ACOUSTICALLY ENHANCE D CONDENSATION IN
HORIZONTAL TUBES

A Dissertation
Presented to
The Academic Faculty

by

Matthew Thomas Hughes

In Partial Fulfillment
of theRequirements for the Degree
Doctor of Philosophyn Mechanical Engineering

Georgia Institute of Technology
August2023

COPYRIGHT © 2023BY MATTHEW THOMAS HUGHE S



ACOUSTICALLY ENHANCE D CONDENSATION IN
HORIZONTAL TUBES

Approved by:

Dr. Srinivas GarimellaAdvisor

G. W. Woodruff School of Mechanic
Engineering

Georgia Institute of Technology

Dr.G. P . PdieBsand 0

G. W. Woodruff School of Mechanic
Engineering

Georgia Institute of Technology

Dr. S. Mostafa Ghiaasiaan

G. W. Woodruff School of Mechanic
Engineering

Georgia Institute of Technology

Dr. Laurence Jacobs

School of Civil and Environment:
Science

Georgia Institute of Technology

Dr. Thomas Fuller

School of Chemical and Biomolect
Engineering

Georgia Institute of Technology

Date Approved:June 3, 2023



ToMom, Dad, Jenny, Brian, Danny, and Sean

for their unconditional love and support.



ACKNOWLEDGEMENTS

First and foremost, | express my deepest gratitude to my advisor, Dr. Srinivas
Garimella, for his guidance and support throughout my graduate edud¢#isantellect,
attention to detailand passion for education and practical researemothing shortof
inspiring The amount he cares for each of his students is truly uniguegthonly helps
me and other students with our professional development, but also takes a genuine interest
in our overall welbeing.| am so grateful to have him as a mentor,dah hope the

conclusion of this Ph.D. journey is also the beginning of a long association.

| am also indebtedtonh . D. commi ttee members: Dr.
Laurence Jacobs, Dr. Thomas Fuller, and Dr. S. Mostafa Ghiaasiaan faighdicant
contributions to this worl.especially thank Dr. Peterson for his mentorship outside of my
dissertation work andguidance on teachingvhile we were both thermodynamics

instructors

Dr. Thomas Boziukas been a constant source of support and was heavily involved
in the conceptualization of this work. | thank him for all our stimulating discussions and

assistance with the experimental portions of the work.

The Department of EnficiergyaddsRer@ivable Energyo f En
(EERE) under the Advanced Manufacturing Office (AMO) deserves special recognition
for providing the funding for this study, including Dr. Ari Glezer, who organized the
project and helped conceptualize this work, and Dr. SYarah, who helped design and

fabricate the acoustic actuation system.



Sully Settlemiresand Daniel Bonney from ME Facilities would frequently talk to
me and come to the lab to ensure our boiler and chiller system were working properly while
| was constatly running experiments. Their dedication and support were essential to the

success of this project and many others.

Past and present members of the Sustainable Thermal Systems Lali&B&8&iry
have been a technical and emotional backbone for me dars\gpurney. To Drs. Daniel
Boman, Girish Kini, and Sriram Chandrasekaran: thank you for your patience and
mentorship; | cannot overstate how much | learned from you. To Roland Crystal, Evan
Ragoowansi, Elizabeth GilbeKristian Lockyear, and Jacob Tg& thank you forall the
thoughtprovoking technical discussioasd camaraderiéam very fortunate | can call so
many STSL membemy friendsand mentors, even those | never overlapped with during

my time here.

Drs. Zhongzhe Liu, Pat McNamara, Johrr@ddSimcha Singerand Hyunjae Park
from Marquette University, my alma mater, were instrumentahtioducing meto this

exciting field of energy systems, fluid flow, and heat transfer.

My parents Margaret and Tom Hughesyy older siblings: Jenny, Briarand
Danny, and my younger brother, Sean, are my greatest sources of support and inspiration.
They, along with my cousin, Ben, have frequently providedwiik the confidence |
needed to succeed when it sometimes was not there. | cannot thank my fahfilgrads

enoughfor theiremotional suppornd belief in me.

| am thankful to all these people for making this enjoyable experience possible.



ACKNOWLEDGEMENTS \Y
LIST OF TABLES iX
LIST OF FIGURES X
LIST OF SYMBOL S AND ABBREVIATIONS Xiii
SUMMARY XVii
CHAPTER 1. Introduction 1
CHAPTER 2. Literature Review 4
2.1 Introduction 4
2.2  Electrohydrodynamic (EHD) Heat Transfer Enhancement 6
2.2.1 Working Principle 6
2.2.2 Enhancement Studies 9
2.23 Practical Considerations 24
2.3  Enhancement due to Active Surface Modification 25
2.3.1 Approaches 25
2.3.2 Enhancement Studies 26
2.3.3 Practical Considerations 38
2.4 Enhancement due to Fluid Vibration 39
2.4.1 Approaches 39
2.4.2 Enhanement Studies 42
2.4.3 Practical Considerations 52
2.5 Summary and Recommendations 53
2.6  Research Objectives 56
CHAPTER 3. Flow Visualization and Hydrodynamic Measurements 58
3.1  Actuation Method and Motivation 58
3.2 Test Facility 61
3.3  Flow Visualization Test Section Design and Instrumentation 63
3.4  Flow regime Identification 66
3.5 Results and Discussion 71
3.5.1 Pressure Gradient 71
3.5.2 Flow Visualization 76
3.53 Analogy between Momentum and Flow Regime 80
3.5.4 Resonance Frequency Correlation Development and Design Recommendations
82
3.6  Conclusions 85
CHAPTER 4. Heat Transfer and Pressure Drop Measurements 86
4.1 Heat transfer Measurements 87

TABLE OF CONTENTS

Vi



4.2  Results and Discussion
4.2.1 Effect of Vapor Quality
4.2.2 Effect of Mass Flux
42.3 Effect of Temperature Difference
4.2.4 Effect of Amplitude and Frequency
4.2.5 Analogy between heat transfer and pressure drop
4.2.6 Comparisons with the Literature
4.3  Conclusions

CHAPTER 5. Flow Regime Based Modeling for Acoustically Enhanced
Condensation 108
5.1  Model Development
5.1.1 AnnularMist Flow Regime
5.1.2 Stratified Flow Regime
5.1.3 Intermittent Flow Regime
5.2  Flow Regime Transitions
5.3 Results and Discussion
5.3.1 Comparison with Experimental Data
5.3.2 Effect of Quality, Frequency, and Amplitude
5.3.3 Design Recommendations
5.4  Conclusions

90
90
93
94
95
99
102
106

110
110
121
125
128
131
131
133
137
140

CHAPTER 6. Design Guidelines for Heat Transfer Enhancement of Condensers

142
6.1 Impact of Heat Transfer Enhancement
6.2 Heat Transfer Enhancement in Refrigeration Systems

6.3  Evaluating Representative Condensation Enhancement Techniques

6.4 Conclusions

CHAPTER 7. Summary and Conclusions
7.1  Research Significance and Specific Conclusions
7.2  Recommendations for Future Work

APPENDIX A. Experimental Setup Specifications
A.1  Component and Measurement Specifications
A.2 Heat Transfer Test Section Design
A.3 Actuator Design, Plumbing, and Power Consumption
A.4  Control of Saturation Pressure in Loop and Actuator
A.4.1 Control of Loop Pressure
A.4.2 Control of Actuator Pressure
A.5 Charging the Test Facility with the Refrigerant
A.6  System StartUp, Data Point Stability and Data Point Capture

APPENDIX B. Effect of Actuator Configuration and External Harmonics

APPENDIX C. Representative Data Point Sample CalculatioNS

vii

145
152
162
170

171
171
173

176
176
178
181
183
184
184
186
187

191

195



APPENDIX D. Model Sample Calculations 212

REFERENCES 216

viii



LI'ST OF TABLES

Table 1.1: Typical heat transfer coefficient values.............cccooviiiiieeciiiiiiiiineee e, 1
Table 2.1: Summary of EHD enhanced boiling.............cccoovviiiieeeei e, 15
Table 2.2: Summary of EHD enhanced condensatian................cccccececeeeeeeeeeeennnnn. 22
Table 2.3: Summary of active surface enhanced bailing............cccoovvveeeeeeennnn. 32
Table 2.4: Summary of active surface enhanced caadi@n.........................covvveemn. 37
Table 2.5: Summary of fluid vibration enhanced boiling..............cccoovvvvieeer e a7
Table 2.6: Summary of fluid vibration enhanced condensatian....................ccc..... 51
Table 3.1: Vapophase sound speed of select fluid$sat= 35°C.........cccccuvrvrirnnnnnnn) 60
Table 4.1: Heat transfepefficient correlation predictions.............cccevvvviviiiieecennee. 106
Table 5.1: Data used for annular flow correlation development......................... 118
Table 5.2: Summary of model accuracy MetriCs...........ccooeuvvivimmmriniiiieieeeee 131
Table 6.1: Relation between temperature and pressure for fluids condernsm@@iC.

Properties obtained from REFPROP (Lemmon et al., 2007)..........cccovviiiiieennnnn. 148

Table 6.2: Heat exchanger geometries and operating conditions under consideration.
Table 6.3: Range of operating conditions included in redoceer acoustic actuation

LT Yo [ PSSP PPPPPURPPPPPPR 165
Table 6.4: Selected parametess €énhanced condensers...........ccoceeeeeeeevieeeceeeeennn. 165
Table A.1: Precondenser, postondenser, secondary HX, and evaporator specifications.
............................................................................................................................. 177
Table A.2: Fluid loop pump specificationS.........ccooeeeiieeeeiiiieeeicciee e 178
Table A.3: Sensor SPeCIfiCAtIQNS ..........oiiiiieiiii et 179
Table C.1: Coolant MEeaSUreMENLS...........ooviiiiiiiiiireee s eennseeeeeeeeees 195
Table C.2: Refrigerant MeaSUreMENLS........cccuuieiieiiiiiice e inees e 195
Table C.3: Data point identification and miscellaneous measurements............. 195
Table C.4: Data point sample calculation.................uuvviiieemeiiiiiiiiiiieeeeeee e 196
Table D.5: Sample calculation for the model presented in Chapter.5................. 212



LI'ST OF FI GURES

Figure 2.1: Active versus passive enhanCement..........cccuuuvvriimmmriiiiiiiiiiiineeeeeeeeeeend 6

Figure 2.2: Common EHD electrode geometrieS.........cooeeeeeeiiiiieeeiiee e eeeeeeeeeeeanns 7

Figure 2.3 Representative EHD equipotential lin@s..............cccuuvvviiimeeniiiiiiiiiiieeeee, 8

Figure 2.4: EHD electrostriction effect (Laohalertdecha et al., 2007)..................... 9
Figure 2.5: Representative fAsmarto surface
(b) switchable polymer coatings (Zhou et al., 20169, @) metal oxide films (Zhang et

=L 0 1 ) TSRS 26

Figure 2.6: SMAs changing shape as temperature changes. Images from Wang et al.

(2015), where red circles indicate transition to nucleate boiling...............cccccoeee.. 31

Figure 2.7: Changes in vapor bubble morphology subjemdpdlary and ultrasonic
actuation. Cavitation and ultrasonic images from Boziuk et al. (2019a) and (Boziuk et al.,

2023), TESPECHVEIY.....ceeeeiiiiiteii i et e e e e e e e e e e ereeia s e e e e e e e e e e aaeeeeeeeeesnnneeaeaees 42
Figure 2.8: Acoustic streaming in pool boiling. Top and bottom images from Li et al.
(2016) and Kim et al. (2003), reSPECHVEIY.........ccceerrririiiiiimme e 45
FIgure 2.9: SAW CONCEPL......coiiiiiiiiitt it ee et eeees e e e e e e e e e e aaeeeeeeean 50
Figure 2.10: Heat transfer enhancement versus complexity and versatility for boiling and
CONAENSALION PIrOCESSES.. . eiitiiiiieeeeeeeee e i s it e e e e e e e e e s e e s s s et rres s s e s s nbbbbbbereeeesenens 54
Figure 3.1: Phasehange test facility schematiC.............ccccooeeiiiiiceeiiiiiiiiie e 62
Figure 3.2: (a) Acoustic actuator CAD rendering and (b) software for measuring and
(ofo] gl ige]|[TaTo IR { T TN o113 (o] o VPSSR 64
Figure 3.3: Test section iINStrumentation. .............cvvviiiiiieemiiieeieeeeeeee e 65
Figure3.4: Flow visualization experimental Setup............cccoovvvviiiieeee e, 66
Figure 3.5: Observed flow patterns and flow regimes.............cccevvvveieeeiiivnninienenee. 67
Figure 3.6: Flowchart of flow pattern classification algorithm................................ 69

Figure 3.7: Pressure gradient versus quality with and without actuation at 4 mm
amplitude at a mass flux of (a) 150 k¢f st and (b) 235 kg M s?, and acastic pressure
gradient versus quality at an amplitude of 4 mm at a mass flux of (c) 15& kdand

Figure 3.8: (a) Pressure gradient versus frequency, (b) acoustic pressure gradient versus
actuation amplitude dt= 6.5 Hz, and (c) normalized pressure gradient divided by

nominal acoustic energy versus frequency with Equation 3.2 trend overlayed for

U STrALIVE PUIDOSES.A .. i ie i it e et eeee e ettt mmme e e e e e e e aee et e e emrnnees 73
Figure 3.9: Resonance frequency as a function of (a) vapor quality and (b) sample
CYHNAEr VOIUME.....ueeiiiei e eeeeee e e e eeeaea ] D
Figure 3.10: Representative flow patterns of baseline and unactuated flow at different
vapor qualities at a mass flux 0f 150 K& BY. .......ccvieiiieiee e 17
Figure 3.11: (a) Flow regime similarity and (b) occurrence of the DF flow regime versus
vapor quality at an actuation amplitude of 4 MM...........coooviiiiiiiceer e, 77
Figure 3.12: Time lapse of acoustically actuated flow at time intefvads................ 78
Figure 3.13: Flow regime similarity versus frequency at4 mm and (b) the flow

regime difference (19 versus actuation amplitudefat 6.5 Hz...............coevvvvviinnnnes 79
Figure 3.14: (a) Flow regime similarity and (b) occurrence of DF and IF regimes as a
function of the relative pressure drop betweenaboustics and vapor phase.......... 81



Figure 3.15: (a) Reflection coefficient at different Strouhal numbers and predicted and
measuredeaflection coefficients versus (b) frequency and (c) reduced frequency.83

Figure 4.1: Test section primary loop, secondary laog, test section..................... 38
Figure 4.2: (eb) Condensation heat transfer coefficient and)(frictional pressure drop
versus vapor quigy for several actuation configurationS............ccccoeeeeevvvieeeeeeeeennn. 91
Figure 4.3: Relative heat transfer enhancement as a function of (a) acoustic @a;amet
(b) mass flux, (c) temperature difference, and (d) acoustic amplitude.................. 92
Figure 4.4: Superficial RMS actuation velocity aedonance frequency versus vapor

[0 [0 =11 Y25 a3
Figure 4.5: Heat transfer enhancement versus frequency at a fixed amplitude. Hhe 20
case could not be actuated to exactly 4 mm due to control limitations................. 96

Figure 4.6: Heat transfer enhancement vefimguency overlayed with the RMS

actuation velocity. *The 20 Hz case could not be actuated to exactly 4 mm due to control
T g1 e= 1A 0] 0 TSR 98
Figure 4.7: Heat transfer enhancement and frictional pressure drop versus frequency.
*The 20 Hz case could not be actuated to exactly 4 mm due to control limitation89

Figure 4.8: Heat transfer coefficient correlation...................oovveeeeiiiiiiiiiiiiiiinnnn, 101
Figure 4.9: Predicted he@mtinsfer enhancement using conventional correlations.103
Figure 4.10: Heat transfer coefficient correlation predictions................cccceeee... 105
Figure 5.1: Annulamist flow SChemMaAtiC............ccooriiiiiiiiiiicee e 112
Figure 5.2: Comparison between entrainment correlations..............cccccevvceenenns 112
Figure 5.3: Heat transfeoefficient trends.............cccciiiiiiiiiieeerieeeeeeee e 116
Figure 5.4: Annular flow COrrelation..............cceeiieii i e ceeeccce e eeeeere s 119
Fi g ur e dependence gpgime map by Cavallini et al. (2006)....................... 120
Figure 5.6: Stratified flow schematiC.............cccoooeiiiiiicceiiiiiic e 122
Figure 5.7: Intermittent flow schematic and still image of intermittent flow......... 126

Figure 5.8: Comparison between reatext slug lengths and estimated slug length4.27
Figure 5.9: Flow regime map for (a) actuated flow and (b) unactuated.flow....... 130

Figure 5.10: (a) Pressure drop and (b) heat transfer model predictions............. 132

Figure 5.11: (a) Pressure drop and (b) heat transfer coefficient model predictions as a
fuNCtion Of QUALILY........cooiiii e 133

Figure 5.12: Entrainment fraction versus quality for various actuation parameters and
MASS TIUXES. .. ieeiiiei e enenr bbb e e e 134

Figure 5.13: (a) Pressure drop and (b) heat transfer predictions as a function of frequency.
............................................................................................................................. 135

Figure 5.14: (a) Pressure drop and (b) heat transfer predictions as a function of amplitude
............................................................................................................................. 137

Figure 6.1: Condenser size reduction using microfin tubes using data from Han and Lee
(2005). *Equivalent surface areas for smooth and enhanced tubes are assumed for sake of

11053 1= 11 0] o 145
Figure 6.2: Qualitative condensation temperature profiles in a counterflow heat

exchanger with significant pressure drop. Flosirative purposes only.................. 146
Figure 6.3: Local enhancement COMPAariSONS...........covvvviiiiieeeieeeee e e 151
Figure 6.4: Length reduction COMPAriSONS..........cooviiiiiiiiiieene e eeeas 151

Figure 6.5: Representative (a)-aoupled and (b) liquitoupled heat condensers..153

Xi



Figure 6.6: Temperature profiles for ligudupled condensation in (a) parallel flow and

(o) el a1 =] g (ol iV o] oT=T =1 i o] o PR 156
Figure 6. 7: He at Tdredticion f'eom ldifierent caleheat trarssferd @
LTl =T (ot =T g T oIS UPUUPPRRR 157

Figure 6.8: Length reductions for different local heat transfer enhancements....158
Figure 6.9: Maxnum condensation heat flux as a function of (a) heat transfer coefficient
and (b) Mass flUXEF = PP = 2) ...ttt 162
Figure 6.10: ML Mdalel error predicting (a) heat transfer and (b) pressure drap..164
Figure 6.11: Length reduction for various condensation enhamteeahniques......166
Figure 6.12: Maximum length reduction potential with enhanced condensation.168

Figure A.1: Test section photograph and schematic with dimensions................ 180
Figure A.2: Agreement between test section thermocouple measurements and saturation
temperature predictions from pressure measurements................vveccceereeeeennnnnns 181
Figure A.3: Actuator photograph, CAD rendering, and DriveWare screenshot...182
Figure A.4: Typical actuator power CONSUMPLION.............covvvvvivviimmmeeeeeeeeeeenenannnns 183
Figure A.5: Actuator pressure and piston control mechanism...............ccc.eeeennn. 185
Figure A.6: Test facility energy balance..............ooovvviiiccciieeeeeee e, 189
Figure A.7: Secondary inlet water temperature fluctuations before and after installing a
PID-CONLrolled NEALEN........cceiiiiiiiiiiiieee e e 190
Figure A.8: Data collection during actuation..............coooviiiiiiccce e 190
Figure B.1: 15° Angled fitting CAD rendering aedgineering drawing.................. 193
Figure B.2: Comparison of heat transfer enhancement with and without sample cylinder
HEIMNOILZ r@SONALOL.......ueiiiiiiiiiiiiie e e e 194
Figure B.3: FFT of twephase pressure drop signal in the presence of acoustic actuation.
............................................................................................................................. 194

Xii



L |

'Q 7:7

Variables

a

A

Bo," Q" p, 7
Cp

d,D

D6 O

E

EO0O

EF,| X

f

Fr,™ YT "®
j

QoD QO
g=9.81m¢
G

H

k

L

Nu| 0 7Q
p, P
PP,30730
PF

Sound speed
Area

Bond number

Specific heat at constant pressi

Diameter

Deposition Rate
Entrainment mass fraction
Entrainment rate
Enhancement factor
Frequency

Froude number

Superficial velocity

Vapor Froude number

Acceleration due to gravity
Mass flux

Liquid pool height
Thermal conductivity
Length

Nusselt number

Pressure

Pressure drop penalty

Penalty factor

Xiii

ST OF SYMBOLS AND ABBREVI

m s?

kg m?s?

