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ABSTRACT

HIGH HEAT FLUX PHASE CHANGE THERMAL MANAGEMENT OF LASER DIODE

ARRAYS

Laser diodes are semiconductor devices than convert electrical wolighttemitted at a
specific wavelength over a small spectral bandwidth at a high itytens small array of laser
diodes can be fabricated on an internally reflective bar thas &ght through one edge. If a large
number of edge-emitting bars are packed closely together and arrayed kgtegnowards the
same target, a very high brightneiss.(light power per unit area) can be achieved, which is useful
for a wide range of applications, including advanced manufacturing, inertiihement fusion
energy, and pumping laser gain media. The principle limit for achievigiger brightness is
thermal management. State of the art laser diodes generatd flaaes in excess of 1 kW ¢
on a plane parallel to the light emitting edge. As the laser diode bars are paskedogether, it
becomes increasingly difficult to remove the heat generated byatiesdin the diminishing space
between neighboring diode bars. In addition, the wavelength of the laskr clhanges with
temperature, and minimizing the variation in wavelength among diodesyi large arrays is very
challenging. Thermal management of these diode arrays using conduction and naturéibconvec
is practically impossible, and therefore, some form of forced convective cooling mustzasel util
Cooling large arrays of laser diodes using single-phase convectiantresfer has been
investigated for more than two decades by multiple investigators. Uné&tely, either large
temperature increases or very high flow velocities must be utilized to Ingjgtcto a single phase

fluid, and the practical threshold for single phase convective coolingef désdes appears to



have been reached. In contrast, liquid-vapor phase change heat transpoctwamwith a
negligible increase in temperature and, due to a high enthalpy of vaiooriz comparatively
low mass flow rates. However, there have been no prior investigatitms ednditions required
for high brightness edge emitting laser diode arrays: heat fluxes >tid%nd a volumetric heat
generation rate >10 kW c¢fn

In the current investigation, flow boiling heat transfer at heat fluxés Gl kW cn? was
studied in a microchannel heat sink with plurality of very smalhobE (45 x 20Qm) for a phase
change fluid R1343. The high aspect ratio channels (5:1) were manufactured usingSMEM
fabrication techniques, which yielded a large heat transfer surfacdécaveéume ratio in the
vicinity of the laser diode. To characterize the heat transfer perfmen a test facility was
constructed that enabled testing over a wide range of fluid properties antingpeoaditions.
Due to the very small geometric features, significant heat spigeadhs observed, necessitating
numerical methods to determine the average heat transfer coeffroentest data. The heat
transfer correlations were predicted well (mean absolute 8tAFE, of £38.76) by the correlation
of Bertsch et alThis correlation was modified to account for the effect of fin conduction, in the
calculation of average heat flux, which yielded an imprdMédE of +8.1%. The new correlation
was then used to investigate a range of potential phase change fididanaalternative
microchannel geometry for the laser diode phase change heat excharajl.dhext generation
test section design and operating conditions are proposed which are expectptbve diode
array brightness up to 5.3x over the state of the art with R134a.mibaia is used at the working
fluid instead 0fR1344a the brightness could potentially increase by more than 17x over the stat

of the art.



ACKNOWLEDGEMENTS

| wish to express my sincere gratitude to Dr. Todd Bandhauer for advisiogai@spects
of my research, anfdr providing me valuable insights that will guide my professionaleraiéhe
ways in which he facilitated my intellectual growth and ability to communicatermumerable.

| would like to thank many Interdisciplinary Thermal Science (IT&) members for their
support and encouragement regarding the design, review, fabrication liaratioa of my test
facility and of my experiments. Specificallywant to acknowledge Torben Grumstrup, Jonas
Adler, Kevin Westhoff, Bryan Burk, and Patrick Harvey.

| am also thankful for the financial support and guidafioen Dr. Jack Kotovsky at
Lawrence Livermore National LabHe, and his team in the clean room, provided the (very
challenging to produce) prototypes that enabled this research.

| would like to thank Jack Clark at the Surface Analytics lab, for theyrhaurs spent
teaching me about the inspection techniques that enabled médatevthe geometry of the
produced prototypes.

| also want to thank my grandfather, James Wayne Bievikjs encouragement to pursue
engineering, andor financially supporting my undergraduate education which seamlessly
transitioned into this research.

Finally, I am thankful to my advisor, fellow ITS lab members, andthesis committee

for the many hours spent reviewing my work to ensuretédsnically sound.



TABLE OF CONTENTS

LIST OF TABLES ...ttt e e e e st r e e e e e e aaaaeaeaaeeaeaaaand AV/ IS
LIST OF FIGURES ... ittt e e e e bbbttt ettt e e e e e e e e e e e e e e e e s e aaasnnannebenees Vi
NOMENGCLATURE ...ttt et e e e e e e e e e e e et s e e s aaa et eeeeeeeeeeaaaaeaaeaeeeessaaaaaannnnnssnnnnees Xi
CHAPTER 1. INTRODUCTION L...uiiiiiiiiiiiiiiiiiiiiiieeee e e e e e s s iibbbbbseseeeeeeeeeaaaaaaeeeaasssssnannnnnnnnnes 1
IO R = = Tod (o [ £ 01U T [PPSR TTPPPPPPON 1
1.2. Target PerfOIMANCE........uueiiiii e s e e e e e e e e e e e ettt e s e e e e e e aeaeaeeaeeesnsnannnes 8
1.3. TNESIS OFQANIZATION .....uuviieeiiiiiiiiiii e ettt e ettt e e e e e e e e e e e e e ea e e e s s aannnebaeebneeneees 9
CHAPTER 2. LITERATURE REVIEW .....ootiiiiiiiiiiiiiie ettt e 11
2.1. Flow Characteristics in Microchannel FIow BOiliNg ..........ccoooiiiiiiiiiiiiiiieee 12
2.2. Prior Microchannel Flow Boiling Heat Transfer Studies ............cccceeeiieiiiiieeeiiiiiceeeeiiiis 18
2.3. Critical Research Needs for Flow Boiling Thermal Management of Laser Diodes.......... 28
2.4. Focus of Current INVESHIQAtiON ............coooiiiiiiiiiicce e e e e e e e e e e e e eeeaaens 30
CHAPTER 3. EXPERIMENTAL SETUP AND PROCEDURES..........ccvvviiiiiiiieeeeeeeeeeeeeeeeeins 32
3.1. Test Section Design and FabriCation ............cc.uuiiiiiiiiiiiiie e 32
3.2, TESE FAGLY ..ottt e e e e e e e e e e e e e e aa e 43
R T I =L 1Y = D PSP PPPPPPPTRPPPRRPPPI 56
3.4. Test Condition EStabliSMENt ..........ccoiiiiii e e e 57
CHAPTER 4. DATA REDUCTION AND ANALYSIS ....uuiiiiiiiiiiiiiiiiiieee e 89
4.1. Numerical Method to Extract Heat Transfer Coefficient ............ccccceeeiiiiiiiiiieiiiiieceeiiiis 90
4.2. Estimated Heat Transfer Coefficient Uncertainty............coouveiiiiiiiiiiiiic e 98
CHAPTER 5. RESULTS AND DISCUSSION ....cotiiiiiiiiiiiieee e a e e e 105
5.1, OVEIVIEW Of RESUILS .. .. as 105
5.2. Comparison to the State of the Art Laser Diode COOIer............cccceeeiiieiiiieieiiiiiiieieiiiiiinnns 115
5.3. Comparison of Date to Existing Correlations............ccoouuuiiiiieiiiiiiiiiecceeei e 118
5.4. New Flow Boiling Heat Transfer MOdel .............ouiiiiiiiiii e 120
5.5. Test Section MOGIfICAtIONS ........oiiiiiiii e e e e e e e e 128
CHAPTER 6. CONCLUSION AND RECOMENDATIONS .....cccoiiiiiiiieiee e 139
6.1. Recommendations for Future ReSearCh ... 143
REFERENGCES ..ottt e e e e e e e e e e e e s e e bbbttt ettt et ettt e e e aaeaeeeeeeaesaaannnnnes 145
APPENDIX A. TEST SECTION HEATER DESIGN .......cuutiiiiiiiiiiiiiiiiieeeeee e 151
APPENDIX B. TEST FACILITY DOCUMENTATION AND EQUIPMENT CALIBRATION
......................................................................................................................................... 155
B.1. General FacCility PrOCEUUIES ......ccooi ittt s e e e e e e e e e e e e eeenannees 155
B.2. DAta ACQUISITION.....cetiiiiiiieie ettt e e e e e e e e e e e e e e e e s e e bbb n e e e e e e e e e e eeaaeeas 169
B.3. AUtONOMOUS ProteCiON CIrCUIT.......uuuuiiiiieiiiiiiiieieee e e e s r e e e e e e e e e e e e e as 172
= 3 @ 11 o] = 11 o] o PSSR 175
APPENDIX C. SAMPIE DALA......uuuiiiiii e eiiieeeeeeet s e e e e e e e e e e e s s s s e e e e e e eaaaeeeeeennnens 183
C.1. Heat Transfer COrrelations ...........oueiuuuiiiiiiiiiaes ettt e e e e e e e e e e e eeeeernnnn s 183
C.2. Pressure Drop COITElatiONS ........cccoiiiieeiiiieeeeeeeee s e e e e e e e e e e e eeees 183



Table 1-1:
Table 2-1:
Table 3-1:
Table 3-2:
Table 3-3:
Table 3-4:
Table 3-5:
Table 3-6:
Table 3-7:
Table 3-8:
Table 3-9:
Table 4-1:
Table 4-2:

Table 4-3

Table 4-4:
Table 4-5:

Table 4-6:

Table 4-7:
Table 4-8:

Table 5-1:
Table 5-2:
Table 5-3:
Table 5-4:

Table 5-5:
Table 5-6:

Table A-1:
Table B-1:
Table B-2:
Table B-3:
Table B-4:
Table B-5:
Table C-1:
Table C-2:

Table C-3:
Table C-4:

LIST OF TABLES

Existing single-phase high power laser diode array cooling studies ...................... 6
Parallel rectangular microchanné@i(< 1 mm) saturated flow boiling studies... 19
Target and average produced dimensions for each fluid feature ......................... 41
Heater and contact pad layer thiCkneSSes...........ccoovviiiiiiiiiiiiiici e, 42
List of equipment and instrumentation used in the test facility .......................... 45
List of test facility instrumentation aCCUracy..............ooevvvvviviiiiiiieeeeeeeeeeeeeeeeeeeinanns 46
R134a teSt MALIX SUMMIATY ....eutiiiiiiiiiiiieeeeeeeee e e s r e e e e e e e e e e e e e e e e e e aaanns 57
Summary of single phase and sample test point conditions ................ccceevvvveeennns 60
Air properties evaluated at the film temperature on the silicon and glass.si@es
Uncertainty in relevant measured ValUes ...............iiiiiiiiiicceeceeeeeeeee 81
Numerical model uncertainty analysis from discretized grid ...........cccccccvvieeeeennn. 82
Summary of temperature profiles used in the numerical model ........................... 97
Sample data point for uncertainty analysis method comparison ............ccccc......... 99
Individual uncertainty analysis coeffiCientS............ccccccveeee i, 100
Individual uncertainty analysis sample results ..........ccccccorriiiiiiiiiiiiiiiiiiieeee, 100
Resulting individual uncertainty for the extreme sample point from individually
ShIfting €aCh VarIaDIE ..........oooiiiii e 101
Average flow boiling heat transfer coefficient in kW2, extreme values for

each temperature profile and the associated percent difference ......................... 101
Numercal model uncertainty analysis from discretized grid .............cc.cooeveennnnn. 103
Summary of uncertainty and heat transfer coefficient for all 15 data psanted

DY NEAL AULY ....ee e 104
Summary of correlation fit to experimental data; sorteMBE...................... 121

Case 1: variation in heat sink material; material properties evaluated at 50°C .. 126
Case 2: variation in web width; material properties evaluated at 50°C............... 126
Thermophysical properties of selected alternative fluids at a 10Casan
temperature; the best fluid for each property is bolded .............cooevvvviiiiiennnn. 132
Summary of current and proposed microchannel geometry..........ccoooeevvviinnnnnen. 135

Predicted performance comparison between current and proposed geometry for the
alterative working fluids; cases where the brightness improvemee¢@Xd®©x are

a0 ] [0 [ o 1P PPPPPPPRP 138
Heater design individual layer reSiStanCes ...........uuueiiiiiiiieieeieieeeeeeeiii e 152
Pinout for the NI9207 low voltage DAQ module...........coovvviiiiiiiiiiiiiiiieeeeeeeeee, 171
Pinout for the N19221 high voltage DAQ module.............cccuvviiiiiiiiiiiiiiiieeeeee, 171
Pinout for the NI9214 thermocouple DAQ module............c..oovviviiiiiiiiiiieeeeeee, 172
Summary of thermocouple calibration data...............oooeeiiiiiiiiiii e 177
Pyrometer sensitivity analysis descriptive statistiCS ............ccovvvvviviiiiiiiiiieeeeenn. 180
Summary of the representative data POINt ...........cooviiiiiiiiiiiiii e 184
Common calculated parameters for heat transfer correlations at the respective data
9101 ST PP PPPPPPPRTPPPPRN 184
Saturated flow boiling microchannel heat transfer coefficient correlations ....... 186
Pressure drop COIElatioNS...........ooiiiiiiiiiiie e 189

vi



Figure 1-1:
Figure 1-2:

Figure 1-3:
Figure 1-4:
Figure 1-5:

Figure 1-6:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:

Figure 2-7:
Figure 2-8:
Figure 2-9:
Figure 2-10:

Figure 3-1:
Figure 3-2:

Figure 3-3:
Figure 3-4:

Figure 3-5:

Figure 3-6:
Figure 3-7:
Figure 3-8:
Figure 3-9:

LIST OF FIGURES

Diagram of a double heterostructure semiconductor emitter [1]............ccccvvvvvnnnnn. 1
Representative geometry of a single edge emitting laser diodeithamwltiple

INdividual @mMItEErS [3]....coo i 2
Liquid-cooled laser diode array [4]........ooeeeeeuriiiiiiiiiie e 3
Heat sink design from the work of Skidmore et al. [5].........ouvveiiiiiiiiiiiiiii, 5

Left: Channel array solid model with representative nominal dimensions and
coordinate system; Top-Right: diode array solid model; Center-Righibseew

of solid model; Bottom-Right: close-up of section View ..............cccceeeeviiiiiviiininnnnn, 7
Comparison of laser diode arrays; Skidmore et al. is reduced to a planar model
(center) of a sample laser diode array (left) [14] for comparison with the tdrget

>10x increase in brightness in the current study (right). .......ccccooeiiiiis 9
Macro vs. micro comparison operational map [28].........cceeeeeiiiiiiiieeeeiieeeeeeiiiis 12
Classical pool boiling curve for water at atmospheric pressure [34]........cccccee.... 14
Flow regime vs. heat transfer in convective boiling dominant channels [15] ...... 16
Relevant flow regimes for convective dominant boiling [37] ..........cccoeciiiviiiinnee. 16
Inlet restrictions by Szczukiewicz et al. [23] ......ccovviiiiiiiiiiii 17
Image of two-phase burnout in a circular channel from Mudawar and Bowers [43]
............................................................................................................................... 18
Silicon nanowires grown from channel floor by Li et al. [52]..........uvviiieiviinnnnnn. 21
Reentrant cavities along the channel walls by Kuo and Peles [22] ...................... 22
5 x 5 Heater/RTD array from Ritchey et al. [47].....ouviiiiiiie, 26

Summary of parallel rectangular microchanri& € 1 mm) saturated flow boiling
experimental investigations: maximum heat flux achieved vs. chéwydehulic

(0 F= T 1] (=] TR 30
Front view of the test section (penny fOBRBD)............cccuviiiiiiiiiiiiiiiieeee s 33
Left: Three views of the test section, showing the high emisguityt required for

an accurate IR temperature measurement; Right: Heater design, dimensions in mm

............................................................................................................................... 34
Projection lithography used to pattern the photoresist (not to scale).................... 35
DRIE process flow: (a) etch into silicon, (b) coat new surface in pasgivat
polymer, (c) repeat etch into silicon, (d) recoat in passivation polymer padtre

until target depth is reached [65] .......uuiiiiiiiiiei e 36
Representative SEM cross section image agfi@0wide microchannels; the rough
edge is due to silicon fracture for sample preparation ................cccceceeiiiiiiieeeeeeennn. 36
Schematic of anodic bonNding [64] .......oi e 37
Schematic of an evaporation physical vapor deposition process [66] .................. 38
Direct contact MASKING ........uuuiiiiiiiiiii e e e e e e aean 38
Left: Solid model cross-sectional view of a test section showipthderiation;

red is the orifice, and blue is the channel; Right: Top down vidheothannel and
OFfICE IMENSIONS ...t e e e e e e e e e e e e e e e e e e 39

Figure 3-10: Digital microscope image of the test section cut in the stream-direction...4Q......

Vi



Figure 3-11:
Figure 3-12:

Figure 3-13:
Figure 3-14:
Figure 3-15:
Figure 3-16:
Figure 3-17:

Figure 3-18

Figure 3-19:
Figure 3-20:
Figure 3-21.:

Figure 3-22:

Figure 3-23:
Figure 3-24:
Figure 3-25:

Figure 3-26:

Figure 3-27

Figure 3-28:
Figure 3-29:
Figure 3-30:
Figure 3-31:
Figure 3-32:
Figure 3-33:
Figure 3-34:

Figure 3-35:

SEM image showing channel depth variation on a@Qvide channel; all red lines

are 60um long to show the width variation .................uuuiiiiiiiieeis 40
Test section back side with heater and contact pad, dimensions ifthickness

MO T0 SCAIR) .. r e e e e e e e e e as 41
Overview image of the test facility ............ccoovviiieieec e, 43
Test facility process flow diagram .............eeeeiiiiiiiiiii e 44
Left: Image of the camera with LED bar light and lens; Right: sample image .... 46
Accumulator removed from the test facility ..o, a7
Top-Left: Solid model of electrical interface; Bottom-Left: Picture of components;
Right: Assembled electrical INterface ..............ueeeeiiiiiiiiiiii 48
Top: exploded view of fluidic sealing mechanism (electrical harnesteoinior
clarity); Bottom: side view of aSSembly ..o 49
Image of installed test section with electrical harness in the PEEK irderfacc0

IR pyrometer with cooling jacket and surface thermocouple ................ccccvvvennee. 51
Solid model of pyrometer measureable area due to optical interferencehgom t
electrical interface; Left: blue cone is the IR path and red line2 kEgers which
converge on the focal spot; Right: red area shows the immeasurable atea due
optical interference from the electrical CONNECIOr .............ueiiiiiiiiiieeeiiiieeeeeeiiies 51
Surface temperature measurement locations along test section shaergiown

in green (fluid flow is from right to left); optically inaccessible aseawn in red.
............................................................................................................................... 52
A conversion factor between pixels and physical length was madesasuning

the orifice length in the image (highlighted inred) ..........cccccoiiiiiiiiii e, 53
Transition location (red line) for selected individual channels (blue dots)ndsta

Is measured from the inlet orifice (yellow bar).........cccccoeiiiiiiiiii e, 54
Overlay comparison of two time steps to show transition location warjaed is

the previous time step, and blue is the current position.............cccccceeeiieieieiiee e, 55
Numerical model geometry (dimensions in pum), blue is the fluid interyadew

Is symmetry, red is the heater, and orange is the unheated sectionnstrdawm
CAINNEIS. ... ettt e e e e e e e e e e e 56
Location of temperature and pressure measurement points in the test section..... 58
Process flow to estimate the saturation pressure and temperatugerangition
oTox= 1 1o o TSR 59
Cross-sectional view of the test section, identifying the presspseand outlet test
section interface (bottom-right shows section plane, viewing from below)......... 60
View down the length of the test section, identifying the pressure dnofieei
direction of the flOW Path ... 61
Schematic describing minor loss expansion from microchannels into manifold and
depicting the assumed unit width for the manifold section .................cceevevvvinnnns 63
Outlet manifold and interface pressure drop model boundary conditions............ 64
Solid model depicting loss regions in the test SECLION ............cceeiiiiieiieiiiiiiiiiieiins 66
Thermal resistance network for the inlet and outlet hose; for theliméirs in, and

TOF the OULIETTE = TS, 0Uteeevrrrrnneerreetiie e e e ettt e e e e e et e e e e e et e e e e e e et e e e e e e ara e eeeeenan 67
Thermal resistance network for the clear Teflon SI@ Trs,in...ooeeeeeeeeeeeeenene. 70

viii



Figure 3-36

Figure 3-37:
Figure 3-38:
Figure 3-39:
Figure 3-40:
Figure 3-41.:

Figure 4-1:
Figure 4-2:
Figure 4-3:

Figure 4-4:
Figure 5-1:

Figure 5-2:
Figure 5-3:
Figure 5-4:

Figure 5-5:

Figure 5-6:

Figure 5-7:
Figure 5-8:

Figure 5-9

Figure 5-10:
Figure 5-11:

Figure 5-12:
Figure 5-13:
Figure 5-14:
Figure 5-15:

Figure 5-16:

Left: Thermal resistance network of the test section interfacét:Rigst section
interface, vertical area is red, horizontal area is blue; left half is two-phadsdsrig
SINGIE-PNASE ...ttt e e e e 72
Thermal resistance network of a single side of the test section.............c.....ouvee. 74
Schematic of the 4-wire voltage measurement scheme ............cccoevvviiiiiiiiiiieneenn. 77
Test conditions afsat= 25°C; M =100 g MiMt.....ccooiiiiieiieeeie e, 87
Test conditions afsar= 20°C; M =50— 150 g MIiNt.........ccooviieieieieceeeeeae. 88

Test conditions afsar= 15°C; M =100 g MiM.......ccoeiieiieiiiieceeeeee e 88

Left: Heat addition through a single channel cross-section; Rightowetrows

show heat spreading from the area projected above the heater, red (lertgth not
o= 1 [ PSR 90
Boundary conditions to the half channel heat transfer model.................cccevveneen. 92
Sample temperature profiles, measured surface and all three askudacbfiles;

the heater location is emphasized in red, the transition was at -0.2 mm............... 96
Basic iterative solution proCess flOW ...........oooiiiiiiiiiiiiii e 98
Average flow boiling heat transfer coefficient vs. applied two-phaseduda for

each saturation tEMPETATUIE ..........oiiiiieiieei e e e e e e e e 106
Average heater temperature vs. two-phase applied heat duty for éactica

LES] 401 01T =L (PP 107
Outlet vapor quality as a function of two-phase test section heaadaitsaturation
temperature Of 20°C ... .. 108
Average two-phase heat transfer coefficient vs. outlet vapor qualitgdon
SAUratioN tEMPEIALUIE. ......ceiiiiiieee ettt e e e e e e e e e e e e e e 109
Progression of R134a breakdown; Top-Left: prior to formation at lower temp; Top-
Right: early formation, insignificant effect @tPi: or The, Bottom-Left: significant
channel blockage; Bottom-Right: full test section showing blockage................ 110
Heat spread away from the projected area vs. average two-phasgahster

(o0 1] o3 = o | RSP 111
Total pressure drop vs outlet vapor quality as a function of mass flow rate ...... 113
Thermal resistance vs. average temperature difference betweendmehtirid;

bottom left quadrant would superior to Skidmore et al. ...........cccceeeeiiieiiiieennnn. 114
Front face of a 10-bar diode array, showing the unit cell area and dimensions . 115
Representative microchannel cooling StruCtUre ...........ccoeeeeeviviiiveeeiiiicee e 117
Predicted flow boiling heat transfer coefficient vs. experimental Boilng heat
transfer coefficient; the dashed lines are £30% from the experimental data...... 118
Difference in average heat flux vs. average two-phase heat transfer coefficient 123
Sample geometry: 1 mm channel length, uniform base heat flux and flow boiling
heat transfer coefficient applied to all wetted surfaces excepafpeng layer ( not
SHOWN fOF CIANILY) ... e e, 125
Predicted heat transfer coefficient from the Bertsch et al. and the pdopose
correlations as a function of the experimental heat transfer coefficient ............. 127
Solid model cut-away showing the proposed microchannel dimensions &sthe t

£ o (o] o 1P PPPPUPRURPPPRRP 134
Solid model overview of the new proposed heat transfer test section geometry. 136



Figure A-1:

Figure A-2:
Figure B-1:

Figure B-2:

Figure B-3:

Figure B-4:

Figure B-5:
Figure B-6:
Figure B-7:

Figure B-8:
Figure B-9

Figure B-10:
Figure B-11:
Figure B-12:
Figure B-13:
Figure B-14:
Figure B-15:

Figure B-16

Figure B-17:
Figure B-18:
Figure B-19:

Current crowding model at 100 W power dissipation for a 60°C heater; the
resistance of each layer was evaluated at this temperaturdnarappropriate
potential difference was applied across the wire ends .........ccccoeeveeiieiiiiiiiieieiinnns
Ansys current density plot for 100 W for a 60°C thin film heater...................... 154
Electrical clamp install: (0) fully exploded view, (2) place the frontacec
structure on the aluminum clamp and install the gasket, (3) install thimfoethe
front ceramic piece, (4) see Figure B-2, (5) slide back ceramic piece regdnde
transparent) into the opening in the front ceramic piece and align they netht
the pins, and (6) install the thumb screws to tighten the structure atweipart
Step 4 visualization from the top looking down, with the back ceramicgradered

LUz S O F= 1= o | PP 158
Steps 02 4 of the test section installation: (0) exploded view of all parts, (1) Gore-
Tex gaskets installed in the recesses of the PEEK manifold, 3R threaded
aluminum plate brought in contact with PEEK manifold and test seutics

passed through the opening in both, and (4) hold the test section while installing
the B Clamping SIUCLUIE ........ooviiiie et 159
Steps 5> 10 of the test section installation: %) install the 2 clamping structure
and tighten in a repeating cross-pattern, (8) install the centeriolgupipces (the
spacers ensure they are easy to slide in), ard1@) install thumb screws and
ensure the screw seats into the recess on the center piece) tigkitesides
SIMUILANEOUSIY ...coviiiicce et e e e e e e e et e e e eeanes
Filling the test facility with R134a; annotated with itemdexhbut in the procedure
Annotated image of the back side of the test section, showing thatotieting
plate is fixed to the test section; the 2-axis pyrometer stage rests on. 4-pit6
Labview code flow diagram.........cccuuiiiiiiiiiiiiieeeeee e 169

NI 9207 loop-powered current MeasUremMeNt ............uuiiieeeeiiiiiieeee e e eeninns 170
NI 9207 differential voltage measurement ...t 170
NI 9221 voltage measurement diagram ............uuuveuuuiiinnnee e 171
Arduino to power supply CONtrol CirCUIt............oovvviiiiiiiiice e 173
Pyrometer alarm read CIFCUIT............uuiiiiiee e 173
Coriolis transmitter read CIFCUIL. ........ueeviiiiiiiiiiee s 174
Kill BULEON r@ad CIFCUIL. .....eeiiiee e 174
Arduino flOW diagram .........ccooiiiiiieeeee e 175

Left: Autonomous kill switch overview; Right: Arduino and breadboard circuits.

............................................................................................................................. 176
Pyrometer and modified fUrNACE. ............uuuiiiiiiiiiiii e 179
IR pyrometer with cooling jacket and surface thermocouple. ...........cccccceeeeennn.. 180

Test section with thermocouple adhered to the silicon surface ariplaeated

(o3 1Y USSR 181



NOMENCLATURE

Symbol Description Units Dimensionless Number
Expression

As Base area m?

Ac | Wetted surface area m?

An Heated surface area m?

Anact | Corrected heated surface area m?
B; Bias uncertaintyn “x” -
Bo | Boiling number - q /(Gh,)
Bd Bond number - (da(p—py)D%) o
Br | Simplified brightness W m2 Ohte/ A

Co Confinement number - [ ol ( ga( P —PV)DhZ )] V2
Co Heat capacityat constant pressure JKt

DH Hydraulic diameter m 4A, I P,
€a Approximated error -
f Friction factor (Darcy) - 2dPD,

pu’L

G Mass flux kg m? st

GClI Grid-convergence index -
hyg Latent heat of vaporization Jkg?
hr Frictional head loss m
h Heat transfer coefficient W m2 K1

Xi




Symbol Description Units Dimensionless Number
Expression

ht Enthalpy Jkg?
I Current A
K Thermal conductivity W mtK?
L Length m
M Fin parameter m?
m Mass flow rate kg st

MAE | Mean Absolute Error -
N Number of channels -

Nus | Nusselt number - hD, / k
P Pressure kPa

Pch Wetted perimeter m

PH Heated perimeter m
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CHAPTER 1.INTRODUCTION

1.1.Background

Laser diodes are semiconductor devices than convert electrical wotigittemitted at a
specific wavelength over a small spectral bandwidth at a high ityerss shown in Figure 1-1,
various layers of dopants are deposited onto a subseae GaAs) using semiconductor
fabrication techniques to create a p-n junction. In the absence eftemmal potential applied
across this junction, excess electrons (n) and holes (p) are separatedolatiandesgion at the
interface of these two layers, which is called the space chaagé\e layer. In solid state physics,
the band gap is the potential difference between the conduction and vha&erd=s within a

material. The valence band is defined as the highest energy Bteltean electron can occupy in
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Figure 1-1  Diagram of a double heterostructure semiconductor erifter



a semiconductor at a temperature of absolute zero; the conduatidonsba region of elevated
energy states that can contain electrons at all temperatures greatdrsblute zerfll]. When a
potential is applied across the junction that exceeds the bpndugeent is induced, which results
in a population inversion of electrons and holes that stimulates tissiemof a photon when they
recombine in the depletion zonA.forbidden energy region separates the valance and conduction
bands that has an extent equal to the band gap energy of the matkei@nergy of an emitted
photon is wavelength dependent, where the frequency required for this stimulainiseyv
equivalent to the bandgap in the material. Because more electeoms the higher energy
conduction band when this potential is applied, additional stimuéteslsion events occur and
yield a light gain. When this phenomenon occurs within an internally tieflezavity, the light
intensity becomes very high. To confine this radiation to a particway geometry a highly
reflective second semiconductor material is introduced, typicéligjniaum gallium arsenide
(AlGaAs), in what is termed a double heterostructure. At an externahiaseirface is cleaved to
create a nearly perfect mirror that allows transmission of a fractighisftoherent radiation
through the facet. For a gallium arsenide (GaAs) semiconductor ahaiesi emitted radiation can
be nominally between 87000 nm[2].

oy,
B i B
2q 0

A small array of individual
emitters can be fabricated on an

internally reflective bar that emits light
thickness
T

through a common edge. Typical

dimensions for the laser diode bar are

Figure 1-2  Representative geometry of a single
edge emitting laser diode bar with
multiple individual emitter$3]

shown in Figure 1-2: a width of 10 mm,

a cavity length of 1 mm, and a thickness



of 100 um. In this configuration, a potential is applied and current passes thtioegiiode
perpendicular to the bar thickness, and heat is generated at the top sButfecfigure. Light is
generated at a specific wavelength along the entire cavityhlewdpich is internally reflective,
and it escapes in a direction that is parallel to the bar wiatice the light leaves, it can pass
through optics that focus the beam and direct it towards the target(fiber).

One of the many applications for laser diodes is pumping of laser gdia.s compared
to flashlamps, which only convert ~1% of their operating power into lighileiday laser gain
media €.g, Nd:YAG lasers). In comparison, laser diodes are extremely efficiedtthey
generally operate at an efficiency of 50% [1]. In spite of this highieffcy, however, the thermal
management challenges associated with laser diodes operating bWy are very challenging.
There are two primary operation schemes for laser diodes: pulsed and contianeu@CW).
Laser diodes operating in CW mode emit light at a constant power outpl#, pulsed diodes
emit light at very high instantaneous rates for a short time duratiowéal by a rest period. In
both cases, thermal management can be difficult. Because of the détigghoptical cavity, the
amount of light power emanating from a single bar operating in CW mode ceadek60 W.
Assuming a 50% efficiency, this means
that 100 W of heat W need to be
dissipated over an area approximately

equal to the cavity length multiplied by

/,

K
=

the bar width. Using the typical

e

dimensions in Figure 1-2, the heat flux

-
\

can exceed 1 kW cf which is more

than an order of magnitude larger than
Figure 1-3  Liquid-cooled laser diode arr¥]



heat fluxes emanating from state of the art computer microprocessors.rifortheif a large
number of edge-emitting bars are packed closely together and arrayed kglegnowards the
same target, a very high brightness.(light power per unit area) can be achieved (Figure 1-3).
High brightness diode arrays are useful for a wide range of applicatmmhsding advanced
manufacturing, inertial confinement fusion energy, and pumping laser gaia.nGsinmercially
available products from manufacturers such as Northrup Grumman and Coherechiese a
output of 3 KW CW in a 30-bar stack. To attain high brightness on thé, tdrgearrayed laser
diode bars must be closely packed together. The spacing between diode tharshickness
direction is called the pitch. For commercial products the pitch isdlpibetween 2 and 3 mm
for high powered laser diodes arrays. Table 1-1 summarizes high brightness diode array reported
in the literature, it shows that a pitch of 1.7 mm and a heabflix49 kW cn¥ for a microchannel
heat sink was demonstrated by Skidmore et al.; however, their higheséneffi was at

1 kW cm?, and thus, they only reported thermal performance at this condition [5]. nTdle s
spacing and large light power yields a high light intensity, but edsises a very high required
volumetric cooling rate (~4 kW ¢ Increasing the brightness further is highly desirable for many
applications, which can be achieved by increasing the power appliachiali®@de, decreasing the
diode bar pitch, or a combination of these approaches, which all exacébatestdy difficult
thermal management challenges.

