MEASUREMENT, MODELING AND MITIGATION OF
INSTABILITIES AND MALDISTRIBUTION IN MICROCHANNEL
CONDENSERS

A Dissertation
Presented to
The Academic Faculty

by

Allison Jasmine Mahvi

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
Woodruff School of Mechanical Engineering

Georgia Institute of Technology
December 2018

Copyright © Allison Jasmine Mahvi 2018



MEASUREMENT, MODELING AND MITIGATION OF
INSTABILITIES AND MALDISTRIBUTION IN MICROCHANNEL

CONDENSERS
Approved by
Dr. Srinivas Garimella, Advisor Dr. S. Mostafa Ghiaasiaan
G.W.W. School of Mechanical EngineeringG.W.W. School of Mechanical Engineering
Georgia Institute of Technology Georgia Institute of Technology
Dr. Samuel Graham Dr. Gregory Nellis
G.W.W. School of Mechanical EngineeringDepartment of Mechanical Engineering
Georgia Institute of Technology University of Wisconsin - Madison

Dr. Asegun Henry
Department of Mechanical Engineering
Massachusetts Institute of Technology

Date Approved[Septembe 15, 201¢]



To my husband, Eric



ACKNOWLEDGEMENTS

First and foremost, | would like to thank my advisDr. Srinivas Garimella, for
his guidance throughout my PhD. His advice andgiis will be invaluable to me
throughout the rest of my career. Additionallyduld like to thank all the past and present
members of the Sustainable Thermal Systems Lab have provided both technical
assistance and moral support throughout my tinteeatrgia Tech. In particular, | would
like to express my appreciation to Jeff Milkie, &@riFronk, Alex Rattner, David Forinash,

and Bachir El Fil for helping me define and reauo goals of my project.

Finally, I would like to thank my family — espediaChris, David, Sasha, Jonathan
and Eric. They have fostered my interests and g the paths | have chosen

throughout my life. Without them, | certainly waluhot be where | am today.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF SYMBOLS AND ABBREVIATIONS
SUMMARY

CHAPTER 1. Introduction
1.1  Organization of Dissertation

CHAPTER 2. Literature Review

2.1  Experimental Studies
2.1.1 Header Inlet Conditions
2.1.2 Orientation and Geometry
2.1.3 Header Modifications

2.2 Modeling Approaches

2.3 Objectives of Present Study

CHAPTER 3. Air-Water Experiments
3.1  Experimental Approach
3.1.1 Flow Loop and Experimental Procedure
3.1.2 Test Section
3.1.3 Data Analysis
3.2 Results and Discussion
3.2.1 Header Flow Regimes
3.2.2 Effects of Average Channel Mass Flux on Distribatio
3.2.3 Effects of Inlet Quality on Distribution
3.2.4 Effects of Header Geometry on Distribution
3.2.5 Header Pressure Drop
3.3  Conclusions from Air-Water Experimental Study

CHAPTER 4. Approach and Data Analysis for Refrigerant Experiments
4.1  Facility Design and Instrumentation

4.1.1 Working Fluid Loop

4.1.2 Coolant Fluid Loop

4.1.3 Test Section
4.2  Time of Flight Sensor

4.2.1 Overview and State of the Art

4.2.2 Flow Meter Design

4.2.3 Experimental Approach

4.2.4 Sensor Calibration

XV

XXii

29
32
34
35
35
39
43
44
48
51

53
53
54
56
57
62
62
66
67
70



4.2.5 Flow Meter Uncertainty and Accuracy

4.2.6 Summary of TOF Sensor Development
4.3 Data Analysis

4.3.1 Inlet Conditions

4.3.2 Channel Measurements

4.3.3 Distribution Parameter

4.3.4 Pressure Drop

CHAPTER 5. Results and Discusion
5.1 Header Flow Regimes
5.1.1 Flow Regime Characteristics
5.1.2 Distribution Characteristics of Flow Regimes
5.2  Pressure Drop
5.2.1 Full Test Section
5.2.2 Header
5.3 Two-Phase Flow Distribution
5.3.1 Effect of Inlet Quality on Distribution
5.3.2 Effect of Inlet Mass Flux on Distribution
5.3.3 Alternative Geometries
5.4  Conclusions from Refrigerant Study

CHAPTER 6. Distribution Modeling
6.1 Pressure Drop Model
6.1.1 Header Pressure Drop
6.1.2 Channel Pressure Drop
6.1.3 Assessment of Correlations

6.1.4 Comparison with Representative Experimental Results

6.2  Limits to Degree of Liquid Maldistribution

6.3  Liquid Distribution Prediction Approach
6.3.1 Comparison with Experiments

6.4  Vapor Distribution Prediction Approach
6.4.1 Comparison with Experiments

6.5 Conclusions on Flow Distribution Modeling

CHAPTER 7. Conclusions and Recommendations
7.1 Recommendations for Future Work

APPENDIX A. Analytical model for Time of Flight Sensor
A.1  Governing Equations

A.2  Derivation of Analytical Solution for Arbitrary f(t)
A.3  Model for TOF Flow Meter

A.4  Comparison with Experimental Data

APPENDIX B. Sample Calculation
B.1 Inlet Ambient Losses

B.2 Test Section Inlet Conditions
B.3 Channel Ambient Gains

Vi

81
85
86
87
92
97
98

101
101
102
108
109
111
114
117
120
125
128
134

136
140
140
144
152
155
159
165
171
174
176
177

181
184

187
187
189
192
192

196
196
201
202



B.4 Channel Inlet Conditions
B.5 Degree of Maldistribution

APPENDIX C. Refrigerant Facility Validation
C.1 Mass Balance
C.2 Flow Instabilities

REFERENCES

Vil

204
206

207
207
208

207



Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5

Table 4.6

Table 5.1

Table 6.1

Table 6.2

Table B.1

Table B.2
Table B.3
Table B.4
Table B.5

Table B.6

LIST OF TABLES

Summary of experimental studies on gas-liquid nmdistribution
in heat exchanger headers

Summary of experimental studies on refrigerantrithigtion in heat
exchanger headers

Summary of instrument specifications in air-watagility

Important operational and geometric parameters dorwater
experiments

Details of equipment in refrigerant loop

Details of instrumentation in refrigerant loop

Details of equipment in water loop

Details of instrumentation in water loop

Empirical constants for correlation shown in Eqoiai4.6

Experimental data for nominal condition 6f, = 59.7 kg nt s?,
xin = 0.50, andl'sat= 30°C (channel 2)

Summary of header inlet conditions tested in regitar header

Description of the different nodes used to modeltibat exchanger
channels

Empirical constants used to predict the liquidribsition in headers
with a two-phase inlet condition

Geometric specifications of the preheater and @tehnehousing
assembly

Inlet heat loss — sample calculation

Test section inlet conditions — sample calculation

Ambient gains from environment— sample calculation

Phase flow rates into heat exchanger channels plearalculation

Degree of maldistributiorNSTD) — sample calculation

viii

32

34

55
56
57
57
80
87

101

147

171

198

199
203
204

205

207



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4
Figure 2.5
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11
Figure 3.12
Figure 4.1
Figure 4.2

Figure 4.3

LIST OF FIGURES

Summary of inlet conditions tested in the curreamd @revious
experimental two-phase flow distribution studies

Summary of some important geometric parametetsamctirrent
and previous experimental two-phase flow distributstudies

Typical header design for crossflow heat exchandesish
channels protruding into header)

Flow paths in a simple three-channel heat exchanger
Detailed discretized model to predict flow disttiion
Schematic of air-water test facility

Schematic of header geometries

Photographs of flow regimes observed in the rectimndneader
Photograph of flow when channel blocked by liguiths
Observed flow regimes as a function of superfieedbcities
Normalized liquid and gas flow rates

Normalized standard deviation of phase flow raxgs<0.20)

Normalized standard deviation of phase flow ratgs=(0.05 and
0.35)

Difference between NSTD in rectangular and triaaghkeaders

Normalized liquid flow rates for rectangular andartgular
header geometries

Average pressure drop across the header

Pressure drop between header inlet and channahees
Schematic of refrigerant test facility

Photographs of test section

Detailed image of header base plate and insertduitiensions

14

18

22
25
31
33
36
37
39
40
43

44

45

47

49
51
55
59
60



Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10

Figure 4.11
Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21
Figure 4.22
Figure 4.23

Figure 5.1

Photograph of the three header geometries invéstiga study
Location of upstream pressure port

Schematic of thermal flow meter

Schematic of test facility used for TOF sensor ttgwaent
Experimental results for calibration data set

Difference between measured time of flight and atlea delay

Effect of average refrigerant temperature and radmperature
difference on the measured time of flight

Effect of radial temperature gradient on the tirh#ight
Effect of radial diffusion in the time of flight seor

Local temperature gradients in sensor with low higth radial
temperature differences

Normalized temperature measurements for diffeAidial

Refrigerant velocity measured using calibrated B@ksors and
a high accuracy Coriolis flow meter

Time of flight in the final sensor design for a ganof average
velocities and chiller set-point temperatures

Time of flight in the four sensors tested for agarof average
velocities and a chiller set-point temperature % 8

Placement of the time of flight sensor in relatiorthe tube-in-
tube heat exchanger with important geometric pararse

Thermal resistance network for heat losses in @rtehe

Difference between measured preheater power aridraaafer
rate calculated using an energy balance

Photograph of tube-in-tube heat exchangers
Heat flows between outer tube wall and edge oflatsn
Side view of test section showing detailsA6f measurement

Photographs of header flow regimes in rectangwdadbr

61
62
66
69
72

73

76
77

78

79

83

84

85

88
91

93
94
100

103



Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Observed flow regimes in rectangular header fowaiter and
refrigerant flows

Observed flow regimes as a function of Martinetidaviodified
Froude number

Liquid flow paths in gravity-dominated regime

Liquid flow paths in momentum-dominated regime
Flow paths in a simple three-channel heat exchanger
Frictional and gravitational pressure gradientshannels
Condensation length for different inlet conditions
Pressure rise through test section

Header pressure drop and mass flux through setacinels for
a range of inlet qualities

Header pressure drop as a function of inlet mass fl

Normalized flow rate and inlet quality into eachaohel for
sample case

Normalized liquid and vapor flow rates into eaclamhel for
sample case

Normalized liquid and vapor flow rates into eaclamhel for a
range of inlet qualities

Pressure drop profiles in channels 1 and 10 asguailidiquid
enters the first channeB, = 59.8 kg n? s* andxin = 0.11)

Degree of liquid and vapor maldistribution as action of inlet
quality

Normalized liquid and vapor flow rates into eaclammhel for a
range of inlet mass fluxes

Degree of liquid and vapor maldistribution as action of inlet
mass flux

Photographs of flow patterns in the rectangul@ngular, and
vane headersg, = 59.9 kg n? s* andxin = 0.30)

Xi

105

107

109
109
110
112
113
114

115

117

118

120

121

123

124

126

128

129



Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Normalized liquid and vapor flow rates entering lreabannel
for the three header geometries tested

Degree of liquid and vapor maldistribution in thiggometries
tested as a function of the inlet quality

Degree of liquid and vapor maldistribution in thiggometries
tested as a function of inlet mass flux

Measured header pressure drop in three header gessested
as a function of inlet quality

Measured header pressure drop in three header gessested
as a function of inlet mass flux

Comparison between empirical two-phase flow distidn
models and refrigerant experimental results

Detailed discretized model to predict flow disttiiom

Comparison between the inlet qualities predictemhgua T-
junction model and the measured qualities

Contributions to the total path pressure drop

Comparison between the header pressure drop prddising a
T-junction correlation and the measured values

A comparison between (a) the predicted and meaduzader
pressure drop and (b) the predicted header predsypdraction

Schematic of a single heat exchanger channel wdtmes
important geometric parameters

Schematic of a segment in the actively cooled porbf the
refrigerant channel with all relevant thermal resmises

Comparison of overall channel pressure gain angibdictions
of the proposed model using different frictionaégsure drop
correlations from the literature

Comparison of overall channel pressure gain angibdictions
of the proposed model using different heat transtefficient
correlations from the literature

Predicted local refrigerant and water temperatooélps in heat
exchanger channel

Xii

130

131

132

133

134

137

138

139

140

141

144

146

150

154

155

156



Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

Figure 6.23

Figure 6.24

Figure A.1

Figure A.2

Figure B.1

Figure C.1

Predicted refrigerant pressure profile along tingtle of the heat
exchanger channel

Predicted refrigerant pressure profiles along ke paths with
the lowest and highest inlet qualities

Normalized phase flow rates and pressure dropgiféerent
modeling iterations to find worst possible liquigtdbution

Minimum number of channels containing liquid at thket to
achieve equal pressure drop across each flow path

Maximum possibleNSTD, for a range of inlet conditions

NSTD, as a function of the normalized liquid flow ratesough
the first channel

Comparison between the measured liquid distribuéind the
baseline predictions

Measured and predicted liquid flow rates in eadht e&changer
channel for a variety of inlet qualities

Measured and predicted liquid flow rates in eaddt e&changer
channel for a low and high mass flux inlet case

Comparison between the measured and predicted lidmiv
rates in each heat exchanger channel

Measured and predicted vapor flow rates in eachéredanger
channel for a variety of inlet qualities

Measured and predicted vapor flow rates in eachéredanger
channel for a low and high mass flux inlet case

Procedure for proposed model

Comparison of analytical model results and the erpntal
data for (aji = 6 mm & and (b)u = 15 mm &

Comparison between the measured time of flight #mel
analytical results over the full sensor range

Schematic of the preheater assembly and the tudmingecting
it to the test section

Mass balance between the header inlet and chaimdlse
rectangular header distribution experiments

Xiii

157

159

162

163

164

165

167

172

173

174

176

177

180
194

195

198

208



Figure C.2 Deviation in the pressure drop measurements over ti 210

Figure C.3 Standard deviation of the test section pressune mheasurement 211
over 30 seconds

Xiv



LIST OF SYMBOLS AND ABBREVIATIONS

Fr

Fr

H(t)
htc
Ji

I

JC

area [nf]

absolute average deviation [%]
Brinkman Numberu*kAT) [-]
capacitance rate [W kg K

specific heat [J kg K]

diameter [mm]

Depth [mm]

fraction [-]

friction factor [-]

Froude number [-]

Modified Froude number [-]

mass flux [kg i s

gravitational acceleration (9.81) [rf]s
enthalpy [J kd]

height [mm]

Heavyside function [-]

heat transfer coefficient [W HK™]
superficial liquid velocity ¢;,,(1 — x)/p;) [m s7]
superficial gas velocityd,,x/p,) [m s7]
jet-correction [-]

loss coefficient [-]

thermal conductivity [W rm K]

length [mm]

XV



LMTD

MC

Nch

NSTD

Pe

Pitch

Y4
o

Re

std

th

TOF

UA

log mean temperature differenC€]
Mass [kg]

mass flow rate [kg'§
momentum-correction [-]
number of data points [-]

number of channels [-]
normalized standard deviation [-]
pressure [kPa]

Peclet numberl/a) [-]

outlet channel pitch [mm]

heat transfer rate [W]

heat flux [W n¥]

thermal resistance [K W

radius [m] or radial direction [m]
Reynolds number [-]
dimensionless Laplace parameter [-]
sample standard deviation [s]
time [s]

temperature [°C]

thickness [mm]

time of flight [s]

velocity [m s!]

uncertainty

heat exchanger conductance [W]K

XVi



Greek Symbols

0

dl
Obaseline

AP

AT

volumetric flow rate [mL miri]
width [mm]

Weber number [-]

quality [-] or axial direction [m]
Eigenfunction [-]

axial position [m]

void fraction [-]

eigenvalue [-]

arbitrary measured variable [-]

Dirac delta function [-]

My, cn [/ My peader[E] [-]

baseline prediction faf [-]

pressure drop [Pa]

temperature difference [K]

thermal emissivity [-]

normalized temperature difference [K]

thermal diffusivity [nf sY]

unknown function to characterize Gaussian posjtpn
dynamic viscosity [kg m s9]

density [kg ]

Stephan-Boltzmann constant (5x80°) [W m2 K]
two-phase multiplier [-]

unknown function in correlation development [-]

XVil



Superscripts

Subscripts

adi
amb
amb-w
assb
base
ch
ch/tube
chiller
cond
cs
decel
dist
AP
down
eff
exit
exp

feed

unknown function to characterize Gaussian height [-

unknown function to characterize Gaussian width [-]

normalized variable

adiabatic

ambient

ambient to water

assembly

base temperature

outlet channel

Number of channels in multiport tube
chiller setpoint

condensation

Cross section

deceleration

distributed

pressure drop

downstream

length of heater assembly before measurement ports
exit

expected

feeder tube

XVili



fric

grav

header

HT

ins

int

max

meas
mix
NC
off

frictional

gas

gravitational

hydraulic

heater

header

heat transfer

channel number or node number
at inlet or internal
insulation

intermediate

far from source

specifies phase (I, v, or g)
liquid

latent

liquid depth

liquid only

at a specific axial position (z)
loss to ambient

manifold

maximum

measured

mixture

natural convection

when the heater is turned off

XixX



op orifice plate (at channel entrances)
orifice nozzle orifice
out at outlet or outer
peak peak temperature
pred predicted
preh preheater
prot protrusion
r radial
rad radiation
rect rectangular header
ref refrigerant
ref-w refrigerant to water
s surface
sat saturation condition
seg segment
sens sensible
surr surroundings
tap pressure tap
total through full facility
tri triangular header
TP two-phase
TS test section
tube tube (for flat tubes with several flow channels)
up upstream

v vapor

XX



w water

wall wall

wavy stratified wavy — intermittent/annular transition
x axial direction

0 initial

XXi



SUMMARY

Mini- and microchannel heat exchangers have thential to drastically decrease
the size and cost of energy systems, but they afteerperform because of flow
maldistribution. Maldistribution can be particijgacute when a two-phase mixture enters
a heat exchanger header, which is difficult to addibecause the flow phenomena in these
situations are poorly understood. In the presénys flow distribution in mini- and
microchannel heat exchanger manifolds is investijatThe work focuses on two-phase
flow regimes and distribution characteristics of-water mixtures and saturated
refrigerants in plate-type heat exchanger headéng results quantify the effects of inlet
mass flux, inlet quality, header flow regime andder pressure drop on distribution.
Additionally, several header geometries are ingestid to identify pathways to mitigate

maldistribution in heat exchangers.

A comprehensive study on the distribution of aitevamixtures and saturated
refrigerants in multi-channel heat exchangers wasdacted. The heat exchangers
considered here contain vertical parallel miniclsiconnected to a common horizontal
header with a rectangular cross section. The hegeemetries are based on those
commonly seen in plate-type heat exchangers. imndiudy, fluid flowed through the
parallel channels in the direction of gravity (davard). Distribution experiments were
conducted on air-water mixtures with varying imedss fluxes (2.60 &in < 200 kg n¥ s
b, inlet qualities (0.05 xin < 0.35), outlet channel diameters (D& < 3 mm), and header
geometries (rectangular and triangular). Experisiem the distribution of saturated

refrigerants were conducted for multiple inlet méiggses (23.9 <Gi, < 95.7 kg n? s9),

XXil



inlet qualities (0.10 %in < 0.90), and header geometries (rectangular gulan, and vane)
for ten parallel 1-mm diameter channels functionasga counterflow water-cooled heat

exchanger.

Using insights from the experimental work, a maugliramework is developed for
predicting the distribution of saturated refrigesaim horizontal plate-type heat exchanger
headers. The proposed approach considers théseffiethe path pressure drop (predicted
using a detailed heat transfer and pressure drojghodthe heat exchanger) and the header
flow regimes to calculate the liquid and vapor fleates into each channel. The resulting
model predicts both the magnitudes and trendseottiannel flow rates for the conditions

tested.

The findings of this study advance the understandirtwo-phase flow distribution
in heat exchangers. This understanding will feadii future development of low pressure
drop methods to evenly distribute both the liquid &apor in manifolds. Mitigating flow
maldistribution in mini and microchannel heat exuipers can help enable the development
of extremely compact, cost effective heat exchanf@r a variety of power production,

heating, and/or cooling systems.
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CHAPTER 1. INTRODUCTION

Mini- and microchannel heat and mass exchangers haen proposed for many
applications, including electronics cooling, comipasfrigeration systems, and industrial
processing equipment. Interest in small-diamebb@noels for heat transfer applications
has been driven by the high heat transfer coeffisithat are achievable in these geometries
(htc «x D). Increasing the heat transfer coefficient redube size and cost of heat
exchangers and allows for the development of ex@éhgroompact and efficient energy
conversion systems for power production, heatind/@ancooling. Such systems will be
critical in the future as the available energy teses decrease and the environmental
externalities associated with traditional fosselfsources starts to have a larger societal

impact.

Although small-diameter channels can improve trartsip heat and mass transfer
components, reducing the flow area increases tb#ofral pressure drop. To maintain
reasonable pressure losses across the componendchannel heat exchangers usually
split the flow into many parallel flow paths. Idgamulti-channel heat exchangers should
be designed so that the fluid is equally distridute all the channels by an inlet header
(also called a manifold). However, many reseaslt@ve found that the flow can be
maldistributed in multi-channel heat exchangerss{\and Pettersen, 2004; Tosapal.,
2009; Tuo and Hrnjak, 2013), which can significankégrade their performance (Kaetn
al., 2011; Nielseret al., 2012; Forinash, 2015). There has been progresstbe past
several decades on the development of effectivaddralesigns to mitigate maldistribution

in heat exchangers, especially for single-phasesfiiBassiouny and Martin, 1984; Habib



et al., 2008; Jonest al., 2008; Dharaiyat al., 2009; Saickt al., 2015; Anbumeenakshi
and Thansekhar, 2016). Unfortunately, the desigthodology used for single-phase
flows cannot be applied when the component hasgptvase inlet condition because the
flow characteristics inside the header are sigaifity more complex (Webb and Chung,
2005). Additionally, maldistribution is often mosevere when gas-liquid mixtures enter a
header. For example, many authors have reporteelscahere some heat exchanger
channels only receive liquid and others only reeewapor from the inlet manifold
(Marchitto et al., 2008; Ahmadet al., 2009; Darioet al., 2015; Mahvi and Garimella,
2017). In evaporators and condensers, poor disioip can lead to localized dry-out and
non-uniform heat transfer rates across the compgonknabsorbers and desorbers, the
effects of maldistribution are even more acute bseat decreases the interfacial area and

interaction between the two fluids, thereby redgdire mass transfer between them.

Several researchers have conducted experimemtalwanerical studies to examine
the effects of operating conditions, fluid propestiand geometric parameters on two-
phase flow distribution. Although this work offeseme insight into the driving forces
involved in distribution, there are discrepancrethie reported trends even in simple header
geometries (Vist and Pettersen, 2004; Hwaingl., 2007). Additionally, many authors
have studied modified header designs that aim prare the distribution of liquid-vapor
flows. One approach to improving distribution igdaecce the fluid to be more homogeneous
in the header. This is typically accomplished bgiag an expansion device at the inlet.
Although expansion devices have been shown to imgpdistribution (Fei and Hrnjak,
2004; Vist and Pettersen, 2004; Ahnedil., 2009), the additional pressure drop across

the device is usually not reported. Another commapproach to improving distribution is



to modify the header geometry by adding baffles @l Hrnjak, 2004), allowing the
outlet channels to protrude into the header (Letlase, 2004; Kim and Han, 2008; Zou
and Hrnjak, 2013) or changing from a rectangulaattriangular or tapered manifold
(Dharaiyaet al., 2009; Manikanda Kumaraet al., 2013; Mahvi and Garimella, 2017).
Some of these studies have demonstrated improvelmérhe results are mixed and there

has not been agreement on an optimal design fivea ghlet condition.

Flow maldistribution must be understood and miggatio design high-performance
compact heat and mass exchangers for real systdiis study aims to quantify and
understand flow distribution through the carefusetvation of header flow patterns and
measurement of the pressure drop and phase fl@s natthe heat exchanger channels.
Additionally, a model is developed to predict th&tidbution of two-phase flows in headers
that combines the effects of both the path pressumes and the flow characteristics in the

header, which both play an important role in flowtdbution.

1.1 Organization of Dissertation

The remainder of this dissertation is organizetbews:

» Chapter 2 presents a review of previous researdivoiphase flow distribution
in heat exchanger manifolds. The review coverd libe results from past
experimental studies and the different modelingrepghes that attempt to
predict distribution. The need for additional @®f is discussed and the

objectives of the present study are stated.



Chapter 3 presents the results from an experimstidly on the distribution of
air-water mixtures in heat exchanger manifolds. isTbhapter includes a
description of the experimental setup and a disonsd the experimental results.
Chapter 4 details the experimental approach usetetsure the distribution of
a saturated refrigerant in a plate-type heat expéramanifold. The experimental
facility, all measurement devices and the datayasmabhpproach are discussed.
Chapter 5 presents the experimental results froenréfrigerant study and
discusses the effects of the inlet operating caniton pressure drop and flow
distribution.

Chapter 6 describes the development of a pressapeashd flow regime-based
modeling approach for the distribution of two-phadews in mini- and
microchannel plate-type heat exchangers.

Chapter 7 provides conclusions from the presendiysitnd recommends areas for
future research.

The appendices present detailed information abownalytical model used to
investigate the flow measurement devices develapedused in the refrigerant
study and a sample calculation stepping througld#ta analysis method used

in this work.



CHAPTER 2. LITERATURE REVIEW

Flow maldistribution in header systems has beedietuby many researchers over
the last three decades. Effective manifold desams models have been developed for
single-phase flow (Bassiouny and Martin, 1984; abel., 2008; Dharaiyat al., 2009;
Said et al., 2015; Anbumeenakshi and Thansekhar, 2016), agsetmodels and good
design practices can successfully mitigate singlesp flow maldistribution (Habié al.,
2008). Unfortunately, these models cannot be usetio-phase inlet conditions because
the flow characteristics inside the header areifsegmtly more complex (Webb and
Chung, 2005). Although there have been experimemdlnumerical studies examining
the effects of operating conditions, fluid propestiand geometric parameters, there is
currently no generally applicable method for pradigtwo-phase flow distribution in heat

exchanger manifolds.

This chapter presents the findings from previouseaech on two-phase flow
distribution in heat exchanger headers. Firstrélsalts from past experimental studies are
discussed, with an emphasis on the effect of tle# aonditions (mass flux and quality)
and geometry on distribution. This is followed &ydescription of alternative header
designs presented in the literature. Finally, niadetechniques for two-phase flow

distribution in manifolds are summarized and diseds

2.1 Experimental Studies

A summary of important experimental studies on piase flow distribution of

gas-liquid mixtures (mostly air-water) and satudatefrigerants in heat exchanger



manifolds is presented in Table 2.1 and 2.2, rdgpg. The table includes information

about the inlet conditions, geometries, and headedifications investigated by each

author. The next sections discuss the concludrons these studies and highlight some

of the discrepancies in the literature.

2.1.1 Header Inlet Conditions

Most experimental studies quantify flow distributtifor a range of inlet mass fluxes

and qualities. The inlet conditions tested in ttyggrominent studies on two-phase flow

distribution are compared in Figure 2.1. Most poergi work has focused on low inlet

gualities &n < 0.5) over a large range of inlet mass fluxes.
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[1] Cho et al. (2003)

[2] Fei and Hrnjak (2004)

[3] Lee and Lee (2004)

[4] Vist and Pettersen (2004)
[5] Kim and Sin (2006)

[6] Hwang et al. (2007)

[7] Kim and Han (2008)

[8] Marchitto et al. (2008)

[9] Zhang et al. (2008)

[10] Ahmad et al. (2009)

[11] Lee (2009)

[12] Kim et al. (2011)

[13] Marchitto et al. (2012)
[14] Zou and Hrnjak (2013)
[15] Byun and Kim (2015)

[16] Dario et al. (2015)

[17] Liu et al. (2017)

[18] Wijayanta et al. (2017)
[19] Present Work (Chapter 3)
[20] Present Work (Chapter 5)

Figure 2.1: Summary of inlet conditions tested intie current and previous
experimental two-phase flow distribution studies



Table 2.1: Summary of experimental studies on gagguid mixture distribution in heat exchanger heades

Referenc Fluid Operating Conditior Header Typ  Header Geomet Channel Geometr Modifications
Ronget al. Air- Adiabatic Tubular Dpeadger = 12.3 mm W= 75 mm Channels contained
(1995) Water Gheader < 337 kg it st Orientation: Horizontal H.,= 2.6 mm 8.2 mm diameter
Xin < 0.22 Lo, =230 mm dimples on surface
Nch =7
Orientation: Vertical 1|
Lee and Lee Air- Adiabatic Rectangular  Wyegder = 24 mm W, =1.8 mm Rectangular
(2004) Water Gin =54 —-134 kg M st Hpeqdqer = 24 mm H., =22 mm channels protrude
Xin = 0.20 - 0.50 Orientation: Vertical 1 N, =6 into the header
dprot =0, 6, & 12 mm
Pitch,, = 9.8 mm
Orientation: Horizontal
Kim and Sin Air- Adiabatic Tubular Dyeager = 17 mm Dy cn =1.32 mm Rectangular
(2006) Water Gin=70-130 kg M st Dfeeq =17 mm Len, =910 mm channels protrude
Xin = 0.20-0.60 Lfeeq = 1000 mm Neype = 30 into the header
Orientation: Horizontal Nenjeupe= 8 (dproc = 0, 4.25,
Pitchyyp, = 9.8 mm 8.50 mm)
Orientation: Vertical 1|
Marchittoetal.  Air- Adiabatic Tubular Dpeader = 26 mm Dy cn = 16.4 mm Nozzle added at
(2008) Water  j, =1.50-16.5m% Lheader = 316 mm Ley, =500 mm header inletDorifice
j;=0.20-1.20m% Lgeeq = 2000 mm N, =16 =12 - 20 mm) and

Orientation: Horizontal

Orientation: Vertical 1

orifice plate added
at entrance to outlet
channelsDop = 2-

6 mm)




Table 2.1: Summary of experimental studies on gagguid mixture distribution in heat exchanger headess (cont'd)

Referenc Fluid Operating Conditior Header Typ  Header Geomet Channel Geometr Modifications
Lee (2009) Air- Adiabatic Rectangular  Wieqger = 14 mm Dy cn = 2.82 mm Studied rectangular
Water Gin =70 — 165 kg M st Hpeqdqer = 14 mm Newpe = 15 tubes with and
X, = 0.30 - 0.70 Lieeq = 1650 mm Nenjtupe = 6 without internal

Marchittoetal.  Air-

(2012) Water
Darioet al. Air-
(2015) Water
Liu etal. (2017) N -SDS

Current Work  Air-
(Chapter 3) Water

Adiabatic
jg=150-16.5 ms
j;=0.20-1.20m%

Adiabatic
Gy =72 —216 kg M st
Xin = 0 — 075

Adiabatic
jg=0.20-16.0 ms
j; =0.03-0.65m%

Adiabatic
G, = 2.6 - 200 kg M st
Xin = 0.05-0.35

Tubular

Tubular

Tubular

Rectangular

Orientation: Vertical 1

Dheader =26 mm
Dfeeq =26 mm

Lfeeq = 2000 mm
Orientation: Horizontal

Dheader =50 mm
Lheader =120 mm
Dfeeq =5 mm

Lfeeq = 2500 mm
Orientation: Several

Wheader = 0.5 mm
Hpeqder = 1.0 mm
Lheader =12 mm
DH,feed = DH,heade‘r
Lfeeq > 333 mm
Orientation: Several

Wheader = 3.50 mm
Hpeader = 11.3 mm
Lyeader = 52.8 mm
Dfeeq = 6.35 mm
Lfeeq = 942 mm
Orientation: Horizontal

Orientation: Horizontal

W= 18 mm

H =15 mm

L¢p, =500 mm
Pitch,, =18 mm
N, =16

Orientation: Vertical 1
D¢, =0.80 mm

L¢p, =150 mm

N =9

Pitch,, =21 mm
Orientation: Several

W., = 0.5 mm
H., =0.5 mm
Lep =70 mm
Nch =3

Pitch,, =6 mm
Orientation: Several

D, =1-3mm

Lep =212 mm

Nch =3

Pitch., =15 mm
Orientation: Vertical |

channels -
distribution was
not affected

Orifice plate added
at entrance to outlet
channelsDop =3
mm) and “flute”
added inside
header

Rectangular and
triangular headers




Table 2.2: Summary of experimental studies on refgerant distribution in heat exchanger headers

Referenc Fluid Operating Conditior Header Typ  Header Geomet Channel Geometr Modifications
Choet al. R22 Adiabatic Tubular Dpeader = 19.4 mm Dy cn = 1.32 mm Tested three
(2003) Tsqr = 7°C Lpeader = 148 mm Npype = 15 different inlet port
Gin = 60 kg n? s? Orientation: Vertical T and N /rype = 8 locations in
Xin = 0.10-0.30 Horizontal Pitchyyp, = 9.8 mm horizontal header
Liype = 900 mm
Orientation: Horizontal
and Verticalt
Fei and Hrnjak R134a Adiabatic Rectangular Dy peqger = 25.4 mm N =5 Studied generic
(2004) Tsqr =22C Lyeader = 305 mm Orientation: Vertical | rectangular header
Gheader = Dfeeq = 3.2, 6.4, & 9.5 mm and baffled header
1
) 10 — 100 kg rhs Lieea = 120 mm
Xin = 0.00 - 0.40 Orientation: Horizontal
Vist and R134a Evaporating Tubular Dheader =8 & 16 mm D, =4 mm
Pettersen Gin=124 — 209 kg ris? Dfeeq =8 & 16 mm N, =10
(2004) & 458 — 656 kg m st Lieea = 50 & 250 mm Pitch., = 21 mm
Xin = 0.11-0.50 Orientation: Horizontal Orientation: Vertical Tl,
Hwanget al. R410a Evaporating Tubular Dpeadger =19 mm Dy cn = 1.7 mm Investigated
(2007) Teqe = 7.2C Orientation: Horizontal L, = 1000 mm distribution
Gheader = Neype = 18, 24, & 30 characteristics with
106 — 212 kg ths? Nenjtupe = 6 side and central
Xin = 0.30 Pitch,, = 8, 10, 12 mm  inlet port
Qin =010 10 kW Orientation: Vertical 1
Ahmadet al. HFE Evaporating Tubular Dpeager =17.5,30, 50 mm Dy o, = 3.85 mm Added expansion
(2009) 7100 G =70 — 400 kg M st Lieader = 127 mm N, =8 device at header

Xy = 0.05 — 0.45

Dfeeq =17.5mm
Lfeeq = 1600 mm
Orientation: Horizontal

Orientation: Several

inlet (orifice nozzle
and splash grid).




