51 18.83 0.40 13.51 0.95 1.53
# 12 41.2 59.7 73.7 69.7 32.5 0.975 20.40 1.51 21.21 0.40 20.33 0.94 1.53
# 12 41.4 61.2 78.6 73.8 37.1 0.976 24.12 1.51 25.92 0.40 27.75 0.91 1.43
# 13 39.3 44.2 49.4 48.2 10.1 0.980 6.91 1.51 5.13 0.30 6.33 1.32 1.98
# 13 39.7 47.5 54.4 52.7 14.7 0.978 9.67 1.51 8.08 0.30 6.35 1.17 1.82
# 13 40.1 51.2 59.4 57.2 19.4 0.976 12.14 1.51 11.07 0.30 6.61 1.07 1.75
# 13 40.5 55.0 64.7 61.8 24.2 0.974 14.75 1.51 14.68 0.30 7.70 0.98 1.65
# 13 40.9 58.3 69.4 66.0 28.5 0.973 17.15 1.51 17.91 0.30 11.89 0.93 1.59
# 13 41.5 60.5 73.8 70.1 32.3 0.975 20.01 1.51 19.71 0.30 18.45 0.99 1.64
# 13 41.3 60.9 78.8 74.4 37.5 0.978 24.69 1.51 24.21 0.30 26.91 1.00 1.55
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Table 4 - 3: Experimental datasets for # 7 0 # 15 (cont.).

# T, Te,out Th,in Th,out ATmax F ATy, Mwater Q Grc AP FA/’Z%M Riot
[(°cl | [°clp | [°cl| [°cl (K] (-] (K] [g/sec] [W] | [ce/sec] | [kPa] | [K/W] | [K/W]

# 14 38.8 44.8 49.3 48.1 10.5 0.976 6.60 1.51 5.31 0.20 3.79 1.21 1.97
# 14 40.2 48.8 54.3 52.8 14.1 0.975 8.61 1.51 7.13 0.20 3.86 1.18 1.98
# 14 40.6 52.8 59.0 57.2 18.4 0.976 10.55 1.51 8.44 0.20 4.84 1.22 2.18
# 14 41.5 56.7 64.3 61.8 22.8 0.972 12.90 1.51 12.53 0.20 6.54 1.00 1.82
# 14 41.6 59.3 69.0 65.9 27.4 0.973 15.94 1.51 15.66 0.20 10.94 0.99 1.75
# 14 40.6 60.2 73.7 69.8 33.1 0.974 20.32 1.51 20.35 0.20 16.93 0.97 1.62
# 14 41.2 59.8 78.8 73.9 37.6 0.978 25.23 1.51 26.36 0.20 25.11 0.94 1.43
# 15 37.2 45.3 49.4 48.5 12.2 0.982 7.15 1.51 3.96 0.10 2.64 1.77 3.09
# 15 37.9 49.4 54.4 53.1 16.6 0.980 9.17 1.51 6.13 0.10 2.52 1.47 2.70
# 15 38.4 53.5 59.3 57.6 20.9 0.981 11.15 1.51 7.69 0.10 2.68 1.42 2.72
# 15 38.5 58.5 64.5 62.3 26.0 0.980 12.91 1.51 10.16 0.10 3.76 1.25 2.56
# 15 40.0 61.3 69.3 66.6 29.3 0.975 15.50 1.51 13.92 0.10 6.05 1.09 2.11
# 15 40.9 62.1 74.2 70.8 33.3 0.976 19.71 1.51 17.24 0.10 10.48 1.12 1.93
# 15 41.1 61.3 78.9 74.6 37.8 0.978 24.69 1.51 23.22 0.10 15.90 1.04 1.63
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Conditions & Assumptions
* Water, Single Phase

* All Properties Evaluated at 40 °C
Thermally/Hydrodynamically Fully Developed
Uniform Heat Flux on the Tube Wall

*

*

*

10 mm X 10 mm x 1.59 mm Copper Block

100 Watt 256 Watt
Tywatl, out = Tt in [K1] 40 40

A -] 0.35 0.25

AP,y [bar] 0.0241" 0.175"
Dy ope [mm ] 1.220 0.648
Ropt [-] 4.76 12.06
Regy [-1 4115 4316
Gy [ec/sec] 12.52 17.66
Tt out = Tpjn [K] 1.93 3.50
Bigy [-] 0.066 0.082

# These are the values that were multiplied by 28.6/10 to AP, ;, obtained for 1 cm

long channel, in order to fit the total length of a channel used by Bowers &
Mudawar.