The primary constraints preventing high power operation at low diode bar mEtpleak
temperature and temperature uniformity of the across the individuakeemih a large array
multiple bars. The wavelength of light emitted from laser diodesgdsawith temperature at a
rate of nominally 0.3 nm K Therefore, the maximum operational temperature of a laser diode is

limited to maintain a desired wavelength for a particular appdicatt is also limited to avoid



melting adhesives used to mount micro-

lenses which focus the emitted light.
Furthermore, congregating a large
number of bars to increase the directed
light power for specific applications

makes thermal control even more

difficult because the temperature of the

emitters can be significantly different

from bar to bar. To overcome these

I water inlet

Figure 1-4 Heat sink design from the work of

Skidmore et alf5] challenges, most prior investigations

utilize microchannel heat sinks that have
a large surface area to volume ratio, and, due to the small dimensioyseldavery high fluid
heat transfer coefficients. A state of the art heat sink for ad@sge is shown in Figure 1-4
which utilizes a single phase coolant (water at 10°C) to reject heat from the backtbiel¢aser
diode.The diodes were mounted to a “v-grooved” silicon substrate that contained microchannels
etched into the bottom surface. During their experiments, they achienediraum thermal
resistance of 0.32 K Wper diode bar, at a temperature rise of 32°C while rejecting ~100 W CW
[5]. This approach yielded the highest brightness of any laser diogensgstdate. However, to
minimize the temperature maldistribution across an array of diodes, thélomasste is large to
minimize the temperature rise of the coolant. At high flow rates| fhd velocity can be high,
causing a very large frictional pressure drop and/or increasingkélddiod of surface erosion.

Both of these effects can limit the durability of the microchannel heat exchahberss perhaps



Table 1-1 Existing single-phase high power laser diode array cooling studies

Authors (Year) Description Heat Flux Pitch
(Wem?) | (mm)
Beach et al. (1992) [6] Microchannels-Silicon, diamond 1000 1.85
conductors
Feeler et al. (2008) [7] Impingement Jets-Ceramic ) 1.5-2.0
Karni et al. (2008) [8] Microchannels-Copper 1000 -
Roy and Avanic (1996) [9] | Single Channel-Copper 650 ~1.4
Skidmore et al. (2000) [5] Microchannel V-groove-Silicon 1000** ~1.7*

* The authors reported a smaller pitch. However, the diages arranged at an angle, and the effective diode
is 1.7mm.

** The authors reported a maximum heat flux of 1490 WPchut provided no temperature or heat transfer
performance data at this condition.

why no investigation has yielded improved brightness: the spacinggimicehissive power are
fundamentally limited by thermal management challenges associatednglthghase cooling.
Evaporative cooling offers several advantages over single-phase dmplidg. Single-
phase fluids dissipates energy through a temperatureixsesénsible heat). In contrast, an
evaporating fluid can reject heat proportional to its latent heat of vagiorizhyg) without a rise
in temperature. Also, a liquid will require a substantial increasenmperature to reject the same
about of heat as an evaporating fluid becdgsean be very large. For example, water hak@n
of nominally 2,200 kJ k§ and a liquid specific heat of 4.2 kJ k& ™. Therefore py setting the
temperature rise for a liquid to be 50°C, rejecting the same amounttavdwdd require a liquid
flow rate of >10x that of the two-phase flow rate. As a result, evaporative liquid codiegnsy
can reject the same amount of heat as a liquid cooling systarmass flow rate one order of
magnitude lower than single phase cooling, potentially lowering fluidisspre drop and,
therefore, pumping requirements. This could allow even smaller chanbelssed for laser diode
cooling systems, which could enable a decrease in spacing betwess lthrs to yield

unprecedented levels of brightness. Dramatically decreasing thélowasste of the cooling fluid



could also potentially reduce erosion, thereby increasing microchannel opelational lifetime.
Furthermore, the heat rejection from the diode to an evaporating fluid can aicausingle
temperature, which can minimize temperature variations across d@&wde arrays. Finally,
convection heat transfer coefficients associated with liquid-vapor pgrasesses can be 10x
higher than for liquid$10-12]. This causes the temperature difference between the diode and the
fluid to be reduced, allowing the diodes to operate at much higher peveds at the same
temperature.

To increase performance further, many investigators have employedistheof
microchannels, which have two desirable effects. First, decreasiopdhael size increases the
number of possible channels in a given volume, which substantially insrées@eat transfer
surface area. Second, as the hydraulic diameter decreases, the convectiangieatoefficient

can increase. As shown in Figure 1-5, the channel dimensions need¢oy small to facilitate
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Figure 1-5 Left: Channel array solid model with representative nominal dimensiwhs a
coordinate system; Top-Right: diode array solid model; Center-Rigtibs&iew
of solid model; Bottom-Right: close-up of section view



small laser diode spacing. For this study, the hydraulic diangeterlDOum, which enables a
substantial number of channels within the 10 mm diode width.

Liquid-vapor mixtures exhibit numerous flow regimes encountered as the fluid vapor
guality increases from zero (all liquid) to unity (all vapor). While thegpmes have been
classified by many investigators, it has been found that thelyiginty dependent on geometry,
fluid properties, and operating parameters. Furthermore, two-phase heat trdimsfezdsvhen
the heat transfer surface area is no longer in contact with thd.lifjuis condition is known as
dryout, which is accompanied by a significant rise in the surface temperature kbeathsrmal
conductivity of vapor is 10x lower than liquid. The heat flux corresponding to dryout is known as
the Critical Heat Flux (CHF). CHF is dependent on many factors, astiyfically found from
experiment. Studies have shown that CHF can occur at vapor qualities as low astbasd%gh
as 80-90%. The purpose of the current work is to characterize the flow Hulagransfer
performance at the very high heat fluxes and small hydraulic diameters applidaskr wiodes.

To guide the current research, specific targets for the laser diode apevéth microchannel
liquid-vapor phase change coolers were developed. These are discussed in tletioext se
1.2. Target Performance

The current work represents the first part of a multi-year heat sirgdtagenent effort to
yield a 10x increase in brightness over the existing state oftti®de array. As shown in Figure
1-6, the work conducted by Skidmore et al. yielded a diode power of 100 W per bar for a
temperature rise of 32°C, at an effective diode pitch of 1.7 mm. The tdrthe$ research is to
establish a path toward doubling the diode power to 200 W per bar whil@eslagréhe diode
pitch to 0.34 mm, and minimizing the temperature rise. Laser diodes are able to opegdier at hi

power if properly cooled, or operated in a pulsed operatayrexample, a peak power of 500 W
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Diode pitch: 1.7mm (effective) Diode pitch: 0.34mm

Figure 1-6  Comparison of laser diode arrays; Skidmore et al. is reduced to a planal
(center) of a sample laser diode array (Igf)] for comparison with the target
>10x increase in brightness in the current study (right).

was achieved by Traub et al. for a polymer welding applicfti®h By increasing the continuous
wave power per diode bar by 2x and decreasing the spacirng byé& can realistically increase
brightness by 10x relative to the state of the art. These conditions weldlé yeat flux of 2 kW
cm?, and a volumetric cooling capacity of 13.3 kW-&n this investigation, it has been shown
that a peak heat flux of 1.1 k&2 was achieved in a controlled heat transfer experiment with
R134a flowing through 45m x 200um rectangular channels while the diode temperature was
maintained at an average temperature of 60°C. Using the datatexbllesre, a path toward
meeting the ultimate heat flux and volumetric cooling rate obgstias been established. In the
following section, the organization of the remainder of this thesis is presented.
1.3. Thesis Organization

In the following chapters, the design, fabrication, testing, and analysis of a prototype two-
phase heat sink geometry are presented. Using the experimenizbltatizd on this device, a
correlation that best predicts the heat transfer performance was develbpexdirient effort has

improved the ability to predict performance of two-phase liquid-vapor phasege heat sinks for



fluid flowing through channels with small hydraulic diameters and subjéctedry high heat
fluxes. As a result, this allowed new fluids and geometries to be propodatlferinvestigation.
This thesis is organized as follows. Chapter Two includes a redfiéterature on two-
phase microchannel cooling with a specific emphasis on high heat flurgoelevant to laser
diode applications, which motivates the current work at the appropdate and operating
conditions. Chapter Three discusses the design of the prototype testssextd the test facility
built to characterize heat transfer performance, and the method of establishexj tomditions.
This includes a discussion on the Micro Electrical Mechanicale8yst(MEMS) fabrication
techniques used to manufacture the prototypes used in the experimentdailseoti¢the test
facility, and an estimation of the environmental heat transfer lossthertest facility. Chapter
Four presents the data analysis reduction techniques used to extraetréige dlow boiling heat
transfer coefficient from the data collected. Due to a few lirartatof the test section, an iterative
numerical solution is required to calculate the heat transfer ceetciwhich is descried in detail.
Chapter Five presents a summary of the experimental test data antlegesends in the heat
transfer coefficient data, which is followed by an assessment enitertainty in measured and
calaulated values, and a comparison to existing flow boiling correlationeewAcorrelation is
then proposed, which was used to explore alternative operating parameters, Wordsngnd
microchannel geometry that warrant further investigation. Concluding resaoks the current
work and implications for laser diode cooling is given in Chapiter Gited references are given
in Chapter 7. In the Appendix A, additional details regarding the desige dfin film heater are
presented. In Appendix B, documentation and operating procedures for the test facility and
instrument calibration are presented. Finally, in Appendix C a reprasentatculation for a

sample data point to evaluate existing flow boiling and pressure drop correlationgmques
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CHAPTER 2.LITERATURE REVIEW

Microchannel cooling has been the subject of significant research for tHfewakecades
[15-19]. As advances in electronics and photonics have led to iadreast transfer rejection
rates through diminished surface area, there have been many investigasibriscus on
improving convective single-phase cooling in microchannel geomgh;i@®, 21]. Studies have
also shown that flow boiling in microchannels can offer improved performance over single phase
cooling [18, 22, 23]. However, it has been shown that the heat transfertehatias for flow
boiling at the microscale are different than observed at the macroacalenone of these
investigations have been applied to conditions that are relevaageiodiode cooling: very high
heat fluxes in small geometries [18, 23-25]. Many experiments havenghat local heat transfer
is dependent on fluid properties, operating conditions, and geometry. Becwlgiical and
numerical models have been used with limited success, flow boilingraesfer coefficients are
primarily predicted with empirical correlations developed from experimed&h, and
extrapolating these correlations beyond the range of conditions used to degetogath lead to
significant errors [26, 27]. Prior to the present investigation, neither theaeé@eometric scale

(Du < 100um) nor the heat fluxq" > 1 kW cm?) required for laser diode applications have been

studied in the literature for two-phase flows.

In this chapter, a review of existing literature on two-phase flow baitimgicrochannel
geometries is presented. General flow characteristics observedastiades are discussed first,
followed by a detailed review of prior microchannel flow boiling invgggions. This chapter ends
with a discussion of the focus of the present study, after the critiealrobsneeds for two-phase

laser diode cooling are identified.
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2.1.Flow Characteristics in Microchannel Flow Boiling

Flow boiling heat transfer has been shown by previous investigatodgepgend on

geometry, test fluid transport and thermodynamic properties, heat flux, ahddpoaquality{10,

29, 30].

Changes in these parameters affect the distribution af &gdi vapor, which impacts

the interfacial shear between the two phases, and the shear of the baeifey cooled. In addition

to bubble nucleation and growth, the interaction between the two pthages the rate of heat

transport to the fluid mixture. The distribution of the two phases are ofterctdrazad by flow

regimes, and the conditions which produce each are plotted on an operatipr(&igoee 2-1).

At the macroscale, gravitational body forces can be significante whifface tension forces are

negligible. However, as the channel hydraulic diameter is reducedcesudnsion forces can

dominate gravity, and, in some cases, inertial forces can be sign#ichigh liquid and vapor

velocities. Consequently, numerous investigators have found that the exmstangscale flow

regime maps are inaccurate at the microscale, and, as agegeitgl studies have developed new

flow regime maps for flow through microscale geometries [18, 23, 28, 31].
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Figure 2-1  Macro vs. micro comparison operational nja)
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uncertain if these maps are applicable to the geometry, hydrauhetaig and applied heat flux
used in the present study. As shown in the following discussion, thedigme has a strong
influence on heat transfer performance.

In general, there are two dominant heat transfer mechanisms for fldwgbm
microchannefs nucleate boiling and forced convective boiliig]. When the wall superheat is
higher than the saturation temperature of the fluid, vapor bubbles can nucleate on theaswutface,
the size of the vapor bubbles are dependent on many factors, including sowiglweess, fluid
properties, and applied heat fl{82]. Bubble nucleation, growth, and detachment into the bulk
flow is associated with very high rates of heat transfer. In forced ctweeboiling, heat is
transferred from the wall through the liquid film on the surface. Instead of cohfim@akasing
the temperature of the fluid, as is the case in sensible hesieirgheat is dissipated by generating
vapor at the liquid-vapor interface. The rate of vapor generation is stropggant on the fluid
shear between the two phases. Harirchian and Garifié]anoted that that the Confinement
number Co) is an accurate way of determining the relative importance of thesket transfer

mechanisms, and is defined as follows:

05GD?

C0: Bd)S R&[ga(pl _pv)]
o

(2.1)

The Bond numberB0) is the ratio of body forces to surface tension forces, while the Reynolds
number Re denotes the relative importance of inertial and viscous forbesefore Co indicates
the relative importance of these forces, and low values are assbuidlh surface tension and

viscous dominated flows inside small channels. Eor 160, the vapor is “unconfined” by the

I In some cases, the wall superheat can be so higththahpor bubbles are formed prior to the bulk fluid enshalp
reaching the saturated liquid state. In this case, bubldderaned at the surface, detach, and are re-condensed by the
bulk liquid flow. This effect is called subcooled nucleboding.
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channel, and nucleate boiling is the dominant heat transfer mech&t@isnchian and Garimella
noted that forCo < 160, vapor generated during flow boiling forms elongated bubbles that are
surrounded by a thin liquid film, which causes forced convective boiling toebeédminant heat
transfer mechanism. This type of flow is called “confined” because the vapor cannot freely escape
before it is trapped in the channel. In this case, the bulk of energgdrarsfrom the extended
thin meniscus region where fluid evaporates at the liquid-vapor intg&afe

As the vapor quality increases, it is possible that the surface chémnel is no longer
covered by a thin liquid film, but it instead in direct contact wdlpor. This condition is known
as dryout. Because vapor has a much lower thermal conductivity the tigirate of heat transfer
from the surface decreases substantially. Figure 2-2 shows thie @aek boiling curve that
demonstrates the consequences of drytmiisftion from point ‘C’ to ‘E’). As the applied surface
heat flux increases, the temperature difference between the watlealndlk fluid increases. Once

the onset of boiling occurs, the applied heat flux can increase rapithpuvirequiring a
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Figure 2-2  Classical pool boiling curve for water at atmospheric preg84ie
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substantial rise in wall temperature due to the very hightreeatfer coefficients associated with
nucleate or force convective boiling. However, once dryout ensues, thesgrsf@ant drop in
the heat transfer coefficient, and, as a result, the wall ternpenaiust increase dramatically to
reject higher heat fluxes. If a constant heat flux is applied to thethaltemperature rise can be
so high that it melts the wall material. The location on thigngpcurve just before this temperature
rise is observed is called the critical heat flux (CHF). For confined tluw s attributed to the
film thickness being comparable to the amplitude of interfacialewaenerated by the shear
between the liquid and vapor, yielding the so-called Kelvin-Helmholtz imiatfenstability[35].
This instability is due to pressure-drop oscillations at the intediadecause cyclic dry-out when
the liquid film is sufficiently thin, leading to a decay in heat transfer coeffi¢3&jt

The trend in local heat transfer coefficient vs. flow regime for foroadective boiling is
shown on Figure 2-3. After liquid enters the channel, nanoscale bubblesgario form at the
wall and quickly coalesce, allowing the fluid remains belowsteiration temperature. This is
known as subcooled boiling, and it occurs at a thermodynamic qualitycof As the bulk fluid
temperature reaches the saturation temperature, vapor bubbles become stable \a&rtllie et
flow, eventually aggregating to form slugs of vapor. Because the vapotydersignificantly
lower than the liquid density, the vapor elongate, which yields tram$o an annular flow. When
the vapor quality increases, the thickness of the liquid films along #itls decreases, which
increases heat transfer. As the vapor quality increases furtherquide flim can periodically
disappear, and vapor comes in direct contact with the surface. Elethigalocal dry-out is
present over the entire surface, and the only liquid left is entrainge ivapor (mist flow). At
this point, the heat transfer coefficient plummets and the CHRdheel. Representative images

of these flow regimes are shown in Figure 2-4.
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Figure 2-3  Flow regime vs. heat transfer in convective boiling dominant chafirigls

In addition to heat transfer, the microchannel geometry also significantlytsrtpadlow
stability, especially for multiple parallel channels. As the vapotityusacreases during flow
boiling in these devices, the growth of bubbles within a single chaanddecome so rapid that it
blocks the flow and causes flow reversal in some cases. This phensmesidematic as it causes
temperature and pressure oscillations in the device, and can leatiaiogpdull channel dryout.
Many investigators have found that the addition of a large pressure droprelat the inlet of

each channel prevents flow reversal (Figure N
Flow Direction

2-5), but at the expense of additional Bubbly
pressure drop [23, 38-41]. However, if no m
Slug

restrictions are added to the channel inlets,

the flow can also be significantly

maldistributed. In a microchannel heat

Smooth-Annular

: R e e it bt
sink, the flow enters the cooler from a small - e

Inlet header which then distributes the ﬂo\é’igure 2-4  Relevant flow regimes for convectiv

dominant boiling37]
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across the array of parallel microchannels. <

Brandner and Maikowske showed that

Inlet restricti

(without an inlet restriction) this type of
arrangement leads to less flow some

channelg42]. In their experiments, they

noted that the location where the flow

transitioned from single phase flow to twarigure 2-5  Inlet restrictions by Szczuiwicz et
phase flow followed a parabolic profile 223

across the channels, with more mass flow through the center chaihelg.then showed that
(without an inlet restriction) to achieve stable and uniformly distrbutew within the
microchannels, a complex bifurcating tree geometry would be redd2&dThis result suggests
that the simplicity of an inlet restriction to control flow distributismvorththe additional pressure
drop.

The choice of working fluid and operating conditions also have a significant effédeat
transfer performance of the heat sink geometry. Prior investigatorsshalied a variety of
working fluids, including water, alcohols, refrigerants, and dielectric fluilhas been shown
that the choice of fluid is a significant factor in determining CHF, with the ratiqutiito vapor
density (.e., the phase slip ratio) as a key determining factor. Fluids witghapghase slip ratio
(water) are more likely to reach CHF at a lower vapor quality thasetwith a low phase slip ratio
(refrigerants).

In summary, many factors can influence the heat transfer characseiastflow boiling

inside microchannels, including geometry, fluid thermodynamic and transpperpes, fluid

flow rate, and applied heat flux. In the following section, a dadaiéview of prior flow boiling

17



heat transfer studies in channel geometries @itk 1 mm are presented. Thereafter, a summary
of the critical needs for flow boiling research relevant to laser diookng is presented, followed
by an overview of the focus for the current investigation.
2.2.Prior Microchannel Flow Boiling Heat Transfer Studies

To decrease the diode pitch below the state of the art, it is
imperative that the channels that contain the boiling fluid are

small. Therefore, only prior investigations with channels that

have aDy < 1 mm were reviewed, which are summarized in
Table 2-1. In the following discussion, observations from these
studies are given, as well as a brief review of heat transfer
performance prediction methodologies.

As shown in Table 2-1, although there have been many

recent investigations for flow boiling heat transfer in.
Figure 2-6  Image of two-

phase burnout
in a circular
channel from
Mudawar and
Bowers[43]

microchannel geometries for a wide range of fluids, only one
study has achieved a heat flux greater than the magnitude needed
for laser diodes (> 1 kW cA). In their investigation, Mudawar

and Bowerg43] have reported the largest heat flux rejected in any study to datek\R7c672.

This was achieved during a large body of subcooled water boiling expesimesmhall stainless
steel tubes (408 Dn < 2540um). During these experiments, the heat rate was increased until the
test section experienced dryout-induced failure at the critical heaf{Figure 2-6). The water
flow rate in these experiment was extremely high, yielding very large fluidisypeedrop: up to

153.4 bar (2,225 psi). In addition, the surface temperature was measured during these tests, and,
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Table 2-1 Parallel rectangular microchann@l,(< 1 mm) saturated flow boiling studies
. . " »2 _1
Microchannel Array Properties Max 0 G [kg m=s] Working
Study [ref] Wen hen D _ Fluid(s) Notes
Mat’l N [Wem?] | Min Max
[um] | [um] | [um] _ _
Wang and Petersor Copper | 4 1000 | 510 675 10 64 257 HEE 7000 Wire mesh added .to.channel floor; inl
[44] restriction
K“Z”?éslc]’v etal. Sts""t'ggss 10 | 1500 | 720 | 975 16 33 | 190 | R-21,R-134a| Vertical and horizontal orientation
Nasc"[TS’]“O etal | copper | 50 | 100 | 500 | 167 31 | 400 | 1500 R134a
Hetsroni et al. [46] | Silicon | 21 | 250 | 179 | 129 33 95 | 340 Water Triangular Cross-Section; IR
temperature field
Ritchey et al. [47] | Silicon | 35 | 240 370 291 35 890 890 FC-77 5 x 5 individually controllable heaters
- R245fa, L -
Szczukiewicz et al. Silicon 67 100 100 100 49 283 2370 R236fa, Inlet onﬁg:es, IR temperature field;
[48] 50.3°C heater temperature
R1234ze
17- | 381- | 953- | 540-
Bertsch et al. [49] | Copper 33 | 762 | 1.905| 1090 66 20 350 R134a, R245fq
Chen aFSdO]G arimellz Silicon 24 | 389 389 389 73 70 118 FC-77 5 x 5 heater / temperature array
Lee and Mudawar Compared flow boiling and single-
28] Copper | 53 235 713 349 100 127 654 R-134a phase in the same test section
Chen a[”sdl]Ga“me"a Silicon | 60 | 100 | 389 | 159 110 | 254 | 1015 FC-77 Vapor backflow was present
: o Monolithic nanowires grown from
Liet al. [52] Silicon 14 | 250 200 222 115 238 571 Water channel floor serve as webs/walls
Costa-Patry et al. o R245fa,
53] Silicon | 135 85 560 148 140 499 1100 R236fa
Buchling and 17 -] 200 - 200 - Gravity-driven flow; mass flow not
Kandlikar [54] | COPPE" | o5 | 400 | 200 | 267 | 217 Ethanol given
Qu and Mudawar Copper | 21 | 215 821 341 217 86 368 Water, R113 Vapor backflow was present; no inle
[55] restriction
20- 315 - R134a,
Park et al. [41] Copper 199 756 350 75 3750 R236fa, Inlet orifices
29 837
R245fa
Kuo and Peles [39]| Silicon | 5 | 200 | 253 | 227 | 444 | 86 | 303 Water Inlet res”'cg‘r)gésourleatm to 1 atm
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Table 2-1(Cont.):

Parallel rectangular microchann@hk(< 1 mm) saturated flow boiling studies

; ; ! 2l
Microchannel Array Properties Max (g G [kg m=s'] Working
Study (year) Wen hen D _ Fluid(s) Notes
Mat’l N [Wecm?] | Min Max
[um] | [um] | [pm] _ _
Kuo and Peles [22]| Silicon | 5 | 200 | 253 | 223 | 643 | 83 | 303 Water | Reentrant cavities along the walls; inl
restrictions
Mudawar and Stainless 406 - Subcooled boiling; circular tube; higlh
Bowers [43] Steel 1 na na 2540 27,600 | 5000 | 134000 Water pressure drop; and high temperatur
Present Study Silicon | 125| 45 200 73.4 1100 735 2230 R134a Inlet restrictions, IR temperature fielg
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due to the extremely large heat fluxes, the tube temperature ap@82€1i€ in the most extreme
cases. Due to the exceptionally high pressure drop and surface tempelbaemed in this
investigation, it is not likely that their approaehvery high flow rates in single channel test
sections wittDx > 0.4 mm- will be sufficient for laser diode cooling, even if scaled to lowet he
fluxes. In contrast, distributing the flow into a parallel array of microobks reduces pressure
drop while still maintaining a low thermal resistance. Althoughtandysusing this approach has
achieved a heat flux > 643 kW &rsome key observations from these studies are useful to guide

the present investigation.

While inlet restrictions have beel cross”-section

shown to stabilize boiling and increase tl | \!
critical heat flux, more extravagan ——— i St i) ;u—m

approaches utilize surface features [seiii it - KSR i

enhance nucleate boiling have bef channelwall =7 2 %
‘myi'c\rcvy-zlties ¥ p—

employed [23, 38-41]. In a recent study | e

Li et al. [52], vertically oriented siliconFigure 2-7  Silicon nanowires grown from

channel floor by Li et a[52]

nanowires on the floor of a microchannel

were shown to enhance heat transfer (Figure 2-7). The silicon nanowés rtr@ny micro-

cavities that promote nucleate boiling, thus reducing the wall supgérbqaired for the onset of

nucleate boiling. By increasing the rate of vapor generation, more bubbilesaported into the

bulk flow, where they coalesce and create annular flow. In this flouneeghe thin liquid film

interacts with vapor to enhance heat transfer, and pressure and tempiuatuations are

2 Wall super heat is characterized by the excess tempesahich is defined a$e = Teurt- Tsat
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suppressed. The study showed that CH¥”

was increased by 20% compared to
plain, untreated surfa¢g2].

As shown in Table 2-1, the highest
heat flux achieved for saturated flow
boiling in a rectangular microchannel

cooler with multiple parallel channels Waﬁ:ig

ure 2-8 Reentrant cavities along the channe

643 W cn? by Kuo and Pelef2]. Their walls by Kuo and Pelgg2]

design featured both inlet restrictions for flow stabilization, and reenteanties along the
channel wall to initiate vapor bubble nucleation (Figure 2-8). Itfeasd that these reentrant
cavities increase CHF more than inlet restrictions alone: the ssshsection without reentrant
cavities achieved a heat flux of only 444 W-€f39]. In addition to controlling the bubble
nucleation size, these reentrant cavities may also cause mgcunterruption of the thermal
boundary layer, which can enhance heat transfer performance.

Lee and Mudawaj28] have challenged the premise that flow boiling exhibits enhanced
heat transfer performance relative to single phase cooling. In thdy, shey compared flow
boiling of R134a to single phase cooling with HFE-7100 in the same micnoehgeometry (235
x 713 um rectangular channels). During their R134a flow boiling experiments, then@sl
observed at 100 W cf which was primarily due to channel to channel instability. Conversely,
single phase cooling with HFE-7100 achieved 840 W2 ewithout any problems. However, it
should be noted that no inlet restrictions were used in the test sectioh,subgests that higher

CHFs can be achieved by adding these to the channels.
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In addition to exhibiting heat fluxes in excess of 1 kW?iihis critical that laser diodes
operate at temperatures below nominally 60°C. To achieve a tempsrhg&low this threshold,
fluids must operate at a low saturation temperature, and hence low absolute préiésaugh it
is an excellent heat transfer fluid, water must operate significhelbyv atmospheric pressure to
achieve this. For example, at a saturation temperature of 10°C, the saturation pressuez i®r wa
only 1.23 kPa. Operating at such a low pressure limits the flow rate heamched geometry,
necessitating relatively large channels and lower mass flow. fdt@eover, as the vapor quality
increases, the frictional pressure drop increases. This further limitsathienom flow rate for
flow boiling at conditions relevant to laser diode cooling, because thsupeedrop allowed to
force the flow through the channels must bedotlian 1.23 kPa. Kuo and Pe[89] have studied
the effect of decreasing water saturation pressure on heat tram$feritecal heat flux. In their
experiments, they measured CHF as a function of mass flow rate and valggriguwasilicon
microchannels cooler with a hydraulic diameter of 27 over a range of saturation pressures:
between 0.1 and 1.0 atm. Their results showed that the low pressure had al efiigicd on the
CHF, and they achieved an unusually high outlet vapor quality (0.72) at ooé gatrating
conditions. Unfortunately, the investigators failed to provide surface tetapeata, so it is
unclear how the heat transfer coefficient would scale from these mgoesi or how relevant using
subatmospheric water would be for laser diode cooling.

Refrigerants tend to have much smaller enthalpies of vaporization thgan, which
necessitates higher flow rates for the same vapor quality changeatmtlitye However, medium
and high pressure refrigerants can tolerate larger pressure drops becausattiation
temperatures can be much lower than for water at reasonable pressiirabowe 1 atm.

Furthermore, the saturation temperature does not change significantlprestsure for these
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refrigerants, and, as a result, flow boiling experiments with refrigeramscirochannels have
shown that the outlet vapor quality can approach unity without exhildtyaut. For example,
although it was for low heat flux (22 W ¢y Bertsch et al[49] achieved an outlet quality of 0.9
with R134a for flow inside a 148m hydraulic diameter channel without experiencing CHF.

The surface area, heat duty, wall temperature, and fluid saturation taimpearatrequired
to calculate the heat transfer coefficient from an experiment. Tipithé test sections are
electrically heated either by a heater deposited on the surface or joule heating tmateasisl in
the test section. The test section heat duty is then caltbia®ubtracting ambient heat loss from
the electrical heat input. In these investigations, the exteuntdce temperature was measured,
and in some cases additional thermocouples were located betwderatbeand microchannel
cooler to estimate the local heat flux. The fluid saturation temperaturemstest from the fluid
pressure, which is measured at the inlet and outlet to the micr&ttzaray, typically a linear fit
is assumed between the ty&6]. This is well executed by some authors who have placed static
pressure taps directly on their test se|@2, 39, 57]. However, in other investigations, complex
manifold geometries are located at the inlet and outlet of the mienoeharray. This is
significant as the pressure drop through these features typically dinatrfsf the microchannels
themselves. Subtracting out the effect of these manifolds isdmgBecomplex because of the
combination of two-phase pressure drop and pressure recovery from expandingatrosatse
area within a complex geometry. Costa-Patry et al. have deducedrpresop through their
outlet manifold using an intricate combination of numerical models, esalhyri measured
guantities, and assumptions of fluid temperature and vapor gzjty

A direct measurement of the channel wall temperature in contdictthe fluid is

challenging, because it is encased within the test sectioe. approach typically utilized by
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previous investigators is to use the measured external temperatureri@mnoh @ conduction heat
transport analysis in the base material to calculate the chaalhé&mperature. The measurement
technique for the external surface temperature used by prior investigaiges from a single bulk
measurement of the heater temperature to discretized thermocoupéss@iabe test section or
an infrared camera that maps the entire surface temperature. Cgi58{ aheasured the wall
temperature by calibrating the resistance of the platinum he#teiewperature, while Kuznetsov
et al.[31] embedded thermocouples in the wall of the test section betiveapdter and the inside
surface of the test section. The purpose of embedding these interim temperaturemesats is
to estimate the local channel surface temperature. However, iy cagas an average heater
temperature is used in conjunction with a uniform heat flux assumptionmiss the latter is
problematic because the heat transfer coefficient is expectexdytsinangly with flow regime and
vapor quality, as shown on Figure 2-3. Therefore, these two conditions canutiaineously
exist: if the heat flux is uniform then the heater temperature with iexéngmificant variation in
the stream-direction. Therefore, the channel surface temperaturesitealaul this way are
inaccurate, which occurred in numerous investigations [22, 31, 46, 49]. For idcesdsmal
surface temperature resolution, Ritchey et al. and Chen and Garimefla atii x 5 array of
resistive heating elements to measure the wall temperaturBlland Szczukiewicz et 460]
used an infrared measurement technique to map in fine detail the externahvpaidture of the
entire test section. In the study by Szczukiewicz et al. laarel surface temperature was
calculated from the local surface temperature and the average atun@eise through the base
mateial assuming a uniform heat flux, which is an improvement over other investigations.
By mapping the wall temperature, it is possible to characteeaé spreading in the test

section. For example, Ritchey et al. used their 5 x 5 array of heatimgrls (Figure 2-9) to
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Flow direction preferentially heat areas in the test section both in the parallel and
S— across the test section [47]. They determined that non-uniform
-.... heat flux had a large effect on the measured heat transfer
characteristics. For example, when the heat input was focused
laterally across the entire microchannel array near the entrance
(Bottom, Figure 2-9), 98% of the heat was transferred within the
first 20% of the total flow length. In contrast, when the heat input
was shifted downstream to the center of the array (Top, Figure
2-9), only 77.6% of the heat was dissipated over an equivalent

area. While it appears clear that heat conduction within the test

Figure 2-9 5x5
Heater/RTD
array from
Ritchey et al.
[47]

section plays a crucial role in some experiments, the heat
spreading is under predicted by this method. In their study,
Ritchey et al. assessed the heat spreading via conduction only at
the back surface, where their discrete heaters and RTDs were locatewgéealed any heat
spreading within the 280m thick silicon floor between the heaters and microchannels. As a
result, it appears that they over predict the heat dissipated within thef #necheated elements.

In these existing studies described above, the average heat tranfiflg@enbes calculated

from the measured and calculated quantities by some form of the following generalierpress

hT _ qapp ~ Uioss
P

- (2.2)
UN A—I (Ts,,ch - Tsa)

In many cases the investigators have assumed an overall sefiffaimcy (10) of unity (.e., a
uniform channel wall temperature), and have computed an average heat taeSfeient[22,
49]. While Ritchey et al. and Kuo and Peles claimed to have cothputecal heat transfer

coefficient, they have inherent error in their data reduction as described above [22, 47].
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Numerous investigators have developed correlations that fit their experimeniaribsa
few have even aggregated data from multiple studies to develop moersatliv applicable
correlations [11, 12, 61]. The most notable example was Bertsch[88lwho developed a
correlation using experimental data from 14 studies with 12 different fluidstédal of 3899 data
points. The form of the correlation is the same as proposed by&jewhere the effective two-
phase heat transfer coefficient correlation is the sum of the nucleang lamitl forced convective
boiling effects, with enhancement and suppression factors. Becausetenlmdang can be
lowered due the presence of vapor, its contribution multiplied by a ssppréactor that reduces
nucleate boiling as the vapor quality increases. Due to the differedeasity between the two
phases, interfacial shear increases, and, as a result, the forcedigemaaling term is multiplied
by an enhancement factor. While this correlation is developed fatearamge of fluid properties,
mass fluxes, heat fluxes, and hydraulic diameters and predicted all ddtthavithin aMAE of
+30%, the target heat flux in the present investigation exceeds theisthdgta point of 115 W
cm? by an order of magnitude and at a hydraulic diameter less than haliragrtalest (160
um). Extrapolation to these conditions is uncertain, and further investigation is warranted.

This model, and all others to date, correlates the heat transferieog¢tiocan average heat

flux, which is based on the total heated channel surface area as follows:

" — qapp — qapp 2 3
A T N2 L @9

This formulation is inaccurate in cases where the fin efficiendgds than unity, and this
formulation under predicts the effective heat flux. In most cases, igaEss have determined
the heat transfer coefficient while including the effect of surfaceiefily. However, in all cases,
they correlate the data to the normalized average heat flux whytecteethis effect. This is

especially problematic for investigations which have used matesitalfow thermal conductivity,
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such as stainless steel, had narrow/long fins geometry, or achibigrdreeat transfer coefficient.
All of these conditions are prevalent within the large databases ahgxsstidies, and this effect
is not captured by current models.