Table 2.2: Summary of experimental studies on refgerant distribution in heat exchanger headers (cor)

Referenc Fluid Operating Conditior Header Typ  Header Geomet Channel Geometr Modifications
Kim et al. R134a Adiabatic Tubular Dpeader = 17 mm Dy cn = 1.32 mm Studied distribution
(2011) Gin =70—130 kg M st Dfeeq = 17 mm Lep =910 mm in flat outlet
Xin = 0.20-0.60 Lfeeq = 1000 mm Neype = 10 channels with
Orientation: Horizontal Nenjeuve = 8 parallel, normal
Orientation: Vertical |~ and vertical inlet
locations
Zou and Hrnjak R134a Evaporating Tubular Dyeager =149 —-154mm Dy, = 0.52 mm Intermediate
(2013) Tsqe = 10C Lpeager =170 & 300 mm Ny /e = 17 header in multi-
Gheader = Orientation: Vertical Nyype =5 & 10 pass heat
22 — 64 kg ras? Pitchyyp, = 13 mm exchanger. Varied
Xin,ine = 0.20 - 0.80 Orientation: Horizontal ~ Protrusion depth of
outlet channels
Byun and Kim R410a Evaporating Tubular Dpeader = 17 mm Dy cn = 1.24 mm Intermediate
(2015) Gheader = dpror =8.5mm Nenjeupe = 8 header in multi-
73 — 143 kg rhs* Orientation: Horizontal Newpe = 22 pass heat
Xinme = 0.40 —0.60 Pitchyyp, = 9.8 mm exchanger
Liype = 900 mm
Orientation: Vertical |
Wijayantaetal. R134a Adiabatic Tubular Dyeader = 9.0 mm D.n, = 0.85 mm Investigate how
(2017) Tsqr = 21°C Dfeeq = 9.0 mm Ltype =200 mm protrude depth
G, =44 — 130 kg M st Lieea = 70 mm Npype =3 &6 effects distribution
Xin =0.10-0.40 Orientation: Horizontal Neubescn = 6 (dprot =0 and 4.5
Pitchiype = 15 mm mm)
Orientation: Vertical |
Current Work  R134a Condensing Rectangular  W,.q4er = 2.00 mm Do, =1 mm Rectangular,
(Chapter 5) Tsqr = 30°C Hyeqger = 8.33 mm L¢, =500 mm triangular and
Gin =24 —96 kg M s? Lheadger = 155 mm Nz, =10 vaned header
Xin =0.1-0.9 Dfeeq = 4.57 mm Pitch., =15 mm shapes

Lfeeqg =63 mm
Orientation: Horizontal

Orientation: Vertical |

10



Although inlet conditions have been broadly studibdre are discrepancies between
the results. For example, many authors conclude iticreasing the inlet mass flux
improves the overall distribution (Lee and Lee,£08wanget al., 2007; Kimet al., 2011,
Wijayantaet al., 2017), but others find that it does not havegaificant effect (Vist and
Pettersen, 2004). This disagreement can be erpldg the ranges of inlet mass fluxes
tested in each study. Ahmatdal. (2009) and Mahvi and Garimella (2017) evaluatex th
distribution of HFE 7100 and air-water mixtures oaeelatively large range of inlet mass
fluxes (70 to 400 kg rAst and 2.6 to 200 kg hs?, respectively). These studies report
that the inlet flow rate influences distributionretatively high mass fluxes, but has little
effect at low mass fluxes. Vist and Pettersen 4200easured the distribution of R134a
flowing through a 16 mm diameter tubular headeaichted to 10 vertical channels and
found that increasing the mass flux from 124 to R§ T2 s resulting in nearly the same
flow distribution. However in later experimentsis¥/(2004) tested an 8-mm diameter
header subjected to higher inlet mass fluxes (4®%6-kg n? s') and found that the
distribution improved with increasing inlet flowtes, leading to agreement with previous

work.

The effect of inlet quality on two-phase flow dilstition is also commonly reported
in the literature, and again there is a range othkssions. For example, some studies find
that the liquid distribution improves with increagiinlet quality (Fei and Hrnjak, 2004;
Ahmadet al., 2009), others show that it worsens (Lee and R664; Vist and Pettersen,
2004; Wijayantaet al., 2017), and some conclude that the distributiomoisaffected by
the inlet quality (Chaet al., 2003; Lee, 2009). The overall degree of maliiigtion can

have different trends depending on the inlet quakinges tested, which could partially
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explain the results. At an inlet quality of O (puiquid) or 1 (pure vapor), the channel flow
rates should be nearly equal because the flowaréader is in a single phase. For two-
phase inlet conditions, the distribution is usuglbpr and is highly dependent on the flow
regime in the header (Fei and Hrnjak, 2004; Ahrdaal., 2009; Mahvi and Garimella,
2017). As the quality increases from 0, the distibn should get worse, level off, and
then improve as the quality approaches 1. Howefeer further inspection, the tested
guality ranges do not fully explain the discrepasci For example, Fei and Hrnjak (2004)
and Wijayantaet al. (2017) both measured the flow distribution of R43d horizontal
headers over nearly the same range of inlet gesilith = 0 — 0.40 andin = 0.10 — 0.40,
respectively), but Fei and Hrnjak (2004) concludleat the flow distribution improves,
while Wijayantaet al. (2017) found that it worsens with increasing irdeslities. This
discrepancy can be explained by the different flegimes in the header. The flow
expands as it enters the header investigated bgrfeeHrnjak (2004) because of a large
change in cross sectional area. This design giteduces a liquid jet inside the header
that in many cases interacts with the far endehitader. The header studied by Wijayanta
et al. (2017) had a constant cross sectional area, wklited in different header flow
patterns. Comparing these two studies highligigsmportance of the manifold geometry

on two-phase flow distribution.

2.1.2 Orientation and Geometry

As noted in the previous section, the header atent and geometry can affect the
flow regimes, which changes the flow distributiomacacteristics in heat exchangers.
There are many geometric parameters that can #éffectlistribution, including the header

length, the number of outlet channels, the positbthe feeder tube in relation to the
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header, the orientations of the header and chanaedsthe cross-sectional areas of the
feeder tube, header, and channels. Two-phase dwmivibution is not very well
understood, in part because of the large numbeayeofmetric parameters that must be
considered. Unlike inlet conditions, the effedtd@at exchanger geometry on distribution
have not been as systematically studied, as shoWwigure 2.2. The geometric parameters
are usually held constant for each study becausecistly and time intensive to change
them. Additionally, to thoroughly study the effeadbf heat exchanger geometry on
distribution for a range of inlet conditions woutjuire a large test matrix that is generally
not practical for a single study. Some authorstguantified the effects of a subset of the
important geometric parameters relevant to two-plflasv distribution. Their findings are

summarized in the following sections.
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Figure 2.2: Summary of some of the important geomdt parameters in the current

and previous experimental two-phase flow distributbon studies

2.1.2.1 Orientation of Header and Channels

Dario et al. (2015) conducted the most comprehensive studyhereffect of heat

14

exchanger orientation on two-phase flow distribmtio They measured the liquid

distribution of an air-water mixture into 9 parakbitlet channels when subjected to inlet
mass fluxes between 72 and 216 ki st and qualities between 0 and 0.75. The
experiments were repeated on a vertical-downwaadérewith horizontal channels and a
horizontal header with horizontal, vertical-upwart vertical-downward channels. They
found that the header and channel orientationstdtfie flow patterns in the header, which
results in different distribution characteristidsshould be noted that the flow experiences

a large expansion when it enters the test seatitineir header desigl{.qqer,cs/Afeed,cs



= 100), which also affects the flow pattern. Dagical. (2015) found that horizontal

headers generally outperform vertical headers, s also concluded in an earlier study
by Choet al. (2003). Additionally, Dariet al. (2015) concluded that a horizontal header
with horizontal channels was the ideal orientafmrthe test conditions considered in the

study.

Similar studies have also investigated the infl@eoicheat exchanger orientation for
different header designs on two-phase flow distrdyu Vist (2004) measured distribution
in a horizontal headeDy.,4. = 8 to 16 mm) connected to vertical-upward andicaiF
downward channels and found that the liquid distel best into downward channels for
R134a and into upward channels for L®&hmadet al. (2009) measure the distribution of
HFE 7100 in a 30-mm diameter horizontal headeché#d to horizontal, vertical-upward
and vertical-downward channels. At low qualities € 0.10), they showed the liquid
phase distributes best in the vertical-downwardigaration, but at higher qualitiesi{ =
0.35) the best liquid distribution occurred in tiegizontal channel configuration. Finally,
Liu et al. (2017) studied the distribution of a nitrogen €dism dodecyl sulfate solution
(0.03 wt%) mixture in a rectangular headBy, (= 0.67 mm) connected to three parallel
outlet channels. They found that the liquid ansl giaases were most uniformly distributed
in a horizontal header with vertical-downward chelsrwhen slug flow enters the test
section and in a vertical-upward header with hariabchannels when slug-annular flow

enters the test section.

Although heat exchanger orientation has been exeatally studied by several
authors, there is no consensus on which orientgienforms best. It is evident from

previous work that distribution is dependent on yngaometric characteristics of a heat
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exchanger, not orientation alone. Most previousliss present their results for a single
heat exchanger design, but do not provide a dismuss the driving factors that affect
distribution for different orientations. Additiohaesearch is needed in this area to
understand the relationship between orientatioadéeflow regimes and distribution for

a wider array of heat exchanger designs.

2.1.2.2 Feeder Tube Diameter

In some proposed designs, the cross-sectionabtba feeder tube is smaller than
the header, causing the flow to expand as it etherbeat exchanger. This expansion can
substantially change the flow regime in the headdrich in turn will change the
distribution characteristics. Fei and Hrnjak (2p@%hd Ahmadet al. (2009) measured
liquid and vapor flow distribution for different pansion ratios. Fei and Hrnjak (2004)

investigated the effects of expansion using thifferdnt feeder tube diameterBs(., =

9.5, 6.4, and 3.2 mm). Decreasing the feeder didn@eter increases the velocity at the

header inlet and increases the expansion ratiQ fer,cs/Areea,cs = 9-10, 20.1, and 80.22),

which can result in an abrupt expansion that homiags the inlet flow. This study
concluded that decreasing the feeder tube diarcateimprove distribution when the fluid
enters the header at low qualities and mass fle@sraln this case, the liquid momentum
with a large diameter feeder tube may not be gafficto transport it to the channels
farthest from the inlet. However, when the fluittexs the heat exchanger at a relatively
high quality and mass flow rate, decreasing thet icdoss sectional area will result in very
high velocities, which can produce strong jetshi@a header and lead to unfavorable flow

regimes for distribution (for example — liquid piog) at the far wall of the header). This
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work suggests that there may be an optimum feetdber diameter for a given set of inlet
conditions, but they did not suggest a method fetesining it for an arbitrary heat

exchanger geometry.

Ahmadet al. (2009) measured the liquid and vapor flow rateeimparallel channels
connected to a common header. They studied tketadf flow expansion by increasing
the size of the header from 17.3 mm to 50 MM faer cs/Afeea,cs = 1.00, 3.00, and 8.35).
Ahmadet al. (2009) found that the liquid and vapor distribatimproved in headers with
larger area ratios due to the changing flow regimé&hen the cross-sectional area of the
feeder tube is smaller than that of the headequéd jet tends to form in the header. The
jet impact length increases with the diameter efttbader, transporting more liquid away

from the inlet port.

2.1.2.3 Channel Protrusion Depth

Most experimental studies on flow distribution fecan tubular header designs
common in crossflow evaporators and condenserghelse components, the tubes often
protrude partway into the header to facilitate rtrenufacturing process (usually brazing).

A representative image of this type of header ashin Figure 2.3.
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Figure 2.3: Typical header design for a crossflowdat exchanger (with channels
protruding into header)

Several authors have investigated the effect ofrgsmn depth d,,,.) on the
distribution of the liquid and vapor phases in sflusv heat exchanger headers (Lee and
Lee, 2004; Bowerst al., 2006; Kim and Sin, 2006; Kim and Han, 2008; Zad &irnjak,
2013; Wijayantaet al., 2017). These studies show that when liquid imeson a
protruding channel, a portion of the stream isédrmto the central part of the header and
transported away from the inlet. When the chanaedsn the downward orientation, this
generally improves the liquid distribution (Boweatsal., 2006; Wijayanteet al., 2017),
especially for low inlet qualities and mass fluXgsm and Han, 2008). The distribution
also improves when the channels protrude into aadrtipward headers (Zou and Hrnjak,
2013); however, Lee and Lee (2004) found that éf pinotrusion depth is too large, the

distribution starts to deteriorate.

Inserting the channel into the header region caarbeffective method to improve
flow distribution; however, further work is needidunderstand how the protrusion depth
can be optimized for different geometries and intetditions. Additionally, this approach
is only practical for crossflow heat exchangers gederally cannot be integrated into

plate-type heat exchanger headers, which would diéfedent designs.
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2.1.3 Header Modifications

Previous work has established that two-phase flastridution in smooth,
unmodified headers (for both crossflow or plateetypeat exchangers) is usually poor.
Many authors have proposed header modificationsmiorove distribution. These
modifications include expansion devices at or tieatheader inlet (Fei and Hrnjak, 2004;
Marchitto et al., 2008; Ahmacet al., 2009), restrictions at the entrance of each oblann
(Marchitto et al., 2008), header inserts (Vist, 2004; Marchigtcal., 2012; Kimet al.,
2013), and alternative header geometries (Mahvi @admella, 2017). Most of the
proposed header modifications attempt to mitigate fnaldistribution in heat exchangers,
with varying degrees of improvement. However, eacidification is generally evaluated
for a single header geometry and it is unclear itasan be applied and optimized for a
different heat exchanger. Furthermore, adding asvior restrictions to the header
inevitably increases the pressure drop, which shgeherally be minimized as much as
possible. Many previous studies do not reportaitiditional pressure drop resulting from
header modifications. Finally, the addition of ®oof the proposed devices complicates
the manufacturing of these components. Future siookild focus on developing practical,
low pressure drop distributors that operate oviarge range of inlet conditions and heat

exchanger geometries.

2.2 Modeling Approaches

Several modeling approaches have been proposedetticp two-phase flow
distribution in manifolds. These approaches spamfsimple empirical correlations to

complex computational fluid mechanics models. Téestion presents some of the
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proposed empirical correlations and also discussther more complex modeling

approaches.

Some experimental work on two-phase flow distribmitin manifolds has been
leveraged to develop empirical correlations for omn header geometries. These
correlations generally predict the take-off ratidich is the fraction of the inlet flow rate
in the header (immediately upstream of the T-jurctontaining the channel of interest)
that enters a branch channel. One of the firgetations for the liquid take-off ratio in a
manifold was developed by Watanadieal. (1995), which depends solely on the header

gas Reynolds number. The resulting model is shoviaguation 2.1,

Mhen,[i]

, — = 2.74 X 1075Re,,[i] — 0.0124,/Re, [i] + 1.37 (2.1)
mheader,l [l]

wherem,, ,[i] is the liquid mass flow rate in the chann®,.qqe,,[i] is the liquid mass
flow rate in the header immediately upstream of ¢hannel, andre,[i] is the vapor
Reynolds number in the header immediately upstreérthe channel. Although the
correlation predicts their data well, it does notlide variables that could influence
distribution in manifolds, including the inertia thfe liquid phase, gravity, surface tension,
and the effects of geometry. As a result, the rhbde poor predictive capabilities for
geometries and operating conditions other thanettios which it was developed (Vist,

2004; Panghat and Mehendale, 2016).

Kim et al. (2012) developed a similar empirical model basadlg on the vapor
Reynolds number for the liquid and vapor take-affarin a tubular header with protruding

channels. Models were developed using a regressialysis for headers with a parallel,
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normal, and vertical inlet feeder tube. The residt the normal inlet condition are shown
in Equations 2.2 and 2.3. The model predictionthéir data relatively well, with average
R? values of ~78% (although errors are large in soases, especially at low vapor
Reynolds numbers).

Mep,[i]

, — = 2.01Re, [i]70-55° 2.2
mheader,l[l] v ( )

mch,v [l]

mheader,v [l]

= 3.38Re, [i]7092° @3)
Again, the Kimet al. (2012) model oversimplifies the flow in the heabgjust considering
the inertial and viscous forces of the vapor phaBeis could result in large errors when
the model is applied to conditions other than thased in the regression analysis.
Additionally, the model can predict non-physicasukks. For example, at low vapor
Reynolds numbers, the model predicts take-off sagi@ater than one, implying that more
liquid enters the channel than is available inhieader. Also, the flow distribution in a
multichannel heat exchanger is constrained by pressrop. A simple heat exchanger is
shown in Figure 2.4 with the three possible flowhgashown in red, green and blue. The
pressure change across each flow path must be sqjtizét the inlet and exit pressure are
the same for each path. The path pressure didgpisndent on the liquid and vapor flow
rates into each channel. The Katal. (2012) correlation proposes a method to calculate
both the liquid and vapor flow rates through eaakhpbut does not consider the path
pressure drops in the calculation. This can leag@redictions that are not physically

possible because the pressure drop constraint satisfied.
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Figure 2.4: Flow paths in a simple three-channel ta exchanger

Vist (2004) developed a distribution model basedhaepredictions of the local flow
regime in the header. Specifically, he correldtedtake-off ratio in each heat exchanger
channel using the used stratified wavy — intermtfennual transition criteria proposed by

Kattanet al. (1998). This transition criterion is shown in EBtjon 2.4,

1643 ,D 2 Wey\ 1023 -
Gwavy — gd9VmP1Py _ (1 _ x) (_) +1
x27'[2(1 — (Zhld - 1)2)0'5 25hld Fr 1
(2.4)
+50—75 (* —097)°
P x(1—x)

whereA,, is the dimensionless vapor cross-sectional ardahgnis the dimensionless

liquid height in the header. The final correlatimoposed by Vist (2004) for a horizontal

header with vertical-downward channels is showkduations 2.5 and 2.6, whejfi] =

log(G[i]/Gwa,,y[i]). The constanta throughk in the proposed model were determined

using a regression analysis.
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—mZZ’;'iil][i] = q + bE[i] + c&[i]? + dE[i]® + e€[i]* + FE[i]° + A% +A%

(Gl Nk (:5)
v (Gwavy[t]> et m
Menali] . Gli] L J Lk (2.6)
mheader,l[i] =1 lf (Gwavy [l]> st Ac * Ag

This correlation shows good agreement with theiasueed data for several header

geometries, showing the validity of the approacyobe a specific case.

Recently, Wijayantat al. (2017) proposed another model for the liquid aagor
take-off ratios in vertical-downward channels cartad to a common horizontal header.
Wijayantaet al. (2017) found that the take-off ratios could be eled using the local
liquid Reynolds and Froude numbers and the two-@Res/nolds and Weber numbers in
the header, as shown in Equation 2.7. These pasesreccount for the effects of inertia,
viscosity, gravity and surface tension, which dréngportant in these types of two-phase

flows.

Mepi] 6 _ os
mhe:der,l[i] N N, 0'426(Rel,header[l]O'SFT'l‘header) (22)

. . 2
Menwll] 6) 0.392¢ ~0-002(Re?E neaderIWerp header i) (2:3)

mheader,v [l] (Nch

Again, predicting the liquid and vapor flow rataesai channel with no consideration for the
path pressure drop may lead to non-physical resu@aution should be used when

simultaneously employing both the correlations assed above.
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Empirical models can be an effective way to prediictv distribution in heat
exchangers if they account for the relevant phygibanomena. However, they are often
over simplified and do not capture the underlyingyygics, which can lead to poor
predictive capabilities outside of the data rangeduin the regression analysis. Another
proposed model architecture discretizes the heaadichannels of a heat exchanger and
leverages existing correlations to predict flowtrdwition. In these models, the header is
generally modeled as a series of T-junctions, asvehn Figure 2.4. There are many
models in the literature to predict the phase{spditcharacteristics of two-phase flows
entering a T-junction (Smoglie and Reimann, 198@&akig et al., 1988; Tae and Cho,
2006), which can be used to predict the inlet quatito each channel. The inlet quality
partially defines two-phase flow distribution, bartother set of equation is required to
calculate the channel mass flow rates. The massrfite is typically calculated using the
fact that the pressure drop across each flow pathheat exchanger must be equal. The
pressure drops in the inlet and outlet manifolésagyain calculated with T-junction models
and the pressure drop in the channels is calculaded) correlations from the literature
(e.g., Friedel, 1979; Garimel&al., 2005; Kim and Mudawar, 2012; Murphy, 2014). The
channel mass flow rates are then calculated byteguthe pressure differences across

each flow path, fully defining the distribution tine heat exchanger.
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Figure 2.5: Detailed discretized model to predictldbw distribution
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Segmental models have been used to predict tweeplhas distribution in heat
exchangers (Vist, 2004; Ablangeeal., 2010), however the results are highly dependent
on the correlations used. The pressure drop amldepsplitting correlations must be
applicable to the flow conditions and geometrytd heat exchanger to achieve accurate
results. Two-phase pressure drop in both macmn@aoro-channels has been extensively
studied; therefore, appropriate correlations todiotethe pressure gradients in heat
exchanger channels can usually be found. Predsopeand phase-splitting models in T-
junctions are usually based on experimental measnts when a fully-developed two-
phase flow enters the T. Although these modelsbeansed, they may not perform well
in headers because the flow does not have the spéaky develop between consecutive

Ts (Vist, 2004; Lee, 2009).

Computational fluid dynamic (CFD) models are alsmstimes used to characterize

flow distribution in heat exchangers. Most pastivoas focused on the distribution of
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single-phase flows into headers (Zhang and Li, 2008get al., 2009; Aslam Bhuttat

al., 2012; Manikanda Kumaraaal., 2013; Yuaret al., 2016; Luaret al., 2017), with only

a few studies on two-phase flows (Fei and Hrnj&Q4 Liet al., 2005; Zou and Hrnjak,
2016). Fei and Hrnjak (2004) used a 3-D Euleriatetan approach to model two-phase
flow distribution in a heat exchanger using FLUERTa commercial CFD software).
They compared the results with experimental datd found that the model could
gualitatively predict the measured trends, but soh@annels had large quantitative errors.
They concluded that this approach was not accyratgturing the characteristics of the
inlet expansion and flow recirculation at the fadef the header. Fei and Hrnjak (2004)
also showed the pressure and velocity fields inhideneader for one inlet case, focusing

on the formation and dissipation of the liquid jet.

Li et al. (2005) evaluated the applicability of algebraip shixture (ASM), volume
of fluid (VOF) and inter-phase slip algorithm (IPB&FD models for refrigerant two-
phase flow distribution. Models were first devedddor turbulent air-water flow through
an upward circular pipe and the void fraction disttion was compared with experimental
data from the literature. The ASM and VOF modeithiperformed poorly, but the IPSA
model was able to predict the correct trends. AB& and VOF models were also
compared with experimental data for phase-splitiing T-junction. Again, both models
performed poorly and did not capture the correstds; however, Lahey (1990) previously
showed that ISPA CFD model can correctly prediasghsplitting in T-junctions. With
this information, the ASM model and the ISPA moeaare compared for a Y-type
refrigerant distributor. Lét al. (2005) computed similar results with the two medehen

very high velocities entered the distributor irle50 m &) and concluded that both model
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types could be used to predict two-phase flow ithstion for high-momentum inlet flows.
Although this work showed some interesting resutta;ould benefit from experimental

validation in the geometry of interest for a larget of inlet conditions.

Zou and Hrnjak (2016) studied the flow distributiohR134a and R410a in the
intermediate vertical header of a two-pass evapoexperimentally and numerically. A
3-D numerical model was developed in FLUENT usingzalerian-Eulerian multiphase
model with the standard «kturbulence model for both phases. Although thelehdoes
correctly predict the flow rate in some channdig érrors between the measured inlet
gualities and the CFD predictions are large in meages and generally do not follow the
same trends. Zou and Hrnjak (2016) also presehtetbcal liquid volume fractions and
velocity profiles computed by the numerical modehich show some interesting flow
phenomena, but further work is needed to develdpFB simulation that accurately

predicts the experimental results.

CFD studies could help improve the understandirtgzofphase flow distribution by
providing detailed information about the local m@®s and velocities in headers;
however, past work in this area is limited. Aduli@ally, the models that have been
developed either have not been specifically vadidah distributors or do not accurately
match experimental data. Future work is neededit@nce this area of research so that it

can be leveraged to help explain the factors affg¢tvo-phase flow distribution.

2.3 Obijectives of Present Study

Although several researchers have investigated pivese flow distribution in

multichannel heat exchangers, there are still 8@t gaps in the literature. There is
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disagreement on the effects of inlet conditione¢#jrally quality) and heat exchanger
geometry on flow distribution. Additionally, thereas been limited work on flow
distribution in plate-type heat exchangers and @nlyandful of studies that investigate
header modifications that are applicable to thgges of components. Modeling work in
this area has also lagged, and new, computatior#llyient approaches are needed that

consider the complex forces that affect distribuiio heat exchangers.

This study aims to quantify and understand the tyidg mechanisms involved in
two-phase flow distribution in horizontal plate-gyheat exchanger manifolds with

vertical-downward channels. The specific objecigéthis study are listed below:

1. Develop an experimental approach and data anafysisedure to accurately
measure two-phase flow distribution in a repredergglate-type heat exchanger
header, including the development of compact sensapable of measuring
refrigerant flow rates in multiple parallel charmel

2. Conduct distribution experiments with air-water tapes and saturated refrigerants
for a range of inlet mass fluxes and qualities.

3. ldentify major flow regimes in plate-type heat eanber headers using high-speed
visualization techniques.

4. Develop and validate a flow mechanism-based mamtgdredicting the liquid and
vapor flow rates of a refrigerant into each chanokla microchannel heat

exchanger.
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CHAPTER 3. AIR-WATER EXPERIMENTS

This chapter presents the results from an expetahstudy on the distribution of
air-water mixtures in plate-type heat exchangerdbes attached to 1-, 2-, and 3-mm
diameter downward vertical channels. Rectangulat a&rangular headers are both
evaluated to understand the effect of manifold getoyron distribution. The distribution
is quantified in these headers for average chamask fluxes ranging from 50 to 300 kg
m? s (corresponding to inlet mass fluxes between 265200 kg nf s) and header inlet
gualities ranging from 0.05 to 0.35. Air and wdtew rates are measured at the outlet of
each channel, and the flow regimes present in ¢aeldr and the parallel outlet channels
are characterized using high-speed flow visuabrati he effects of header geometry and
operating conditions on two-phase flow distributiame assessed based on these

measurements.

3.1 Experimental Approach

A test facility was constructed to determine thegrde of two-phase flow
maldistribution in heat exchanger manifolds undeagety of operating conditions. The
facility contains instrumentation to measure ad arater flow rates in each channel, and
the pressure drop across the header. A descriptitime facility and the test section are

provided below.

3.1.1 Flow Loop and Experimental Procedure

The test facility used for this study is shownesolatically in Figure 3.1. Liquid

water enters the facility through a small centr#lgump and air enters the facility from a
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laboratory compressed air line. The air and watlet iflow rates are estimated using gas
and liquid rotameters and are controlled using ming needle valves. Although the
rotameters are used to set the inlet flow rategéoh test, the sum of the measured outlet
flow rates is used in the data analysis to redmcedainty. The water and air are combined
in a mixing section and sent to the test sectioautph the inlet feeder tube. The feeder
tube has an inner diameter of 6.35 mm and a lesfgdd2 mm. A large length-to-diameter
ratio was chosen for the feeder tube to achievg fldveloped two-phase flow at the test
section inlet. An accumulator is attached to thedér tube to prevent large pressure
fluctuations at the inlet of the test section. A& entrance of the test section, the mixture
temperature is measured using a T-type thermocoAftier the flow passes through the
inlet tube, it enters the test section and is ithgted into three parallel channels. The
differential pressure between the inlet of the sestion and 7.11 mm down the length of
each parallel channel is measured with a Rosem80BLCD differential pressure
transducer (shown as an inset in Figure 3.1). Tineetchannels are connected to the
pressure transducer through a series of valves, tasgelect the appropriate pressure tap
for each measurement. After the two-phase mixtite each channel, it enters a separator.
The liquid exits the system through the bottom lté separator and is collected and
weighed. The gas exits through the top of the sepaand a turbine flow meter measures
the flow rate. Four sets of turbine flow metershadifferent specified ranges were used in
these experiments to collect data over the erdinge of interest with a low uncertainty.

Specifications and uncertainties of the measurenevites are presented in Table 3.1.
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Figure 3.1: Schematic diagram of test facility witha detailed view of the test section.

Instrument signals from the pressure transducerthrmocouple and the outlet air
flow meters are recorded using a National Instrushdata acquisition system. After steady
state is achieved, four data sets are taken f@e80nds each. The first data set is taken
when all of the valves to the pressure transdueeclased to ensure that the pressure ports
do not interfere with the flow distribution measwments. The pressure drop from the inlet
of the test section to the entrance of each chastleén collected by opening one valve at
a time and collecting 30 seconds of data. Duringhdast, the liquid mass flow rate is
determined by subtracting the initial and final gidiof the water displayed by the scales.
This procedure is repeated for both header geoasetind three different outlet channel

sizes for average channel mass fluxes betweend8Ghkg n? st and qualities between

0.05 and 0.35.
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Table 3.1: Summary of instrument specifications

Physical Parameter  Instrument Range Uncertainty

Inlet Air Volumetric Rotameter 0.472 —-5.19 L min 0.208 L min' (4% FS)

Flow Rate 2.36—-9.44L mA  0.283 L min' (3% FS)
9.44 - 94.4 L mirk 1.89 L mint (2% FS)

Inlet Water Rotameter 5.0 — 46 cmin? 2.33 cnimin® (5% FS)

Volumetric Flow 50 — 496 crhmin®  24.8 cnimin (5% FS)

Rate

Outlet Air Turbine Flow Meter 0.1 - 0.5 L min 0.015 L mint (3% FS)

Volumetric Flow 0.4-2L mint 0.06 L min* (3% FS)

Rate 2-10 L mint 0.3 L mint (3% FS)
10 — 50 L mirt 1.5 L min® (3% FS)

Outlet Water Mass Scale 0.1-2000¢g 0.1 g readability

Flow Rate

Test Section Differential Pressure 0 — 15000 Pa 15 Pa

Differential Pressure Transducer

Thermocouple T-Type 0-—100°C 0.3°C

After data collection, high speed videos are ta&Ethe header and the parallel
channels. A high-speed video camera (Photron FASWC3A4 with Nikon Micro-
NIKKOR 105 mm lens) is aligned perpendicular to leev and high intensity lights are
used to illuminate the test section. The PhotroiSFBAM viewer software is used to
capture the videos and to adjust the image resoluframe rate, and shutter speed. All
videos are one second in duration and are takarfraime rate of 3600 fps and a shutter

speed of 1/5000.

3.1.2 Test Section

The test sections consist of an inlet header aneetlparallel outlet channels.
Rectangular and triangular header geometries weesiigated because of their common

use in plate-type heat exchangers. Schematicseotlifferent geometries are shown in
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Figure 3.2. The test section dimensions were débteanusing a pressure drop model
similar to the model developed by Ablanque et 2010). This model divides the header
into a series of T-junctions. The pressure dropubh each T-junction is calculated using
the Tae and Cho (2006) correlation, while the \faadtion at the inlet of each channel is
calculated using the Hwang et al. (1988) phasétisiglimodel. The pressure drop in the
parallel outlet channels is calculated using thehifna and Hibiki (1996) correlation, and
the pressure drops through all flow paths aressbétequal. The rectangular header has a
height of 11.3 mm, a width of 52.8 mm, and a dehtB.50 mm. The triangular header has
the same base dimensions, but a wedge is addédnge the manifold shape. The header
is machined out of a block of aluminum and sealedh® top face by a polycarbonate
window so that the header flow patterns could lw®nded using the high-speed video
camera. Major flow regime categories were defitedugh visual observation of the two-

phase flow characteristics inside the header.