W mtK1

AT

O



Greek Symbols

Prandtl number -

Heat transfer rate W
Heat flux W m?
Thermal resistance K w1

Thermal resistance per area  m? K W

Reynolds number -

Perimeter m
Temperature °C
Average velocity m s?
Friction velocity m st

Heat exchanger conductance W K
Overall heat transfer coefficient W m?2 K
Specific volume m° kg
Volume m3
Vapor quality

Martinelli Parameter -

Piston displacement m
Axial distance m
Heat transfer coefficient W m?2K1

Angle of sector containing liquir rad
pool

Film thickness m

Volume fraction -

Xiv



T
1,¢°Q

Subscripts/Superscripts

ac
b
Cc

ch

Abbreviations
Cu

dp, DP

Dynamic viscosity
Kinematic viscosity
Shear stress

Angular Frequency

Actuated
Baseline/unactuated
Crosssectional
Characteristic
Inlet or interfacial
Film

Frictional
Gravitational
Liquid

Liquid film
Natural

Outlet

Pool

Resonance
Vapor

Vapor core

Wall

Copper

Pressure drop

XV

kg nt st
m?s?
Pa

rad st



ht, HT
HX
ot, OT
RED

ts, TS

Heat transfer
Heat exchanger
Outer tube
Reduced

Test section

XVi



SUMMARY

Condensation is a ubiquitous heat transfer process in heating, ventilation, air
conditioning, and refrigeration (HVAC&R) and chemical processing. However, while
condensation is an effective heat transfer mechanism, the heat transfer coefficient
decreases sa the vapor quality decreases; therefore, several methods to enhance
condensation heat transfer have been explored over the past several decades. This study
focuses on active techniques to achieve enhancement in condensation in regions where the

heat tranfer coefficient is typically lower.

A review of the pertinent literature on active enhancement of condensation is
conducted, from which one promising and relatively unexplored method, enhancement by
actuation of the flow with acoustics, is selected fetaded investigation. Acoustic
actuation can enhance the heat and mass transfer during condensation by agitating the
phases and providing an additional mixing mechanism for the two phases, which in turn
reduces the thermal resistance in the condensathislstudy, a tubén-tube condenser
test section is coupled to an acoustic actuator at the inlet and a Helndlolte at the
outlet. A flow visualization study is performed to characterize the flow regimes,
oscillations in the fluid motion that modifiie regimes, and void fraction. A phadeange
heat transfer test facility is constructed to measure the heat transfer coefficient and
frictional pressure gradient of the actuated flow compared with the baselineThaw.
effects of mass flux, actuatiorefjuency, actuation amplitude, and degree of subcooling
are studied to understand the relevant heat transfer enhancement mecliieasimansfer

enhancement of up t82% is observed, allowing for size reductioncommon liquid

XVii



coupled condensels/ up to10% A pressure drop penalty of ~6.5 is observed, but only in

the lowquality region of the condenser where local pressure drops are smallest
Additionally, length reduction due to heat transfer reduction will help decrease the overall
condenser pressudeop, making the overall change in pressure drop nearly negligible as
heat transfeat low qualitiesis enhancedBased on these experimental results, a misdel
developed to predict the heat transfer and pressure drop to aid in condenser design. Insights
from these experiments and analysee extended to provide guide tothe future
development of more compact condensers and the potential use of acoustics to enhance

heat flux.
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CHAPTER 1. INTRODUCTION

Convective condensation in horizontal tubes is of great practical interest to the
chemical processing and heating, ventilation,-caimditioning, and refrigeration
(HVAC&R) industries(Ghiaasiaan, 2007 One reason for this is because condensation
processes reject heat at constant temperature and relatively high heat fluxes compared to
other modes of convective heat transdsrshown inTable 1.1 (Bergman et al., 20)1
However, the condensation heat flux decreases along the condenser length, due to both a
thicker condensate layer and a lower mean fluid velocity. Eventually, the condensation heat
transfer coefficientill approach the singkphase liquid heat transfer coefficient, which is
several factors, or orders of magnitude, lower than the typical condensation heat transfer
coefficient and the higher vapor qualities. Therefore, there is significant heat transfer

degradation at low qualities, and it is desirable to minimize this effect to the extent possible.

Table 1.1: Typical heat transfer coefficient values.

Convective Heat Transfer Coefficient

Process
(W m2K?
Boiling or Condensation 1,000i 100,000
SinglePhase (Gas) 2571 250
SinglePhase (Liquid) 10071 20,000




Condensation heat transfer enhancement can be achieved either passively or
actively. Passive heat transfer enhancement typically involves adding inserts or extended
surfaces inside the horizontal tube, which can reduce the local condensate film thickness
and increase the surface angaareem et al., 2005 Active methods require an extafn
source to enable the enhancement mechanisms; most studies in the literature have focused
on actively enhancing the heat transfer using electrodynamics, mechanical aids, surface
vibration, and fluid vibratior{dJadhav et al., 20)60nerelatively unexplored method of
active enhancement, however, is acoustic enhancement of condensation, where an acoustic
wave propagating through the vapor phase causes significant interfacial disturbances,
lowering the overall thermal resistance. Prelimyn@xperimental results from this study
in fact show up to 32% heat transfer enhancement at the low qualities using this technique.
Therefore, the objective of this study isdbaracterizehe effect of acoustic waves on
internal flow condensation heatatrsfer and pressure drop. Specifically, the effect of
pertinent flow and acoustic parameters (e.g., mass flux, quality, frequency, and amplitude)
on the heat transfer and pressure drop during condensation will be investigated. The results
of this study wil lead to better understanding of the physical mechanisms enhancing
condensation and will also lead to better predictive models that can be used in future
condenser design$he study begins witiChapter 2wherethe literature on methods to
actively enhaoe phasehange heat transfarereviewed and itemized research objectives
for studying acoustically enhancedtube condensation are stated. In Chapter 3, the in
tube acoustically enhanced condenser demighactuation methad described, details of
the experimental flow visualization study are explained, and the resulting changes in flow

regime and impact of acoustic parameters and mean flow parameters are discussed. In



Chapter 4, details of the heat transfer measurements are explained, expeiineental
results orheat transfer enhancement are presented and discuss&tapter 5Sinsights

from both experimental studiese appliedto develop a mechanistic heat transfer and
pressure drop model for acoustically actuated condensers. In Chaptact&ap design
guidelines for theenhancement olfieat transfein common condenser geometries are
developed. Finally, Chapter 7 summarizes the results of this study and provides

recommendations for future research.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

Phase change heat transfer is often associated with high heat fluxes compared to
other common methods of heating and cooling, such as forced convection opsiaggte
gases and liquidgergman et al., 20)1However, as devices continue to be miniaturized,
the already high heat fluxes associated with plcas@ge heat transfer may not be large
enough. One common method to increase phhaage heat fluxes, and the overall rate of
heat transfer, is to manufaire special surfaces, either extended surfaces or those with
micro/nanostructures. Surface modifications have the benefit of both increasing heat
transfer area and, in some cases, enhancing the heat transfer coefficient by altering the
liquid-vapor hydraynamic phenomena. Some examples of this include designing
micropillar wicks to promote thifilm evaporation(Adera et al., 2016 and designing
surface geometries that take advantage of surface tension gradients to prorfdta thin
condensati on vi a(Rdasd 200dKehiaran Garimeglla, 20R0Swface o
modifications in lhe form of coatings have also been employed to increase the number of
nucleation sites in boilindSarangi et al., 20)5and to prevent full tubevetting in
condensation, delaying the transition from dropwise to-filise condensatiofPreston et
al., 2015. While these passive enhancement techniques certainly havepltusrand
potential to significantly improve heat flux, there are still some inherent limitations. In the
case of surface coatings, the method in which one applies these coatings may not be
scalable, and have questionable reliability when time scales cex@xelew weeks,

necessitating frequent replenishment. In the case of structured surfaces, maximal



enhancement only occurs within a fixed range of operating conditions. For example,
micropillars on flat surfaces to enhance pool boiling can suppress nutjeakich can

result in lower heat fluxes than a smooth, flat surface at the same wall superheat when
3Y o 1 (Song et al., 2091 Additionally, Microfin tubes can enhance condensation

by a factor of ~2.6 at low mass fluxes (<200 kgsn), but enhancement decreases to ~1.4
when the mass flux reaches 800 kg &1 (Doretti et al., 2018 Therefore, alternative
enhancement techniques that can increase heat fluxes across a broader range of operation
conditions should be considered. Active heat transfer enhancement techniques can play a
role in this,although they require an external source of power to operate. The added power
source is a drawback in some applications, but may prove beneficial for very high heat flux
applications, or in situations where the achieved heat duty gains or heat exchamger si

reductions outweigh the additional power requirements.

I n this study, Apassived enhancement r
unchanging irrespective of the surrounding
some capacity to change their featyras illustrated ifrigure 2.1. For example, some
active methods require external power, implying that their behavior will change based on
how much power is suppliednother example would be a material that changes its shape
as temperature changes, such as a shape memory alloy ($&tkaki et al., 1988 With
these definitions in mind, this paper reviews active enhance techniques for boiling and
condensation. The basic concept, working principles, and approaches are outlined for each
category, experimental findingsofn boiling and condensation studies are discussed, and
remarks on possible future opportunities and challenges associated with these techniques

are made.
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Figure 2.1: Active versus passive enhancement

2.2 Electrohydrodynamic (EHD) Heat Transfer Enhancement

2.2.1 Working Principle

Electrohydrodynamics (EHD) is an enhancement technique that converts supplied
electrical energy into fluid kinetic energy. The electrical energy is supplied by applying a
high-voltage, lowcurrent direcicurrent (DC) or alternatingurrent (AC) signal beteen a
charged electrode and grounded electrode. The exact geometry of the charged and
grounded electrode can take on a variety of forms; illustrations of typical electrode
geometries for cylinders are shownRigure2.2. The geometry of the electrode and the

geometry of the heat exchanger play a significant role in heat transfer enhancement.
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Figure 2.2: Common EHD electrode geometries.

Typically, norruniform electric fields achieve higher phadenge heat transfer
coefficients(Papar et al., 13 Ohadi et al., 2000 possibly increasing induced electrical

forces. The induced electric force per unit volume is given by:

: . . o~ 1T

D 1o gora gna"o — &
where @ is the electric fieldy) is the free electron charge density, and the fluid
permittivity (Laohalertdecha et al., 200 EHD can be achieved by applying a high voltage
to a pair of electrodes that are a prescribed distance apart, and the naturstdngth
can be estimated as the voltage divided by the distance between electrodes. The exact field
strength is more complicated to evaluate and can be highly nonunifFogurd 2.3);
therefore, in some experiments, it is common for the applied voltage and distance between

electrodes to be reported instead. The direction and uniformity of the induced electric field

is a function of the electrode geometry, otherfagie geometries, and the ligewdpor



phase distribution. The first force term in Equatag is known as the electrophoretic
force, which acts on the free charges within the fluid and induces fluid motion. The
electrophoretic force is generally the most dominant force that acts onghage flows.

In fact, because it induces fluid motion, iayrbe possible for EHD to pump liquids as well

as enhance heat transfer; however, this has shown to be quite inefficient with pumping
power efficiencies of only about ~0.28%aohalertdecha et al., 200Further details on

EHD in singlephase flow are summarized well in the reviewlaphalertdecha et al.
(2007) In two-phase flows, other forces become prevalent due to differencesiuhdiad

vapor permittivity, causing an inhomogeneous fluid permittivity andumaform electric

field. Additionally, there is an electrostriction force that causes liquid to change its shape
in the presence of an electric field, as showRigure2.4, which can be useful for liquid

extraction.

Equipotential
Line _ Electrode

wire

Figure 2.3: Representative EHD equipotential lines.
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Figure 2.4: EHD electrostriction effect (Laohalertdecha et al., 200Y.

2.2.2 Enhancement Studies

1.1.1.1 Pool Boiling (Smooth Surfaces)

EHD enhancement of pool boiling has been extensively studied both
experimentally and theoreticallyBerghmans (1976§leveloped a maximum heat flux

expression for EHD based on hydrodynamic stability theory first developetllbgr

(1959)
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whereQ is the vapor film thickness an@€ j is the Bond number using the vapor film
thickness as the characteristic length. Equati@ showed good agreement with
experiments at themie, but it is limited to conditions where the liqeudpor mixture is
quiescent, incompressible, inviscid, and immiscible. The analysis also assumes the liquid

is a perfect electrical conductor, while the vapor is a perfect electrical ins@geta and



Yabe (1993gattempted to investigate EHD mechanisms further through basic experiments
and analyses of bubble behavior under different EHD conditions. In these studies, heat
transfer enhancement and optical changes in R11+ethanokbdyatmics for different
electric fields and wall superheats were recorded. It was observed that high field strengths
cause bubbles to move violently around the heat transfer surface and can generate new
bubbles by breaking up bigger ones. Therefore, & w@ncluded that decreases in the
average bubble diameter and increases in the number of bubbles were the major
enhancement mechanisms. An impressive boiling augmentation of up to ~50 was achieved,
and, at a given applied voltage, the boiling heat flux feasd to be dependent on the
electrical conductivity of the liquid but approached a constant value once the conductivity
exceedey p m AV1m? Kweon and Kim (20003tudied pool boiling of RL13 on a
horizontal rod (instead of a flat boiling surface) andnbthat EHD delays the onset of
nucleate boiling (ONB) and increases the critical heat flux (CHF) with increasing electric
field strength. The average bubble departure diameter was also found to decrease along
with an increase in the number of bubblesgeagrg with observations 9gata and Yabe

(1993)

1.1.1.2 Pool Boiling (Enhanced Surfaces)

Because enhanced boiling surfaces are commonly used in HVAC&R systems, it is
desirable to understand the compounding effect of enhanced surfaces witiARH&d
et al. (2011)applied EHD to a rough boiling surface and observed a delay in CHF, and
found heat transfer enhancement from the natural convection regime up to CHF, reporting
about a 1.5x increase in heat transfer coefficient and 3.5x% increase in CHF. Additionally,

a significant reduction in boiling hysteresis was observed as electric field strength
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increased, eventually becoming immeasurable at a 20 kV applied voltage arkvV1®00

field strength.Singh et al. (1995also reported large heat transfer enhancements using
R123 and enhanced tubes, finglithe two effects compounded each other due te non
uniformity in the electric field.Liu et al. (2022xompared the effect of EHD on CHF for
smooth and microstructuredréaces, and in some cases found that the addition of EHD
reduced the CHF on the microstructured surfaces. The reason for the reduction in CHF is
likeydue to the dfi el dniform elgetoc fiedds ¢ae lead to electicalr e n o
forces that trp the bubble inside the structured surfaces. This effect was also noted by
Cooper (199Q)but was instead hypothesized to be an enhancement mechanism and not an
effect that hinders heat transfer. This discrepancy may be explayrtbé magnitude of

heat fluxes under investigatigQuan et al.2013, where if the heat flux is very large, the
increased size of the bubbles may prevent vapor transport. Therefore, careful consideration
of the desired heat fluxes and combination of EHD and surface structures is needed;
otherwise, heat flux augmtation or changes in CHF may be unfavorable or limited, at

best.

1.1.1.3 Pool Boiling (Rod Bundles)

Complexities in EHBsurface interactions have also been observed in rod bundle
geometriesDamianidis et al. (1992)chieved a 2.5x heat transfer enhancement with-a low
fin shellandtube evaporator, but did not observe any enhancement with an equivalent
smooth tube evaporator. This interesting result was investigated in a later study by
Karayiannis et al. (1995Wwho suggested that the choice of electrode geometry was the
cause for the lack of enhancement in the smadié tase. This was corroborated by their

own experimental investigation of the effect of EHD on-fwand smooth tube bundles.
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The observations biarayiannis et al. (1995hdicate that the electric field in the smooth

tube rod bundle tests were removing bubbles in the radial directererging them from
interacting with the heating surface, eliminating any chance for enhancetuager
(1992)also investigated EHD boiling on rod bundles and developed an electrode system
that attempted to maxiize the average electric field strength while minimizing séiek

flow resistances. These designs included an array of electrode rods, electrode sheets, and a
combination of electrode rods and sheets. The electrode sheet configuration was found to
enhare singletube and nindube evaporators, but it is quite possible that different
electrode configurations may be better for shelitube evaporators with hundreds of
tubes and several baffles, which is more representative of heat exchangers encountered
HVAC&R applications(Janna, 2018 Ogata and Yabe compared the Edithanced flow

boiling of R11 and an Ré&thanol (2% ethanol by weight) mixture, and found 5x heat
transfer enhancement in the mixture compared to the putieesignrefrigerant. This was
attributed to the substantially reduced EHD relaxation time. They also evaluated the
evaporation heat transfer enhancement of tubes with enhanced surfaces and found that
applied voltages of 25 kV enhanced the heat transfesrimoath tube enough to outperform

all the enhanced tubes.

1.1.1.4 Flow Boiling (Smooth Surfaces)

In the case of convective flow boiling, both bubble dynamics aneptvese flow
regimes must be considered to properly evaluate EHD enhancement mech@oisoms.
et al. (2005)developed a twphase flow regime map for annular channels under a DC
applied voltage using the stability analysisT@itel and Dukler (1976)but with EHD

forces included. Results show that, at a given quality, the transition to annular flow occurs
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at a lower mass fluMcGranaghan and Robinson (20BXperimentally mvestigated the
influence of AC EHD on the flow regimes and heat transfer during convective boiling of
HFE7000 at a mass flux of 100 kg?rs. At low vapor qualities, EHD generated large
oscillating bubbles and periodic wetting of the top and side whtlse tube. Additionally,

the bubbles appeared to be retained within the stratified pool due to EHD fohies,

may coalescenc#o form crests that climb up to the sides of the tube, improving wetting
and heat transfer due to increased film evaporafidni s ef fect appears si
trapo effect observed in pool boiling stud,i
what occurs for pool boiling on smooth horizontal surfaces, where bubbles were found to
break each other apaBryan and Seyedfagoobi (1997)applied an electcifield during
evaporation of R134a, and found 5x heat transfer enhancement at low qualities (~0.1), but
2x heat transfereductionat higher qualities (>0.5). Similar findings were reported in
rectangular, grooved channels as well as tubes that usecta k#ictrode instead of a
cylindrical one. The enhancement at low qualities is likely due to the presence of nucleate
boiling, where EHD is known to be effective from pool boiling studies, but the heat transfer
reductions observed at high qualities cdugéddue to many factors. Generally, suppression

is expectedo occur at heat fluxes exceeding ~30 k¥ (iNangle Smith and Cotton, 20)9

One possible explanation for the vastly different EHD enhageoéilmehavior across the
boiling process is the different twmhase flow regimes that are applicable. Recently,
NangleSmith and Cotton (201%ummarized test conditions in convective boiling studies
and found large discrepancies in reported data, including conflicting enhancement factors
for similar fluids and geometries, and conclude that the general behavior of EHD enhanced

convective boiling remains largely unknown and unpredictable. Nevertheless, a
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phenomenological model was developed based on the flow patterns that occur when
electric fields are present and it was found that 90% of flow boiling data points considered
were predicted within®%. It should be noted that these data were limited to evaporation

at a single, relatively low heat flux of 10 kWamAdditionally, it appears the model only
predicts heat transfer enhancement, even though there are data from several sources that

do repot heat transfer deterioration at high vapor qualif@stton et al., 2005

1.1.1.5 Summary of Findings on EHD Enhancement of Boiling

Table 2.1 provides a summary of EHD boiling studies reviewed here, including
studies that combined enhanced surfaces with EHD. Overall, much of the available EHD
data is limited to a very small set of fluids, and the magnitude of heat transfer enhancement
varies wildy (1.237 60) and can even be labeled as unpredictable in the case of flow
boiling. Working fluid electrical properties and heat transfer surface geometry appear to
heavily influence EHD forces, but the exact manner in which bubble dynamics, fluid
propertes, electrode geometry, and heat transfer geometry interact with each other is still
unclear. Therefore, while EHD may be an effective enhancement mechanism for pool
boiling applications, it is a relatively complex and unpredictable technique with sotmewha

limited versatility.
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Table 2.1: Summary of EHD enhanced boiling.

Investigator gfg:rr](()a?ri Boiling Process Fluid(s) Range/Applicability Remarks
f Isopropanol 9§ nee&i 285kWnm? f | 7 :Upto~60
1 37Y227 144°C 1 Increased surface
I ©071 20.1 mA wetting detected
Markels Jr and  Entire Pool boiling on T w07 10kv during EHD
Durfee (1964) tank 9.5 mm tube T ACandDC enhanced transitiona
boiling regimes
1 Small changes in
CHF at low applied
voltages
! R113+Ethanol § 1 d3i 50 kW m? T | A :Upto~50
1 R11+Ethanol § w07 30 kV 1 EHD causes bubbles
Brass 1 DC to press against
mesh . heated surfacand
Ogata and Yabe screen 5 Pool b0|I!ng on break apart
55-mm diameter
(1993) mm from surface 1 Heat transfer
boiling enhancement ceasec
surface to increase above
certain electrical
conductivity
Plate 1 R113 A doi265kwn? 9 | A :Upto~3.5
Kweon and Kim iré: 16 Pool boiling on 1 o 0i 15kV Y EHD increases CHF
(2000) mm from  0.37mm 1 DC by 80% but delays
boiling diameter wire ONB by 350%
surfa@
Ahmad et al Mes_h, 40 Pool boilingon 1 R123 T 0 :57160mm T | A :Upto~1.64
(2011) ' mm in sandblasted0 f 4 doi 450kw m? 9§ Boiling hysteresis
diameter mm Cublock T w07 15kvDC eliminated
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Table 2.1 Continued.