Purely analytical models are still in the early stages ofldpu@ent due to the complex
nature of microscale fluid flow and heat transport. Recently, Zhang g&5hldeveloped a
separated flow model based the work of Revellin and TH68]eo predict saturated flow boiling
heat transfer, and this model showed excellent agreement with expelidegataln addition to
mass, energy, and momentum balances on the liquid and vapor phases, thegadoosuatface
tension forces using the Young-Laplace equation. The primary limitation of their modeliis that
does not simulate subcooled nucleate boiling: bubble formed at a calcatdieal size and
suddenly expand into the bulk flow. Even with this assumption, the pregiessure drop and
heat transfer coefficients compared favorably to the experimental deganped by Qu and
Mudawar[55] (MAE of £5.89%). It remains to be seen if this type of approach can be applied to
different experimental conditions, and flow regimes.
2.3.Critical Research Needs for Flow Boiling Thermal Management of Laser Diodes

As mentioned previously, the required heat flux for laser diode coolingyishigh, and
the temperature limit of practical laser diode systems is nominally 60t@eFmore, the surface
area of laser diodes is very small: the length and width of a typ&er diode bar are 10 and 1
mm, respectivig. As a result, the heat transfer coefficient and heat transfer suréackah need
to be large to utilize fluids with reasonable saturation temperatures. For exaragteaatlux of
1 kW cnmi? and a temperature difference of 50 K between the diode and fluid tatura
temperature, the effective heat transfer coefficient required is 200,000°VW* over the

0.1 cn? laser diode bar. Flow boiling heat transfer coefficients reported in literature havasee
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high as 50,000 W rhK™[10]; therefore, a surface area increase of 4x would be needed to reject
this heat from the laser diode across a temperature difference of 3skyduld be achievable
with 40 um wide channels and 4dm thick and 16 um tall fins (125 total) with a fin efficiency

of at least 88% for silicon (assuming an adiabatic tip). Unfortunatesh@sn in Figure 2-10
there have been no studies in the literature that investigatd@iwwg heat transfer for channels
with dimensions smaller than 1Qén subjected to heat fluxes in excess of 1 kWPcrm addition,

the inlet fluid temperature in some cases was either far below 0°C, whicherimpractical for
some portable laser diode systems due to the need for an electricadiyedashiller or causing
unwanted condensation on the surface of the laser diode emitter, or have ®mfperatures that
exceed 100°C, which would drastically shift the emitted radiatiorel®agth and/or soften the
epoxy holding the necessary optics. Therefore, flow boiling heat transfer studies in chattnels wi
Dn < 100um subjected to heat fluxes above 1 kW<far fluids with saturation temperatures
ranging from 0°C to 60°C are warranted.

Furthermore, due to the large surface doe@slume ratio required for laser diode heat
sinks, it is anticipated that thermal conduction will havegaicant impact on performance, as
noted by Richey et a[47]. The heat transfer coefficient profile in the stream direction, from
single phase heat transfer up to the initiation of flow boiling, is egdeaotproduce a non-uniform
heat flux into the test section, which is contrary to the analysifief otvestigators. Furthermore,
the heat transfer coefficients for flow boiling can be very large, wraahreduce fin efficiency,
even for short fins. As a result, the channel surface temperature thailthg fluid is exposed
may be significantly non-uniform, which is in contrast to the uniform teatpee assumption
made by previous investigators. Accounting for these temperature varegoergical to measure

flow boiling heat transfer coefficients accurately, and, without accoufdmigeat conduction in
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the microchannel substrate, it will be challenging to make coherent megoaations that improve
microchannel heat sink performance.
2.4.Focus of Current Investigation

The purpose of the current study is to experimentally investigate floimdpbiéat transfer
characteristics for a medium pressure refrigerant (R134a) flowing in a mioreteeat sink with
aDw = 73.4um and subjected heat fluxes up to and greater than 1 k¥VEumthermore, because
laser diode temperatures are limited, the temperature and flow taterefrigerant is adjusted so
that a surrogate heater maintains a surface temperature < 60°C. The expkergsegitéaare then
analyzed to calculate the effective two-phase heat transfiice@ during flow boiling so that

an accurate correlation can be developed, which will inform future designtpathgrove the
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ability of future microchannel heat sinks to absorb even higher heat fluxe®lbleng are the
specific objectives for the current investigation:
e Accurately measure the overall heat transfer performance of a repteseptototype
silicon microchannel heat sink that contains 125 parallel channelarthaiominally 45
um wide and 20Qum tall, each separated by a 3 wide fin. Using a metal heater (10
mm x 1 mm) deposited onto the test section to serve as a surrogate $er aitade,
determine the maximum heat flux allowable for a surrogate heater rammgeof 60°C
over a range of flow rates (50150 g min') and saturation temperatures (15°C to 25°C)
for aR134a test fluid.
e Using the gathered experimental data, calculate the two-phasedmesdtr coefficient as
a function of the input variables: heater current and voltage, fluid and stefaperature,
fluid pressure, and location of transition from single-phase to boiling. Q@geeimethod
that accurately accounts for heat spreading in the test sectibniebgberature and heat
flux non-uniformity. Compare the experimentally measured heat transfer coeffitte
correlations available in the literature. Develop a new correlati@natccurately predicts
the data collected in the current study, using a corrected average channel heat flux.
e Use the experimental results and new correlation to recommend alterneat transfer
fluids and microchannel dimensions that can surpass the performance of the microchannel
heat sink in the present study, and approach the targeted 10x improvediedei array
brightness.
In the next chapter, the experimental setup and procedures usedtpbsic these objectives are

discussed in detail.
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CHAPTER 3.EXPERIMENTAL SETUP AND PROCEDURES

As discussed in the previous chapter, flow boiling in microchannels has aot be
characterized at the scale and heat fluxes required for laser diode cdalitigs chapter, the
experimental facility and testing procedures used to measure flow boiahgydwesfer coefficients
inside 45 um x 200 um channels subjected to a base heat flux in excess of
1 kW cm? are described in detail. In the following sections, the fabrication and feature details of
the test section used in the present study are described first, folbgvaedescription of the test
facility and the technique used to incorporate the test section infaditiy. Because the wall
temperature is a critical parameter required to calculate thiadgbeat transfer coefficient, the
system used to measure the heater and test section surfaeeateings is then described in detail.
Next, the test matrix executed in this study is described. Imnatgobrtion of the chapter, the
methodology to establish the test condition is given, including samjaelatéons of the test
section heat duty and outlet vapor quality and their associated untestaiWith these critical
parameters established, the flow boiling heat transfer coefficient caal@dated, which is
described in Chapter 4.
3.1.Test Section Design and Fabrication

A picture of the microchannel test section used in the current study is given in Fgure
which was fabricated at Lawrence Livermore National LaboratdriN{l) using silicon MEMS
fabrication techniques. The test section contains a plurality of bggcaratio channels, and, to
enable in-situ flow visualization and create a hermetic setdsa gafer bonded to the top surface
of the silicon. As shown in the figure, the fluid enters an inlet Hoteed through the silicon, and

then is distributed to the channels in a manifold with five suppaduries Once the fluid exits the
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 Flow Direction

Outlet Manifold ~ Channels  Inlet Restriction ~Inlet Manifold

Figure 3-1  Front view of the test section (penny for scale)

channels, it is redistributed in the outlet manifold and outlet hatelleBito prior investigations,
each channel contains a narrow section at each channel inlet to inflpreveistribution and
prevent backflow.

Heat input is provided by a thin film resistive heater deposited on the back-side of the tes
section. As shown in Figure 3-2, the heater has the same dimeoiseohgical laser diode: 10
mm wide and 1 mm long. To ensure that joule heating is confindgk tbeater, 610 nm thick
1 mn¥ electrically conductive contact pads are placed at both extremeoktits heater. The
heater is located in the center of the nearly 5x longer micnoet&to ensure that fluid flow is
fully developed in the test section, and that the heater is direddw libe channels. Using a
surrogate heater instead of a laser diode is safer and less expemsiadows the focus of the
current study to remain on characterizing flow boiling heat transfer. h€ater and surrounding

silicon are coated in a high emissivity paint to enable ateliratemperature measurement. In
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Figure 3-2  Left: Three views of the test section, showing the high enitiggaint require:
for an accurate IR temperature measurement; Right: Heater design, dimer
mm
the following two sections, the fabrication techniques and key geometric featerdescribed in
detail.
3.1.1.Test Section Fabrication
The test section channels are fabricated in standard 101.6 mm diametemS0@-k
silicon wafers, and a 500m thick borosilicate glass wafer of the same diameter is used for the
capping layer. Due to the size of the wafers, multiple testosesctan be fabricated on a single
wafer. In this section, the MEMS fabrication processes are discussieel $equence required to
fabricate the test section, which is as follows: (1) clean wafers,d8) off areas of the wafer to
be protected from etching, (3) etch exposed areas, (4) bond silicon and glass(dafEsosit
thin film metal through a mask that defines the heater, and (6) cut into individusg¢éens.
The first step in fabrication is to clean both the silicon and glagers/using an RCA

cleaning regiment. In this process, organic materials and particulagr aratremoved by a first

soak in an oxidant, such as a mixture of sulfuric acid and hydrogen peroxide, tbipwaesecond
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soak in a mixture of water, hydrogen peroxide, and ammonium hydroxide. The waféisra
quickly dipped in hydrofluoric acid to remove oxides on the surface, if dediext, a soak in a
mixture of water, hydrochloric acid, and hydrogen peroxide removes any metait@minates
[64]. Finally, the part is rinsed with water and dried, and the silicon kasd gvafers are now
prepared for subsequent processing.

Etching is the process of removing material from a solid wafer, and two etching processes
are required to create the features in the silicon wafer: one to faliheatieiid channels, inlet
restriction, and inlet and outlet manifolds, and a second to manufacturéetheend outlet holes.
As in standard MEMS fabrication processes, a mask is used to protportioas of the wafer
that are not etched during each process step. The masks consigtetarasist polymer that is
first uniformly coated on the wafer and then selectively cured by exppsiigns of it to UV
light. As shown in Figure 3-3, this light is projected onto the photares&ing through a clear
mask with chrome deposited on the surface to selectively cure the patymeattern that is an
inverse pattern of the etch. The features on the mask are ty@eatly 10x larger than image

projected on the photoresist to facilitate
Incoming UV Light

¢ l l ¢ ¢ ¢ ¢ i l manufacturability, and the projection
optics determine the final size of the

Clear Substrate

exposure on the photoresist.  Once

Projection Optics

exposed to UV, the uncured photoresist
Passed UV

Chrome Light polymer is then chemically removed from
/ Silicon Wafer the wafer to expose the silicon surface for
[] Uncured Photoresist etching. After etching the channels, inlet

Cured Photoresist

Figure 3-3 Projecnon ||thography used to patterrrestriction, and inlet and Outlet manifOIdS,
the photoresist (not to scale)
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mask

silicon
(a)_\_L

polymer

(b)

Figure 3-4 DRIE process flow: (a) etch into silicon, (b) coat new surface in [@dEsiv
polymer, (c) repeat etch into silicon, (d) recoat in passivatiompaiyand repeat
until target depth is reach¢@b]

a similar etching process is performed on back side of the silictam toorm the inlet and outlet

ports.

As discussed above, it is necessary to
have high aspect ratio channels to increase the
surface area to volume ratio, and the method
used to create these features is the Bosch Deep
Reactive lon Etch (DRIE) process. As
illustrated by Figure 3-4, this process employs
alternating plasma etching and surface
passivation. Etching is accomplished by
exciting a low-pressure sulfur hexafluoride
(Sk) into a plasma, then directing a stream of
& ,, the glow-dischargsward the part. Silicon is
rk\ J 1

. ‘ BN removed both by direct sputtering and
15.0kV X750 WD 10.1mm 10pm

Figure 3-5  Representative SEM cross sectioichemical reaction. In the latter process, ions
image of 20 um wide
microchannels; the rough edge iseact with the surface to produce volatile
due to silicon fracture for sample
preparation
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species that are removed by the vacuum péhjo F

Heater Silicon
j Heater Glass

those at an angle. Following each etch step = I

This etching process is directional: surfaces wh (5
+
A"

are normal to the plasma source etch faster t

passivation layer of perflurocyclobutane polymefgyre 3-6  Schematic of anodic bonding
(CsFg) is deposited on the surface. During etching, [64]

this coating is rapidly removed from the surface normal to the source,penpendicular surfaces
remain protected for a period of time. These two steps are alttundtethe desired depth into
the wafer is achieved, creating highly anisotropic features. Wigeatching process continues
past the passivation layer, the silicon is “undercut” leading to a condition known as scalloping
(Figure 3-5). Scalloping leaves a rough wavy pattern on the edgdielpar the etch direction,
which may be beneficial in some cases due to the incredsmatriransfer surface area, which
warrants further investigation.

Once the front and back side etches are complete, all of the cured photordsisty
residual passivation polymer are chemically removed from the siliaferwThe silicon and glass
wafers are then anodically bonded together to create a hermetid@ besaprocess is accomplished
by pressing the two wafers together while heating them from both amgsimultaneously
applying a large voltage across the wafers (Figure 3-6). At aredppmtential of 306- 700 V,
the sodium ions in the glass are repelled away from the interface, reiccharge between the

silicon and glass wafers brings the surfaces into intimate contact. At temnesm@n the order of

500°C, the two wafers fuse together and create a hermetid®¢jnd
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The next processing step is metal
Electron beam evaporation

deposition on the back side of the silicon
Substrate wafer to create the surrogate laser diode

Electron beam heater. The thin film heater on the back

H—

Vaporized material

Electron surface of the silicon is added by a physical

Target material |-~ BE [P e
Mabnet vapor deposition (PVD) process (Figure
ok ! 3-7). In this process, a source metal is

To Vacuum Pump

Figure 3-7  Schematic of an evaporation physicevaporated from a crucible by heating it
vapor deposition proce§s6]

with an electron beam. This atomic vapor
is then directed toward the target surface through a ed$kand the metal is then deposited on
the surface where it is left exposed. For this process, a direct comisicivas used instead of the
photoresist polymer and projection lithography process used for etching, whids &apping
polymer in the inlet and outlet ports. As shown in Figure 3-8, a didct mask is a plate
machined to leave through holes for direci Vaporized Metal
access to the wafers for the metal. During thi:
process, the mask itself is also coated in th

metal, and, when the mask is lifted off the ;PF;\;:si'Ez/a,llMa;';

surface after deposition is completed, the thir Etched Silicon Wafer

Glass Wafer

film at the mask-wafer interface shears, leaving

only the desired pattern of metal. Because {ﬂgure 3-8 Direct contact masking

heater and contact pads have a different shape, separate masiexjuiezd to produce the heater

and contact pads. After the heaters and contact pads are deposited, theverdaliced into
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individual test sections using a high speed diamond wheel saw. Tdwirgl section describes
the feature details and a geometric characterization of test section used iisémné gicely.
3.1.2.Feature Details

Figure 3-9 shows a cross-sectional view of test section focusekeoetdhed silicon
channels. During operation, liquid phase coolant enters the narrow passages)@iftbe inlet
to each channel. This creates a “bottle-neck” which distributes flow evenly across the
microchannel array and prevents backflow, similar to the study by PalrtkG¥]. For the present
study, the fin thickness is 3tm, the channel width is 4bm, and the orifice width is 1Qm.
Because etch speed and, therefore, depth is a strong function of feidthrea sacrificial part in
the silicon wafer was cut along the stream-direction to measurdetttt profile in a digital
microscope (Figure 3-10). As feature width decreases, the quantity ofapthaimreaches the
bottom decreases. Because the entire fluid domain ¢hannels, orifices and manifolds) was

etched simultaneously using a single mask, a nearlyub®@lifference in etch depth occurred

between the 10 mm wide manifold and\,irf@ wide orifice.

Ly =50 pm
Wi =10 pm

Wyeb = 35 pm

W, =45 pum

Figure 3-9  Left: Solid model cross-sectional view of a test section shosepth variation; red
is the orifice, and blue is the channel; Right: Top down view otHanel and
orifice dimensions
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Silicon

Manifold Orifice

Figure 3-10 Digital microscope image of the test section cut in the stream-direction

To determine the width of the channels and webs between themraximaicnel array
sample was cut laterally and inspected in a
Scanning Electron Microscope, SEM. An
actual test section was not used for this
measurement: instead two sections of 20 and ¥
60 um channel widths at the same 20
depth were examined. The channel width was
widest at bottom, which was caused by the
plasma etching process. At the start of etching,
plasma impinges on the surface and residual

plasma is swept away. As feature depth

. CSU SEl 15.0kV X110 WD 10.0mm 100 pm
SIgljg?ure 3-11 SEM image showing channe
depth variation on a 6@m
wide channel; all red lines ar:
60 um long to show the width
variation

increases, the plasma is contained by the
walls, which increases the amount of plasma

further down the channel depth. The channels
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were both 1um wider on average at the bottom for both the 20 and®6hannels (Figure 3-11).
Therefore, the average channel width is assumed to be the nominal dimension jpino#det.
A summary of all the target and actual dimensions is presented in Table 3-1.

Table 3-1  Target and average produced dimensions for each fluid feature

Location Dimension Design um] Actual [pm]
Manifold Depth 200 230.00
Inlet/Outlet Diameter 4,000 *
Depth 200 200.23
Channel Width. 40 45
Hydraulic Diameter 66.6 73.4
Length 4,950 *
Web Width 40 35
Depth 200 131.69
Orifice Width 10 15
Length 50 *
*  Dimension not measured

Figure 3-12 Test section back side with heater and contact pad, dimensions in mm (thic
not to scale)
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Table 3-2 Heater and contact pad layer thicknesses

Layer Material Thickness [nm] | Location | Purpose
0 Si Base Material
1 SIO; ~1 Back of Wafer Electrical Isolation
2 Ti 10 Heater + Contact Pad Adhesion
3 Pt 200 Heater + Contact Pad Heater
4 Ti 10 Contact Pad Adhesion
5 Ni 500 Contact Pad Electrical Interface
6 Au 100 Contact Pad Prevent Oxidation

The heater was carefully designed to dissipate heat into the test secti@mnahgh heat
flux and to enable accurate measurement the test section hegidddéyailed discussion on the
design calculations are given in Appendix A.) The heater and contdctipgensions are
summarized in Table 3-2 and Figure 3-12. The various metals are deposité¢ie silicon wafer,
which is exposed to ambient air at room temperature prior to metal depaositorm a thin silicon
dioxide layer (~1nm). Silicon dioxide is electrically insulating, which prevents cunpethéed at
the contact pads from short circuiting through the silicon instead of throughithplatinum
heater. The heater consists of two layers: 200 nm Pt on top of a 10emofldy. The platinum
layer is the heater, but it does not adhere well to the sidamride. Therefore, a thin layer of
titanium is applied prior to the deposition of the platinum heater bec¢aadheres well to both.
The contact pads include these two layers and an additional tlys¥e ta decrease electrical
resistance and ensure that the nearly all of the joule heating atdhes platinum heater. The
second titanium promotes adhesion of the nickel, and the gold cappingrieyents oxidation of
the nickel. The electrical resistance of the contact padsach lower than the heater, which
allows current to spread from the current conducting wires uniformly sut¢hthtbacurrent
distribution is uniform across the platinum heater. This was confirmeditiyeaclement model,
and additional details are given in Appendix A. The following sea&stribes the test facility

used to control the test conditions for the test section.
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Figure 3-13 Overview image of the test facility
3.2. Test Facility

The purpose of the test facility is to characterize heat transfésrmance of the test
section under conditions relevant to laser diode cooling. As stated ine€Clapto existing
correlation or analytical model is applicable at the hydradiameter or applied heat flux in the
current study. The aim of this facility is to collect relevantdat determine if existing heat
transfer correlations can be used or if they need to be modified for these conditions

The test facility shown in Figure 3-13 was designed to recircalaterking fluid (R134a)
at precise operating conditions while acquiring representative messe Figure 3-14 shows
the process flow diagram of the test facility, and TablesBe8vs a list of all the equipment and
instrumentation used in this facility, and their associated range of iogperat list of all the
calibrated uncertaintias then given oTable 3-4. In this facility, R134a is subcooled by the first

heat exchanger (HX1, Koolance HXP-193) to a target subcooled conditionngédntering the
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test section. Here, the degree of subcooling is measured by atealitype-K thermocouple and
a pressure transducer (Omega, MMA100C1P3CO0T4A6), and the existence of a single phas
condition is verified through a flow sight (McMaster, 5071K41). The degree of subgasli

controlled by the temperature and flow rate of the chilled water linehvwdrculated through a

Vacuum

Pump Coriolis HX1 Sight
(e Flow Meter (Subcool)  Glass (P
I —
O — g
2-Stage 2 pum

Filter T KD 2pum #

Regulator
& Filter

]
Chiller | — X< | i .
— est
— E | pyrometer [ |secton| L1 Soer2

F
- @ s

AR i "

{Condense) Glass

Cylinder  Gear Pump C

System  System
Charge Discharge

Figure 3-14 Test facility process flow diagram

chiller (ThermoFisher, M150).

Prior to the fluid entering the test section, it passes througimafiter to remove particles
that could block the orifices. In the test section, which can bdesty a series of bypass valves,
the fluid is heated to a two-phase liquid-vapor mixture by the tmmHgater bonded to the back
surface of the silicon. The heater is energized by a power supply (BR&1I606, 0 to 60 V, 6 A
max). The voltage drop across the heater is measured by the dat#tiancyistem, and current
to the heater is measured using a high accuracy shunt resistor (Ohm Ldley, DSaddition, the
surface temperature of the heater is measured using a calilRaaometer (MicroEpsilon,

CTL-CF1-C8), which allows the flow boiling heat transfer coefficient to be cated using the
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Table 3-3

List of equipment and instrumentation used in the test facility

Items Description Manufacturer | Supplier | Part Number
Gear Pump Head GA series - T32 gear set (0.092 . Cole-
(High Flow) ml/rev) PEEK MicroPump | o mer GA-T32
Ge_ar Pump Console 50-5000 rpm; A-Mount Console Drive  MicroPump Cole- wu-75211-10
Drive Parmer
Accumulator Alr/Wat.er Blad<_jer Cylinder; Humboldt Humbol HM-4151A
P(max):150 psi dt
Vacuum Pump I(T;?Qe;/acuum; 15 micron; 3 ¢fm McMaster 4396K21
. Merlin M150LR w/ CP 55 pump, 3.5 )
Chiller KW cooling, 0.5 gal res Thermofisher M150LR-CP55
Heated Bath Heater: 1.1 kW; Res: 7L PolyScience PC;?lr(;-er MX 7L
Heat Exchanger Compact Plate Heat Exchanger Koolance HXP-193
Type K; 0.5" length; Pipe process Omega TC-K-NPT-UG-
ungrounded 72
Thermocouples Type T; 0.5" length; Pipe process Omega TC-T-NPTUG-
ungrounded 72
Type T; Surface mount adhesive i
backed (5 Pk) Omega SALIXL-T
IR Pyrometer Non-contact IR; Spot 0.9mm; Range MicroEpsilon CTL-CF1C8
50-975C
Coriolis flow meter; 8-600g/min Rheonik RHMOL5
<0.5% accuracy
Flow Meter Coriolis flow transmitter; RS232
) ’ Rheonik RHEOQO7
interface
Power Supply DC Power Supply; 360W (60V/6A) Instek PC;:?]-e " SPS606
0-50psia; 0.08% accuracy; 4-20 mA,; .
1/4" NPT Omega PX409-005Al
Pressure Transducet 0-100psia; 0.08% accuracy; 4-20 mA Omeaa MMA100C1P3C
1/4" NPT 9 0T4A6
50 psid; 121degC max; 0.08% Omeaa PX409-
Accuracy 9 100DWUI
Shunt Resistor 10A, 1V, 0.1 ohm <0.01% accuracy Ohm-Labs CS10
4-slot USB Chassis National Instruments cDAQ-9174
e
Syse e
ysem +/-21.5mA; 16ch National Instruments NI 9207
Analog voltage +/-60V; 8ch National Instruments NI 9221
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http://www.coleparmer.com/Product/Cole_Parmer_Console_drive_115_VAC_50_60_Hz/WU-75211-10?SearchTerm=wu-75211-10
http://www.humboldtmfg.com/airwater_bladder_cylinder.html
http://www.mcmaster.com/#4396k21/=sskkji
http://www.thermoscientific.com/en/product/merlin-recirculating-chillers.html
http://www.coleparmer.com/Product/PolyScience_MX_7L_Heating_Bath_Circulator_120V_60Hz/EW-12119-00
http://koolance.com/hxp-193-compact-plate-heat-exchanger
http://www.omega.com/pptst/TC-NPT.html
http://www.omega.com/pptst/TC-NPT.html
http://www.omega.com/pptst/TC-NPT.html
http://www.omega.com/pptst/TC-NPT.html
http://www.omega.com/pxconfig/pxconfig.html?pn=MMA100C1P3C0T4A6
http://www.omega.com/pxconfig/pxconfig.html?pn=MMA100C1P3C0T4A6
http://www.omega.com/pptst/PX409-WWDIF.html
http://www.omega.com/pptst/PX409-WWDIF.html

Table 3-4 List of test facility instrumentation accuracy

. Bias

Measurement Equipment Source Value Unit

. % of Reading (Gain) 0.26 %
Supplied Voltage NI 9221 (+/-60V DAQ module) Range (Offset) 0156 v

% of Reading (Gain) 0.26 %

Heater Voltage Drop NI 9221 (+/-60V DAQ module) Range (Offset) 0156 v
% of Reading (Gain) 0.52 %

Shunt Voltage Drop NI 9207 (+/-10V DAQ module) Range (Offset) 0.00416 v
Shunt Resistance Ohm Labs CS-10 Manufacture 0.01 %
Mass flow rate GE Rheonik Coriolis Meter RHEOQ7 0.50 %

. NPT K-type TC : ; ) o
Fluid Temperature NI 9214 TC module Calibration Curves | 0.258 - 0.385 °C
Surface Temperature MicroEpsilon IR Pyrometer Calibration Curve 0.671 °C
0-100 psia Transaher Transducer BSL 0.08 %
- i 0,

Fluid Absolute Pressure 0-5 psia Transducer Tg/z: r;id;gggiijl' gg? Ofo)
NI 9207 (4-20 mA DAQ module) Range (Offset) 0011 mA

0-50 psid Transducer Transducer 0.08 %

Fluid Differential Pressure % of Reading 0.87 %
NI 9207 (4-20 mA DAQ module) Range (Offset) 0011 mA

procedure described in the next chapter. The inlet, outlet, and diféérpressures of the test
section are also measured (Omega: absolute transducer MMA100C1P3CO0id Afferential
transducer PX409-100DWUI). On the front side of the test section, the fluid figdav is
photographed and videotaped by a digital camera (Nikon D5200) with a micradijepgve lens
(Figure 3-15). The microscope objective has a fixed focal length, and ncagaoiiiis increased
by adding zoom tubes between the camera and the objective. Videarelipken at a frame rate

of 60 f st, which was deemed sufficient to capture the boiling transition location.

Figure 3-15 Left: Iméc:je of the camera with LED bar light and lens; Right: ample imag
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Once the fluid leaves the test section, the fluid is complet#idensed in a second heat
exchanger (HX2, same make and model as HX1). The degree of subcoolingsigredeby a
calibrated type-K thermocouple and a pressure transducer (Omega, MMA100C1P8L0T4A
This is controlled by the temperature of the chilled water line, wliclomditioned by the same
chiller used for the fluid connected to HX1. The test fluid is then ciedilasing a positive
displacement gear pump head (MicroPump, GA-T32) that is magneticalbjec to a variable
speed drive (Cole-Parmer, wu-75211-10). The mass flow rate of the fluidssmeeéy a Coriolis
mass flow meter (Rheonik, RHMO015) located downstream of the pump. An accumulator
(Humboldt, HM-4151A) is located at the outlet of the gear pump. Exceskifiuihe loop is
contained in a bladder inside the accumulator, and the pressure ofiithés ftontrolled by
pressurized nitrogen that fills the space inside the accumulatcedrethe bladder and its housing
(Figure 3-16.

All data are collected with a NI data acquisition (DAQ) systePAQ-9174) to measure
voltage and current signals generated in the test

facility. A LabVIEW program is used to log s B ‘:3

relevant the data generated during tests. Multiple
DAQ cards are required as the measurement range
is dependent on the sensor, and a summary of the
individual measurement module pin-outs, wiring
diagrams, Labview program code flow diagram,
and general facility procedures are provided in
Appendix B.2- B.4. In the next section, the test e 8 s
section assembly is described in detalil. ki

Figure 3-16 Accumulator removed from
the test facility
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3.2.1.Test Section Assembly

The test section is integrated into the test facility to nekermitic fluidic seal and to
enable electrical connectivity to the heater. As shown in Figurg 8e electrical connection is
mace at the contact pads using 24 gauge copper pins embedded in ana#jeatsalating,
precision machined ceramic mount. Reliable contact between thsetg®n and the current
conducting wires as the test section thermally expands by usiognaliant gasket on the front
side of the test section. Thumb screws, which pass though both cerarpanents, are tensioned
into an aluminum plate to hold the assembly together. All paws &a open view port in the
center to allow optical access for both flow visualization and non-coiResurface temperature
measurement. The procedure for installing a test section into taralalgss given in Appendix
B.1.1. Once the electrical harness is installed, the test sestiben installed into the fluid

interface.

Threaded
Aluminum
Plate

Front Gasket 24 Ga Pins Back Thumb
Ceramic Silicone Copper Ceramic Screws

Figure 3-17 Top-Left: Solid model of electrical interface; Bottom-Left: Pictafeomponent:
Right: Assembled electrical interface
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Silicone Insulation
Clamp

Spacers

Torsion Preventer
Screws

Thumb Screws

\ Threaded Plate
\ ' PEEK Interface
Gore Gaskets

IESSSS___——————
Figure 3-18 Top: exploded view of fluidic sealing mechanism (electrical haroested fol
clarity); Bottom: side view of assembly

The fluid interface was machined from a solid block of PEEK for itsivelgthigh melting
point (343°C), low thermal conductivity (0.25 WnK™), and robust chemical compatibility.
Although the test section is very brittle, it is tolerant of lazgmpressive forces, and a clamping
mechanism squeezes the part to the fluid interface. To créatengtic seal between the PEEK
and the test section, a compressible Gore-Tex gasket is used. @uettse side two additional
gaskets (silicone foam then rigid PTFE) provide thermal insulation fnenclamping hardware

and evenly distribute the compressive force. An exploded solid modelofitve assembly is
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shown in Figure 3-18, and the method for installing the test saantiothe interface is given in
Appendix B.1.2. The final installed test section is shown in Figure 3@ mEthod for measuring
the surface temperature and the transition from single phase cooling ph&se flow boiling is

discussed in the next section.

Figure 3-19 Image of installed test section with electrical harness in the PEE#airge

3.2.2.Test Section Surface Temperature and Two-Phase Transition Locatidieasurement
Techniques

To calculate the flow boiling heat transfer coefficient, both the surtaoedrature and
heat duty of the test section are required. The surface tempesatirextly measured at multigl
positions using the calibrated IR pyrometer. Also, because the fluid #meetsst section as a
subcooled liquid, the location where the flow transitions from a single phesere to a two
phase mixture is needed. The techniques used for these two measusgmdetcribed in this

section.
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To ensure that the IR pyrometer measures th

section is coated with a thin layer of high emissivity
black paint. As shown in Figure 3-2, high temperaturs
paint (Rutland, #81) was brushed onto the surface t

create a surface with uniform emissivity. The field of

W A
Figure 3-20 IR pyrometer with
cooling jacket and

surface thermocouple

view for the IR pyrometer is small, which minimizes
any impact from the surrounding environment. A
sensitivity study was conducted to verify that the
temperature reading was independent of orientation, environmental temperatweyeral other

factors (see Appendix B.4.2 for a summary). This study found that only theregtome of the

Optically accessible
(3x5mm)
Whole channel length

/

Ceramic interferes with
pyrometer optical path (RED)

Figure 3-21 Solid model of pyrometer measureable area due to optical interferencéhf
electrical interface; Left: blue cone is the IR path and red lire& &asers whic
converge on the focal spot; Right: red area shows the immeasurabtiuare
optical interference from the electrical connector
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Figure 3-22 Surface temperature measurement locations along test sdwiumets are shov
in green (fluid flow is from right to left); optically inaccessible area shown ir

pyrometer itself caused a statistically significant effe&s a result, a copper tube that contained
a temperature controlled stream of water was wrapped around the pyrometamtriol its
temperature, which was monitored by a surface thermocouple (Figuje By26irculating chilled
water through these tubes, the temperature was maintained at 20°Chdltocglibration and
during testing. Calibration was performed against at high accuracy plgRminm a temperature
controlled chamber, which resulted in a surface temperature accura€y6ad”C (Appendix
B.4.2. The IR pyrometer was then mounted to a two-axis stage for precisely locating the surfac
temperature measurement translation on the test section. The profedwentering the
pyrometer on a test section is given in Appendix B.1.5.

The sensor on the pyrometer is 25.4 mm in diameter, which is optically focused onto a 0.9
mm diameter area at a working distance of 70 mm. The conitalpes optical path is required
to be kept clear to measure the surface temperature accuratelgho®n in Figure 3-21, the
electrical interface confined the measureable area on tlsetdisin surface to a 3 x 5 mm window.
This area covers the entire length of the channels and 3 mm of the@xmader (Figure 3-22

During the experiments, it was shown that there was little variation in temperbthecexposed
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heater, and flow visualization on the opposite side showed that no chaverelsblocked
Temperature measurements are taken at consistent locationstladomgst section using a
micrometer stage. To increase temperature profile fidelity, theercarit each temperature
measurement position is spaced in 0.5 mm increments along the entire flow length, whesh crea
an overlap with the position of neighboring temperature measurement loaatiertber side by
0.4 mm.