Rectangular Header
L W=528mm

"~ d

IH =11.3 mm
Din=6.35 mm
Len=212 mmI H H De

P=15mm

Triangular Header
Header
Inlet
|[«——==Outlet
Channels

Figure 3.2: Schematic of header geometries testedtiwkey dimensions.
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For both geometries, the two-phase mixture entbes tést section through a
horizontal feeder tube positioned perpendiculahtheader flow direction. The fluid is
distributed in the test section and exits through three parallel outlet channels on the
bottom face of the header. The parallel channel42 mm long, have an inner diameter
of 1, 2, or 3 mm, and are made of glass for floguglization purposes. A summary of the
important geometric and operational parameters us#us study are presented in Table

3.2.

Table 3.2: Important operational and geometric paraneters

Parameter Values

Inlet Quality 0.05-0.35
Average Channel  50.0 — 300 kg ms?
Mass Flux

Outlet Channel 1-3mm
Diameter

Inlet Mass Flux 2.60 — 200 kg st
Feeder Tube 6.35 mm

Diameter

Rectangular Header 52.8 mmx 3.50 mm
Dimensions X 11.3 mm

(LxXW X H)

3.1.3 DataAnalysis

The recorded flow rates are non-dimensionalizech wéspect to the perfectly
distributed flow rate, which represents the phase fate if the header distributed the fluid
equally in all the channels. This is shown in EturaB.1, wherg is the channel number,

m is the phase mass flow rate in a given channdiNais the total number of channels.

. my my

a min/N - Z?I=1 mi/N

(3.1)
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Although the non-dimensional flow rates provideomfation about the liquid and
gas distribution in the header, it is difficult@compare the results with these values alone.
A distribution parameter, the normalized standasdiation (NSTD), is used to quantify
the overall degree of liquid and gas maldistribuiiio these experiments. This value is the
ratio of the standard deviation of the flow ratesl ahe maximum possible standard
deviation, as shown in Equation 3.2, whereis the non-dimensional phase flow rate in a

given channel ani is the total number of channels.

(m; —1)°
_ (2= 3.2
NSTD _J N —TW (32)

The normalized standard deviation was chosen bedaumunds the distribution
parameter between 1 (worst case) and 0 (best dbbak also been used by other authors

(Marchittoet al., 2008) to quantify flow distribution in header geetries.
3.2 Results and Discussion
3.2.1 Header Flow Regimes

Flow patterns in heat exchanger headers differ ftbose in horizontal channels
because of the complex geometry. Several authorse bancluded that header flow
regimes have a significant effect on distributibei(and Hrnjak, 2004; Ahmaat al., 2009;
Kim et al., 2011); however, there is little information irethterature on the flow regimes
present in plate-type heat exchanger headers. derstand the flow mechanisms pertinent
to two-phase flow distribution, the header flow inegs observed in this study are

categorized into five major groups, as shown irufeg3.3.
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Figure 3.3: Photographs of flow regimes observed ithe rectangular header.

At low superficial phase velocitieg € 0.05 m 8 andjg < 4.5 m §), which generally
correspond to conditions with low inlet mass fluxdse flow regime in the header is
stratified-smooth, as shown in Figure 3.3(a). Tluw pattern occurs when the liquid and
gas phases are separated by a relatively smootistabl interface. Liquid only flows
through one channel in this regime because thaligomentum and the gas shear stresses

are not sufficient to carry the liquid past thetfineader outlet.

In most cases, liquid enters the channel closefiganlet in the stratified-smooth
regime. However, the first channel occasionallydmees blocked by liquid slugs, forcing
the liquid into the second channel. An image offibader and the channel flows for this
condition is shown in Figure 3.4. In this imageg 1Bft channel is blocked, the middle
channel contains liquid and gas flow, and the righéannel is dry. Channel blockage
generally occurs in smaller diameter outlet chaswedperiencing slug flow. In these

channels, gas plugs span the entire channel diamwedecause a surface-tension-induced
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pressure difference between the gas immediatelyeaind below each liquid slug. When
the pressure drop due to surface tension is equtilet pressure drop in the remaining
outlets, the channel becomes blocked. The liquigsstan be discharged from the blocked
channel by increasing the pressure in the headameVer, in these experiments no attempt
was made to clear a channel if the condition pedist the desired flow rates. In
evaporators or condensers, this condition wouldlyiknot continue during steady-state
operation due to the ongoing phase change, bubutdccause instabilities in the

component.

Figure 3.4: Photographs of the header and channelghen one channel is blocked by
liquid slugs (left channel).

At higher inlet mass fluxes and low qualities, esponding to conditions with
higher superficial liquid velocities (0.05jx< 0.10 m ¥ andjgq < 4.5 m &), the interface
between the two phases becomes wavy as Helmhdtabitities develop. This flow

regime is classified as stratified-wavy and is showFigure 3.3(b). If the amplitude of
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the interfacial waves is large, the waves crest twe first header outlet and liquid flows

through downstream channels, improving liquid dsttion.

At relatively low superficial liquid velocitiegi(< 0.10 m &) and higher superficial
gas velocities (4.0 jg < 30 m &), the header flow regime transitions to film floag shown
in Figures 3.3(c) and 3.3(d). In this regime, tiggild forms a thin film against the back
wall of the header, which occurs when the gas dynanmessure is significantly higher than
the liquid dynamic pressure at the header inlets Tlow pattern may be caused by a
pressure gradient that forms between the front laaxck faces of the header with a
stagnation point directly adjacent to the headet.iifhe gas has a higher dynamic pressure
at the inlet in this regime; therefore, it may afswe a higher stagnation pressure causing
it to flow near the front face of the header. Ad¢ thwer range of superficial gas velocities
present in this regime (< 10 s the interface of the film is relatively smoothdathe
film only wets the back surface of the header tlearinlet. This subcategory of the film
flow regime is classified as smooth-film flow. ARetinlet gas velocity increases, the
interface again becomes wavy as Helmholtz instasli develop. This regime is
categorized as wavy film. The distribution is uspaktter for the wavy film flow regime
than for the smooth-film regime because the sheasses at the interface pull more of the

liquid away from the inlet and distribute it to destream channels.

Finally, at high superficial gas (> 4.0 mM)sand liquid velocities (> 0.10 m*} the
header flow regime is churn-turbulent, as showrkrigure 3.3(e). The flow begins to
transition to this regime when liquid droplets tredf from the wavy-film or stratified-
wavy interface and are propelled to the back ohiteeder. As the gas and liquid superficial

velocities increase past the transition velocitibe,two phases become well mixed in the
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header. Typically, churn-turbulent flow forms whitse flow regime in the feeder tube is

annular; however, an intermittent form of churmfloccurs when the regime in the feeder

tube is slug flow.

The flow regimes observed in the rectangular alatigular headers are plotted as a

function of inlet liquid and gas superficial veltes in Figure 3.5. The plots show distinct

regions where each flow regime is present. The rddfarence between the rectangular

and triangular geometries is the locations of regiransitions. This is discussed in more

detail in a subsequent section.
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Figure 3.5: The observed flow regimes as a functioof superficial liquid and gas
velocities for the rectangular (left) and triangula (right) header geometries.

3.2.2 Effects of Average Channel Mass Flux on Distribution

Figure 3.6 shows the liquid and gas phase flonsrateeach channel at a constant

inlet quality of 0.20 over the full range of aveeathannel mass fluxes tested. These data

were collected using a rectangular header conneotée 2-, and 3-mm diameter outlet
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channels. The inlet feeder tube diameter was heitstant; therefore, increasing the
channel diameters while keeping the average chamask flux constant represents an

increase in the header inlet mass flux.
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Figure 3.6: Normalized liquid and gas flow rates though each channel in the
rectangular header connected to 1- (a and d), 2- @nd e), and 3-mm (c and f)
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The average channel mass flux does not affectalengliquid distribution for the
smallest (1 mm) outlet channel diameters, as shiowigures 3.6(a) and 3.6(d). For these
conditions, the mass fluxes entering the headeredavely low (between 3.6 and 22.3 kg
m? s1), causing the header flow regime to be stratiigwboth for all three cases. The
stratified-smooth flow regime forces all the ligaiadenter the first outlet channel, resulting
in the worst possible liquid distribution. The gdistribution is better because the air is
distributed relatively evenly between the channieée of water; however, the gas

distribution is still among the worst observedhege experiments.

The average channel mass flux has a significaatedin distribution for the headers
connected to the 2- and 3-mm diameter outlet cHanAe¢ the lowest average channel
mass flux in the 2-mm diameter outlet channels K§an? s?), the flow regime in the
header is stratified-smooth and the distributiothef liquid and gas is poor. As the mass
flux increases, the regime transitions to stratiireavy flow. This condition exhibits better
distribution characteristics because the higher emdom and interfacial shear stress
transports more liquid to downstream channels.|kinat an average channel mass flux
of 300 kg n? s?, the flow transitions to wavy-film flow and thestlibution improves
significantly. In this case, all the outlet charmdceive both liquid and gas and the phase

flow rates are within 32% of the mean.

The mass flux trends are similar in the header eotenl to the 3-mm diameter outlet
channels, as shown in Figures 3.6(c) and 3.6(farAaverage channel mass flux of 50 kg
m2s?, liquid only flows through the first channel caugsithe liquid distribution to be poor.
However, since the flow is in the smooth-film regingas can enter all the outlet channels

and the gas distribution is better than the lowvftate conditions in the other test sections.
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At average channel mass fluxes of 175 and 300 kgthe distribution again improves
significantly. This improvement can be attributedhe flow regime transitions to wavy-

film and churn-turbulent flows in the intermediated high mass flux cases, respectively.

From the data presented above, two-phase flowildlision seems to be more
dependent on the header flow regime and the indetsnfiux than on the average channel
flow rates. The effect of inlet mass flux on thge of maldistribution (quantified using
theNSTD) at an inlet quality of 0.20 is shown in Figur&.3The header flow regimes are
overlaid on the figure with representative images dach classification. Flow regime
transition lines are shown for clarity; howeveresifying a distinct mass flux where the
transition occurs is an oversimplification. Trditgis occur over a continuum and there
are ranges of conditions where aspects of more ¢tm@nprimary regime are present,
depending on several parameters including inletsnflax, quality, fluid properties and

pressure drop.
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Figure 3.7: Normalized standard deviation of the fjuid and gas flow rates at an
inlet quality of 0.20, overlaid with flow regime chssifications.

The results show that the header does not perfatinmthe stratified-smooth flow
regime, with poor distribution of both the liquitichgas phases. As the inlet mass flux
increases, the header flow transitions from steatifo wavy-film and churn flow regimes.
The liquid and gas distribution improve significgnth these cases, with maximum liquid

and gas normalized standard deviations of 0.210a0id respectively.
3.2.3 Effectsof Inlet Quality on Distribution

Similar to the channel mass flux effects, inletlgyaoes not affect flow distribution
at low inlet mass fluxes, corresponding to the sesaliameter outlet channels. At higher
inlet mass fluxes (above about 20 k¢f 81, the phase distributions generally improve
with increasing quality. The distribution improviescause higher qualities correspond to

higher superficial gas velocities and more favadldw regimes for distribution. This is
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shown graphically in Figure 3.8, which shows thagehdistribution as a function of the
inlet mass flux at qualities of 0.05 and 0.35. Ajuality of 0.05, more than half of the data
are in the stratified-smooth flow regime and tlosvfdoes not transition to a more favorable
flow regime until an inlet mass flux of ~70 kgs®. However, at higher qualities, the
transition line between stratified-smooth and filaw shift to an inlet mass flux of ~20 kg

m? s, resulting in fewer data points with extremely pdstribution characteristics.
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Figure 3.8: Normalized standard deviation of the liquid and gas flow ratest inlet
qualities of 0.05 (left) and 0.35 (right), overlaidvith flow regime classifications.

3.2.4 Effects of Header Geometry on Distribution

The overall effect of header geometry on distriutiis quantified using the
difference between the normalized standard dewvistiof the phase flow rates for the
rectangular and triangular headers. This paranetalled the distribution difference for

thei-phase and is given as:

Distribution Dif ference; = NSTD; ¢t — NSTD; ¢4 (3.3)
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When the distribution difference is positive, th#arigular header has better
distribution characteristics because well dist#outlows have low NSTD values. The
liquid and gas distribution differences are plotéeda function of inlet superficial liquid
and gas velocities in Figure 3.9. The red datatpamdicate that the triangular header
performs better, the blue points indicate thatrdwtangular header performs better, and

the white data points indicate that the geometmgsdwot affect the distribution.
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Figure 3.9: Color map showing the difference betweethe normalized standard
deviation of the liquid (left) and gas (right) flowrates in the rectangular and
triangular headers as a function of phase superfial velocities.

The results show that the triangular header eiloeis not change or improves the
distribution of the liquid phase for about 92% betdata collected. Furthermore, the
triangular header has zero or a positive effedhengas distribution for about 77% of the
data. The average distribution differences follitngd and gas phases are 0.060 and 0.042,
respectively. Although the average distributionfediénce indicates that the triangular

header has a slight positive impact on the flowtritistion when considering all the
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conditions tested, it has the largest effect nkaw fegime transitions. This is evident
when comparing the distribution differences witle flow regime map shown in Figure
3.5. The areas that exhibit characteristics ohgaanary flow regimes are redrawn on
Figure 3.9 with dashed lines. These lines are sHowthe sake of discussion but are not
meant to specify the precise locations of flow megjitransitions. Significantly more data
are needed to make strong conclusions about thédns of the transition regions between

different regimes, which is outside the scope o study.

The conditions with the largest liquid distributialifference occur at the outer
boundaries of the stratified-smooth flow region #meltransition between the smooth-film
and wavy-film regimes. This effect can be attrdalto the local phase velocities in the
header. As the air-water mixture flows away frora ihiet in the rectangular header, the
local liquid and gas superficial velocities deceehscause some of the fluid exits through
the first outlet channels. This decrease in vejocitn lead to transitions in the local flow
regimes in the header. For example, at an inlesrilax of 86.8 kg m st and an inlet
quality of 0.21 jj = 0.07 m $andj, = 11.7 m 8), the flow enters both test sections as
wavy-film flow. In the triangular header, this Woregime persists throughout the header
because the phase velocities stay relatively consta the rectangular header, the flow
transitions to smooth film, and even has area®woiptete dryout downstream of the inlet.
When this occurs, downstream channels are star¥dajwod and the flow is more
maldistributed. This phenomenon is shown in Figui®, which compares the normalized
liquid flow rates for this condition in both headggometries. The normalized standard
deviations of the liquid flow rates in the rectategland triangular tests sections are 0.168

and 0.072, respectively.
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Figure 3.10: Normalized liquid flow rates for rectangular and triangular headers
connected to 2 mm outlet channels. Images of the&der flow regimes for this
condition are shown above the plot.

Although the largest changes in liquid distributibatween the rectangular and
triangular header generally occur around flow regtransitions, the largest changes in gas
distributions occur at very low superficial phastoeities (Figure 3.9). This is a result of
the slug-induced channel blockages that occuihfese conditions, as described in Section
3.2.1. In some cases, one channel is blockedeimettangular header and is clear in the
triangular header, or vice-versa. A blocked charred a profound effect on the gas
distribution because it forces most of the air flmto a single channel. This change is
likely not caused by the manifold geometry becatsepressure drop characteristics are
nearly identical in the two test sections and clehblockages were observed for low flow

rate conditions in both geometries.
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3.25 Header Pressure Drop

Flow distribution in headers is dictated by tranmspooperties, which are dependent
on phase velocities and header flow regimes, angrbgsure drop. Pressure drop in
headers is difficult to predict because of the clemphree-dimensional geometries
involved. To date, there is no straightforward waypredict two-phase pressure drop in

header systems.

As a part of this study, the pressure drop actusfieader was measured (as shown
in the Figure 3.1 inset). Due to spatial limitagpthis measurement includes the pressure
drop in a portion of the feeder tube and outlencleds. These pressure drop contributions
are estimated using the correlations developedrigg® (1979) and Mishima and Hibiki
(1996), respectively. The predicted values aregassi a 25% uncertainty and are
subtracted from the total measurement to isolagthssure drop in the header, as shown
in Equation 3.4. The total header pressure drojpdies frictional losses, minor losses due
to the complex flow patterns and the contractiao the outlet channels, and effects of

fluid deceleration in the header.

2f1,G 2 21 Glz
APheader = APmeas - cplzo,F <ﬂ> Lfeed,out - cplz,MH <— Lch,in (34)
PiDfeed PiDcn

The average pressure drop across the header isnsimowigure 3.11. The plot
includes data for average channel mass fluxes leet®&@ and 300 kg ¥is! and an inlet
quality of 0.20. The results show that for a giwerannel diameter, the average pressure
drop across the header increases with inlet mass This trend can be attributed to the

higher phase velocities in the header. Additiondthe channel diameter is found to have
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a strong influence on pressure drop, suggestirtghkaninor loss resulting from the fluid
contraction into the outlet channels contributemigicantly to the total pressure drop.
When compared with the maldistribution data in FegB.7, the results show that
conditions with better distribution generally havgher average pressure drops. At these
conditions, the phase velocities are relativelgdéamhich allows the flow to transition to
a more favorable flow regime for distribution (wafipym or churn-turbulent), but also

increases both the frictional and minor lossefieinhteader.

Header Geometry
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Figure 3.11: Average pressure drop across the tesection for the rectangular and
triangular test sections. The lines are added faslarity but are not fit to the data.

Figure 3.11 also compares the pressure drop irrdbengular and triangular
headers. At inlet mass fluxes < 100 ki 81, the average pressure drop is approximately
equal in both geometries for a given condition. ldger, at higher inlet mass fluxes, the

pressure drop in the triangular header is sigmtigagreater. This effect is examined
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further using information about the pressure drefaieen the header inlet and the entrance
of each channel. Figure 3.12 shows these measuterfanthe case with the largest
average pressure drop deviation between geomdtBas= 196 kg n? s?). In the
rectangular header, the pressure decreases betleettet and the first channel because
of frictional losses and the area contraction thi® outlet pipe. When some fluid leaves
through the first channel, the total mass flow matthe header downstream decreases. This
causes the fluid to decelerate and the pressuiselo Again, the pressure then drops due
to frictional losses and the area contraction thieosecond outlet pipe. The results show
that the pressure recovery due to fluid decelanatisignificant for this case because the
pressure drop is lower for channels further fromitfiet. In the triangular test section, the
velocity of the fluid stays relatively constantibfows away from the inlet because of the
decreasing header cross sectional area; thereffange pressure recoveries are not
expected. In this case, the pressure drop bettieeheader inlet and the entrance of the
first and second channels is ~7,700 Pa, but jump419000 Pa for the last channel. This
large increase in pressure drop is likely due ®odbcreasing cross-sectional area in the
header, which increases the frictional componerthefpressure drop. The comparison
between the two geometries suggests that the peedsop in the triangular header is

higher than that in the rectangular header whefritteonal pressure drop is dominant.
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Figure 3.12: Pressure drop between header inlet anthannel entrances at an inlet
quality of 0.20 and an average channel mass flux 800 kg m? s*

3.3 Conclusions from Air-Water Experimental Study

The results from this experimental study found thatflow regimes in the header
have a large impact on liquid and gas distributioheat exchangers. After observing the
fluid dynamics in the header, five primary flow fgaihs were identified for horizontal
plate-type heat exchanger manifolds with a horialntet port that is perpendicular to the
header flow direction. These flow regimes were neappased on the inlet superficial
phase velocities, as shown in Figure 3.5. At lodetiimass fluxes and qualities,
corresponding to liquid superficial velocities ©8.m s! and gas superficial velocities <
5 m s, it is found that the flow in the header is grgddominated and the distribution in
the header is poor. At higher inlet mass fluxes qudlities, the flow transitions from
stratified to film or churn-turbulent flow, and thigution improves substantially because
the high phase velocities increase the momentum thedinterfacial shear stress,

transporting more liquid to downstream channettéowever, the improved distribution at
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higher inlet flow rates comes with a pressure dvepalty, which should be considered

when designing a heat exchanger manifold.

This study also investigated the effect of headamgetry on distribution. Overall,
the triangular header performed slightly bettenttree rectangular one, reducing the liquid
and gasNSTD by 0.06 and 0.04, respectively. The largest imgnoent in the liquid
distribution occurs when the inlet conditions aeamna flow regime transition. The
triangular header also had an impact on the gasadison around flow regime transitions,

but to a lesser degree.
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CHAPTER 4. APPROACH AND DATA ANALYSIS FOR

REFRIGERANT EXPERIMENTS

The air-water experiments described in Chapterf@ afsights into the important
parameters involved in maldistribution, but air-@ranixtures are not typically of practical
interest for heat and mass exchangers. Furtheriexents on the distribution of saturated
refrigerants in manifolds were conducted to broaitenapplicability of this study. This
chapter discusses the experimental facility andsonesnent equipment developed and
used to collect refrigerant distribution data aedatibes the data analysis approach used

to calculate the inlet conditions and the distiidmuinto each channel.
4.1 Facility Design and Instrumentation

A new test facility was constructed to measuretétephase flow distribution of
R134a in a heat exchanger header attached to tafiebaertical channels. Measured
parameters include header inlet mass flux and tyuddeader and test section pressure
drops, channel flow rates, and channel inlet gealit Components were sized so that the
distribution could be quantified when refrigerasupplied to the test section at a nominal
saturation pressure of 770 kPa, average channal flnass ranging from 50 to 200 kg m
2 st (corresponding to header inlet mass fluxes betva28 and 95.6 kg ms?) and
gualities ranging from 0 to 1. To minimize heatdes and gains from the environment,
the entire facility was insulated with fiberglasaterial §;, = 0.042 W m~1K~1) with a

minimum thickness of 25.4 mm.
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4.1.1 Working Fluid Loop

A schematic of the experimental facility used toaswae refrigerant distribution is
shown in Figure 4.1. The refrigerant loop is shawrblack, while the coolant loop is
shown in blue. The refrigerant is circulated tlglouhe facility using a small gear pump.
The total flow rate, temperature, and pressurb®stubcooled refrigerant are measured at
the exit of the pump (state point [1]) and the fligvwdirected into the pre-heater. The pre-
heater adds heat to the fluid until it reachessihecified header inlet quality for the test.
The power drawn by the heater, and the pre-heaiégt@ressure are measured to fully
determine the thermodynamic state at the headet {(state point [2]). Losses to the
ambient are considered in the calculation of tHetiquality and are described in more
detail in Section 4.3. The pressure at the inleheftest section is maintained at a nominal
value of 770 kP4T,,; = 30°C) using a piston accumulator connected to a comgdess
Nitrogen tank. The saturated refrigerant then rentige test section and is cooled by a
chilled water loop. The refrigerant fully condessand undergoes some degree of
subcooling in the test section, and the temperandepressure are measured to define the
thermodynamic state at the test section exit (giatet [3]). Finally, the refrigerant is
further subcooled by an external chiller and retutm the pump (state point [4]). A
summary of all the equipment and measurement deindee refrigerant loop are provided
in Tables 4.1 and 4.2, respectively. The measunehevices used in the test section to
calculate the mass flux and inlet quality into epehallel heat exchanger channel are not

included in Table 4.2 but are described in detafbéctions 4.1.3 and 4.2.
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Figure 4.1: Schematic of refrigerant test facility

Table 4.1: Details of equipment in refrigerant loop

Component Supplier Part Number Important Specifioat

GAH-V21.PFS.A DisplacementG4@.mL revt
Max Speed = 5500 RPM

Max AP = 520 kPa

Pump Head Micropump

Speed =500 to 4000/RP
Power = 112 W/0.12 HP

Pump DC Motor  Micropump 306A

Pump DC Power B&K 1627 A Oto30V
Supply Precision Max Current = 3 amps
Pre-Heater Watlow SE-10705 Single Phase — 120 V

Variac Heater
Controller

Chiller

Piston
Accumulato

Staco Energy 3PN1010B
Products

Neslab Merlin M75

Parker ACPO5AA050E1KTC

Max Power = 1000 W

0to 140V
Max Current = 10 amps

Capacity = 2225 W
Temperature = -15 to 36

0.50-liter capacity
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Table 4.2: Details of instrumentation in refrigerart loop

Measurement Supplier Part Number Span and Uncsrtain
Preheater Inlet Rosemount 3051 0 to 3500 kPa + 2.625 kPa
Pressure CA4A22A1AMS (Unc = £0.075% span)
Test Section Inlet  Rosemount 3051 0 to 3500 kPa + 2.625 kPa
Pressure TASA2B21AE5M5 (Unc = +0.075% span)
Test Section Outlet Rosemount 3051 0 to 3500 kPa + 2.625 kPa
Pressure TABA2B21AE5M5 (Unc = +0.075% span)
Header Differential Rosemount 3051CD 0 to 6.0 kPa £ 0.005 kPa
Pressure IA22AIAMS (Unc = £0.075% span)
Test Section Rosemount 3051CD 0 to 10.0 kPa £ 0.008 kPa
Differential Pressure 3A22A1AB4E5M5  (Unc = £0.075% span)
Temperatures Omega TMQSS-062G-6 0to 10C + 0.25C
Mass Flow Rate Micromotion CMF010 0 to 100 g mirt + 0.25%
H521INQBAEZZZ
Preheater Power Ohio GW5-10E 0to 1000 W = 0.5%
Semitronic

4.1.2 Coolant Fluid Loop

A chilled water loop, shown in blue in Figure 4i4,used to fully condense the
refrigerant as it flows through the test sectidime water is circulated through the loop by
a gear pump. The temperature and pressure ofatex are measured at the inlet and outlet
of the test section to determine the fluid stad&ter temperatures and flow rates in each
test section channel are also collected and arerided in detail in Section 4.1.3. The
water then flows through a heat exchanger cougehtexternal chiller to reject the heat
gained in the test section. Finally, the totaliMlrate of the water is measured using a
Coriolis flow meter, and the liquid is returnedti@ pump. A summary of the equipment

and instrumentation used in the coolant loop isigex in Tables 4.3 and 4.4, respectively.
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Table 4.3: Details of equipment in water loop

Component Supplier Part Number Important Speciticat
Pump Head Micropump GB-P35.PVS.A Displacement 7 L rev!

Max Speed = 5500 RPM
Max AP = 420 kPa

Pump DC Motor  Micropump DP-415.A Speed =500 to®BPM

Power = 67 W/0.09 HP
Pump AC Power Micropump DP-415.A 120 VAC, 50/60 Hz
Supply Max Current = 3.5 amps
Chiller Neslab Merlin M75 Capacity = 2225 W

Temperature = -15 to 36
Diaphragm Accumulators AM631003 0.10-liter capacity
Accumulato Inc.

Table 4.4: Details of instrumentation in water loop

Measurement Supplier Part Number Span and Uncsrtain

Test Section Inlet  Rosemount 2088 0to 2760 kPa + 6.9 kPa

Pressure A3M22A1M7 (Unc = £0.25% span)

Test Section Outlet Rosemount 3051 0 to 3500 kPa + 2.625 kPa

Pressure CA4A22A1AMS (Unc = £0.075% span)

Temperatures Omega TMQSS-062G-6 0to 10C £ 0.25C

Mass Flow Rate Micromotion CMFS010 0 to 110 kg ht + 0.25%
M323N2BAECZz

4.1.3 Test Section

The refrigerant test section consists of an inggtder, ten parallel tube-in-tube heat
exchangers, and an outlet header. A photographeofull test section before it was
insulated, and detailed views of the header andratla are shown in Figure 4.2. Saturated
refrigerant enters the upper header and is dig&gtbinto 10 parallel 1-mm diameter

channels. The total length of each minichannél.ssm, while the active heat transfer
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length is 0.41 m. The manifold has a transparehlytvinyl chloride cover plate so that the

flow regimes can be visually identified and docuteen Although the surface properties
of the cover plate are different from those of dhiger surfaces in the header (aluminium),
Smith et al. (2014) showed that the advancing and recedingacbmingles of R134a on

low and high surface energy materials differ bywt#%o and 12%, respectively. The use
of a polymer cover plate could change some deatéilse flow patterns but should not have
a significant effect on the global flow regime dhaeristics or distribution, because the

contact angles are similar.

Once distributed, the refrigerant is cooled byleklilwater flowing through an outer
annulus. The annulus has an inner diameter of Zammdman outer diameter of 4 mm. The
water flow through each annulus is measured wittbite flow meters (Omega
FLR1007ST) with a measurement uncertainty of +1%efull scale (+1 mL mit), while
the temperatures at the inlet and outlet are medsuging calibrated T-type thermocouples
(Omega TMQSS-062G)6 After the refrigerant exits the tube-in-tube theechangers, its
temperature is measured with a calibrated T-typettbcouple (Omega TMQSS-062(-3
and the flow rate is measured with a thermal timhdlight (TOF) flow meter. The

construction and calibration of the time of fligjgnsors are described in Section 4.2.
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Figure 4.2: Photograph of (a, b) the full test seain before it was insulated, (c) the

inlet header assembly attached to 10 parallel outlehannels, (d) a detailed view of

the rectangular inlet header insert and the outlethannel ports, and (e) the tube-in-
tube heat exchangers attached to the inlet manifold

The header assembly (Figure 4.2c) was fabricateithaodifferent header shapes
could be evaluated by changing the insert piecashio Figure 4.2d. Initially a simple
rectangular header was installed and tested owetearange of operating conditions. The
rectangular header has a height of 8.33 mm, a widis5 mm, and a depth of 2 mm. The
cross-sectional area of the header was designegreleent a major constriction or
expansion as the flow entered the test sectiomgiwtould result in large minor losses. A

detailed engineering drawing of the header assemlslgown in Figure 4.3.
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Figure 4.3: Detailed image of header base plate andsert with important
dimensions

Two alternative header geometries with the samee l@ismensions were also
fabricated and tested in the refrigerant testifgcillmages of the three header inserts are
shown in Figure 4.4. The triangular header haslia svedge that reduces the cross-
sectional area as the fluid flows away from thetnlA triangular header was chosen to
help maintain higher fluid velocities as the reérgnt flows away from the inlet, which
could help transport more liquid to downstream cleds The vane header includes a tray
with 0.4 mm slots located between adjacent refagechannels. The header was chosen
to help promote the build-up of a liquid pool insithe header to help transport more liquid

away from the inlet.
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Figure 4.4: Photograph of the three header geome#s investigated in this study

The pressure drops across the inlet header anfilthest section were measured using
Rosemount pressure transducers (Table 4.2). Tistreapn pressure port for both
measurements is located in the preheater houssraiyawvn in Figure 4.5. A portion of the
heater housing Lissp exit = 25.4 mm, Dysqp, = 17.9 mm) and a section of tubing
(Ltupe,in = 50.8 mm, Dyype in = 4.57 mm) lie between the pressure port and the test
section inlet. The downstream pressure port fehgader measurement is located 2.4 mm
downstream of the inlets to channels 2, 6 andtBarheader base plate, as shown in Figure
4.3. The downstream pressure port for the tesiosemeasurement is located 178 mm
downstream from the outlet manifold exit pd.(,e o = 4.57 mm). The pressure drops
associated with flow through channels before andrahe region of interest must be

estimated and subtracted from the total measuretoésulate the pressure drop across the
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header and test section. This is discussed in nuetil

Test Section Refrigerant

? Inlet
_l_
Heater

;|

'l

A
v
4

Pressure Tap

Figure 4.5: Location of upstream pressure port

in Section 4.3.4.

The distribution in the test section is fully defethby the inlet quality and mass flux

in each channel. These calculations are desciibedore detail in Section 4.3. The

refrigerant flow rate must be measured to deterrthieechannel distribution parameters.

The refrigerant flow sensor must be compact to mir¢ the tube pitch as much as

possible, must be relatively inexpensive because a@ee required to measure the

distribution, and must be compatible with R134a0 $¢nsor on the commercial market

was found that meets all these requirements; thereé thermal time of flight sensor was

designed and fabricated for this study. A detadledcription of the sensor is provided in

Section 4.2.

4.2 Time of Flight Sensor

4.2.1 Overview and Sate of the Art

In recent years, there has been interest in dewglagensors

that can accurately

measure flow rates in mini and microchannels fopliaptions such as compact heat

exchanger research, microelectromechanical systenasjab on a chip (LOC) devices.

Thermal flow meters are inexpensive and can bengew in compact configurations,
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making them good candidates for minichannel apptina. There are three basic
categories of thermal flow meters: anemometergyricaétric sensors, and time-of-flight

Sensors.

The most common type of thermal anemometer is aviretsensor, which consists
of a single element that acts as both a heatemaethperature sensor. The steady state
temperature of the element depends on the flowafatiee incident fluid through its heat
transfer coefficient. Hot-wire anemometers havenbesed extensively in both gas and
liquid flow; however, these sensors are susceptiblsurface contamination and are
affected by changes in the bulk fluid temperatuteenv the surface overheat ratio is
restricted(Lomas, 1986). An alternative type of thermal fls@nsor is a calorimetric flow
meter. These sensors typically have thermocoupdtalled upstream and downstream of
a heater, and the flow rate is calculated basedeasymmetric temperature profile around
the heating element. Calorimetric sensors haven lsb®wn to perform well at low
velocities, but usually have a limited linearitynge (Kim et al., 2007) and require a
relatively large temperature difference to maintailow uncertainty (Lammeriné al.,

1993; Sabatét al., 2004).