Table 4 - 4 : Optimized dataset by Murakami and Miki¢ for the cases of O = 100 W and
256 W. This table is for a comparison with the data presented by Bowers & Mudawar [1].
For nomenclatures used in this table, see Chapter 5.
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Optimization by Murakami & Mikic
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Figure 4-14: Optimized results by Murakami & Mikié¢ put on the Figure 3 (b) presented
in the paper of Bowers et al. [1]. These plots are for the cases of @ = 100 and 256 W,
whose details were given at Table 4 - 4 in this chapter. One can easily understand the
optimized plots under the condition of water single phase flow are superior to the plots
for the case of boiling in microchannel, which were presented by Bowers et al. .
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4.4 OO0O0OOOOODOO

oobo0obOobOo0obOobobO0obOOoboooOOobUobbO0obDOobObDOobobooOoo
OO0bO000O0obO00o0O0ob0o0ooO0b0oooooobooOobDobboUobDoooOoDo
Bower 000000 ODOOOO([1][700000000OOOODOOCOOODOOO0.51
mm 0000000000000 0O000b0O0 1vgbobobo 24 mmOdnogoonOog
oboobooboboosbgboobobobooboobobbobooboobooon
oobobobooboboooobooboooooboobooobobooooboooooDo
OOobO0oooooooobooooobo0obobooboooboobOogDdd homogeneous
model OO0 O0O0O0ODOODOOOOODOODOOOO0ODOOOOOOODODOOOOD
0000000000000 000000000000O00000OoOooOoD 1200
O000000 BowersUOODODOOODOOODODOODOOOOOOODOODDOODO
O000000O0OOhomogeneous model 00O OOOOOOOOOOOODOOOOO
OO00O0bOO0bOobboOobooooo

4.4.1 Homogeneous Model

Homogeneous model D 0000 [12] 000000000000 OOOOODOOOOO
000 homogeneous model I 0000000 OO0OOO0O0OOO0OOOOOOOOOOO
0000000000000 0000000000b0000ObUdDUdOdhomogeneous
model 00000000000 O0O0O0O0O0O0OOOOO [B]0000OOOO0O

godjdddddoddoooooooobobbobbooooooooUouo
godddddodoooooooobobobobbbbc0bbbbb0o0o0ooUoo
0000 mass quality 0 thermodynamic quality 0 0 00000 OO [13]0 Mass quality
googooooobooobon

_ M, M,
= = =2 0<z<1 2
x ; ; (0<z<1) (2)

120



000 MOOODOODO (mass flux) DOO0O0OOO

M =

L lmw

A sec - m?

(3)

0000000000000 GO0 A,000000000 (m3/sec)000000O0
ooooooooono f,g0bobboobooboooobbooobooboooooDo
Oo0000o0oooooomood M=M;+M,00000000 mass quality
obooobooboobooboobobobboboboobuouobuoub e=0000
O0z=10000000000000<2x<10000MassqualityU000000O
OO0bO0000obO00o00ooO0oboU0obO0ob0o0oDO0obDo0bOoUooOobDOobDoOoDo
O0000000O0000000 thermodynamic quality 100000000