The two-phase transition location is determined by post-processing imagesdeskirom
video files taken during testing. The field of view at the highesgnification allows 23 of the 125
channels to be captured in a single image. By adjusting the lighingg the test and using image
post processing, the transition between liquid and vapor can be madig \dkhle. At the test
conditions the flow regime is intermittent; therefore, the trasitbcation is time dependent (it
moves back and forth within a given channel) and channel dependent (thenlesatifferent

from one channel to the next). While these variations are small,ateegccounted for by

Figure 3-23 A conversion factor between pixels and physical length was made &guning
the orifice length in the image (highlighted in red)
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Figure 3-24 Transition location (red line) for selected individual channels (blue);att'mano
is measured from the inlet orifice (yellow bar)

determining the transition location from an average of ten channelshogertime steps, which
were selected by inspection to account for the widest possible rasgen@le data point is used
to illustrate this process. First the scale is determined from theedength (highlighted red,

Figure 3-23). Then the light is moved to illuminate the fluid, andinfege is analyzed to
determine the transition line, as shown in red in Figure 3-24; this docetithen determined
relative to the orifice for ten individual channels, shown by the blue dééxt, two additional

time steps are chosen where the transition location is visually diffeveith requires the image
to be magnified. Figure 3-25 shows two representative time stepsed trace outlines the
previous location of the transition line and the blue trace outlimescurrent location. The

transition location relative to the heater center is then determined from the (3ésam

1o
Xirans = N zi:1 Ltrans_ 2.5 (31)
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Figure 3-25 Overlay comparison of two time steps to show transition location variation.
the previous time step, and blue is the current position

In this case the average transition lendtfudy is 2.3 mm downstream from the orifice entry,
which is equivalent to 0.2 mm upstream from the heater center using theegjoaton. For all
the data points for this representative sample, the transitiotiologa within +172um for this
location, with a standard deviation of 1gM. As described later in Section 4.1, this transition
location is used to determine the geometry of the numerical model used to extract setrgdiia
transfer performance. This model is of the simplest repeating unit afithechannel array in
the two-phase section, a half-channel, as shown in Figure 3-26.

As described in the next section, data from a range of heat dutiesakereat specific
mass flow rates and saturation temperatures, and the transition loeaitezhat most by +192m
from the average for a single mass flow rate over a range of he#d.inphis result- that the
transition location is independent of total test section heat-distymportant for determining the
local saturation temperature of the fluid, as described in section 3mthe next section, the

experimental test matrix is described.
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Figure 3-26 Numerical model geometry (dimensions in um), blue is the fluid interfateywy
is symmetry, red is the heater, and orange is the unheated section ofreamn
channels

3.3. Test Matrix

The purpose of the current study is to measure flow boiling heat transficieonts for
R134a flowinginside channels subjected to base heat fluxes >1 kW cm™. In addition, laser diodes
can operate near 60°C, which limits the fluid saturation temperawn®eFmore, it was desired
to understand the impact of flow rate and saturation temperature beah&ansfer coefficient.
Table 3-5 summarizes the test matrix for the current study. By varying the isatteatperature
between 15°C and 25°C for R134a, the saturation pressure varies from 489 to 666 kPails a res
the saturated vapor density varies between 23.8 and 32.43kgyven this range of pressures,
potential yielding an increase in vapor velocity and void fraction asdheation pressure is
reduced for a fixed mass flow rate and vapor quality. At a saturatigretatare of 20°C, the mass

flow rate was varied from 50 to 150 g minFor each of these 5 test cases, the fluid inlet
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temperature was subcooled by ~5°C, and the heat duty was increasecheintibximum
temperature of the heater reached 60°C. In the next section, the methadelddgy establish the
test condition for each individual data point is described.

Table 3-5 R134a test matrix summary

- . Flow Rate [g min*
x = Sweep heat duty up to fie = 60°C 50 100 150
Saturation 15 ¢
Temperature 20 X . :
p o5 X

3.4.Test Condition Establishment

As noted by many prior investigations, the flow boiling heat transfer cmeffis a strong
function of thermodynamic and transport properties, heat flux, and local vapor qumalitys |
section, the calculations required to determine these valuetescgbed in detail. The method
used to calculate the local saturation temperature through theetgsinsis described first.
Thereafter, the method used to calculate the total heat transfetteiftoid in the test section
and the associated outlet vapor quality is discussed, followed byttimatesl uncertainties in
these two calculated variables. Because they are dependentngnfantors, including heat
spreading in the test section, the relative amounts of heat trangfersiagle phase and two phase
fluid portions of the test section are described in the next chapter, which also incluchethibd
for calculating the flow boiling heat transfer coefficient.
3.4.1.Fluid Saturation Temperature

The saturation temperature of a two-phase mixture is dependent omdypyassure. By
determining the local pressure along the entire flow path, the saturatigerature can be
calculated. During the experiments, the static pressure and tempefatioeefluid is measured

upstream and downstream of the test section (Figure 3-27). No local praesis@ements are
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Figure 3-27 Location of eprature and pressure measurement points in the test sectio

made within the test section due to the difficulty associattddfabricatingit. Therefore, the local
fluid pressure must be calculated from data collected during the testiscAssed in the previous
section, the fluid enters the channels as a single phase mixtuegitmds a two-phase mixture.
Unfortunately, accurate pressure drop models for the outlet heater and tubing dlmvthe
expansion from the channels to the outlet header do not exist for a liquid-vaparemaxtd it is
exceeding complex to model this process using CFD. Furthermore, btdvawsiice width is
small relative to the upstream manifold and downstream channelplecotransitions from the
inlet manifold to the orifice and from the orifice to the channels exist are also very challenging
to accurately model (Figure 3-10).

As a result, the following approach was utilized to estimatdottad pressure in the test

section (Figure 3-28). It was shown in section 3.2.2 that, regardless of dammstoding, the
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transition location is practically constant for a given flow rate, itdetperature, and pressure.
This implies that the pressure drop from the inlet to the tran$iitation is also constant. Because
the geometry from the transition location to the pressure transdugeliidefined, it is possible
to estimate the single phase pressure drop by estimating allppég®ire drops downstream from
the transition location, which can be used to calculate the presshedransition location. During
teding at a single saturation temperature and flow rate, the heater waw@ncreased until just
before the fluid began to boil. At this point, local surface temperatureslahénd outlet fluid
temperature and pressure data were collected. Then, standard correlatlfnsifaglé phase flow
through the channels and the flow expansion into the header and CFD modkés domiplex
outlet header and fluid interface manifold were used to calculatsinigle phase pressure drop
from the transition location to the outlet pressure transducer. These prspsavere then
added to the outlet pressure to calculate the pressure at the trdosatoom, which allowed the
pressure drop from the inlet pressure transducer to the transition locdi®oalzulated. Because
the transition location is independent of the flow rate, heat duty, and fluid inlet pressure, the fluid
pressure at the transition location for all flow boiling tests isroeted from the inlet pressure

and this calculated pressure drop. A representative calculation using this methied se¢pw.

Characterize single-
phase pressure drop

Determine outlet %
channel and

Estimate outlet
manifold, and PEEK

APoyr = dPryan + dPint

Estimate pressure
at the center of the

Estimate saturation
temperature

just prior to boiling expansion pressure interface pressure test piece Tsat = TsatlP = Prrans)
at a given flow rate »| drops, from single- drop with CFD due » Prrans = Pout + dPout + >
and inlet subcool phase correlations to complex APran + APyt
(Pm; Puut) (chhJ dPEXp) geomEtrV

Figure 3-28 Process flow to estimate the saturation pressure and temperatedransition
location
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(PTS,out)
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<

Inlet Static Pressure Tap

(Prs;in)

Fluid
Outlet

Fluid

" Inlet

Figure 3-29 Cross-sectional view of the test section, identifying the presapseand outlet
test section interface (bottom-right shows section plane, viewing from below

To demonstrate the procedure used to calculate the local saturassorprin the test

section, two representative data points are needed: one from thesiaggecharacterization, and

a two-phase data point at the same flow rate and saturation temperature. The mass, filo\etra

and outlet temperatures and pressures, outlet vapor quality, test $eatatuty, and liquid to

two-phase transition location for each of these data points ae miviable 3-6. The two-phase

transition location was determined using the procedure described in section 3.2.2.

Table 3-6  Summary of single phase and sample test point conditions
Parameter Units Single Phase | Test Point

Mass flow rate (h) g min'? 100.8 99.8
Inlet temperature (7&,n) °C 14.6 145
Outlet temperature E,ou) °C 19.4 15.1
Inlet pressure (R in) kPa 618 623
Outlet pressure 2 ou) kPa 561 480
Test section heat duty{g) W 194 69.75
Liquid to vapor transition, relative to center mm n/a -0.20
heater (¥ang

To calculate the pressure at the transition location, the staticpraesference from this

location to the outlet pressure transducer is calculated for the singketpbiadata point first. The

individual contributions to this pressure difference include: frictional presisapepressure drop

in the channelsAPc), outlet test section manifold\Pmar), and outlet interfaceAPin)) and the
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minor losses associated with the expansion from the channel intatti@lch (APexp). During this
single-phase characterization, the pressure difference due to fluid acceleration &rdtaeces
accounted for in the CFD models; however, this effect must be expligtgrmined when
calculating the boiling heat transfer coefficient described in@edtil.1. An overview of the test
section is shown on Figure 3-29, which identifies the outlet interfaxce Fagure 3-30 shows a

close up of the test section identifying the remaining contributions.

-
Fluid Outlet
| Expansion from
| Channel into
) ], / Manifold
Outlet Mamfol (AP exp)
(APran)
Channel SE-2 1P

(AP,) o il L S | - Transition

Figure 3-30 View down the length of the test section, identifying the pressure drops in th
direction of the flow path

Starting at the transition location, the frictional pressure drop in the ckasmalculated
from the following equation:

(00025_ Xtrans) IDIUch2

o , (3.2)

APch:f

The length from the center of the test section to the exit of the deasr®e5 mm, and, because
the transition occurred 0.2 mm upstream of the center in the representative singleopitatse

channel length from the transition location to the outlet of the channels is 2.7 mm. The hydraulic
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diameter D) is 73.4um for the 45 x 20@m channels. The liquid density) is evaluated at the
mean temperature and pressure between the inlet and outlet, which are 1%d33580akPa
respectively, for a density of 1243 kg®nTThe average velocity for flow through a single channel
is calculated as follows:

u, = L
n AARN

(3.3)

The channel height and width are 2080 and 45um, respectively, which yields a cross-sectional
area of 9x 10° m? and there are 125 total channels. For a mass flow rate of 99.87y tmén
average fluid velocity in the channels is 1.19-mFor all of the data points in the current study,
the flow in the channels was laminar, and, therefore, the friction faesmdetermined from the

correlation given by Shah and London [68] for laminar flow in rectangular ducts:

f =§_2[1—1.3553x+ 194672 17018+ .09564— .02587 (3.4)

The aspect ratiod) is the ratio of the minimum and maximum dimensions of the chanagl (

channel width to channel height, respectively), and the Reynolds number is calculated as follow

G.D
Re = —ch~h (3.5)
H
where the mass flux (& is calculated by:
m
G,, (3.6)

“AN
For the representative data point, the mass flux is 1,478%gnthe Reynolds number andare

532 and 0.225, respectivelit.is required that the flow be fully developed to use this single-phase
friction factor correlation (equation (3.4)), and to ensure this isake the laminar entrance length

(Leny is calculated as follow[84]:
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L., =0.05Re D, (3.7)
An evaluation of this expression yields and entrance length of 1.95 mm, which is shorter than the
distance from the orifice to the transition location (2.3 mm). Therefordptheat the transition
location is fully developed. From equation (3.4) the friction factor is 0.14, anlllyfinging

equation (3.2) the pressure drop is estimated to be 4.53 kPa from the transition locatiéesto the

section outlet manifold.
Once the fluid exits the channels, it expands into the outlet mdnifiblis assumed that
the flow expands from the channel into they®0 width shown in Figure 3-31, which is referred

to as the manifold unit widtlman,uni). The minor loss from this expansion is calculated as follows:
1 — 2
AI:)exp = E Kexpo Uen (38)

The liquid density and average channel velocity are the sarhe psavious calculation, and the

K-factor is calculated from the followir{§9]:

An_ v
K =@1- 3.9
e ( Anan,unit ) ( )

Microchannels Manifold

!

= 0.5W\en
I
> Wen Wman,unit
—r
> 0.5Wiye

|

Flow Recirculation

Figure 3-31 Schematic describing minor loss expansion from microchannels into manifol
and depicting the assumed unit width for the manifold section



The channel area is the same as the previous calculation, anditttegea of the manifold is

estimated as follows:

A unit = Nnad Wt W) (3.10)

The depth of the manifold is 230m, the channel width is 4pm, and the web width is 3am.
This results in a unit manifold cross-sectional area of 1.88x¥0 Therefore, the expansion K-
factor is 0.261, and the resulting pressure drop from this expansion is 229 Pa.

The flow through the complex geometry in the test section outlet maarididest section
interface cannot be described by a simple analytical expression micahgorrelation. Therefore,
the pressure drop in these locations is determined by using an@©BBl (ANSYS CFX[70]).
Figure 3-32 shows the modeled geometry and boundary conditions for flow from the outlet of the
channels up to the static pressure tap. The manifold and interfacesrage connected at the
labeled contact area. For simplicity, the geometry was modeie@\walf symmetry plane, which

assumes that the mass flow rate through all the channels is thewganteis consistent with the

Inlet:
Mass Flow Rate Outlet:

Manifold/Interface
Pressure

Contact

Figure 3-32 Outlet manifold and interface pressure drop model boundary conditions
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experimental observations during two-phase flow. The absolute pressueecoattldt and mass
flow rate through the test section were measured during the experinoenthe= ANSYS
simulation, an isothermal &-model with automatic near-wall treatment, was used with atexag
mesh element size of 100 and 500 um for the manifold and interface aspestively. To
determine the appropriate first layer thicknegswhich captures the boundary layer, the CFX

documentation suggestg/avalue near 1. This non-dimensional length is defined as:

_uy
y+_TI (3.11)

This calculation is made for every element in the mesh, and therdttvelocity (u.) is

dependent on the mean velocity, which has a wide range in this ge¢int®y to 2.2 m 3) due
to the drastic changes in cross-sectional area. Therefore, alhguéss of the first layer thickness
was made, the model was solved, and the mesh was refined as necessary to acheeagesih av
height near 1 along all wall surfaces. The resulting first layekribgses are 1.5 and 20 um for
the manifold and interface areas, respectively; up to 10 layers ofanflaere added from this
layer, at a standard growth factor of 1.2. These parameters were figtlieed by a mesh
sensitivity study of the element size (Section 3.4.4). This model asciourthe frictional, minor,
and acceleration pressure losses, and, for the representative dataepuambimed pressure drop
from the manifold and interfac@Pou) is 2.68 kR.

With all the pressure drops estimated, the pressure at the tratmitdion is calculated

from the following equation:

P

trans —

P

TS,out

+AP, + AP+ AP, (3.12)

out exp

The outlet pressure for this case is 561 kPa, which results in a trapségsure of 568 kPa. The

constant inlet pressure drop is then found by the following:
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AP,

const — PTS,in_ Pran: (3.13)
The inlet pressure for the single phase data point is 618 kPa; therefore, the constant inlet pressure
drop is 50 kPa at the given inlet conditions. For the two-phas@aiataequation (3.13) is solved
for the transition pressure. At an inlet pressure of 623 kPa the eslitretsition pressure is
573 kPa, which from fluid properties is equivalent to a saturation tempeddt20e1°C. In the
following section, this saturation temperature is used to estifmatenvironmental heat transfer
losses from the test section.
3.4.2.Environmental Heat Loss

To calculate the heat transferred from the heater to the test sebgoneat lost to, or
gained from, the environment needs to be estimated. To estim&iediioss from the test section,
it is divided into 7 regions shown in Figure 3-33: test section (4), connection hose (1 and 7), clear
sights (2 and 6), and PEEK interface (3 and 5). Heat loss from each regidmowaded by

assuming the extreme measured temperature at each location apphedentire surface. To

illustrate the calculations for each section, values from the example twogdtagmint are used

Insulated PTFE/SS306 Hose  Surface TC Insulated PTFE/SS306 Hose
€L=076m L=0.76 m >

Figure 3-33 Solid model depicting loss regions in the test section
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Rins,conv

RSS,cond Rins,cond M
Tf L g '\A/\' [\/W .Ts,ins 4 Tamb

MW

Rins,rad

Figure 3-34 Thermal resistance network for the inlet and outlet hose; for theTi#€elTs in,
and for the outleTt = Trs,out

(Table 3-6). In the following discussion, the calculation methodology forlbssiyain for each
is described in order of the flow direction, beginning with region 1 and ending with region 7.
Starting at the inlet thermocouple (Figure 3-27), the first section is PTFE tetgeshby
a stainless steel braid, which was then wrapped in 19 mm thickBdioam insulation (region
1). It is uncertain how thick the PTFE internal tube is, so for a ceatsee estimate, the entire
hose is approximated as stainless steel, and it is assumélgetinadide wall temperature for the
entire 0.76 m lengthL{) is at the measured fluid inlet temperature. The thermal aasishetwork
from the fluid to the environment is shown in Figure 3-34, and the equivasistance is

calculated as follows:

Roan d
R.,=R + R + ——o_‘ad (3.14)
q S,cond ns,cond R:onv+ Rad
The radial conduction terms are calculated as follows:
In(D,/ D)
ond = 27Z'|_K (315)

For the stainless steel inner tube, the inner and outer diameters aarbB53 mm, respectively.
The thermal conductivity of the stainless steel 316 is evaluated at the meakirehiperature,

in this case 14.5°C as, 13.22 Wik, The resulting conduction resistance through the stainless
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steel is 0.0064 K W. For the insulation around this tube the inner and outer diameters are 9.53
and 47.6 mm, respectively. The thermal conductivity of the Buna-N fo&2.2%C is 0.036 W
m?1 K21 The resulting conduction resistance through the insulation is 9.33.K W

The convective loss from the outer surface of the insulation is calculated as follows:

1

- 3.16
oA (519

Iazonv -

The surface area of the insulation is calculated from the insulationdateeter Do) and hose
length ():

A=rD,L (3.17)
The resulting surface area of the hose insulation is 041 fhe convection heat transfer
coefficient is determined by the following Nusselt number correlation taralaconvection from
a cylinder[34]:

_ 0 387R¢/ ® 2 I<cnir
Mon, =[0.6+ —F 559

S

air

(3.18)
)9/16)8/ 277 D

(o]

The thermal conductivity and Prandtl number are calculated from air prepattibe ambient
temperature of 22.4°C ak,ir = 0.026 W mt K, andPrar = 0.708, respectively. The Rayleigh

number is calculated from the following:

3 p—
Rad — gﬁair Do |Ts Tambl

(3.19)
Vairat,air
The volumetric expansion coefficierta() was calculated as:
1
B = _ITF (3.20)

where the film temperaturdd) is calculated as:
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TF — (Tamb ; Tsurf) (321)

The ambient temperature is 295.6 K, which, for a surface temperature of 29debekimined
iteratively), yields a film temperature of 295.1 K and thermal expansidficieet of 0.0034 K.
The thermal diffusivity &:.air) and dynamic viscosityii) are estimated from fluid properties at
the film temperaturedg air = 2.60x1F m? s and vair = 1.84%° m? s1). The Rayleigh number and
convection heat transfer coefficient are 8.06>difid 0.142 W m K1, respectivelywhich results

in a natural convection resistance of 61.9 K.\Whe radiation thermal resistance is calculated as

follows:
1
Ryg=——r (3.22)
ad hradA§
where the radiative heat transfer coefficient is calculated as follows:
hrad = go-(Tsurf + Tamk)(Tiurf—i_ Tirn)) (323)

The Stefan-Boltzmann constanf) (is 5.67x1¢ W m2 K*, and the emissivityd] is assumed to
be 1, which ensures that heat loss is over predicted. For a surface tereper294.5 K, the
radiation heat transfer coefficient and thermal resistance are 5.82\W'nand 1.51 K W,
respectively, which, using equation (3.14), yields an equivalent thegsislance of 10.8 K W

The total loss rate from the hose is calculated as follows:

(T in "~ Tam
qloss,lz = b) (324)
Rt

For the representative data point, the heat gain from inlet connécenis 0.73 W to the fluid
from the environment. Because the convection and radiation heat traosfécients are
dependent on the calculated surface temperature, the accuracy of theteumiaerature is verified

by re-calculating it using only the thermal convection and radidtiemal resistances as follows:
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b+ qlosi I:gsoanad ) (3.25)

onvt Rag

Using this equation, the calculated surface temperature is 21.3°C, wkhehsame as the surface
temperature used to calculate the thermal resistances.

Next the fluid enters the clear Teflon/PTFE blend flow sight (region 2)chwhas the
following dimensions: inner diametdd;] of 3.97 mm, outer diametedg) of 6.35 mm, and length
of 76.2 mm. For the Teflon tube it is again assumed that the inner wall tempes atiuttes! fluid
inlet temperatureTfs,n) to ensure that the heat loss is over predicted (14.5°C). The heat fsom thi
section conducts through the tube wall, then ndiunvects and radiates to the environment.

The equivalent the thermal resistance (Figure 3-35) for this region is calasdtatbws:

&q = I:e(ef,cond+ Rj&m% (326)

The conduction thermal resistance is determined from equation (3.15). Usidightresions of
the Teflon tube K = 0.25 W m* K1), the conduction thermal resistance is 3.93 E.WThe
convection thermal resistance is calculated from equations (Brb&ph (3.20), and the radiation
thermal resistance is calculated from equations (3.22) and (3.23).ellbe 3urface temperature
is determined to be 16.7°C, which is below the ambient temperaturemesiponds to a Rayleigh
number of 143, natural convection heat transfer coefficient of 0.6012W fand a convection
thermal resistance of 1.09>%K W2, The radiation heat transfer coefficient is 5.63 V¥ k',

RCOI’]V

Rtef,cond m
T ._WV_. Ts,tef ® Tamb

M

Rrad

Figure 3-35 Thermal resistance network for the clear Teflon si@ii; Trs,in
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which vyields a radiation thermal resistance of 117 K.WTherefore, the equivalent thermal
resistance of the Teflon sight is 109 K\and the heat added to the fluid is 0.072 W. Again,
there is a small amount of gain from the environment because the fluid temperabloterishan
ambient.

Next the fluid enters the single phase section of the PEEK test section interfpae 3)e
(Figure 3-33). The solid model geometry for this region was usetitoage the total vertical and
horizontal surface area (Figure 3-36). For half of the interface manifolthtdiesurface area is
4.61x10° m?, where the vertical portion is 3.83x31@n?, and the total horizontal portion is
7.84x10* m2. Total heat loss from the single-phase region of the test sautioiace is estimated
by equation (3.24), where the test section inlet and ambient temperatures are lsatiedneshe
equivalent thermal resistance is determined from the paralledtarse of the vertical and

horizontal surfaces:

&q,sp,im: &q,venReq,hori (327)
&q,vert_{_ Req,hori

where both the vertical and horizontal surfaces the equivalent resistangetermined from the

parallel resistance of convection and radiation (i = vert or hori):

Req’i — I10nv,i I%ad,i (328)
I%:onv,i + I%ad,i
The radiation thermal resistance is calculated as follows:
1
Rrad,i = KASJ (3.29)
where the radiation heat transfer coefficient is as follows:
Nao = €0 (Trsint Tamd(Trsiit Tamd (3.30)
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For a conservative estimate, the surface temperature of the giragle portion of the interface

manifold is assumed to be at the measured inlet temperature (14.51€),dees not require an

iterative solution. The emissivitye) is assumed to be 1, and, for the representative inlet and

ambient temperatures of 14.5°C and 22.4°C, respectively, the radiation heat transfer wbisfficie

5.63 W n? K1, The resulting radiation thermal resistance is 46.4 Kfwv the vertical surfaces

and 227 K W for the horizontal surfaces for the single phase portion of the interface manifold.
The convection thermal resistance is calculated as follows:

1
e A

The vertically oriented surface area was given from the solid mau®lthe natural convective

I%;onv,i = (331)

heat transfer coefficient is determined fr{d]:

0.67-Ra’* K
hvcen = 068+ ——o—55 T (3.32)
[1+(?) ] c
Rrad,vert
Rconv,vert

® Tamb

3 B

Rconv,hori

Figure 3-36 Left: Thermal resistance network of the test section interface; Right: &ictirs
interface, vertical area is red, horizontal area is blue; left half is two-phgtse, r
is single-phase
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where the thermal conductivity and Prandtl number of air are 0.026 WK and 0.708,
respectively, for the single phase portion of the test secfiers (18.5°C). The vertical

characteristic lengthLg) is 0.05 m, and the Rayleigh number is:

_ gﬁair L?c’[TTS,in_ T amkl
V..o

air*t ,air

Ra

(3.33)

The volumetric expansion coefficient at the film temperature of théegugise portion of the test
facility is 0.0034 K!, while the kinematic viscosity and thermal diffusivity are 1.80%add
2.55x10° n* s?, respectively. Therefore, the Rayleigh number is 72.8xtifich yields a vertical
heat transfer coefficient of 4.69 WK™, and a convective thermal resistance of 55.6 K W
Using the radiation thermal resistance, the equivalent theesiatance from the vertical surfaces
is 25.3 K W! for the single phase portion of the interface manifold.

For the horizontal surface area, the natural convection heat transfer coefficient is [34]
%

The air properties are determined from the film temperature (18.5°C), the length scale is 0.033 m,

hNC,hori =0.54Rd"* (3.34)

and the Rayleigh number is calculated from Equation (3.33) and is 2:08Th@refore, the
vertical natural convection heat transfer coefficient is 4.69 ¥Km, which is yields a thermal
resistance of 252 KW Combined with the radiation thermal resistance, the equivalent hatizont
thermal resistance is 119 KWor the single phase portion of the interface manifold. Using
equation (3.27), the equivalent thermal resistance from this reggth@sK W, and the heat gain
from the environment is calculated from equation (3.24), which is 0.379 W.

At this point, the fluid enters the test section (region 4). To conseslyaéistimate the loss
here it is assumed that the insulating ceramic electrical lisieEmmoved. In addition, the entire

back side is assumed to be plain silicon at the heater temperature, and the entirdefigiats is
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assumed to be at the saturation temperature of the fluid at théidratsiation. For the sample
data point the heater temperature is 51.2°C, and the saturation temgat#te transition location
is 20.1°C. The thermal resistance (Figure 3-37) from the exposed surfaces to the ambient includ

both convection and radiation and are calculated as follows:

R, - —RonRu (3.35)
Rion + Rad
These surfaces are both vertically oriented, therefor .
the convection thermal resistance, heat transfe ;\c;:;\,
coefficient, and Rayleigh number are determined b 7, ¢ ® T.ob
equations (3.31), (3.32), and (3.33), respectively. Tt AN
Rrad

air properties on the silicon and glass side ar

Figure 3-37 Thermal resistance
evaluated at their respective film temperatures of network of a single side

of the test section

36.8°C and 21.2°C. These properties are summarized
on Table 3-7.The surface area of each side of the test section is 2.1@»]@nd the length scale
(Lc) is 12 mm. The surface temperatures were conservatively assumdetherefore, an iterative
solution is not required. However, the surface temperature and air propargash side of the
test section are different, and, thus, the loss from the silicon lasd gides are estimated

individually then summed as follows:

qloss = qloss,Si+ qloss,glax (336)
where each of these losses are:
qloss,i = @) (337)
&q,i

The equivalent resistance of the glass side is 427 K where the convection and radiation

thermal resistances are 915 Ki\and 800 K W, respectively. This results in a heat gain of
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0.0053 W from the glass side. Similarly, the equivalent resistanc@eosilicon side is

301 K W!, where the convection and radiation thermal resistances are 587! Kand

684 K W, respectively. This results in a loss of 0.096 W from the silicon side, for a total loss at
the test section of 0.091 W.

Table 3-7  Air properties evaluated at the film temperature on the silicon and glass sides

Property Unit Silicon Glass
Kinematic Viscosityyair m? s? 2.01x10° 1.83x10°
Thermal Diffusivity, o m? st 2.85x10° 2.59x10°
Thermal ConductivityKair W mtK? 0.027 0.026
Prandtl Number, R¢ - 0.706 0.708

The next region that transfers heat with the environment is the test set#ifecmthat is
in close proximity to the two-phase mixture (region 5). The loss irsdaBon is estimated the
exact same way as the single-phase region 3, except the surfgegatire is conservatively
assumed to all be equal to the measured thermocouple temperatateril shown in Figure
3-33). This location was chosen for the thermocouple because the PEEK trasrtést cross
section. The thermal resistances of the horizontal and verticatassiréae computed from the
convection and radiation terms given in equations (3.27) to (3.34), and tHedseia computed
from equation (3.37) using the measured surface temperature and ambient tesgpedfat the
sample point the measured surface was 16.7°C. For the vertical stinaé&syleigh number is
5.13x1d, corresponding with a convection heat transfer coefficient of 4.354\Km and a
convective thermal resistance of 60.1 K!WFor the horizontal surfaces the Rayleigh number is
1.47x10, corresponding with a convection heat transfer coefficient of 4.663\Km and a
convective thermal resistance of 274 K!'WAgain, the radiation heat transfer coefficient is the
same regardless of surface orientation, which is 5.693Kth The radiation thermal resistance
of the vertical surfaces is 45.9 K-¥{vand the horizontal surfaces is 224 K!WUsing the same

resistance network shown in Figure 3-36, the resulting equivalent thessistiance is 21.K
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WL, which corresponds to a heat gain from the two-phase region of thediasnh $aterface of
0.263W.

After the fluid leaves the manifold, it enters the outlet Teflon #uyht (region 6), and the
loss is estimated in the same way as the upstream flow Sighbverestimate the loss from this
region, the temperature of the inner wall was set to the measured tentiperature Tgs,ous
15.1°C). The thermal resistance network shown in Figure 3-35 alsosafupligis region. The
conduction thermal resistance is determined from equation (3.15), which i 3/@3 The
convection thermal resistance is calculated from equations (3.16) th(B8&P), and surface
temperature Ts) is determined iteratively to be 15.4°C. For natural convectionR#weigh
numberis 131, and the heat transfer coefficie0.59 W n? K1, yielding a convection thermal
resistance of 1.10x3®& W. The radiation thermal resistance is calculated from equations (3.22)
and (3.23). The radiation heat transfer coefficient is 5.65 #\Knh which yields a radiation
thermal resistance of 116 K% Therefore, the equivalent thermal resistance of the Teflon sight
is 109 K W1, and the final heat gain through this section is 0\066

Finally, the last region to consider is the insulated hose from the Teflon flonbsigjto
the test facility (region 7). This is calculated using the sar@#odology used for the insulated
hose on the upstream side (region 1). The thermal resistance networkrskayune 3-34 applies
to this region. The individual terms are determined from equations (8.{3.25). In this case,
the solution yielded a surface temperature of 21.4°C, which corresponds to a Rayleigh number of
7.45x10d, natural convection heat transfer coefficient of 0.14 WK, and a convection thermal
resistance of 63.0 K W The radiation heat transfer coefficient is 5.83 WKn', which yields a
radiation thermal resistance of 1.51 K\WTherefore, the equivalent thermal resistance of the

downstream hose is 10.8 K'¥Vand the final heat gain through this section is 0\667
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The total loss in the test section is now calculated fromsthm of each individual

component as follows:

qloss,tot: qloss,hose,iF,_ q Ioss,tef,Th q Ioss,SP,-'ﬁtq Ioss,-é_esg Ioss,T_b,

(3.38)
Qioss tef,outt A ioss,hose,out
For the representative data point, this yields an overall gain of 2f@édnWhe environment to the
test fluid. This heat transfer from the environment is used in the ebpalayyce described in the
next section to calculate the outlet vapor quality.
3.4.3.Effective Heat Rate and Vapor Quality
The effective heat rate is the joule heating from the heater ntieusnvironmental heat
loss. Using this quantity, the outlet vapor quality of the two-phmaseire can be calculated. The
methodologies used to calculate both of these are detailed in¢tiensand the uncertainty of

these calculations are detailed in the next section. The sgwresentative data point is used to

demonstrate these calculation procedures.

To determine joule heating, the electrical @
potential drop across and current through the thin Test(;iece
film heater are required. To minimize bias in the
simultaneous measurement of these two DCCT) O C\:D

Shunt
parameters, a 4-wire configuration is used Iifbure 3-38 Schematic g} the 4-wire

, voltage measurement schem
measure current and voltage separately (Figure

3-38). The electrical leads from the test section electrical lmanesonnected to a power supply
through a high accuracy shunt resistor to measure the current. The wiretocantie electrical
harness to the screw terminal is 24 gauge and 0.15 m in length. Thisdadgliameter minimizes
both heat loss due to axial heat conduction and power dissipation by jotifey hedahe wire.

Between the screw terminal the wire and the power supply, 12-gatges used to completely
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eliminate the possibility of joule heating, as axial conduction ofikeat longer an issue between
these two locationsTo determine the current through the heater, Ohm’s law is applied across the
shunt resistor:

|, = o (3.39)

app
I1hunt

The resistance of the shunt is @1and the potential difference across the shunt is measured by
the DAQ system to be 0.273 V for the representative data point, whids wielapplied current
of 2.73 A. The applied powegdyp is the product of applied current and potential difference

across the heater, less any heat that conducts up the electrical wires, as follows:

qapp =1 apyHe - 2qure,cond (3.40)

where the potential difference across the hed@j (s given by:

V, =V, -2V

tot wire

(3.41)

The total potential difference measured by the DAQ system is 25.%hi\¢ the potential of the
wire is calculated from Ohm’s law:

Viire = IappRNire (3.42)
The resistance of the wire is determined from the electricativéty of copper and the wire

geometry as follows:

_, L 3.43
RNlre pe,cu ANire ( )

The electrical resistivity of copper is conservatively evadatt 60°C to be 1.95x#@ m, the
length of the wires are 0.15 m, and the cross sectional Arga ¢f a 24 gauge diameter (0.511

mm) is 1.96x10 m?. Therefore, the resistance of the wire is 0.0]%vhich yields a voltage drop
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across each wire of 0.041 V. From equation (3.41), the potential difference therdesater is
25.47 V.