Thermal time-of-flight (TOF) sensors calculate \a#tip by measuring the time for a
temperature pulse to travel a known distance. TBessors generally have a relatively
slow response time, but they can accurately measuwvevelocities without a large
temperature increase across the sensor. This m&kes$low meters ideal for measuring
steady state flow of subcooled liquids near therséibn temperature. Several authors have
designed and experimentally demonstrated thermag-tf-flight sensors for liquids.

Early studies mounted a heater and downstream istensin circular channels and were
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able to measure water flow rates of 0.1 to 10 mh’mising different thermistor spacings
and channel diameters (Miller and Small, 1982; Yeingl., 1988). More recent studies
have focused on developing micro-machined silicensers that can measure velocity
using a purely time-of-flight principle (Rodriguasd Furlan, 2009) or a combination of
multiple thermal sensor principles (Yang and Segb#992; Ashaueet al., 1999). The
designs proposed in these studies were able toumeefisw velocities as low as 1 mrit s
(Ashaueret al., 1999) and as high as 1500 mrh(Rodrigues and Furlan, 2009), but the
uncertainties of the measurements were either largmt reported. A review of micro-
machined thermal flow meters, including informatiom time-of-flight sensors, is

presented by Kuet al. (2012).

In addition to experimental studies on time-offiligsensors, some authors have
developed analytical and numerical models to desdhese devices. Although numerical
models can capture complex flow patterns and teatpex distributions, it is critical to
also develop simple analytical models to guidedmsign of the device and facilitate proper
calibration. It is challenging to describe thethteansfer process in time-of-flight sensors
analytically because the process is spatially antgporarily dependent, and the boundary
conditions also vary with time. The heat transteairacteristics of a time-of-flight sensor
can be described by the advection diffusion equoatith some simplifying assumptions.
The first analytical solution for the 1-D advectidiffusion equation subject to an impulse
boundary condition was developed by Marshall (19%8}er, Kakac and Yener (1973)
solved the one dimensional unsteady advection sidfuequation for a time-dependent
inlet temperature. Their form of the temperatusgrtbution showed good agreement when

compared with experimental data. They concludetttigatemperature distribution can be
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expressed as function of an infinite series muéglwith a decaying exponential.
Numerous other studies have developed solutiottsetd-D advection diffusion equation
for heat and mass transfer problems with a vaétinlet boundary conditions (Yates,
1990; Zoppou and Knight, 1997; Laual., 2007; Guerreret al., 2009; Kumaet al., 2010;
Jianget al., 2012; Mojtabi and Deville, 2015). All these skglispecifically analyzed either
a Dirichlet (first-type) boundary condition, whetlee temperature or concentration is
defined at the boundary, or a homogeneous Robit{type) boundary condition, where
the sum of the temperature or concentration anfiutsis set to zero. One recent study
extended previous analytical work in this area blviag the 1-D advection diffusion
equation for a mass transfer process with a tinpemigent Robin (third-type) boundary
condition (Pérez Guerrers al., 2013). Although all these studies provide insiigio
time-of-flight sensors, there are many situatiohere the boundary condition can be more
accurately described by a Neumann (second-typehdsoy condition, where a time

dependent heat or concentration flux is prescriidtie inlet boundary of a finite domain.

This work focuses on developing a measurement defoc subcooled liquid
refrigerant flow rates commonly seen in heat exgbean with mini (1-mm diameter)
channels. This device is the first TOF sensor rilesd in the literature that is designed
and calibrated for liquid refrigerants. The penfi@nce of the TOF sensor is experimentally
quantified for velocities in the sensor betweend 20 mm 3 and refrigerant temperatures
between about 10 and 25°C. In addition, the floetenis modeled using the one-
dimensional unsteady advection diffusion equatiafjected to a time dependent
Neumann (second-type) boundary condition at thation of the heater. Using insights

from the experimental and modeling results, a cafion method for the sensor is
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developed. Using this calibration approach andrmftion from repeatability tests, the

accuracy and uncertainty of the sensor are systeatigtquantified and reported.

4.2.2 Flow Meter Design

The flow meter developed in this study consistsaosmall heater and two
downstream thermocouples, as shown in Figure A6é.heater (3.81 mm x 2.03 mm x
0.25 mm) is a 100-ohm film resistor connected vawmable power supply through a metal
oxide semiconductor field-effective transistor (VIEEY) and can be turned on and off
using the control system described in Section 4h2 components are mounted inside a
4.83 mm diameter aluminum channel. The heater hadips of the thermocouples are
located at approximately the center of the chaandlare exposed to refrigerant in cross
flow. The first thermocouple is 12.5 mm from theater (i), while the second

thermocouple is 40.0 mm from the heates) (

Figure 4.6: Schematic of thermal flow meter
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The flow meter is activated by supplying a cons@dtvolts to the heater for one
second. The heater locally increases the temperaf the surrounding fluid, which acts
as a thermal tracer. The temperature pulse isdbewected downstream with the flow to
the thermocouples. The time it takes for the traflterd elements to reach the
thermocouples is called the “time of flight”. Adiest approximation, the time of flight can
be calculated as the ratio of the distance travedethe average velocity, as shown in

Equation 4.1.

(4.1)

1 o~

tpeak — thoff =

This time-of-flight estimate is also known as thdvection delay. In the above
equation, t,.q, is the time at which the maximum temperature isorded by the
thermocouple,t, ¢ is the time that the heater is turned off (coroesiing to the
maximum heater surface temperature neglecting laegmal inertia),L is the distance
between the thermocouple and the heater, lansl the average velocity. Although the
advection delay can estimate the expected timdigiitffor a given velocity, several
authors (Eatomet al., 1981; Handford and Bradshaw, 1989; Byon, 201&¢meported time
shifts due to thermal diffusion and the thermalazaance of the heater and thermocouples.
These phenomena, along with a discussion of tleetsfbf radial temperature gradients in

the fluid, are discussed further in the Section4.2

4.2.3 Experimental Approach

A modified version of the test facility described$ection 4.1 was used to measure

refrigerant flow rates through minichannels. R18#aulates through the facility and the
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flow rate is measured using both the thermal floetan under consideration and high-
accuracy Coriolis flow meters. Data are collecteddverage refrigerant velocities in the
flow meter between 1 and 20m s* and chiller set point temperatures between ambient

and -4C.

4.2.3.1 Flow Loop and Experimental Procedure

The test facility used in this study is shown scagoally in Figure 4.7. Liquid
R134a is circulated through the facility using aafirgear pump. The mass flow rate of the
refrigerant is measured using Micromotion Coridlev meters (model CMFO10H for
high flow rates and LF3M for low flow rates). BotDoriolis flow meters have an
uncertainty oft0.5% of the reading. The refrigerant then entensidichannel with an
inner diameter of 1 mm and a length of 410 mm. féfagerant in the minichannel is
cooled using chilled water that flows through aaantric outer annulus. The thermal TOF
sensor is attached to the exit of the minichanmbgkre the fluid velocity is measured. A
photograph of the flow meter is also shown in Fegdr7. Finally, the refrigerant enters a
heat exchanger that is coupled to a chiller anagrmstto the pump. The temperature and
pressure in the facility are controlled using thaller and a piston accumulator,
respectively. The temperature of the refrigerans weeasured using calibrated T-type
thermocouples with an uncertainty of £0@5 For all data presented in this paper, the
refrigerant is maintained at a nominal pressur@0éf kPa in the thermal flow meter and is

in the liquid phase at all locations in the fagilit
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Figure 4.7: Schematic of test facility used for TOFSensor development

Instrument signals from the pressure transducerrtbcouples, and flow meters are
recorded using a National Instruments data acquislystem. After the system is turned
on and steady state is achieved, ten consecutiasureEments are taken using the thermal

flow meter and the control system described below.

4.2.3.2 Control System and Data Analysis

A control system for the thermal flow meter was @leped using LABVIEW. The
program initiates when the user requests thatéhe is turned on, designatedtas0
sec. At that moment, a 5-volt output signal is denthe MOSFET, which supplies the
heater with 24 volts. One second later, the heatéurned off by setting the voltage

supplied to the MOSFET to zero.

When the flow meter is initialized & 0 sec), the pressure, mass flow rate, and

temperatures measured by the downstream therm@soapé stored in a matrix. These
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data are collected at a sampling frequency of 19kl the temperatures measured by
both thermocouples return to the initial tempemat(att = O sec). The time required to

return to the initial state is called the loop tin@nce the loop time is reached, the
temperature matrices are analyzed using a bugeak detection program, which finds the
time at which the temperature peak occurs. Thiseves stored, along with the average

temperature, pressure and mass flow rate in therfieter during the run.

The control program waits until twice the loop titmas elapsed, and it then resets
the time to t = 0 sec and pulses the heater. dime procedure is repeated until a minimum
of ten data sets are collected. The peak timeasathge temperature, pressure and mass

flow rate for each run are then exported for furtiealysis.

424 Sensor Calibration

Data were collected over a range of velocities fluid temperatures to understand
the best calibration method for the flow meterisi¥ection presents the dependence of the
measured time of flight on these parameters. ihhe of flight is defined as the difference
between when the heater is turned off and whemeamum temperature is detected by
the thermocouple. Repeated measurements were aaleath condition, and the time of

flight and the measurement uncertainty are predeage

TOF; = TOF + 1.96 — (4.2)

Wherei denotes which thermocouple location is being aereid, I OF is the average time

of flight from the data settd is the sample standard deviation, and n is thebeuwf data
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points collected at each flow rate. The uncenaisitmultiplied by 1.96 to incorporate a

95% confidence limit.

4.2.4.1 Velocity Dependence

An analytical model describing the performance had time of flight sensor was
developed as a part of this work. A detailed exalimm of the modeling approach and the
results is presented in Appendix A. The model tbtimat the time of flight is dependent
on the velocity, the sensor geometry, the energylgd by the heater, and the thermal
diffusivity of the fluid. To isolate the dependencon velocity, initial experiments were
conducted at ambient temperature. Under thesetammg] the refrigerant temperature is
initially uniform (which is consistent with the tral condition shown in Equation A.5) and
the fluid properties are approximately constaner€fore, the model predicts that the time

of flight will depend solely on the refrigerant welty.

Fifty repeated data points were collected at vékegibetween 1 and 20 mrt at
intervals of 1 mm $. The results are shown in Figure 4.8 along with éxpected
advection delay from Equation 4.1. The shapeshe$d curves offer insight into the
optimal operating range for the sensor. At veghHlow rates (> 15 mm™, the time of
flight becomes relatively insensitive to the vetgcivhich increases the uncertainty. This
effect is less severe when temperature measurementaken farther from the heater, so
the operating range can be extended if the distdretereen the heater and the
thermocouple is increased. At very low flow rated mm &), the time of flight increases
rapidly. In this range, the time of flight is vesgnsitive to the velocity, but the temperature

pulse has more time to diffuse into the cooler @elja fluid, making the peak difficult to
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detect.

This effect increases the measurementrtanmty and eventually makes it

impossible to reliably identify the precise timendtich the maximum temperature occurs.

Diffusion is minimized if the temperature measurais taken close to the heater. So the

range of the sensor can be extended to lower #t@srby decreasing the distance between

the heater and thermocouple. Two thermocouples imeluded in the time of flight design

to address these competing requirements that éitttatoptimal thermocouple location at

low and high flow rates.
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Figure 4.8: Experimental results for calibration daa set and the advection delay
given in Equation 4.1

Figure 4.8 also shows that the measured time gtitfis greater than the theoretical
advection delay for all the data collected, and tha difference increases at lower flow
rates. This is shown more clearly in Figure 4T%is effect can be partially attributed to
the thermal capacitance of the thermocouples amti¢hater, which delays the response of

these components when exposed to a change indlhmahenvironment. The capacitance
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time constant will depend on the material, geomednd heat transfer properties of the
component. The material properties and geomettlyeoheater and thermocouples remain
constant; therefore, the time delay should incremséhe velocity decreases due to the
reduced heat transfer coefficients. This geneeadris consistent with the results shown
in Figure 4.9. However, thermal capacitance shoudcease the time of flight measured
by both thermocouples equally. The differences #lag times between the two
thermocouples suggest other factors are at plagghwhay include different heat transfer
coefficients caused by mixing downstream of thst finermocouple, cooling of the fluid
by the first thermocouple, differences in the exglactement of the temperature sensors

(off-center), and/or radial diffusion effects (dissed in the following section).

»
o

= [ =125 mm|]
E ¢ L=40.0mm[]

3.5

3.0-— E i _
25| ¢ |
I [ ]
20+ ¢ ]
| § ]
.
15| e _
L . i
| 3
1.0 L 3 = : W = -
L L 2 § ¢ * . B g
0.5 AR

Time of Flight - Advection Delay [s]

0.0 L | L 1 L | L | L | s 1 L
0 3 6 9 12 16 18 21

Average Velocity [mm s™]

Figure 4.9: Difference between measured time of §ht and the advection delay
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4.2.4.2 Temperature Dependence

Data were also collected over a range of refriget@mperatures to understand the
effects of fluid properties and thermal diffusion the time of flight. In these tests, the
velocity was set and the average refrigerant teatpes inside the sensor was reduced
using the chiller. Ten repeated data points wetleated for each condition. The first
thermocouple was used to determine the time oftfligr velocities less than 5 mrt,s

while the second thermocouple was used for allrathses.

Three initial data sets were collected at a vgjooit 5 mm &' and refrigerant
temperatures between 10 and@0The time of flight over this temperature rangshown
in Figure 4.10(a). The results illustrate that lowefrigerant temperatures tend to have
reduced times of flight; however, the trend is cantsistent across data sets. These results
were collected on three different days, and they amiportant parameter that varied
significantly between days was the ambient tempegalymp1 = 22.2°C, Tamp o =
25.6°C andT,,p 3 = 25.7°C). The same data are plotted as a function ofetmperature
difference between the ambient and the refrigemanEigure 4.10(b). Here the data
converges, suggesting that the time of flight iatesl more closely to the temperature

gradient than the fluid properties.
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Figure 4.10: Effect of (a) average refrigerant temprature and (b) temperature
difference between the ambient and the refrigerantn the measured time of flight

To better understand the mechanisms causing thenaaktrends, additional data
were collected at different velocity set pointr Ehese tests, a thermocouple was affixed
to the outer wall so that the radial temperatusegnt in the sensor could be measured
more directly. Figure 4.11 shows the variatiorthia time of flight with the temperature
difference between the outer wall and the inithiaidf temperature (temperature before the
heater is initiated) for select velocities. Thadiof flight decreases monotonically until a
temperature difference of about 2.5 K and then mesnaelatively constant as the
temperature difference increases further. Theiogslship between the time of flight and
the radial temperature gradient is strong at landflvelocities, but weakens at higher
velocities. For example, at 4 mri, ghe time of flight changes by almost 3.75 seconds
between wall-to-centerline temperature differerafe® and 3.25 K, whereas at 12 mm s

the time of flight changes by only about 0.35 s@son

75



-
H

X = y=4mms"
e u=8mms
] ¢ u=12mms”’

Y
N
I
1

‘0

— 10 | ] .

-t

e

5 [] []

L gl i

[T

o

o s

E 6 ® . s .

= . .
4t * . * @ . . .

-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Twall - Tbase [K]

Figure 4.11: Effect of the radial temperature gradent on the measured time of flight
(measured at locationLz for all cases) at different average fluid velocigs.

The dependence on the radial temperature gradeéentoe explained by thermal
diffusion, as shown in Figure 4.12. At the leadauge and peak of the fluctuation, where
the radial temperature gradient is relatively largifusive transport to the walls occurs
rapidly. This energy is temporarily stored arotine periphery of the channel and in the
sensor wall. As the fluctuation passes a giventiocathe temperature gradient decreases
because the periphery has already been warmed. r@dhices or reverses diffusion from
the centerline as the trailing edge passes by, hwhioves the location of the peak
temperature in the negatixedirection. Radial diffusion thereby increasestihee that it
takes for the peak to reach the thermocouples.nidgnitude of the peak shift will depend
on the amount of time that the fluctuation hasiffuse; therefore, one would expect the

effects of diffusion to be the most prominent at ftow rates as seen in Figure 4.11.
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Figure 4.12: Effect of radial diffusion in the timeof flight sensor

When the refrigerant is initially at the same tenapare as the walll(,,;; — Tpase =
0 K), there is a relatively large radial temperaturadgent once a temperature pulse is
added to the flow. As the differences betweervib# and the initial fluid temperatures
increase, the driving temperature gradient betwibenpeak and the wall decreases,
hindering energy transfer away from the centerlidé some point, the peak temperature
produced by the heater is lower than the wall teatpee, preventing radial diffusion of
the temperature pulse. A schematic representafithre temperature gradients in the fluid

is shown in Figure 4.13.

77



Figure 4.13: Local temperature gradients in the sesor with low (left) and high
(right) radial temperature differences (The temperdure values in the color bar are
given as a reference, but this figure is not dirett based on measured or simulated

data. The actual temperatures present in the flowvill depend on the ambient gains,
location and fluid velocities).

This effect can be seen clearly in Figure 4.14,cWwhshows the temperature
measurements from the second thermocoupke 40.0 mm) as a function of time when
the fluid velocity is 6 mm& When the difference between the base fluid teatpee and
the wall temperature is high, less energy is temetl away from the centerline, resulting
in a higher and earlier peak. At lower temperattifeerences, energy is temporarily
transferred to the periphery of the channel anghé@k consequently has a lower amplitude

and occurs later.
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Figure 4.14: Normalized temperature measurements fdhe second thermocouple as
a function of time when the fluid velocity is 6 mns* and the radial temperature
gradient is varied

4.2.4.3 Calibration Methodology

The time of flight is dependent on both the velpand the local temperature
gradients in the fluid. To develop a correlationr¢élate these parameters, dimensional
analysis was used to determine the relevant Piidrod he important non-dimensional
parameters for the sensor are the normalized tfrfiglot, relating the time of flight to the
advection delay, the Peclet number, relating adwedb diffusive transport, and the

normalized temperature difference. These paramaterdefined in Equations 4.3 through

4.5.

TOF xu
TOF* = ——— (4.3)
D
Dxu
Pe, = (4.4)
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9* = kD (Twall - Tbase) (4.5)
Qn

When the normalized temperature difference is beftstant, the normalized time
of flight follows an exponential trend, while whéme Peclet number is held constant the
data follows an error function trend. Additionalgn exponential term is present for the
one-dimensional analytical model developed forsttresor (Appendix A). Based on these
observations, Equation 4.6 was found to be the mibsttive correlation to relate these
non-dimensional parameters. In the correlatioa,dbnstants were fit using a regression
analysis. The constants are dependent on geompgdrameters, which were not
comprehensively investigated in this study. Thamefa regression analysis was conducted
for each thermocouple location separately. Thalt®$rom the regression analysis are

shown in Table 4.5.

TOF* =1+ Aerfc[(B + CO0*)Pep] + D exp(—E - PeDH*_F) (4.6)

Table 4.5: Empirical constants for correlation show in Equation 4.6

Location () A B C D E F
12.5 mm 0.725 -3.19410° 3.696 1.599 2.051x10* 0.370
40.0 mm 0.357 3.141x10* 3.284 1.759  9.48%10° 0.429
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4.25 Flow Meter Uncertainty and Accuracy

4.2.5.1 Representative Results

The experimental results were examined to quattigyuncertainty of the velocity
measurements and the accuracy of the proposedataditb approach. The uncertainties
were calculated using Equation 4.7, considerindp blo¢ uncertainty of the time of flight
measurement and the uncertainty of the Coriolig fineter used for calibration. The

partial derivative in the uncertainty propagatioasvsolved numerically.

ow
Uﬁ = \/(E) Utz + Uc?oriolis (4'7)

The velocity readings from the Coriolis and caltbchTOF flow sensors are shown
in Figure 4.15. The results from the first thermagle C = 12.5 mm) are used for
velocities less than 5 mmtswhile the results from the second thermocouple @0.0
mm) are used for all other flow rates. The averaigg maximum uncertainties of these

measurements are 2.68% and 8.92%, respectively.

The accuracy of the calibration method was stuthe@omparing the flow rate
measurements to the Coriolis reading. The cabrdOF sensor predicted 87.1% of the
collected data withint5% with an average deviation (AD) of 2.72% and asotute
average deviation (AAD) of 4.39%. Although theretation captured the correct trends
for most of the data, some cases were not predigéidby Equation 4.6, with errors greater

than 50% at very low flow rates (1 — 2 mif).s

81



N
-

= [ =12.5mm +5°f’,’ /
¢ L=40.0mm f

-
(=]
T

—
3]
T T
\
\
1

=Y

N

T T
s

\

1

Average Velocity (TOF Sensor) [mm s™]

0 L 1 L 1 L 1 L 1 L 1 L 1 L
0 3 6 9 12 15 18 21

Average Velocity (Coriolis Sensor) [mm s™]

Figure 4.15: Comparison of the refrigerant velocityusing the thermal flow meter
and the high accuracy Coriolis sensor

These results show that the time of flight sensor accurately measure the fluid
velocities of R134a using the calibration approslsbwn in Equation 4.6. This thermal
time of flight sensors could also be used for ayeaof fluids and applications, but further
work is needed to develop a validated calibratigoraach that fully accounts for different
sensor geometries (specifically the effecLpfind fluid properties. The analytical model
presented in Appendix A can provide insight intoagpropriate form for the calibration
equation. A more robust calibration approach wallow future researchers to optimize

the sensor design for different fluids and desueldcity ranges.

4.2.5.2 Final Sensor Design

After considering the performance of the time agHt sensor and the anticipated

range of volumetric flow rates in the distributiexperiments, the sensor design was
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slightly modified. In the final design, the chahde&ameter was reduced to 3.81 mm and
the voltage supplied to the heater was reducedtwolts. The channel diameter was
reduced from 4.83 mm to 3.81 mm to increase thecitéds in the sensor for a given mass
flow rate. This enables the measurement of lovaay fates than were possible with the
larger diameter sensor. The voltage was reduaed #4 volts to 18 volts to limit the

maximum temperature of the refrigerant (the sewaarbe damaged if boiling occurs at
the heater surface; therefore, the voltage wascestto minimize this risk.) All other

aspects of the geometry and controls system remhdireesame. Initially, four sensors

were independently calibrated using the facilitgatéded in section 4.2.2. The results for
the first sensor over the range of conditions teste shown in Figure 4.16. The trends

for the final sensor design are the same as thesasted above.
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Figure 4.16: Time of flight in the final sensor deign for average velocities between 1
and 18 mm st and chiller set-point temperatures between® and ambient
temperature
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The measured time of flight in four sensors at agervelocities between 1 and 18
mm s! and a chiller set-point temperature 8€8s shown in Figure 4.17. Although there
are some small differences between sensors, likedyto variation in the precise placement
of components, the results are nearly identicahesg results were used to calibrate the
remaining sensors in a more efficient manner. Jéresors were tested at discrete flow
rates and temperature differences in the fullgestion. In these tests, single-phase flow
was distributed in the inlet manifold so that tlevfrate through each parallel channel was
approximately the same. The measured time of tflgid the temporal temperature
fluctuations at. = 12.5 mm and 40.0 mm in the sensors were thempaed with the four
calibration data sets. The calibration equationtf@ sensor that exhibited the trends

closest to each uncalibrated sensor was used| fautzdequent data collection.
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Figure 4.17: Time of flight in the four sensors teted for average velocities between 1
and 18 mm s! and a chiller set-point temperature of 8C
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The ten sensors were installed at end of the tatekde heat exchangers described
above. In all cases, the refrigerant fully con@sns the heat transfer section and is in the
subcooled state in the TOF sensor. A schematimefof the heat exchanger channels is

shown in Figure 4.18.

Refrigerant

Important Geometric Parameters
D‘ref,ch 1.00 mm
Heat Transfer ;w,in i.gg mm
i w,out . mm
Section Do Bpoai
Dexit 1.75 mm
Lref,ch 0.50m
Lw,ch 0.41m
Water Lror 0.09m
Lexit 0.10m

TOF Sensor

Exit Tubing

Figure 4.18: Placement of the time of flight sensan relation to the tube-in-tube
heat exchanger with important geometric parameters

426 Summary of TOF Sensor Devel opment

A thermal time of flight sensor was developed tcamge steady state refrigerant
flow rates in minichannels. The one-dimensionaltesmdy advection diffusion equation
with a time dependent Neumann boundary conditios walved to help establish a
calibration technique for the sensor. The modetijats that the time of flight depends on
the sensor geometry, the energy provided by theehahae velocity of the fluid, and the

thermal diffusivity of the refrigerant. The simpdifl 1-D analytical model accurately
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predicts the thermal behavior in the sensor foesagth minimal rates of radial diffusion
but tends to underpredict the average fluid vejositen the difference between the peak
and wall temperature is high. Future modeling walr&uld focus on the effects of thermal

capacitance and radial diffusion to improve thébcation methodology for TOF sensors.

Using insights from the modeling and experimentatkya calibration method was
developed to correlate the time of flight to th&igerant velocity. The calibrated sensor
was able to measure 87.1% of the collected dathimit5% with an absolute average
deviation of 4.39%. Additionally, all of the measdrdata, including its uncertainty, lie
within 5% of the full scale. The device develofeste can therefore be recommended as
a compact, inexpensive, largely nonintrusive teghaito measure liquid refrigerant flow

rates corresponding to average velocities betwesmmd20 mm 3.

Ten sensors were fabricated and installed in thegegant test section to measure
the total flow rate in each channel. The unceryarithe measurements was set to £3% of
the full scale, except for the few points that wereasured above the calibrated range,

where the uncertainty was set to £3% of the medsuaie.

4.3 Data Analysis

The objective of the refrigerant experiments isd&iermine the distribution of a
saturated refrigerant at a specified inlet conditiorhe following section describes the
calculation of the inlet condition and the disttibn. All data analysis and uncertainty
propagation calculations are performed onEhgineering Equation Solver (Klein, 2018)
software platform. The fluid properties of R134& aalculated using the fundamental

equations of state developed by Tillner-Roth andi841994). For illustrative purposes,
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a sample calculation for the conditions shown ibl&#&.6 is included in this section. More

details about the data analysis approach are prdvuidAppendix B.

Table 4.6: Experimental data for nominal conditionsof G;,, = 59.7 kg n? s1, x;, =
0.50, andT,;, = 30°C (channel 2)

Measurement Measured Value Measurement Measuree: Val
Tpreh.in 12.6 £0.28C Tchz,out 9.76 £ 0.28C
Pyren,in 774 +2.63 kPa Ucnz 13.2 £0.54 mm$
Pprehout 777 £ 2.63 kPa Ty ch2in 6.04 £ 0.25C
Prs out 770 £ 2.63 kPa Ty ch2,0ut 10.4 £ 0.25C

Myef total 58.9 + 0.15 g min Vi ch2 29.1 + 1 mL mint
Qpreh 108.0 £ 0.54 W APreqder.ch2 0.167 £ 0.005 kPa
Py in 195.1 £ 5.2 kPa Tomb 22.8+0.258C
Py out 171.7 + 1.6 kPa

4.3.1 Inlet Conditions

The test section inlet condition is fully defineglthe saturation pressure, quality and
mass flux. The inlet quality is obtained basedanrenergy balance across the preheater.
The enthalpy of the subcooled liquid entering thehpater is determined by the measured

temperatureTt,,.cp,in) and pressurePl,..p in), as shown in Equation 4.8.

preh in f( preh,in, preh m) 69011 i 34’4] kg_l (4'8)

The inlet enthalpy into the test section can thercélculated from the total mass
flow rate of the refrigerant and the amount of hgained by the refrigerant from the
preheater. The heat gained by the refrigerantfisnation of the power drawn by the

preheater and the losses to the ambient. Theslamse calculated using the thermal
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resistance network shown in Figure 4.19. The thémasistances considered in this
analysis are the refrigerant convective resistdReg, the conductive resistances through
the wall Rwan) and insulationRins), the external natural convective resistariRe:), and

the radiation resistance assuming the surfaceeofrtbulation is a grey surface and the

surroundings behave as a large blackbdthg)(

Insulation

Wall

Heater

Tamb

Figure 4.19: Thermal resistance network for the hetdlosses to the ambient through
the preheater

A convective boiling heat transfer coefficierftt,.;) of 10,000 W it K is
assumed for calculating the refrigerant convectesstance. Although a precise heat
transfer coefficient is not calculated for eachadat, the refrigerant resistance is expected
to be insignificant compared to the insulation anter surface resistances; therefore, large

uncertainties in this value have nearly no effecttie total thermal resistance.

P 1 B 1 (4.9)
TS T RtC B s 10000 W m2K-1 % 9.64 X 10~3 m2
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= 0.010 K W1

The conductive resistance through the wall of teatér assembly and the insulation are
calculated using Equations 4.10 and 4.11, respygtivlhe thickness of the insulation is

assumed to be 25.4 mm (minimum insulation thickioesthe facility).

D
1 ( out,wall) 38.1 mm
o \Dinwau) _ In (175 mm)
WO T Lok 2m %0172 mx 1494 W m-1K 1 (4.10)
=0.047K W1

In (Dout,wall + Zthins) n (38.1 mm + 2 * 25.4 mm)

R — Dout,wall _ 38.1 mm
ns ZnLeffkins 2w * 0.172m x 0.043 W m~1K-1 (4.11)
= 1829 K W1

The natural convection heat transfer coefficidny,{) at the surface of the insulation
is calculated using the Raithby and Hollands (1988)elation for natural convection
around a horizontal cylinder. The heat transfesffodent is a function of the surface
temperature, which was calculated with an enerdgnoa between the surface and the
ambient after the total heat loss is calculatedhe hatural convection heat transfer
coefficient for the conditions presented in Tabl® 4s 1.97 W nf K! and the

corresponding thermal resistance is given in eqoatil2.

o 1 ~ 1
N RtcnatAmsoue 197 W m—2K=1 % 4.79 x 102 m?

(4.12)
=106 K W!
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Finally, the radiation resistance is calculatechgdtquation 4.13. This equation is
appropriate because the temperature differenceeleetihe insulation surface and the
surroundings is small (2C). In this calculation, the temperatufl_e/gurr) Is the average
temperature of the surface and the surrounding®.829), and the thermal emissivity)(

is assumed to be 0.8.

1

Ryrgq = — 3
4‘Ains,out GeTs/surr (4 13)

1
4422 KWL =
4% 4,79 X 1072 m? * g * 0.80 * (296.3 K)3

The total heat loss to the ambient through theenesgsembly is calculated using
Equation 4.33. A conservative uncertainty of +5@%pplied to the calculated heat loss.
The average refrigerant temperature inside theehdat estimated using a weighted

calculation based on the sensible and latent hexadfer rates, as shown in Equation 4.14.

_ Torenin + T. ) )
Tref,preh _ I( preh.in sat) x ( .Qsens >l + [Tsat x ( . Qlat >l
2 Qref,preh Qref,preh

(4.14)
— [(12.6°C + 30.2°C) ( 244 W )] N [30 soc ( 82.8W )}
2°C = X 2°C X |\ —=—=——
2 107.2 W 107.2 W
o ’1_1 f, h — T b
Qrosspren = rejpre am —=025+0.13W (4.15)

1 1
Rref + Rwall + Rins + (m + R_NC)

A similar analysis is also performed for the pipih@t connects the preheater and
the test section. The length and diameter of nhet piping are 50.8 mm and 4.57 mm,

respectively. The details of this analysis are showAppendix B.
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In addition to the losses described above, themec@nduction heat transfer pathway
between the surface of the cartridge heater andréinee of the facility because of the
mounting brackets required to secure the compon&hte magnitude of these losses is
difficult to calculate analytically; therefore, was determined experimentally by fully
evaporating the refrigerant through the preheatdrdirectly calculating the exit enthalpy.
The difference between the measured heat traretieracross the heater (accounting for
losses to the ambient) and the calculated heasferarate from the measured refrigerant
inlet and outlet conditions is shown in Figure 4.JMhe data were curve fit to estimate the
conduction losses to the frame of the facility, ethivere then assigned a 50% uncertainty.
The total conduction heat loss for the sample t¢aticun presented in Table 4.6 is 0.46 £

0.23 W (0.40% of total heater power).

B — v - T~ T T T T
¢ Experimental Data ‘ i
o o 0_0992*e0.0143*(1heate, ! .1’

-
(4}

-
N
T

Conduction Loss (W)
(o] «©
T T
; i

0 50 100 150 200 250 300 350 400
Heater Power (W)

Figure 4.20: Difference between the measured prehiest power and heat transfer
rate calculated using an energy balance between tidet and outlet (accounting for
ambient losses). These losses are attributed toncluction through the mounting
brackets.
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Finally, the heat transfer rate into the refrigérean be calculated with the power
drawn by the heater and the total thermal lossesribed above (o). This

information is used in the energy balance showkdnation 4.16 to calculate the inlet

enthalpy into the test section.

Qpreh - Qloss,in

hTS,in = hpreh,in :
Mye f,total

(4.16)
108 W — 0.80 W

178239 kg™ = 69011] kg™ + 9.81x 107* kg s~1

The inlet quality into the test section is thencoddted using the enthalpy and measured

pressure, as shown in Equation 4.17.