Investigator gfgrtr:(e):?r?/ Boiling Process Fluid(s) Range/Applicability Remarks
Metal 1 FC72 7 doi600kWN? | A :Upto~1.23
grid, 7 1 w15kV 1 EHD enhanced CHF
parallel 1 DC but
mm rods 6 ?giﬁﬁoogidﬂg?m had little effect on
Liu et al. (2022) mm gbove microgpin- nucleate boiling
heating finned surfaces regime
surface 1 CHF reduction
spaced 6 occasionally
mm apart observed
Copper - 1 R114 T 3'YOTi 10°C T | :Upto~10
wire mesh Eﬁ:ég?ﬂg‘g °" ¢ R114/0i 1 nee&2i 4kwm? 1 Significant reduction
Cooper (1990) cylinder (17.6 mm at T w07 27 kV in boiling hysteresis
(38&mm rooi of fins) 1 DC 9 Study limited to low
diameter) heat fluxes
1 R113 T 3'Y27i 30°C T |'A :Upto-~2
Wire 1 NAee@7i 28 kW m? § Enhancement most
mesh (1 x _. T wO0i5kV pronounced for small
Quan et al. 1 mm. 0.2 Ribbed copper fin heights an&"Y
(2015) mm w’ire. block 1 Certain fin heights
diameter) and EHD
combinations reduce
heat flux
1 N-pentane T 3°YO0i 35°C T | :Upto~5
: 1 R113 1 nee&7i 60kW m? 1 CHF increases and
EZE:%Z‘:}%' and Wire Flat, horizontal ¢ R123 T w07 25kV hysteresis eliminated
(2005) mesh copper surface 1 DC 1 Least(1.7)

enhancement for N
pentane
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Table 2.1 Continued.

Electrode

Investigator Geometry Boiling Process Fluid(s) Range/Applicability Remarks
H r m 2 . -
S‘Fralght Pool boiling on 1 R123 i I:]&?%GI 35 kW m T | A :Upto~11.5
wires and T w07 20kV 1 Enhancement
Sj . enhanced tube .
ingh et al. wire ~19 1 DC decreases with
(1995) mesh, 3 ( mm decreasing heat flux
i from  OUtside 9
tube diameter)
1 R134a f "0100i 300kgn? 9§ | XA :Upto~2.3
Bryan and rod, 1.6  n-tube flow st 1 Drastic reduction of
i mm internal 1 Y :25°C coefficient at high
(1997) diameter
diameter) 1 &0i0.7 vapor qualities

17



1.1.1.6 Film Condensation

While EHD enhances boiling by mainly affecting bubble dynamics, EHEXpectedo
enhance condensation by promoting further fluid motion, increasmanmess, and also by
thinning the liquid film via the liquid extraction effefitaohalertdecha et al., 200For

film condensationChoi (1968)demonstated EHD enhancement of condensation in a
vertical tube withdownwardflow and proposed a Nusselt number correlation using the
most unstable wavelength in the system as the characteristic length, where the wavelength
was determined from a linear stabilatgalysis and is a function of the electric field strength

and dielectric properties of the phasas shown in Equatiogt.

nQ, a7, -
5o = g ke b
O oY

&

whereQis the equivalent EHD force per unit volume for the plane case witHilims
(Choi, 1968, and the most unstable wavelength is determined from the most dangerous

wave number:

: ¢ o .
U] —T—p—TO &

Holmes and Chapman (1976bnducted experiments on R114 and found up to 10x
enhancement by supplying a large, nonuniform, alternating electric field that caused
significant surface instabilities and droplet sprayi@goper (1986Jused a sheet type
electrode on single and nitebe condensers with voltages ranging fror405kV and
enhanced the heat transfer 1L.8-fold. Due to the importance of electrode desigabe et

al. (1982)evaluated the effect of nonuniform electric fields and also evaluated several
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electrode designgYabe et al., 1987 observing that a helical electrode enhanced
condensation the most. The design of the helical electrode included two helix angles: one
to extract liquid, and another to remove the extracted liquid. The distanceshetvie

wall and electrode surface was also varied to assist with condensate drainage. Overall, the
heat transfer coefficient increased by a factor of 2.8, and up to 94.6% of condensate was
removed with the helical electrode design. A somewhat similarepbraf varying the
electrode geometry was employed Ygbe et al. (1991)where a latticdike electrode
geometry that caused pseudodropwise condensats choserlYamashita et al. (1991)
combined the ideas of pseudodropwise cosd@on and condensate drainage by
combining a lattice and varying helical electrode design and found that uiphb IGeat

transfer enhancement of R114 dnelfluorohexanaas achieved.

1.1.1.7 Convective Condensation

EHD appears to enhance convective condensian the same ways film condensation is,

but the additional pressure drop penalty due to EHD is essential to quantify, as it could
lower system efficiency and reduce the driving temperature differ8imgh et al. (1997)
conducted EHD enhancement experirseah condensation of R134a in smooth and
microfinned tubes. They demonstrated that the heat transfer coefficient increased by a
factor of 6.4, while the pressure drop increased by a factor of 1200. A subsequent, similar
study was conducted bgidwani et al. (2002)who olserved a maximum heat transfer
enhancement of 8.3, with a corresponding pressure drop penalty of 20.&iRgithet al.
(1997)andGidwani et al. (2002also quantified the EHD power consumption (0.08% to
~1% of the condenser heat duty). In addition, it was observed thatdhiee heat transfer

enhancement decreases with increasing quality, because the electroconvective effect within
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the condensate becomes weaker as the condensate film decreases. In addition, it was
observed that EHD enhancement was greatest at mass Ifwezsthan ~100 kg rAs?,

which corresponded to the stratified flow regime; however, annular flow heat transfer
enhancement of about 100% was also observed, indicating the technique can enhance heat
transfer across all major flow regimes present durimgdensationLaohalertdecha and
Wongwises (20063lso investigated R134a condensation in horizontal microfinned tubes,
and were able to increase the heat transfer coefficient by a factor of 1.15, and developed
an empirical Nusselt number corretatiin the presence of EHD. Similari$adek et al.
(2006)tested EHD enhancement in horizontal tubes, and argued that the improved heat
transfer performance was mainly due to a flow regime transition from stratified flow to
annular flow, which was deduced from tube surfang&rature measurements. However,
somewhat contrary to the finding Bmgh et al. (1997)Sadek et al. (200&)bserved an

optimal mass flux for heat transfer enhancement at a given inlatyqua opposed to

strictly increasing enhancement as quality decreases. The observed optimum was attributed
to an ideal quality region for EHD heat transfer enhancement. This suggests that the heat
transfer enhancement may decrease at very low qual@iesdvarborna et al. (2009)
studied the EHD enhancement in the presence of noncondensable gases and found that the
presence of noenondensables greatly dinwhes heat transfer enhancement. While
pressuredrop penalty data is somewhat limited fottilbe condensation studies, it has been
remarked that EHD causes excessively high pressure drop penalties, both due to the
presence of the electrode, and due to ftbes resistance from the liquidxtraction

phenomenonSingh et al. (1997jound that an optimal wube EHD electrode design
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involves large electrode gaps, somewhatantrast to irtube boiling EHD enhancement,

where relatively small electrode gaps are gnadble.

1.1.1.8 Summary of Findings on EHD of Condensation

Table 2.2 provides a summary of experimental studies on Efbanced
condensation reviewed here. Unlike enhanaegnad boiling by EHD, there are no
anomalies of heat transfer reduction and it appears to work well with smooth and enhanced
tubes. Therefore, it appears that EHD is better for condensation enhancement than for
boiling. However, EHD does not appear to bpramising enhancement mechanism for
internal flow condensation due to extremely high pressure drop penalties and large scatter
in measured heat transfer enhancement values. This scatter also makes designing EHD
condensers a considerable challenge. It diooé beneficial for more experimental
investigations to be performed along with the development of more broadly applicable heat

transfer and pressure drop correlations.
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Table 2.2: Summary of EHD enhanced condensation.

, Electrode = Condensation . L
Investigator Geometry Process Fluid(s) Range/Applicability Remarks
Inside vertical 1 R113 T 0 : ~100kPa T |7 :Upto~2
Choi (1968) 127 mm  tube (25.4mm f 0307 51 kgm?s! T Heat transfer
rod internal 7 w07 32kV enhancement correlated
diameter) 1 DC with increased waviness
1 R114 | Electrode angle: D T I A :Upto~10
Holmes and 152 28 25° 1 EHD enhancement
Chapman Sheet vertical plate 7 w07 60kV unpredictable above 40
(1970) T AC (60 Hz) kV
! R113 ¢ "Y :32°C T |'A :Upto~10
2(1%%62;3 tal. Needle Vertical plate T w07 7.3kV
1 DC
Inside 1 Ri134a 1 nae&i 22 kW m? T | :Upto~6.5
horizontal tube f "050i 300 kg n?s! § 30¥3D : Upto ~1200
Singh et & Cylindrical  (12.7mm outer T Y =35°C 1 Pressure drop penalty
(1997) and Helical diameter), T w07 16kV decreasing with
smooth and  Electrode spacing: 0.6 increasing quality
microfin tubes T 5.4 mm
o In horizontal 1 R134a 1 needdi 40 kW m? T |7 :Upto~8.3
Cylindrical o N 1 o
, , tube (12.7 mm T R404A § "0507 300 kg n?s f 30730 :Upto~20.8
Gidwani et al.  steel rod . v . o
outer diameter), 1 R407C ¢ “Y :107 40°C
(2002) (3.17 mm e
: smooth and 1 w67 18kV
diameter)
grooved tubes
Laohalertdecha Steel rod In horizontal 1 R134a 1 nRae& kW m? T I A :Upto~1.15
and Wongwises (1.47mm  microfin tube f "0200i 600 kg st § 30730 :~1.5
(2006) diameter)  (9.52 mmOD) 1 Y :4071 60°C 1 | A increasesvithqd 6
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Table 2.2 Continued.

, Electrode = Condensation . L
Investigator Geometry Process Fluid(s) Range/Applicability Remarks
. 2 . _
Cylindrical Inside T Risda 1 r]aeae!) KW m 1 T ;ﬂ .7U.p to~3
) f "055i 263 kg n¥s 30730 :Upto~3
Sadek et al. rod (12.7 horizontal tube N A BAo .
T Y :4071 60°C 1 Enhancement increased
(2006) mm (25.4 mm o then d 4 with
diameter)  diameter) 1 wO0i 8kV then decreased wi
increasing mass flux
1 R134a 1 Noncondensablegas § | # :Upto~1.8
Cylindrical Inside concentration: @ 25% § 30730 : Not reported
Omidvarborna rod (4 and horizontal tube 1 3921 35°C 1 Heat transfer
et al. (2009) 12 mm (25.4 mm T w071 10kV enhancement reduces ir
diameter)  diameter) presenence of

noncondensable gases
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2.2.3 Practical Considerations

EHD has successfully enhanced phelsange heat transfer in a variety of
configurations throughout the past several decades. The ability for EHD to eliminate
boiling hysteresis, and increase and delay CHF provides possible avenues for more reliable
and conpact twephase thermal management systems. Additionally, EHD appears quite
capable of enhancing convective condensation across the entire quality range, and its
ability to prevent the accumulation of noncondensable gases may be of interest to those
designng power plant condensers. In general, EHD would likely benefit from further
investigation on the exact EHD mechanisms so that enhancement effects in more complex
geometries can be better understood. It would also be very interesting to assess how EHD
could be controlled in a heat exchanger where operating conditions are expected to vary.
Switching from AC to DC, altering the magnitude of the applied voltage, or simply turning
off EHD may make it a more appealing enhancement method compared to passive
appraches. However, EHD suffers from some notable limitations that require careful
consideration. First and foremost, there appears to be an issue with experimental
repeatability. Different investigators that study EHD enhancement on the same fluids and
geometies often report vastly different enhancement values and pressure drop penalties,
and can be off by orders of magnitude. This implies that there may be some other important
parameters that are changing between experiments and are not being accounted for.
Additionally, EHD appears to sometimes decrease boiling heat transfer coefficients and
severely increase pressure drop penalty in convective flows. While these issues can be
mitigated by turning off EHD in certain situations, it is obviously not an idealmstance.

Finally, EHD may be impractical for larggzale applications. One issue is designing an
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electrical system that can provide tens of kilovolts of potential to large heat exchangers,
and another issue is the scaling of the electrode instaltidmanufacturing. In the case

of in-tube EHD, for example, an electrode would be needed for every single tube inside a
shellandtube heat exchanger, which may be very impractical compared to other similar
enhancement techniques. Finally, because mathediuids used in EHD studies have a
high global warming potential (GWP) or ozone depletion potential (ODP), it would be
beneficial to further characterize EHD enhancement with@GWP refrigerant blends or

other working fluids to assess their potentiafuture HVAC&R systems.

2.3 Enhancement due to Active Surface Modification

2.3.1 Approaches

Conventional approaches to enhance heat transfer due to surface motion primarily
includes surface oscillations or vibrations and surface rotation. Surface oscillations may
further promote turbulence in liquid filnfRotstein et al., 1970and in the case of phase
change, could assist with liquid extraction. Rotational forces can achieve similar goals and
could also assist with more uniform wetting. An alternative, more indirect approach of
enhancing heat transfer via surface motionmayber ough HAsmart o surf ac
memory alloys (SMAs), where an external force deforms a shape that can change as the
material is heated. Therefore, at different temperatures, heat fluxes, etc., the SMA can alter
its shape to facilitate improved heabsorption or rejection. Similar materials, like
switchable polymer coatings and metal oxide films, which can have variable wettability,
may also be possible candidates for active surface modificéticet al., 2020. Some

representative As mé&guted5 surf aces are shown
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Figure25: Representative fAsmart o s(bHaoktalces: ( a
2017, (b) switchable polymer coatinggZhou et al., 2016, and (c) metal oxide films
(Zhang et al., 2017.

2.3.2 Enhancement Studies

1.1.1.9 Pool Boiling

1.1.1.9.1 Force or SeHinduced Oscillations

In pool boiling applications, vibrations have been shown to favorably alter bubble
dynamics and CHRUnno et al. (2020)added a brass plate right above a copper heating
surface that acted as a beam. Bubble dynamics cause the brass plate to excite, inducing it

to vibrate at natural frequencies given by:
QN — — Ca)

whered is a constant that depends on the vibrating m@des Yo un g dlsistreodul us
beam length of the brass platés the area moment of inertia, amds the brass plate cross
sectional aza. It was found that when the frequencies found in Eque&omatched the

frequency at which bubbles grow and collapse, the wall superheat decreased by 5 K at the
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same heat flux, enhancing the heat transfer coefficient. However, it should be noted that
some dexeases in heat transfer coefficient were observed if the natural frequency of the
brass pl at-teunweass wiotth fitime frequencies assoc
collapsing.Alangar (2017)andNavruzov et al. (1992)ibrated the boiling surface itself,

and found that nucleate boiling takes place at much lower superheats, and found that heat
transfer coefficient increases with increasing actuation veld&@#thyabhama and Dinesh
(2017)vibrated a vertical, grooved copper surface and observed 62% enhancement which,
compared to the 29% enhancement they observed from the grooves alone, show that
surface vibration an further augment boiling heat transfer in structured surfaces. Flow
visualization also revealed a 36% reduction in bubble departure diameters and a 221%
increase in bubble frequency. The effect of frequency on a similar experimental facility, in
which aclear resonance effect can be observed, was later quantified but not discussed. This
observed resonance effect may be due to the actuation frequency matching a natural

frequency present in the liquichpor mixture.

An interesting alternative to forcing@bations on the boiling surface is to use the
forces from boiling to generate oscillations on the boiling surface. Such a concept was
demonstrated bginhaRay et al. (2017) where two angle heaterssmended in a liquid
received power at different molmeked mat itdom
the boiling surface. Results show that this motion can yield 32% higher heat transfer
coefficients (Kim et al., 202) In a subsequent study, the combination of copper
electroplating and swintike motion yielded enhancement factors ofta®0.9(Kim et
al., 2023. In this case, the corresponding enhancement factor between stationary and

swinglike boiling for a fixed surface treatment wa8,2ndicating that swinging motion
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and surface treatment enhancements effects compound each other. In convective flow
boiling of liquid hydrogen, simulations that vibrate the tube wall yield an increased heat
transfer coefficienZheng et al., 2007 The reason for enhancement is due to increases in
turbulence intensity, which increases the convective heat transfer coefficient. It was also
found that heat transfer enhancement increased as the oscillation veloglyude
increased, and the relative enhancement was found to be larger for smaller inlet fluid

velocities.

1.1.1.9.2 Forced Rotations

Forced rotations (e.g., blades, stirrers, etc.) may assist with removing vapor from
pool boiling surface<zalloway and Mudawar (1992ked aotating stirrer to increase the
poolboiling CHF of a flat, verticallyoriented heating surface. It was found that increasing
the rotational speed increased the magnitude of the CHF, but did not significantly change
the wall superheat at which CHF occuGHF enhancement is attributed to liquid
subcooling and the centrifugal body force induced by the rotating li§uityawong et al.
(2019) installed rotatingblades above a horizontal boiling surface, and found that
increasing the number of blades increased the heat transfer coefficient, with enhancement
factors up to 1.3Luo et al. (2022¥tudied the effect of rotation on fleloiling, but used
rotation to simulate hypergravity effects by installing the experiment on a turiailg
et al., 2019, increasing the effect gravitational acceleration from 1g to 2.77 gtiRot
enhanced the heat transfer for qualities ranging from ~0 to ~0.6, but did not significantly
change as the effective gravitational acceleration increased. Overall, forced rotations
appears to enhance heat transfer enhancement much less than EHD@b#tltbe forced

oscillation studies described previously.
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1.1.1.9.3 Smart Surfaces

Instead of applying external forces to modify boiling near the surface at the moment
they are needed, SMAs or other fismarto surf
that wil only change their shape once a critical temperature is reached. For example, an
SMA can be tuned to change its surface structure near WHg et al. (2015)eveloped
four types of NiTi alloys to examine boiling heat transfahancement of ethanol, and
subsequently evaluated their effects on the boiling of FC72 and (i#eret al., 201)7
One such design included a boiling surface that was bent at 2380RC]J, when the
material is in the martensite state. These bent, or closed fins, then straighten out as
temperature increases, andeeu al | y Arecover o a convention
temperature reaches 353 K (80°C). Such a material transformation may be desirable
because closed fins appear to reach ONB at lower wall superheats compared to open fins,
increasing the heat traies coefficient at low superheats. As the wall superheat increases,

S0 too does the rate of vapor generation, which may lead to film boiling if the fins are too
closed off; therefore, a material transition that opens the fins may assist in the high heat
flux regime Visual demonstration of material transformation during boiling is shown in

Figure2.6.

An alterrative to SMAs are switchable polymer coatings that caibéxdignificant
changes in wettability once a critical temperature is rea¢deédng et al., 2018b
Simulations and experimental validati¢dhang et al., 2018ashow that hydrophobic
surfaces achieve ONB at lower wall superheats, thereby enhancing heat flux. However,
because hydrophobic surfaces will reach CHF at a lower temperature, hydrophilic surfaces

may be more desirable at higher wall superheats, both to increase the heat transfer
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coefficient and delay CHF. Therefoigrtossi et al. (201%repared a switchable polymer
coating, where once 108°C was reached, the surface changed from hydrophilic to
hydrophobic, promoting bubble nucleation yielding 20% heat flux enhancement on

average.

Other materials, such as metal oxide films, can change their wettability after
exposure to ultraviolet (UV) light instead instead of reaching a critical temperature,
potentially making the coating effective across a wider range of saturation temperatures
Takata et al. (20058howed that the contact angle of a F7@ated surface decreases with
increasing UV irradiation time, resulting in twiold CHF enhancement while delaying the
minimum film boiling (MFB) temperature by 100°C compared to an equivalentoated
surface. The contact angle was also found to increase with time, indicating that UV light
would need to be reapplied for lotgrm enhancemerZhang et al. (2019)sed a coating
that consists of Ti@and FAS17 and found that CHF increased by a factor of 3.6.
Additionally, ONB went from a wall superheat of 10 K for the hydroptslirface to 3 K

for the hydrophobic surface (coated with PTFE) and the d@@ted surface.
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Figure 2.6: SMAs changing shape as temperature changes. Images fraiifang et al.
(2015) where red circles indicate transition to nucleate boiling.

1.1.1.9.4 Summary of Findings on Active Surface Enhancement of Pool Boiling

Table2.3 summarizes the heat transfer enhancement obtained from different active
surface modifications reviewed here. Overall, the magnitude of enhancement is less than
what is observed with EHD but generally appears less complicated to implement.
Additionally, active surface modifications appear to be less versatile than EHD, especially
because some of the most promising enhancement techniques rely -ordis=tl
oscillations, which may only occur in a narrow range of operating conditions. This is
especially the case for SMAs and switchable polymer coatings, which only transition at a
particular temperature, making this technique less effective in systems where saturation

temperature or other boundary conditions change during operation.
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Table 2.3: Summary of active surface enhanced boiling.