h—h h—h
x= L= ! (4)
hg_hf hfg

O0000AO0O0000COOO0OOOCOOODO0OOOOOOOOOOOOOOOO (kJ/kg)
Oo0o0oooooooooaeR00hO0000000000T,O0O0O00O0O0O0O0O00
O00000o0o0o0o0o00000o000 r0 7T, 0000000000000000
(=h,—hy,) 00000000 hy, hy, hy, 000000000000 0O0O0O0OOOOO
Thermodynamic quality 0 0000000000 A, 0000000 2=00hn,00
O0000x=10000Mass quality 0 0000 O00OOOOOthermodynamic quality
Oooooooooo T'<T,))OOz<O0ODDOOODOOOOOODO (T'>1T,)00
x>10000000000000 thermodynamic quality U0 O O00OOO0OOOOOO
OO00000000000000000000000o00oOoooooDoooOooa
O0000D000D0O0O0DOthermodynamic quality 000000000 O00OO0DOO0OO
0000000000000 0DO0oo0Dooooooooooooooooooond
O00000000D000D0O000 thermodynamic quality 000000000 OOO
ooo
O00000D0O00000OFigure4-17000000000O0OO0OOOODOOO
00O 00 momentum balance [0 energy balance 0 2000000000000 0O0OO0O
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Momentum balance
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Energy balance
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Figure 4 - 17: (a) Momentum, and (b) Energy balances for a control volume between z
and z + Az.
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000000 A,0000 20 2+ A:000000000000D0DO0DO0DOODO
x0000000000000000D00000000momentum balance J 0 0O OO
oooooOooooOoP,w, 7, p00000 000000 kPaDO0O0O0OOOO
m/sec000000000000 [N/m? 000000 m00000O00O0O0OOOO
O00000o0oooboooooooo

dP, du,
Ach% _Twp_MAchE (5)

oboobooobopP 00w 00000 POOwDOOODOO

dP 1 du
— = ——,p—M—
dz A TwP dz
dP dP
= | — — 6
( dz )frict * ( dz )accel ( )

gbobuoggbobboogbbboobbbooobboobbboobobboobbobo
gbobboooobobbooooobbobooooobbooooon

dP Tw D D I__
() - bt
frict

% Ach Ach 2
_ 2frppW 2 frp M?T (7)
B D, Dy,
-1 D 4

__:M D=7 _— = —
|:pu 7p v ’Ach Dh

0000 fre, p, v, D, 00000 two-phase friction factor0 0000000 [kg/m?|0
000000 m?/keg] 00000000 mO00DO0MOO0O0O0O0O00O0OO0O0O p0O0OO
v00000000000000D000D000D0OUOhomogeneous model O OOOOM
Jodmbodds0ooobbbbddddddz0d00dboobbbbbbo

S
Il

rxv,+ (1 —2)- vy

= vyt (g —vp) = v+ v (8)

Ood vy vV, Vy,0Oooooooooooooooooooooooooooood
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0000000000000000000000000 (=v,—v,)0000
gbobooooobbuoooobbooogobobooon

dP du dv
— = =M-—=M*— 9
(dz)accel dz dz ( )

0 (7)00 (9)00 (6)0000000000000000000000000

- = M? <Fh frpv+ $> (10)

0000 (10000 (8)0000000000

dpP 2 d
~OE ey o) + L )
. 2 2 Ufg 2 dl’
= thTPM vy {1+$<Uf>}+M Vs -
dv dv dP
2 [ OVf L el
M (dP+de> az )

0000000000 000000 dP/dz0000000000000 dP/dz000
gobbuooooobbooooooon

2frp M? vy Vfg , dx
il D SR U C G VE M
_dp_< Dy, ATV T (12)
dz

0000 Figure 4 - 170 energy balance U0 DO D 0O0O0DOOOOO g, 00 A, O
00000000000000000 W/m?]00 000000000000 [J/kg
Doooo0io0io0oo0oo0oo0b0oo0obonondg,=constant000OOO
OO0bOO0bOobOOo0obobOOobOobOoboooboo

dh 1 du,> d u,>
Gyp = MAgy —=+ = MAy, —— = MAgy — | h, + —= 1
qpp ch dZ + 9 ch dZ ch dZ( z+ 9 ) (3)
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h,=xhy+ (1 —x)hf=hs+zhy (14)
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M2 “evr fg f fg N 1
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Figure 4-18: Properties of 3M Fluorinert FX-3250. (a) hy vs. Py, and (b) hyy vs. Pyg.
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Figure 4 - 19: Calculated behavior of pressure, quality, and temperature along axial