XTs,in = f(hTS,inr PTS,iTl) = |0488 + 0005| (417)

The inlet mass flux is calculated from the totdfigerant mass flow rate measured

with the Coriolis sensor, as shown in Equation 4.18

mref 9.81 x 10~* kg st (4.18)
GTS,in = = =

- =598k —24-1
ATS,in 1.64 X 105 m?2 gm =S

4.3.2 Channe Measurements

The two-phase flow distribution can be fully speif by the measurement of the
mass flow rates of the liquid and vapor phase @atch channel. This is accomplished by
measuring the inlet quality and the total mass flate into the channels. Each refrigerant

channel in these experiments is coupled to a costaeam (liquid water) through a tube-
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in-tube heat exchanger. As shown in Figure 4.Bg, thermodynamic states of the
refrigerant at the outlet, and the water at thetiand outlet of the heat exchanger are
measured. The inlet thermodynamic state of thregesfint, and thereby the inlet quality,
can be calculated from energy balance betweenadblamt and the refrigerant. Again, to
accurately determine the refrigerant inlet staie, énergy balance must account for any

heat losses or gains.

—
Water Outlet
T‘w. out & PW. ©

out

—
Water Inlet
Tw, In & Pw. in

Figure 4.21: Photograph of tube-in-tube heat exchayer with measurement labels

Across a single channel, the water flowing throtighannulus can thermally interact
with the ambient environment. The ambient tempeeats generally greater than°00
warmer than the coolant, which could cause heaisgarge enough to have a significant

impact on the calculated refrigerant inlet stakberefore, thermal gains from the ambient
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are considered in the energy balance to calcuiatentet quality and are explained in more

detail below.

The thermal gains between the ambient and theadhillater are calculated using a
thermal resistance network. The analysis incluthes contributions of the coolant
convective resistanc®(), the conductive resistances through the tube (Radl) and the
insulation Rins), and the natural convection and radiation surfasestanceSRuc andRrad,

respectively).

The water-side heat transfer coefficient was caleadl using the Rohsenost al.
(1998) correlation for flow through an annulus.heTheat transfer coefficient for the test
case shown in Table 4.6 is 2240 W iK%, which has a corresponding thermal resistance
(Ry) of 0.088 K W, The thermal resistances due to conduction thrahg wall and
insulation are shown in Equations 4.19 and 4.2€peetively. Although the heat flow
through the insulation is two-dimensional, as shawhigure 4.22, the thermal resistance

was estimated using the formulation for a pland.wal

Y/

m

Tamb

Heat Flow

©

i

Figure 4.22: Heat flows between outer tube wall anddge of insulation
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In (M) ) in (S

R _ Din,wall _ 4 mm
wall = o Lenkwan 27w * 0.41m x 1494 W m—1K -1 (4.19)
=0.011KW?
th;
Rins — ms

kins(z * PitChch * Lch)
(4.20)

48.02 K W1 = 0.025m
0.043 W m~1K-1(2 * 0.015 m * 0.41 m)

The natural convection and radiation resistancescalculated using the standard
method shown in Equations 4.12 and 4.13. The alatonvection heat transfer coefficient
was calculated with the Raithby and Hollands (13928)elation for natural convection at
the surface of a vertical plate, with the emisgioit the surface assumed to be 0.8. For the
case described in Table 4.6, the natural convectsistance is 29.46 K W while the

radiation resistance is 17.93 KW

The thermal gain for the ambient is calculated gisie total thermal resistance and
the log mean temperature difference, as shown uat@n 4.21. In this equationgenotes
the channel number. Again, the heat gain was regig 50% uncertainty to account for

some of the assumptions and correlations useceiarihlysis.

. , LMTD g [i]
Qamb [L] = - 1 1 -1
Rulil + Ruau + Ros + (e 7 + e (4.21)
0.246 W + 50% = 1145 K
' =20 T 5927 KWt
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The inlet refrigerant enthalpyhf.r ) can then be calculated using an energy

balance between the water and the refrigerant, uaticy for heat gains from the
environment. This energy balance is shown in EHqnat.22, where denotes the channel

number.

mw [l] * (hw,out [l] - hw,in[i]) - Qamb [l]
mref [l]

href,in [i] = + href,in[i] (4.22

With the inlet enthalpy, the thermodynamic statetlwé fluid is fully defined;

therefore, the inlet quality(y, ;,) can be calculated, as shown in Equation 4.23.

xch,in[i] = f(href,in[i]: PTS,in) = |0-098 + 0-027| (4.23)

Finally, the inlet phase flow rates into the chdarmman be calculated using the
refrigerant inlet quality and average fluid velgc(tt) measured with the time of flight
sensors. The inlet vapor and liquid flow rates stiewn in equations 4.24 and 4.25,

respectively.

mv,ch [i] = Xch,in [i] (pref,out[i] * ufi] * ATOF)

1.87x107°+511x 10 %kgs~?! (4.24)

=0.098(1262 kgm™1 x0.013m s~ 1 x1.14 x 107> m?)

ml,ch [l] = (pref,out [l] * ﬁ[i] * ATOF) - mv,ch [l]
(4.25)

=[117x10"* £ 9.30 x 10 ¢ kg s~ *
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The phase flow rates are normalized with the p#yfetistributed phase flow rate
case so that the results for different inlet casesbe easily compared. The normalization
is shown in Equation 4.26, wherdenotes the channel numbjespecifies the phasédr
V), m is the phase flow rate, amg,, is the total number of channels (= 10).

my; [i]

U= e 1)/ (4.26)

4.3.3 Distribution Parameter

The normalized standard deviatiddSID) was used to quantify the overall degree
of maldistribution for a given inlet condition. iBhparameter is the ratio of the standard
deviation of the channel flow rates to the maximpassible standard deviation. The
definition of this variable bounds the degree ofdisdribution between 1 (worse possible
distribution) and O (perfect distribution). Thermalized standard deviation is defined in
Equation 4.27, whergir* is the non-dimensional flow rate in a given channeepresents
the fluid phase under consideration (I, v, or fotald N, is the total number of channels

in the heat exchanger.

Nen( o0+ _ 2
NSTD, = Jzi_l(mj'i ) (4.27)
J (Nch - 1)Nch

The NSTD provides useful information when comparing thetrthstion for
different inlet conditions or header geometries dra$ been used in the literature
(Marchitto et al., 2008; Mahvi and Garimella, 2017) to quantify thnverall degree of

maldistribution in heat exchangers.
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4.3.4 PressureDrop

The overall pressure drops across parallel flolgat a heat exchanger can have a
large impact on two-phase flow distribution. Thiegsure change across a single circular
microchannel can be calculated using correlationsnfthe literature, but two-phase
pressure drop in heat exchanger manifolds haseest bxtensively studied. In this work,
the pressure drops between the inlet feeder tubehaninlet of channels 2, 6 and 9 are
measured experimentally. Due to spatial limitagjorthe measurement includes
contributions from the pre-heater housing, the éeddbe and a portion of the outlet
channels. This also results in a small height ckfiee in the pressure ports (~2.4 mm)
which is accounted for by calculating the hydrastptessure change in the pressure tap
lines. The pressure drop contributions upstreathefest section inlet and at the entrance
of the parallel heat exchanger channels are pestliwith correlations from the literature
and assigned a 25% uncertainty. The inlet logsRs;(;) consist of a frictional loss in the
heater assembly, a contraction loss as the cratisisal area is reduced to the header inlet
area, and a frictional loss in the feeder tubee frictional losses are estimated using the
Friedel (1979) correlation, which is commonly usadwo-phase flows in macrochannels,
while the contraction loss is estimated using tiyg@ach proposed by Hewetal. (1994).
The pressure change in the heat exchanger chamséleam of the pressure tap is
calculated using the Kim and Mudawar (2012) fricibpressure drop correlation and the
Baroczy (1965b) void fraction correlation. Thegmeare change across the header is then
calculated using Equation 4.28. More details alibig calculation are included in

Appendix B.
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APheader = APmeas + (ptap,up thap,up - ptap,downthap,down)

2
2fu\ GenXeni
- APinlet - ¢5 ( V( o Ch’ln) )Lch,in (4-28)

vach

+ [(1 - ach,in)pl + ach,inpv]gl'ch,in

The pressure drop across the entire test sectiaiss measured. Again, the
measurement includes pressure drop in the inleeaitdubing and the hydrostatic head
between the test section inlet and outlet predsyn® (in the pressure tap lines), as shown
in Figure 4.23. The pressure drop in the inlet ari lines is estimated for using the
Friedel (1979) and Churchill (1977b) correlatiorespectively, and the hydrostatic head
is calculated based on the fluid density and thegtle of the tap lines. The total pressure

drop across the test section is then calculatetyusquation 4.29.

APTS = APmeas + (ptap,up thap,up - ptap,downthap,down) - APinlet

_(?fGoue)
plDfeed outlet

(4.29)
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P ref,in
Tref,in

Test
Section

P ref,out

Tref,out

Figure 4.23: Side view of test section showing tipeessure transducer (gold), the
pressure tap lines, and the location of the taps la&tive to the test section manifolds
and channels

The experimental facility and analysis approactcdesd in this chapter are used to
evaluate flow distribution of saturated refrigesaint a plate-type heat exchanger. Chapter
5 presents the experimental results and discussesliserved header flow regimes,
measured header and test section pressure drapsyeasured distribution characteristics

for a range of inlet conditions.
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CHAPTER 5. RESULTS AND DISCUSION

This chapter presents an overview of the distidoutand pressure drop data
collected for saturated refrigerant (R134a) flovplate-type heat exchanger headers. The
heat exchanger considered in this work is a coratendth refrigerant flow through
horizontal manifolds supplying vertical-downwardvil in minichannels. A summary of
the test conditions investigated for the baselewangular header is presented in Table
5.1. The flow distribution was measured at a n@nsaturation temperature of 30°C,
header inlet qualities between 0 and 1, and heabimass fluxes between 23.9 and 95.7
kg m? st. The inlet mass fluxes considered in this workr@spond to average channel

mass fluxes between 50 and 200 k¢ $1.

Table 5.1: Summary of the header inlet qualities ath mass fluxes tested in the
rectangular header geometry

Inlet Quality [-]

01/02(03|04|05|06]|07)|08]|0.9

23.9 X X X

x 35.9 X X X

g:j 47.8 X X X
SE[598 X | X | X | X | X | X |X|X]|X

B X718 X X X

= l837 X X X

95.7 X X X

5.1 Header Flow Regimes

The two-phase flow patterns inside the header eanily influence the distribution

characteristics in a heat exchanger. In theserempets, a transparent window was
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installed so that the flow patterns could be reedrdnd analyzed. The flow regimes were
categorized based on visual observation. The tnase flows in the header were recorded
using a Photron FASTCAM SA4 camera with Nikon Mit#tKKOR 105 mm lens. The
high-speed camera was aligned perpendicular tihawedirection and high intensity lights
were used to illuminate the two-phase mixture iastde manifold. The Photron
FASTCAM viewer software was used to capture theeogd and adjust the image
resolution, frame rate and shutter speed. All esdare 0.5 seconds in duration and are

taken at a frame rate of 3000 fps and a shuttexdspe1/5000.

This section describes the refrigerant flow pateobserved in the header and
compares them with the flow patterns seen in thevater study. The flow patterns are
classified into major regimes and the charactesstf each regime are related to the

expected liquid and vapor distribution.

5.1.1 Flow Regime Characteristics

Flow patterns often change drastically along thadee length because the local
phase velocities decrease as fluid progressivelg éxe manifold. Therefore, it is not
possible to define a flow pattern that appliesltdogations in the header at a given time.
Instead, flow regimes were defined immediately detneam from the inlet port. The
observed flows can be broadly categorized into tywoups: gravity-dominated and
momentum-dominated, as shown in Figure 5.1. Irgthgity-dominated regime, the fluid
is stratified in the header and a liquid pool isgant on the bottom surface near the inlet
port. In the momentum-dominated regime, the ligsichixed with the vapor in the central

part of the header near the inlet port. In thewater study (Chapter 3), the gravity
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dominated regime was further discretized into Sieatsmooth and stratified-wavy flow,
while the momentum-dominated regime was split smwoth-film, wavy-film, and churn-

turbulent flow.

Gravity
Dominated

Momentum
Dominated

Figure 5.1: A photograph of the full rectangular header (top) and zoomed-in
photographs of refrigerant flow regimes observed irthe rectangular header. The
red lines in the image show the position of the ietface.

The flow regimes differ somewhat from those seemhm air-water experiments,
which is likely due to the significantly differefitiid properties for the conditions tested.
Specifically, the average surface tension is aldootder of magnitude lowebg1z4a~
0.0073 N mt, ca-w= 0.073 N mt) and the average liquid-gas density ratio is @getimes
smaller (p;/pylrey = 31.5,[p1/pvla-w = 750) in the refrigerant experiments. The low
surface tension of refrigerants promotes Kelvinmit®bltz instabilities and results in
wavier liquid-vapor interfaces. The low liquid-gaensity ratio of refrigerants also
promotes Kelvin-Helmholtz instabilities, which wgroduce wavier interfaces in both the

stratified and film flow regimes.
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Furthermore, the vapor velocities are much lowerafgiven inlet condition in the
refrigerant experiments due to the higher vaposie p, ;v < Py r1314)- AS discussed
in Chapter 3, the stagnation pressure of the vapadt hits the front wall of the header
generates a pressure gradient in the depth directid/hen the pressure gradient is
sufficiently large, the flow pattern in the headgfilm flow in which liquid flows along
the back surface. Since the vapor velocity, aedeflore the stagnation pressure, is lower
in the refrigerant experiments, the film-flow regns not as prevalent. Although film
flows were sometimes observed in the saturatedyeeént experiments, the regime often

has some characteristics of stratified or churbsilent flow.

Despite these differences, the flow patterns seéeheainlet of the header in the
refrigerant experiments were categorized into tbe fegimes that were most similar to
those identified in the air-water experiments. &mmmple, the flow pattern depicted in the
bottom photograph in Figure 5.1 shows some sinigario stratified wavy flow; however,
the absence of the stratified liquid pool immedjattownstream from the inlet port and
the mixing of the liquid and vapor in the centredaof the header suggest that it could be

more appropriately described as churn-turbulent.flo
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Figure 5.2: Observed flow regimes in rectangular heders as a function of
superficial phase velocities for air-water (left) ad saturated refrigerant (right)
flows. Note: the axis scales are different for thivo plots.

The flow regimes in a rectangular header for bothdir-water and the refrigerant
experiments as a function of the superficial phasecities are shown in Figure 5.2. Data
points that displayed characteristics of multidenm regimes equally are shown using
bicolored symbols with the colors associated withttvo patterns they resembles the most.
The regions where different flow regimes occursanglar in the two studies. For example,
at relatively low superficial liquid and vapor veites, the flow is stratified-smooth for
both fluids. The main differences between thewaiter and refrigerant results are the
number of data points in different regimes and rfegnitudes of the superficial phase
velocities where regime transitions occur. A langercentage of the collected data are in
the stratified-wavy and wavy film flow regimes fitre saturated refrigerant flows. This is
partially due to the differences in the test masic In the air-water experiments, the
superficial velocities tested were not uniformlyesd across the range of interest. More

experiments were conducted at low superficial tigamd gas velocities, leading to more
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data in the smooth flow regimes. Differences ia tibserved flow regimes can also be
attributed to changes in the fluid properties,escdbed above. Saturated refrigerant flows
are expected to transition to wavy flow regimedeathan air-water mixtures because of

the lower surface tension and density ratio.

The other major difference between the air-water rafrigerant results is the phase
velocities at which regime transitions occur. Hadtbw regime maps based on superficial
phase velocities far different from those for whibby were developed will likely not be
applicable in such cases. It is important to bke &b predict the flow regime inside a
header for a variety of fluids and flow conditiosw that the expected distribution can be
determined. The transition between gravity-donadatnd momentum-dominated flow is
particularly important because it causes a sigaificchange in the flow distribution

characteristics, which is discussed in more detelection 5.3.

The flow regime results can be recast in termbe®Modified Froude number to try
to capture the transition from stratified to unstied flows for a range of fluid properties.
The Froude number was chosen because it reprékemtdative importance of inertia and
gravity, which are two of the driving forces goviaignthis transition. The Modified Froude
number is the standard Froude number multiplied Byrm of the density ratio, as shown

in Equation 5.1:

o Jv

pl _pv WIDH.g

Fr* =

(5.1)
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wherep; andp, are the liquid and vapor densities, respectivglys the superficial vapor

velocity, Dy is the header hydraulic diameter, gnis the gravitational acceleration. Taitel

and Dukler (1976) first proposed this parameter rwdefining the transition between

stratified and intermittent or annular-dispersed-phase flow regimes in a circular

horizontal channel. The observed flow patterrteéair-water and refrigerant experiments

are shown in Figure 5.3 as a function of the Maitimnd Modified Froude numbers. An

estimate of the transition region between stratifeand unstratified flows (or gravity-

dominated and momentum-dominated flows) is showgrey. The present study was not

designed to precisely identify the transitions lestw flow regimes; therefore, the grey

areas are approximations and are only shown feudgon purposes.

Modified Froude Number (-)

10 ¢

o
o
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Figure 5.3: Observed flow regimes in rectangular heders as a function of the
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(left) and saturated refrigerant (right) flows



The results show that the transition between gragitd momentum-dominated flow
regimes occurs near the same Modified Froude nwsriberboth air-water mixtures and
saturated refrigerants. This parameter providesag o distinguish between these two
regimes and is a good candidate for two-phase fieggme maps for plate-type heat

exchanger headers.

5.1.2 Distribution Characteristics of Flow Regimes

The flow regime inside the header heavily influentdge distribution of liquid and
vapor in heat exchanger channels. When the regingeavity dominated, liquid flows
along the bottom surface of the header, as showigure 5.4. When the liquid encounters
the first tube, a portion exits the header throiinghtube, while the remainder flows through
the gap between the channel inlet and the fronbacH walls of the header. The remaining
liquid continues downstream to the next channelsglits in a similar fashion. In general,
for gravity-dominated flows, the highest liquidilaates occur in the channel closest to
the inlet and taper off in downstream channels.e Vapor phase distributes well into
channels clear of liquid and is inversely relatethe liquid flow in channels near the inlet.
The only deviation from this trend occurs when thket liquid mass flow rate is
significantly higher than the inlet vapor flow rgtew inlet quality). If a large fraction of
the total liquid flow exits the header through agé¢ channel, the frictional pressure drop
through that path would be very high. There aesgure drop restrictions across each path
in the heat exchanger, which are discussed inldatar in this chapter. Due to these
pressure drop restrictions, the liquid distributdatively equally into the first two or three
channels in the heat exchanger at low inlet gesliind then tapers off in downstream

channels.
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Figure 5.4: Liquid flow paths for gravity-dominated flows (Gin = 59.8 kg m? s?, xin =
0.29)

In the momentum-dominated regime, the liquid isawstfined to the bottom surface
of the header, as shown in Figure 5.5. This allsame of the liquid to flow past the
entrance to the first channel in the central pathe header. As the flow decelerates, the
local flow regime becomes stratified and liquidrstdlowing along the bottom surface of
the header. Once the gravitational forces becoomairthnt in the header, the flow
characteristics are similar to those in the gradiyninated regime, and the liquid flow

rates start to taper off in downstream channels.

Figure 5.5: Liquid flow paths for momentum-dominated flows (Gin = 59.8 kg n¥ s?,
Xin = 0.70)

5.2 Pressure Drop

Flow distribution in heat exchangers is also caiséd by the pressure drop across
each flow path. A simple schematic of the flowhsain a three-channel heat exchanger is

shown in Figure 5.6. The fluid enters the multachel heat exchanger through the inlet
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port at a pressurin. The flow then splits into the three channelshia inlet manifold,
exchanges heat with the coupling fluid, and theromgbines in the outlet manifold.
Finally, the fluid exits the heat exchanger atespurd .., which is dependent on the total

pressure drop across the component.

Figure 5.6: Flow paths in a simple three-channel ts exchanger (reproduced from
Figure 2.4)

The pressure change through each of the threefiinvs must be equal so that the
inlet and exit pressure are the same for each pitb.path pressure drop is the sum of the
pressure drops through the manifolds and the cl&nnieis important to understand the
pressure profiles in each path when considerindltedistribution in a heat exchanger.
This section describes the driving factors in tlahppressure change for a variety of
channel inlet conditions, and then presents thesored pressure changes across the test

section and the rectangular inlet header.
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5.2.1 Full Test Section

In most cases, the total heat exchanger pressopeisitheavily influenced by the
pressure drop characteristics in the channels. prassure change in the channels is
governed by the magnitudes of the frictional anavigational pressure gradients in the
condensing region and the extent of the two-phegi®mn in the channel. In the two-phase
region, the frictional pressure drop is relativieigh, and the pressure change due to gravity
(which is a pressure rise due to the vertical dediog flow) is low. The frictional pressure
gradient predicted by the Kim and Mudawar (2012)adation for a variety of local fluid
states is shown in Figure 5.7(a), while the graniteal pressure gradient based on the
Baroczy (1965a) void fraction correlation is showrigure 5.7(b). As the local quality
increases, the magnitude of the (negative) fricligressure gradient increases and the
magnitude of the (positive) gravitational pressgradient decreases, resulting in a higher
local pressure drop. When the mass flux increabesgravitational pressure gradient
remains constant because it is not a function ofsnflux, but the magnitude of the
frictional pressure gradient increases signifigantTherefore, both increasing the mass

flux or the local quality increase the local pregssdrop.
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Figure 5.7: The local (a) frictional and (b) graviational pressure gradients in the
heat exchanger channels for a variety of local fldi states

Another factor that substantially influences theessure change across a heat
exchanger channel is the extent of the condensatigion (the length of the tube that
exhibits two-phase flow). After the fluid fully odenses, the pressure starts to rise rapidly
because the magnitude of the frictional pressuaglignt is low, and the gravitational
gradient is high (se&.cai = 0 in Figure 5.7). The magnitude of the presshinge across
the channel is directly proportional to the lengttthe condensing portion of the tube;
therefore, the total pressure drop across the d@iamill increase as the condensation
length increases. The condensation length forri@tyeof channel mass fluxes and inlet
gualities is shown in Figure 5.8. These lengthsewaalculated using the detailed heat
transfer and pressure drop model presented in €Eh&t The condensation length
increases with inlet quality because the fluid mgesthrough a larger enthalpy change to

reach a subcooled state. Similarly, the condemsdéngth also increases for higher
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channel mass fluxes because of the larger heatsdogeded to effect a given quality

change at the higher mass fluxes.
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Figure 5.8: Length of the heat exchanger channel #t contains two-phase flow for a
variety of channel mass flow rates and inlet qualies

The pressure change across the full test sectioluding the manifolds and parallel
channels, is shown in Figure 5.9. The pressuneases from the inlet to the outlet for all
cases, indicating that the gravitational pressig® is larger than the frictional pressure
drop for the conditions tested. The variation iaggure rise with inlet quality and mass
flux follows the expected trends. As the inletlgyaises, the average inlet qualities into
the channels should also rise. This increases #mgnitude of the frictional two-phase
pressure gradients and increases the condensaxigtin] which both lead to lower pressure
gain from the inlet to the outlet of the chann&s the inlet mass flux increases, the average
mass flux into the channels should also increasechwhas a similar effect on the path

pressure rise. Higher mass fluxes will increagentfagnitude of the frictional two-phase
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pressure gradients and increase the condensatigth)deading to lower pressure rise

across the test section.
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Figure 5.9: Pressure rise through the test sectioas a function of (a) header inlet
guality and (b) header inlet mass flux

5.2.2 Header

Pressure drop in manifolds can also influence twasp flow distribution if it

significantly contributes to the path pressure drispthe heat exchanger considered in this

study, the outlet manifold has the same geometrthasectangular inlet manifold and

always contains liquid refrigerant. The single-gdharessure drop across the rectangular

inlet manifold was measured to estimate the madaitf the pressure loss in the exit

header. The single-phase pressure drop in thernmeifold was on the order of 10 Pa,

which is less than about 1% of the total path pnesdrop. Since this should not have a
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significant influence on the distribution, it wastmlirectly measured and was neglected in

the pressure drop model presented in Chapter 6.

However, the pressure drop across a manifold igrsignificant when it is supplied
with a two-phase inlet condition. The measuredguee drop between the header inlet
and the inlet to channels 2, 6 and 9 is shown fametion of the inlet quality in Figure
5.10(a). This measurement includes a minor losecated with the fluid entering and
turning 90 degrees into the test section, theidmetl pressure loss in the header, the
deceleration pressure recovery in the header,tendhinor losses associated with the fluid
entering each channel. As the quality increadwss,pressure drop across the header

increases as expected.
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Figure 5.10: The measured (a) pressure drop betweehe header inlet and the inlet
of channels 2, 6, and 9, and (b) the mass flux ilm@&nnels 2, 6, and 9 for a range of
inlet qualities
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Additionally, the header pressure drop is affettgthe location of the measurement.
At low inlet qualities, the pressure drop is highestween the header inlet and the inlet to
the second channel. The opposite is true at hightees, where the pressure drop between
the inlet and the second channel is the lowesho$eé measured. These trends can be
explained by considering the minor losses assatiati¢h the fluid entering the heat
exchanger channels. Two-phase minor losses castineated using Equation 5.2, where

Kioss is the loss coefficient;,, is the channel mass flux;, ;,, is the quality at the inlet

of the channel, ang,, ., is the vapor two-phase multiplier (Ghiaasiaan, 2017

1 2
APminor = Kloss X Epv(GchAchxch,in) va,ch (5'2)

Since the inlet quality entering the second chaimlelwer than that entering the sixth and
ninth channels for all the conditions tested, omghtrexpect the measured header pressure
drop to be lower at this location. However, theseiow rates through the channels closer
to the inlet are higher than downstream channslshawn in Figure 5.10(b). The higher
mass flow rates result in higher fluid velocities;reasing the minor loss at the channel
inlets. The relationship between the header prestnop and the channel mass flow rates
suggests that the minor losses at the channel phdgta significant role in the overall

pressure drop across the header.
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Figure 5.11: Header pressure drop at three differenlocations as a function of inlet
header mass flux at inlet header qualities of 0.3Qeft), 0.50 (center) and 0.70 (right)

The pressure drop between the header inlet anihléte of channels 2, 6, and 9 is
shown as a function of mass flux at three differiafét qualities in Figure 5.11. The
magnitude of the pressure drop increases with bahs flux and quality, as expected.
Again, the variations of the measurement betwedferdnt locations can be partly
explained by the minor losses associated with thel fentering the heat exchanger

channels.

5.3 Two-Phase Flow Distribution

Flow distribution is quantified in this study by a®iring the channel mass flow rates
and the inlet qualities. This section presentsdis¢ribution results and discusses the
significance of the header flow regimes and pa#sgure drops. Additionally, the liquid

and vapor distributions in the alternative headmmngetries are shown and explained.



First, a representative data point is presentatift@n distribution characteristics are
discussed. The sample case has an inlet maseffb& 7 kg m? s* and an inlet quality
of 0.49 (central conditions in the test matrixJ.he normalized mass flow rate and inlet
quality into each channel for this condition ar@wh in Figure 5.12. The figure also

includes a photograph of the two-phase flow patiteside the header.
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Figure 5.12: Total normalized mass flow rate and ta inlet quality into each channel
and an image of the header flow patterns for inletonditions of Gin = 59.7 kg n¥ s*
and xin = 0.49

The flow regime in the header is gravity-dominatetich forces the liquid to flow
down the channels closest to the inlet port. Cqumesetly, most of the fluid entering
channels 1 and 2 is in the liquid phase, as indicéty the low inlet qualities in these
channels. The channel inlet quality steadily risethe axial direction until channel 5. At
this point, most of the liquid has exited the headesulting in channel inlet qualities near

1 in the latter half of the manifold. There isliglst drop in the inlet quality into the last
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channel, which may be due to edge effects, althdlgiigh measurement uncertainty at
this location should be noted. The uncertaintyibearsects 1; therefore, it is difficult to

say anything definitive about the effect of theuiall on the liquid distribution.

The high liquid flow rates in the channels neateste inlet port cause the total mass
flow rates through those channels to be the largesause the liquid density is much
greater than the vapor densipy{p,, = 31.5). For this representative case, the normalized
mass flow rate is largest in the first channel, e steadily decreases until channel 5.
The total mass flow rate then levels out becaus& wfdhe fluid entering the channels far

from the inlet is in the vapor phase, which teraldistribute well.

The data presented in Figure 5.12 are shown instesfnthe phase flow rates
(calculated with Equation 4.26) in Figure 5.13fimther discussion. As described above,
the liquid enters the channels closest to the mhet the vapor predominantly distributes
into downstream channels. For this condition, al80%6 of the liquid exits through the

first three channels and the flow is relatively distributed.
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Figure 5.13: Normalized liquid and vapor flow ratesat the entrance of each channel
for header inlet conditions ofGin = 59.7 kg ¥ s* and xin = 0.49

Although the sample case presented above providsights into typical
distribution trends, flow distribution is heavilyepgendent on the header inlet condition.
The remainder of this section presents the flowribistion data collected for a large range
of inlet mass fluxesGin = 23.9 to 95.7 kg rAs?) and qualitiesXn = 0 to 1). The trends
are explained using insights from the header flattguns and the path pressure drop

characteristics, and the overall degree of malbigiion is quantified.

5.3.1 Effect of Inlet Quality on Distribution

The distribution in the rectangular header was meaisfor inlet qualities between
0.1 and 0.9, subcooled liquid and superheated vipes. The normalized liquid and
vapor flow rates at the entrance of each channeh imange of header inlet qualities are

shown in Figure 5.14.
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Figure 5.14: Normalized liquid and vapor flow ratesat the inlet of each channel
when two-phase flow enters the header at a mass flof 59.8 kg n? st and qualities
between 0.11 and 0.89

When the refrigerant enters the header in the tyr@aminated regimex = 0.1 to
0.5 forGin = 59.8 kg n? s1), the highest liquid flow rate occurs in the fieattlet channel.
For high inlet qualities within this regime, thegdid mass flow rate monotonically
decreases in channel locations farther from thet.inHowever, at low inlet qualities the
liquid flow rates are nearly equal in the firsteea channels. For example, when the fluid
enters the header at an inlet quality of 0.1, ipeid distributes evenly in the first three
channels, and then tapers off in channels fartb@mndtream. The factors causing the
observed liquid distribution trends at low inletadjties were explored with the detailed

model described in Chapter 6 that predicts thespresprofiles in each flow path.
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When the refrigerant enters the header at a quaflifyl, most of the fluid is in the
liquid phase. If all the liquid enters the firstaminel and the vapor distributes evenly into
the remaining channels, the pressure drops acemssflow path would not be equal, as
shown in Figure 5.15. In this scenario, the fechinnel contains single-phase liquid
throughout its entire length. This would resultaitarge gravitational pressure gain but
would also cause an extremely high frictional punessirop because of the high Reynolds
number of the flow. All remaining channels in theat exchanger would contain
approximately 11.1% of the inlet vapor flow rate (0% of the total inlet mass flow rate).
Although these channels contain two-phase flowfribBonal pressure drop is lower than
the single-phase liquid channel because of thasaily lower mass fluxes. This is offset
by a lower gravitational pressure gain, but ovesedissure gain in the two-phase channels
is higher than the single-phase liquid channele pressure difference across each path
must be equal; therefore, the case shown in Figdieis not physically possible. Pressure
drop limits the maximum possible liquid flow ratea single channel, which results in the
observed low-quality liquid distribution trends shoin Figure 5.14. The limitations on
the liquid distribution that result from requirentgron the path pressure drops are

discussed in more detail in Chapter 6.
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Figure 5.15: Path pressure profiles throughout tessection forGin = 59.8 kg n¥ s?
and xin = 0.11 assuming all the liquid entering the heatxehanger exits through the
first channel.

When the refrigerant enters the header in the mamexdominated regimexif = 0.6
to 0.9 forGin = 59.8 kg n? s?), the distribution characteristics are differefihis regime
allows the liquid to flow unstratified through tkere of the header past the first channel.
For these cases, the peak liquid flow rate is gdlyein the second channel, as shown in

Figure 5.14.

The degree of liquid and vapor maldistribution, inked using the normalized
standard deviation (Equation 4.27), is shown agnatfon of the header inlet quality in
Figure 5.16. The distribution is nearly perfect ®ngle-phase liquid and vapor inlet
conditions kin = 0 and 1, respectively). However, the distribntis generally poor when

the refrigerant enters the header as a two-phage fl
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Figure 5.16: Degree of maldistribution of the vaporand liquid phases

At low inlet qualities, the liquid distributes réksely well because the path pressure
drop requirements force more liquid into downstredrannels. As the quality increases,
the pressure drop limitations on the liquid disitibn decrease, and the overall distribution
worsens. At higher inlet qualities, the flow patten the header becomes momentum-
dominated. In this regime, more liquid enters cteds farther from the test section inlet
but the maximum normalized flow rate and the nundbehannels receiving liquid remain
approximately the same, which results in nearly shene degree of maldistribution.
Finally, at high inlet qualities, the liquid diditition deteriorates because there is relatively
little liquid entering the test section and it ancentrated in just a few channels, as shown

in Figure 5.14.
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Vapor tends to distribute well among (or acrossanetels that do not contain a
significant amount of liquid. When the liquid mdlesv rate in a channel is high, the vapor
flow rate is limited because two-phase frictionedgsure drop increases sustainably with
channel inlet quality, as shown in Figure 5.7(@&$.the header inlet quality increases, more
of the mass entering the heat exchanger is indperyphase and the average liquid flow
rates in the channels decreases. The lower litpudrates allow the vapor to distribute
more evenly throughout the heat exchanger. Tresgmenon reduces the degree of vapor

maldistribution at higher inlet qualities, as shawrrigure 5.16.