For the conductive losses it was assumed that the copper leads thereneasured heater
temperature at the heater to wire junction, and that the tempesaitheeend of the 24 gauge wire
was equal to the ambient temperature. This large temperature goagieptedicts the conductive

loss, which is calculated as follows:

T T
qwire,cond =K Cquire(l_bLW—arnb) (344)

For the sample data point, the heater temperature is 51.2°C, and thetaembperature is 22.4°C.
At the heater temperature, the thermal conductivity of copper is 395 Wnand, therefore, the
estimated loss to conduction for each wire is 0.015 W. As a resulpphedaheat ratetipp) is
69.50 W (equation (3.40)). Finally, the effective heat rate from heater intteshdluid is

determined by subtracting the environmental heat loss as follows:
Ore = Ghpp~ Yoss,em (3.45)

In the previous section, the environmental heat gain was 2.07 W. Thiganeatcurred between
the two temperature measurement points, where the thermodynaneg atat known. By
calculating the heat duty using this method, it is assumealtraf this gain (or loss in some test
conditions) occurred at the test section. In Section 4.2, an uncertai@oat asserted upon this
loss to demonstrate that this assumption does not have a signgifeect on the calculated heat
transfer coefficient. Using equation (3.45) the effective heat rate intostheetgion @e) for the
representative data pointis 71.57 W.

The vapor quality exiting the test section can now be calculatedauBe the fluid enters
as a subcooled liquid, heat is first transferred to the fluid to raiserttpetature from a subcooled

liquid to a saturated liquid at the transition location. Thereafter, the remaining lisatito boil
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the fluid to a liquid-vapor mixture. The vapor quality is the ratidhefrhass flow rate of the vapor
to the total mass flow rate of the fluid, and fhe following expressiosed to determine the outlet

vapor quality for the two phase mixture:

_ qu - rT( hrans_ hTS,ir)
h,™m

Xe (3.46)

The mass flow rate for the sample point is 99.8 gimamd the enthalpy at the inlet and transition
is evaluated from fluid properties. The inlet enthalpy at a tempemitd45°C and 623 kPa is
71.7 kJ kg, and at the transition temperature 20.1°C the saturated liquid enthalpy is 794 kJ kg
The enthalpy of vaporization is evaluated at the mean temperatureebetive saturation
temperature at transition and the measured outlet temperature of 15.3Cisvilleié kJ kg. The
resulting outlet vapor quality in this sample data point is 18.95%. Bridetermining the heat
transfer coefficient from these quantities, an assessment of unceirainiy vapor quality and
test section heat duty is discussed in the following section.
3.4.4.Uncertainty

To assess the accuracy of the test condition, an uncertainty anslgsrformed on each
data point. The uncertainty for measured variables, calculated earisdohd results from
numerical models are each calculated differently, and the methodologwdbraé these is
described. For example, the uncertainty in outlet vapor quality, whielficislated from equation
(3.46), depends on a variety of measured variables, including voltage droptherbester and
the shunt resistor and inlet temperature and pressure, as well as the satunagibontggessure,
which requires numerical analysis of the flow field in the outlet header.

For measured values, uncertainty is comprised of two components: bias@sidpréhe
total uncertainty for a measured variable is determined from the condfieets of these using

the standard propagation of uncertainty as follows:
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While the bias is given by the manufacturer or determined through calirétte precision

(3.47)

uncertainty is due to measurement variation within the data sistddtermined by the standard

deviation, number of samples, and t-statistic as follows:

(3.48)

P)? = Lta %

In all cases, the precision uncertainty was calculated at aeooé level &) of 95%. For
example, the measured inlet pressure for the representative data poinkiBag2dich was an
average based on 82 samples taken over 5 minutes. The data hdaiketitestatistic is 1.99 and
a sample standard deviation of 0.39, which yields a precision uncertainty 6f OWBgh the
manufacturer reported bias of the instrument (0.08% of full scale: 0.551 kPa), thainhcart
inlet pressure is +0.558 kPa. This process is repeated for all measureyj salll@ summary of
relevant results is given in Table 3-8.

To estimate the uncertainty in the numerical pressure drop model battexlggometric
discretization, the procedure proposed by Celik ef7al} was employed. For this method, the
model is solved at three different mesh sizes and the changdui ofipressure drop is

determined. In the current study, the grid refinement ratithé ratio of average element size

Table 3-8 Uncertainty in relevant measured values

Description Value Bias Precision | Uncertainty Unit
Inlet pressureRrs,n) 623 0.551 0.086 0.558 kPa
Outlet pressureRrs,ou) 561 0.551 0.752 0.931 kPa
Potential shunt\{shun) 0.273 0.0014 7.62E-6 0.0014 V
Potential heateMue) 25.55 0.092 0.017 0.094 V
Inlet temperatureTfs,in) 14.5 0.36 0.0033 0.36 °C
Outlet temperaturels,ou) 15.1 0.31 0.01 0.31 °C
Mass flow rate () 99.8 0.50 0.068 0.50 g mint
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between two models) was chosen to be 1.5, which exceeds the minimum suggest€dlikagie

al. (.e, 1.3). The approximate relative error between mesh sizes is defined as follows:

21 _|AR, —AR
-— 3.49
AP, (3.49)
The error in numerical model is then estimated by the fine-grid convergence index:
21
GCIZ: = 1.2%, (3.50)

21
For a ratio of 1.5 between elements sizes, in both the manifold and intenaapproximate
relative error is 1.42%, resulting in the fine-grid convergence index of #3(b&ble 3-9.

Table 3-9 Numerical model uncertainty analysis from discretized grid

Mesh Ave Element Size im] # Elements | AP[kPa] Relative Error
1 150 3.28x10 2.60 -
2 100 7.80x10 2.64 1.42%
3 66.7 2.18x16 2.61 1.03%

The uncertainty for a calculated quantity “R” is based on the uncertainty in each dependent

term “x” weighted by its respective partial derivative as follows:

(3.51)

Using equation (3.46), the following expression is used to evaluate the uncertaintetivayolr

quality:

OY ey2 0o \2 O o2 OY o2
2+ U, —2%=)’+U )2+ (U, 2= 3.52
am) ( frsn a r:}S,in) ( Prars a I’?rams) ( hfg a h:) ( )

Ohe aqhe

u, :\/(u ey,

where the partial derivatives for each term are readily evaluated as follows:

e 1 1 _
C=——= =0.00323 W 3.53
o6, hm (186366 J kg )(0.00166 kg’s ) (3.53)
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e O 71.57- W

_ __ ~_139.4 s K 3.5
om h,nf (186366 J kg )(0.00166 kgs’) g (3:54)
e LY 537010° kg g (3.55)

M. N, 186366 J kg
Ze 1__ 1 5370100 kg g (3.56)

ohs, N, 186366 J kg

a)(e :_qu_ m( hrans_ hTS,ir)
oh, mtf

71.57 W- (0.00166 kg5 )(79432-J kg 71708 J'k
- (0.00166 kg 8 )(186366-J Kg*)
=-1.02x10°- kg J

(3.57)

The uncertainty in all quantities in equation (3.52) require furtheysisaexcept mass flow rate
because it was measured; each of these terms are discussed as follows.

The uncertainty in the effective heat rafge( equation (3.45)) is dependent on both shunt
and heater potential drops, the environmental 1ggss &), and the wire conduction heat loss

(qwire,cond. The propagated uncertainty is calculated as follows:

shunt

aq aq a9 O0ye 2
U, = U, —™)+U, —*)*+U, —)?+U —— e 3.58
OHe \/( Vshunt av ) ( VHe aVHe) ( QIoss‘envaqloss'em)/ ( q wire,conda q Wire’con)d ( )

For a conservative estimate, the uncertainty in the environmental and wire heatiooridsses
are asserted to be +50%. The potential drop across the shunt and heatexrsaredrguantities
(Table 3-8), and the resulting uncertainty in effective heat rate is +0.894 W %)1.28

The uncertainty in the test section inlet enthalpy ) is dependent on the temperature

and pressure measurements, as follows:

oh .. oh-..
U, = (U, —="24Uu, —=n)2 3.59
Prs in \/( Trsin aTTS,in) ( Prsiin aPTS,in) ( )
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The uncertainty in both measured quantities was given on Table 3gartled derivatives for the
sample case are equivalent to 0.133 and 1384 for the inlet pressure and temperature, Isespective
This results in an uncertainty in inlet enthalpy of +498°3 («.70%).

The uncertainty in the enthalpy at the transition location is detedrfinsé by applying
equation (3.51) to equations (3.12) and (3.13) to determine the single plsssegdeop from the

transition location to the outlet pressure transducer for the represersiagNe phase data point

as follows:
OAP, o OAP._ ., )
— consi U consi U con 360
J( oz Uiy + U, aAPouf’ (3.60)

The single-phase channel pressure drop (equation (3.2)) uncertaintiimates from the

following:

AP, AP,
s = 0. B0, D,

rans

aA Pch cu B Pch) OAP,

2
Pi a Uave au h)

(3.61)

where the uncertainty in the friction factor (equation (3.4)) is determined from:

of of of of

U ZyU, —)+U,—)*+U ot

! ( " Ch) U, o, U, am) U, ﬂs,m) -
o of of of )2 (3.62)

( TTS out aTTS OUt) ( PTS in aPTS m) ( PTS outa PTS out

The uncertainty in geometric parameters is estimated as tbhenother parameters are provided
on Table 3-8, and the resulting uncertainty in friction factor is +2.60%. Thetaimtg in
transition location is determined from equations (3.47) and (3.48) wheskaas is derived from

the resolution of the microscope lens 1.67 um per pixel, and the precision uncertaamtgtairv
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in location £19.4 um. The resulting uncertainty in transition locasiai9.5 pm. The uncertainty

in hydraulic diameter is determined from:

oD
U, = |U H
Dy \/( Wen aW ( hen ah:h

where the uncertainty of these measured parameters are again £5 pm, which yieléstamiync

)? (3.63)

in hydraulic diameter of £6.67 um (x9.07%). The uncertainty in liquid dens)tys(determined

from the inlet and outlet temperatures and pressures as follows:

%P, 9P, 9 A2
+ (U 3.64
\/( Trsin aTTS in ) ( Fromn al:)TS |n) ( Trsou aTTS out) ( PTS'Oma I:)TS,ouz ( )

The uncertainty in each of these measured parameters is given en3f&bénd the resulting
uncertainty in the mean density is + 0.86 kg (10.069%). The uncertainty in average velocity

(Uawe, €quation (3.3)) is given by:

OU 2 (3.65)

ou ou
U ave 2_|_ U ave 2+ U
Uave \/( ( ( m am

" owg, " oh,,
The geometric uncertainties remain at +5 pum, and the mass flowneeetainty is 0.5 g mif
which results in an uncertainty of + 0.14 rth(211.4%). With these termghe uncertainty in the
channel pressure drop, equation (3.61), is evaluated as +1.45 kPa (31.9%).

The uncertainty in the expansion pressure didfag ,equation (3.8)) is determined from:

0AR,,,.» 0AR,,,.» OAP,. , OAP,.
(U Wen ( hch ) ( Wran 5 + (U hman 5 +
aWch 0 hch 0 VVnan 0 hnan
Ui, = (3.66)
exp a A Pex 5
U, =)
ave au

ave
The uncertainty in all geometric parameters is £5 um, and the uncertaingragawelocity was

determined by equation (3.65) to be + 0.14’m Fhe resulting uncertainty in expansion pressure
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drop is estimated as +105 P45.2%). The uncertainty in the collective pressure drop in the
manifold and interfaceAPou) is equal to the fine grid convergence index (x3.56%). Finally,
equation (3.60) can be evaluated, which results in a combined uncentathty single phase
pressure drop of 1.74 kPa (3.51%). Now, the uncertainty in transition pressure (equagjn (

is determined as follows:

aR a Ptrans) 2 (3 . 67)

U, = |U,, —tesy2i, -—_tas
Ptrans \/( ApconstaAP ( PTS,in@F)

const TS,in

The inlet pressure uncertainty was calculated to be +0.558 kPa (0.08f6h results in a
transition pressure uncertainty of 1.83 kPa (0.32%). At the transition pointgbe opaality is
zero, and, thus, the saturated liquid enthalpy at the transitiosupeeis used. Te uncertainty in

this term is solely based on the transition pressure as follows:

ah,
=U rans 3.68
h!rans Psat ap ( )

sat

This is evaluated as +145 Jk@+0.18%). The final term is the uncertainty in latent heat of

vaporization, which is estimated from:

0
aTTS,out

u, = |U M Y +U
hrg Tsat aT TTS.out

sat

The saturated liquid case condition is used at the mean tdompeb@tween the transition and
measured outlet temperature. The saturation temperature is degisolely from the pressure
at the transition location, and thus, the uncertainty is determined by the following:

oT,,
Tsat - U Psal ap : (370)

sat

This is evaluated as +0.103°C (x0.51%) for the sample case, which aitmasion (3.69) to be

evaluated: the uncertainty in heat of vaporization is +199%X%0.11%). Equatior{3.52) can
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Figure 3-39 Test conditions afsa= 25°C; m = 100 g mint
now be calculated, which yields an overall uncertainty in outlet vapditygofat0.0053 (2.7856).

Over all 15 data points the range in relative uncertainty of outpetr\guality is from £1.88% to
+12.83% with an average of £4.67%he data points with the highest uncertainty were those with
relatively low heat duty and vapor quality. In the next section tstectinditions for the data
collected in the present study are summarized.
3.4.5.Summary of Test Conditions

The test conditions, and corresponding uncertainty, are presented in this sEotidhe
25°C saturation temperature tests, the exiting vapor quality is plateetlaction of effective test
section heat duty in Figure 3-39. Similar plots are found for 20°C and 138Catgan
temperatures iRigure 3-40 and Figure 8%, respectively. The exiting vapor quality is comparable
at similar effective heat rates across the three saturation rsomgs. As expected, the exiting
vapor quality decreases with increasing mass flow f&tue 3-40). With the test conditions
established, the next chapter will focus on the methodology for extraténdpeat transfer

coefficient from this data.
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CHAPTER 4.DATA REDUCTION AND ANALYSIS

In the previous chapter, the methodologies for accurately determining the test seadtion he
duty, outlet vapor quality, surface temperature profile, two-phase trankitation, and the
transition saturation temperature were discussed. In this chapterethed for calculating the
average heat transfer coefficient from these terms is shown in dégadiscussed in Chapter 2,
most prior studies on boiling heat transfer develop correlations thatassifiorm heat flux along
each channel and/or estimate channel surface temperatures from a l1lBtioondnalysis.
Unfortunately, these approaches are inaccurate for the current study becasisaltheeater
dimensions (1 mm x 10 mm) and high heat fluxes (up to 1.1 k%) gield significant heat
spreading along the microchannel array. As a result, a multi-diam&hsiumerical method is
developed to extract the boiling heat transfer coefficients from ttaecdtlected in the present
study. In addition, to calculate this heat transfer coefficient, the floedlisaturation temperature
must be known. Because the test section used here has complex inletletnchanifolds and
measurement of the local pressure is impractical, accuratelylaisthg the local fluid saturation
temperature is challenging. Therefore, several estimates fortexgrde local saturation pressure
are made to understand the impact on the calculated boiling heat transferesteffic

This chapter is organized as follows. First, the numerical method usaldtitate the local
boiling heat transfer coefficient is discussed in detail. This@eaticludes an overview of the
methods used to calculate the local fluid saturation temperature tiwd-phase region, as well as
a comparison to the proposed numerical technique and the methods used by ptigatioes

To guide the discussion, the calculation methodology for the represemnathghase data point
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used in chapter 3 is then presented. In the last portion of this chibptenethodology to calculate
uncertainty in the average flow boiling heat transfer coefficient is presented.
4.1.Numerical Method to Extract Heat Transfer Coefficient

The most significant challenge associated with calculatingbthibng heat transfer
coefficient is the heat spreading from within the test section. isl@alded to the test section by
passing current through a thin heater that has the same dimensomgpafal laser diode. As
shown in Figure 4-1, this heat is first conducted through the silicon wall underneath thdsshanne
then it is transferred to the fluid either through the base of the chantied silicon fins. Due to
the very small dimensions of the test section and the relatnglythermal conductivity of the
silicon (149 W mt K1), heat can spread significantly throughout the test section. Furthetheore,

rate of heat spreading is also dependent on the local boiling heéiti@aresficient. Therefore, to

—— Glass
Channel Heat Flux Fluid
Silicon Heat Spreading //
1111 Heater 1111
Base Heat Flux Base Heat Flux

Figure 4-1  Left: Heat addition through a single channel cross-section; RigHow akrows
show heat spreading from the area projected above the heater, red (lertgth
scale)
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determine the heat transfer coefficient, it must be calculatediviely with the 3D conduction
heat transfer field using numerical methods.
To minimize computational effort, the following assumptions for the arigal analysis
were made:
e The single-phase portion of the test section was not included in thgsianarhis
assumption was made possible because the transition location was krawatedy

(within a range of £192m). See Section 3.2.2 for details.

e For the two-phase portion of the channels, an average boiling heat tremesfigcient

boundary condition was applied. Although many authors [22, 29, 61] have shown that the

heat transfer coefficient is dependent on the local heat flux, teisngsion greatly
simplified the analysis.

e The microchannel geometry was simplified to the lowest repeatingauhalf channel
geometry (Figure 3-26). During the experiments, the heater tempetabwedsvery little
variation (within £3°C in the most extreme case). In addition, therawaisual evidence
suggesting flow maldistribution. Therefore, it is assumed that ttesheeading within the
array was confined to a single channel along the flow direction and pespkndo the
flow direction and the plane of the heater.

e The heat transfer boundary conditions for the solid domain are as follows (iguréhe
glass interface on the top and the exit end surface of the model dgeeg¥sumed to be
adiabatic. Symmetry boundary conditions are applied to the sides ofpteing unit
geometry and on surface at the transition location (yellow). For thenbstirface (orange,

red), a polynomial fit to the measured surface temperature profile is applietydoebe
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model. At the fluid interface (blue), a convection boundary condition witdvarage two-

phase heat transfer coefficient is applied.

e Heat transfer from the heater to the two-phase fluid is assumed to occur only inuthe 45

x 200um channels.

e The fluid flow field for two-phase boiling is very complex. Therefore, ttenapt was made

to model the fluid domain in the microchannel geometry.

As these assumptions show, the channel surface temperature in wathtéiee fluid is not
specified, and the heat flux is allowed to vary along this surface. Thisdamentally different
than the methods used by most studies that assume a uniform heatdflar average heater
temperature. In these prior studies, the channel surface temperatuea tetermined by 1D

conduction analysis, and the heat transfer coefficient is caldubetsveen this temperature and

]
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] = Heater
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Figure 4-2  Boundary conditions to the half channel heat transfer model
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the estimated fluid temperature. In the current work, the measured surface tempeegtplied
to the outside surface of the channel, and the heat transfer coeffci@mnted in the two-phase
portion of the test section until the experimentally measured heat treatsf@natches the scaled
heat transfer rate in the numerical model. However, this method requireeégevef the local
fluid saturation pressure and temperature, which is not directly medmreedn the present study,
several methods are evaluated to determine the local fluid satupagissure and temperature. In
the next two sections, the methods used for determining the local fluidregarpeand the iterative
method for calculating the average heat transfer coefficient are discussedllin det
4.1.1.Fluid Saturation Temperature Profiles

For a fixed two-phase heat duty, the local saturation temperature imahghtise portion
of the channels can strongly affect the required average boiling heat rtreosfécient. In
addition, because it is a two-phase mixture, the local saturatiqgretatare is dependent on the
local fluid pressure. As shown in Chapter 3, the local saturation pressure at the transition loc
was calculated, which was based on the test section inlet presglitee single phase pressure
drop determined by analysis of a single phase data point at a leepistgprior to boiling. The
only other pressure measurement taken during the tests was the test sectipresstie¢, which
is substantially downstream of the channels in the test sectgquréR3-27). Furthermore, no two-
phase pressure drop models exist for the geometry investigated in the study. As a result,
three different methods were used to estimate the local satupatssure (Figure 4-3): (1)
constant pressure from the transition location to the exit of the cla(@)tonstant pressure drop
from the transition location to the exit of the channels equal to tkeyreedifference between the
calculated pressure at the transition location and the measured test seatiquresgure, and (3)

the same method as (2) but with a reduction in the channel pressure loss due to fleidtaucel
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Because the saturation temperature decreases with pressure, tmetfied yields the highest
average fluid temperature, and, therefore, the lowest temperaturert#ebetween the heater
and fluid. At the same rate of heat transfer, this method will yieldhipleest heat transfer
coefficient required to reject the two-phase test section heat ldutpntrast, because channel
cross-sectional area is the smaller than the cross sectioaatates outlet pressure transducer,
which increases its velocity and decreases its local presbaré)ird method yields the largest
temperature difference between heater and the fluid. Therefore, thischwetl predict the lowest
average heat transfer coefficient. The second method will predaluea in between these two
extremes. By analyzing these three methods, the range of possible heat transfesrtaztfiidoe
estimated to understand the maximum possible impact of the local pressure drop.

The outlet pressure is measured directly, and Section 3.4.1 discussestibd used to
calculate the pressure at the transition location. Because theseotissal area is smaller at the
exit of the channels, the minimum possible pressure at the channelf@uttet third method is

calculated from the following equation:

P

out,min —

PTS,out+ A Pacce (4 1)

The two-phase accelerational pressure drop is determined from the fol[8&]ng

GZI:+GZ(1_ZE)2] .
o pl-a)"™ pa  pl-q)

Ge, Gl-xJ),

AP, _[ 1 ch (42)

accel —

The mass flux at each of these locations is computed from:

G=— 4.3
A (4.3)

For the same sample two-phase data point used in chapter 33T@bkbe mass flow rate is 99.8
g min! and the cross sectional area of the channels and static pressame 1ap3x16 m? and

31.7x1C° m?, respectively. Thus, the channel mass fiGg) is 1,479 kg it s* and the outlet
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mass flux Gup) is 52.5 kg it st. The outlet vapor qualityyf) is 18.95%, and the density at the
outlet is estimated from saturated fluid properties at the measmgetature, 15.1°C (23.9 kg
mfor the vapor, and 1,243 kg'hfor the liquid). The estimated transition pressure for this sample
point is 579 kPa, which yields a saturation temperature of 20.1°C and satigaittt@thd vapor
densities of 1,224 kg thand 28.2 kg i, respectively. The void fractiors) of the channels and
the pressure tap are computed with different correlations. In the chathieelsyid fraction is

calculated by the following correlation for separated fl@@j:
en = [0+ (U4 2P ) ()P (4.4
X P

where the liquid Froude numbéd#r() is:
Fr. = 4__ G
\/ga Lc pl\/gaLc

The characteristic lengthLd) is the depth of fluid in the rectangular channel (208), which

(4.5)

yields a liquid Froude number of 26.85 in the channels. The homogeneous void ffasjtien

defined as follow$32]:

o =1+ (1‘—")(%»1 (4.6)

The homogeneous void fraction for the representative data point is 0.92, arduttieg void
fraction (acn) in the channels is 0.87. Homogeneous flow was assumed at the outlateptass

and the void fractiondgap) in this location is determined to be 0.91. This yields an accelerational
pressure dropAPacce) Of -12.8 kPa (equation (4.2)). Therefore, for the measured outlet pressure
of 481 kPa, the lowest possible pressure at the channel is 468 kPayewghilty in a worst case

outlet saturation temperatur€:mir) of 14.3°C.
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Figure 4-3  Sample temperature profiles, measured surface and all three assuidec
profiles; the heater location is emphasized in red, the transition was at -0.2 r

The resulting temperature profiles for these three methods are shoviguoa 43, and
the equation inputs for the numerical model are shown in Table 4-1. Beteuserface
temperature profile can only be measured up to the end of the chanadédst th5 mm is at the
measured average value. Near the junction between the tempprafileeand the last measured
temperature, the interpolated profile falls below the measured point by 0.17RG. is not
problematic because this accounts for only 1.3 - 2.8% of the temperaturerdiéfen this area
and < 11% of the heat is transferred over this area. These profiles arg dpptidd as boundary
conditions in the numerical model as UDFs (User Defined Functiod\8YS Fluent. This is
accomplished with a C script which first determines the centroidabf ei@ment on the applied

surface. Then, the given function is evaluated at this location amdltieeapplied to the element.
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The next section discusses the iterative process used to @ltwatverage heat transfer
coefficient for each one of these three temperature profiles.

Table 4-1 Summary of temperature profiles used in the numerical model

Description Function
Measured surface temperatu T(X)=7.14x10x - 1 9% 10— 300 1« 51
ConstanfTsat T(x)=20.08
Tsardecays tdrs, out T(X)=-1829%+ 19 7:
Tsardecays td out,min T(X)=-2133x+ 19 6¢

4.1.2.Method for Calculating the Average Flow Boiling Heat Transfer Coefficient
As discussed above, the average two-phase heat transfer coeffigighis unknown,

which requires an iterative solution procedure. The iterative process lveith an initial guess
for the average heat transfer coefficient, then solves the heat tremsdet until the energy

transferred to the fluid matches the experimental results. To dal¢bktwo-phase heat rate

(Oue1prv)s the surface heat flux on the fluid interface (Figure 3-26) is irtiedyraThis value is
compared to the experimental two-phase heat rejectigiid.,,), which is scaled appropriately
by:

. W,
Qrie TP exp= (A e M Nys h'rs,» _— (4.7)

He

For this representative two-phase data point, the effective heasrat.57 W, the single-phase
portion is 12.9 W, and the ratio between heat transfer model and full lefg@o# {.e., 1 / 250
half channels, and %2 of the channel width). This results in a scaled expatitn®-phase heat
duty of 0.235 W. To determine convergence between the model and the exparoaémt the

residual between the model and experiment is calculated as follows:

res= abs(q-le,TP,HTM - q—|e,TP,exp] (4.8)
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Figure 4-4  Basic iterative solution process flow

The heat transfer coefficient guess is updated and the model is rd1solVéhe residual is smaller

than the tolerance (1xfD This process is required for each temperature profile method outlined

in the previous section. Therefore, it was automated by Python scripsogasarized on Figure
4-4. The resulting heat transfer coefficients from the three different temperature arefiten
averaged together to estimate the performance at a given test condition. Foleepsint, the
flow boiling heat transfer coefficient ranged from 31.9 to 41.2 k\Wm, with an average of 35.4

kW m2 K* which was calculated from the following:

_ 1
hTP = NZ hTP,i (4.9)

The uncertainty associated with this average calculate hesteraoefficient is discussed
in the next section.
4.2.Estimated Heat Transfer Coefficient Uncertainty

The uncertainty of the numerically calculated heat transfer coeifiseestimated from
the sensitivity to changes in fluid temperature profile, input values, emdejric discretization
error from the meshing process. Two methodologies where used to estimate the unaettanty
average heat transfer coefficient. The first methodology is more complgxiying multiple
numerical models to estimate the partial derivatives of heaatfnacoefficient with respect to each
variable. The second method is much simpler: it conservativetgagsts the maximum possible

range of heat transfer coefficients by changing all variables simalialygo yield minimum and
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maximum values. As shown below for a more extreme representatiygodiatérable 4-2), which
yields the largest possible change in the calculated heat traonsféicient, the simpler method
yields a larger uncertainty, and is therefore used for all data pointantlgainty associated with
mesh size is also included for this simpler method.

Table 4-2 Sample data point for uncertainty analysis method comparison

Parameter Value Units
Two-phase heat duty)de p) 95.01 W
Mass flow rate (n) 50.64 g mint
Average heater surface temperatune) 62.32 C
Saturation temperaturé@d) 20.86 C
Measured outlet temperaturer§ ou) 13.52 C
Worst case outlet temperatuil,min) 12.74 C
Transition locationXyang -0.2 mm
Outlet vapor quality £) 61.0 %

The more complex first method follows the procedure for estimating uncertainty i
measured and calculated values presented in Section 3.4.4. Theaiatcent heat transfer
coefficient is dependent on the applied power, surface temperature profile sdlwration,
measured and minimum outlet temperatures, transition location, widte ofinnel/web, and the

height of the channel. Therefore, the propagation of uncertainty is calculated as.follows

A
(U QHe TP hTP ) ( Tsurf hTP ) ( Tsat hTP) + ( T TS,out hTP )
U _ AQHe TP ATsurf A T AT TS,out (4 10)
hpp — .
e Ah. Ah, Ah. Ah,
U outm PPrU, —E)+U - ?
ﬂ( Tout,min ATout’min) ( Xrans AX ) ( Weniweb AW ) hen Ah P)

trans ch/web

The coefficientsx andp are either O or 1 depending on the fluid temperature profile (Figuye 4-3

as shown in the following table.
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Table 4-3  Individual uncertainty analysis coefficients

Fluid Temperature Profile
ConstantTsat
Linear fromTsatt0 T1s,out
Linear fromTsatto Tout,min

Ol O|R
RlO|lo™

To calculate the uncertainty in two-phase heat transfer coeffitihenpartial derivative of
the heat transfer coefficient with respect to each varialdgisred. To estimate these derivatives,
each input variable was independently changed by the magnitudeintégainty estimate, and
the resulting change heat transfer coefficient was determineds r@duires 16 solutions to 7
unique heat transfer model geometries (northahannel/web, + channel height, and + transition
location). A summary of the resulting values from this process for thevexsample point are
provided on Table 4-4. The notable results from the individual analysabairéhe surface
temperature profile and heat duty had the strongest effect on heat tcaedfieient. However,
the saturation temperature and transition location had the strongedt aifebe estimated
uncertainty, because the heat transfer coefficient is more sensitive to a tnesgparameters.

Using these results, the uncertainty in the heat transfer coefficient can be detergiined ea
saturation temperature profile method: constant saturation temperatuae,destine from the
transition location to the measured outlet pressure, and the linear diclthe minimum

temperature based on the acceleration losses. From equation (4.103r¢h£6e38%, £9.65%,

Table 4-4 Individual uncertainty analysis sample results

Inputs Value Uncertainty Units Max Min AX Ahtp | Ahtp AX
OHe TP 95.01 1.71 W 96.72 | 93.3 3.42 | 5971 1746
Tsurt 62.32 0.67 C 61.65 | 63.00 | 1.34 | 6452 4815
Tsat 20.79 0.068 C 20.86 | 20.72 | 0.14 | 1636 | 12029
Trs,out 13.52 0.3 C 13.82 | 13.22 | 0.60 | 1294 2157
Tout,min 1181 0.31 C 1211 | 1151 | 0.60 | 1123 1872
Xirans -0.2 0.022 mm -0.18 | -0.22 | 0.044 | 1310 | 29773
Wen/Wiveb 45/35 5 um 40/40 | 50/30 10 3590 359
hen 200 5 um 195 205 10 2020 202
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and £9.93%, respectively (Table 4-5). As expected the uncertaintghsstifor the two linear
decay temperature profiles because they have uncertainty propagated forpuovariables than
the constant saturation temperature case.

Table 4-5  Resulting individual uncertainty for the extreme sample point from individually
shifting each variable

. . he | Uncertainty in hrp
Fluid Temperature Profile kW m 2 K] (%]
Constan(Tsat 72.2 4.97 6.88
Linear fromTsatto Tts,out 51.9 5.00 9.65
Linear fromTsat to Toutmin 50.4 5.00 9.93

The average heat transfer coefficient is estimated by takingéae hverage of these three
valuesateach temperature profile (equation (4.9)). The uncertainty in thi$ it propagation

of the individual valueasfollows:

Us, = \/Z (e, %> (4.11)

where N is 3, for each of the three heat transfer coefficients, and theoV/étheepartial derivative

is 1/3 for all three values. In the representative case, thragavées 58.1 kW m K with an
uncertainty of £ 4.91%. As shown, this process requires 7 individual models, 16rsplahd up

to 25 iterations per solution for each data point, which takes a considenalaent of
computational effort. Therefore, this result was compared to a more economical and cesservati
solution.

Table 4-6  Average flow boiling heat transfer coefficient in kW2, extreme values for
each temperature profile and the associated percent difference

Temp. Profile Tsat TT1s,0ut Tout,min
Nominal 72.2 n/a 51.9 n/a 50.4 n/a
Max 85.2 18.0% 59.6 14.9% 57.7 14.6%
Min 62.1 -13.9% 45.6 -12.1% 44 .4 -11.9%
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In this method, heat transfer coefficients were calculated byrghdtl of the parameters
at once to either maximize or minimize the heat transfer coefficiemimaximize the heat transfer
coefficient, the variables were shifted to minimize temperata@ignt in the silicon and surface
area and to maximize the power input (max and min columns in TableR&dgexample, to
maximize the heat transfer coefficient, the heat input, transitiotido¢cand fluid temperatures
were all increased while the surface temperatures, the changht, red channel width were
decreased. The opposite was used to minimize the heat transfer eoeflitis method reduced
the computational load to 2 models per test condition and 6 solutions p@oddiand resulted
in a more conservative estimate of the uncertainty. Table 4-6ssti@ynormal, minimum, and
maximum heat transfer coefficients for the three saturation tempemtitkes. For all data
points, the maximum difference between the nominal and extreme estivagtased to determine
the uncertainty in the average heat transfer coefficient. In thés tae uncertainty in the heat
transfer coefficients are assumed to be +18.0%, +14.9%, and +14.6% for the threeomaturati
temperature methods. Using equatiodthe uncertainty in the average heat transfer coefficient
is £9.65%, which is larger than the uncertainty for the more complex methasl probedure is
repeated for all 15 data points, and the total uncertainty includesvalkess and the uncertainty
from meshing in the heat transfer model.

Next, the procedure proposed by Celik ef&l] was employed to estimate the geometric
discretization error. For the heat transfer coefficient, the numericalrfardthe nominal data
point was solved at two different mesh sizes. The grid refinemenfmatiatio of average element
size between two models, was chosen to be 1.5, which exceeds timeimisuggested value by
Celik et al. of 1.3. The approximate relative error between mesk &z the heat transfer

coefficient is again defined as follows:

102



el — hI'P,l_ hrp,z (4.12)
h hFP,l
The error in numerical model is estimated by the fine-grid convergence index:
1.25"
GCli = = (4.13)

-
The GCIl was determined for all three saturation temperature profile methods. 3bthows a
summary for the representative (more exteme) data point. For each data point, the magimum
was used to estimate the total uncertainty. As shown in Tafdletide worst case fine-grid
convergence index for the representative data point is £0.14%. The propagfatincertainty

with theGCl is calculated as follows:

UﬁTP - VUﬁzTP,in +GC|2 (4'14)

The uncertainty in this average heat transfer was +9.65%, which yigthlauncertainty of

+9.65%. Clearly, the GCI had little effect on the uncertainty.