direction of a microchannel. In this calculation, @ = 15 Watt, Grc = 0.1 cc/sec, and
P, = 105 kPa. Homogeneous model was used for this calculation.
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Figure 4 - 19: Calculated behavior of pressure, quality, and temperature along axial
direction of a microchannel (cont.). In this calculation, @ = 25 Watt, Grc = 0.2 cc/sec,

and P, = 105 kPa. Homogeneous model was used for this calculation.
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Figure 4 - 19: Calculated behavior of pressure, quality, and temperature along axial

direction of a microchannel (cont.). In this calculation, @ = 25 Watt, Gpc = 0.5 cc/sec,
and P;, = 110 kPa. Homogeneous model was used for this calculation.
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Figure 4 - 19: Calculated behavior of pressure, quality, and temperature along axial
direction of a microchannel (cont.). In this calculation, @ = 50 Watt, Grc = 0.5 cc/sec,
and P, = 120 kPa. Homogeneous model was used for this calculation.
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A total cross-sectional area of channels (= na) [m?]
A ratio of channel area to heat sink area (= A/S) [—]
a cross-sectional area of a channel [m?]

Bi  Biot number (= h/(ksV/N)) [—]

C, specific heat of the fluid at constant pressure [J kg™' K™']
Dy, hydraulic diameter of a channel [m]

D, dimensionless hydraulic diameter of a channel (= D, /L) [—]

AP  pressure drop between the inlet and outlet [Pa]
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Ma

=

dimensionless pressure drop (= AP %2) [—]

maximum temperature difference (= Ty out — Ttin) [K]
Darcy friction factor [—]

total volumetric flow rate of the fluid [m? sec™!]

height of heat sink [m ]

heat transfer coefficient [W m=2 K]

thermal conductivity of the fluid [W m~! K7!]

thermal conductivity of heat sink material [W m~ K!]
length of heat sink, or length of a channel [m |

entrance length [m]

Mach number [—]

number of channels per unit cross-sectional area of heat sink (=n/S) [m™2]

dimensionless number of channels per unit cross-sectional area of heat sink
(= NL2) [ -]

Nusselt number (= hDp/ky) [—]

total number of channels [—]

perimeter of a channel (= 4a/Dj) [m]

Prandtl number of the fluid (= pCpr/kf) [—]

total heat dissipation from a heat source [W ]

dimensionless heat dissipation from a heat source (= @/ pfgs ) [—]

heat flux at channel wall surface [W m™?]

thermal resistance (= AT/Q) [K W]

Reynolds number (= VD, /v) [—]

total cross-sectional area of heat sink (= HW) [m?]
local bulk temperature of the fluid [K]

local temperature of the channel wall [K]

bulk velocity of the fluid [m sec™]

width of heat sink [m ]
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Greek symbols

p density of the fluid [kg m™3]

v kinematic viscosity of the fluid [m? sec™!]

A dimensionless thermal load (= QL/(SksAT)) [—]

r ratio of heat generated from a chip to that by viscosity (= ¥/Q) [—]
1\ pumping power |[W]

v dimensionless pumping power (= W pzzs ) [—]0

Y viscous heat generation per one channel (= ¥/n) [W]

Subscripts

cap capacitive

dissip ~ With viscous heat generation

in at inlet

min minimum value

nodissip Without viscous heat generation
opt optimum value

out at outlet
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Table 5-1: Comparison among previous optimization works

Tuckerman and Pease (1981) [1] : Closed fin-type

Notes

Specified

- heat sink width (W), length (L)
- pressure drop (P)
- channel aspect ratio (a.) or fin efficiency (n)

Optimized

channel width (w.)

Minimized

thermal resistance (0)

- Specification of either of a. or n

results in a specification of the other.

- fin width (ww) = channel width (w.)

Sasaki and Kishimoto (1986) [2] : Closed fin-type

Notes

Specified | - heat sink width (L), length (L), height (T°)

- channel height (Z)

- pressure drop (AP)

- allowable temperature rise of chip junction (AT)
Optimized| channel width (wc)
Minimized| thermal resistance (AT/Qq)

- Although the authors maximized Qg

with fixing AT, this is equivalent to
a minimization of thermal resistance.