The liquid and vapor distribution trends explaie tltegree of maldistribution of the
total mass flow rate. As the quality increasesnfizero, the total mass flow distribution
worsens because the pressure drop restrictiondveniguid distribution become less
severe. As the inlet quality continues to increasare of the mass entering the component
is in the vapor phase, which tends to distributdl. w&he higher percentage of vapor
entering the header results in an overall improvenrethe distribution. The distribution
continues to improve with quality until near-petfelistribution is achieved at an inlet

quality of 1 (single-phase vapor inlet condition).

5.3.2 Effect of Inlet Mass Flux on Distribution

The normalized liquid and vapor flow rates at thérance of each channel for an
inlet quality of 0.50 and a range of inlet massdisiare shown in Figure 5.17. As the inlet
mass flux increases, the liquid enters the headéravhigher momentum. This pushes

more of liquid to downstream channels and shifésliduid distribution profile.
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Figure 5.17: Normalized liquid and vapor flow ratesat the inlet of each channel
when two-phase flow enters the header at a qualityf 0.50 and mass fluxes between

24.3 and 95.9 kg ni st

When the flow enters the header in the gravity-d@iad regimeGin = 24.3 to 59.8

kg m? st for xin = 0.50), the highest liquid flow rate is in theadinel closest to the inlet

port. As the inlet mass flux increase, more ligiloavs past the first channel in the header

and enters the second and third channels. Wheftothdransitions into the momentum-

dominated regime, the liquid has enough momentuowéocome gravity and flow through

the central part of the header. This continugsutsh more of the liquid downstream and

shifts the peak liquid flow rate into the secondruhel.

The vapor is highly mobile in the header and isrestricted by gravitational forces

in the same way that the liquid is. This allowswapor to distribute much more uniformly.
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The main factor that determines the vapor distitlouis the pressure drop through each
flow path. This requires low inlet vapor flow rati channels with high liquid flow rates
to prevent the pressure gain from decreasing beldat is achievable in the other
channels. This causes the vapor distribution toamthe liquid distribution. Therefore,
as the liquid flow rates increase in downstreamnobés, the vapor flow rates must

decrease, as shown in Figure 5.17.

The degree of liquid and vapor maldistributionhewn as a function of the header
inlet mass flux in Figure 5.18. The inlet mass fbauses more liquid to enter downstream
channels but does not have a strong influence@n\hrall distribution in the header. For
instance, the normalized liquid flow rates are hyetlie same for inlet mass fluxes of 59.8
and 95.9 kg M s. The only difference between these two cases iké channels that
exhibit the highest flow rates. At the lower infaaiss flux, the highest liquid flow rates
occur in channel 1, followed by 2 and 3. At a hiigllet mass flux, the highest liquid flow
rate occurs in channel 2, followed by channels@®&anAlthough the distribution profiles

differ between these two cases, they are equallglistabuted.
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Figure 5.18: Degree of maldistribution of the vapornd liquid phases with inlet
quality entering the header = 0.50 and varying inlemass flux

5.3.3 Alternative Geometries

A triangular shaped header and a header with a&gaide were also experimentally
evaluated. The triangular header was selectedaiatain higher fluid velocities as the
refrigerant flows away from the inlet, which coulttlp transport more liquid to
downstream channels. The vane header was deggnestrict flow through the vane and
into the initial channels to help transport moggiid away from the inlet. Dimensional
details of the vanes are provided in Chapter 4otédtraphs of the observed flow regimes
in each header are shown in Figure 5.19. The fiatterns inside the rectangular and
triangular headers are nearly identical. Bothiarthe stratified-wavy flow regime, and
other characteristics like the height of the sfiedipool are similar in the two headers. The

refrigerant in the vane header is still in thetsfiezl-wavy flow regime, but the liquid pool
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extends farther from the inlet. The differencethmliquid flow patterns are likely due to
a combination of the extra resistance in the véme& passages and the smaller effective

header cross-sectional area.

There are also some interesting flow phenomenaeiismall gap between the vane
and the bottom surface of the header. Near tharmgds to the third and fourth channels,
liquid slugs span the entire area. This resttletsmobility of the vapor in the header. The
distance between the vane and the bottom surfasesetabased on the size of the

rectangular header. The distribution propertiethefvane header design may improve if

this area is enlarged.

Figure 5.19: Photographs of the flow patterns in thk rectangular (top), triangular
(middle) and vane (bottom) headers with an inlet audition of Gin = 59.9 kg n¥ st
and xin = 0.30
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The liquid and vapor normalized flow rates througtheach heat exchanger are
shown in Figure 5.20 when the inlets are suppliét & mass flux of 59.8 kg ¥s* and
a quality of 0.30. There is no significant diffece between the distribution profiles in the
rectangular and triangular headers. In this ddearea restriction is not severe enough
near the inlet to increase the momentum of theidiqahase, resulting in a similar
distribution. The vane header can transport miopgd downstream, but it is still not
uniform. The vane restricts the liquid flow intet first two channels, but this affect
diminishes partway down the header. Once a ligluig forms in the gap between the vane
and the bottom surface of the header, the chamnelsrneath the slug contain high liquid

flow rates.

5.0

G,,=59.8 kg m2s™| X;, = 0.30
' ' ' ' ' ' —=— Rectangular
—aA— Triangular
—e— Vane

3.0 -

2.0

0.0
2.0 —

1.0 |

0.5 |

Norm. Vapor Flow (-) Norm. Liquid Flow (-)

5 6 7 8 9 10

0.0

Channel Number

Figure 5.20: Normalized liquid and vapor flow ratesentering each channel when the
heat exchangers are supplied with refrigerant at anass fluxes of 59.8 kg Mis* and
a quality of 0.30
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Despite the higher liquid flow rates in channelan@l 4, the liquid distribution in
the vane header is still better than that in tletaregular and triangular headers for the case
shown above. This is shown more clearly in Figud. For an inlet quality of 0.30, the
vane header reduces the normalized standard deviatithe total channel flow rates by
about 15%. The vaned header has the largest ingpattie distribution when the flow
regime at the header inlet is gravity-dominatetiisallows for a liquid pool to form that
extends farther from the inlet port. The trianguiaader did not significantly impact the

distribution for any of the conditions tested wath inlet mass flux of 59.8 kg frs™.

= 0.4

S ! ! ' ' | = Rectangular

IS | | 3 3 A Triangular

= [ g & Lo Vi

So3l e ST N— -

- I S S

> i ] 3

)] - : :

s | T

2 | |

ks 0.2 F E -------------------------------- .

c :

g 1 n

n | : :

A S e S .

N i L]

s |

ML

§ 00 1 L 1 N 1 N 1 " 1 N $
0.0 0.2 0.4 0.6 0.8 1.0

Inlet Quality (-)

Figure 5.21: Degree of maldistribution (NSTD) of tke total flow rate in three header
geometries for a range of inlet qualities

The degree of maldistribution is shown as a fumchf inlet mass flux in Figure

5.22. Again, the vaned header has the largestfibevieen the flow regime inside the
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header is gravity dominated, which occurs at loletiqualities and mass fluxes. These
results show that there are some cases where tieeheader improves the distribution, but
the design is not an ideal solution for all sitaai. Additionally, the maximum observed
decrease in the normalized standard deviation wisasound 37%, which occurred for a
condition that already had relatively good disttibn characteristicsGin = 35.9 kg nf s

1 xin = 0.70). Although this header geometry has pakrftirther design iterations are
needed to achieve a more significant improvemendigtribution. Specifically, the
distances between the vane and the edges of tHerhaad the size of the vane slots should

be further studied to optimize the design for difd inlet cases.

= p.4p Xin = 0.|30 .. Xip = 0.|50 . Xin = 0.|70
g £ il 1 = Rectangular
Eoashon 0L ... - £ 4 Triangular
g L i [ 2 ] i il e Vane
s e = '_
® 0.25 * i
- B e o gt s ettt o i Gt e e ettt e Al Ly et ninfelinbuiyiy Pt | Peimointen  puebuteintettatalein iyt iyt R e b s i T e e St e P e 1
o | % r i al .
= !
5 0.20 oo T i ------------------------------------- we... = -
c | | | 2 * 5
B 0-15 | iinteetrgmter i ooy iy I liet e e e el et S gy S Ertesoto oo gttt oy ot T~ """ % """ E """ e Sl miptesher oy polimteg bty et s by et 'i |
e | e i
010 - - - . - - - . = - = -
© cF: ae . . = W - . - - i
g 0.05
= I 1 1
§ 000 L 1 L | L | M L 1 " 1 " 1 ) " 1 L | " 1

20 40 60 80 20 40 60 80 20 40 60 80 100

Inlet Mass Flux (kg m2s™)

Figure 5.22: Degree of maldistribution (NSTD) of tke total flow rate in three header
geometries for inlet qualities of 0.30 (left), 0.5(Qcenter), and 0.70 (right) and a range
of inlet mass fluxes

Another important consideration in manifold desgjpressure drop. Reducing the

cross-sectional area or introducing features ihto header will inevitably increase the
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pressure drop. The measured pressure drops dlcedssader for a range of inlet qualities
and mass fluxes are shown in Figure 5.23 and Fi§L#4, respectively. The triangular
header increases the velocities as the fluid fldawnstream from the inlet port. This
results in higher frictional pressure losses, paldrly at the far end of the header. This is
seen in the results, where larger differences batwiiee rectangular and triangular header

pressure drop occur in the flow paths farther dameasn from the inlet (channels 6 and 9).

Channel 2 Channel 6 Channel 9
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Figure 5.23: Measured pressure drop between the hder inlet and the inlets of
channel 2 (left), channel 6 (middle) and channel @ight) for an inlet mass flux is
59.8 kg m? st

The vane header also increases the header prekspreompared to the baseline
rectangular case. The vane acts as a flow obgtnjethich forces the fluid to pass through
small slits in the vane or bypass the vane ondfieol right sides. This results in a large
minor loss, which ultimately increases the pressiuop across the manifold. Fortunately,

the header pressure drop does not increase smmifycat low inlet qualities and mass
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fluxes, where the vane header performs the besiweMer, these results show that this

geometry may not be well suited for cases that haytemass flow rates or qualities inside

the header.
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Figure 5.24: Measured pressure drop between the hder inlet and the inlets of
channel 2 (left), channel 6 (middle) and channel @ight) for an inlet quality is 0.50

5.4 Conclusions from Refrigerant Study

Two-phase flow distribution is heavily dependentloaflow regimes inside the heat

exchanger header and the pressure drop throughfleacpath in the component. This

study quantified the flow distribution and relatbeé findings to these two parameters.

Distribution data were collected over a wide ranfjpeader inlet qualities and mass

fluxes. The most significant changes in the ovetagree of maldistribution occurred

while varying the inlet quality into the test secti As the inlet quality increases, the liquid

distribution remains approximately the same, betvhpor distribution improves. This
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results in good distribution characteristics abhigialities when most of the fluid entering
the heat exchanger is in the vapor phase. Thedanfiation from this general trend occurs
at low qualities. For these conditions, pressup destrictions across each flow path

requires the liquid to distribute more evenly amghioves the overall distribution.

In contrast, the header inlet mass flux does net ha significant impact on the
distribution. Increasing the momentum of the ililgphase in the header transports more
liquid to downstream channels but results in loyuid flow rates in the channels closest
to the inlet port. The global effect is a shifitive flow distribution profile with nearly the
same degree of maldistribution (defined using tbemalized standard deviation). This
result is partially due to the overall length of theader. In all the cases tested, the liquid
did not have enough momentum to interact with drestirface of the header. A larger
influence may exist for much higher inlet mass @sxwhich would allow the liquid to
flow through the entire length of the header andract with the surfaces farthest from the

inlet.
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CHAPTER 6. DISTRIBUTION MODELING

Many investigators have studied two-phase flowritistion in different types of
heat exchanger headers. These studies have deatedshat many parameters affect
distribution in heat exchangers, including inlendiions (quality, mass flux, and fluid
properties), geometry of the header and channetspdentation of the heat exchanger.
However, modeling approaches to predict the licand vapor flow rates entering each
channel are lagging behind. Some researchersdensdoped empirical models based on
their experimental work (Watanabeal., 1995; Kimet al., 2011; Wijayantat al., 2017),
and others have developed more complex segmentddisniinat treat the manifold as a
series of T-junctions (Ablanquetal., 2010). The empirical models in the literaturealky
incorporate relevant non-dimensional parametert siscthe liquid and vapor Reynolds
numbers (inertial vs. viscous forces), the Froudmmlper (inertial vs. gravitational forces),
and the Weber number (surface tension vs. gramitaki forces) to capture the flow
phenomena. Although these models sometimes wollkfovethe experimental data for
which they were developed, they generally have poedictive capabilities for other heat
exchangers. For example, the Wijayagital. (2017), and Watanalet al. (1995) models
were used to predict the liquid flow distributionthe heat exchanger described in Chapter
4. The predictions are compared with the experiaietata in Figure 6.1. The accuracy of
these models was then evaluated using the absoletage deviationAAD), defined in
Equation 6.1. This calculation excludes cases miasured normalized liquid flow rates

below 0.05 to prevent the percent error from apgnogy infinity. The Watanabet al.
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(1995) model has the best predictive capabilibesthe absolute average deviation is still

high, with anAAD, = 131.0%.

n
Ypred — Vmeas

100%
AAD, = z (6.1)
n o Ymeas
i=1
® Watanabe et al. (1995)
10 ¢ Wijayanta et al. (2017)
! ? +25% "

oo

»
I

Predicted Normalized Liquid Flow (-)
=Y

0 2 R 6 | 8 | 10
Measured Normalized Liquid Flow (-)

Figure 6.1: Comparison between empirical two-phasBow distribution models and
the refrigerant experimental results

Another more complex modeling approach takes thegure drop across each flow
path into account by segmenting the header andneffgras shown in Figure 6.2. The
inlet quality into each channel is determined usingrjunction phase-splitting model and
the mass flux is determined by equating the presdtop across each flow path. These

types of models capture more of the physics iniideheat exchanger, but are highly



dependent on the correlations chosen to predidi¢hder and channel pressure drops, the

channel heat transfer coefficients, and the phpkthsg characteristics in the header.
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Figure 6.2: Detailed model to predict flow distribution that segments the header and
channels to obtain detailed information about the pessure drop across the
component (reproduced from Figure 2.5)

One potential deficiency in this approach is the eisT-junction models to describe
the flow in the header. These models are usualxeldped from experiments where the
flow enters a T-junction through a long straightughel. This allows the flow to fully
develop before it is split into the two perpendasydaths. Although a header can be viewed
as a series of T-junctions, the flow conditionseeing each one is far from this idealized
case. The differences can be seen when the ppkiseg model developed by Tae and
Cho (2006) for saturated refrigerants flowing thglour-junctions is used to predict the

inlet quality into each channel of the refrigeraeat exchanger described in Chapter 4.
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The results confirm that this type of phase-spiigtmodel cannot accurately describe the

complex flow mechanisms in a heat exchanger header.
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Figure 6.3: Comparison between the inlet qualitiepredicted using a T-junction
phase splitting correlation (Tae and Cho, 2006) anthe measured inlet qualities for
the refrigerant experiments

This chapter presents a modeling approach that ib@slaspects of the empirical
methods that focus on two-phase flow charactesistidhieaders and the detailed pressure
drop models that account for pressure drop req@ngsnin heat exchangers. The proposed
pressure drop model ensures that the predicteddistrbution is physically possible but
removes the use of T-junction correlations, whigd rzot very applicable to the complex
flow patterns in headers. The details of the madeldiscussed below, and the results are

compared with the experimental data presentedeptévious chapter.
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6.1 Pressure Drop Model

A detailed model of the test section was develdpepredict the pressure change
between the inlet and outlet of each flow pathisHection describes the structure of the
pressure drop model, while the following sectioas the model to predict the two-phase

flow distribution in horizontal plate-type heat &anger headers.

6.1.1 Header Pressure Drop

The pressure change across a flow path in a mhatimeel heat exchanger includes
the pressure drop across the inlet header, theyrmeeshange across the channels (including
the effects of friction, gravity and deceleratioahd the pressure drop across the outlet
header, as shown in Figure 6.4. The pressure dcopss the outlet header does not
significantly contribute to the total pressure adp@because the flow is single-phase. It is
therefore neglected in this analysis. The pressuoe in the inlet header has a larger effect

on the total pressure change and is included icdlmilations.

Figure 6.4: Contributions to the total path pressue drop (1 — inlet manifold, 2 —
channel, and 3 — outlet manifold)
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A common way to estimate the pressure drop acrdesbexchanger header is to
apply T-junction pressure drop models. These nsodetount for both the reversible
pressure change associated with flow deceleratiah the irreversible pressure drop
associated with minor and friction losses. Howgastdiscussed above, T-junction models
may not accurately represent the flow charactessti heat exchanger headers. The Tae
and Cho (2006) T-junction pressure drop model wadied to the conditions present in
the refrigerant header and the results were cordpaitd the measured data (Figure 6.5).
The T-junction model tends to underpredict the datdow inlet flow rates and qualities
and over predict the data at higher inlet flow saa@d qualities. The absolute average
deviation between the predicted and measured peedgsop is 43.5%, showing that it is

not an ideal modeling approach for this headerigardtion.

1000

®  Channel 2 S
e Channel 6 -;sz' 5
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| AAD = 43.5% vazma
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Predicted Pressure Drop (Pa)

10 P A | H HEH S U I
10 100 1000

Measured Pressure Drop (Pa)

Figure 6.5: Comparison between the header pressud¥op predicted using a T-
junction correlation (Tae and Cho, 2006) and the masured pressure drop for the
refrigerant experiments
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Although T-junction models are not very accurabe, general approach of treating
a header as a series of minor losses can be d ussftio describe the pressure drop. For
the headers considered in this work, the presssses result from the flow entering the
heat exchanger and turning 90 degrees, flowingutiiradhe header, and then turning 90
degrees and entering the heat exchanger channé®nsidering these different
contributions, a new correlation for predictinggsere drop in rectangular plate-type heat
exchanger headers was developed. The correlattudies pressure drop terms associated
with flow entering and exiting the header basedhanstandard approach for calculating
minor losses in two-phase flows (Ghiaasiaan, 20Which takes the form of a loss
coefficient multiplied by the dynamic pressure antivo-phase multiplier. The pressure
drop through the central part of the header isreged using a minor loss term calculated
with the average flow rate in the portion of theather under consideration. This
approximation does not capture the intricacieheffressure losses and recoveries in the

manifold but was found to work well for this sinfpid correlation approach.

The proposed correlation is shown in Equation 6lznew™ is the ratio of the
average flow rate in the area between the heali#rand the channel inlet to the total inlet
mass flow rate (Equation 6.3),, ;, is the velocity of the entire incoming mixture emhg
the header if it were flowing alone as a liquidhe feeder tubé= G,ie¢/p1), Uy, cn is the
velocity of the vapor in the channdls: G.,x. in/py,), and thep terms are two-phase
multipliers. The inlet two-phase multiplier is calated using the Friedel (1979)
correlation, which is a popular pressure drop méatetnacro-channels, while the channel
two-phase multiplier is calculated using the Kinddudawar (2012) correlation, which

is applicable to mini- and microchannels.

142



1 1
APheader = (Kin,l + Kin,zw*) Eplulzo,in¢lo,in + Kch Epvug,chcpv (6-2)

23':1 mheader []]

—— (6.3)
Nch [l] * mref,in

w*[i] =

The loss coefficients were determined using a s=jpa analysis on the data. The resulting
inlet loss coefficients in Equation 6.3 dfg, ; = 1.651 and(;, , = 6.761 and the channel

loss coefficient i, = 1.123.

The proposed correlation was used to predict tlagldrepressure drop for all inlet
conditions investigated in Chapter 5. The predietues are compared with the measured
data in Figure 6.6(a). The absolute average demié§AD) is 19.0%, but the correlation
shows better agreement for cases with inlet supakfrapor velocities greater than 0.4 m
s (AAD = 14.2%). The header pressure drop model is meledzlculate the total pressure
change across each flow path, but the header peedsnp only has a large influence on
the flow distribution if it significantly contribets to the total path pressure change. To
gain some insight into the effect of the predictemors at low inlet superficial vapor

velocities, the predicted header pressure dioy(uerpreqa) Was divided by the total

measured test section pressure dify§,,.4s), as shown in Equation 6.4.

AP
—_headerpred) . 1000 (6.4)

FA = |
P,header
’ AP
TS meas

In cases where the predicted value falls below 7B8%he measured value (low inlet

superficial vapor velocities), the header presdoop accounts for less than 1% of the total
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path pressure change. Even large errors in theehgmessure drop for these conditions
will not have a significant impact on the flow dibtution. Therefore, the simple model

presented in Equation 6.2 is sufficient for modglihe heat exchanger considered in this

work.
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Figure 6.6: A comparison between (a) the predictednd measured header pressure
drop and (b) the predicted and measured header presire drop divided by the total
test section pressure drop

6.1.2 Channel Pressure Drop

The pressure change across each channel musteatdetdrmined to calculate the
total pressure difference between the inlet anathiet of a heat exchanger. As discussed
in Chapter 5, the pressure change across the dsaimnthe refrigerant test section is
dependent on the frictional pressure losses, gtémital pressure gains, deceleration
pressure gains, and the condensation length. Tperseneters were calculated using a

segmented, coupled heat transfer and fluid dynamoidel of the test section developed on
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the Engineering Equation Solver (Klein, 2018) platform. The segmentation accodots

the changing fluid properties in the refrigerand aoolant channels.

The goal of the channel pressure drop model is¢arately predict the refrigerant-
side pressure change between the inlet and owdlieifoids, including contributions for the
refrigerant channel, measurement components antiaayxubing. A schematic of a
single heat exchanger channel attached to a TQ¥démsor and exit tubing is shown in
Figure 6.7. The refrigerant exits the inlet maluifand enters a short section of tubing
milled out of the manifold assembly blocB.f, 4ssp = 1.0 mm, Lep, q5sp = 27.8 mm).
This section of the channel was included in thagheto allow space for pressure taps,
connection fittings, and for gaskets to seal thetineader. The fluid then enters the tube-
in-tube heat exchanger (location 1 in Figure 6.[¢xe the refrigerant is condensed by cold
water that flows in a counterflow orientation thghuan outer annulus. The refrigerant
channel is 0.5 m long, but has a heat transfertheoigonly 0.41 m so that fittings can be
used to connect the heat exchanger with the indetifimld and the flow rate sensor. The
tubing segments upstream and downstream of the theatfer section are adiabatic
(Lqai = 0.045m). After the fluid is fully condensed and subcooiledhe heat transfer
portion of the test section, the refrigerant engetsne-of-flight flow rate sensor (location
2 in Figure 6.7). Although thermocouples and alkheater are inserted into the flow in
the sensor, the pressure drop is estimated folespitase flow through a pipe. Finally, the
refrigerant exits the heat exchanger channel thr@ushort section of tubing (location 2 in

Figure 6.7) that is attached to the exit manifold.

14=



Pref,in

Tref,in
Important Geometric Parameters
Drefjch 1.00 mm
(1) Heat Transfer D 2.00 mm
i Dw,aut 4.00 mm
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Lref,ch 0.50m
Pw,in Lw,ch 041m
: > Lror 0.09m
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(2) TOF Sensor {]

(3) Exit Tubing

Figure 6.7: Schematic of a single heat exchangeramnel with values for some of the
important geometric parameters

Fluid properties influence the pressure changesaca pipe, particularly for two-
phase flow (see Figure 5.7). To capture thesetaffall ten heat exchanger channels are
segmented, and the fluid states are solved at mad®. To decrease the computational
time requirements, each channel is divided so #naas with large changes in fluid
properties contained short segments, while otreasacontain longer segments. The first
segment includes the channel section in the irdatlar assembly block and the adiabatic
section. The refrigerant experiences a small ohandluid properties in this segment
mainly due to thermal losses to the environmerite uality change between the inlet and
the outlet of the first segment is always less tBabil; therefore, the local pressure

gradients should not change significantly throughitsilength. As a result, the first
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section of the heat exchanger channel is treateal fingle segment and is not further
subdivided. The section of the refrigerant charthat is actively cooled by the water
stream is divided into 30 segments to capturedlgelchanges in fluid properties. Fluid
properties have a larger effect on the pressune finotwo-phase flows than single-phase
flows; therefore, the condensing portion of therste is divided into 25 segments, while
the remaining length is divided into five segmentnally, the remaining parts of the test
section channels are treated as single segmenasideethe flow is single phase and the
fluid properties do not change significantly. Arsmary of the different nodes is provided

in Table 6.1.

Table 6.1: Description of the different nodes usetb model the heat exchanger
channels

Segment

Numbe Description Length

Portion of channel in inlet
0 header assembly block and0.072 m
inlet adiabatic section

1-25 Condensing length.(,,4)  Varies

25-30 Lyr — Leona Varies
31 Outlet adiabatic section 0.045 m
32 Time of flight sensor 0.093 m
33 Exit tubing 0.103 m

The fluid properties at the inlet of each nodecaleulated using the pressure drop
and an energy balance across the previous nodehasn in Equations 6.5 and 6.6,

respectively. In these equations;,, is defined as the pressure decrease betweerlghe in

and the outlet of the segment. If the pressur@ ismegative, the pressure gradient is



positive, and the downstream pressure will be highan the upstream pressure (due to

gravitational and deceleration effects).

Pipli] = P [i — 1] — APseg [i—1] (6.5)

_ Qseg [i - 1]
mch

hinli] = hip [i = 1] (6.6)

To close the model, the pressure drop and heatférarate across each segment must be

determined. The pressure drop in any two-phaseeegs calculated using Equation 6.7.

out out

dpP
—dP = f (—) dz + f [((1—a)p, + ap,lg dz
dz fric &

in

frictional gravitational

(6.7)

out
d [G*x* G?*(1—x)?
+f — +
J dz|pya  p(1—-a)

deceleration

The integrals in the two-phase pressure drop eguatie estimated using the trapezoidal

rule, defined in Equation 6.8, wheras an arbitrary variable.

% f2)+ (1)

. (6.8)

Y2
[ rda= -
Y1

Applying the trapezoidal rule, the frictional, git@tional and deceleration pressure drop

contributions are shown in Equations 6.9 - 6.Ilthkese equations) represents the value

of the parameter at the segment inlet, whilerepresents the value at the segment outlet.
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The two-phase multipliers in the frictional presswrop equation (Equation 6.9) are
calculated using a correlation from the literatur€he next section evaluates several
different correlations to determine the most appete one for this model. The void

fraction in the gravitational pressure drop equafiéquation 6.10) is calculated using the

Baroczy (1965b) correlation.

(GenXour)® (Genxin)?
derlc = seg l - hout ¢5,outfv,out + = h;n ¢v mfv in (6-9)
Dcnpy Dcnpy

Lsegg
dPgrav = i{[(1 - aout)pl + aoutpv] + [(1 - ain)pl + ainpv]} (610)

2
deecel — [Gc?hxgut xout) l l chxln xin)z (6.11)
Pv&out pl(l aout) Py&in pl(]- in)

When the fluid enters a segment below the saturagedt enthalpy (a location
downstream from where the fluid fully condensd®3,pressure drop calculation simplifies
to Equation 6.12. The fluid density is approxinhatonstant across each segment in the
subcooled liquid region; therefore, the averagesigiis used in the calculation and any

pressure change resulting from flow deceleratiareglected.

2
Lseg fout + fln
dp = — gl
20D 2 P9 seq (6.12)

gravitational

frictional

The friction factor f) in subcooled liquid segment is evaluated usireg@hurchill (1977b)

correlation.
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As shown above, the total pressure drop acrosgraesd is a function of several
fluid properties including quality, void fractiomnd the phase densities. Two fluid
properties are required to establish the stataéh eode; therefore, a heat transfer analysis
must be performed to calculate the enthalpy vamathrough the channel. The heat
transfer rate leaving the refrigerant in each nedmlculated using the thermal resistance
approach. A schematic of a single segment withéheant thermal resistances is shown
in Figure 6.8. Each thermal resistance is detegthusing the standard equations presented

in Chapter 4 (Nellis and Klein, 2009).

m,, : L
mref Rrad
Tw,i
T;'ef,i < ];ll'ﬂb
Rref,i Rwall,in Rw,i Rwall,o }?ins
Rnc

Figure 6.8: Schematic of a segment in the activetpoled portion of the refrigerant
channel with all relevant thermal resistances

The convective thermal resistancfls,( ;, R, ;, andRy.) all depend the magnitude
of the convective heat transfer coefficient fortedlciid stream. The refrigerant heat
transfer coefficient in the single-phase segmemsaalculated using the Churchill (1977a)
correlation, while the condensing heat transfeffament was evaluated using a correlation
from the literature. Several condensation heaisfea correlations are evaluated in the

next section to determine the most appropriatefon¢ghese conditions. The water-side
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heat transfer coefficient was calculated usingRlobsenowet al. (1998) correlation for
flow through an annulus, and the spatially averagatural convection heat transfer

coefficient was evaluated with the Raithby and Bladls (1998) correlation.

The UA-LMTD approach is used to calculate the heamtsfer rate between the
refrigerant and the water, and the thermal losseggins) to the ambient. For the segments
that are actively cooled, Equations 6.13 throudh @Gre used to calculate the heat leaving
the refrigerant in segme'n(Q'ref_W[i]). In these equations, the outlet fluid propertiem
the segment (for examplg,.([i + 1] andT,,[i]) are calculated iteratively using an energy

balance across each fluid stream.

1
Rref [l] + Rwall,in + Rw,in [l]

UAref—w[i] = (6-13)

1 (Tref[i] - Tw[i]) - (Tref[i + 1] - Tw[i + 1])
LMTDreg-wli] = Trorli] — T 11 (6.14)
In (Tref[i + 1] =T, [i + 1])

Qref—w [i] = UAref—w[i] X LMTDref—w[i] (6.15)

The heat gain from the ambient is similarly caltedbusing Equations 6.16 through 6.18.
The water gains heat from the ambient in all segsdrecause the annulus outlet
temperature never exceeds the ambient temperdiyg € 22°C). Again, the outlet fluid

states are solved iteratively using an energy loaldar both the refrigerant and water

streams.
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] 1
UAamb—w [l] - -1 (6.16)

; 1 1
Rw,out [i] + Rwall,out + Rjps + (Rrad + R_NC)

. (Tam - Tw[i]) - (Tam - Tw[i + 1])
LMTDgpmp—wli] = : 1 T _ T:[i] (6.17)
" (Tamb —T,li + 1])

Qamb—w[i] = UAamp-w [l] X LMTDgmp—w [l] (6-18)

The thermal losses and gains in the segments teah@ actively cooled are
evaluated using the same approach with a sliglitlgrent resistance network. The total
thermal resistance between the refrigerant and emhbfor these nodes include
contributions from the refrigerant convective remige, the conduction resistance through
the wall and insulation, and radiation and nate@ivection resistances at the surface.
Evaluating the heat transfer rates into and ouhefe segments closes the systems of
equations and allows for the iterative solutiontloé segmental pressure drops. The
pressure change between the inlet and outlet aftithanel can then be determined using

the calculated pressure difference across eachesggas shown in equation 6.19.

Nseg

Pch,in - Pch,out = Z dpP [l] (6-19)
i=0

6.1.3 Assessment of Correlations

The results from the model described in Section26ate highly dependent on the
two-phase frictional pressure drop and heat tramsfeelations used. Prediction of these

parameters is difficult in this case because ofdhge range of local qualities{, = 0 to
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1) and mass fluxesGf, = 15.8 to 543 kg m s') present in the test section channels.

Correlations must be chosen based on their apliigair the conditions of interest.

The measured channel pressure chanfdB.,(j] = APrs — APyeqaer[j]) was
compared to the model results using several diftezerrelations from the literature. The
measured and predicted values were specificallypemed for channels 2, 6 and 9, where
the header pressure drop was directly measuretiiallin the refrigerant heat transfer
coefficients in the two-phase segments were cakedilasing the Kim and Mudawar (2013)
correlation, which was developed for condensing/flo mini- and microchannels from a
large experimental database. Six different twospHhactional pressure drop correlations
(Friedel, 1979; Mishima and Hibiki, 1996; Garime#iaal., 2005; Li and Wu, 2010; Kim
and Mudawar, 2012; Andresehal., 2015) were then evaluated to determine those that
could most accurately predict the overall channesgure change. A comparison between
the measured and predicted pressure gain acrose#texchanger channels is shown in
Figure 6.9. As discussed in Chapter 5, the griwital pressure rise across the test section
causes the pressure to increase from the inlétet@atlet of the channels, which is why
the results are presented as pressure gains instéasses. The Garimelkt al. (2005)

correlation performed the best with an absoluteaye deviation of 10.9%.
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Figure 6.9: Comparison of overall channel pressurgain data with proposed model
using different frictional pressure drop correlations from the literature

The Garimellaet al. (2005) correlation was then used to calculateftiotional
pressure gradient in each two-phase segment, andif@rent heat transfer coefficient
correlations (Shah, 1979; Moser al., 1998; Shah, 2009; Kim and Mudawar, 2013;
Murphy, 2014; Keinath and Garimella, 2018) wereleatd for use in the proposed
model. Although the Shah (2009) correlation showebest overall performance with
an AAD of 10.8%, the results for different channels & same condition were relatively
scattered at low inlet flow rates. For this modtek important that the predicted pressure
change through each flow path is nearly equal fgivan inlet condition. Therefore, the
Kim and Mudawar (2013) correlation was selectedtliiss model because it is nearly as
accurate as the Shah (2009) correlatiBAY = 10.9%) and has less scatter at low inlet

flow rates.
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Figure 6.10: Comparison of overall channel pressurgain data with proposed model
using different heat transfer coefficient correlatons from the literature

6.1.4 Comparison with Representative Experimental Results

The proposed model was used to predict the temyerand pressure profiles across
the heat exchanger both to validate the model andain additional insight into the
parameters affecting pressure drop. The predlotsd temperature and pressure profiles
are presented for a sample inlet conditi@n € 59.8 kg nt st andxi» = 0.49 - central
condition in test matrix). The model inputs are theasured channel flow rates and the

measured inlet states to the refrigerant and coolzemnels.