Table 4-7 Numertal model uncertainty analysis from discretized grid

. hrp [KWm 2K ] GCI [%]
Mesh Size ilm] # Elements Tsat T71s,0ut Toutmin Tsat ‘ T1s,0ut ’ Tout,min
1 10 48,800 72.20 | 51.90 | 50.40 -
2 6.67 164,520 72.22 | 50.93 | 50.41 | 0.08| 0.14 | 0.06

As shown in Table 4-8, the average uncertainty in the flow boilingtfaefer coefficient
for all 15 data points is £11.9%. The points which had consistemjyuncertainty were those
with relatively low test section heat duty, heat transfer coefficiand vapor quality; as these

parameters increased, the uncertainty was reduced.
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Table 4-8  Summary of uncertainty and heat transfer coefficient for all 15 data points; sorted

by heat duty
Two-Phase| Vapor Saturation | Mass Flow Average Heat Transfer Coefficient
Heat Duty | Quality Temp. Rate Value Uncertainty
w - °C g mirmt kKW m2 K1 KW m2 K1 %
7.67 0.03 25.01 99.7 6.28 1.01 16.0%
13.63 0.04 15.33 101 12.1 2.48 20.5%
24.49 0.05 19.95 150 14.0 1.74 12.4%
25.18 0.08 19.97 101 18.0 2.08 11.5%
26.02 0.09 25.36 100 19.7 2.13 10.8%
39.77 0.26 19.95 50.4 32.6 3.61 11.1%
44.33 0.14 14.83 101 28.0 3.38 12.0%
51.63 0.11 20.29 149 29.9 3.30 11.1%
58.71 0.19 20.08 99.8 354 3.33 9.42%
62.72 0.21 25.22 99.7 62.5 8.90 14.2%
67.93 0.21 16.51 101 37.7 4.05 10.7%
67.97 0.44 19.9 499 51.1 5.32 10.4%
81.16 0.26 20.64 99.6 43.1 4.07 9.46%
95.01 0.61 20.79 50.6 58.1 5.61 9.65%
99.89 0.40 17.07 78.5 53.3 5.21 9.77%

In the next chapter, the heat transfer results are discussed further, and compared to exiting
correlations. This analysis directs the development of a new camelatpredict the data in the
present study more accurately, and is used to analyze a suggested test sauttry der future

laser diode cooling systems.
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CHAPTER 5.RESULTS AND DISCUSSDN

In the previous section, the process for extracting the average Inséitiaefficient from
the experimental data was presented. In this section, a summaryresutis from the 15 two-
phase data points is presented first, including a discussion of how this @subare to other
investigations. The heat transfer performance of the test section in this study is tpanecoim
the state of the art laser diode cooler. Next, the heat transfer coeéfiare then compared to
representative correlations by prior investigators, and it is showndletisting method achieves
acceptable accuracy. Therefore, a new correlation is generated foanpe of operating
parameters in the current investigation. The new correlation is tleehtasmathematically
optimize the heat sink geometry that targets the desired 10xsedrearightness over the state
of the art.
5.1.Overview of Results

In general, the heat transfer coefficients determined in the preseytfsllow trends
observed in previous investigations with lower heat fluxes and langenel diameters. As shown
in Figure 5-1, the average flow boiling heat transfer coefficiemeases with applied heat flux.
The calculated heat transfer coefficient is primarily a function ofwioephase test section heat
duty for all the data points collected in the present study. Thesésragtge with Kuo and Peles
[39]: varying saturation temperatures of water between 46°C and 100°C denechetiat little
effect on flow boiling heat transfer. All of the data points are in confileed by the criteria
defined by Harirchian and Garimeliiee(, Co < 160)[18]. In confined flow, it is expected that the
convective boiling dominates nucleate boiling, and, as shown in Sectiorths4trend is

confirmed by an increase in the nucleate boiling suppression factor for the modifiedtiorrel
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Figure 5-1  Average flow boiling heat transfer coefficient vs. applied two-phastchay for
each saturation temperature

The highest base heat flux rejected in this study is 1.10 kW wrhich is the highest
known heat rejection for saturated boiling for a microchannel heat sink. The highese deatg
transfer coefficient in the present study is 62.5 kW k!, which occurred at 751 W cfrand a
saturation temperature of 25°C. This exceeds the typical performance fouedhinie for a plain
wall microchannel heat sink by > 20% [10-12]. Kuo and P@2kshowed that using reentrant
cavities yielded a heat transfer coefficient of 135 kW K}, and Li et al. [52] used silicon
nanowires grown from the floor to achieve 95 kW Ki'. However, it is unclear if these results
are accurate. Kuo and Peles have placed local temperaturgremeaists between their heater and
the microchannel array, and then they compute a ‘local heat flux’ using this measurement and the
average heater temperature. This is incorrect because their eavezater temperature is

determined over the entire microchannel length (Section 4.1), and, thusuhiegeneat transfer
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Figure 5-2  Average heater temperature vs. two-phase applied heat duty fosatachtion
temperature

coefficient may be over predicted. In the case of Li et alp @lileugh they assumed the
temperature at the center of the array was the average ovevhtile area, which could

underestimate the heat transfer coefficient, they calculatedaiheurface temperature for a plain
channel and neglestlthe area enhancement from the nanowires.

In the present study, data was collected for three different nominedtsan temperatures
at the single-phase to boiling transition location: 15, 20, and 25°C. Figushéws that as the
saturation temperature reduces the temperature of the heater reducesuaietieat flux, which
is consistent with prior investigations [39, 49]. As a result, whendsiefluid is at a lower
saturation temperature, it can reject more heat at a fixed heatperature. For example, at a

heater temperature of nominally 60°C, the test section heat duty was 7&t6aVEaturation
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temperature of 25°C, and increased to 112 W at 15°C. This effect occurred bieahsat
transfer coefficient did not change substantially with an increase in saturatjperétune.

To observe the effect of mass flow rate, Figure 5-3 shows a plot dféwester coefficient
as a function of vapor quality at a saturation temperature of 20°C foresdl flow rates tested (50
—150 g mint). As expected, the vapor quality increases with reducing mass feawrraddition,
the heat transfer coefficient appears to be a very weak function offitwksate. As shown in
Figure 5-2, the heater temperature increases almost linearyimcrease in heat duty for all the
20°C data points. This means that the heat transfer coefficient dodmngecsubstantially with

flow rate.
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saturation temperature

A number of previous investigators have shown that the heat transfer emffieaks at
vapor qualities near 20% [11, 49, 51, 73-76], while others have not observedntif/#te78].
As shown in Figure 5-4, the average heat transfer coefficient iesrgath vapor quality for all
the experimental data gathered in the present study. However, aptnejuality increases, the
rate of increase in the heat transfer coefficient reduces. For examh@eransition saturation
temperature of 20°C, the heat transfer coefficient increase from 14.0 t&\8542 K as the
vapor quality increases from 5.2% to 18.9%. When the outlet vapor quality esreather to
61.1%, the heat transfer coefficient increases to only 58.1 KW\Krh The data point at the
nominal conditions of 25°C saturation temperature with an average heatrticredfecient of
62.5 kW m? K was eliminated due to an experimental error. The IR pyrometer rests gm®ur

to enable a rapid removal in the event of a test section rupture,dandg the installation

109



procedure of a test section, the pyrometer is centered on the heatgon$.1.5). For this
particular data point the center location was incorrect, ancethdting temperature profile was
not measured correctly. Compared to all remaining data collected dueis®g éxperiments, the
surface temperature profile for this point appears to be shifted such theldg § smaller
difference between it and the fluid. This yields an artifigiddlgh heat transfer coefficient.
Excluding this data point, it is clear that there was no obsenadgb@ny particular vapor quality
During testing, significant fouling was observed in the test sebggmning at an average
heater temperature of 70°C. As shown in Figure 5-5, the R134a appeared to decoropdbes
heater temperature was reached. Several attempts were ncéeintthe test section by soaking
in both isopropyl alcohol and acetone, but the residue remained and, therefersathpke test
sections were discardedhs discussed further in Section 5.5.2, this result was a primary reason

for considering alternative working fluids.

Figure 5-5  Progression of R134a breakdown; Top-Left: prior to formation at lower terr
Top-Right: early formation, insignificant effect e or The Bottom-Left:
significant channel blockage; Bottom-Right: full test section showing blocki
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As discussed in Chapter 4, significant heat spreading was observed in the test sekttion, a
a numerical technique was required to determine the average two-phase flogvteslitransfer

coefficient. For all of the data points, the relative amount of lpgatding from the two-phase

region was calculated by the average energy through the projectedgrgea) (from each of the

three temperature profiles, as follows:

7 — 1_ qTP,proj (51)

Qe e
The projected area above the heater included only the two-phase flaovg lpoittion (Figure 41
and the amount of heat rejected through the area projected above éneMasadetermined from
the numerical model results for each of the three different methods wswddict the fluid
saturation temperature. For the same two-phase sample poinhuGkdpter 3 (Table 3-6), the

projected two-phase heat transfer in the model from each of the fluiteprafe 112 mW, 98.5
80%
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Figure 5-6 Heat spread away from the projected area vs. average two-phadeahster
coefficient
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mW and 96.6 mW of the total 236 mW transferred, which is yiekl$6.7%. Figure 5-6 shows
y for all the data points in the current study as a function of avdiageboiling heat transfer
coefficient. The heat spreading decreases with increasing heat transfer coefbomeatpkeak of
70.8% to a minimum of 38.9%. Interestingly, the four points where heat spreadirgyweasall
occurred at a saturation temperature of 15°C.

One method to reduce heat spreading is to decrease the thicktiessvafl. This may
increase the overall thermal resistance of the test section iBadexy the effective heat transfer
area. However, this also reduces the thermal resistance of the tiaf the heat is transferred

through the area projected vertically from the heater, which is calculated as follows:
— tsi
KsiAm

In the test section for the current study, the silidor (149 W mt K1) floor thickness is 30@m,

Ry (5.2)

which, over the 0.1 chrheater area, yields a thermal resistance of 0.2 KRe¢ducing this floor
thickness to 10@m yields a thermal resistance of 0.07 K:Wvhich could potentially reduce the
heater temperature for a fixed fluid saturation temperature and flow ratevetowes lower floor
thickness also reduces the amount of heat spreading, which can incredwseria resistance.
Additional investigation on this effect is warranted. Another method to reduce thd dvenalal
resistance is to eliminate subcooling prior to the fluid reaching thedaszdly above the heater.
During the experiments, the fluid entering the test section hadée&f€ and 10°C of subcooling
below the saturation temperature at the transition location. Single-ptadeansfer coefficients
are much lower than flow boiling heat transfer coefficients at the s@ams flow rate through the
same geometry. For example, single-phase convective heat transfécierdeis well

characterized by Nusselt number correlations for rectangular ducts. &esdabas characterized
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the heat transfer from a rectangular duct with 3 heated sidesiasdldted side as a function of

aspect ratio, which is the case for the current o8k Their correlation is as follows:

Nu, =-29.42ax° + 76 488° - 59895~ 00637+ 2334+t 1199 .52 (5.3)

For the current study, the aspect ratio is nominally 0.225.(5 200um), which results in a

Nusselt number of 3.61. The heat transfer coefficient is then calcédatedhydraulic diameter

and fluid properties as follows:

(5.4)

For the sample case the thermal conductivity of the ligKidl i6 evaluated at the saturation
temperature (20.1°C), to be 0.086 W i, which yields a single phase heat transfer coefficient
of 4.21 kW n? K1, which is much smaller than the average flow boiling heat transfer coefficient

for this case35.4 kW n? KX, A portion the heater is cooled by single phase cooling in the channel
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Figure 5-7  Total pressure drop vs outlet vapor quality as a function of mass flow rate
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Figure 5-8  Thermal resistance vs. average temperature difference betweenamebfiid;
bottom left quadrant would superior to Skidmore et al.

during the experiments in the present study. Therefore, it is possibkhehaeater temperature
could be lowered by reducing the inlet subcooling and moving the ligyidrteansition location
further upstream.

Because the fluid is a two-phase liquid-vapor mixture, the saturatiqgretature is only
dependent on the fluid pressure. As shown in Chapter 4, the calculated heat transfer coefficient is
strongly dependent on the fluidic pressure drop in the channel. As shown in biguitae
measured total pressure drop through the test section and inlet/outiéblaisacan increase
significantly when the fluid is evaporated in the test section. For pbeat a mass flow rate of
100 g mint, the pressure drop increase from 48 kPa to 201 kPa when the outlet vapor quality
increases from 0 to 0.26. When the vapor quality increases, the outletywelo@ases because

there is more vapor, which reduces the local pressure. Using the procedecéon 8.1.1i(e.,
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Figure 5-9  Front face of a 10-bar diode array, showing the unit cell area and dimension

equations (4.2) through (4.6)), the difference in pressure due to acceleratiencatiet vapor
guality increases from 0 to 0.61 is 12.0 kPa, which clearly demonstratethithancrease in
pressure drop cannot be attributed solely to this effect. There are wauphase pressure drop
correlations in the literature for flow through microchannels [30, 80, 81]. Unfortynateie of
these prior investigations covered the high flowrates (78n< 2,224 kg it s) and small
hydraulic diameter (73.4m) for single component fluids similar to R1382]. Therefore, future
studies that accurately measure local pressure drop are warranted.
5.2.Comparison to the State of the Art Laser Diode Cooler

Skidmore et al[5] rejected a heat duty of 100 W per diode in a 10-bar array via single-
phase cooling with a temperature difference of 32°C between the cflalthgind the diode
surface. Using these values, they calculated the thermahresigb be 0.32 K Wper diode bakr

Their v-grooved mounting arrangement (Figure 1-4) yields a diode pitch ofri. 7Thre results

3 They achieved a thermal resistance of 0.032Kf@v the 10-bar array.
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from the current work are compared to this performance using two key miteiocsal resistance
and diode array brightness.

In the current work, the thermal resistance is calculated byrtipetature difference from
heater to fluid saturation temperature, and the effective heat rate into tlectiest as follows,

R[h — éT — THeq_ Tsat (5.5)
He He

For the sample case, the average heater temperature is 51.6°Qirdtesaemperature is 20.1°C,
and the effective heat rate is 71.6 W, which yields a thermal resistance of 0.43 Kig\re 5-8
summarizes the thermal resistance as a function of temperaturertiéfor comparison to the
results of Skidmore et al.: unfortunately, no conditions in the current studwatefewer thermal
resistance. As the temperature difference increased, the thermtdnes decrease, and the
lowest thermal resistance in the current study is 0.39 K W

Although the thermal resistance of the state of the art diode cotderdsthan the current
study, the critical metric for laser diode arrays is brightnesaser_diodes are typically 50%
efficient, which means that, for example, 100 W of heat generated bytledatirresponds to 100
W of light emissive power emanating from the diode. For conveniencanpbfied brightnes
(Br) is calculated by dividing the light emissive power at the exfgigting face of the diode by

the surface area encompassing a unit éella(,uny for a diode bar as follows (Figure $-9

Br — qlight — qu (56)

Aﬁrray, unit Aarray,unit

For the study by Skidmore et al., the unit cell surface area is 0.3 utrich yields a simplified
brightness of 588 W ctat a heat rate and light power of 100 W. Figure 5-10 shows a htipathe
unit cell using the test section dimensions in the present study, agsames a diode bar thickness

of 150um and a total silicon thickness of 60fh and yields a diode pitch of 0.75 mm. (The total

116



silicon thickness is actually 500 um in the present study. An additidaiim is added as a
capping layer to create a hermetic seal.) At a fluid to heatgret@ture difference of 33°C, the
maximum heat duty that test section in the present study can i®j@2.4 W at a saturation
temperature of 15°C and a fluid flow rate of 100 g *irThis yields a simplified brightness of
1.1 kW cm?, which is 1.87x larger than the state of the art. If the diode temperature is idcrease
60°C, the maximum rejected heat rate is 111.6 W. Although this incrdesdkitl to diode
temperature difference to 43.4°C, this yields a brightness of 1.49 k¥Wdnmich is 2.53x brighter

that shown by Skidmore and coworkers. The volumetric heat duty in these cases are 13 kW cm
and 14.9 kW cri, respectively; both cases are substantially higher than that of Glddehal.
(5.88 kW cm?). Further increases in brightness are possible by reducing the floor tisicknes
increasing the heat transfer coefficient and surface area by redbheinghannel hydraulic

diameter. To assess these scenarios, an accurate heat trandfaebedirelation is required. In

Diode (150 pm)

Figure 5-10 Representative microchannel cooling structure
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Figure 5-11 Predicted flow boiling heat transfer coefficient vs. experimental flow boiling
transfer coefficient; the dashed lines are +30% from the experimental data

the next section, the test data collected in the present study are compared tooreriglaiiable
in the literature.
5.3.Comparison of Date to Existing Correlations

Relevant flow boiling heat transfer coefficient correlations werepeoed to the data
collected in the present study. A summary of the correlations, includireprasentative
calculations for a sample data point, are provided in Appendix C.1. €Hbeted heat transfer
coefficients at the experimental conditions for each data point argared to the values
determined from the procedure outlined in Chapter 4. Figure 5-11 shows thabfntiree

correlations predicted all 15 data points within £30% of the measured values in the giebent
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To quantify the accuracy of each correlation, the mean absolute le&id&) (s calculated for all
15 two-phase data points as follows:
MAE = iiw (5.7)
N = P.exp
As shown in Table 5;lthere are three correlations which predict the experimental flow
boiling heat transfer coefficient within aMAE < 42.1%: Agostini and Bontemp83] (32.3%),
Bertsch et al[11] (38.7%), and Li and Wu [1242.1%). All three of these correlations were
developed for rectangular minichannel and microchannel channel arrayginAgiod Bontemps
used R134a flowing in a parallel array of 11 channels at a hydraulic éraofiét.01 mm, while
the other two correlations used a large database of fluids and condestsch et al. used a
database of 3,899 data points for multiple fluids (including R134a), hydraulic tei@n{&60-
2920um), heat fluxes (0.4 115 W cn¥), and mass fluxes of (203000 kg n? s1). Li and Wu
similarly used a large database of 3,744 data points from differenestsiianning hydraulic
diameters from 0.16 mm to 3.1 mm for numerous fluids, which also include R134ausBec
significant heat spreading was observed in the current experimertiatieet heat flux was lower
than expected, and the highest value was 71.7 W warhich is within the bounds for these three
correlations. However, these correlations are still not directly aiicdue to the significantly
lower hydraulic diameter in the current work (73.4 pas)compared to the smallest in the
correlation databases (160 pm). The Agostini and Bontemps and Li and Wu icorsedaie
generated by fitting empirical constants to non-dimensional paresmeféh no regard for
asymptotically approaching liquid or vapor heat transfer coefficientsontast, the correlation
by Bertsch et al. yields the appropriate single phase convectiotrdnester coefficients at both

extremes (saturated liquid and vapor). However, asymptotically appngatlei correct limits is
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not always successful: Kim et al. have also used a similar apptosicheir correlation predicted
the data in the current study pooAE of £90.1%). The more important factors for improving
fit appears to be the fluid selection and the geometry.

Because no study predicted the data in the present investigatsothdes anMAE of
+32.3%, a new correlation was developed to more accurately predict flow Hualatgransfer
coefficients for the conditions in the present study. In the following settiemew correlation is
discussed in detail.
5.4.New Flow Boiling Heat Transfer Model

There are two primary objectives for the proposed flow boiling heat transideln{1)
improve prediction accuracy for the current operating conditibps(73.4um andd < 1.1 kW

cm?), and (2) correctly account for the fin effects in the calculation afageeheat flux. In the
following discussion, the structure of the correlation is presented first. &tedifor modifying
the average heat flux is subsequently presented, followed by two gds shat show why this
method leads to a more accurate prediction of heat transfer performanceth&eperimental
data is used to determine required constants, which are detetimoegh a minimization of the
MAE. Finally, this model is compared to the model it was based upon: the Bertschticorrel
Although the correlation presented by Agostini and Bontemps fit theéhdabeest, Bertsch
et al. used many different fluids, geometries, and operating condition®tiatially captured the
impact of these parameters in a more universal fashion. Therefore tHuwmpeoposed by Bertsch
et al. is used in the present study to develop a new correlatitreitrmethod, the flow boiling
heat transfer coefficient is determined from the contributions from necea forced convective

boiling as follows:

heg = N (- 7)+ he[l+80(° - 2° ) expt 0.6Co) (5.8)
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Table 5-1 Summary of correlation fit to experimental data; sorteMIBE

Sample Data , Percent Error
Correlation Point hTKp-l[]kW m MAE Max Min
(Actual Data) 354 - - -
Agostini and Bontempg85] 26.45 32.3% 86.1% 9.7%
Bertsch et alf11] 26.15 38.7% 101.9% 4.9%
Li and Wu[12] 18.87 42.1% 68.3% 1.9%
Oh et al[86] 15.11 58.7% 75.3% 45.5%
Warrier et al[87] 35.58 59.0% 335.6% 0.6%
Tran et al[78] 8.26 75.6% 84.2% 56.4%
Kim et al.[61] 67.62 90.1% 209.5% 23.2%
Lazarek et al[77] 70.51 95.6% 192.5% 28.8%
Ducoulombier et al88] 135.84 250.3% 335.4% 133.1%
Yu et al.[80] 183.06 457.7% 955.2% 235.7%

The nucleate boiling correlation of Cooper was used due to its agreemténtvarious

microchannel experimenf49, 84}

*0.67
12-0.2logoR, Oy

h, =55( log, Pr)** PF V=

(5.9)

The two-phase forced convective heat transfer coefficieptificludes the contributions from the
liquid and vapor phases. To ensure that the correlation asymptotically apprbgatteand vapor
single phase heat transfer coefficients at vapor qualities of O angpgctieely, the following
equation was used to calculate the forced convective boiling heat transfer eoeffici

hee = Pignys (1= 2) + Neonu¥ (5.10)
The liquid and vapor heat transfer coefficients are determined sepaunaiey the Hausen
correlation[89]:

D

k 0.0668-" Re Pr
Moo, = ——[3.66+ . ] (5.11)
onv,i D D
H 1+0. 04[TH Re Prf'®

where the Reynolds numbers for each phase are calculated as follows:
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Gch DH
H;

Re = (5.12)

When developing this model €., equations (5.8) through (5.12)), Bertsch et al. used an
average heat flux in equation (5.9), normalized by the total heated ckarfaek area as follows:

" — qu — qu 513
B A T NG+ 20 )L, 619

This formulation for average heat flux assumes that the surfaceraompeof the entire fin is
equal to that of the base temperature, yielding a fin efficiency dhis assumption is assumed
by every correlation in the literature, and, while it is adegjf@t some studies, it is insufficient
when the fin efficiency is reduced due to low fin thermal conductiatgd aspect ratio, or a high
heat transfer coefficient. In the proposed model for the current study, ttegavesat flux is

calculated using the effective surface area, which includes the fin effiasriojlows:

A—I,act = N(Wch+ 2 hcln fin) Lcr (5 14)

Assuming a rectangular cross-section and an adiabatic fin tig abphof the channels, the fin

efficiency is calculated as follow80]:

_ tanh(mlL, ): tanh(mh, |

fin m I-c mhh

The fin parametemf) is defined as follows:

me /2_% (5.16)
KSiwweb

Because the fin efficiency is between 0 and 1, the surfacea@dated by equation (5.14) will

(5.15)

always be lower than the total channel surface area. Therefomnethed proposed here to

calculate the average heat flux will always yield a higladue;, and the increase in the heat flux

(@) is calculated by:
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Figure 5-12: Difference in average heat flux vs. average two-phase heat ttaeffieient

¢ _ qH,act"_ Oy (517)
4

For the two-phase sample point (Table 3-6), the effective hea(di[%) is 15.4% higher than

the normalized heat quxq'(;). The percent difference for all 15 data points are summarized as a

function of average flow boiling heat transfer coefficient on Figure 5-12thédeat transfer
coefficient increases, the fin efficiency decreases, which caussgrfhee area utilization to also
decrease. As the surface area utilization decreases, the delheatetransfer coefficient also
increases. This effect diminishes until the thermal resistancehesatbe required thermal
resistance measured during the experiment. In the current study, the madiffeuence between
the normalized and effective surface area is 26.2%. As expected, tesathteansfer coefficient

increases the discrepancy between the normalized and corrected heat fluxlsalueseases.
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To further demonstrate the problem with using the normalized area, twetod®s are
considered. In the first case, the channel dimensions are assumed hte topse used in the
current study (4%2m wide and 20Q:m tall channels, 3@m wide webs, 125 channels). Assuming
no heat spreading, a heat duty of 100 W and flow boiling heat transfer coeficEhkW cm?

K are applied to a channel that is 1 mm long in the flow directigu(&i5-13). The fin efficiency
is then calculated for three different materials that are the nomsimon for microchannel
geometries: silicon, copper, and stainless steel. Using this foieaffy, the normalized and
effective average heat flux from the channels are then calcula®adhown in Table 5-2, the
corrected effective heat flux is to 143% higher than the normalized heat fluaifuess steel.
The difference is due to the low thermal conductivity of stainless,swvhich yields a low fin
efficiency (35%). For silicon and copper this is effect is less dueetpltigher fin efficiencies
(79% and 91%, respectively). For the second case, the same imposed haatl dlay boiling
heat transfer coefficient are used as in the previous case (Figure 5-13vdtathie thickness of
the web between channels and the channel width are both varied simultaneously from 10 to 1,000
um, which encompasses the range considered in all previous studieditartiture. For a fixed
diode width of 10 mm, the number of channels is recalculated for eatthapoi rounded to the

nearest integer value as follows:

Wd
7o) (5.18)

web

N = round(L): round

ch web

Decreasing the web and channel width increases the total amourfacésareai(e., more
channels), but it decreases the fin efficiency. The latter effelcnsnant, and the net effect is a
decrease in active surface area. This lower area results inottected heat flux being
substantially higher than the normalized heat flux. As shown on Tehleéhd effective heat flux

is 79.0% higher than for the normalized heat flux at the smallest fin andedtthickness (10
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Heat Transfer Coefficient

Figure 5-13 Sample geometry: 1 mm channel length, uniform base heat flux and flbmghbc
heat transfer coefficient applied to all wetted surfaces excepiihyging layer (
not shown for clarity)

um). This result shows that as the hydraulic diameter is reduced, @edcirannels are added,
the surface area efficiency is much more important than in previoussaitdarger dimensions.
Considering both of these cases, it is clear that the normalized hasaiflasequate for the current
study, and for many existing microchannel heat transfer studies. By th& normalized heat
flux, the reported heat transfer coefficient is artificially suppressed frommuéssalue, and using
the corrected heat flux is more realistic. For a fixed heat flux andethperature difference
between the fluid and the heater, the heat transfer coefficientcidatad from the following

equation:

q
-9 5.19
AT ( )

For example, using the same dimensions from the first cager(4&de and 20@:m tall channels,
35 um wide webs, 125 channels) for a silicon microchannel array, the normaftidesffect heat

fluxes are 180 and 221 W cinrespectively, for a heat duty of 100 W. At a fixed temperature
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difference of 40 K, this yields heat transfer coefficient of 45 and 55.3 K¥\Krh for the
normalized and effective areas, respectively.

Table 5-2 Case 1: variation in heat sink material; material properties evaluated at 50°C

Qot htp Mat’l K Tfin qH q;'act ¢

Wl [kwmZKT [ [] WmiKY | [ [W em?] [%]
Copper 395 0.91 195 8.43

100 50 Silicon 137 0.79 180 221 23.2
SS316 13.8 0.35 436 143

Table 5-3 Case 2: variation in web width; material properties evaluated at 50°C

Cot hre Wiveb, Weh N Tfin of U o ¢
W] [kw m2 K] [m] [ | [ W cm] [%]
10 500 0.55 48.8 87.3 79.0
50 100 0.84 222 259 16.4
100 S0 100 50 0.91 400 430 7.52
1,000 5 0.99 1430 1433 0.28

These two studies show that the normalized heat flux is insuffiftieaomparing the heat
transfer performance of many studies that have different heat sink geonimyaterials. The
proposed effective heat flux accounts for these effects, and is inclutteddevelopment of the
new correlation, which based on the formulation used by Bertsch e{eqlations
(5.8) through (5.13)). For the proposed correlation, new coefficients are used for edu8jias (

follows:

hTP =a I«‘\IB(:I'_ Z) + I’]:onv,TP(:I'—i_ b (ZC - Zd ) eXp(e C@} (520)

To determine these constants, Bh&E (equation (5.7)) is minimized using the conjugate direction
method for 14 of the 15 flow boiling data points. Using the remaining 14 data,gbimtresulting

correlation is as follows:

hre = 0.24 h (- 7 } Ny 1o (B 70 28— 72 )exp¢ 0.062Co (5.21)
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As shown in this equation, the nucleate boiling telma)is suppressed by a factor of 0.24, which
is consistent with previous studies that have suggested confinetidlbmg to be dominated by
convective heat transfer (Figure P{81]. In addition, the convective term is not strongly
dependent on the vapor quality, which makes coefficient ‘d’ unnecessary. However, it was kept
because this value allows the correlation to collapse to the2 phglse correlations for a quality
of zero or 1. The averad@AE of this proposed correlation is substantially lower (£8.1%) than
for the Bertsch et al. correlation (£38.7%). The predictions for both correlat®p®#ed against
the experimental heat transfer coefficient on Figure 5-14. As showre figure, 93% of the
experimental data is predicted within +15% for the proposed correldfibe. data point excluded

due to experimental error at 62.5 kWPt is shown as a black squarén)the next section, this

Predicted /z;p [KW m?

0 10 20 30 40 50 60 70
Experimental /i1p 4. [KW m? K]

e New eBertschetal. = Dropped

Figure 5-14 Predicted heat transfer coefficient from the Bertsch et al. and the ec
correlations as a function of the experimental heat transfer coefficient
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new correlation is used to explore alternative parameters witioteatial to reach 10x increase
in brightness over the state of the art.
5.5. Test Section Modifications

As discussed above in Section 0, the data from the current study shothe tlaer diode
brightness can increase by 1.87x over the state of the art aintea® = 32°C using the current
fluid, operating parameters, and geometry. By changing the operatinggpersand geometry, it
is possible to improve this performance by maximizing the heat tracmificient and surface
area, and therefore, lowering the heater temperature for a fixed heatMivathe new correlation,
it is possible to explore this potential effect. Because R134a broke daemgerature (70°C)
near the imposed diode temperature limit (60°C), alternative working floedexglored.
addition, the geometry of the heat sink is also modified to show potémtiadaching a 10x
improvement in diode array brightness for a few candidate fluids. lfollbeiing sections, the
operating parameter, working fluid, and heat sink geometry options that warramr furt
investigation are discussed.
5.5.1.0perating Parameters

In general, flow boiling heat transfer coefficients are larger tharostdxt liquid flow heat
transfer coefficients. If the fluid enters the microchannels downstredime ofifice at the target
saturation temperature, the diode temperature could be lower and the&bteejection rate has
the potential to be higher. In the current study, the inlet fluid temyeravas set at sufficient
large degree of subcooling to prevent cavitation in the test sqetmrmo applying power to the
heater. As discussed Section 3.4.1, this was done to enable caicolathe pressure at the
transition from single-phase to boiling. The consequence is a 5-10°C teumnpeisd of the fluid

is required before the onset of boiling, which, at the nominal flow rate of 10014 yields
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between 10.8 and 21.3 W of heat dissipated to the single phase fluid. Durexgdhenents, the
onset of boiling occurred near the heater center, which limits the heat transfereigitinethat is
most important. By eliminating subcooling of the working fluid, it is gedio reduce the heater
temperature further. However, it should be noted that subcooled boiling coulggEnimng at a
microscopic level, which increases the local heat transfer coeffigad further investigation is
warranted.

To accomplish this in the current configuration of the test fadiitygl still extract the
average flow boiling heat transfer coefficient, a different method must be used to detg tineni
transition pressure, and one possible method is described here. Firstetlikid temperature
could be set at the target saturation temperature, and the inlefrpresiswell above the saturation
pressure. Then, the inlet pressure could be gradually lowered until a tweflovass observed
in the channels. If the single-phase pressure drop is known just prior pwithiisthe pressure at
the observed transition location can be calculated. As the heater pomereased, the transition
location can be observed, and the single phase pressure drop up to that ¢acaltierestimated.
It is expected that the high flow boiling heat transfer coefficient would be appleethtger area,
which reduces the effective thermal resistance from the heater fioithand, therefore, could
lower the heater temperature for a fixed flow rate. To achieve imgnoedormance, different
working fluids are also explored in the next section.
5.5.2.Working Fluid

To increase performance beyond that demonstrated in the existingctést, salternative
fluids were considered. Assuming that the operating parameters andharmmetgeometry are
fixed, a database of fluids is considered: organics, alcohols, refrigeaant€ngineered fluids.

From the application specific requirements, and inspection of many existoxphase heat
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transfer correlations, the following generalized set of constraints wadoged primarily to

increase heat transfer performance and secondarily enable impleomentata range of

applications:

Maximize the following fluid properties: enthalpy of vaporization, specifid,tbarmal
conductivity, and liquid and vapor Prandtl numbers. The enthalpy of vaporizatictsaffe
the vapor quality of the fluid at a given heat duty and flow rate, dmaex vapor quality

is typically associated witalower pressure drop, which is advantageous for some systems.
A higher specific heat enables the fluid to dissipate more erergyixed flow rate, and
increasing the thermal conductivity of the fluid increases itstyabd transfer heat from

the wall into the fluid in both single-phase and two-phase flows. Plighdtl numbers for
each phase also yields high convective heat transfer, which isaunm confined flow

regimes.
Minimize the following fluid characteristics: phase slip ratig, ( p, ), flammability,

material incompatibility, toxicity/health hazards environmental ichpalhe phase slip
ratio determines two-phase flow stability, and is potentialiynitihg factor for reaching
the critical heat flux. The other considerations are straightforvigradd-vapor phase
change thermal management of laser diodes is more appealing ibtkiaghvfluid does
not require special attention to ensure the safety of operating personnel.

Utilize a fluid with a moderate pressure at a saturation teatpe of 10°C. If the
saturation pressure is very loaig.water (1.2 kPa), flow in a recirculating loopdifficult
to sustain because downstream pressure drop from the test section allamfsigreater,
magnitude than shown in the present study. Conversely, if the saturatiaurgliesso

high, e.g.CO; (4.5 MPa), the test section will not be able to contain the working fluid.
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e Be easily attainable/available. For this solution to be blsata large arrays the working
fluid must be readily available.