- The Z is equal to fin height.
- fin width (w) = channel width (w¢)

Phillips (1987) [3] : Closed fin-type

Notes

Specified

- channel length (L), aspect ratio (c)

- fin-channel width ratio (w. /we)

- substrate thickness (t)

- either one of pressure drop (AP),
coolant flow rate per unit heater surface area (V")
or pumping power per unit heater surface area (P"’)

Optimized

channel width (w.)

Minimized

thermal resistance per unit heater surface area
R//
( tot)

- The substrate thickness (¢) means the

fin base thickness.

Knight

et al. (1992) [4] : Closed fin-type

Notes

Specified

- heat sink width (W), length (L)

- pressure drop (AP)

- maximum allowable pumping power (w)
- fin efficiency (n) or fin height (D)

Optimized

number of channels (n) and fin-channel width ratio

)

Minimized

thermal resistance (6)

- Originally the D was termed as ‘fin

length’, however, the name ‘fin height’
was used here for a consistency with
other researchers’ terminology.

Lee (1995) [5] : Open fin-type in a rectangular duct

Notes

Specified | - duct width (W), height (H) - The length of fin (If) is equal to the
- heat sink width (w), height (h) length of the heat sink.
- fin height (hy), thickness (ts), length (I5) - The heat sink is placed on the middle-
- fluid velocity at duct inlet (Uy) bottom of the duct.

Optimized| number of fins (Ny)

Minimized| thermal resistance (Rsa)

Kleiner et al. (1995) [6] : Closed fin-type Notes

Specified | - heat sink width (Wj), length (Lps) - The authors further require a specifi-
- fin height (L f;y,), base thickness (Hpq) cation of diameter and length of a feed
- pumping power (Pjo¢) or thermal resistance (0,5) tube which connects a blower to the

Optimized| channel width (W) and fin width (Wy;y,) heat sink.

Minimized| thermal resistance (0s) or pumping power (Piot)

Chogquette et al. (1996) [7] : Closed fin-type

Notes

Specified | - heat sink width (W), length (L), base thickness (t)
- fin height (H)
- either one of volume flow rate (G),
pressure drop (AP), or pumping power (Pow)
Optimized| channel width (S) and fin width (1)
Minimized| thermal resistance (Ritot)
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Figure 5-1: Schematic description of a generic element to be cooled. n channels of hy-
draulic diameter D, are aligned in (a) multi-row or (b) single-row configuration. Coolant
is forced through the channels in order to remove a thermal load of () from the element.
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Table 5-2: Analytical Solutions for Laminar Regime

Optimization for W,,;, Optimization for AP,
_ 543 N 32A2
min = T 5T g APpin = ———
Pr’NuA PrNuA
_ 36A2 — 64A3
APy = ——— Vopt = —————5
PrNuA Pr2NuA
1 _ 1
— 4NuA\? — 2NuA\ 2
Dhopt = <3T> Dhopt = < A )
1 /3ANu\? 2 [2ANu\?
Rewn =5 () | Bewe =5 ()
~ _ 3A ~ _ 2A
P TN P rNu
e PetukhovO 0O OO (10* < Rep < 5 x 10°)
f = (0.790In Rep — 1.64)2 (24)

e GnielinskiO DO OO (3000 < Rep < 105, Pr > 0.5)

Nup — (f/8)(Rep — 1000) Pr (25)
1+ 12.7(f/8)1/2(Pr?? — 1)
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Figure 5 - 2: The relationship between Re and W for laminar flow (Re < 2300) with
A = 102, 103, 10*, 105, 10%, 107 from bottom to top, respectively. The dotted line

denotes a locus of Rep: vs. W in. A = 0.3 and working fluid is water at 40 °C.
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Figure 5-3: W i, Reopts Dhopts Nopts AP o v8. A in case of laminar flow (Re < 2300):
A = 0.3 and working fluid is water at 40 °C.
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Figure 5- 4: The relationship between Re and ¥ for turbulent flow (3000 < Re < 10°)
with A = 10%,10%,10°,107, 10, 10° from bottom to top, respectively. The dotted line
denotes a locus of Rep: vs. W ,in. A = 0.3 and working fluid is water at 40 °C.
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Figure 5-5: W i, Reopt, D opts Nopts AP o vs. A in case of turbulent flow (3000 < Re <
10%): A = 0.3 and working fluid is water at 40 °C.
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Figure 5 - 6: Comparison of A vs. U, relation between laminar flow and turbulent
flow: A = 0.3 and working fluid is water at 40 °C.
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Table 5 - 3: Comparison of dimensionless parameters among several design cases: A =
10, A = 0.3, and the working fluid is water at 40 °C.