The refrigerant and water temperatures are showngathe length of the heat
exchanger channel in Figure 6.11. The temperatfrethe refrigerant remains

approximately constant in the condensing regiom tieachannel inlet, but then decreases
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rapidly once the flow becomes subcooled. Thegefent temperature gradient is greater
than the water gradient because the refrigerant enasignificantly lower thermal
capacitance rateCf,; ~ 0.085W K~! and C,, ~ 2.120 W K~'). Finally, after the
refrigerant exits the actively cooled region of thst section, the temperature starts to rise
due to thermal gains from the environment. Theriglso shows the measured refrigerant
and water temperatures at the outlets of the ixeliamger. The model accurately predicts
these outlet temperatures, suggesting that theeohomrelations are appropriate for this
case.

G, = 59.9 kglm'z s, x;, = 0.49 (Ch 6)

Model | Experiment
[ J

34

30 Ref. Inlet Refrigerant
Water — b

26
22
18 - \
14 +

| Water Outlet
10 -

Temperature (°C)

Ref. Outlet

| Water Inlet
2 " 1 L 1 " 1

0.0 0.2 0.4 0.6 | 0.8
Length (m)

Figure 6.11: Predicted local refrigerant and watertemperatures throughout the
heat exchanger channel (channel 6) for the samplermdition

The difference between the inlet and local pressiwag the length of the heat
exchanger channel is shown in Figure 6.12. Thal fotessure difference is slightly

positive at the channel entrante= 0) due to the pressure losses in the headeatifped
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using Equation 6.2). In the two-phase region & ¢thannell{ = 0 to 0.183 m), the
frictional pressure gradient is relatively high atite gravitational and deceleration
contributions to the total pressure change are |@Wis results in a pressure drop in this
portion of the channelPetin > Pretioca). After the fluid fully condenses, the channel
frictional pressure gradient decreases, and thatgtimnal pressure gain increases due to
the substantial increase in fluid density. Tlaases the pressure to increase in the single-
phase region of the channkl£ 0.183 to 0.723 m). The gravitational effecs @minant

in this heat exchanger design; therefore, the pregsses between the inlet and the outlet

for all conditions testedPfet,in < Pref.ou).
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Figure 6.12: Predicted refrigerant pressure profilealong the length of the heat
exchanger channel (channel 6) for the sample conaht

Unlike in single-phase channel flows, there areyrm@mbinations of channel inlet

conditions that can result in the same overallqaressdrop. This can be seen by comparing



the pressure profiles in the channels with the &ivand highest inlet qualities for the
sample conditionGin = 59.8 kg n? s* andxi» = 0.49). Channel 1 has a low inlet quality
(%ch1 = 0.05), but since the liquid is much denser tthenvapor, the channel mass flux is
relatively high Gen1 = 357 kg n? s1). The low inlet quality results in a short twogse
region because only a small amount of heat neduaks temoved to fully condense the flow.
This would normally lead to a low frictional presswdrop, but in this case the frictional
pressure gradient is high in both the single- amolphase regions because of the high
mass flux in the channel. The flow enters themattannel in the test section at a higher
quality and a lower channel mass fluxh§ = 1.00,Gcno = 69.8 kg n? s1). The two-phase
length in this case is larger, but the mass flusigsificantly lower, resulting in a reduction
in the total frictional pressure drop. This isseff by a nearly equal decrease in the
gravitational pressure gain across the channemaiély resulting in the same total
pressure change across these different flow pdthis. analysis shows how different liquid
and vapor flow rates can result in the same tatedgure change, which allows for many
possible distribution profiles for a given set ailet conditions and geometric

characteristics.
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Figure 6.13: Predicted refrigerant total, frictional and gravitational pressure
profiles along the flow paths with the lowest (chamel 1) and highest (channel 9)
inlet qualities for the sample case

6.2 Limits to Degree of Liquid Maldistribution

The pressure drop through each flow path in a rehlinnel heat exchanger must be
equal. This requirement limits the possible flates into each channel, which can have a
large effect on the distribution. For example, éx@erimental data show several cases
were the liquid flow rates into channels far frdm tnlet port are nearly zero (Figure 5.13).
Two-phase pressure drop in the heat exchanger elsisndependent on the inlet quality
and total mass flow rate. As shown above, it ssfile to achieve the same path pressure
drop at different channel inlet qualities by adpgthe mass flux. However, the only way
to adhere to the path pressure drop requiremergs Wie fluid enters several channels at

a quality of one (no liquid flow at the inlet) i3 have equal mass fluxes in each (assuming
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negligible differences in the header pressure thetveen these channels). This result is

consistent with the experimental data shown in @rep

The path pressure drop requirements can also haigmidicant effect on the liquid
distribution in a heat exchanger, especially whnenfliow enters at a low inlet quality. For
example, if the fluid enters the header at an iqletlity of 0.10, ninety percent of the inlet
mass is in the liquid phase. If all the liquidensta single channel (most maldistributed
case), the channel mass flux would be extremely.hithe frictional pressure drop in this
channel would be excessive compared to channétsanigpor inlet condition because the
mass flow rate would be 81 times higher (vapor wdé required to distribute evenly in
remaining 9 channels, neglecting any pressure tirdipe header). In this case, the path
pressure drop requirements would restrict the didlaw rate in a single channel to match

the pressure change across the channels withetrgumlity of one.

The vapor is highly mobile in the header and wiitidbute into the heat exchanger
channels in a way that achieves equal path preslsaps. The liquid can generally only
distribute into channels near the inlet port beeaudoes not contain sufficient momentum
to move farther downstream. However, in somes;dke liquid is forced downstream by
the requirement that each flow path must have aalgaressure drop. This allows for the
distribution to improve as the inlet quality appebas zero. To understand the manner in
which the pressure drop requirements affect thadidow rates entering each channel,
the model described in the previous section was tesdetermine the worst possible liquid
distribution for each inlet case. The overall d&gof liquid maldistribution is described

using the normalized standard deviation, whicheifingd as the standard deviation of the
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inlet liquid flow rates into each channel dividegithe highest possible standard deviation

(Equation 6.20).

Nen(ors _ 1)2

NSTD, = Ziﬂ(m“ 1) (6.20)
(Nch - 1)Nch

The highest standard deviation occurs when aligoéd exiting the header is concentrated

in a single channel. This situation is only achigle when the liquid flow is not pressure

drop limited. In many cases, the highest posdlelgree of maldistribution requires the

liquid to flow down more than one channel becaugdtese limits NSTD; < 1).

The worst physically possible liquid distributics determined by assuming the
liquid exits the header down channels closestdarilet and the vapor distributes through
the remainder of the heat exchanger. First, tlesgure drop across each flow path is
calculated assuming that only liquid enters thst fahannel and only vapor enters the
remaining nine channels. If the pressure dropssctioe liquid channel is lower than that
in the vapor channels, then there are no restnistan the inlet liquid flow rates. If the
pressure drop across the liquid channel is grélager that in the vapor channels, some of
the liquid must continue downstream. The presduoe is then calculated assuming the
liquid distributes evenly into two channels and tagor distributes into the remaining
eight. This procedure is continued until the puessirop in the liquid channels is less than
the pressure drop in the vapor channels. Theitotathere this criterion is met is called
the transition channel, which has both liquid aagor flow. Only liquid is permitted to
enter locations upstream from the transition chbhrened only vapor is allowed

downstream. The flow rates in each channel are dlieéermined by equating the pressure
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drops across each flow path. The procedure is stioma sample cas&f = 59.8 kg n?

s?, xin = 0.49) in Figure 6.14, where the normalized pHiase rates are shown on the top
plots and the total path pressure drop (the pabsoire drop is negative in this case because
of the large gravitational pressure gains acrassdmponent) is shown in the bottom plots.
The first, second and third iterations are shown6it4(a), 6.14(b), and 6.14(c),
respectively. The transition channel in this dasghannel 2, and the worst possible liquid

distribution has a normalized standard deviatidow®ne.
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Figure 6.14: Normalized phase flow rates and pathressure drops in each channel
for model iterations one (a), two (b), and three (cused to find worst possible liquid
distribution

The worst possible liquid distribution was detared for a wide range of qualities
(0.1 to 0.9) and mass fluxes (23.9 and 95.7 Kgs) entering the heat exchanger. The
minimum number of channels containing liquid atitilet is shown in Figure 6.15 by the

different symbols. At high inlet qualities, thquiid is not restricted, and it can potentially
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exit the header through a single channel. At lowikat qualities and/or higher inlet mass
fluxes, only a fraction of the inlet liquid can ent single channel, requiring the remaining
liquid to continue downstream. This effect was tredreme at the lowest inlet qualities
tested, where the pressure drop requirements faheelijuid to enter a minimum of four

outlet channels.
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Figure 6.15: Minimum number of channels containindiquid at the inlet to achieve
equal pressure drop across each flow path

The limitations on the liquid flow rate througlsiaagle channel has a large impact
on the maximum possible degree of maldistributiorcases where the flow is forced to
enter several different flow paths. The maximuguid normalized standard deviation for
a range of inlet conditions is shown Figure 6.1 the inlet quality decreases and the

inlet mass flux increases, the potential degrd&oid maldistribution decreases.
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Figure 6.16: Maximum possible normalized standard dviation for a range of inlet
qualities and mass fluxes considering the pressud¥op requirements across the
heat exchanger

The normalized standard deviation trends showkigare 6.16 are discontinuous.
If the distribution is not limited by the pressudep constraints, all the liquid will flow
down the first channel and the worst cBSED, is 1. When liquid is forced into the second
channel, the normalized flow rate in the first amgirdrops from 10 to 5 as the flow rate in
the second channel increases from 0 to 5. Tlasdempanied by a drastic decrease in the
degree of maldistribution as the liquid startsriteethe second channel, but a more modest
decrease as the flow rate in the second channebagiges the first. Forcing some of the
liquid into the third channek; ., = m; c,, = 0.50— 0.33 andn; 3 = 0 — 0.33) has
the same effect on the degree of maldistributibay@y decreasing thdSTD, as liquid
start to enter the third channel, which diminishgst approaches the flow rate of the first
two channels. This trend is shown more clearlyFigure 6.17, which shows the

relationship between the normalized liquid flowerlinit in the first channel and the worst
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possible degree of liquid maldistributioNSTD|). The discontinuities in this trend

correspond to the changesNBTD, slope seen in the modeling results.
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Figure 6.17: Normalized standard deviation as a fuction of the normalized liquid
flow rate in the first channel (asm; ., decreases, more liquid is distributed to
downstream channels)

6.3 Liquid Distribution Prediction Approach

The worst possible distribution case bounds théesaable liquid flow rate in a given
channel but does not accurately predict the medsdisgribution. The two-phase flow
patterns in the header have a strong influencehenlituid distribution and must be
considered for any modeling efforts. A new modelsvdeveloped for refrigerant flow
distribution that considers the effects of momentuiscosity, and gravitational forces in
the header. Although surface tension will alsoaetghe liquid distribution, it was not

varied in the experimental study and was therefoteconsidered in the proposed model.
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The model first calculates the expected flow rateaigiven channel, and then
modifies the results based on the flow conditiomz®ng the header. A new parameter,
Spaseline, fepresents the expected ratio of the liquid flates in the channel to the flow
rate in the header immediately before the chammlet when the liquid momentum is
neglected. The effects of liquid momentum andgder flow regime are discussed later
in this section. Based on observations from thpegrents, the expected value of
Spaseline TOr cases that are not pressure drop limited igktp the projected area of the
channel perpendicular to the flow direction divideg the cross-sectional area of the
header. In cases were the path pressure drogctests limit the possible liquid flow rates
in a single channely, s.iine iS calculated using the maximum possible flow r@ee

Section 6.2):

Dch

1 — : Wheader
5baseline [l] =min mmax [l] (6.21)

Mheager (1]

For high header inlet velocities, the liquid flovstdibution can change drastically
from the predictions A, ,s.1ine- An example of this is shown in Figure 6.18.tHis case,
the flow enters the header in the momentum-domihat¢gime, meaning that the fluid
velocities are high enough to overcome to grawteti forces near the inlet. The fluid
momentum allows more of the liquid to skip over tinst channel thand, ce;ine Would
predict. Also, the conditions at the inlet canateea two-phase jet in the header. This

results in higher liquid flow rates in channel Iboas near the jet impact point.
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Figure 6.18: Comparison between the measured liquidistribution and the baseline
prediction (only a function of 84setine)

The proposed model captures the behavior of theifidhe header by correcting the
baseline prediction. The model contains two tertins:first describes the tendency for
more liquid to flow past channels near the inletttess momentum increases, while the
second captures the behavior of the jet. The medetmulated as a correctiondg,serine

in the form

6l[i] = Spaseline [MC +]C] (6.22)

whereM(C is a momentum-correction terfit; is a jet-correction term, ard is the fraction

of the liquid in the header that enters the cha(Belation 6.23).



m i
61[1:] —_ l,ch[ ] :
ml,header [l]

(6.23)

Many different functions were considered M andjC, and the final form was
selected based on the observed physical behaiiqrerimental data showed that for high
inlet momentum fluxesy; [i] is close to zero in the first channel due to kibflowing past
it through the central part of the headdiC(term), then peaks near the jet impact location,
usually in channel 2 or 3 term), and then returns ),,s.1ine- The momentum-
correction term must reduce the flow in channelsr iiee header inlet and approach 1 so
that the function can return to the baseline casedwnstream channels. The hyperbolic

tangent is appropriate to capture these physitedtst

The jet-correction term must increase the flovesain the channels near the jet
impact location, but not significantly affeéf[i] outside the area of influence of the jets.
A Gaussian distribution can describe this behawitih good control over the position and
area of influence of the jet, as well as the magi@tof the increase in liquid flow rates (the
height of the Gaussian peak). With these functidne correction terms can now be

described using Equations 6.24 and 6.25

MC = tanh(gp * l"[i]) (6.24)
(I*[i] = 2)? (6.25)
JC = x*exp T
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whereg is a function that specifies the behavior of thenmentum-correction term for
different inlet conditionsl* is the normalized channel positidi € pos.,/Lheqder), @and

A, x, andw represent the position, height, and width of tlaei§sian peak.

The functions describing the flow behavior in theader should capture the
important forces present, including inertia, gravitiscosity, and surface tension. The
non-dimensional parameters considered include rdifteforms of the Froude number
(relative importance of inertia and gravity) and fReynolds number (relative importance
of inertia and viscosity). The Weber number (ie@importance of inertia and surface
tension) and Bond numbers (relative importanceraVity and surface tension) are also
likely important, but the surface tension was natied in the experimental work, which
precluded obtaining any insights on the effectswface tension in the present study.
Future work in this area should focus on the effeftsurface tension on flow distribution

in plate-type heat exchangers.

The momentum correction term decreases the flogsnat channels near the inlet.
This term should have a larger effect as the moameeintering the header increases, which
allows more fluid to flow past the first channdlhis behavior is best described using the
inlet Froude number. The jet-correction term istoolled by several parameters. The
experimental results show that the peak locatiorbeadescribed as a function of the liquid
Reynolds number, the peak height is a functiomeihixture Froude number, and the peak

width remains relatively constant.

The final form of the proposed model is shown iu&ipn 6.26. The variations in

these effects with inlet flow conditions are captumwith the mixture Froude number
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(Frmix = G4/ (PEixinDing)) and the liquid Reynolds number (Re, =
G, (1 —xm)Dm/ul,m), where the mixture density is defined using thedvivaction

predicted with the Baroczy (1965b) correlat@,ix.in = @inPpin + (1 — @) prin)- All
the constants were determined from the refrigeeaperimental data using a regression

analysis.

Sl[i] = (Sbaseline [L] {tanh [AFrrﬁixl*[i]]

2
Fry(r);:zx69 . RelO.695
+ c g, €XP |~ 10.1 = I*[i] — 210

Constants A and B in Equation 6.26 are flow regtlependent, or in other words,

(6.26)

the amount of liquid that can skip past the chasnklsest to the inlet depends on whether
the flow is gravity-dominated or momentum-dominatdthe values of these constants are
shown in Table 6.2. The flow transitions from travity-dominated to the momentum-
dominated regime when the density-modified Froud@lmer increases above 0.72. The
density-modified Froude number (shown in Equatid2vpwas introduced by Taitel and
Dukler (1976) to describe two-phase flow regimesimsular channels and was found to
accurately predict the transition between the twa fegime categories seen in plate-type

heat exchanger headers (Section 5.1.1).

Fre= | L (6.27)

Pr— Py \/Dyg
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Table 6.2: Empirical constants used to predict liqid distribution in headers with a
two-phase inlet condition

Header Flow Regime A B
Gravity-Dominated 28.43 -0.43
Momentum-Dominated 73.85 -1.40

6.3.1 Comparison with Experiments

The liquid flow distribution model presented in Bfjon 6.26 is compared with the
measured data in Figure 6.19 for low, intermediatel high inlet qualities. At low inlet
qualities, the liquid flow rates in the channelamie inlet are limited by the path pressure
drop requirements. The proposed model accuratgdiuces this effect by predicting the
maximum possible liquid flow rate into each chanosing the approach outlined in
Section 6.2. The model also predicts the liquadrthution relatively well at intermediate
inlet qualities; however, the shift in liquid flol@ downstream channels starts to occur at
slightly lower qualities in the model than was sea&perimentally. Finally, at high inlet
gualities, the model predicts the general trends bve over-predicts the flow rate in the

first channel.
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Figure 6.19: Measured and predicted liquid flow raes in each heat exchanger
channel when fluid enters the header at a mass flwf 59.8 kg n? st and qualities of
0.10 (left), 0.49 (center) and 0.89 (right)

The model predictions are compared with the erpemial results for low and high
inlet mass flux conditions in Figure 6.26h(= 0.50). Again, the model accurately captures
both the trends and the magnitudes of the liqud ftates into each channel across the

range of conditions tested.
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Figure 6.20: Measured and predicted liquid flow raes in each heat exchanger
channel when fluid enters the header at a qualityfd.50 and mass fluxes of 35.8 kg
m2 st (left) and 83.7 kg n? s? (right)

The model was used to predict the liquid flow sdateeach channel for all the inlet
conditions that were experimentally evaluated. fdseilts are compared with the data in
Figure 6.21. The model results match the data foelhearly all cases, with an absolute
average deviation of 39.0%. Again, only channath weasured normalized liquid flow
rates above 0.05 were included in this calculatmreliminate any errors approaching
infinity. The model performs better in the gravitgminated flow regime (AAD = 35.1%)
than in the momentum-dominated regime (AAD = 45,7%#gly because the flow pattern
characteristics are simpler and easier to mathealigtidescribe. The largest errors occur
at very low measured flow rates. As the measuwrdd flow rate approaches zero, the
percent error tends to infinity; therefore, thisnd is expected. However, the percent
uncertainty of these data points is also high, endhany cases, the uncertainty bars

intersect the predicted values.
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Figure 6.21: Comparison between the measured and @dicted liquid flow rates in
each heat exchanger channel

6.4 Vapor Distribution Prediction Approach

The vapor distribution in a heat exchanger witkva-phase inlet condition can be
calculated with knowledge of the pressure droptaediquid distribution. This approach
guarantees that the resulting flow rate profiles physically consistent with the path
pressure drop requirements across the componéhér @uthors have developed empirical
correlations to predict both the liquid and vaplomf rates in each channel (Kist al.,
2011; Wijayanteet al., 2017), but these models potentially introducersrthat will result

in a predicted distribution that is not physicallyainable, e.g., by not conserving mass.
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The model presented in Section 6.1 was developedltolate the pressure profiles
in each flow path given the liquid and vapor floatas down each channel. The same
model was used to predict the vapor channel flaesrasing the predicted liquid flow rates
by equating the total pressure change acrossnifote paths and applying a mass balance
to the vapor phase (assuming no phase change occtine header). Although this
modeling approach is heavily dependent on the tyualdithe correlations used to predict
the liquid distribution, two-phase pressure dropsd acondensation heat transfer
coefficients, it calculates flow rates based onpgheameter that truly dictates the vapor

distribution.

The model was initially developed to calculate phessure drop for a given channel
inlet condition. Although it works well and pretidhe path flow rates with a reasonable
level of accuracy (see Section 6.1.4), it is coraponally expensive because it involves
the iterative solution of 8380 equations. Additily, the code is robust when it is supplied
with the inlet liquid and vapor flow rates, butréquires good guess values to solve for
phase flow rates using pressure drop informatidhe model in its present form is not
ideal for predicting the vapor flow distributiondaise of its rigid nature when attempting
to solve for phase flow rates. As a result, theovdlow rates were not calculated for every
inlet condition that was experimentally evaluatelhstead, the vapor distribution was
determined for a subset of the data to show thelitsabf the approach. The predicted
flow rates are compared with the experimental ohatiae next section. Future work should
focus on expanding the practicality of this apploady developing a simplified, more

flexible pressure drop model that can reliably predapor flow rates in heat exchangers.
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6.4.1 Comparison with Experiments

The vapor flow distribution predicted using the gs@re drop model is compared
with the experimental results for low, intermedjaded high inlet quality conditions in
Figure 6.22 Gin = 59.8 kg n? s%). The model correctly captures the vapor distityu

trends, and predicts most of the vapor flow ratgkinthe experimental error.
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Figure 6.22: Measured and predicted vapor flow rate in each heat exchanger
channel when fluid enters the header at a mass flwf 59.8 kg n? st and qualities of
0.10 (left), 0.49 (center) and 0.89 (right)

The vapor flow distribution was also calculated &low and high inlet mass flux
condition &in = 0.50). The results are compared with the erpantal data in Figure 6.23.
Again, the model accurately predicts both the tsemethd magnitude of the vapor

distribution for these conditions.
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Figure 6.23: Measured and predicted vapor flow rate in each heat exchanger
channel when fluid enters the header at a qualityfd).5 and mass fluxes of 35.8 kg
m2 st (left) and 83.7 kg n? st (right)

6.5 Conclusions on Flow Distribution Modeling

This study proposes a new approach to predictingydiaase flow distribution in
multi-channel heat exchangers that combines infoaomabout the header flow patterns
and component pressure drop. A detailed modéleofieat exchanger presented in Chapter
4 was developed to understand the relationshipdestvflow distribution and the pressure
change across each flow path. This model was tesdithd the worst possible liquid
distribution for a range of header inlet qualiteasd flow rates, which set limits on the
liquid flow rates in a single channel. Using tm&rmation and observations from the
experimental study, a liquid distribution model wadesveloped for refrigerant flows in
plate-type heat exchanger headers. The model realicpthe trends and magnitudes of
the liquid flow rates in each heat exchanger chiawite an absolute average deviation of

39.0%, which is a substantial improvement over ioémepirical models in the literature.
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The liquid flow rates were then used to predict whpor distribution using the detailed
pressure drop model. A schematic representatidheomodeling approach is shown in
Figure 6.24. The results shown that the approsiemiappropriate method for predicting
the vapor distribution characteristics in heat exagers. Future work should focus on
developing a simplified pressure drop model thduoes the computational time required

to predict the vapor flow rates.

This proposed modeling approach enables the prexlict the liquid and vapor flow
rates in each channel for microchannel refrigehamatt exchangers, but it also provides a
broader understanding of the parameters that affeet distribution. Many previous
researchers explain two-phase flow distributionedasolely on the flow patterns in the
header. This modeling work shows that the flowtgras are an important consideration,
but the pressure drop across each flow path mastka considered to fully understand

liquid and vapor distribution in a multi-channebh@xchanger.

Furthermore, this modeling approach is an effedtiamework for predicting flow
distribution in a broad range of heat exchangei®e path pressure drops in all multi-
channel heat exchangers restrict the possibledigod vapor flow rates and can have a
profound influence on distribution. Accounting tbe effects of pressure drop make the
results physically consistent and allow for acaai@edictions of both the liquid flow rates

(especially at low inlet qualities,) and vapor floates.

Distribution is also heavily dependent on the heaflev regime. A liquid
distribution model was developed from insights be tluid dynamics inside the header

and accounts for the important driving forces. Hpmlly, the relative effects of gravity,
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inertia, and viscosity were considered using theufle and Reynolds numbers. These
parameters are important for all heat exchangetd Wie orientation studied here
(horizontal header with vertical channels), whigheads the range of applicability of the
model. The results should be valid for horizomkdte-type heat exchanger headers,
although the correlation should be further validad®d refined for different geometries
(Lheader Aintet» Aneader, €1C.) and fluids. This work could be extendedrtss flow heat
exchangers with some consideration for the effettgeometry variations between plate-

type and cross flow headers, and expansion asaeshiters the header.

The liquid distribution model would not be directipplicable cases where the flow
patterns in the header differ substantially fromst seen in the rectangular header for
which it was developed. This can occur when femt@are added to the header to
improve distribution (protruding channels, guidees, etc.) or when the orientation is

changed. Inthese cases, a new liquid distributiodel must be developed to account
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for the changing flow regimes, but the overall mMddmmework can still be applied.

Detailed Heat Transfer
and Pressure Drop

Model of Heat
Exchanger

Model Inputs:
Ginr Xin
Ntrans =1 A 4

Assume Liquid Evenly
Distributes into

Nirans = Nirans +1
Channels 1 - Nyans

If Apch,l < Apch,]_g
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h 4

Equate Path Pressure
Drops and Calculate

Worst Possible Liquid
Distribution

Calculate &,5e1ine With
Equation 6.21

Calculate inlet parameters
(rhl iny Fr RE|, Frmix)

Calculate Channel
Liquid Flow Rates with
Equation 6.26

Apply AP Requirement and
Mass Balance

Calculate Channel
Vapor Flow Rates

Figure 6.24: Procedure for proposed model
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

A comprehensive study on the distribution of aitevamixtures and saturated
refrigerants in multi-channel heat exchangers wasdacted. The heat exchangers
considered here contain vertical parallel miniclsiconnected to a common horizontal
header with a rectangular cross section. The hegeemetries are based on those
commonly seen in plate-type heat exchangers. indiudy, fluid flowed through the
parallel channels in the direction of gravity (davard). Distribution experiments were
conducted on air-water mixtures with varying imedss fluxes (2.60 &in < 200 kg n¥ s
b, inlet qualities (0.05 xin < 0.35), outlet channel diameters (D& < 3 mm), and header
geometries (rectangular and triangular). Experisiem the distribution of saturated
refrigerants were conducted for multiple inlet méiggses (23.9 <Gi, < 95.7 kg n? s9),
inlet qualities (0.10 %in < 0.90), and header geometries (rectangular gulan, and vane)
for ten parallel 1-mm diameter channels functionasga counterflow water-cooled heat

exchanger.

An experimental approach and data analysis proeeduere developed for
identifying header flow patterns and evaluating ligaid and vapor flow rates into each
heat exchanger channel for a give set of inlet itmm$. The overall degree of
maldistribution was also determined so that diffiéi@ses could be directly compared. In
both the air-water and refrigerant distribution esiments, the header flow regimes were
categorized into five major groups: stratified stmpatratified wavy, smooth film, wavy
film, and churn-turbulent. Flow regime maps weeeeloped for both fluids based on the

saturated liquid and vapor velocities. The flowttgrans were then more broadly
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categorized into gravity-dominated (stratified-sittooand stratified-wavy) and
momentum-dominated (smooth film, wavy film and airturbulent) regimes, which have
distinctly different distribution characteristic¥he transition between these flow regimes
was defined using the density-modified Froude numbkich was later used to develop a

regime-specific liquid distribution model.

Header flow regimes have a strong influence ondigund vapor distribution. In the
air-water experiments, the worst liquid distributioccurred in the gravity dominated
regime. In many of these cases, all the liquigiend single channel resulting in the worst
possible distributionNSTD; = 1). At higher inlet mass fluxes and/or quaditithe flow
transitioned to more favorable flow regimes (mormentdominated), transporting a larger
portion of the liquid to downstream channels. émeral, the liquid and gas distribution

improved with increasing inlet mass fluxes and ijiesl

In the refrigerant experiments, the most significairanges in the overall degree of
maldistribution occurred while varying the inletadjty into the test section. As the inlet
quality increased, the liquid distribution remairegaproximately the same, but the vapor
distribution improved. This resulted in good dtsiition characteristics at high qualities
when most of the fluid entering the heat exchawgas in the vapor phase. The only
deviation from this general trend occurred at lavalgies. For these conditions, pressure

drop restrictions across each flow path requireditjuid to distribute more evenly.

In contrast, the header inlet mass flux did notehavsignificant impact on the
distribution in the refrigerant experiments. k&sing the momentum of the liquid phase

in the header transported more liquid to downstreaannels but resulted in low liquid
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flow rates in the channels closest to the inlet.p@he global effect was a shift in the flow
distribution profile with nearly the same degreer@ldistribution. This result is partially

due to the overall length of the header and thadifrange of mass fluxes tested.

This study also investigated the effect of hea@engetry on distribution. In the air-
water experiments, a triangular header was evaluatel compared with the baseline
rectangular one. The triangular header perforntigtityy better, reducing the average
liquid and gas normalized standard deviation by @0d 0.04, respectively. The largest
improvements in distribution occurred when theticlenditions were near a flow regime
transition. Conversely, in the refrigerant expens, the triangular header did not
significantly impact the distribution. This is ély a consequence of the overall length of
the refrigerant header, which is longer than tmenvaiter manifold header,a-w= 52.8 mm
VS. Lheaderre= 155 mm), because it feeds more heat exchangemels Nchaw= 3 and
Nchref = 10). This results in a more gradual reductiorciioss sectional area along the
header length, which does not considerably affhet liquid velocities near the inlet.
Therefore, the distribution characteristics of thetangular and triangular headers were
similar for these cases. A header with a guideewaas also evaluated in the refrigerant
heat exchanger. The vane header improved thabdistm, especially in the gravity-
dominated flow regime. The maximum observed dessrda the overall normalized
standard deviation was 37%. Further work is ne¢al@dprove and optimize the geometry

of vaned headers for use in plate-type heat exarang

Additionally, a distribution model was developed foorizontal plate-type heat
exchanger headers containing saturated refrigeranthe liquid distribution model

considers the limitations imposed by the presstop tequirements across each flow path,
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and the two-phase flow characteristics in the headlke vapor flow rates were calculated
by equating the pressure drop across each flow ysitly a detailed hydrodynamic and
heat transfer model of the component. The finalehwvas validated with the experimental
data and showed significant improvement over exgdiquid distribution models&AD, =

39.0%).

The findings of this study advance the understandirtwo-phase flow distribution
in heat exchangers. This understanding will featii future development of low pressure
drop methods to evenly distribute both the liquid &apor in manifolds. Mitigating flow
maldistribution in mini and microchannel heat exuipers can help enable the development
of extremely compact, cost effective heat exchanf@r a variety of power production,

heating, and/or cooling system.

7.1 Recommendations for Future Work

There are several opportunities for continued warkhe area of two-phase flow
distribution in heat exchangers. A summary of sahthe most important avenues for

further research is provided below.

* It is important to understand the effects of flpiperties on flow distribution,
particularly surface tension, density ratio anccessty ratio. This study focused
on the distribution characteristics of air-watextares and saturated refrigerants,
which have vastly different fluid properties. Atdnal systematic studies are
needed on saturated fluids with properties commosdéen in mini and
microchannel heat exchangers to further exploradlaionship between header

flow regimes and fluid properties.
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Although there have been many previous experimsiidies on flow distribution,
the effect of geometry (for example: the headegtlenchannel pitch, cross
sectional areas of the feeder tube, header, ahet ahannels, etc.) on distribution
are still not fully understood. Future work shodittus on characterizing two-
phase flow distribution for a variety of distributgeometries relevant to cross-
flow, plate-type, and shell-and-tube heat exchanger

The experimental approach used in this work pravidietailed information about
the flow distribution characteristics in heat exaers, but the facility was labor-
intensive to build and calibrate. Future work Idodevelop different approaches
to evaluate the degree of maldistribution for diéfe header designs using infrared
imaging or global performance parameters, whicHdcsimplify the experimental
setup.

The present study designed and experimentally atedu alternative header
geometries to improve distribution in plate-typ@ahexchanger. The vane header
showed some promise, but further work is needeaptonize the design and to
evaluate the performance of a larger range of plesgieometries that can be
integrated into plate-type heat exchangers. Otien@ation approach for headers
that aim to restrict the maximum channel flow ratest warrants further study is
restrictions that are based on the flow regime.r &mample, in the gravity-
dominated regime, the slots in the vane could balsmear the inlet and increase
in area further downstream.