. Surface Boiling : Range/Applicabilit
Investigator Modification Process Fluid(s) y Remarks
Self-excited 1 Water 9 ne& 7,000 T | X :Upto~1.2
vibration Pool boiling KW m2 1 Heat transfer enhancemer
Unno et al. (2020)  with brass on horizontal 1 Plate thickness: only significant at low heat
plate above copper block 0.17 1 mm fluxes
copper block 9 0 :~100kPa
Forced Pool boili T Water 9 Q07 25Hz T | :Upto~2
vibrations on " 29 20"INY ! «@xO075mm f Heat transfeenhancement
Alangar (2017) boilin on horizontal v hiah low heat fl
g copper block T 0 :~100kPa ighest at low heat fluxes
surface
T Water ¢ "QO7 100 Hz T | M :Upto~1.62
. T «woOi25mm T 25Hzresultdin largest
Forced Pool boiling v
Sathyabhama and  vibrations on on grooved T 0 :~100kPa En?ancelmﬁpth q]
Dinesh (2017) boiling horizontal T ¢ xtremely Ig'dant ow
surface copper block requencies did no
enhance heat transfer
Selfinduced T Novec ¢ nhAeeapto~225 T | T :Upto~1.62
i s wdl md Pool boiling 7000 KW m2 f CHF occurred at lower
Kim et al. (2021) motion on on inclined  3°YOi 250°C wall superheat
boiling surfaces
surface
T FC72 9§ No.ofblades: 9§ | I : Notreported
. 2,4 1 Higher rotational speeds
. Pool boiling : . ) ”
Galloway and Rotatirg : 1 Rotation speed: increasesV thereby
) on vertical - N
Mudawar (1992) stirrer 5007 1800 subcooling liquid near
copper block
RPM surface
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Table 2.3 Continued.

, Surface Boiling : Range/Applica
IIEENer Modification Process Autels) bility RETERE
. Horizontal 1 R245fa 1 023511 705kg T | A :Upto~1.8
Rotation to flow boilin m<s 1 Enhancement greatest at
Luo et al. (2022) induce : g 1 nNed, 64 kw high vapor qualities
. in 1.62mm > AN
hypergravity tube m 1 30730 : Not reported
T 0 :218kPa
Horizontal  Water T nee&®i 400kw § | A :Upto-~3
boiling  Ethanol m2 ! Enhancement was worst
Hao et al. (2017) SMA surface with ¢ FC72 f 3YOi 35°C for FC72
fins initially
closed
1 Water 1 neeé&i 2,000 1 | 7' : Notreported
. _2 .
Mgtal film Pool boiling kYV m’ . 1 2 CHF improvement
oxide ) 1 3°YO71 500°C
Takata et al. (2005) on horizontal :
exposed to copper block T Coating
UV Light thickness: 4
pm, 250 nm
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1.1.1.10Dropwise Condensation

Forced oscillations on condensing surfaces can assist with both condensate
drainage and sustaining dropwise condensation, which has significantly higher heat
transfer coefficients than film condensatidtoblin et al. (2004)studied the effect of
vibration on sessile droplets, observing changes in contact line behaglichanges in
droplet morphology above a critical amplitu@goblin et al., 2008 which may be
promising for some dropwise condensation studvettu and Chaudhury (2008howed
that surfacevibration can move a droplet when it is vibrating at a frequency that
corresponds to the natural frequency of the droplet, which could assist in condensate
removal. Similar concepts have also been investigated where a numerical analysis on the
NavierStokes equations was performed to find resonance modes of vibrations on a sessile
droplet(Dong et al., 2006 which could assist with identifying the desirable frequency
range of oscillation of the surface. Other interesting studies have also investigated the effect
of vibration on droplet wetting phenomefizecker and Garoff, 199&im, 2004 Boreyko
and Chen, 2009 but very few have evaluated the impact of these enhancements on heat
transfer applications. One study Wyigliaccio (2014) evaluated the heat transfer
enhancement from resonarioduced condensate shedding, and reported enhancement
factors in excess of 70% by estimating the condensing heat duty from the observed droplet
distribution.Oh et al. (2020¥tudied condensation on a ligtifused nanoporous surface
that was actuated by applying a voltage to a dielectric elastomer, where the departing
droplet size was reduced by 39% and the droplet departing speeds were eigfastienes
compared to a stationary liquidfused nanoporous surface, which enhanced the overall

condensation heat transfer by 40%. Vibrational actuation can enhance heat transfer by
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removing small condensate droplets that would otherwise grow on the sumtddsody

forces make the droplets depart from the surface.

1.1.1.11External Film Condensation

For film condensation, active surface modifications can reduce film thicknesses,
increase interface waviness, or boflargas and Bejan (1998ked a mechanical wiper to
perform periodic cleming of a cold surface to increase the rate of condensation and found
there was an optimal periodic cleaning time that maximized the condensation rate.
Condensation heat transfer has also been enhanced by active surface modification such as
rotation.Sparrow and Gregg (1956@¢veloped a theoretical analysis of condensation heat
transfer on a rotating diskNicol and Gacesa (197@xperimentally demonstrated heat
transfer enhancement during-tube condensation when the tube was rotating on its axis
and proposed a Nusselt number correlation based on the rotational speed otthe tub
However, such approaches have mainly focused etulm®y external condensation. For
internal flow condensation, it is possible that at high enough rotational speeds, the
condensate would wet the tube more uniformly due to the presence of centrifagal for
which would impact the heat transfer and pressure dept (L969)was one of the first
to study the effect of surface vibrations on condensation by vibrating a horizontal
condenser tube in the plane of the gravitational field at frequencies ranging fiio@020
Hz, with amplitudes of up to ~4.3 mm. Condensateat transfer enhancement of 15%
was achieved and surface vibration was modeled as a perturbation in the film velocity to

predict the experimental results.
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1.1.1.122Summary of Findings on Active Surface Enhancement of Condensation

Table2.4 summarizes active surface modifications that enhance condensation heat
transfer. Two key issues are that the average enhancement is far less than EHD, and many
studies report changes iretting and hydrodynamics, but not changes in heat transfer. It
is therefore recommended that future studies connect the changes in wetting phenomena,
film thickness decreases, and changes in waviness with heat transfer enhancement
measurements to properlgssess the potential of active surface modifications.
Additionally, it would be interesting to study whether switchable materials such as SMAs
could assist with delaying film condensation or could enhance film condensation through

the Gregorig Effect.
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Table 2.4: Summary of active surface enhanced condensation.

Investigator

Active Surface
Modification

Condensation
Process

Fluid(s)

Range/Applicability

Remarks

Vibrating tube  Film condensation 1 Water § "Q207 80 Hz T | :Upto~1.15
Dent (1969) in the plz_ame_ of on a horizontal 1 91 071 4.3 mm 1 Deemed a negligible
the gravitational tube (21 mm T 0 :~100kPa enhancement method fo
field diameter) power plant condensers
_ Rotating a Film con(_jensation 1 Water 9 Rotationalspeed: I | 1 :Upto~4
Nicol and vertical tube on ©" & vertical tube 07 2700 RPM 1 Enhancement only
Gacesa (1970) its axis (25.4mm T 0 :~100kPa significant above ~1000
diameter) RPM
1 Water ¢ Rotational speed: 1 | # : Not reported
Vargas and Mechanical Film condensation 071 2700 RPM 1 Theoretical analysis
Bejan (1999) wiper on vertical plate f 0 :~100kPa developed to find optima
wiping time interval
T Water § "Q10071 400Hz § | A :Upto~1.7
T 0 :~100kPa 9§ Power consumption
L : somewhat significant (O.:
(l\g'gllz;: cio ?:/(I)tr)lﬁélr?ging ([:):r)lg\(levrl]ss?ation on xv forda 2)W condensing
, eat duty
surface vertical plate 1 Heat transfer indirectly
measured through drople
size distribution
1 Water T "Q140 Hz 1 Ndgeee-1.4
Dropwise 7 w127 14 kV 1 Power consumption
Oh et al. Vibr_atior‘r conglensation on somewhat significant (O.:
(2020) assisted droplet vertical IZ<W m? fora~1.2 kW m
sweeping nanoporous condensing heat duty o
surface average)
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2.3.3 Practical Considerations

Active surface modifications have been extensively for pool boiling configurations,
but very limited attention has been focused on condensation heat transfer. New advances
i n Asmart o0 s upoténdatby siggerihgdhe wedtabifitgusing external factors
such as UV light, temperature, and magnetic fields, but their subsequent effect on heat
transfer enhancement and implementation in practical heat exchangers requires
investigation. It may be teresting to evaluate whether SMAs or similar materials could
be employed to assist with liquid drainage during condensation, reducing local film
thickness thereby enhancing heat transfer. Additionally, there has also been little
investigation into activesurface modifications for convective phadenge heat transfer
processes. However, in all these cases, there are some practical challenges. For instance,
actively vibrating or rotating a surface may lead to increased material fatigue and
consequently preature failure in the heat exchanger. Inclusion of other external factors to
change the surface (e.g., UV light) could be extremely challenging to implement in a heat
exchanger connected to a closed fluid loop. Temperatdreed switching mechanisms
couldbe viable in some applications, but they are inherently limited to a specific kind of
fluid and operating condition, making it difficult to be applied in systems like reversible
heat pumps, where the heat exchanger will exhibit large changes in opeoatitigons,
including temperature, as the seasons change. Similar challenges exist with SMAs, and for
SMAs specifically, one must also consider if an external force needs to be reapplied once
the material has changed shape (i.e., whether the SMA-wayer two-way). Therefore,
while surface active modifications are likely less complex than EHD, they appear less

versatile and typically have yield lower heat transfer enhancement values.

38



2.4 Enhancement due to Fluid Vibration
2.4.1 Approaches

Due to the obvious précal issues associated with vibrating the heat transfer
surface, methods to induce the fluid vibration itself using acoustic actuators (e.g.,
piezoelectric transducers) have been explored. Details on the design of acoustic transducers
are summarized blyéal et al. (2013)and more emphasis on the effects of fluid vibration
on heat transfer is provided here. In vapors or gases, acoustic fieldflwamce the heat
transfer mechanisms by the field thermoviscous dissipation, acoustic streaming, and
altering the thermal boundary layer. The first effect, viscous dissipation, is probably not
desired in most applications as heat is being added touildettirough the enhancement
technique. However, because acoustic energy is typically much smaller than the power
scales associated with heat transfer processes, this should be a relatively minor effect.
Acoustic streaming is steady fluid flow that is gexted by the dissipation of the acoustic
energy, which generates pressure gradients that drive fluidfigivthill, 1978). The rate
of energy dissipated is somonly related to the attenuation coefficient, which is in turn
related to some characteristic length. In the bulk fluid, the characteristic distance is given

by Stokesd | aw:
0 = c8p

where is the anular frequency in radians per second¢asthe wave propagation speed.
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Near a wal |l , the characteristic distance i

The two characteristic | ength scales are
streaming, 0O respectively, where Rayl eigh s
boundary, and Eckart streaming is more dominant far from a boundary. Finally, acoustic
fields can generate an oscillating thermal boundary layer, which may yield an increased

heat transfer coefficient becaus@ gl (Franco and Bartoli, 20)9However, these are

just singlephase heat transfenhancements, which could be inconsequential in phase
change heat transfer applications, especially if there is already a significant mean fluid

flow.

Acoustic enhancement of phaslegange heat transfer is not solely limited to the
abovementioned mechasins. In the case of vapor bubbles submerged in liquid, one can
find that the change in bubble size subject to an acoustic field can be modeled with the

well-known RayleighPlesset equatiofMarston, 197%

0. i ¢ 300

[ U " T C
5 b /b W
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which, if linearized, can yield a resonance frequencgitoations when surface tension is

a small effect:

q, 5
1 B —_— c8&»
L b
or when surface tension dominates (i.e., very small bubbles):
CH
T IB — a p P m

Therefore, acoustics can be used to actuate vapor bubbles by introducing acoustic waves
at frequencies near the theoretical resonance frequency of the bubble, potentially gnhancin
boiling and condensation heat transfer. These effects cause significant disturbances at the
interface, called capillary waves, and produce a translational force on the bubble, known
as the primary Bjerknes forcgeighton et al., 1990 The direction of the force is
dependent upon the size of the bubbles, causing them to travel up a pressure gradient or
down a pressure gradient. Another method in which acoustics can affect bubble dynamics
is through ultrasonic actuation. Ultrasonic beams are highly directional waves that can
create a localized pressure gradient on the ligajubr interface, which can cteaa spear

like protrusion of liquid into the vapor bubble, provided the bubble is larger than the cross
section of the acoustic beafBunkin et al., 1986Boziuk et al., 202B Representative
images showing the changeinterface in the presence of capillary waves and ultrasonics

are shown irFigure2.7.
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Figure 2.7: Changes in vapo bubble morphology subject to capillary and ultrasonic
actuation. Cavitation and ultrasonic images fromBoziuk et al. (2019a)and (Boziuk
et al., 2023, respectively.

2.4.2 Enhancement Studies

1.1.1.13Pool Boiling

1.1.1.13.1Smooth Surfaces

Guo et al. (2022nhumerically modeled the acoustic streaming effect in a-pool
boiling system where the heating surface faces downward. It was found that acoustic
streaming formed vortices at the root of the bubble, increasing the bubble removal speed
by 45%. Therefore, acoustic streaming could be an effective bubble removal mechanism
in microgravity applications or in configurations where the vapor must work against
gravity, as was the case in t@eio et al. (2022¥tudy.Hyun et al. (2021also achieved
bubble removal through acoustics but used the bubble resonance frequency to drive the

bubble away from the heating surface in addition to the inherent acoustic streaming effect.

Zhou et al. (2002gxperimentally demonstrated increases in boiling heat transfer

when an ultrasonic wave was introduced. It eascluded that the new cavitation bubbles
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in the presence of ultrasonics provided nucleated embryos to the boiling surface, thereby
enhancing heat transfedeong and Kwon (2008}udied the effect of ultrasonic actuation

on CHF at various degrees of liquid subcooling and inclination angles of the heating
surface. CHF was found to increase with increasing subcooling, and ingréedination
angles, resulting in an approximately se¥eld increase in CHF.Bartoli and Baffigi
(2011)obsered ~55% increases in heat transfer coefficient for pool boiling on a horizontal
tube, and found that increasing subcooling increased enhancement up te"about

40°C. Similar magnitudes of enhancement were reported by other invest{fatoes al.,

2003 Heffington and Glezer, 2004Hetsroni et al. (2014applied ultrasonic waves to a
freely oscillating wire that exhibited pool boiling, finding an optimal wire diameter that
maximized heatransfer enhancememitng et al. (2016yuantified ultrasonic enhancement

of droplet boiling ad split the enhancement mechanism into three different regimes based
on a normalized acoustic amplitude. In the Jamplitude regime, there is no significant
atomization of the liquid. As amplitude increases, rapid bursting of the liquid and capillary
wawves on the interface begin to form, and, eventually at high enough amplitudes,
atomization of the liquid phase ensues further enhancing the heat transfer. In this
configuration, the surface temperature at a given heat flux was reduced by as much as 50%
in the presence of acoustic actuatiQuintanaBuil and GonzaleLinca (2021)tudied

the effect of gravity on acoustic enhancementaal poiling, finding that the heat transfer
enhancement was consistently higher in microgravity conditibes. et al. (2019)
observed 17% heat transfer enhancement in their configuration, and noted that the standard
deviation in their spatial ahtemporal surface temperature measurements decreased by

70% and 65%, respectively, indicating that acoustic actuation may assist with improving

43



temperature uniformityTillery et al. (2004)used an actuator that was driven at 7 kHz to
induce a flow field similard a jet, achieving heat fluxes above 300 W?and found the
greatest improvement in heat flux to occur near 120°C, where the influence of the jet on
the heat flux was most significafTiillery et al., 2008. Douglas et al. (2012)sed acoustic

waves to generate capillary waves on the bubble interface, increasing CHF by about 20%.

1.1.1.13.Znhanced Surfaces

Studies that augment ultrasonic actuation with enhanced surfaces often find a
compounding heat transfenhancement effecLi et al. (2016)observed 4B9% heat
transfer enhancement (relative to the unactuated case) on a screwed tube when actuating at
21 kHz. In this case, the actuation frequency did not match the resonance frequency of the
bubbles, implying that the primary enhancement mechanism is Iyola&oustic
streaming. Visual evidence of the acoustic streaming effect in pool boiling is shown in
Figure2.8 alongside results frorKim et al. (2003) The streaming efta clearly impacts
the bubble trajectory and can also reduce the bubble size near the heating surface, thereby
enhancing heat transfer. However, as heat flux increases, convective forces near the wall
increase due to vigorous bubble production, implyireg #toustic streaming effects will
not be as pronounced as heat flux increaglesu (2004)also observed a compounding
enhancement effect when combingapper nanofluids with acoustic cavitati@uziuk et
al. (2017) observed increases in CHF from 110 W <o 460 W cn? using a
micromachined surface and a 1.7 MHz ultrasonic wave. The CHF increase was shown to
have a larger enhancement compared to alternative methods repotteet l@. (2008)

andSloan et al. (2009)
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Figure 2.8: Acoustic streaming in pool boiling. Top and bottom images fronki et al.
(2016)and Kim et al. (2003) respectively.

However, it was observed that the boiling heat transfer coefficient was reduced at lower
wall superheats, based on which a delayed onsetwditzon was proposg@Boziuk et al.,
20169. Similar CHF enhancementvere also observed le et al. (202Q)but they did

not observe decreases in the boiling heat transfer coefficient at lower wall superheats.

1.1.1.13.Flow Boiling

Limited studies have been performed on acoustic enhancement dfdlbng heat
transfer.Shariff (2011)measured the subcooled flow boiling heat transferficoeft in a
100-um microchannel that is actuated at 5, 10, and 15 kHz using a transducer in the middle
of the test section. A 21% increase in the average heat transfer coefficient was observed,
and increasing frequency appeared to increase the heattraaosfficient. Zhou et al.
(2021)developed a similar configuration but instead had an array of transducers within a
microchannel test section. Heat transfer enhancement was observed to be largest near the
middle of the test section and increased with decreasing heat flux. A maximunahsfat

enhancement of 53.9% was reported. Additionally, flow visualization revealed that bubbles
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tended to hit the tube walls when actuated, increasing the motion of the bubbles by 31.9%.
Overall, it appears that enhancement in flow boiling configuratismot significantly

lower than that in pool boiling configurations.

1.1.1.14Summary of Findings on Fluid Vibration Enhancement of Pool Boiling

Tale 2.5 summarize experimental findings on acoustically enhanced pool boiling.
The reported enhancement values appear similar to those observed in active surface
modification techniques, and the enhancement appears to occur over a wide range of
frequencies. It is expecteékdat maximal enhancement will take place when actuating near
resonance frequencies associated with the lgajbr system, but because most acoustic
actuators can supply a wide range of frequencies, one actuator may be able to enhance heat
transfer acras a multitude of operating conditions. The major disadvantages of acoustic
enhancement appears to be still relatively low enhancement compared to EHD along with
not functioning well in the natural convection regime. Additionally, most studies have only
studied the boiling of water, but other fluids with vastly different surface tension and sound
speeds may require different actuation frequencies to facilitate acoustic streaming or

bubble cavitation. These aspects should be considered in future studies.
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Table 2.5: Summary of fluid vibration enhanced boiling.

: Vibration o : -
Investigator Technique Boiling Process  Fluid(s) Range/Applicability Remarks
1 Acetone 007 0.3A 1 | A :Not reported, aroun
Subcooled pool . 2 T A
Zhou et al. Acoustic boiling on 1 Dee§2| 20 kW m El.:I 20at If[)wq;) 0
(2002) cavitation  horizontal T U :~100kpPa T Enhancement no
1 3°YOi 50°C significant when ONB
copper tube
reached
Su_bpooled pool § Water 1 "Q40 kHz 1 | & :Notreported
Jeongand  Ultrasonic bailing on fflat 3y :520,40°C T n M pdUpto~1.26
Kwon (2006)  vibration COEF]’? surface 1 Plate angles: D 180°  Enhancement at other hee
at difierent fluxes not reported
orientations
Su_b_cooled pool § Wate 1 Q377 40 kHz T | M :Upto~1.62
Bartoliand  Ultrasonic EOllmg ?nl a . 1 ®:300i 500 W 1 Enhancement decreases
Baffigi (2011) vibration orizontal ro T 0 :~100kR with decreasing subcoolin
(3-mm outer 1 3°Y :10i 45°C
diameter)
Subcooled pool 1 Water T "Q0.97 2 kHz T |' M :Upto~1.17
Douglas et al. Acoustic boiling on a ! nNee&®i 1,280 kW n? f Enhancement
(2012) vibrations  horizontal T 0 :~100kPa immeasurable before ONE
copper block 1 3Y d4-7°C
Subcooled pool 1 Water 1 "Q21, 45 kHz T | :Upto~14
Li et al. Ultrasonic  boiling on 1 ne&0i 100 kw m? § Enhancement decreases
(2016) vibrations horizontal f 0 :~100kPa with increasing heat flux
enhanced tubes 1 3Y ¢-15°C
: Liquid droplet f Water 1 "Q0.687 2.25MHz § | X : Not reported
Ang et al. Ultrasonic " v o
(2016) vibrations boiling on flat T 0 :~100kPa 1 Redues’YI'Y by ~44%

heating surface
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Table 2.5: Continued.