g Re Dy, N AP
Optimum
2.75E18 | 7.06E3 | 5.08E-3 | 1.48E4 | 6.60E12
(turbulent)
Not optimum
1.09E20 | 1.00E6 | 6.32E-2 | 9.55E1 | 2.30E13
(Re = 1E6)
Optimum
. 7.23E18 | 1.51E3 | 1.32E-3 | 2.19E5 | 2.10E13
(laminar)

Table 5- 4000000 [11]0000000000000 QOO0 1000000000
A00000000000003000000000040000000000 Dyxn0O
WOOOODOOOO000O00Figue5-1(a)0000000000000000000
000000000000000000 Figue5-1(bh)0000000000000
000000000000000000000000000000000000004
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000000000000000000000000000000000000000
000000000000000 BiO0O (4)0(15)0(18)0(22)00 Nu = hDy,/ks 00
D,=D,/L00000000000000000 4)0 k000000000000
00000BIODOO0 QOOO0000.030000000000000000000000
000000000000000000000000000000000000000
0000000000000000150mmO00223mmO00@0 00000000
000000000000000000000000000000000 (1000000

0000000 (23)0000000000000000000000 AP,,0400
0000D00000000000000000000000000000000000
000000000000000000000000000000000000000
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Table 5-4: Optimization results for a practical problem: The size of a chip is 15 mm X
15 mm x 0.3mm, or L = 15 mm and S = 4.5 mm?. AT = 50 °C, A = 0.3, and working
fluid is water at 40 °C.

Q A \Ilmzn Reopt D hopt | Topt AP opt G
[W] [-] [W] [-] | [pm] | [-] | [kPa] | [em®sec™! ]

20 0.27TE3 | 4.17E-4 | 110 273 1231 1.15 0.363

100 || 1.05E4 | 3.33E-3 | 156 193 | 46.2 | 4.59 0.726

200 || 2.11E4 | 2.67E-2 | 220 136 | 924 | 184 1.45

400 || 4.22E4 | 2.13E-1 | 311 | 96.4 | 185 | 734 2.90
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Table 5 - 5: Comparison of optimized results by present method for circular-channeled

heat sink to those by Knight et al for rectangular-channeled heat sink [4]: Working fluid

is water, all properties except Pr were evaluated at 27 °C.

* A+ — W

Knight et al. [4] | Present Study | Present Study

(turbulent) (turbulent)
(for W) (for AP in)

Constraints

L [m] 0.01 same same

W [m] 0.01 same same

H [m] 3.65 x 10748 same same

A [-] 0.829 0.25 0.45

R [KW] 0.056 same same

AY (-] 80072 same same

Results

T [W] 12.2 15.8 8.1

AP [kPa] 206.8 784.8 264.5

n (-] 22 64.3 34.3

Dy, [pm] 371 134 247

G [cm?® sec™!] 59.2 20.2 30.6

Re [—] 10763 * 3458 5356

Bi®% [-] — 0.178 0.212

H is assumed to be identical to channel height.
Though R is a minimized parameter in the literature, it is regarded as a constraint here.
A is calculated by using relations, S = W x H and AT/Q = R.

Though Re is not presented in the literature, this was calculated from n, G, D, and
cross-sectional area of a channel.

Thermal conductivity of silicon is used for k.
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Table 5 - 6: Past research works concerning air-cooling with microchannels.