For an initial comparison of thermophysical properties, the databa$e isoftware package
Engineering Equation Solver (EEf)] and the web-based material property database MatWeb
[92] were utilized. It was found that the following fluids have potentialXceed the current
performance of R134a (alphabetical, not ranked):

e Ammonia

e Carbonyl sulfide

e Hydrocarbons (Trans-2-butene, isobutene)

e Propylene

e Refrigerants (R125, R218, R143a, Rc318, and R161)

e Water
Unfortunately, many of these options are flammable and/or toxic to humans and the environment
The NFPA (National Fire Protection Association) ratings for healdmrfiability, and instability
are used to assess the danger of each fluid. This system ratiesg¢jee from 0 (benign) to 4
(extreme danger), and it is asserted, in the current study, that any itluid vating of 4 in any
category is rejected as a possible option. For their extreme flaifitynahe following fluids are
dropped from consideration: carbonlyl sulfide, hydrocarbons, propylene, and R143a. While
ammonia is toxic (level 3) and corrosive, it is also commonly usedaimynmdustrial processes;
thus, compatible materials are well known and handling procedures drlisbsih  The wetted
materials in the test facility are also fully compatible wittmaonia[93], but it would require the
addition of a fume hood or other containment system to prevent exposure. The refrigerants R218

(octafluoropropane) and Rc318 (octafluorocyclobutane) are commonly used in plasma etching of
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silicon, and it is unclear if these refrigerants alone would caesdesated erosion. Because these
refrigerants are relatively safe, further investigation on materialpatbility is warranted.
Refrigerant R125 (pentafluoroethane) is commonly found in fire extinguishers, has loitytoxi
and, therefore, is considered. Water is an excellent candidateategibdes except slip ratio and
saturation pressure at 10°C. The potential for using water as the working flnare promising
with a modified heat sink design (Section 6.1). Table 5-4 shows tieantlthermophysical
properties of the following fluids: ammonia, R218, Rc318, R125, R#étker, and R134a. As
shown, ammonia and water have the most ideal properties in thegeroas, while the remainder
have the best properties in at most 1 category. Ammonia has theonsstently promising
properties, but, to date, no known, single-component microchannel boiling he$eardeen
conducted. In the following section, the performance of these alterflaids are all considered

in an alternative geometry that is predicted to achieve a 10x brightness improvement.

Table 5-4  Thermophysical properties of selected alternative fluids at a 10i€asan
temperature; the best fluid for each property is bolded

Fluid htg Co Ki Kv Psat o oy Pl Pri | Prv
Units | kI kg* | kIkg*K? | WmtK?! | WmtK?!| kPa | kgm® | kg n? - - -
Ammonia | 1226 | 4.674 0.529 0.024 | 615.3| 624.8| 4.87 128.3 | 1.35]| 1.09
R218 | 84.71| 1.108 0.049 0.012 | 568.8| 1406 | 54.9 25.6 | 4.80| 0.93
Rc318 | 110.6 | 1.077 0.071 0.011 | 187.8| 1557 | 17.14 | 90.83 |5.60| 0.77
R125 | 124.7| 1.301 0.066 0.013 |909.2| 1272 | 57.75 | 22.02 |3.36|0.95
R161 | 364.2| 2.191 0.118 0.014 |599.2| 740.6 | 13.95 53.1 |2.67]|1.04
Water | 2477 | 4.188 0.567 0.018 | 1.228| 999.7 | 0.0094 | 1.06x10 | 9.65| 1.01
R134a | 190.7 1.37 0.090 0.013 | 414.9| 1261 | 20.24 62.3 | 3.56|0.82

5.5.3.Heat Sink Geometry
The prototype test section realized a 1.87x improvement in diodebaightness over the
state of the art at comparable conditions. To reach the target immowvef 10x, the following

dimensions are modified: channel width and depth, web width, and floor thickAegermal

132



resistance model of the test section is made using the proposedahstdrtcorrelation, which
allows the performance at alternative dimensions and fluids to édicfgd. Alternative
dimensions are then proposed which are expected to improve performance.

The thermal resistance of the test section was modeled as tlondimugh the floor, and
convection to the fluid at the flow boiling heat transfer coefficienthout heat spreading in the
flow direction as follows:

1 S
+
hre NLyy (W, + 2027 50 KgiAe

Rn = Rh,FB+ Rh,ﬂoor: (5.22)

The heat transfer coefficiert) is calculated by the proposed correlation (equation (p&ith
the appropriate fin efficiency equations ((5.15) and (5.16)). Using this thexsistnce model,
the temperature of the diod&y() is predicted from the saturation temperature of the fluid and heat

duty as follows:

Toi =Tt Qe Ry (5.23)
This model assumes that there is no single-phase cooling or heatlisgralong the flow
direction. At a dissipation of 71.6 W, by only flow boiling yields a predicheat transfer
coefficient of 45 kw it K. Using the dimensions in the current study (Table 5-5), and the
experimental two-phase length for this case (2.7 mm), the thermal resistance is 0.177R6 /W
the saturation temperature of 20.1°C, this yields a diode temperature of 47.2°C. Thirisfore,
suggested that the diode temperature would be reduced by ~4°C, from the eaxpaérime

temperature of 51.2°C, by eliminating single-phase cooling.
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Figure 5-15 Solid model cut-away showing the proposed microchannel dimensionstesth
section

New proposed dimensions are given on Table 5-5 and shown in Figure 5-15, wéhere th
channel and web widths have both been reduced to include additional charfexet area. (The
heater remains the same 1 mm x 10 mm footprint at the centermi¢hichannel array, as shown
in Figure 5-16. The heaters design is also kept same as the awrent The hydraulic diameter
has been reduced from 73.4 um to 27.3 um, and, to avoid a significant inorpesssure drop,
the microchannel length has been shortened from 5 mm to 2 mm. Additidmakheannel height
has been reduced from 200 pm to 150 pm to reduce the diode pitch. Furthermoag theet
effect of the inlet restriction, orifice, the width has been reduced from 1® |76 um, and the
length has been increased from 50 um to 250 um. Finally, the floorebglsreduced from 300
pm to 50 pum which decreases the conduction thermal resisteorca given fluid, the heat transfer
coefficient does not change substantially in the proposed geometsadnshe effective heat

transfer resistance reduction is dominated by an increase in surfaceFareexample, in the
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current geometry with R134a at 10°C saturation temperature and 60°C diode tempbeatione,
boiling heat transfer coefficient is 66.9 kW2 using the proposed correlation, which yiedds

fin efficiency of 75.7%. These same conditions in the proposed geometry yield a predicted heat
transfer coefficient of 63.1 kW %K™ and a fin efficiency of 63.8%. However, the effective heat
transfer surface area &< higher for the proposed geometry, which enables the heat duty to
increase by nearly 2x for the same surface temperakun¢hermore, if the proposed correlation

is valid for ammonia in the proposed geometry, it is expected théuetitetransfer coefficient
increases to 109.5 kWK™, but at a fin efficiency of 52.2%. This increase is attributed to a
substantial increase in nucleate boiling, which enables an increlsatiduty. As a result of the
higher heat transfer coefficient for ammonia and this larger surface ard®e fproposed test
section, this yields a 3x higher heat duty thHanoriginal geometry with R134a.

Table 5-5  Summary of current and proposed microchannel geometry

Description Current Proposed | % Change Unit
Channel width /) 45 15 -66.7 um
Channel heighthin) 200 150 -25.0 um
Channel hydraulic diametebDf) 73.4 27.3 -62.8 um
Channel lengthL(cr) 5 2 -60.0 mm
Web width (Myen) 35 10 -71.4 um
Orifice width (Worf) 10 7.5 -25.0 um
Orifice length Lorf) 50 250 400 um
Floor thicknessté)) 300 50 -83.4 um
Number of channeld\) 125 400 220 —

It is desirable to minimize pressure drop both for pumping power and teorgerat
uniformity. The latter is negatively affected by a large pressure begpuse the saturation
temperature is determined by it pressure for a liquid-vapor mixturecauBe the proposed
operating conditions call for the elimination of subcooling, the two-phasssyree drop is
predicted by the correlation by Lee and Garimella (Apper@® [30]. Unfortunately, the

hydraulic diameter in the current work is smaller than the conditions used foortf@kton, and
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Figure 5-16 Solid model overview of the new proposed heat transfer test section geom

the complex geometry of the outlet manifold and test sectionfante precludes an accurate
validation of this pressure drop correlation. As a result, this correlation was only used to compare
the relative change in pressure drop from the R134a data collected indbet stedy. It is also
asserted that the two-phase pressure drop over the 1 mm heatertdx tmfiO0 kPa, and this
constraint is used to determine the optimal flow rate for each fld@ddah geometry. For all of the
alternative fluids, the highest heat duty possible at the 60°C thogeerature limit are calculated

for both the current and proposed geoimestr In both cases it is assumed that there is no heat
spreadingi.e. the heated length is constrained to 1 mm, and the saturatipartgnre of the fluid

is 10°C. To determine the best mass flow rate for each condition, thepdiwdewas maximized,

while still subject to the temperature constraint.

The change in brightness relative to the state of the art is computed as:

— Brcurrent
0=g e (5.24)

Skidmore
where the simple brightnedBr] is calculated from equation (5.6). Table 5-6 shows the predicted

performance of the heat sink for each fluid and geometry. As shownggésted working fluids
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are predicted to exceed the 10x improvement in brightness over Skidmora éha proposed
geometry. The best expected performance in the current geomatnyisnia, at a potential
improvement of 7.1x compared to Skidmore et al. The two-phase pressure drogharthel
section is significantly higher in the proposed geometry in all casesthe 100 kPa limit was
reached in each case except for R134a. The prediction of pressure drop fas sabstantially
higher than is likely to be realistic: the saturated vapor densitgrislow at 10°C, (9.4x19kg
m~), which causes the model to predict an extremely high frictionasymesirop. Because the
surface efficiency is lower at these smaller dimensions, the gevéisated channel heat flux is
elevated from the current study, which introduces the possibility of reatine CHF condition.
Unfortunately, due to R134a breaking down, the CHF was not experimentallytehiaeat; and
experimental dryout correlations are inapplicable at the conditionsinsk@ present study.
Furthermore, while the current correlation predicts that heat trars#iceent will remain high
with shrinking hydraulic diameter indefinitely, this trend may not holdtduecreasing bubble
confinement. Therefore, in future studies, it is suggested that seyaralilic diameters between

the current and proposed geometry are investigated.
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Table 5-6  Predicted performance comparison between current and proposed geometry for
the alterative working fluids; cases where the brightness improvement exceed 10x

are bolded
Mass
Fluid | Geometry Flow (S/U aaFI)i(t); I;Sft DHli?/t Brightness | Pressure
Rate, ' ' ' Change,@ | Drop, APch
m y 4 OH,act QHe
Unit g min? % W cnr? W - kPa
Ammonia Current 13.8 44.8 344 125 6.3 1.79
Proposed| 55.4 11.25 542 338 16.9 100**
R218 Current 129 64 295 115 5.8 6.13
Proposed| 313 63.4 388 280 14.0 100**
RC318 Current 101 57.5 263 107 54 11.9
Proposed 119 87.2 216 191 9.6 100**
R125 Current 99.6 57.4 305 117 5.9 4.2
Proposed| 277 49.3 398 284 14.2 100**
R161 Current 36 46.9 244 101 5.1 2.86
Proposed| 206 16.8 246 209 10.5 100**
R134a Current 62.6 54 262 106 5.3 491
Proposed| 157 44.3 268 222 111 84.1
Water Current 5 45.13 216 93.2 4.7 237*
Proposed 20 27.6 281 229 115 5964*
Notes:
* Vapor density is low, causing predicted pressure drop to be exceedingly high
** Pressure drop limited to 100 kPa
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CHAPTER 6.CONCLUSION AND RECOMENDATIONS

The current study is the first part of a multi-year heat sink dpwe¢nt effort to yield a
10x increase in laser diode array brightness over the existingstagart. The principle limit
for achieving higher brightness is thermal management. State of thees diodes generate heat
fluxes in excess of 1 kW cfon a plane parallel to the light emitting edge. As the laser thade
are packed closer together, it becomes increasingly difficult to mefaoge amounts of heat in
the diminishing space between neighboring diode bars. In existing ladersjistems, the heat
transfer fluid is a single phase liquid, and energy from the diode is dessipgtincreasing the
liquid temperature. As heat rejection requirements increase, the floandhtetherefore, pressure
drop, of the cooling fluid increases to keep the diode temperature witleptabte limits and
minimize its temperature gradient. In contrast, flow boiling Be#ts utilize liquid-vapor phase
change, which allows heat transport to occur with a negligible increase in teimparad, due to
a high enthalpy of vaporization, at comparatively low mass flow ratesvever, there had been
no prior investigations at the conditions required for high brightness edgingraser diode
arrays: >1 kW cnd and >10 kW crm.

The current investigation is the first study to characterizing flowngoheat transfer in a
microchannel array of witBy < 100 um subjected to a base heat flux of up to 1.1 kW cfio
investigate the flow boiling heat transfer characteristics aethenditions, a microchannel heat
sink was fabricated in silicon through a series of MEMS processingigeesn The test section
withstood a continuous static pressure of 1.03 MPa, and, during some extreme snsevere
temperature gradients that approached 50°Cmiuring testing, a glass layer bonded to the

silicon enabled flow visualization to identify the location wherefthigl began to boil. Inlet
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restrictions upstream of each channel ensured that the flow through the cheasstable and
uniformly distributed throughout the microchannel array. On the reverse sidesdicie, a thin
film heater was deposited in the center of the microchannel arragydtate a diode (1 mm x 10
mm). At the extremes ends of this heater, contact pads (1 mm x 1 mmdeprasite for electrical
communication between the test facility and the heater, ensureddheating was confined to
the heater, and allowed a uniform heat generation rate across the heafe=heating in the heater
was controlled by a power supply, and the current was measured acawsaigls high precision
shunt resistor. The test section was also designed with quick-releasections to facilitate
changes to the part interface for new geometries. The entireyfa@hthermetically sealed to the
test section using gaskets and a custom clamping interface. #veatisplacement pump
circulated the working fluid in the loop, and its flow rate was accurateBsured using a Coriolis
flow meter. The system pressure was set by pressurized nitrogen gtwanudator, and the
temperature of the fluid at the test section inlet was controlled by a recirculatieg througha
heat exchanger upstream of the test section. To interfacecalytrith the test section, a harness
clamps around it prior to installation in the fluidic interface. The sutiogerature of the heater
and surrounding silicon were accurately measured by a calibrated infrared pyrometer (+0.67°C).
During the experiments, a set of computer program scripts was usecmhoataiidata
collection and to establish steady state (1% in average heateerature over a 5-min period).
From this data, the average value and its associated uncertainte@@fithence level) of each
measured quantity was determined. These measured quantities are themagseservatively
estimate the ambient heat transfer to the environment, which was shide small: on average
3% and at most 4.5% of the total test section heat duty. This heatakitilen used to determine

the outlet vapor quality from an energy balance across the tesinse@tne location where the
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fluid transitioned from single phase to boiling was determined frolacdaaages, which allowed
both the local fluid pressure and average flow boiling heat transfer coefficient teebhaidet.

The average flow boiling heat transfer coefficient was determineddnoamerical model
that accounted for heat spreading and the non-uniformities in both swfagerature and heat
flux. This method did not use typical assumptions used by prior inviessgauniform heat flux,
uniform heater temperature, and no axial conduction in the test segfiglding a more accurate
calculation of the average heat transfer coefficient. Unfortunatedy,fltid pressure in the
channels downstream of the transition location is uncertain due to two reasons: théeBaanda
geometry have not been investigated previously, and significant nmiddrietional losses were
present in the outlet manifold and several sudden expansions. As a result, three fluiatteenper
profiles were used to calculate the average heat transfer coeffamerthese results were average
to estimate the final value. The uncertainty in average hesféracoefficient from this method
was determined to be an average of +11.1%, and at most +17%.

The resulting average flow boiling heat transfer coefficients were teeihtagsompare the
current study to the state of the art diode cooler by Skidmore and coworkesass fbund that,
for a comparable 32°C temperature difference, their thermal resisihf@2 K W* was lower
than the minimum thermal resistance observed in the present study (0.39 Kdivever, by if
the floor of the test section was reduced from 300 um to 100 pnpossble that the thermal
resistance in the current study would be lower than the presented by Skielmadre which
warrants further investigation. Nevertheless, the geometry in thenpstady allows the pitch
between diodes to decrease significantly, and, consequently, thenesgtih the current work

was 1.87x greater than the state of the art, at a comparable temperature difference
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The average heat transfer coefficients measured in the present study wereddmsar
representative correlations, and it was found that none of these predictedptrenental
performance to within £32.3%. As a result, a new correlation wasrgtd from the current study
that was based on the formulation of Bertch and coworkers. Additionally, the average heat flux in
the new correlation uses a corrected heat transfer area that includes the effexftiofdinty. In
prior investigations, the average heat flux normalized by the surfexgasaused, which leads to
inaccurate results. For example, when the heat transfer coefficierghish@at sink thermal
conductivity is low, or the aspect ratio of the webs between chasrmdh, significant differences
between the actual effective and area-average normalized heatdbcxeeed. Two cases were
presented that showed not using the effective heat flux yields a sighitidgerence for the
geometry and material used in the present study. By using tletiedfaeat flux and different
constants for the correlation presented by Bertsch et al., the proposed corpgladicted the
experimental performance to with 86l

The proposed correlation, and results from experimentation, were then used t@ propos
alternative operating parameters, working fluids, and microchannel dimensicrech the 10x
target improvement in brightness over the state of the art. The resliftsr an elimination of
inlet subcooling to contain heat spreading. This maximizes thetrheafer coefficient in this
area, as opposed to the current operation where approximately half of the heatedaniea by
single phase fluid. To make this change, a new empirical methodtiofatisg saturation
temperature in the test section, for determining heat transfer cadffici@s proposed. Because
R134a began to foul the channels at a heater temperature of 70°C, altevoskiag fluids were
considered: ammonia, R218, Rc318, R125, R161 and water. New geometric dimensions were

considered to increase the heat transfer surface area, and extrapoltiensurrent heat transfer
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model with these fluids show that a proposed next generation tesinsdetign and operating
conditions are expected to improve brightness up to 12x over the stageast with R134a. If
ammonia is used at the working fluid, the brightness could potential secbgamore than 19x
over the state of the art.

In summary, this work has yielded a more accurate characterigatiomque for assessing
flow boiling heat transfer performance at the dimensions and scales reteleser diode cooling.
While the measured thermal resistance was higher than thefthteart, it was shown that a
laser diode array that is forced convectively cooling by adigapor phase change fluid moving
inside the geometry used in the present study can yield a brightoessse of 1.87x. Using the
new proposed method, it was shown that >10x improvement in brightness isguostibhew
microchannel dimensions and alternative working fluids. In the followingtiosec
recommendations for future research are discussed further.

6.1. Recommendations for Future Research

In addition to investigating alternative working fluids, eliminatinfgt subcooling, and
reducing the length, channel and web width, and floor thickness, the follow are recommended for
future research:

e Significant heat spreading was observed in the test section, whihd extraction of the
average heat transfer coefficient difficult. It is recommended that geometries are
considered that minimize heat spreading, and that a variety of chadrelinydiameters
are investigated. Using this larger pool of data, the developmenthefata transfer
correlation that is applicable over this whole range should impropesitiiction capability
over a wider range of conditions. In addition, it is recommended thawgktmore robust

fluids are conducted so that critical heat flux is understood. Thisendble the
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performance limitations in future microchannel designs and operating conditidres
more accurately predicted.

Because there is significant pressure drop in the test sectiosiiggested that new outlet
manifold geometries are considered. For example, the interface manifitdcbe modified
to add a secondary flow across the outlet manifold that creatguriveffect to provide
active suction at the channel outlet. This could potentiallyiatie accelerational pressure
drop, which could enable water to continuously operation at very low presduris could
be implemented by modifying the PEEK interface in the currenitiagithout modifying
the test section. This could also potentially eliminate the fareah inline condensing
heat exchanger by condensing the fluid with a cold liquid at a higher pressure.

The Deep Reactive lon Etching (DRIE) process can cause localized uttidgrof the
vertical channels in the silicon, forming a corrugated side wadju(é 3-5). This
scalloping of the silicon has the potential to significantly incréase transfer area. For

example, a repeating scallop of 2 um radius over a channel depth of 200ylanyield

50 individual curves, each with a length of 6.28 pmr(,,,). Therefore, the total length

on a single wall would be increased by 57.1% to 314 um; the overall effdntated
perimeter area is a 51.3% increase. In Section 5.5.3, it was found that sand¢a is
expected to have a strong effect on overall heat transfer; theréiisradtitional area is
expected to lower the diode temperature. By using a lower passivat@step relative

to etching time step, the scallops would yield deeper undercutting. In addition,imgreas
the frequency of etch steps could produce more scallops of shallower depiiniziOgt
the frequency, passivation, and etch time steps could yield improved ranstet

performances, and further investigation is warranted.
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APPENDIX A. TEST SECTION HEATER DESIGN

In this appendix, the method for designing the heater and predicting itamesisare
presented, which enables an appropriate power supply to be selected. idmaclditent and heat
generation rate distribution in the heater and the contact pads aratedtusing a finite element
analysis (FEA) model built in ANSYS Workbench.

During the experiments, a bench-top power supply sends current through the Heeler, w
is measured using a high accuracy shunt resistor (Figure 3-38). rgaeheat transfer rate for
the test section was 200W, and the resistance of the heatestvaated for the contributions
from each layer (Table 3-2). The electrical resistance for eadiesé layers was estimated as
follows:

pel
He: - Al
R, A (A.1)

As shown in Table A-1, the length is the total distance in thetahreof current flow, and the area
is perpendicular to this direction. For example, the electricaltirgsi pe) is 1.02x10 Q m, the
length is 10 mm, and the cross sectional area is 206 s (1 mm x 200 nm) for the platinum
layer in the heater, which yields a resistance of 212 0 estimate the effective resistance of the
heater, a parallel resistance network model is used, which yields aalequresistance calculated
as follows:

Lt 1
I:ie,He Re,pt Re,ti

As a first approximation, current flows through the layers in the first copsatin series. After

(A.2)

leaving the contact pad, the current is then assumed to flow throupbkater and the in second

contact pad in series, which yields an overall system resistance as follows:
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Re,tot: Re,He+ 2(2 R[i,cp+ R)t,cp-l_ Rau,cﬁ' Rnlc)) (A.3)
Each contact pad has two layers of titanium, and, using the individual results from ThlileeA
resulting total resistancdR{i) of the system is 5.0Q at the lowest inlet temperature (10°C).
However, during operation, the resistances change as the heater tempenaasesncro ensure
that the power supply could provide the desired power at elevated téun@gifzee change in heater

resistance was predicted as follows:

Ry =2, Ridl+a AT (A.4)

Because each layer has a different temperature coefficient of mesiseach resistance was
individually scaled, and then the changes were summed to &stihearesistance at elevated
temperature A temperature difference of 150°C is considered the worst case scenar®iasthi
factor of safety of 3x over the expected temperature difference of 50°C ¢ét@uid - 60°C
heater). Table A-1, summarizes the resistance of each layebitd and elevated temperatures.
From equation (A.4), the resistance of the heater is expected to exti@ass.01Q to 8.12Q.

As shown on the table, the thin layer of titanium for adhesion and theuptaheater have the
highest resistance (99% of the total), and the electricalaasesbf the layers in the contact pads

are negligible.

Table A-X  Heater design individual layer resistances
. Resistivity Length | Width | Depth Rinlet Qe Relevated
Material Desc.
[Q-m] [gm] | [pm] | [pm] [Q] [1/C] [Q]
o Heater| 10,000 | 1,000 | 0.01 459 723
\/ ] y
Titanium | 4.59x10° =5 410,01 | 1,000 | 1,000 | 4.59x1¢° | 999387 23109
) Heater| 10,000 | 1,000 0.2 5.01 8.12
\/ y y
Platinum| 1.02x10° =52 ™ 1=02 | 1.000 | 1,000 | 2.05x1¢ | 2293932516
Nickel 9.22x10° Pad 0.5 1,000 | 1,000 | 4.61x10° | 0.0031| 6.75x1C°
Gold 2.13x10° Pad 0.5 1,000 | 1,000 | 2.13x10° | 0.0034| 3.22x10°
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The power dissipated in the heater and the voltage drop across the heater are cadculated a

follows:

Qs = lz&,tot (A-5)

Vi = IR o (A.6)
These equations are used to calculate the current and voltage dvep the heater. At the
minimum inlet temperature (10°C), 6.29 A at 31.8 V are required to deliver 200 Wi #rel a
elevated temperature (160°C), 5.00 A at 40.1 V are required to delivamtieeheater power. The
chosen power supply is the Instek SPS-606 DC, which has operationgldfréi A at 60 V. A

heater temperature36°C is required to deliver 200 W, which is sufficient for this particulaeheat

24 Gage Wire

Platinum ¥ «—— Contact Pad

Heater

0.01 (m)
I

Figure A-I  Current crowding model at 100 W power dissipation for a 60°C heater
resistance of each layer was evaluated at this temperaturdexraghpropriate
potential difference was applied across the wire ends

design. The output for this power supply is regulated to within 0.01% of tipeisétconstant
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current or voltage output operation). As discussed in Section B.3, a remetérsensa the power
supply allows it to be disabled very quickly.

One final concern for the design of the heater is current crowding near tHacmete
between the contact pads and the heater. If there is a high cotieerdfaurrent in this region,
significant joule heating can occur in the contact pads. To verifithtgatoes not occur, a FEA
model for the heater, contact pads, and 24 gauge wires was creatledwAsrs Figure A-1, each
layer was modeled (except for the titanium adhesion layers) and tistames was set
appropriately to simulate a specific heater temperature. Then a pbtéfidrence was applied
across the wire ends to result in a specific power dissipation. famga of power inputs (1.0
200 W), the heater had uniform current density. Figure A-2 shows a seapleat 100 W and
60°C heater temperature, which shows that heat is generated uniformlytmntligm heater
region. In addition, the volumetric heat generation rate in the heatemig orders of magnitude
larger than the rates in the wire and contact pads (8L vs 7.4x10 W m3). As a result,

the heat generation in the wire and contact pads is negligible compared to thdueaiténe

57867613
48222¢13
38578¢13
| 28933¢13
| 1928913
96445012
7.4398e5 Min

¥
0.004 (m) Z/k X

Figure A-2  Ansys current density plot for 100 W for a 60°C thin film heater

0.001 0.003
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APPENDIX B.TEST FACILITY DOCUMENTATION AND EQUIPMENT CALIBRATION

This appendix summarizes the test facility operation, and documerdatthacquisition
system, auto protect system, and calibration methodology for all required components.
B.1. General Facility Procedures

In the following sections, operating procedures for installing the eleclrdcakss on the
test section, installing the test section into the facilitgcerating and charging the system, locating
the pyrometer, and executing an experiment are described.
B.1.1.Electrical Harness Installation

To facilitate joule heating in the thin film heater, the electheaness must be installed on
the test section prior to installation in the test facility. ifis¢allation procedure is as follows, and
Figure B-1 provides a visualization of each step:

1. Measure the resistance of the heater on the desired test sectmncbiyg the
probes with a digital multi-meter directly to the contact pads. ré&istance of the
produced thin film heater exceeds the estimated value {(BQly ~2x, which is
attributed to residual stress in the film which is depositedleatated temperature.
Furthermore, the resistance is found to exhibit variation from part to part, and with
temperature cycling on a single test section. Therefore, eathnust be
individually measured every time the harness is changed, and tleereabrded
for comparison in step 8.

2. Set the threaded aluminum front plate down on a flat surface and thenh@ace t

front ceramic piece on top. Install the gasket.
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. Place the test section glass side down into the front ceranci. [de careful not

to apply torsion to the 4 ceramic pillars (circled in blue in Figurg.B-1

. Aim both of the electrical wires toward the screw terminal enfthal installation

(Figure B-3:

a. Orient the assembly so that the test section identifan the left side. This

corresponds with the downstream side of the part; which ensures that orifice
is on the correct side of the PEEK interface.

. The wires should point toward the assembler, with the longer wire on top.
This ensures that both wires can reach the screw terminal. Once the thumb

screws are tightened, do not spin the wires: this could damage thetconta

pads. This step ensures they are aimed correctly.

. Slide the back ceramic piece with pins and electrigedsnin between the pillars
on the front piece. Visually align the heater with the electrical pins in thenae
(circled in purple in Figure B-1). Again, be careful not apply any torsiche
pillars.

Install the thumb screws through both ceramic pieces and carefullytigate
them into the aluminum front plate. Tighten both screws at the samado load
the piece in compression only until the electrical wires no longefrgaly. Avoid
over tightening because the ceramic and test sections are fragile.

. Check the electrical connection by measuring the resistance dahedsads,
compare to the resistance measured in step 1. If the resistasigmifcantly

different, disassemble and realign part with pins, and repeat steps 4-8.
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Figure B-X  Electrical clamp install: (0) fully exploded view, (2) place the froatamic
structure on the aluminum clamp and install the gasket, (3) install the partein
front ceramic piece, (4) see Figure B-2, (5) slide back ceramic pietde(esl
transparent) into the opening in the front ceramic piece and aligre#ter twith
the pins, and (6) install the thumb screws to tighten the structure around the
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Figure B-2 Step 4 visualization from the top looking down, with the back ceramic
rendered transparent

B.1.2.Test Section Installation

Once the electrical harness has been installed on the teshséat ready to install in the
test facility. A picture of the completed installation was proviae&igure 3-19, and the following
process details the installation. This process assumes thagsthgection area is open to the
environment, while the remainder of the test facility is eitherdfillgth fluid or open to the
environment. Figure B-3 and Figure B-4 show illustrations to augment the imstsuct

1. Wet the back side of the Gore sealing gaskets and install them onREHIe
interface.
2. Hold the threaded aluminum back plate against the back side of tikeifEEace,

and pass the wires through the center of both the PEEK and aluminum.
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Figure B-3  Steps 0> 4 of the test section installation: (0) exploded view of all parts, (1)-Gore
Tex gaskets installed in the recesses of the PEEK manifold, 2 threaded
aluminum plate brought in contact with PEEK manifold and test seutites
passed through the opening in both, and (4) hold the test section while installing

the F'clamping structure
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3. Install the test section into the PEEK interface while aligning the fluid holed. Hol
the assembly in place with one hand and compress the test sectitdreanterface
through the hole axis.

4. Assemble the 3l clamping structure with the center piece removed, as shown in
Figure B-3, and install it by passing the Allen screws through EEKPand
threading them into the aluminum back plate, while holding the tetgbisén place.
Tighten enough such that the silicone and PTFE gaskets of the ohstahep will
hold the test section in place, allowing the assembler to let go of the part.

5. Check the alignment of the test section in the PEEK interfaciveeta the fluid
ports. Adjust as necessary.

6. Install the second clamping structure with center piece removed.

7. Tighten the four Allen screws in a cross pattern (like changimg)aa finalize the
clamping structure, as shown in Figure B-4.

8. Install the center aluminum pieces that compress the gasketreaté the seal
between the PEEK and test section. They should easily slide in between the clamp
and part, highlighted blue in Figure B-4.

9. Lightly tighten each thumb screw which presses the centeripieoatact with the
part. Ensure the screw seats into the recess on the center piece.

10. Firmly tighten each thumb screw at the same time, and compregsshets evenly.

The seal is verified during the evacuation process, and can be tightened during this
as deemed necessary.

11.Connect the electrical wires to the screw terminal onto the PEEK interface.
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Figure B-4 Steps 5> 10 of the test section installation:«5) install the 2 clamping structure
and tighten in a repeating cross-pattern, (8) install the centeriolgqmieces (the
spacers ensure they are easy to slide in), ard1®) install thumb screws and
ensure the screw seats into the recess on the center piece) tbgkitesides
simultaneously

- 161 -



B.1.3.System Evacuation

Prior to evacuating the system, the choice of working fluid must berdatsd. In the test

facility, there are two pressure transducers that can be instalfexitast section outlet. A vacuum

transducer that operates over the range of 0-5 psia (34.47 kPa) can be usadsftrdt have a

low vapor pressure at 10°@.¢.,water). The burst pressure on this transducer is 30 psia (206.8

kPa). The other transducer is for fluids with a high vapor pressure at a@f.(R{34a), and it

has a range of 0-100 psia (689.5 kPa). Installing the correct transductcas emd it must be

completed prior to the evacuation process. The following procedure assumtee tharrect

transducer and the test section has been installed.

1.

8.

9.

Open the LabVIEW program and begin data collection to monitor the pressure
within the facility.

Open the discharge valve on the facility.

Close the valves before and after the gear pump to protect the gears.

Open the bypass line in the facility.

Pressurize the accumulator with nitrogen at ~50 psia (344.8 kPa) to empty the
bladde:.

Close the bladder valve on the accumulator. The vacuum pump will dahege
bladder if this is not done.

Close all valves to the environment including the vacuum lines.

Open all valves in the fluid loop including at the gear pump.

Ensure that there is no fluid in the cold trap, and empty if necessary.

10. Fill the Dewar around the cold trap with liquid nitrogen.
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11.Turn on the vacuum pump and open the valve on the unit. This will evabeate t
clear vacuum lines to three locations within the facility.

12.0Open the three vacuum ports on the test facility to evacuatenifidiquids and/or
air.

a. The heat exchangers are where the working fluid pools. Continue
evacuating until they warm up to room temperature. This can take multiple
hours depending on how much fluid is present.

b. Monitor the pressure of the facility with the LabVIEW program.

c. Periodically open and close all of the internal ball valves inldbe to
remove trapped condensate.

13.0nce the pressure in the facility stabilizes below < 0.5 psia (3.44 kb%®) ttie
valves to the bypass, and to and from the test section. This isolatestteection
pressure transducers, which enables the user to determine if th& €xseHace
gaskets on the test section are leaking.

14.Close the vacuum ports, close the valve on the vacuum pump, and turn the vacuum
pump off.

15. Ensure that the facility does not increase in pressure by more thanrl18ain.
This is approximately double the resolution of the- W00 psia (689.5 kPa)
transducers. If there is a leak it is typically located atdbedection- tighten the

thumbscrews on the clamps and repeat steps 11-15.
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B.1.4.System Charging

Once the facility is evacuated, it is ready to be charged with a working fltid.pfiocess

differs slightly depending on the fluid. For water and other fluids thatiquéd |ambient

temperature and pressure, a process tank pressure vessel is used to interfacéawiittythEor

high vapor pressure fluids, it is assumed that they are in a presssed V&he following details

the process of filling the facility, and a sample image is provided on Figure B-5:

1.

2.