Vibration

Investigator Technique Boiling Process  Fluid(s) Range/Applicability Remarks
Subcooled pool § Water T Q1.7 MHz | A : Not reported
boiling on a 1 nee&®i 3,500 KW n? 31% increase in textured

Boziuk etal. Ultrasonic  nerizontal T v :~100kpPa surface CHF and 66%

(2016) vibrations  coPper block q 3°YOi 25°C increase in plain surface
(smooth and 1 =Y ¢-7°C CHF
enhanced
surfaces)

1 Water § "Q37 kHz | A :~1.17 on average
: Subcooled pool 1 nfee&®i 2,000 KW n? during nucleate boiling

Lee et al. Ultrasonic  boiling on a 5

(2019) vibrations  horizontal T v :~100kPa ﬁ;@g@ig@?&efore ONB
heating surface T &Y ¢20C

. R14l1b § "Q107 40 kHz | 1 :Upto~1.53at 10
Flow boiling in . ; 2
Zhou et al. Ultrasonic  microchannel T pae?e; ogo g\é\gf > ié)FlI\IZBfrser?ifutznscliy htl
(2021) vibrations  heat sinks (1.5 T 9 ! 9 J 9 o y ‘
x 1.5 mm) S ownstream pf eat sin
due to actuation
Flow boilingin  § R407C 9§ "Q5, 10, 15 kHz | I :Upto~1.21
microchannels 1 1 157 29kW m? Greater enhancement
. Acoustic (0.2-mm f a:75i31g¢ observed during saturated

Shariff (2011) vibrations  diameter, 8 flow boiling
parallel
channels)
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1.1.1.15Condensation

Although there has been limited research on the effect of fluid vibration on
condensation heat transfer, some studies have revealed promising results fopdtesstt
condensationHopfinger and Das (200%tudied the massansfer enhancement due to
largeamplitude capillary waves agitating the liqwidpor interface during direciontact
condensation, and developed a MNlissumber enhancement correlation based on the
actuation amplitudeTang et al. (20163tudied ultrasonic (~20 kHz) enhancement during
directcontact condensation and found that acoustic actuation allowed vapor bubbles to
collapse at liquid sutwoling of 26 and 30 K, compared with 40 K in the absence of
actuation. In addition, a Nusselt number correlation for condensation in the presence of
ultrasonic actuation was developed. An additional studidmg et al. (2015hvestigated
ultrasonic condensation enhancement in the presence of noncondensables, and found that
heat transfer was #tenhanced up to noncondensable mole fractions of aboutR2@2iuk
et al. (2019a¥tudied the effect of ~1 kHz acoustic waves on dicecttact condensation,
and observed a 255% increase in heat transfer coefficient. SubseqBenilyk et al.
(2019b) investigated acoustic enhancement using acoustics wavelengths of ~1 mm,
demonstrahg a 355% increase in the overall heat transfer coefficient when acoustics were

introduced at each side of a condensing vapor bubble.

So far, few studies have implemented and demonstrated acoustic enhancement of
film condensation. However, one study 8grathy (2016jfabricated a surface acsfic

wave (SAW) device, illustrated iRigure 2.9, t hat preferentially dl

from the transducer to the liquid phase, promoting droplet shedding.
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Figure 2.9: SAW concept.

Results showed significant enhancement for low surface tension fluids, resulting i over 3
fold heat transfer enhancement in pentane and ethbalgle 2.6 summarizes the limited
studies on fluid vibration enhanced condensation, but enhancement results so far appear
promising compared to the enhancements achieved in active surface modification studies.
Further testing of acoustic enhancement for film conalems and convective

condensation is recommended.
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Table 2.6: Summary of fluid vibration enhanced condensation

Fluid

Investigator Vibration CleneEnseih Fluid(s) Range/Applicability Remarks
: Process
Technique
1 Pentane 1 "Q12.5, 25 MHz T | :Upto~5
1 Ethanol 1 o 1007 280 mV 1 Depending on
1 Hexane 17 7Y L3 orientation, SAW
Sarathy (2016) SAWSs Film _ 1 Perflourohexane and gravity forces
condensation can counteract
each other,
lowering
enhancement
1 Water T Q20 kHz T | A :Not
T 0 :~100kPa reported
Tang et al. Ultrasonic  Direct-contact T 3”"Y5' 35__°C T Actuated vapor
(2016) vibrations  condensation T 37y 157 60°C bubbles collapsec
at lower
subcooling
temperatures
1 Water 1 "Q20 kHz T |'Z :Upto
: T 0 :~100kPa ~3.55
Boziuk etal. \S:vgeglary Direct-contact 1 3°Y d151 60°C 1 Power
(2019a) generation condensation consumption
~1/239 of heat
duty enhancemen
1 Water 1 "Q1.7 MHz T |7 :Upto
T 0 :~100kPa ~4.55
Boziuk et al. Ultrasonic  Direct-contact 1 3°Y d15°C 1 Actuation causes
(2019b) vibrations  condensation speatlike
protrusion on
bubble
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2.4.3 Practical Considerations

Phasechange enhancement using fluid vibration appears to be a promising active
enhancement technique for both boiling and condensation. Santifincreases in CHF
have been reported, along with increases of similar magnitude in heat transfer coefficients.
Additionally, in the case of boiling, ultrasonic transducers could be dual purposed to both
enhance heat transfer and detect boiling regsueh as the onset of CHBarathula and
Srinivasan, 2022 Because some actuatdrave a wide frequency broadband response
(Benjamin, 200 acousti c enhancement al saeurenas t he
operating condition, maximizing enhancement. However, condensation heat transfer
enhancement requires further investigation. While the actuation methods studied for pool
boiling are essentially transferrable to direohtact condensation, one rhumte that
directcontact condensation is not a very commonly encountered process in power
generation and HVAC&R applications. In those situations, SAWs may be an effective
condensate removal method, but testing SAWs on a geometry representinge on
cordensation may reveal whether it is an effective technique for commonly used
condensers. Another possible issue with SAWSs is the increased conduction resistance
associated with the material propagating the acoustic wave, which could counteract

enhancementapending on operating conditions and the SAW substrate material.

Finally, the present studies on fluid vibration enhancement do not address flow
boiling or flow condensation configurations, which are far more common processes. It is
quite likely that efécts such as acoustic streaming may not be as effective in the presence
of a mean flow field. Additionally, effects such as cavitation may also not be as effective,

depending on the twphase flow regime and waviness of the liquapor interface.
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Finally, deforming the interface with ultrasonic beams could be employed, but may not be
practical in large heat exchangers, as this would require several transducers mounted along
the heat exchanger length, which would increase the complexity of the enhancement
technique and external power consumption. A potential alternative to enhancing
convective twephase heat transfer could be to induce traveling or standing waves within
the heat exchanger, which could affect the phase interactions and phase distributigns dur
boiling or condensation, potentially enhancing heat transfer. At any rate, fluid vibration
enhancement methods seem to effectively enhance heat transfer and are quite immature
compared to other active techniques; therefore, further basic researdeasdn practical

implementation methods may yield promising results.

2.5 Summary and Recommendations

As discussed above, different actively enhanced ptlasege heat transfer
techniques have varying levels of enhancement potential, complexity, versatility,
maturity. Figure2.10 provides an illustration of the current acteehancement methods
for typical pool boiling and film condensation processes. The coloosiagsd with each
enhancement technique are related to its technology readiness level (TRL), which is
gualitatively based on the number of years and studies performed on it. Clearly, EHD
techniques yield the highest heat transfer enhancement. HoweveistitHE&s have been
going on for over one century, several decades longer than the newer enhancement
techniques that have been reviewed here. Additionally, EHD suffers from some major
practical limitations and is not quite as flexible as it may seem duernplexities
associated with noeaoniform electric field effects. Therefore, alternative active

enhancement techniques should be investigated further to determine their maximum
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enhancement potential. In the case of boiling heat transfer, SMAs and possiksicac
provide relatively simple solutions that are tunable to the operating condition at hand.
Currently, SMAs appear to yield higher heat transfer enhancement values, but are much
less flexible than acoustics. In the case of condensation heat tr&hfes and other smart
materials have not been studied well enough yet and do not adapt well to vastly changing
operating conditions. Acoustic enhancement on the other hand has at least demonstrated
competitive enhancement in both quiescent and convectiwe thnd can enhance phase
interactions and singlphase heat transfer; therefore, all condensation processes may be
prime candidates for acoustic enhancement.
Boiling
100

100 ¢ 00

EHD EHD

a 10 ] _10 3
ab [ <Hiia ‘ \ﬁ::::;::! ab L e Vibrations! 7 '
1F 1F -
Complexity Versatility
Condensation
100 100
10} Enb 10} EHD TRL
F Vibrations/ E Vibrations/
a Acoustics potations. a Rotations Acoustics
1k SMAs? 1k SMAs?
Complexity Versatility
Figure 2.10: Heat transfer enhancement versusomplexity and versatility for

boiling and condensation processes.
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Overall, developments in actively enhanced boiling and condensation have greatly
improved phasehange heat transfer and have significant ramifications on the performance

of thermodynamiccycles and thermal management devices. Many of the active
enhancement techniques that have been investigated complement structured surfaces and
other passively enhanced surfaces well, potentially allowing for active enhancements to be

retrofitted to existig thermal management systems.

The key findings from this review are:

1 Far more studies have characterized active enhancement of boiling compared to
condensation. Further studies are needed to understand the potential of active
enhancement on dropwisénf, and convective condensation processes.

1 EHD enhancement appears effective for external boiling and condensation
processes but is highly dependent on the electrode design and heat exchanger
geometry. EHD for internal boiling and condensation appedns tess effective,
with sometimes severe pressure drop penalties.

1 Surface vibrations and rotations can enhance heat transfer by increasing turbulence
and remove liquid, but suffer from practical limitations and may cause fatigue or
premature failure in e exchangers.

1 Active surface modifications such as SMAs or coatings that switch wetting
behavior appear to be promising candidates for pool boiling and external
condensation, but require further investigation for flow boiling or condensation
configuratiors.

9 Fluid vibration can enhance heat transfer through acoustic streaming or by

deforming the liquievapor interface. Significant progress has been made on pool
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boiling enhancement, but further studies on condensation and convective phase
change heat transfprocesses are needed.

1 Many active heat transfer methods can work with passive enhancement methods to
further augment heat transfer. However, some passive enhancements and active
methods like EHD may counteract each other.

1 Active methods are best usedplace of, or in conjunction with, passive methods
if they can adapt to changing operating conditions. Therefore, development of
tunable and controllable active enhancement techniques will complement the
development of surface structures to further incrbaaefluxes for various thermal

management applications.

2.6 Research Objectives

With these deficiencies in literature identified, the primary objectivliefwork
is to demonstrate enhancement of internal flow condensation using acoustic actuation and
to understand the relevant mechanisms of enhancement in a geometry and operating
condition relevant to HYAC&R applications. To accomplish this objective, the following

taskswere conducted

1 Observe twephase flow regimes in the absence and presence of iacactstation at

various qualities, flow rates, frequencies, and acoustic amplitudes.

T Conduct heat transfer and pressK~©01)dr op
for condensing flows of refrigerants, both with and without acoustic actuation.

Specifically:
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0 R134a condensing in a 14.45 mm internal diameter horizontal, smooth round
tube for a mass flux range of 12@< 300 kg n? s?, atP = 950 kPa, and wall

temperatures-@2 K colder than the saturation temperature.

0 Acoustic actuation induced lmgoving a piston with amplitudes ranging from 1

<y <6 mm and frequencies ranging from 2<30 Hz.

Develop flow regime specific pressure drop and heat transfer models with and without

actuation that be applied across the conditions investigated pnetbent study.

Develop guidelines based on the findings of this study for the design of different

condenser geometries enhanced with acoustics.
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CHAPTER 3. FLOW VISUALIZATION AND HYDRODYNAMIC

MEASUREMENTS

3.1 Actuation Method and Motivation

From a review ofthe literature, it isevidentthat kenchtop acoustic heat transfer
enhancement experimerdan yieldseveraifold increases in the heat transfer rate during
condensation of a single vapor bubble in a quiescent subcooled liquid mesingeither
short or longwavelength acoustic wavéBoziuk et al., 2019bBoziuk et al., 2019a
However, vhile both acoustic actuation methods have excellent potential as heat transfer
enhancement techniques, such configurations may not be best suitetlfi@ convective
condensation. In the case of capillary wave generatenljquidvapor interface in most
cases is already wedlgitatedUltrasonic actuatiomwould be difficult to implement because
acoustic beams would need to be directed normal to the flow direction along the entire heat
exchanger length, and an entireagrof ultrasonic devices may lead to nonnegligible heat
dissipation, increasing the load on the condenser. Furthermore, the intensity of the acoustic
beam propagating through the liquid must be large enough that it overcomes the convective
forces present ithin the tubgYu et al., 202}, which in previous studies were essentially
negligible. Therefore, an alternative acoustic enhancement technique targeted to improve

convective condensation heat transfer is investigated here.

Convective condensation can be enhanced by dispersing the liquid that accumulates
at the bottom of the tube, reducing the liquid pool height and improving interfacial mixing.

This can be accomplished by propagating acoustic waves through the vapor phase as
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opposed to the liquid phase, which will cause significant increases in interfacial shear, in
addition to the shear constantly fluctuating with time. The challenge, however, is once the
acoustic waves are introduced in the vapor phase, there is nothingardggseventing

the waves from leaving the heat exchanger and affecting other parts of a system. Therefore,
it would be best to have the acoustic energy be confined to the heat exchanger to maximize
its efficiency. Therefore, a new enhancement technigugroposed, where two large
volumes, acting as heat exchanger headers, propagate or reflect acoustic sound waves
through the condenser tubes, creating locally oscillating flow, thereby agitating the liquid
accumulated at the end of the condenser tubes @tifiguration is like a Helmholtz
resonator, which reflects sound back to its source provided the sound is within a certain
frequency bandKinsler et al., 2000 The frequency band can be evaluated by knowing

the flud sound speed, resonator voluiend the effective acoustic resonator neck length

given by:

0 0 ™M@ (013)

By having two Helmholtz volumes and introducing #meustic sound waves at the
inlet header, the acoustic energy can be confined to the heat exchanger, thus maximizing
the potential for heat transfer enhancement. In this configuration, the resonator neck length
is approximately the condenser tube lengii ('Q, and the resonator volume is the
volume of the heat exchanger header. The relative amount of acoustic power lost from a
classical Helmholtz resonator, assuming all dimensions of the heat exchanger are
significantly less than the acoustic wavelengshshown in Equatiow® (Kinsler et al.,

2000).
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Table 3.1: Vapor-phase sound speed of select flig at Tsat= 35°C.

Fluid av (m s?t)

R1234yf 128
R134a 142
R410A 157
Propane 211

Ammonia 405

Water 433

This assumption is easily justifiable for most heat exchangers, as thepregsaer sound
speed ranges from 100600 m & (Table3.1); therefore, if actuating at a frequency of 10

Hz, this would imply the heat exchanger length should be less thHaBQ .

W 7T co
10

_6__’

% P o8,

The frequency where the transmission coefficient is minimized (i.e., the resonance
frequency) is given by Equatias@® (Panton and Miller, 1995 The resonance frequency
is also where the acoustic power reflection coefficidht p Y, is maximized,
meaning that all, or most, of the acoustic energy is confined to the heat exchanger.
Therefore,Equationso® and o& help establish the expected behavior of the proposed
enhancement technique; however, the exact values obtainechigsendquations may not
match the proposed configuration due to the unique geometry and possibleséigaid

phase interactions.
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To determine the wability of this method, this study experimentally demonstrates

the actuation mechanism by introducing {&equency (~10 Hz) acoustics to horizontal

two-phase flow. The overall changes in the hydrodynarfims regimes and heat transfer

are characterizetly high-speed videppressure drgpand thermalmeasurements. The

effects of actuation frequency, mean flow rate, actuation amplitude, vapor gaality

temperature differencare assessed to identify the conditions under which heat transfer

enhancemertan be expected.
3.2 TestFacility

A phasechange test facility, originally developed Ioleman and Garimella
(2000) and further modified byBandhauer et al. (200@nd Milkie et al. (2016) was
adapted to measure the tpbase flow hydrodynamics for a wide range of mass fluxes and
vapor qualities when subjext to acoustic actuation. A schematic of the test facility is
shown inFigure3.1. The twoephase fluid to be tested, in this case refrigerant R134a, is
superheated ia tubein-tube evaporator coupled to pressurized saturated steam at ~130
kPa. The temperature and pressure of the R134a is measured at the evaporator exit, thus
fixing the thermodynamic state of the fluid. The R134a then gets partially condensed using

two shellandtube condensers, which serve asquadensers.

61



@ *M* ® @ Pre-condenser

0 0 > loop
— . Evaporator [ F@

Piston Accumulator

A Bypass — Working fluid loop Bypassy
— Coolant loop
— Steam loop

®Thermocouple
Op=xn sl 3E®
® Pressure transducer Acoustic Actuator
C—— 1
® Flowmeter .
Piston —

Sample Cylinder

@ — ' ’
Post-condenser Test Section Condensing flow
loop

Figure 3.1: Phasechange test facility schematic.

Acoustic Wave:

The R134a quality leaving the pcendensers can range from about 5% to 85%,
encompassing neartlie entire range of vapor qualities possible. Once the R134a exits the
pre-condenser, it enters the test section, where the flow can be acoustically actuated, and
the pressure drop is measured using a differential pressure transducer (Rosemount
3051CD) wth an uncertainty of +14 Pa. Because the test section is adiabatic and horizontal,
the measured pressure drop only consists of the frictional component. At the test section
tube outlet, a sample cylinder is installed to act as a Helmholtz resonator, ivelpsh
prevent the transmission of acoustic waves, thus confining the acoustic energy to the test
section. Once the R134a exits the test section, the R134a is fully condensed using+two shell
andtube condensers, which serve as joostdensers, so that thefrigerant is in a
subcooled liquid state before entering the pump. The refrigerant mass flow rate is measured
using a Coriolis mass flow meter, after which, the refrigerant flow to the evaporator,

completing the cycle. The prand postcondensers wereoled using water, and the heat
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transfer rate from each condenser is calculated using water temperature and flow rate
measurements. Because the heat transfer rate for eaclamurepost condenser is
measured, the thermodynamic state at the inlet andt aftlthe test section can be
independently measured using an energy balance. Equsios used to calculate the

inlet, outlet, and average test section enthalpies and corresponding qualities.

0 0
9 0

The uncertainty in the experimental measurements is quantified with a propagation of
errors approach as described Tgylor and Kuyatt (1994)where the uncertainty of a
calculated variable is a function of the values and uncertainties of the variables used in the
calculationsSample calculations and examples of this data reduction and error propagation
technique can be found in the study Mylkie (2014) and Macdonald and Garimella
(2016a) The required working fluid and coolant properties were determined using
REFPROP(Lemmon et al.,, 200)8and CoolProp(Bell et al., 201% On average, the

uncertainty in the test section quality measurement for this study is £0.025 (2.5%).

3.3 Flow Visualization TestSection Design andin strumentation

To induce acoustic waves into the test section, an acoustic actuator was designed
and fabricated, as shown kigure 3.2. The actuator consists of a controllable pistoh,
mm in diameter, inside a 500 mL volume containing refrigerant vapor, and the acoustic
flow is directed nearly parallel to the mean refrigerant flow using a ~15° angled fitting, as
shown inFigure3.3. The piston is driven by a voice

and the current to drive the motor is limited to 4.1 A RMS. This means the maximum
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amount of power required to drive the actuator is approximatelW34owever, the
theoretical amount of power propagated into the test section, assuming a plane wave, is
approximately 0.4 W at a frequency of 6.5 Hz and amplitude of 4 mm. The motion of the
piston can be controlled to an exact displacement and frequémegtion, as shown in
Figure3.2. In practical applications, this may be achieved by having the heat exchanger

headers act as Helmholtz resonators.
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Figure 3.2: (a) Acoustic actuator CAD rendering and (b) software for measuring
and controlling the piston.
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Figure 3.3: Test section instrumentation.

To measure theffect of acoustic actuation on the flow regime, differential pressure sensors
are installed on the test section to quantify the change in the pressure drop signal in the

presence and absence of acoustic actuation. The frictional pressure gradient iy give

— —_— o)

Previous studies that have used this test facility have validated pressure gradient
measurements in this manner for the sifgjlase cas@Garimella et al., 20Q1Garimella

et al., 2003 Additionally, a condenser microphone (guzt number POM738L-
LW100-R) is installed in the sample cylinder to measure the acoustics within the flow.
Finally, to understand the changes in the actual flow morphology-sipigéd video of the

flow is captured using a Photron FASTCAM SA4 500K, repaycat 1000 frames per
second. The top and front views of the flow are recorded simultaneously using an angled

mirror, schematically shown irigure3.4.
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Figure 3.4: Flow visualization experimental setup.