# || Heat Apase Wein | Wen Hin | ocn G Re AP v R R R
Sink
Mat. | [em®] | [pm] | [pm] | [mm] | [-] | [ys]| [-] | [kPa] | (W] | [K/W] | [Kem?/W] | [K-em®/W]
Goldberg (1984) [18]
1 || cu |o6ax06a | 127 | 127 | 127 [ 100 ] 05 | 179 | 116 | 06 | 34# 1.37 1.74
2 || cu |o064x06a | 254 | 254 | 127 | 50 | 05 | 358 | 020 | 015 | 37# 1.49 1.89
3] cu | o064x064 | 635 | 635 | 127 | 20 | 05 | 984 | 005 | o002 | 55# 2.22 2.82
Mabhalingam et al. (1987) [19] f
4] si | sax51 | 140 | 250 | 17 | 68 | 09 [ 415~ 5 45 0.9 23.41 3.98
5 ) si | sax31 | 127 | 127 | 114 | 90 | 08 |e12* 11 9 1.65 15.86 1.81
Hilbert et al. (1990) [16]
Cu | 081x081 | 175 | 175 | 120 | 69 | 094 | —% | 075 | 07 1.7 1.12 1.34
Cu | 10x1.2 | 250 | 500 | 120 | 24 | 094 | —* [ 0042 | 0.04 | 1.6 1.92 2.30
Knight et al. (1992) [17]
8 || Al | 7e2x762 | 3175 | 5620 | 127 [226 [ 95 | es78 | 0125 | 113 [ 0598 | 344 43.7
Kleiner (1995) [6] T
9 || cu 5x5 200 | 500 25 50 | 467 | 302 | 086 | 4 | 0.238 5.95 14.9
10 || cu 55 200 | 400 15 | 375 387 | 359 | 1.03 | 4 | 0.249 6.23 9.34
1 || Al 5x5 200 | 500 15 30 | 42 | 452 | 095 | 4 | 0.266 6.65 10.0
Aranyosi et al. (1997) [20]
12| cu | amx25 | 400 | 400 | 25 [e25] 63 | —* | 069 [ 434 ]066° | 7a1 18.5

Apase base area of the heat sink

Wiin  fin width (i.e. fin thickness )

Wen channel width

Hy;p,  fin height (= channel height)

Qen channel aspect ratio (= Hyin/Wen)

R//

total thermal resistance per unit base area of the heat sink (= Riot X Apgse)

R total thermal resistance per unit volume of the heat sink (= Rtot X Apgse X Hypin)

@ W m o+ ok g

All heat sinks except #6, #7, and #12 are closed, parallel plate-fin type heat sinks.

As for #6, #7, and #12, air is impinged on the heat sinks from the top.

#6 and #7 were referred to as a ’prism-shaped heat sink’ and ’trapezoid-shaped heat sink’ in [16], respectively.
#12 was referred to as "HS #1’ in [20].

Fin efficiencies of #6 and #7 were calculated as 96 % and 83 % in [16], respectively.

This value includes a thermal resistance between chip junction and heat sink, which is about 1.9 °C/W.
Values for this report were indirectly referred through [6].

Re was estimated by using air properties of at 40 °C.

Re cannot be defined because of their heat sink geometry.

Optimization includes a feeding/exhausting tube of D¢, = 19 mm, Ly, = 100 cm.

Values read from figures.

This value includes a thermal resistance between chip junction and heat sink, which is about 0.38 °C/W.
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A - 1: Sample pictures of the central area of the microchannel plate, taken with a
high-speed camera. In these pictures, the Fluorinert flows from left to right, while
the hot water passes from down to top beneath the Fluorinert-passing layer. White-
highlighten areas represent the locations of bubbles. Conditions are Tiater, in = 73.3 °C,
Tpc,in = 40.9 °C, Gpe = 0.30 cc/sec, 1M yater = 1.51 g/sec.
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A - 1: Sample pictures of the central area of the microchannel plate, taken with a high-
speed camera (cont.). In these pictures, the Fluorinert flows from left to right, while
the hot water passes from down to top beneath the Fluorinert-passing layer. White-
highlighten areas represent the locations of bubbles. Conditions are Ti4ter, in = 73.3 °C,
Tre,in = 40.9 °C, Gpe = 0.30 cc/sec, 1M yater = 1.51 g/sec.
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