9.

Ensure that the proper pressure transducer was installed prior to syatemmten.

Take note of the fluid vapor pressure at the ambient temperature.

Set the pressure in the accumulator (with nitrogen) to be 10 psia (68.9 kPa) above
the fluid vapor pressure at ambient temperature.

Open the valve between the accumulator bladder and facility, whittbdwen
closed to prevent the bladder from ripping during evacuation.

Close the valves on both sides of the gear pump to protect the gears.

Ensure the test section and bypass lines are both open.

. Install the test facility interface tube connected to the fdted quick-disconnect

hardware to the fluid tank, (see Figure Bf&r pressure vessels keep the valve on
the tank closed at this time.

Connect the quick-disconnect to the vacuum pump adapter to evacuate the
charging lines.

Evacuate the charging lines for approximately 5 minutes.

10.Connect the quick-disconnect to the charging port and ensure the tank igsetup

discharge fluid (typically upside down for refrigerants).
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11.0Open the valve on the pressure vessel to fill the system, andlyisioserve the
fill level by the flow sights on both heat exchangers and on eitheofithe test
section.

12.0nce these lines are full, open the valves on both sides of the gear pump.

13. Slowly decrease the nitrogen pressure in the accumulator until it hedihsThe
target fill is ~10-20%. It is desired to have a small amount of flutterbladder,
but not full.

14.Shut-off the valve to the fluid tank and detach the quick-disconnect tinem

facility.

SRR
R

N

R134a upside-down

to dispense Liquid Test

Facility
Interface
Hardware

Tank Valve

Quick-Disconnect

Figure B-5:  Filling the test facility with R134a; annotatedhwitems called out in the
procedure
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B.1.5.Pyrometer Alignment

Every time a new test section is installed or the pyrometer is moved off the mhauwumt
be re-centered onto the heater. The performance of the autonomoust&ill @md accuracy of
temperature sweeps depend on locating the pyrometer properly. Thect#&st is mounted to
accommodate thermal growth, and the pyrometer mount is not fixed &stisecttion to ensure it
could be quickly removed if a part were to break and was leaking. Asil, tbe mount rests on
four pins which locate it on the test section. During single-phasegdestthout any subcooled
boiling, the center of the heater is the hottest spot. This locatifwumsl by the following

procedure:

Pyrometer 2-Axis

. . P /|
Fixed mounting plate g &5 \

3 Stage rests on 4 pins,
£
1 at each corner

Figure B-6  Annotated image of the back side of the test section, showinchthatdunting
plate is fixed to the test sectidhe 2-axis pyrometer stage rests on 4-pins
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1. Ensure pyrometer has clear line of sight to the test sectiod;the electrical wires
out of the way if required.
2. Circulate the cooling fluid through the test section. Ensure that therémeins
single phase and that the pyrometer is focused on the last known center location.
3. Apply power to the heater to reach a temperature of 10 to 15°C higher than the
entering fluid temperature. Ensure that the fluid remains in single phtsetast
section outlet.
4. Sweep the location of the pyrometer upstream and downstream until g Bptit
is approximately located.
5. Move the pyrometer upstream and downstream in 0.05 mm increments. Taere is
0.1 mm range where the temperature is nearly constant. The centerahgass
center of the heater. (There is some variation in temperature readirgpastant
position; take an average over a few samples.)
6. Sweep the location perpendicular to the flow direction in both directions to ensure
that the temperature along the heater is constant. If a tempesatiateon of more
than 3°C is observed, rotate the mount as needed and repeat steps 3-5.
B.1.6.Executing a Test
Once the electrical clamping structure is installed on the &xtios and it has been
installed into a leak-free and charged facility, and the pyrometeréd®as dentered on the tes
section, data collection can begin. The procedure for executing a test is as follows:
1. Determine target mass flow rate and saturation temperature.

2. Turn on the gear pump and achieve target flow rate by setting gear pump speed.
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3. Turn on chiller to lower the working fluid temperature to the desired subcooling at
the test section inlet. Adjust chiller temperature and needlesvalwveen heat
exchangers as necessary.

4. Once temperature and flow rate are stabilized near the targesyapply current
to the heater to find the highest input that remains single-phaseh Ygavapor in
the outlet sight.

5. Just prior to boiling initiation, record data for the single-phase pressore
calculation.

6. Increase the power of the heater slightly, and locate the approxbo#giey
transition location. Calculate the approximate single-phase pressure drop from the
inlet pressure transducer to the transition location.

7. Determine the target inlet pressure (saturation pressure plus the-siagke
pressure drop, equation (3.13)) and set the inlet pressure with the accumulator.

8. Continue flow boiling tests in increments of increased applied power.

a. Modify pressure, flow, and temperature controls as required to maintain the
desired flow rate and transition location saturation pressure.

b. During the tests, ensure that the fluid into the gear pump inlet ik sing
phase. Adjust the chiller bypass valve between heat exchangersstsicr
condenser heat exchanger flow rate if necessary.

At each data point, ensure that the test facility stabilizes €1% change over 5-min
interval). Collect data using the procedure outline in Appendix B.2. Record tsedgen surface
temperature by sweeping pyrometer position. Minimize time spetit pyrometer aimed

anywhere but the heater: the auto protect circuit will not protect the part duringrtbat ti
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- Display data
Initialize DAQ Collect data from Apply play
. s . i on-screen and
cards and serial an individual .| calibration | log to
communication source, i "| functions to " measugrement
with transmitters (i=1-=>n) raw data file
F 3
No,
i=i+l No
Perform
calculations
Have all . Close all data
with current Has the stop . X
sources been Yes, files and serial
. —» measured button been Yes» -
read? i=1 communication
. values (e.g: pressed?
(i=n) . ports
applied
power)

Figure B-7

Labview code flow diagram.

B.2. Data Acquisition

This section discusses the data acquisition system and LabVIEWWAprdgat collects the
data during tests. Because it is hecessary to accuratedyiraeawide range of analog potential
difference and current flow in this test facility, many separatasurement devices are utilized.

NI (National Instruments) makes a system called CompactDAQ, winkigsais has multiple slots

for individual measurement modules. They make modules for many different migpols@nges,

with each having a variation in number of channels, sample frequency, @ard@c The NI

measurement chassis and each of the measurement modules is described in the fetittamg s

along with schematic diagrams and pin outs for the complete systeendidital signal from the

Rheonik mass flow meter are acquired via serial communication.ndldesboth forms of data

acquisition (analog and digital) a dedicated computer was integratethe test facility, and all

signals were acquired and logged with NI LabVIEW (Figure) B-7
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For analog signals, a NI cDAQ 9174 chassi

was chosen for its 4-slot capacity and USB interfac ~ Extemal * 910

Power
Supply - T
This system is ideal for the test facility and enable

T . Loop-Powered _———<
measurement flexibility. Three module units ar  Current l
Transducer k J I AI8
_ =06
currently in use: NI 9207, 9221, and 9214. Fc E

measuring current and midrange voltage, a NI 92(

ﬁigure B-8 NI 9207 loop-powered

employs a 24-bit A/D converter on 16-channels wit
current measurement

limits of £20 mA and £10 V. For measuring voltage,

the module has an accuracy of £0.52% of reading and +0.00416 V from its range. For measuring
current, the module has an accuracy of £0.87% of reading and £0.011 mA from its Tamge.
module is used to measure pressure transducer output, voltage drop across tesistamand
pyrometer output. The pressure transducers have 4-20 mA output and requiredéatioe

(Figure B-8). Excitation voltage is provided by an Emmerson SOLAR@\power supply. The

shunt and pyrometer measurements are potential difference measuiesteatn 0-1 V and 0-

10 V, respectively. These are also measured by the NI 9207, as shown in Figure B-9 and the pin-
out on Table B-1. For larger voltages, a NI 9221 allows +/-60 V owdra@nels at 12-bit
resolution, and this module was used for measuring the potential differenoss the heater. The
accuracy of this module is £0.25% of reading @u9.156 V offset. This module only allows for

single ended voltage measurements. Therefore,

Q : the lower side of the heater resistor was connected
Voltage I/"\ }

Source \_/‘

to the common terminal of this unit as shown in

NI 9207 Figure B-10. The pin-out is shown on Table B-2.

Figure B-9 NI 9207 differential voltage
measurement
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The NI 9214 module is used to measur

temperature.  This module measures the sm voitage
Source

potential difference from the Seebeck effect ar

NI 9201/9221 !

converts it into a temperature relative to an intern..

figure B-10 NI 9221 voltage

cold-junction compensation IC component. In hig _
measurement diagram

resolution mode, this is the slowest data acquisition

step in the system: 52 ms per channel. However, this mode increasextiracy to +0.15% of
the reading plus +1%V (from the instrument range). The resulting accuracy is +0.37°C for
measurements between 0°C and 100°C. Thermocouple wires installed imtocihle via screw
terminals. All thermocouple components were calibrated as a sggfaimst a high accuracy
Fluke reference standard (£0.0012°C). The pin-out is provided on Table B-3.

Table B-  Pinout for the NI9207 low voltage DAQ module

Input # Terminals Location Manufacturer Calibration #
Al 08 11,30 CH Out 431141
Al 09 12,31 PH In 432909
Al 10 13,32 TS Out High 431110
Al 11 14,33 TS In 432891
Al 12 15,34 TS Diff 436707
Al 13 16, 35 TS Out Low 415397
Al 00 01,20 Shunt Voltage Drop n/a
Al 01 02,21 Pyrometer Object n/a
Al 03 03, 22 Pyrometer Sensor n/a
Excitation 10,19 24 Vdc n/a

Table B-2  Pinout for the NI19221 high voltage DAQ module

Input # Terminals Description
Al 01 0,9 Supply Voltage
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Table B-3  Pinout for the N19214 thermocouple DAQ module

Input # & TC Cal # Location
0 Gear Pump Inlet (Chiller Outlet)
1 Preheater Inlet
2 Preheater Supply
3 Preheater Return
4 Test Section Inlet
5 Test Section Outlet
6 Chiller Return
7 Chiller Supply
12 Pyrometer Surface
13 Ambient
14 PEEK Interface

Finally, for serial communication over an RS232, the Rheonik mass flow ttersmi
required a custom cable. To communicate with the PC, this requu&B#0-RS232 interface
(Prolific, PL2303). For the mass flow meter transmitter, only three conneeatiemsquired: read
and transmit lines and the ground pins. Standard male and female DB9 o wece used with
20-gauge solid hook-up wire soldered to the appropriate pins. As desariltteel fiollowing
section, the flow transmitter also served as an input to autonomouslyfsthe power supply
when the pyrometer temperature increased rapidly during dryout or if therdlewsuddenly
dropped.

B.3. Autonomous Protection Circuit

The silicon and glass in the test section have different coefcafrihermal expansion,
which, under sufficiently high temperatures, can cause these brittlgialsatean fail. This
condition can occur once the CHF condition is reached or if there is andrenifiooling fluid
flow rate in the test section. To prevent part failure, an autonomibgsvkch was designed to
continually monitor heater temperature and fluid flowrate and disengage tiee gauply when

needed to prevent part failure. A dedicated Arduino microcontroller is implethémiperform
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this function. The auto kill switch
interfaces with the power supply via

remote sense line as shown in Figur

B
-1

3L
Remote Sense

B-11. If the remote sense lines are shorte

ONINGYY s Xu

Power Supply

together, the circuit is closed and the

i
s
RX

X
X

i C
: = |
! @
el
-..

power supply is enabled. The Arduinc

microcontroller can be programmed tcrigure B-11 Arduino to power supply control
circuit

selectively open or close the remote sense

circuit by controlling the potential applied to the gate pin. To autically shut the power supply

off if the test section is in danger of failing, the heater temperanaenass flow rate are input

from their respective transmitters.

The pyrometer transmitter has programmable low and high athathcontrol an onboard
relay, and this functionality is employed for communication with the Arduino. A potential of 5V
from the Arduino supply line is connected to one pin of the relay whilethiee 1 connected to
ground through a 1 B resistor. An analog input pin on the Arduino is also connectelketo t
grounded pin on the controller relay, as shown in Figure B-12. If the measitagevon the
sense pin is sufficiently greater than 0 V,
the alarm is tripped causing the relay to
open, which deactivates the heater. Using

this alarm relay is superior to reading the

temperature value because the range can be

Y

adjusted on the controller instead of having

Pyrometer
Controller

larm Rela . .
== to modify the operating code to change the

Figure B-12 Pyrometer alarm read circuit
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sd point. Because the resistance in thi
circuit is large, the current draw is

minimal and the power dissipation is  MassFlow
Transmitter Signal

concentrated in the resistor. Therefore (4-20 mA Source)

the sense pin read approximately 5 \

ONINAYY mmm Xu

when the relay is open, which ensures th l’)
?2209

the signalto-noise is excellent.

- I
ii
=
=
T
R
...

The flow rate of the working fluid
Figure B-13 Coriolis transmitter read circuit.

is interfaced with the Arduino via a 4-20
mA signal output on the Rheonik transmitter. This signal is convestagotential difference so
that it can be monitored by the Arduino microcontroller. This was accsimepliby placing a 220
Q resistor across the output pins and measuring the potential drop acrossist@. The
maximum voltage that the Arduino can read is 5 V. At 20 mA current acrossQ rZ3istor, the
signal is 4.4 V. The low set point of fluid flow was set to 20%heftarget mass flow rate for a
given test. The mass flow meter is connected to the Arduino as shown in Figj8re B-

The final shutoff method that was
implemented in the auto kill switch is a manual

button located near the computer. This button

enables the operator to interrupt power to the test

. XL
L__Ihg

Kill
— Button section manually. A5V potential is held across

ONINGYY = X¥

the normally open button through a 1M
1IMQ
resistor. A digital input pin on the Arduino is

c
: =
... 2l
...

connected to this side of the button. The

Figure B-14 Kill button read circuit.
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opposing terminal on the button is grounded, as shown in Figur

B-14. When the button is pressed, the circuit is completed, currer

Initialize pins and
variables

v

flows, the sense pin reads low, and the program interrupts power t

the heater.

Read state of temp,

. . . . flow, and button
With these circuits, the framework for the Arduino code to T

Yes
Are all values
high?

No
tested by turning the power supply to full output power. Turning it v

automatically interrupt power is in place. The code flow diagram is

shown in Figure B-15. Prior to implementation of this system it was

Interrupt Power

on abruptly increases temperature of the heater. This process w| Supply

repeated 50x, and the auto protect circuit interrupted power befor
Wait for Reset

part failure in all cases. The interrupt time was measured gl hi

_ Figure B-15 Arduino
speed video (240 fps) to be on the order of 300 ms from power on flow

to off. After this implementation, no parts have been damaged from diagram
thermal runaway. An image overview of the system and close-up of the Arduino and breadboard
circuits are shown in Figure B-16.
B.4. Calibration

All instrumentation was calibrated prior to use in the test fagcNMany suppliers provided
equipment with NIST traceable records of calibration. However, thésneathe case for the
thermocouples and pyrometer. These were calibrated against a Fluke &@ilhpresistance
device (RTD) with a Fluke 1502A readout that yields a combined accufa®@12°C. All

thermocouples expect the surface mount thermocouples were calibrated ySeidtae MX7L

heated recirculating bath. The surface thermocouples and the pyrometeralilerated in a
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v“ Remote Kill Switch

L e e ¥
Ly ’ r [
\ ’

% Part Temperature

Figure B-16 Left: Autonomous kill switch overview; Right: Arduino and breadboard circ

furnace. The methodology, procedures, and resulting calibration are presented ilowiegol
sections.
B.4.1.Process Thermocouple Calibration

The K-type thermocouples used to measure flow processes in the closeddmmop
calibrated over a nominal range of 5°C to 135°C. This enables acmegatirement over the
entire range of expected conditions. During calibration, the temperatisreomtrolled using a
PolyScience MX7L heated bath filled with silicone oil. This bath &demperature stability of
+0.1°C, and continuous recirculation minimizes thermal gradients in ttie b@ihe Fluke
temperature probe and all thermocouples were submersed in the fluideapath was covered
with a lid. This bath also has an internal coil that can be cashezain external chiller to reduce
fluid temperature. During calibration, a PolyScience recirculating chilerwged to decrease the
bath temperature down to 5°C, and calibration was conducted in 10°C increménts35°C. At
each condition, the measurements were allowed to reach statd{cst% change in reading over
5 min), and ~100 samples of the temperature measurement were takkthéoneocouple probes

over a 2 min period in LabVIEW.
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Table B-4  Summary of thermocouple calibration data

Thermocouple ID 0 1 2 3 4 5 6 7

Slope (m)| 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
Intercept (b) | 0.21 0.19 0.13 0.17 0.20 0.16 0.17 0.14

Sum Sq. Error (SSE)| 77.75 | 66.88 | 34.89 | 55.41 | 68.44 | 48.67 | 49.02 | 37.68
Sum Exp. Error (SEE) | 0.19 0.18 0.13 0.16 0.18 0.15 0.15 0.13
Count[-] | 2092 2092 | 2092 | 2092 2092 2092 | 2092 | 2092

Deg. Freedom [-]| 2090 2090 2090 2090 2090 2090 2090 2090

Bias (standard) [C] | 0.0012| 0.0012| 0.0012| 0.0012| 0.0012| 0.0012| 0.0012| 0.0012
Bias Uncertainty [C] | 0.38 0.35 0.26 0.33 0.36 0.31 0.31 0.27

After collecting data, a linear regression was applied to the thermecoutgut versus
Fluke standard temperature measurement, and the coefficients of detemmaea® near unity in
all cases. The uncertainty of the calibration is then calcuksetthe combination of bias and
precision uncertainties. The source of bias is the uncertainty asdoeititehe Fluke standard
temperature device, and precision uncertainty emanates from thedeatard he bias uncertainty

of calibration was determined by the following equation:

Uy =yU 2+ 4SEE (B.1)

The Sum of Experimental ErroBEB is determined from the linear regression and calibration

data as follows:

N

LY ~(@X; +b))*

SEP = 1= > (B.2)

For example, th&EEfor the thermocouple ID O (chiller outlet, names given in Tab®) ®as
0.193°C and the bias from the standard was 0.0012°C, which yields a calibratioaintyceft
+0.386°C. Table B-4 shows the uncertainties of all of the process flow thewpies used during

the experiments. The range of accuracy is from +0.26°C to £0.38°C. The values in this table are
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bias uncertainties, and the data taken with these thermocoupldsavel additional precision
uncertainty associated with it, as was demonstrated with a sample catcuegection 3.4.4.
B.4.2.Surface Thermocouples and IR Pyrometer

The surface thermocouples were used to measure the pyrometer faceteREE&Ction
interface, and ambient temperatures and the IR pyrometer was useabto@rtbe temperature of
heater and surrounding silicon. These sensors were calibrated in a furnamsulthaachieve a
temperature of 210°C. To ensure that thermal gradients in the oven did notalifaration, a
separate set of calibrated surface thermocouples were usedstentheed. These T-type surface
thermocouples were calibrated against the Fluke temperature refetandard to sufficient
accuracy (+0.23°C) using a similar procedure as described in the presaiim sBecause IR
temperature measurement techniques are notorious for sensitivity itonemental factors, a
sensitivity study was conducted prior to calibration. In the followingudision, the sensitivity
study and the calibration methodology and results are described.

The purpose of the sensitivity study was to show that the pyrome&suneenent is
statistically invariant to the angle of the sensor relative tgé#nesurface, the distance between
the part and sensor, and ambient illumination for the painted surfdca ldtse material of silicon
or platinum. To perform this study, a viewport with a sliding coveradaed to the furnace door
(Figure B-17). This allows direct line-of-sight between the testiae and the pyrometer. In
addition, a pass through for the Fluke reference probe positioned the tempegatidegdsin
contact with the test section. The pyrometer was placed at thetagor&ing distance from the
silicon (70 mm) and oriented normal to the part surface. During the sepsitidy, the angle of
sensor relative to the surface was varied £20°, and the distancedroweag varied £12.7 mm. In

addition, tests were conducted that compared the measurement with and without anhibiegt lig
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imparted into the furnace enclosure.
During each test, the furnace was

allowed to achieve steady state JMUEIGIELE
High €)
conditions (e, <1% change in

] IR Pyrometer
temperature over 5 min), and then the i (laser sighted)

sliding door was opened for 5 sec to

High Accuracy &
Standard

allow data collection before closing

again. This process was repeated ~5 x

Figure B-17 Pyrometer and modified furnace.
per test case. The resulting data is
summarized in Table B-5. The mean difference between the dats setthe order of 1°C for
all test cases, with the deviation from the normal configuration being 0.2°@=difia the worst
case. The variance for all of these data are very low < 0.07°®@586 @&onfidence levelThese
tests were conducted at a fixed furnace temperature of nominally 56°C.

To assess the significance of these results, statisticatsTated an Analysis of Variance
(ANOVA) were performed on the data to a significance level of 0.05. Ifovaxl that both the
T-tests and ANOVA failed to reject the null hypothesis, meaning that the deviatiest groups
was not statistically significant at a confidence level of 0.05s ifplies that a single calibration
curve for the pyrometer in the normal configuration is sufficient for describing its performance in
relation to the reference standard. However, it was determinethithagsult only holds true if
the temperature of the pyrometer is held constant; if the temperature pyrtreeter housing

changes relative to the calibration, the measurement accurdtgcied. To alleviate this issue,

a cooling jacket was fabricated for the pyrometer, and a caibmirface thermocouple was

-179 -



placed on the pyrometer face normal to the test section. A chifipliesd cooling fluid through
this cooling coil to hold the pyrometer surface temperature at 20°C (Figune 3-20

Table B-5  Pyrometer sensitivity analysis descriptive statistics

Temperature Reference Standard: Fluke 1502A + 5615
Pyrometer: Micro-Epsilon CTL-1 (emissivity and transmissivity set to unity)
o 4 Data Descripti\:e Stats
Description Mean Deviation from .
Sets . Variance
Difference Normal
Normal (centered on heater) 9 1.036 0 0.037
Base material (Si vs. Pt) 9 1.115 0.078 0.022
Out of Focus (Close) 4 1.196 0.159 0.023
Out of Focus (Far) 4 1.020 -0.016 0.007
Dark enclosure around 5 1.102 0.066 0.062
Light directly into sensor 5 1.036 -0.001 0.056
CW Angle (~20°) 5 1.237 0.200 0.063
CCW Angle (~20°) 4 1.030 -0.007 0.018

All thermocouples, surface mount and proces

plug type, were calibrated against the Fluke temperat
reference standard. The surface thermocouple with
lowest uncertainty (+0.23°C), was then used as t
reference standard for calibrating the pyrometer. TF’”
was done because abruptly opening the viewport to 1

furnace was causing the temperature of the pyrometehFiéure B- IR pyrometer with

cooling jacket and

increase, thereby skewing the results. The furnace door
surface thermocouple.

was open during the entire calibration procedure, and
sufficient flow of cooling fluid to the pyrometer maintained the required 20fface temperature.
To ensure that the part temperature was known, and not the air arounts ithesase for the

Fluke probe, the surface thermocouple was applied to the part, next to thd panfaee. The
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calibration procedure for the thermocouples is described next, followtelprocedure for the
pyrometer.

During calibration of the thermocouples, they were placed in contact hetH-luke
calibration standard probe in the furnace, and the viewport was closed éntitieecalibration.
When calibrating the surface thermocouples, the oven was set to 3aaumgpset points: 40.92°C,
81.93°C, 134.9°C, 160.7°C, and 211.5°C. All measurements were allowed to achieve ateady st
prior to collecting ~100 data points during a 3 minute interval. An additional point at 4.99°C was
also added by submerging the thermocouples and the standard in the Rol/8=iaculating oll
bath with the fluid being cooled by an external chiller. The dasliwearly regressed against the
Fluke standard RTD to generate the calibration curves. The acafrahg calibrations is
computed in the same manner as in sedi@nl. The surface thermocouple that was utilized in
the pyrometer calibration achieved a calibrated accuracy of +0.233°C.

During calibration of the
pyrometer, the silicon test section was
painted with high emissivity paint (Figure
3-2) and placed in the furnace with the
calibrated thermocouple adhered to the

surface (Figure B-19). In addition, the

sliding access panel was left open durin . b ol
J P g Eigure B-19 Test section with thermocouple

the entire calibration process to minimize adhered to the silicon surface an
place in heated cavity

temperature that significantly increase the

time to reach steady state. Cooling fluid was circulated thrthmlpyrometer cooling jacket to

maintain the surface temperature of 20°C £0.29°C regardless of the tempefahedurnace.
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The pyrometer was calibrated at four temperatures: 30.84°C, 65.95°C, 92.44°C, and 123.1°C.
Similar to the surface thermocouples, a fifth point was added by submerging sect&st up in
silicone oil at 5.04°C in the PolyScience bath. The measurememrsilmved to stabilize at each

of these conditions and ~100 data points were taken at each tempergteraccuracy of #
pyrometer calibration from this process is +0.671°C, which exceeds manufactucgiedpe

performance (x1°C) and ensures that it correctly accounts for the emissivity of the.surface
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APPENDIX C.SAMPLE DATA

In this appendix, the heat transfer and pressure drop correlations use in thestudyg
are given. Each correlation is coupled with a sample calculatiableTC-1 shows the
representative data point used for these calculations.

C.1. Heat Transfer Correlations

The heat transfer correlations that were compared to the expelirperftamance are
summarized on Table C-3, Many of the input parameters to these correlations (Reynolds number,
heat flux, etc.) are common, and, therefore, these are shown and cdlculedble C-2. The fluid
properties are evaluated at the mean pressure between transitioraancegheutlet pressurerf).
Because heat spreading is significant, it is assumed that thegmséer area for these correlations
includes the entire two-phase portion (from transition location to the chexitelwhich is 2.7
mm for the representative case. The experimentally measuredamsdet coefficient using the

methodology from the current work is 35.4 kWP ™.

C.2. Pressure Drop Correlations

The pressure drop correlations that were used in the experimemyaisaaee summarized
on Table C-4 for the same data point summarized on Table 3-6. Thephagke properties are
evaluated at the mean temperature between inlet and outlet (15:21@)edwo-phase properties

are evaluated at the transition pressure (574 kPa), both were shown on Table 3-6.
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Table C-1  Summary of the representative data point

Parameter Units Test Point
Length, () mm 2.7
Liquid to vapor transition, relative to center of heaigsn mm -0.20
Mass flow rate (h) g mint 99.8
Pressure, mears(, = (R .+ Prsou/2) kPa 527
Pressure, test section outlBt< ou) kPa 480
Pressure, transition &y kPa 574
Test section heat duty, two-phasge(p) W 58.71
Outlet vapor qualityy) % 18.95
Table C-2  Common calculated parameters for heat transfer correlations at the respectpa@rdata
Parameter Units Sample
Value
Boiling number Bo:q—H ) - 0.0014
Gh,
_ 2
Bond numbe (Bd :M ) - 0.0071
O
Channel heat fluxq, = She.re ) W cni? 39.1
N (V\éh + 2h:h) Ln:h
Confinement numberdo= |— ) . 11.9
a(o —p,)D;
Density, liquid (o, = p(P=P,, y=0)) kg nt3 1235
Density, vapor p, = p(P=P,, y =1)) kg n3 25.6
Heat of vaporizationlf, = h(P= R, v =1)- (P= B,y = 0)) kJ kgt 185
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Table C-2 (Cont.):  Common calculated parameters for heat transfer correlatianseaptictive data point

Parameter Units Sample
Value
. 4A
Hydraulic diameter D,, = 5 h) pm 73.4
ch
Martinelli parameter K =[£4107124 op £y 09 _ 1.27
Hy X v
Martinelli parameter, Turbulent-Turbulenk( —[£43011=24 0p 25 o9 _ 0.70
Hy X Py
Mass flux (G = m ) kg m? st 1478
h
Perimeter, fluid £ =2(w,, + h,,)) m 4.9x10*
Perimeter, heated?, = W, +2h,) m 4.45x10*
Prandtl number, liquid®r, = Pr(P=P , »=0)) - 343
Prandtl number, vapoR(, =Pr(P=P,, y =1)) - 0.831
Reduced pressure?( = P ) - 0.130
crit
P GD,
Reynolds number, liquide = —*+) - 508
H
Reynolds number, superficiakg _ GDud=2), ) 411
H
GD
Reynolds number, vapoRg = —".) - 9338
H
Thermal conductivity, liquid K, =K(P="P,, 7 =0)) W mtK? 0.087
Thermal conductivity, vapor, = K(P=P,, ¥ =1)) W mtK? 0.014
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Table C-2 (Cont.):  Common calculated parameters for heat transfer correlatieseagptctive data point

Parameter Units Sample
Value
Velocity, average channeti( =— ") m s? 1.20
PNA,
2
Weber, liquid (Ve = &b, - 14.4
PO
Table C-3  Saturated flow boiling microchannel heat transfer coefficient correlations
Author(s) and Conditions Correlation Sample Evaluation
ol . —_— . o 2 —_— 6 .
Bertsch et al[11] e = e (1 fl):ogonv’w; 80 G =27y expe O'GC(_))
hyg =55 Pro**°#%% ). (_log(Py )y°*- M~ (g, )¢ hre = 25.6 KW ? K-
Compilation of data (3,899 _ (1= 7)+ : hne = 25.4 KW n? Kt
points) over 12 fluids oo = Mtons* (1= 2)+ Reon 2 heg = 5.00 KW n? K1
G = 20— 3000 [kg M s1] 0.0668 2. Re, - Py, heonv, = 5.84 KW 1 K1
I?h - 160_ 2’920 [le] hconv Vi (366+ DL )ﬁ hconv,v= 143 kW rnz K-l
G = 0.4 155 [W cn] 1+0.04 [*-Re, - PR F* s

Kim and Mudawai61]

hTP:\/hilB—l— rﬁe

Compilation of data (10,805 hrp = 64.7 kW n? K

R : _ ;
data points) over 18 fluids he = [2345(3H PRI (1~ x ¥ ©°(0.02Re*°Pr 0-% ‘ hne = 63.1 KW P Ki
G = 19- 6,500 [kg n¥ sY] - F . H hee = 14.1 kW n? K-

Dh =190~ 6,500 [pum] heg = [5.2(BOF”)O'BW€°'5“+ 3.5% )2942x 1°29(0.023Re? PP-% j
F it P

q, = 0.4 - 155 [W crif]
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Table C-3 (Cont.):  Saturated flow boiling microchannel heat transfer coeffoteefations

Author(s) and Conditions Correlation Sample Evaluation

Li and Wu[12]

Compilation of data (3,744
data points) hy, =334B0°° (B RE™)*5- hre = 18.8 kW n? K1

G = 23.4- 3,750 [kg n? s] Dy
Dn = 160- 3,100 [um]

q,=1-115 [W cn¥]

Watrrier et al[87]
=E.
17 data points e e Kk hre = 35.1 kW n? K*
FC84 h,, =0.023R€*® PP+ —- hsp= 6.51 kW n? K1
G =557 - 603 [kg A 5] Dy E =540
Dh = 750 [um] E=1.0+ 6.0B0""°- 5.3(+ 8580 "%

0, =04 [W cni?

Agostini et al [85]

725 points hes = 2892 G %% for x < 43%

G =90 - 295 [kg nf s he, =289 '%°% G %%y 2% for x > 43%
Dh=2,010 [um]

q, = 0.6—0.31[W cn¥]

htp = 26.5 kW n¥ K1

Lazarek and Blacf94]

728 points

R113 h;, = (30Re*’ Bd"“")(i) hrp = 68.9 KW n? K2
G = 125- 750 [kg m? s1] D,
Dn =310 [um]

g, =1.4-38[Wcm?
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Table C-3 (Cont.):

Saturated flow boiling microchannel heat transfer coeffoneeiations

Author(s) and Conditions

Correlation

Sample Evaluation

Tran et al[95]

296 points
R12, R113
G = 44— 832 [kg n? s7]
Dh = 2460- 2920 [um]
g, = 0.36-12.9 [W cn¥]

h,, =8.4x 10 Bo’We)? & )
P

hp=7.79 kW mt K1

Yu et al.[80]

>100 points
Water, ethylene glycol
G = 50- 200 [kg n? s7]
Dn = 2980 [um]
q, =5 -30 [W cn]

th =6.4x 10 (BOZW$ )0.27 & )o_z
P

htp = 176 kKW I’r'\2 K1

Ducoulombier et al88]

2,710 Points
CO:
G = 200- 1200 [kg n? s7]
Dn =529 [um]

G, =1-3[Wcni?

hI'P = max(hNB ’hZB)
hNB :131F)R—0.0063(_ |0g0 % )0.55M— qu |||-|O,5

h, =[L.47x 10 Bo+ o.93¢ ¥° 1(0.028¢° PF°X_ for Bo> 1.1E-04
- D

H

he, = [1+1.8(Xi P951(0.02Re* P,r“% ‘for Bo< 1.1E-04

tt H

htp = 133 kW IT\2 K1
hng = 24.6 kW mf K1
hce = 133 kW n? K

Oh and Sorji86]

>30 points
R22, R134a
G = 100- 600 [kg n? s7]
Dh = 1,770~ 5,350 [um]
g, =0.2-1.2 [W cm?

e ~0.034R4° PP 5B 171

htp = 15.4 kW I’T'\2 K1
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Table C-4

Pressure drop correlations

Author(s) and Notes

Sample Evaluation

Shah and Londof68]

Friction factor for ducts

Correlation

L p02

AP, = f— £

D, 2

f:?(1—1.35@+ 1.946&° - 1.70x2+ 0.9564- 0.2537
€

o = Nen
hy,

APsp= 4.53 [kPa]

p =1243 [kg ]

U, =1.19 [m g
f=0.14
a=0.225

Total two-phase pressure
drop

ARy = API’P,f +AR

TP,8

AP7p=11.5 [kPa]

Lockhart and Martinelli
[81]

Two-phase frictional
pressure drop

% Y
ARy, = [ 29162 2 gy
0 PiPh

o= \/1+ c + 12
XVV XVV

C — 256&30.5466Dn 0.8819(1_ expe 319)h }

APtp = 8.45 [kPa]
¢=1.48
C=0.726

Lee and Garimell§0]
(Two-phase accelerationg
pressure drop)

129 Points
Deionized water
G = 368- 738 [kg n? s}
Dnh=162- 571 [um]
q, =0-80 [W cm?

GZ 2 1_ 2
AR, = S A B2y
P aoﬂ — %
Py

o =[L+ C2Z)(Ley2reys

P

APtpa= 3.02 [kPa]
o =0.76
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