The test section is a cletimorinated ethylene propylene (FEP) tube with inner and outer
diameters of 12.7 mm and 15.9 mm, respectively. Additionally, the effective acoustic
length and pressure drop length are 1.83 and 0.79 m, respectively. The acoustic length is
longer to accounfor the additional plumbing needed to connect the volumes to the
condenser tubes as shownFigure 3.3. The test section is connected to the test facility
with compression fittings. The test section was pressure tested with pure nitrogen gas and
found to maintain and withstand a pressure of 1200 kPa for approximately three days. The

FEP tubing is rated to withstand ~1340 kPa of pressure, according to the manufacturer.

3.4 Flow regimeldentification

The flow regime is determined from the higbeed twephase flow videos. First, a
gualitative identification of the major flow regimes, and flow patterns within each regime,

is made. The observed flow patterns are showsigare3.5.
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Figure 3.5: Observed flow patterns and flow regimes.
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At high vapor qualities, the flow pattern is magtarly annulamist (AM), where there is

a thin film of liquid surrounding the tube perimeter with a fraction of liquid entrained in
the vapor core. Then as the vapor mass flow rate decreases, the gravitational forces begin
to outweigh the inertial forcesf the baseline flow, leading to the stratified flow regime.
Near the annulato-stratified transition, the vapor mass flow rate is high enough to cause
flow fluctuations at the interface, making the flow pattern stratifiesty (SW) as opposed

to stratifiedsmooth (SS), which occurs once the vapass flow rate decreases enough.
These two flow regimes are expected to occur for nearly all vapor qualities; at very low
vapor qualities, the intermittent flow regime (IF) occurs. However, once acoustic attuatio
is introduced in the twphase flow, the flow becomes locally pulsatilghich can
dramatically affect the flow regime. For example, at low vapor qualities, the convective
forces of the acoustics can be so strong that the liquid is sheared, whichineatth

liquid pool and significantly mixed liquid/vapor flow in the vapor core, leading to what is
referred to here as dispersed flow (DF). Alternatively, the magnitude of the pulsatile
velocity can be relatively weak, so that the liquid does notigpesed, but the backward
flow is still strong enough to cause liquid bridging, generating intermittent flow. Because
of the timedependent nature of the flow, the exact flow pattern is determined at every
single frame, which is made possible by develgmrflow pattern detection algorithm. A
flow chart illustrating this algorithm is shown kFgure 3.6, and briefly explained here.
First, each frame of a video is cpmd to only show the front view of the test section. Then,
the pixel distribution and average pixel intensity is quantified to check if the flow is

dispersed.
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Figure 3.6: Flowchart of flow pattern classification algorithm.

If the flow is not dispersed, then the frame blurred using a 5 x5 Gaussian kernel, which is
then converted into a bi(SeamyandiSankug 200dm si ng
detect the liquievapor interface. The binary image is then used to determine whether the
flow is intermittent or stratified. If a significant portion of the interface reaches the top of
the tube, then a liquid bridge exists, and the frame is categorized as IF. If no significant
liquid bridges are detected, the average liquid pool height is measuakd it is below a

threshold value, the flow is categorized as AM; otherwise, the flow is found to be SS or
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SW. To determine whether the flow is smooth or wavy, the frame is split into 10 segments,
and the standard deviation of the interface heigtwmsputed for each segment to quantify
how wavy the flow is. If the mean standard deviation exceeds a predefined threshold value,
the flow is categorized as SW; otherwise, it is classified as SS. Once the videos are fully
processed, a timaveraged flow rgime similarity metric can be defined, which describes
guantitatively how often the actuated flow regime is different than the baseline flow

regime. The similarity metric is shown in Equatiat.

Ci|o

where

plE/AE OACEIADAEAGAT ET A

i OEAOx EOA o
Pressure drop measurements as well as flow regime video recordings are conducted from
vapor qualities ranging from 5%85% at mass fluxes of 120 and 240 kg st, all at a
saturation presure of 950 kPa. The actuation frequency is varied from 1.5 2 Hz,
while the actuation amplitude is varied from 0.5 m® mm. In addition, three different
sample cylinder volumes (150, 500, and 1000 mL) are installed at the test section outlet to

ted the effect of geometry.
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3.5 Results and Discussion

3.5.1 PressureGradient

The frictional pressure gradient as a function of quality for two mass fluxes is
shown inFigure3.7, where the total frictional pressure gradients are showigure3.7a
ard b, and the added pressure drop penalty due to acoustic actuation is slaguren

3.7c and d. he added pressure drop penalty is given by:

3N 3N 3 od)
The baseline pressure gradient results are consistent with typical trends observed in the
literaturel as \apor quality and mass flux increases, so too does the pressure gradient until
the quality is very close to unitfMuller-Steinhagen and Heck, 198Blacdonald and
Garimella, 2016 When theflow is actuated, the pressure gradient increases, but the
amount by which it increases strongly depends on the vapor quality. At a given frequency
and amplitude, the pressure gradient starts to increase as quality increases, but then rapidly
drops to a costant value. It isxpectedhat the pressure drop due to acoustics at high vapor
gualities remains constant because the flow pattern remains nearly constant at high vapor
gualities, and because both the flow pattern and acoustic boundary conditionstremai
same, the acoustic pressure drop should also remain the same. It can also be seen that the
observed inflection point changes with frequency; at lower frequencies, the inflection point
occurs at a lower quality. This may indicate that the test semtmmnance frequency
changes with vapor quality. This dependence could be because acoustic waves primarily

propagate through the vapphase flow area.
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Figure 3.7: Pressure gradient versus quality with ail without actuation at 4 mm
amplitude at a mass flux of (a) 150 kg Ms?! and (b) 235 kg n? s, and acoustic
pressure gradient versus quality at an amplitude of 4 mm at a mass flux of (c) 150
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Although not directly meased, this assumption is plausible because of the large acoustic
impedance mismatdiKinsler et al., 2000(" i3l " @ ) between the two phases, making
transmission of acoustic waves into the liquid very unlikely. Therefore, the effective

acoustic crossectional area as shown in Equatas) is likely better represented by the
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crosssectional area of the vapor phase, which decreases as quality de(3easesha et

al., 2014 Milkie et al., 2016. Finally, it can also be seen frdfigure3.7c and d that the
magnitude of the pressure gradient increase is similar for both mass fluxes, indicating that
the pressurglrop penalty due to acoustics is mainly a function of the acoudbcitye

amplitude and twgphase flow morphology.

To better understand the effect of the actuation parameters at a given baseline two
phase flow condition, the pressure gradient is also measured as a function of frequency and
amplitude, as shown iRigure3.8. As was observed irigure3.7, it can again be seen that
the resonance dguency increases as quality increases. Increasing amplitude leads to an
increased acoustic pressure drop, which is expected; however, the functional dependence

changes at high amplitudes.
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Figure 3.8: (a) Pressure gradient versus frequency, (b) acoustic pressure gradient
versus actuation amplitude aff = 6.5 Hz, and (c) normalized pressure gradient
divided by nominal acoustic energy versus frequency with Equatio.2 trend

overlayed for illustrative purposes.
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At low amplitudes, it appears that the pressure drop incrgasésatically with amplitude;

but eventually, there is diminishing dependence between pressure drop and amplitude. This
observed trend ikkely due to changes in the twahase flow regime. At low amplitudes,

there is no significant flow regime change; therefore, the mean pressure drop increase
should be proportional to the square of the actuation amplitude. However, once the acoustic
velocity reabes a critical amplitude, the flow regime starts changing during actuation, but
eventually there comes a point where increasing amplitude causes the changes in flow
regime to be minimal. It is also possible that the actuator configuration ceases to be as
effective at confining the acoustic energy at higher amplitudes. To estimate the resonance
frequency of the system, the pressure gradient results are normalized with a nominal
acoustic kinetic energy;Qw , and the resonance frequency is the frequencyatwhis
normalized response is greatest. This normalized predsopepenalty as a function of
frequency is also shown iRigure 3.8, where the resonance frequernisymuch more
apparent, and the trend of the resonance frequency increase with quality is still present.
Figure 3.8c also shows a curve very similar to the curve goeerby Equatiorog,
indicating that, qualitatively, the frequency response is indeed analogous to Helmholtz
resonance. This makes it more plausible to design an acoustically enhaategchanger

a priori, as the resonance frequency and overall frequency response can be estimated with
pre-existing knowledge of Helmholtz resonance. However, the exact prediction of the
resonance frequency with Equatio® does not match experimental observations exactly.
The discrepancyikely arises from the complex liguidapor phase interactions, because

the acoustic boundaries are constantly changing as the liquid is being agitated, and the void

fraction of the channel is also constantly changing axially and temporally due to the
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oscillatorynature of the flowFigure 3.9 shows the measured resonance frequency as a
function of quality and volume. The resonance frequency increases as quality increases,
which is expected because the effective eeexdional area for the acoustic wave would

only increase as quality increases due to the lower liquid fraction. Conversely, the
resonance frequency decreases as the sample cylinder volume increases. This is also
expected based on Equatio, but the observed power |d® ¢ € does not exactly

match the expected tred@ w 2. The difference between the two results liely
becauselte inlet and outlet volumes are not always equal. Therefore, the expected shift in
resonance frequency should be due to the outlet votiiraed inlet volumew. In this

study, the inlet volume remained constant at 500 mL.
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Figure 3.9: Resonance frequency as a function of (a) vapor quality and (b) sample
cylinder volume.
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The interaction between the two volumes has not been studied in detail; however, it can be
expected that most heat exchangers in real applications will have headers or manifolds with

approximately equal volumes, which is why that case was studied inrgietag.

3.5.2 Flow Visualization

Representative images of the flow patterns of the baseline and actuated flow at
different vapor qualities are shown kigure 3.10. Qualtatively, the difference between
the baseline and actuated flow regime decreases as quality increases, which is also the case
with the pressure gradient measurements. This is also observed more quantitatively by
measuring the flow regime similarity asum€tion of quality, as shown Figure3.11. One
noteworthy result that may seem unexpected is the sudden drop in flow regime similarity
at a vapor quality around ~5®%. However, this shift in flow regime is due to the
convective force$rom the acoustic sound waves causing the liquid pool to thin, making
the transition from annular flow to stratified flow occur at a slightly lower vapor quality.
At low vapor qualites, the acoustic actuation causes significant changes in the flow regime
by agitating the relatively large amount of liquid present in the channel, causing a mixture
of DF, IF, and SW flow patterns. If just the percentage of DF is quantified as a fuoifction
guality, as shown irFigure 3.11b, one can see a trend very similar to the relationship
between pressure gradient and quality, indicating a strong correspondémeerbthe
presence of DF and increase in pressure gradient. However, it should be noted that while
DF would likely lead to the greatest heat transfer enhancement, it is unlikely to be the sole

flow regimeresponsible for enhancement.
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Figure 3.10: Representative flow patterns of baseline and unactuated flow at
different vapor qualities at a mass flux of 150 kg M s™.
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Although IF and SW will have larger pool heights than DF, the pool height is still decreased
by the presence of increased interfacial shear. Fhemntage processing algorithm, the
average pool height decreased by 44% at vapor qualities below 30% ¢(whefenm)
indicating that heat transfer enhancement will still be likely at all low vapor qualities tested.
However, it is possible that an optihteeat transfer enhancement exists near the region
where DF would be most prevalent. A time lapse of acoustic actuation at different
frequencies is shown Irigure3.12, where it is observed that while all frequencies tend to
change the twqphase flow regime, it is only near resonance that the acoustic forces are

large enough to shear the liquid and create a fine disperse flow at many points in time.
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Figure 3.12 Time lapse of acoustically actuated flow at time interval3 / 4.
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The flow regime similarity is also quantified and shownFigure 3.13, where the
frequency at which the flow regime is most different increases with increasing quality,
which can alsde viewed as the resonance frequency of the test section, and this frequency
agrees well with the resonance frequency that was defined previously. Additionally, the
effect of acoustic amplitude on flow regime similarity is analogous to the effect of
amplitude on the acoustic pressure drop. This provides further evidence to sajgbst
observed increase in pressure drop is related to changes in flow regime, and at a certain
point further increases in actuation amplitude cannot lead to further flow regime changes,

at least in the range of amplitudes tested in this study.
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Figure 3.13: Flow regime similarity versus frequency aty = 4 mm and (b) the flow
regime difference (1- S) versus actuation amplitude aff = 6.5 Hz.
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3.5.3 Analogy betweeMomentum anélow Regime

Experimental resudt from the flow regime analysis and pressure drop
measurements both independently demonstrate nearly identical trends with respect to
acoustic actuation. To characterize the observed analogy between the pressure gradient and
flow regime, the pressure draue to acoustic actuation is estimated by subtracting the
measured pressure drop at a given vapor quality and mass flux with the equivalent baseline
pressure drop measurement, shown in Equat@nThen, the magnitude of the acoustic
pressure drop is compared with an estimate of the yatpase pressure gradient, given by
Equationo®y where the friction factor is given by the Churchill correlat{@turchill,

1977. The acoustic pressure drop is compared with the vatpase pressure drop because
the acoustic sound waves should be propagating through the vapor phase. Thus, large
changes in the flow regime, and total pressur@,dsbould be expected when the inertial

forces due to acoustics are much larger than the inertial forces of the baseline vapor flow.

3 R Q= o0&

The relationship between flow regime similarity and the relative pressure drop is shown in
Figure 3.14. As expected, when the forces due to the amwsaves are small in

comparison to the inertial forces of the vapor phase, there will be no change in the flow

regime. However, once— | p, significant flow regime changes occur, which is likely

to also increase heat transfer due to both therheatentum analogy and the effect of flow

regime on condensation heat trangf2obson and Chato, 1998
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Figure 3.14: (a) Flow regime similarity and (b) occurrence of DF and IF regimes as
a function of the relative pressure drop between the acoustics and vapor phase.

In the case where—x p, there will still be thinning of the liquid pool and conversion of

stratifiedsmooth flow to stratifiedvavy flow, but it is typically not enough to change the
flow regime significantly. At high vapor qualities, howevermgarable acoustic forces

and vapor inertia forces would lead to an early onset of the AM flow pattern. However, it
is unclear if this transition would significantly enhance heat transfer as the pool height
continuously decreases as vapor quality incredsegefore, the small relative change in
pool height may not lead to substantial enhancement compared to theddty case. In

the case of very low vapor qualities, there will be enough liquid to cause bridging even
while the flow is being severely agied; however, in a small quality range, there will be
an optimal zone where there is enough liquid to substantially alter the flow regime, but not
enough to cause liquid bridging, which will yield the DF flow pattern, as was indicated in
Figure3.11. Finally, it should be noted that the logidlike trend in flow regime similarity

with relative pressure drop is on a logarithmic scale, meaning sigmifpressure drop
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penalties would be incurred if IF/DF was desired for nearly the entire end of the
condensation process. Therefore, a balance must be struck between reducing the size of the
condenser while still maintaining an allowable pressure drog,itais likely that this

balance will depend on the specific application.
3.5.4 Resonancé&requencyCorrelation Development anBesignRecommendations

Although Equationo& can provide resonable estimates for the resonance
frequency, it does not account for all the complications arising from the -Naupidr
interactions. However, the general trend appears to match the experimentally observed
trends. If Equationo® is nondimensionalized, as shown in Equatiof® 1ttwo key
dimensionless parameters arise: a Strouhal number, where the characteristic length is the
sample cylinder volume over the vapor flow area, and the driving frequency over the
resonance frequey, called the reduced frequency.

YO

p
ol — Tt
vy P D o

Physically speaking, the Strouhal number represents the relative magnitude of the flow
oscillations to lhe wave propagation speed. An oscillating flow with a larger Strouhal
number will have a larger bandwidth, i.e., will be less sensitive to being actuated at the
exact resonance frequendyidure 3.15). Both quantities clearly depend on geometrical
parameters, which will change with quality, fluid properties, and the flow regime.
Therefore, based on the measurements made in the present study, empirical correlations
for the Strouhal number and resonance frequency are given by Equagiopesndo® ¢

respectively.
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by the resonance frequency correlation, and the variatidhe frequency response as

reduced frequency changes also follows the modified Helmholtz respons&ayelbr

design purposes, Equatiop pcan be used to determine the resondrezgiencya priori

and the approximate frequency and bandwidth can be determined using Equttan

o® ¢ where the void fraction is estimated using the correlatiorbgnoli (1970)
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It should be noted, however, that this correlation is likely only valid for fluids with
thermophsgical properties similar to those of R134a. It is likely that different fluids that
exhibit different flow regimes at different points along the condensation process will have
slightly different resonance frequencies. Therefore, if no experimental measusenere
conducted on the working fluid in question, then Equat@psando® are likely to give
reasonable estimates as was the case in the present Btudyesign purposes, the
following calculation procedure is recommended for determining the desired actuation

frequency for a twgphase heat exchanger:

1. Determine the vapor phaseund speed.

2. Calculate the effective acoustic length of the heat exchanger. In most applications,

this will approximate the tube length, sincé Qtypically.
3. Measure the volume of the heat exchanger headers.

4. Calculate the resonance frequency with Eguao®, using an average channel
void fraction, or Equation@, if the working fluid and configuration igf different
than what was investigated in this study. Ensure that the corresponding acoustic
wavelength_ @ 7'Qis much less than any of the length scales within the heat

exchanger.

To determine the desired acoustic amplitude, ensure that the nactnation velocity is
greater than the mean flow velocity. In this study, while the piston velocity never exceeded
1 m st, the actual acoustic velocity likely largerbecause the piston arisa~6x greater

than the crossectional area of the test section.
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3.6 Conclusions

A new actuation technique using the theory behind Helmholtz resonance is
experimentally investigated using pressure drop measurements anespbagh
videography. Pressure drapeasurements as a function of heat exchanger geometry,
frequency and vapor quality demonstrated strong Helminestanance like behavior, and
correlations to predict the frequency response and resonance frequency are developed. The
high-speed videos of thewo-phase flow regimes demonstrated that the flow regime
significantly changed at high liquid inventories and near the resonance frequency, and the
transition from SW to AM flow occurred at a slightly lower quality. When comparing both
measurements, anaogy between the flow regime changes and relative pressure drop of
the acoustic actuation is observed, including the observation of an optimal quality for
acoustic actuation, where there is enough liquid to cause significant dispersion of the liquid
phase but not so much that liquid bridges begin to form. Finally, iikisly that this
technique has the potential to enhance-tmality condensation based on the heat

momentum analogy present in convective condensation.
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CHAPTER 4. HEAT TRANSFER AND PRESSURE DROP

MEASUREMENTS

Based on the observed changes in flow padtena frictional pressure drop, it is
expectedhat heat transfer enhancemenll take place at low vapor qualitieBeyond
changes in flow patterns,ne additional reasonfor enhancement malpe due to the

increased timaveraged kinetic energy of the vajpirase, which can be estimatesi

0, 600 q

QY P

Yallhe)

which can also be written as effectivesuperficialrootmeansquare (RMS) vapgphase

velocity:

'?'(2:. ’?’qu g ’?’51:' rY T &

Another reason the heat transteefficientis expected to icrease islue tothe improved

mixing between the liquid and vapor phases duringdosality condensation. For synthetic
refrigerants such as R134a at the mass fluxes presented in this study, the stratified flow
regime exists for most of the condensationcesswith a combination of gravitgriven

and convective condensation. By actuating the stratified flow, the condensate pool will
significantly diminish in size, reducing the effective film thicknasdthus reducing the

bulk thermal resistance of tikendensatéNith these hypotheses in mirtie objective of

the present study is to experimentally evaluate the heat transfer enhancement due to low

frequency acoustic actuation. The effects of quality, mass flux, temperature difference,
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actuation amplitud, and actuation frequency are quantified to determine operating

conditions where significant heat transfer can be expected.

4.1 Heat transfer Measurements

The test facility used to measure heat transfer enhancement is the same asthe phase
change test facility described in Chapter 3, but now a-tubgbe heat exchanger test
section is used in place of an adiabatic, transparent test s@d¢tetest sectio consists of
a 0.560m longtubein-tube heat exchanger, coupled with water flowing in the annulus
(Q 5 =17.4 mm,Q ; = 19.1 mn). Two-phase R134a at the desired quality enters the
inner tube’Q = 14.45 mmQ = 15.9 mm) and gets partipltondensed by relatively cold
water.The water used to cool the test section, called the primary loop, is also coupled to a
secondary loop with water flowing athauch lower flowrate than in the primary loop. A
schematic of the test section, primary loop, and secondary loop is shBwgnrie4.1. The
frictional pressure drop is determined $ybtracting the predicted pressure drop due to
acceleration from the measured pressure drop, shown in Equa&tidhshould be noted
that during condensation, the fluid is decetieg thereforethe acceleration pressure drop
is negative. The CISE void fraction correlatiremoli, 1970 is used to the determine
the deceleration pressure gaiith a conservativeassumedincertaintyof 25% of the

predicted alue.

3 30 3V 18:9)

The thermal amplification technique Bandhauer et al. (2006 used to obtain

an accurate test section heat duty measurement.
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Figure 4.1: Test section primary loop, secondary loop, and test section.

This technique decouples two competing requirementet@rminingphasechange heat
transfer coefficients: large enough temperature rise in the test section ¢ootesadste

heat duty and minimal test section coolant thermal resistaocensure that the phase
change resistance is dominahb achieve both these desired outcomes, the primary loop
pumps water at a relatively high flow rate, ensuring the thermal resistahedg@st section

coolant is at least five times higher than the measured thermal resistance of the working
fluid. The heat carried by the primary loop water is then rejected to a secondary loop, which
pumps water at a relatively low flow rate, resultinga large temperature rise in the
secondary coolant. Therefore, with the use of energy balances on the primary and
secondary loops, the test section heat duty can be accurately measured for small heat duty

values i.e., small quality decrements, and resultsignificantly lower uncertainties in

88



measured quasbcal condensation heat transfer coefficients. The test section heat duty is
calculated using Equatiar& . The pump heat addition is calculated from a cditvieom

a previous studyMacdonald, 201pthat correlated pump heat addition with volumetric
flow rate. Heat losses to the ambient are estimated using a tmesmstance network from

the coolant to the ambient air. The driving temperature difference between the ambient air
and twephase working fluid is < 10 K in all cases; therefore, the estimated heat losses are
typically less than 1% of the measured testisa heat duty. Nonetheless, heat losses are

still accounted for and a conservative uncertainty of 50% of the estimated value is assigned.
R Gos’yY n & n &

The test section heat transfer coefficient is determined usihéftheéVTD method.
TheUA, or overall thermal conductance, is determined from a thermal resistance network
consisting of the working fluid thermal resistance, the tube wall conduction resistance, and
the coupling fluid convective thermal resistance, as shown in Equagioifhe coolant
side resistance is estimated using the annulus heat transfer coefficient correlation by
Garimella and Christensen (1998)hich is assigned a 25% uncertainty. On average, the

uncertainty in the condensation heat transfer coefficient is 8%.

e
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4.2 Results and Discussion

4.2.1 Effect of Vapor Quality

Figure4.2 shows a sample of the measured frictional pressure drop and heat transfer
coefficient as a function of quality for two different mass fluxes. The baseline results for
both heat transfer andgssure drop are consistent with typical trends observed in the
literature as the vapor quality and mass flux increase, so too does the heat transfer and
pressure drop. When the flow is actuated, however, both the heat transfer and pressure drop
primarily increase at low vapor qualities, and as quality increases, both the heat transfer
coefficient pressure drop enhancement rapidly decrease to a constanHealutansfer
enhancement occurs at low qualities due to the significant changes in thbaseilow
patterrs from the pulsatile motion of the condensing flgi€hapter 3) Therefore, when the
acoustic velocity is much faster than the mean vapor flow rate, and there is significant
liquid inventory present, large changes in pressure drop, and cenfigdgueat transfer,
are expected. However, at high qualities, when the flow regime is amisiafAM) flow
and the relative magnitude of the acoustic velocigmsillercompared to the lowjuality
case, acoustic actuation appears to primarily pertheb interface, whichdoes not
appreciably affecthe already welhgitated liquid film. For referenc&jgure4.2 includes
the predicted transition line from annularwavy flow determined used lyobson and
Chato (1998)and Milkie et al. (2016) showing tlat no significant heat transfer

enhancemens observed when the baseline flow is already AM.
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Figure 4.2: (a-b) Condensation heat transfer coefficient and ¢d) frictional pressure

drop versus vaporquality for several actuation configurations.

The relative heat transfer enhancement is showigure4.3 for different acoustic

inputs, mass fluxes, and cooldotworking fluid temperature differences.dan be seen

that relative heat transfer enhancement decreases as vapor quality increases; however, the

heat transfer coefficient appears to achieve a local maximum when actuating at certain

frequencies, indicatgn a potential optimal quality for heat transfer enhancement. It has

been hypothesized that this optimal point is primarily due to achieving Helmholtz

resonance. The upper bound on the system resonance frequency is expected to be ~10 Hz,
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asshown inFigure4.4, however, at a given vapor quality, the exact resonance will be lower
due to the reduced vapor flow area. Therefore, at a fixed amplitude and frequency below

~10 Hz, a local maximal pressure drop and heat transfer is expected at some intermediate

quality.
15 Effect of Frequency 1.5 Effect of Mass Flux
3 [ G=120kgm2s™ g [f=65Hz & c=120kgm?s"
S C 5] [ y=4mm & G=180kgm?s™
€ 141 e 14
Q L Q L
I 5 13l
o 1.3 B 55Hz, 4mm § 1.3 1
© L A A 6.5Hz, 4mm ® 3 A
£ e S ® 7.5Hz,4mm = o Wi g
w12 T A 0 10Hz, 4mm w1.2- -
i # 20Hz,3 - I
3 [ oWd mm g [ ‘el
S 11F .3 s 110 ok
ol [ "% f- d - L * A
% ', ) B .ol iz 3 N SIS
g 1.0F(a * 4 § 1.0 (b Y
+ (.).11,.|.1.|..\|... < :(.)11.9.1.-.'“f|1f.|.\.
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Vapor Quality Vapor Quality
15 Effect of AT 1.5 Effect of Amplitude
__cf L G=120 kg m2s™ & [G=120kgm2s™
- ~ -
o I f=6.5Hz S [ f=6.5Hz
t 14y=4mm & AT=12K € 14r-x=01
2 : ¢ AT=6K g -
o r , @
E 1.3:— 7 S 1.3
€ [ ;-!' E
w1.2r A w 1.2
o il @ r
AL £
(= i : ® (= i
- L * AC‘ -~ B
© r i : = Siw © i
o 1.0 _ A} o 1.0 d
+ -.(.C)\I..I..'.I...I. + o |...(|)
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6
Vapor Quality Amplitude (mm)

Figure 4.3: Relative heat transfer enhancement as a function of (a) acoustic
parameters, (b) mass flux, (c) temerature difference, and (d) acoustic amplitude.
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4.2.2 Effect of Mass Flux

Figure 4.2 also shows theariation of thebaseline heat transfer coefficient and
pressure drop with mass flux. The frictional pressure drop is much more sensitive to
changes in mass flux compared te tieat transfer coefficient. At a given vapor quality,
increasing the mass flux increases both the phase velocities and the interactions between
the phases, leadirtg larger velocity gradientand interfacial sheathereby yielding an
increased pressumdrop. The increased shear and phase interactions also contribute to
increased turbulence within the condensate and generate more interfacial disturbances,
leading to higher heat transfer coefficientgigure 4.2 also shows that heat transfer

enhancement decreases as mass flux increases at a given vapor quality. Additionally, the
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guality at which heat transfer enhancement becomes immeasurable appears to decrease as
mas flux increases. It isxpectedhat this trend occurs because AM flow persists for much

more of the condensation process compared to the lower mass flux case due to the increased
convective forces while gravitational forces should remain approximatesatneFigure

4.3b shows the relative heat transfer enhancement versus quality for the two mass fluxes
tested, and although heat transfer enhancement is diminitsteza be seen that the general

trend of enhancement for both mass fluxes is similar, just shifted. The observed shift is
likely due to the relative magnitude of the baseline convective forces to the acoustic forces.
Although the acoustic inertial forcedaild remain constant for both mass fluxes, the
baseline convective forces increase as mass flux increases, making the relative magnitude

of acoustic forces diminish with increasing mass flux.

4.2.3 Effect of Temperature Difference

Figure4.3c shows that the heat transfer coefficient and enhancement mechanism is
not a strong function of the coolattworking fluid temperature differender the ranges
of 3"Yunder investigationAt low vapor qualities and mass fluxes, it is typically assumed
that gravitydriven condensation should become a more relevant heat transfer mechanism,
which should manifest itself as an observed decrease in heat transfer coe#cient
temperature differendacreaseg¢Cavallini et al., 2006Macdonald and Garimella, 2016b
However, past studies with similar experimental cbods have only demonstrated such
an observation at mass fluxes lower than 75 kgsth (Dobson and Chato, 1998nd
beyond that differences between measured heat transfer coefficients at different
temperature differences were within the uncertainty in the measurements. In the present

study, all baseline heat transferefficients at a fixed quality and mass flux were within
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the reported experimental uncertainty, and th&r® obvious trend indicating&'yY 2
dependence. This also observed for the heat transfer enhancementwdaitzh appear to

be completely insesitive to temperature difference across the range considered in the
present study. Therefore, there is further confirmation that the enhancement mechanism is
closely tied to increased convective forces, and forced convection is the primary heat

transfer mehanism under baseline conditions.

4.2.4 Effect of Amplitude and Frequency

Figure 4.3d shows the heat transfer enhancement as a function of acoustic
amplitude at a fixed frequency. It is observed that, at small amplitudes, there is a relatively
large rise in heat transfer emt@ment, but as the amplitude of actuation increases further,
the enhancement begins to plateau. The initial rise in heat transfer enhancement is likely
due to corresponding changes in the-ptase flow patterns and disturbances in the flow;
however, at &ertain point, the flow patterns cease to change very much, causing the heat
transfer enhancement to remain near a constant value. A similantasradiso observed
when measuring the relative change in{phase flow pattern and pressure dro@apter
3, which further indicates a strong correlation between the changes-phage patterns
resulting in increased pressure drop and heat transfer. The heat transfer coefficient as a
function of frequency for selected vapor qualities is showsnigare4.5. The results show
that as quality increases, the optimal driving frequency also increases. This is likely due to
the increasing vapor flow area, which increases thedxhanger resonance frequeasy
shown in Equatiom® pAdditionally, the observed enhancement increases rapidly at low

frequencies until reaching resonance but decreases atrashower rate past resonance.
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Figure 4.5: Heat transfer enhancement versus frequency at a fixed amplitude. *The
20 Hz case could not be actuated to exactly 4 mm due to control limitations.

One possible @son the rate decreases past resonance is because enhancement is related to
the average kinetic energy of the vapor as described in EqueforiThe acoustic
contribution of the average kinetic energy is the product of the acoustic wave momentum
and acoustic power reflection coefficient given by:

YO

Y —_— T
P 5 ap

where] 1A, whi ch resul t s -likesurvacersteyethabeuttha ¢ A b

resonance frequency.
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The resulting acoustic kinetic energy can then be expressed as:
5 A p 5 € n rooe
0, O E Q Y XQw'Y T8

which is not clearly symmetric about the resonance frequency due'® dependence in
Equationt&, which can explain the observed asymmetric trend in the measured heat
transfer coefficient. Additionally, the RMS actuation velocity is plotted over the heat
transfer coefficient data versus frequerieig(ire4.6) and shows strong agreement, further
indicatingthat the mechanism for heat transfer enhancement is closely tied to increased
convective effects from acttiag the flow. However, it is not likely that this is the sole
mechanism for enhancement for several reasons. First, this change in velocity does not
account for the liquidapor distribution in the tube. It is clear from the experimental
observations thatvhen the liquid film is relatively thin and wedlgitated there isno
significant heat transfer enhancementherefore treatingthe enhancement to be solely
based on changes superficialRMS actuationwill consistently overpredict heat transfer

at high qualitiesThis is also consistent with pulsatile flow studies, which show very small
factors of timeaverage enhancement even when the oscillation amplitude is of the same
magnitude as the mean flow veloc({fyardu et al., 1994 Similarly, at low qualities, this

RMS approach will consistently underpredict heat transfer because the primary
enhancement mechanismgpaars to be the physical removal of condensate from the
stratified pool and increased agitation in the interface when the baseline vapor velocity is

relatively low.
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Figure 4.6: Heat transfer enhancement ersus frequency overlayed with the RMS
actuation velocity. *The 20 Hz case could not be actuated to exactly 4 mm due to

control limitations.

However, at a fixed quality, i.gfixed liquid inventory and baseline mass velocities, the

overall trend in heat transfer enhancement does appear to be relatively well correlated with

the superficialRMS actuation velocity Additionally, heat transfer enhancement and

pressure drop appetarvary with frequency in the same manner, indicating a possible heat

and momentum analoggsshown inFigure4.7.
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4.2.5 Analogy between heat transfer and pressure drop

It has beerwidely notedin the liteature that vapor velocity is one of the most
important parameters affecting condensation heat tra@é&purn and Carpenter, 1948
Shah, 1979Hughes et al., 2021 This observed correlation likely due to the heand
momentum analogy present in convective hestsfer. Many shedrased models in the
literature have shown that the convective heat transfer coefficient is proportional to the

frictional velocity,asshown in Equation &.

” i B'gY

o 18)
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where the frictional velocity is related to the square root of the sess on the
condensate, and the dimensionléésquantity is the normalized temperature distribution

of the condensate assuming it follows the universal velocity profile develmp®@n

Karman (1931) However, this Al aw of the wall o as
simplifications can lead to spurious claims on the exact heat transfer mechanisms within
the condensate. This is especially true when introdyhiegomena suds acoustic wave
propagation within a liquievapor flow. What can be said with more certainty, although

less quantitative, is that the largest temperature change within a liquid typically occurs in
the viscoumr conductivesublayer, and the thickness of the sublayer iseélat the liquid
pressure drop and the vapor shear acting on the interface. For these reasons, the effect of
pressure drop and vapor shear were investigated to determine whethemeimesattum

analogy exists across all data. In this case, it was foundalhaeasured heat transfer
coefficients (baseline and actuated) collapse to a single curve using a corrected pressure

drop, as shown in Equatiar®y with results shown ifrigure4.8.

8

1 | 8
olie)
Q- c

The observed correlation iskely due to the strong dependence between vapor velocity
and heat transfer coefficient. The fact that results agree well with actuated results indicate
that the variable may be part of an effective veldtitcould be determined from further
experiments vaigg fluid properties, flow rates, and channel sizes. It should also be noted
that this particular trend is only expected when convective forces dominate; in the case of

laminarfilm condensation or similar configurations, correlations like Equat@may

notapply.
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Figure 4.8: Heat transfer coefficient correlation.

According to the studies Hyobson and Chato (1998)dCavallini et al. (2006)the heat
transfer mechanisms for the baseline data should be due to both convective and
gravitational effects. However, theis no clear relationship between temperature
difference and heat transfer coefficient in a manner that is consistent with film
condensation theory. At low qualities, the heat transfer coeffisesrhslightly enhanced

by the larger temperature differen@eithin experimental uncertaintywhich if a real
effect,can be explained by the enhanced thermal conductifttyesubcooleccondensate
(Macdonald and Garimella, 2016bAt saturation, the thermal conductivity is
approximately 0.077 W K™ and increases to 0.080 and 0.0883n* K at 6 and 12

K of subcooling, repectively. This corresponds to about a 4% difference in thermal
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conductivity between 6 and 12 K of subcooling, which at least partially explains the
observed trends at low vapor qualitiég. high qualities, the heat transfer coefficient
appears relativglinsensitive to the temperature difference. Therefore, for this particular
set of data, it is assumed that the primbnt not solemode of condensation is convective,
which also explains the correlation between heat transfer enhancement and pregsure dr

at a fixed quality and mass flux.

4.2.6 Comparisons with the Literature

Although it is unlikely for existing correlations in the literature to explain the
observed experimental trends, it may be possible to modify them based on the observed
relationships btween enhancement, RMS velocity, and pressure dropthérstodels by
Cavallini et al. (2006andHughes etl. (2021)are modified by usingnRMS mass flux
as opposed to the baseline mass ftuypredict the enhanced heat transfer coefficient, as
shown inFigure4.9. Both models accurately predict the baseline data, but significantly
underestimate and overestimate the enhancement at low and high qualities, respectively.
The observed disagreement with tBavallini et al. (2006model is because the model
assumes gravitgdriven condensation is the far more dominant mechanism at low qualities,
which is not the case during actuatidhis rationalealso exlainsthe similar discrepancy
observed in thélughes et al. (202Inodel as it was only trained on baseline data where
gravity-driven condensation was dominant at those conditibhsrefore, the proposed
heat transfer mech&sms put forward in most condensation models canndublyused
to explain the observed heat transfer enhancerHemtever, t may be possible for shear
based correlations to somewhat account for the observed heat transfer enhancement

becaus®f ther more direct use of the heat and momentum analogy
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Figure 4.9: Predicted heat transfer enhancement using conventional correlations.

One shearbased correlation that can be consideisdthe semiempirical

mechanistic model byraviss et al. (1973shown inEquationt® Ttwhere the twephase

frictional pressure drop is taken directly from measurements instead of usingphda®

multiplier.
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Another candidate is the shedzased correlation bgoliman et al. (1968)where the
frictional wall shear stress is replaced by the measured pressure drop in a manner similar
to thatshown in Equation® ttThe results from the proposed modifications are shown in
Figure4.8 along with the two mviously discussed condensation correlatiinge to the

direct analogy between heat and momentum transfer, the qualitative trends of the heat
transfer coefficient much more closely match what is observed experiméntalige
enhancement is observed atl qualities and begins to dinish as quality increases.
However, the enhancement is significantly overestimated in both models, and it shows a
nearly oneto-one correspondence between pressure drop and heat transferjswitth
observed in the experim&al results shown ifigure4.2. Additionally, the percent error

of the modified sheabpased correlations, fdvoth baseline and actuated flow, are not
satisfactoryas shown graphically iRigure4.10 and numerically imTable4.1. Therefore,

to accurately predict the heat transfeh@ancement due to actuation, the effect of pressure
drop and vapeshear must be fevaluatedAt present,t is assumedhat the change in

flow patterns that occur at low qualities, and the lack of change in flow patterns at high
gualities are whaprimaiily explain the observed heat transfer enhancement, with the
correlation shown in Equatiar@acting as a convenient relationship that is related to these
changes in hydrodynamicAdditionally, increases in RMS acoustic velocity arpected

to amplify these changes in flow patterns, heat transfer, and pressure drop.
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Table 4.1: Heat transfer coefficient correlation predictions.

Correlation AD (%) AAD (%) % within £30%
Traviss et al(1973) -20.1 26.3 57.4
Soliman et al. (1968) -35.1 35.6 36.3
Cavallini et al. (2006) -1.7 10.3 94.8
Hughes et al. (2021) 5.7 13.3 96.7
Equationt & -0.2 2.7 100

Overall, the newly developed acoustic enhancement technique successfully
enhances condensation heat transfer and has the potential to significantly improve low
guality condensation, where heat transfer enhancement is most needed. Although the
reported presure drop penalties are quite high compared to the relative enhancement, it is
likely that the overall pressure drop penalty will not be significant, because pressure drop
is lowest at low vapor qualities, and the resulting-phase length will be reduceldie to
heat transfer enhancement. Based on the experimental results reported here, this technique
is most suitable for conditions where stratified flow covers a large portion of the

condensation process, i.e., when condensation is almost entirely glawitgated.

4.3 Conclusions

Low frequency (51 10 Hz) acoustically actuated condensation heat transfer is
experimentally demonstrated and studied. Acoustic waves are introduced by adding a
piston inside a large volume at the t@sttioninlet, acting as theeader, with another large
volume, approximately equal to that of the inlet header, at the test section outlet, but
without a piston. Together, the two volumes acted as a Helmholtz resonance device that

confined acoustic energy in the condenser, agitatiegtwephase flow. The effects of
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mass flux, actuation frequency and amplitude, temperature difference, and quality are
investigated. Experimental results show that-tpyality condensatiors enhancedip to

32% while highquality condensation is unaffect by additional acoustic actuation.
Additionally, a resonance frequency is observed and increases with qualities, with the
overall frequency response found to be in strong agreement with basic Helmholtz theory.
The enhancement mechanism is attributedntweiased momentum transfer within the
condenser, and a simple correlation is proposed to explain trends in both baseline and

actuated data, capable of predicting the experimental results within 2.7%.



CHAPTER 5. FLOW REGIME BASED MODELING FOR

ACOUSTICALLY ENHANCE D CONDENSATION

To model acoustically enhanced convective heat transfer, the effects of velocity
oscillations should first be understood fsinglephase flow. Both low and high
frequency velocity oscillations have been extensively studied for laminatugandent
singlephase flows. In the case of laminar flow, analytical solutions have been developed

and are modeled using the dimensionless parameter known as the Womersley number:

Y (Vo)

where the acoustic length scale is directly proportional to the boundary layer thickness that
comes from AStokesd problem,o0 a flow fiel-c
analogous to # present case if one changes the frame of reference. Physically speaking,
the Womersley number represents a ratio between acoustic inertial forces and viscous
forces. For low Womersley numbers, the penetration depth of the acoustic wave is so small
that it hardly affects the shape of the parabolic velocity profile. Sometimes, this regime is
referr ed-sttoe aadsy 0 pulasdoa and Torlesillals, AR onversely, at

high Womersley numbers, viscous forces are only dominant near the wall while the inertial
forces are dominant everyete else, resulting in a flattened parabolic velocity profile,
somewhat analogous to what occurs in turbulent flow. Therefore, if the flow is already
turbulent in the absence of actuation, the Womersley number is seldom used and instead

the Stokes lengthsiscaled by the ratio of turbulent to viscous forces, represented by the

friction velocity 'Y P and kinematic viscosity, respectively:
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where the Stokes length in wall units has been posited to explain the interaction of forced
oscillations with turbulent eddies. For example, measured phase differences between
velocity and shear, along with changes in turbulence intensity, are obsereéd a@ear

or below the size of the buffer layer; therefore, foeguency behavior is said to occur
when0d m ¢ mHowever, it appears that the tiraeeraged shear stress is not substantially
affected by low or high frequency oscillations. For exayipardu et al. (19949onducted
several sets of experiments across a wide randge aind foundthat any increases or
decreases in the tireveraged shear stress compared to the unactuated case were within
the uncertainties in the measurements, even when the oscillation amplitude was 70% of the
mean velocity and local flow reversal occurred. Withsthprevious experimental results

in mind, it seems unlikely that singfhase analogies will sufficiently explain the changes

in the mean pressure drop due to acoustic actuation irplase flow, and similar
arguments can be made for heat transfer. Clsaimgphase interactions and distributions

are expected to be the primary reasons for increases in heat transfer and pressure drop.
Based on this rationale, mechanistic models for all flow regimes observed during actuation
are developed here to predict theoustic heat transfer enhancement and the associated

pressure drop penalty.



5.1 Model Development

In general, the mechanistic modeling approach follows conventional, one
dimensional separated flow modeling techniques. To account for thestig@agjpressure
drop contribution as well as changes in flow regime, the superficial acoustic velocity

amplitude is given by:

~ JR—

Q
Q ¢“ L Qe,b— Y V&

whereQ is the header diamet€ei)s the actuation frequencgis the actuation amplitude,
Y p Y from Equatioso® 18 o ¢andu is an empirical attenuation factor, which

was found to b&@ 1@ for the present configuration.
5.1.1 AnnularMist Flow Regime

At the beginning of condensation for either actuated or unactuatediie process
starts in an annulamist flow regime, as shown iRigure5.1. To determine the rate of
entrainment, the method ewitt and Govan (1990% applied. However, the resulting
entrainmentraction predictions from thelewitt andGovan (1990)model far overpredict
what is believed to be reasonable for this operating condition. To illustrate this, the
predicted entrainment fraction versus vapor quality is showfigare 5.2, along with
images of the unactuated typbase flow at the corresponding qualities and mass fluxes.
For example, ifFigure5.2a, in the frame of the flow at a quality of 0.80, little entrainment
is seen from the flow visualization, whereas the predicted value of entrainment is about
0.8. This is not entirely unexpedt, asHewitt and Govan (199(@nd Carey (2018note

that this entrainment model can underpredict and overpredict measured entrainment rates

11C



by as meh as one order of magnitude, and sometimes the error is even more than that. To
account for the discrepancy in entrainment fraction predictions, the following modification

was made to the unactuated entrainment rate correlation:

O . . O
?Qi v v pmmt O @) — &

where the new leading coefficient is one order of magnitude lower, which still provides
entrainment rates within the envelope otframment data summarized Hewitt and

Govan (1990Q) To predict the entrainment rate and entrainment fraction when acoustic
actuation takes place, itéassumedhat the mechanism that causes entrainment is the flow
reversal followed by vapor acceleration, which suddenly pulls liquidtiosapor core

and subsequently disperses it into the core. Based on the collected data and this rationale,
it appears that the characteristic vapor velocity should be the difference between the

baseline vapor velocity and acoustic velocity amplitude:

@gr pm O O — La)

where the leading coefficient is now one order of magnitude higher than the drginidt

and Govan (199Q)orrelation, still within theenvelope of entrainment datdote that once

the acoustic velocity is less than the baseline vapor velocity, Equegigsiused instead.
Figure5.2b shows the predicted entrainment fraction versus vapor quality during actuation
along with corresponding twphase flow images, which appear to agree well qualitatively
with the model prediadns, and the resulting pressure drop predictions also appear to agree

well quantitively.
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In the unactuated case, the entrainment fraction steadily increases as the quality (or vapor
velocity) increases, primarily due to increases in entrainment rate. The entrainment fraction
continues to increase until a qualiti~0.85 is reached, at which point the liquid film mass

flux starts to approach the minimum liquid mass flux at which entrainment can occur. In
the actuated case, at low qualities, the baseline vapor velocity is very low, making the
entrainment rate esstially proportional to the acoustic velocity. In the specific case of 10

Hz and 4 mm, the acoustic velocity is expected to increase with quality because of increases
in the reflection coefficient, as all the other terms in Equat®rare constant. Then, as

the quality continues to increase, the baseline vapor velocity also increases and
consequently diminishes the relative velocity term in Equati@ reducing the
entrainment rate. These two effects directly compete with each other, which results in a
local maximum shown ifigure5.2b. In this case, the local maximum occurs at a quality

of about 0.3. Beyond this point, the entrainment fraction decreases with quality until the
baseline vapor velocity equals the acoustic velocity, resulting in the two cuilagsog

on each other. It should be noted that these leading coefficients and mechanisms are
relatively simple estimates and could be improved upon if more detailed liquid film
measurements can be performed. However, from visual evidence, it is quitdhatdhe
entrainment fraction should be very high at low vapor qualities and should rapidly diminish

as liquid inventory decreases.
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Once the entrainment rate and fraction are determined, average vapor core

properties are determined assuming the ldteand vapor are a homogeneous mixture:
” - ” p - ]-b Uap
- p - g L8

where the volume fraction of vapor within the annular vapor core is calculated as follows:

Q

Then, reglecting acceleration pressure changes, the momentum balance on the vapor core

is given by:

N0 O % Y v&w

where the interfacial friction factaby, is taken from the correlation Bivallis (2020)

Similarly, a momentum balance on the liquid film yields:
O 0y Y% O YoY% Y tY L T

where the deposition ratéseiseassumed to be equal to the entrainment rate, and the wall
friction is modeled using the approach ¥go and Ghiaasiaan (199&hdWallis (2020)

where:
O Yo v p
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Here, the liquid film fricton factor is given by the Fanning version of @teurchill (1977)
correlation, where the characteristic velocity is given by the mean velocity assuming

turbulent flow:

Y L ¢

The twomomentum balances are then solved simultaneously to determine the liquid film

thickness and pressure drop.

Once the film thickness and pressure drop are determined, the aftowl&eat
transfer coefficient can be modeled. From experiments, it was fbanhthe actuated and
unactuated condensation heat transfer coefficients were directly related to the vapor quality
and square root of the pressure dfGpapter 4)The latter dependence is not unusual, as
this has been easily demonstrated through boyrdger models in past studiéSolburn
and Carpenter, 194&oliman et al., 1968Traviss et al., 197%3but the dependence on
quality is somewhat intriguing, because it has dgfly beenassumedhat the quality
dependence was directly related to pressure drop changes. However, the present data do
not support this, as shown kigure5.3a. Actuated data show significant scatter, which is
not entirely unexpected, and while unactuated data appear to follow a clear trend at a
singular mass flux, unactuated data at different mass fluxes do not collapse on the same
curve, indicating that the hetmainsfer coefficient is not just a function of the shear stress
when the liquid and vapor fluid properties are constant. If instead, the data are scaled by
an effective condensate film thickness first, far better agreement is achieved. This is shown

in Figure5.3b, where the void fraction correlation Byemoli (1970)s used to estimate
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the effective film thickness. Now, all the heat transfer data appear to follow the same trend,

even with data at different mass fluxes and w@itoolant temperature differences.

Therefore, both pressure drop and liquid inventory appeaffect condensation heat

transfer. To explain both effects, consider the Nusselt number for-gihgse flows:

Heat Transfer Coefficient (W m™2 K™)
2 o
o o
o o
| |

1000

Figure 5.3: Heat transfer coefficient trends.
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For singlephase pipe flow, the characteristic length is clearly the diameter. However, in
the case of convective condensation, the primary thermal resistance is within the liquid
film. Therefore, i is proposed thai | , which has also been used in studieShgme

et al. (2003)and Macdonald and Garimella (2016Bhd others. Then, using arguments
based on a lawef-the-wall assumption, the Nusselt number bees:

’?’% uY

0o VP T

Where Y t T is the friction velocity, and’Y is the dimensionless thermal

resistance within the liquid film. Algebraic manigtibn yields:

006 ﬁi”yb VP UL
Y i

By defining a friction Reynolds numb&Q, and by recognizing thdY "QY'tD i, it

can be deduced that:
06 6RO} VP @

To verify this proposed correlation, annular flow data from previous studies, lisStatlm

5.1, are collected and compared against EquatipnpBecause film thickness data are not
available, an equivalent filrthickness is estimated using the void fraction correlation by
Premoli (1970) This is shown irFigure5.4, where strong agreemerdn be observed. A
curvefit is then performed and yields the following final expression for convective
dominant condensation:

sy R0 i g X



Table 5.1: Data used for annular flow correlation development.

Hydraulic

Reduced Experimental

References Wolrkiélg Diameter  M@SS X prossure Uncertainty
i (mm)  (kgm?s?) (%)

Garimella et U 12%
al. (2020a) N-pentane 7.757 14.45 1507 400 0.03i 0.10

Q 0FQ a4%
Macdonald
and U 6%

_ Propane 7.757 14.45 1507 450 0.2571 0.96

Garimella Q TQ 44%
(2016a)
Keniar and C 19%
Garimella R1234ze(E) 1.55 5071 200 0.16
(2021) QO0rQ a3%
Garimella et
al. (2020a) U 12%
Keniar and R245fa 15571 7.75 507 600 0.031 0.17
Garimella QUQ a4%
(2021)
Jiang et al. U 15%
(2006) R404a 0.8671 0.94 2007 800 0.38i 0.90

QUQ a14%

11€



@ R134a

R245fa
| A R404A
Vv R1234ze(E)

N-Pentane

10

Nu Pr; 03

10

2" \—=0.0777 Re,%®

10 10
Re,

T
\

Figure 5.4: Annular flow correlation.

Equationu® ynow provides a more direct and useful understanding on why actuated and
unactuated data could fall on the same curve by including changes in pressure drop and
liquid inventory. However, it should b®ted that convectivdominated condensation is
almost certainly not the sole heat transfer mechanism. This can be understood by plotting
the present data and the data listedTable 5.1 on the Cavallini et al. (2006)3-"Y -
dependence flow regime malpigure5.5). This flow regime map separates data into two
main groups, one where convectiygven condensation is the dominant heat transfer
mechanism, and the other where both convectwel gravitydriven contributions are
present, making the heat transfer coefficient also dependent on the driving temperature

difference.Cavallini et al. (208) separate the two regimes with two different transition

11¢€



lines, one used for hydrocarbons (HCs), and anotherhyoirochlorofluorocarbons
(HCFCs) and wdrofluoroolefins (HFOs), where if the data are below their respective
transition lines, it is assurdehat fallingfilm condensation and convective effects both
contribute to condensation heat transfer. This also shows that almost all the data used to
develop the annulégtow correlation fall in the-"¥independent regime, ensuring falling

film mechanisms are not skewing the correlation.
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33

&
]

HCFC/HFO

L Transition Line

g
n.'!'*.-"?

g HC Transition
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Figure 5.5: gl dependence regime map by Cavallini et al. (2006).
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To properly weigh the relative contributions of convective and gralrityen
condensation for the present set of data, the relative forces of the two mechanisms are

weighed as suggested blacdonald and Garimella (2016b)

I |
| = T v Y
where the gravitational force and resultant force are given by:
T " Q) VP W
T Tt g T

The film condensation heat transfer coefficient is assumed to follow Nusselt theory for

flow on circular tubes:

0 ” ” ” o , 8
X CQ "' X, Q
'Q T’Q; j_b"Y "Y

ug; p

where’Q is the hydraulic diameteand'Q is the modified enthalpy of vaporization

developed byrohsenow (1956p account for subcooling effects.

5.1.2 Stratified Flow Regime

As more vapor condenses and phase velocities decrease, the flow transitions to a
stratfied/stratifiedwavy flow pattern. Stratified flow, as shown iRigure 5.6, is
characterized by a large accumulation of liquid at the bottom of the tube. In adialat)c
there is typically almost zero liquid at the top of the tube, but during condensation, there is

a thin falling film across which most of the heat transfer occurs.
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Figure 5.6: Stratified flow schematic.

To first determine the hydrodynamics and pressure drop, the volume fraction of the upper

liquid film is determined using the correlation B\acdonald and Garimella (2016b)

5
- s> p p 0° @ V& ¢
b

Then, the average thickness of the upper film can be determined with the relation:

O m (@) 0 ( V& o
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Once the film thickness is known, the interfacial area and the rest of the geometric

parameters are given by:

¢O
) L& T
Y Y % O g AT O, ©Op , L& L
Y&« O0¢ AT Q Lg @
. o ... S

whereOis the height of the liquid pool. Once all the geometric parameters are known, a
momentum balance on the vapor phase yields:
. Q0
0 -,
. Qa
Y

Yﬂ-b ”

T Ve Th
Wb . ;

v Wp : v
Yoo Y R g,

where the interfacial friction factor for the film region is given by the Fanuersion of
the Churchill (1977)correlation,and the interfacial friction factor for the pool regions is

given by the correlation bowalski (1987)
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The liquidside momentum balance yields:

~

. Qu . . . .
O Q4 T T ThiYm 1Y LE w

where the wall friction factors are modeled using

9L Y V& TT

where the friction factor is given by the Fanning version o€imerchill (1977)correlation.
As in the annular flow regime model, the two momentum balances are solved

simultaneously to yield the pool height, upper film thickness, and pressure drop.

Once the hydrodynamic parameters are identified, the heat transfer coefficient can
be determinedTypically, the heat transfer in stratified flows can be apportioned into two

heat transfer rates:
A% Y vy p

where the heat flux from the upper film region is usually much greater than the heat flux
in the pool region, as experimentally demonstratedRimgson and Meyers (1965)
Therefore, to model the upper film heat transfer, it is assumed that this flow is like annular
flow where both falling film and convective condensation mechanamselevant, and

Equation® ¥uv& pare used to determine the upper film heat transfer coefficient.
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Meanwhile, the liquid pool heat transfer is modeleohgis simplified lawof-the-wall

approach, where the heat transfer coefficient is given by:

i

V& ¢

Here, the denominator is given by a correlation gtediin the lawof-the wall model by
Traviss et al. (1973)inally, areaaveraging yieldshe overall heat transfer coefficient in

the stratified regime:

<]

| ~ v& o

5.1.3 Intermittent Flow Regime

To model the intermittent regime, the flow is split into a slug and film region as
done byGarimella et al. (2001and Xiao et al. (199Q)as shown schematically Figure

5.7. From mass conservation, the slug velocity is given by:

TR QY -5 Y P -m LV T

where- is the liquid holdup within the slug given by the correlatiorGggory et al.
(1978) and the bubble velocity is assumed to be 1.2x the slug velocity based on past

experiments.
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Figure 5.7: Intermittent flow schematic and still image of intermittent flow.

Then, for the film zone, i.e., the region adjacent to the slug, mass conservation yields:
Q Yo-n YPp -n L8 L

where -, is the liquid holdup in the film region. The film region with the bulk of the
liquid phase in the bottom portion of the tube is assumed to be in stratified flow; therefore,
momentum balances similar to those shown in Section 4.2 are performed to fowbkhe
height and pressure drop in the film region. To find the pressure drop of the slug region, it
is assumed that the aerated slug is a homogeneous mixture:

Q0 T Y ¢cwp 7 Q
Qa ) 0

L& @

Unfortunately, existing correlations vastly overpredict the length of the slugs at about 30
diameters, which could be valid in some cases for unactuated intermittent flows, but as
shown inFigure5.8, clearly not for actuated flows. An estimate of the slug length can be
obtained based on the pulsatile nature of the flow (for sufficiently large oscillation
amplitudes). During one actuation cycle, fleseversal will occur at the liquid vapor
interface, causing an adverse pressure gradient promoting liquid to be pulled up from the

pool and forming a liquid bridge in the tube, as showrigure3.12.
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M 0j/(2f) = 13 mm

e Aj/(2f) =11 mm

B Ai/(2f) = 64 mm

£ Aj/(2f) = 20 mm

Figure 5.8: Comparison between recorded slug lengths and estimated slug lengths.

However, this only happens for one portion ofdlbuation cycle, and soon after, the liquid
bridge is pushed forward and ceases to grow. Therefore, if there is no slug coalescence, the

length of the slug can be estimated as:

0 —_— L& X

which is of the same magnitude as the slug lengths shown flotheisualization study
(Figureb5.8). Then, a liquid massatance can be performed to find the total length of the

intermittent flow unit cell:




With the lengths of the slug and film region known, a weighted average between the two

regions can be performed to find the average pressure drop:

0 Y
—7 w
(0]

’Q 5 ‘L‘) o Eb—
— ~ m m U W
Qa v )

where the heat transfer coefficient in the film zone is found using Equatidnsu® ¢
and the slug heat transfer coefficient can be estimated using the Dittus Boelter correlation

(Bergman et al., 203 Wwith the tube diameter as the characteristic length.
5.2 Flow Regime Transitions

The above modeling approaches hinge upon accurate identification of the two
phase flow regime. Physically, flow regimes can be determined by considering the relevant
forces tha act on the liquid and vapaqfTaitel and Dukler, 1976 For convective
condensation ins&l horizontal tubes, there are three primary forces that act on the
condensate, which affects the way it is distributed inside the tube: shear forces,
gravitational forces, and surface tension forces. Shear forces can be thought of as a
destructive force orthe liquid that promotes uniform wetting of the tube and causes
significant disturbances on the ligewdpor interface, often causing condensate to get
entrained in the vapor core. Conversely, gravity and surface tension forces can be thought

of as stabiking forces that damp the disturbances introduced by kgajmbr shear. When
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shear forces dominate, the flow regime is said to be in the annular/amsiatow

regime, which has been shown to occur when the force ratio:

~.

Yo

o &
Q

ua p
exceeds a critical valu8oliman (1982used a lawof-the-wall correlation to find the film
thickness and established tlia¢ transition to annular flow typically begias™@ X.
This was also found to be a very successful criteopMilkie et al. (2016)and Dobson
and Chato (1998})herefore, an analogous Froudamnber is used in this study. It should
be noted that althougi® X IS a good transition metric for the onset of wavy and
annularlike flow, fully symmetric annular flow was not observed ufdil * ¢ 1in these

studies.

In the case of acoustictaation, forced oscillations act as an additional destructive
force that pulls condensate from the liquid pool and disperses it into the vapor core. At
sufficiently high amplitudes, this regime can be viewed as an annular flow regime with a
large liquid mas flow rate flowing in the vapor core. This flow regime is therefore
expected to cease when the amplitude of velocity oscillations is less than the mean vapor

velocity:

~ ~

Q0 V& C

However, at a certain quality, the inertial forces of the vapor phase are not strong enough
to atomize the condensate pulled from the liquid pool, making the flow intermittent, which

is approximated to occur when the liquid inventory,respnted by the Martinelli



parameter@ reaches a critical valug

p®, close to the theoretical predictioniditel

and Dukler (1976) Baseline and actuated flow regime transition lines are shokigumne

5.9. It can be seen that, for a prescribed sufficiently high amplitude, higher frequencies

allow for mixed annulamist flow to occur for a larger portion of the condensation process.

However, due to the changes in resonance frequency versus quality, éinmbteguency

more closely tuned to enhancing low quality condensation could be more effective.

Mass Flux (kg m2s™)

300

D =14.45 mm, P =950 kPa

ra I ==+ Intermittent i == Annular/Wavy
r@a)) - (b)
: | 6.5 Hz L
r. - 10H
250'__ I z - \‘
Eo \
- v Annular/Mist Flow
200 | Annular/Mist Flow - k
[ I \\\
150 | Mixed Flow C .
Lo )ransition Lines \\
Lo g N .
100~ | n \\
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\J-Llntermlttent Flow
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Figure 5.9: Flow regime map for (a) actuated flow and (b) unactuated flow.
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Additionally, actuation will povide diminishing returns once the regime is already in the

wavy-annular transition region, both because the liquid interface is already well agitated

and because the condensate pool is relatively thin, making the effect of shearing condensate

from the film less impactful overall. Therefore, there is likely an optimal actuation

frequency for a given tube diameter and mass flux that maximizes the rate of condensation

while maintaining the pressure drop under some critical value.

5.3 Results and Discussion

5.3.1 Compmrison with Experimental Data

Figure 5.10 shows the predictions of the present model with the measured data

obtained fronChapters 3 and.©Dverall, as summarized Fable5.2, there appears to be

consistent and good agreement between the model and experiments, with an average

prediction error of 23% for theressure drop modehd 5% for the heat transfer model. In

the legenddata labeledi B0 ref ers to baseline, or
labeleddata are actuated.
Table 5.2: Summary of model accuracy metrics.
Number of Mean Mean Absolute Standard
Data Points Error Error Deviation
Pressure DropModel 706 -0.8% 23.2% 29.1%
Heat Transfer Model 269 0.4% 4.7% 7.1%
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Figure 5.10: (a) Pressure drop and (b) heatransfer model predictions.

Some outliers can be observed at very low vapor qualities (< 5%) and low frequencies (<

5 Hz). Both resonance and flow regime transitions are rather significant in this region
because the vapor cressctional area is rapidly ahging compared to the rest of the
condensation domain, and increased liquid inventory promotes more intermittent flow than

a dispersed/annulamist flow. Additionally, some of these data are diabatic with quality
changes in the range ofl®%, and due tthese sudden regime transitions, even relatively
small changes in quality may lead to pressure drop and heat transfer measurements that are
averaged for too large of a quality change. Finally, it has been assumed that the attenuation
from the source of acstic wave generation to the condenser test section is approximately
uniform across all conditions due to the lack obitu measurements, which may not be

the case for other configurations.
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