The surface properties of the header could alsanbdified to improve flow

distribution. Additional research is needed toalep surfaces capable of wicking
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liquid refrigerants in specified directions andeigtating these surfaces into heat
exchanger headers.

A two-phase flow distribution model was developadthis study to predict the
liquid and vapor flow rates in each channel in atlexchanger. The model was
specifically developed for saturated refrigerantl3®a) flows into the heat
exchanger described in Chapter 4. Further studyemsded to determine the
applicability of this modeling approach for othefrigerants and horizontal header
geometries.

It was not possible in this study to measure tlallgelocity and pressure profiles
in the header. This type of information could iy the understanding of two-
phase flow distribution but is difficult to obta@gxperimentally. The development
of validated computational fluid dynamic (CFD) mésdeould provide local
velocity and pressure information in the headeramiver some of the

outstanding questions in this field.
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APPENDIX A. ANALYTICAL MODEL FOR TIME OF FLIGHT

SENSOR

This appendix introduces a simplified analyticdlgon for a thermal time of flight

sensor subject to a time dependent heat flux atnfleé boundary (Neumann boundary

condition). A general solution for the problem is derived dnel solution for a step heat

flux boundary condition is presented to predictaperation of the thermal TOF sensor.

A.1 Governing Equations

Heat transport in the sensor can be described éytvilo-dimensional unsteady
advection diffusion equation subject to a time-chejsant inlet boundary condition. This
analysis focuses on laminar flow because the Regnaimbers are below 2000 for all the

conditions tested. Therefore, the governing equdbr this problem can be expressed as:

or 6T_k6< 6T)+k62T+2 (aur>2 (A1)
Poae TP 5 T v ar " ar axz M or '

Chenet al. (2011) developed an analytical solution for thB advection diffusion
eqguation for a Robin (third-type) inlet boundarydtion, neglecting viscous dissipation.
They compared their 2-D solution with the resufta @-D axial model and found that the
results were nearly identical. Additionally, Beatht al. (2011) developed a 1-D analytical
model for a thermal TOF sensor assuming a consargerature inlet boundary condition.
The time-of-flight predictions from the model agiewell with both numerical and
experimental results. Additionally, viscous disdipn can be neglected in the devices

because the temperature gradients are relativebll gffar <<< 1). Based on these
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observations, the governing equation can be reduoethe one-dimensional time
dependent advection diffusion equation shown indiiqn A.2. For convenience, this
equation is non-dimensionalized using the transfafin= T (x,t) — T,, and normalized

using the scales” = x/L, t* = ut/L and8* = kAT /Q, L as follows:

10%9* 06" 06"

- — — A.2
Pe 9x*?> o0x* Ot (A-2)

This equation is subject to several restrictiolhe underlying assumptions are listed

below:

(a) Unsteady one-dimensional flow

(b) Laminar flow with negligible viscous dissipation

(c) Negligible radial conduction

(d) Constant fluid properties

Although Equation A.2 provides a starting point &osimplified analytical model, it
does not account for the parabolic velocity proditeany radial diffusion effects present in
the sensor. Aris (1956) first investigated cormegtithe dispersion coefficient when
predicting mass transfer phenomena in straightspigng a one-dimensional model.
Ajdari et al. (2006) extended this work by developing a metlodatrrect for 2-D thermal
diffusion effects using the mass transfer analoggr laminar flow in circular pipes, they
suggested using an effective thermal diffusivityxé1 + 0.0031Pe3) in the governing
equation. This effective thermal diffusivity wased in place of the actual thermal

diffusivity for this analysis.
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Boundary conditions applicable to the thermal T@Rs®r described above include
a periodic heat flux at the inlet (x = 0), spedifesf (t), and a temperature gradient equal
to zero at the outlet (x = L). The initial tempena distribution in the devices is assumed
to be uniform and is specified ag,. The initial and boundary conditions are

mathematically summarized below.

L
90*(x* =0,¢t) fl=t L
ox* 0 u
00" (x* =1,t*
( - )=0 V>0 (A.4)
dx
*(x*t*=0)=0 0<x*<1 (A.5)

A.2 Derivation of Analytical Solution for Arbitrar y f(t)

The analytical solution is derived using a Lapla@sform with respect to the
dimensionless timet", where 8(x* s) = L[6*(x*,t*)] = fowe*(x*,t*)e‘“*dt* and
F(s)=L [f (%t)] = f0°°f (%t) e st’dt* . The Laplace transform is then modified
using the approach developed by Guergtm. (2009), as shown in Equation A.6.

9(x*,s) = [6(x*,5) — F(s)] exp (—%x*) (A.6)

This transformation converts the governing equatibma purely diffusive problem,
which allows for a more straight-forward analysi$he final forms of the governing

equation and boundary conditions are shown in EgpsA.7 to A.9, respectively.
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1 0%9 [Pe Pe
- _ (= = ——x* A.7
Peaer (3 +9)9 = sF@ew (-7 A7)
99(x* =0,s) P
W& =05) Pey o _ps=0 (A.8)
dx* 2
d9(x* =1,5) P
(x—s)+—e19(x* =1,5)=0 (A.9)
dx* 2

These equations are then solved using the geméeglal transform technique (Hahn
and Ozisik, 2012). A normalized eigenfunctio(s,,, x*) is chosen so that the governing
equation is in the form of the Sturm-Liouville pteim subject to the same boundary

conditions shown above (Equations A.8 and A.9).

42X (x")
dx*z

+B*X(x*) =0 (A.10)

Evaluating Equation A.10, the eigenfunction anderiglue g,,) can be expressed as:

X(Byx") = N Bmcos(Bmx™) + %Sin(ﬂmx*)

(A.11)
Pe
2 —_
A2+ >
2 Pe
P—'Z — Bmcotfy, = T (A.12)
Therefore, the generalized integral transform famaithis problem is:
_ 1
I(x*,s) =f X(Bm, x)9(x*,s)dx” (A.13)
0
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9(x", ) = Z X(B x)3(x%, 5) (A.14)

Finally, completing the integral transformation givby Equations A.13 and A.14,

one can obtain the following result f6tx*, s):

sPmPe  —V2F(s)

A2+ 2s (A.15)
222 + %

2
whereA? = B2 + P%. The analytical solution in the time domain canebsily retrieved

9(x*,s) =

by reversing all the variable transformations aaddrtg the inverse Laplace transform of
the expression. The inverse Laplace transform @ambiained using the convolution
method. The dimensionless temperature distributiothe time domain can then be

expressed by Equation A.16:

0" (x",t*) = F (%t) _ i M(Bp x"IN By t) (A.16)
m=1

In the above equation, the functialsandN are expressed as:

M(ﬂm'x*) =

gy Pes
2PeBn | Bmcos(Bmx”) + - sin(Bmx")) exp(Pe ) (A.17)

# () B

R

=

L
F (: r) e¥dr (A.18)
0
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B  Pe

wherey = e T

A.3 Model for TOF Flow Meter

Finally, a closed-form solution for boundary comatis relevant to the thermal time
of flight sensor is developed. The sensor isatetl by supplying a voltage to the heater

for 1 second, or mathematically:

f(®) =Qy[H(t) —H(t—1)] (A.19)

Using the general solution given in Equation A.ttfs temperature at a given time and

position can be expressed using Equation A.20:

0° (", t") = [1 —H (% (" — 1))] _ i My, xIN (B £ (A.20)

In this solution, the function® (S3,,, x*) and N (B,,, t*) are given in Equations A.17 and

A.21, respectively.

N(t*) = [1 _H (% & - 1))] et (A.21)

— (v —H(E - vtgr = L ruy _
wherel = [ _ <1 H (E (t 1))) eVt dr ~exp ( 5 ) 1.
A.4 Comparison with Experimental Data

The predictions of the analytical model are comgharéth the experimental data

here. One major limitation of the model is the ai®@ensional assumption. As discussed
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in the previous section, radial diffusion may sfigrintly affect the measured time of flight,

especially at low velocities. This effect cann@ taptured by the proposed model;
therefore, it was initially compared with experintedrcases where radial diffusion effects
are minimal, e.g., when the temperature differdmeteveen the wall and the centerline is

the largest.

Two representative velocities were chosen for medidiation: one velocity in the
lower range and another in the upper range. Thedemture profiles calculated using the
analytical model and the experimental data for ayermrefrigerant velocities of 6 mrit s
and 15 mm 3§, respectively, are compared in Fig. 10 (a) and The results show good
gualitative agreement; however, there is a phageb&ween the results. As discussed
previously, this lag can be attributed to off-cenf@acement of the heater or
thermocouples, mixing induced by components infline stream, thermal capacitances,
and diffusion effects. However, despite the re@simplicity of the model, it was able to
provide a good estimate for time of flight and #fere can give some insight into the

design of TOF sensors for different operating coods.
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Figure A.1: Comparison of analytical model and expemental data for (a) u = 6
mm st and (b) 15 mm s.. Experimental results correspond to cases with thhighest
radial temperature gradient.

In addition to comparing the temperature profilesldbw and high velocity cases,
the time of flight predicted by the analytical mba@s compared with the measured values
over the entire velocity range. These resultsshmvn in Fig. 11. This plot presents the
analytically derived time of flight at the first@isecond thermocouple locations as squares
and diamonds, respectively. Additionally, all d¢fetcollected experimental data for
velocities ranging from 1 to 20 mrt sind radial temperature differend@,,;; — Thase)

between about 0 and 3.5 K are shown in the shaztgdns.
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Figure A.2: Comparison between the measured time dlight and the analytical
results over the full sensor range

The lower bound of these regions corresponds toctdses with the highest
temperature difference between the sensor waltt@bulk fluid and therefore the lowest
rates of radial diffusion away from the centerlinEhe analytical model is able to predict
the trend and the magnitude of the time of fliglellor these conditions, with an average
error of about 8.5%. Most of the predicted valaeslower than the experimental data, as
discussed above. However, at a velocity of 1 rirtise analytical model over-predicts
the data by about 50%. The model is unstable whkmlating temperatures at times near
zero, especially at low flow rates. At a veloafyl mm &', the temperatures predicted by
the model are erroneous and do not follow the corends below times of about 5

seconds. This instability is likely leading to tlaege errors at low flow rates.
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APPENDIX B. SAMPLE CALCULATION

This appendix presents the data analysis appreactrépresentative data point used
to calculate the flow distribution in the refrigataxperiments. The methods to calculate
the inlet ambient losses (section B.1), the mass dihd quality entering the test section
(section B.2), the channel ambient gains (secti@), Bhe mass flux and quality entering
the heat exchanger channels (section B.4) andaheed of maldistribution in the heat
exchanger (section B.5) are presented in the tddalesv. The calculations are shown for
the data collected using the rectangular headah&central condition in the test matrix
(Gin =59.7 kg ' s%, xin = 0.50). For all channel-specific calculatiots measured values

for channel 2 are used. All relevant data collédbe this case are shown in Table 4.6.

B.1 Inlet Ambient Losses

The fluid state at the test section inlet is clatad from an energy balance across
the preheater. The refrigerant enters the prehaata subcooled liquid and the fluid state
is established using the temperature and pressiireartridge heater then adds enough
heat to the fluid to reach the specified inlet gydbr the experiment. The heater power
is measured using a wattmeter, but the thermaksoss the environment must also be
considered to accurately calculate the fluid sthtihe test section inlet. The losses were
calculated in the section of the heater assemldy ¢bntains the cartridge heater, the
section that does not contain the cartridge heatetthe inlet piping. Important geometric
characteristics of the heater assembly are showhabile B.1 and a schematic of the

preheater and the inlet piping is shown in Figurk. B
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Test Section Refrigerant

? Inlet
[ ] _l_
Heater

._h—

>le
l 50mm ' 25 mm I\Pressure Tap

Figure B.1: Schematic of the preheater assembly arttie tubing connecting it to the
test section.

Table B.1: Geometric specifications of the preheatend the preheater housing

assembly
Dimension Symbol Value
Heater Length Ln 172 mm
Heater Diameter Dn 12.7 mm
Assembly Length Lassb 197 mm
Assembly Inner Dassb,in 17.9 mm
Diameter
Assembly Outer Dassb,out 38.1 mm
Diameter
Minimum Insulation thins 25.4 mm
Thicknes

The method used to calculate the losses in theeptehand inlet piping is shown in
Table B.2 for the sample case. All measured viagaére shown in blue, and values that
were calculated iteratively are shown in red. Galeulation approach is described in more

detail in Chapter 4.



Table B.2: Inlet heat loss — sample calculation

Inputs Equations Results
Calculation of Ambient Losses in the Portion of Assembly Containing the Preheater

Tyren,in = 12.6°C p _ Ppren,in + Ppren,out Fpreh = 775.5 kPa

Pyrenin = 774 kPa preh = Teqr = 30.2°C

Porenout = 777 kPa Tsat = f (Ppren) Rprenin = 69011 ] kg™
hprenin = f(Tpreh;in' Ppren,in) hsqey = 93872] kgt
hsat,l =f(x=0, Ppreh)

mref =9.81x107* kg s7t Q:sens =.mref * [hsa.t,l - hpreh,in] Qsens =244W

hp‘reh,in =69011J kg_l Quat = Qref,preh — Qsens Qiae = 82.8W

hsae, = 93872 ] kg™

Qrefpren = 107.2W

Torenin = 12.6°C T _ (Tpreh.in + Tsat) Qsens Tpreh = 28.2°C

’1.15‘” =30.2°C pret 2 Qref.Preh

Qsens =244 W Qlat

Qlat = 82.8 W + Tsat (Q—>

Qrefpren = 107.2W refpreh

htc, = 10000 W m™2K ™1 R _ 1 Ryern =0.010K W1

(assumed) n7el = Ftcn X tDusspinln

Dasspin = 0.018 m

L, =0.172m

Material = Stainless AISI304 Ty, = Tyren (@Ssumed) Tossp = 28.2°C

Tyren = 28.2°C kassp = f(Material, Togs) kassp = 149 W m 1K !

Dgssp,in = 0.018 m In (Dassb,out) Ryaun = 0.047 K W1

Dassb,out = 0.038m R _ Dassb,in

L, =0.172m WLt T o Ly asss

Dgssp,in = 0.018 m In (Dassb,out + 2thins> Rinsn = 18.29K wt

Dassb,out = 0.038m R, _ Dassb,out

L, =0172m insh 27 Ly K

thiys = 0.025 m

kips = 0.043 W m™1K!

Tamp = 22.8°C T Tamp + Tins,out Tout = 23.2°C = 296.3 K

Tins,out = 23.6°C out = 2 Dins,out = 0.089 m

Dysshoue = 0.038 m Dins,out = Dassp,out + 2thins Rygan = 4422 K W1

thips = 0.025m R _ 1

Lh = 0'172 m radh 4'(7TDL'ns,outLassb)0-67_13

€ = 0.8 (assumed)

Toue = 23.2°C Air Properties = (Toue) Pamp) B, = 0.00338 K1

Pymp = 101 kPa v, = 1.55x 107> m? s~!

a, = 212X 107> m?s7?!
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Table B.2: Inlet heat loss — sample calculation (ot'd)

Inputs Equations Results

Tamp = 22.8°C _ gD?ns,outﬁa(Tins,out — Tamp) Rag; = 55780

Tins,out = 23.6°C Ragyr = Vol N'LLNC = 6.90

Dins,out =0.089m NuNC = f(Raair, Prair) htCNC =197W m__lzK_l
L, =0.172m Calculated w/ Churchill & Chu (1975)  Rnvcn = 10.6 KW

B, = 0.00338 K1 Nuyck

Ve =155%x10"5m?s™t hteye =

aa = 2.12 X 10_5 mzs_l ins,out
R - -
e T[Dins,outthtCNC
Rregn = 0010 K W™ Riotan = Rrepn + Rwan + Rinsn Riotan =215 KW=
Rwall,h =0.047 K W1 N 1 . 1 1
= -1
Rins,h =183KW Rrad‘h RNC‘h
Rrad,h =442 KW™?
RNC,h =106 KW
T b=22.8°C . Th . -T ) : ——
TZ:;h = 28.2°C Qloss,h = % |Qloss,h .
total
Riptar = 215K W1
Tamb = 22.8°C ) 1 1 -1 Tins,out — 23.6°C
Rrad,h =442KW™? Tins,out = QlOsS'h (Rradh RNC h>
Rycn = 10.6 K w1t , :
‘ + Tamb

Qloss,h =025W

Calculation of ambient lossesin portion of assembly that does not contain the preheater

htcr R = 1 RTef,assb,e =0.070K w1
(= 10000(‘;;/ m=2K ref.assb.e htCh X ﬂDassb,inLassb,e
assume

Dasspin = 0.018 m
Lasspe = 0.025m

kossp = 149 W m™'K ™! In (Dassb,out) Ryaiiassp.e

Dgsspin = 0.018 m R _ Dyssp,in =0318K W

Dassb,out =0.038m watl.assb.e 27TLassb,ekassb

Lasspe = 0.025m

Dgssp,our = 0.038m In ( Dins,out ) Rinsasspe = 123.5K w1
Dins,out = 0.089m Rins assb,e = M

Lassb,e =0.025m ' ' 27TLassb,ekins

kins = 0.043 W m- 1K1

Toue = 296.3 K 1 Rraqassbe = 29.85 K W1

R =
Dins,out =0.089m rad,assb,e 3

Lgsspe = 0.025m
€ = 0.8 (assumed)

4'(T[Dins,outLassb,e)O-E’rout
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Table B.2: Inlet heat loss — sample calculation (ot'd)

Inputs Equations Results
htcye = 1.97 W m™2K™1 R B 1 Rycassbe = 71.58 K W1
Dins,out =0.089m NC.assbe 7TDL'ns,outLassb,ehtCNC

Lasspe = 0.025m

Rref,assb,e =0.07KW™! Rtot,assb,e = R‘ref,assb,e + Rwall,assb,e Rtot,assb,e =1449K W™

Rwall,assb,e =0318KwW! + Rins,assb,e
Rins,assb,e =124KW™! + 1
Rrad,assb,e =299KwW™! Rrad,assb,e
Rycasspe = 71.6 K w-t 1 -1

_

RNC,assb,e>

Ppreh,out =777 kPa Tpreh,out = f(Ppreh,out) Tpreh,out =30.3°C
Tamp = 22.8°C 0 _ Tyrenout — Tamp Quoss,assb,e = 0.05 W
Rtot,assb,e =145K W™t toss.assbe Rtot,assb,e
Qloss,h =025W Qloss,assb = Qloss,h + Qloss,assb,e |Qloss,assb =030W

Qloss,assb,e =0.05W

Calculation of Ambient Losses in Feeder Tube

Myer = 9.81 X 107 kg s™"  htcpeeq htCreeq
Ppreh,out =777 kPa = f(mref' Ppreh,outﬁxpreh,out' Dfeed) =1051W m™?K™!
Xprenout = 0.488 Calculated with Shah (2009)
Dinter = 4.57 X 103 m
htCreeq = 1051 W m™2K ! R _ 1 Ryef foea = 0.914 K W1
Dinter = 457 X 1073 m Ter It T htcroea X TDimerLseea
Lfeed =0.076 m
kfeed =149W m™K™! In (Dfeed,out) Ryaifeea = 0.046 KW™1
Dreea,out = 6.35x 107> m Ryall feed = %
Dinlet =4.57 X 10_3 m watkfee Zaneedkfeed
Lfeed = 0076 m
Dfeed,out = 6.35 X 1073 m I (Dfeed_out + 2thins> Rins feea = 106.7 K w1
n
thi,s = 0.025m R. _ Dfeed,out
Lieeq = 0.076 m ins,feed 2nLsecakins
kins = 0.043 W m- 1K1
Tout = 2963 K Rrad,feed Rrad,feed = 1548 K W_:L
Dfccaous = 635103 m 1
. = - — 3
thms 0.025m 4’”(Dfeed,out + Zthins)LfeedUETout

Lfeed = 0076 m
€ = 0.8 (assumed)
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Table B.2: Inlet heat loss — sample calculation (ot'd)

Inputs Equations Results
htCNC = 1.97 Wm_ZK_l RNC,feed RNC,feed = 31.91 K W_1
Dfcedour = 635 X103 m 1
thins =0.025m T[(Dfeed,out + Zthins)LfeedhtCNC
Lyeea = 0.076 m
Rref,feed =0914K W' Rtot,feed = Rref,feed + Rwall,feed Rtot,feed =1181K W™
Rwall,feed =0.046 K W1 + Rins,feed
Rins feeq = 106.7 K W1 . 1
Rrad,feed = 154‘8 K W_1 Rrad,feed
Ryc feea = 3191 K W1 1 \?
)
RNC,feed

= ° . T, —-T -

;pre: 'O_ut22 50%3 ¢ onss,feed = —prezoutf amb QlOSS.feed =0.06 W
amb — . tot,feed

Riotfeea = 1181 K W1

Calculation of Conduction Losses through Frame

Qheater =108.0W Qloss,cond ) |Qloss,cond = 0464 W
= 0.0992 x exp(0.0143 Qpeater)

B.2 Test Section Inlet Conditions

Two-phase flow distribution is significantly afted by the header inlet conditions.
In this study, the distribution was quantified daraction of the inlet mass flux and quality.
The equations used to calculate the inlet masq@a) and quality Xin) are shown in Table
B.3 for the sample case. All measured variableshown in blue, while all values either
calculated or specified by the manufacturer arevehio black. The calculation approach

is also described in detail in Chapter 4.
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Table B.3: Test section inlet conditions — sampleatculation

Inputs Equations Results

Myer = 9.81 X 107 * kg s™* G = 4MMyer IGm =59.76 kg m2s~!
Dinter = 4.57 X 1073 m m T[Diznlet

Q:loss,h =025W Qloss = Qloss,h + Q‘lo'ss,assb,e Qloss =082W
Qloss,assb,e =0.05wW + Qloss,feed

Qloss,feed =006 W + Qloss,cond

Qloss,cond = 046 w

Myer = 9.81 X 107 kg st h -1 " Qheater - Qloss hrsin = 178264 ] kg_l
h"preh,in = 69011 kg—l TS,in — I'preh,in mref

Qheater =108W

Qross = 0.82W

hrsin = 178264 ] kg_l Xin = f(Ppreh,out' hrs,in) X, = 0.488

Pprenout =777 kPa

B.3 Channel Ambient Gains

The inlet quality into each heat exchanger chamehlculated from an energy
balance across the coolant stream. Although miosteoenergy into the coolant stream
comes from the condensing refrigerant, the flugbajains some heat from the warmer
ambient environment. The thermal gains betweerathbient and the chilled water are
calculated using a thermal resistance network. arfaysis includes the contributions of
the coolant convective resistance, the conductsestance through the tube wall and the
insulation, and the natural convection and radmtesistances. The calculations of these
resistances and the ambient thermal gains are simohable B.4. All measured variables
are shown in blue, all values either calculatedpmrcified by the manufacturer are shown
in black, and variables that were calculated iteesit are shown in red. More information

about these calculations is provided in Sectior24.3
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Table B.4: Ambient gains from environment— sample @culation

Inputs Equations Results
Tw,in[2] = 6.04°C o (Twml2) + Ty ouel2]) T, [2] = 8.24°C
Ty ouel2] = 10.43°C Lvl2l = 5 B, = 183.6 kPa
Pyin = 195.4 kPa 5 _ Py.in + P out

Pyout = 172 kPa v 2

my[2] hte, (2] = f(m,[2], T,y [2], htc, (2]

=485x10"*kg st

T, [2] = 8.24°C

B, = 183.6 kPa
Dapnin = 0.002m
Dann.oue = 0.004m
Lyr = 041m

htc,,[2]

=2240 W m™2K?!
Dannour = 0.004m
Lyr =041m

Dannout = 0.004m
Dwall,out = 0006 m
LHT = 0.4’1 m

kwall =1494W m_lK_l

thins = 0.025 m

Kins = 0.043 W m 1K1

Pitch., = 0.015m
LHT = 0.4’1 m

Tins.oue = 19.93°C
Tomp = 22.79°C
Pymp = 101.3 kPa
Lyr = 041m

hteyel2]
=275Wm2K™!
Pitch., = 0.015m
Lyr =041m
Tinsout = 293.1 K
Tamp = 295.9K
Pitch,, = 0.015m
Lyr =041m

€ = 0.8 (assumed)

Pwr Dann,in’ Dann,out LHT)
Calculated w/ Rohsenow al. (1998)

1

R 2] =

water[2] htc,, [Z]nDann,outLCh

In (M )

r = \Dannouc)

wall = o Lyrkywan
R _ thins

T kins (2Pitchey Lyr)

htCNC [2] = f(Tins,out' Tamb) Pamp, LHT)
Calculated w/ Raithby and Hollands
(1998)

1
Rycl2] =
wel2] htcyc[2]2Pitchoy Ly
= _ Tins,out + Tamb
T‘rad,out - f
1
Rrad [2] 3

(ZPitChchLHT)UE4Trad,out

=2240 W m™2K?!

R,[2] = 0.088 K w1

Rwall =0.011K VV_1

Rins = 48.02 K W1

hteyc[2]
=220Wm2K™?!

Rycl2] =36.94K W1

R,pal2] = 17.54 K W1

R,[2] = 0.088 K W1
Ry = 0.011 K W1
Ry = 48.02K W1
Ryc[2] =36.94 K W™?
Ryqal2] = 17.54 K W1

Rtot,amb [2] = Rw [2] + Rwall + Rins

-1
" (Rl 2" Rmi [2]>

Rtot,amb [2]
=60.02K W1
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Table B.4: Ambient gains from environment— sample &culation (cont’d)

Inputs Equations Results
Ty,inl2] = 6.04°C LMTD gy [2] LMTDgpp[2] = 14.45°C
Tw,out [2] = 10.43°C — (Tamb - Tw,in [2]) - (Tamb - Tw,out [2])
Tamb =2959K In ( Tamb — Tw,in[z] )
Tamb - Tw,out [2]
LMTD,,,,[2] = 14.45°C . LMTDgp[2] Oump[2] = 0.241 W
- 2] = —— b i

Reotaml2] = 60.02 K =t Cams[2] =37 o) o
Tamb =2959K Tins,out [2] = Tamb - Tins,out [2] = 19.93°C
Qump[2] = 0.241 W , 1 1\
Rycl[2] =36.94 K w~? Qamp[2] (RNC 21 R d[2]>

ra

Ryqal2] = 17.54 K W1

B.4 Channel Inlet Conditions

Flow distribution in a heat exchanger is fully adefil by the mass fluxes and the inlet
gualities (or the inlet liquid and vapor flow rat@sto each channel. This section outlines
the approach used to calculate these values (Bab)e All measured variables are shown
in blue and all values either calculated or spediby the manufacturer are shown in black.
Some variables are also shown with multiple ursteams. Any variable that is presented
in non-Sl units is shown in green. More informatebout these calculations is provided

in Section 4.3.2.

Table B.5: Phase flow rates into heat exchanger chaels — sample calculation

Inputs Equations Results

TTOF[Z] = 10.24°C Pref,TOF [2] = f(TTOF [Z]ﬁPref,out) Pref,TOF [2] = 1262 kg m~3

Profout = 770.4 kPa

Dror = 0.0038 m Drop\? Aror = 114 X 1075 m?
Aror = ”( 2 )

ﬁref[z] = 13.16 mm 5_1 m‘ref[z] = pref,TOF[Z]ﬁ‘ref[Z]ATOF m‘ref[z] = 1.89 x 10_4 kg 5_1
G‘ref [2] = Pref,TOF [Z]ﬁref [2] mré’f [2] =1136g min™"
Grer[2] = 241 kg m™2s71
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Table B.5: Phase flow rates into heat exchanger chaels — sample calculation

(cont’d)

Inputs

Equations

Results

Tref,out[z] =9.76°C
Prof.out = 770.4 kPa

T,y m[2] = 6.04°C
Ty ouc[2] = 10.43°C
Py in = 195.4 kPa
Py oue = 172 kPa

my[2]
=485x10"*kgs!
hyyin[2] = 25560 ] kg™t
huw out[2] = 43940 | kg™t

mref[z]
=189x10"*kgs?
href,out =65170] kg_l
0,[2] =892wW
Oumpl2] = 0.241 W

href,in[z]
=110980 ] kg~?!
Pref,in =776 kPa

mref[z]
=189x10"*kgs!
xref,in[z] = 0.098

mref[z]
=189x10"*kgs?
mv,ref[z]
=1.87x105kgs™?!

mref[l- ' Nch]
mv,ref [1- . Nch]
ml,ref [1- . Nch]

-1

My, er[2] = 1.12 g min
My rer[2] = 10.2 g min
My reftor = 25.6 g min
ml_ref,wt = 33.6 gmin~

-1
-1

1

href,out 2] = f(Tref,out [2]'Pref,out)

hw,in [2] = f(Tw,in [2]: Pw,in)

hw,out [2] = f(Tw,out [Z]ﬁPw,out)

Qw [2] = mw [2] (hw,out [2] - hw,in [2])

href,in [2] = href,out[z]

Qw [2] - Qamb [2]

mref [2]

Xref,in (2] = f(Pref,in' href,in [2])

mv,ref [2] = Xref,in [Z]mref [2]

ml,ref [2] = mref 2] - mv,ref [2]

Nch
mref,tot = Z mref [{]
i=1
Ncp
ml,ref,tot = Z mref [l]
i=1

Nch

mv,ref,tot = Z mref [{]

i=1

mv,ref [2]
mv,ref,tot
ml,ref [2]

ml,ref,tot

m;,ref [2] =

mzref [2] =

href,out = 65170 kg_l

hyin[2] = 25560 ] kg™
hoy oue[2] = 43940 ] kg1

0,[2] =8.92wW

href,in[z]
=110980] kg~

|xref,in[2] = 0.098|

mv,ref[z]
=1.87x105kg st
My repl2] = 1.12 g min™!
ml,ref[z]

=171x10"* kg s~

Myrer[2] = 10.2 g min™!

mref,tot
=9.86x10"*kgs?!

Myef tor = 59.1 g min™*

mv,‘ref,tot
=426%x10"* kg s

mv.ref,tot =256g min~?!

ml,ref,tot
=559%x10"* kg s

Myref or = 33.6 g min™"

|m,§,ref[2] = 0.438|
|m;ref[2] = 3.053|
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B.5 Degree of Maldistribution

The normalized standard deviatiddSID) was used to quantify the overall degree
of maldistribution for a given inlet condition. iBhparameter is the ratio of the standard
deviation of the channel flow rates to the maximpassible standard deviation. The
definition of this variable bounds the degree ofdisdribution between 1 (worst possible
distribution) and O (perfect distribution). The thmad used to calculate tiNSTD for the
liquid phase, vapor phase, and total flow is shawhable B.6. More information about

the calculation is included in Section 4.3.3.

Table B.6: Degree of maldistribution NSTD) — sample calculation

Inputs Equations Results
M or[1.. Nop PO 2 NSTD, = 0.110
v,ref ch NSTD. — Z?I:f(my,ref [l] _ 1) v
v (Nch - 1)Nch
M rer[1.. Ney] Nons on 2 NSTD; = 0.516
Lref L1 Ne o Tt (1] e [ — 1)
: (Nen = DNen
(1. Nop ] Nens ov 2 NSTD,,, = 0.248
ref [ NSTD _ Zi:f(m‘ref [l] _ 1) tot
ot (Nch - 1)Nch
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APPENDIX C. REFRIGERANT FACILITY VALIDATION

C.1 Mass Balance

In this study, a time of flight sensor was devetbfeemeasure the average refrigerant
velocity in each heat exchanger channel. Thessosenvere calibrated with refrigerants
at conditions similar to those seen in the distidyuexperiments. The measured flow rates
were further verified by comparing the total makswnfrate entering the test section
(measured with a Coriolis flow meter) with the sofrthe time of flight measurements.
The results are shown in Figure C.1. The mass fldes through the inlet port and the
channels balance to within £5% except for the laweket flow rates. Some of the
measured channel flow rates at very low inlet nlases were outside the TOF calibration

range, which is likely contributing to these errors

100 I I T I I
90 -
70 | P i 4

60 - & _

)
40 | A .

30 - o -

Total Mass Flow Rate - TOF (g/min)

20 / 4 1 1 | 1 1 1 1
20 30 40 50 60 70 80 90100

Total Mass Flow Rate - Coriolis (g/min)

Figure C.1: Mass balance between the header inlehd channels in the rectangular
header distribution experiments
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C.2 Flow Instabilities

Flow instabilities can occur in multi-channel heathangers, which can result in
temporally changing flow distribution charactegsti(Ruspiniet al., 2014). Flow
oscillations between different flow paths can ddgraystem control and performance and
lead to thermal oscillations in the component. €liNt al. (2018) found that oscillations
can occur in condensing flows with a range of digsliand mass fluxes that were similar
to those investigated in the present maldistribuégperiments. Therefore, the data were
examined to determine the occurrence of flow asidhs occur and their effect on header

flow regimes and distribution.

Flow instabilities can be directly measured by nanmg variations in the channel
flow rates; however, time of flight sensors havevasampling rate and are not well suited
for unsteady flows. The liquid and vapor flow saterough each channel describe two-
phase flow distribution, but also set the pressliop across the component. If the flow
rates through different channels are oscillatihg, total or header pressure drops should
also vary with time. The differential pressurensducers connected to the facility have
high sampling rates (1000 samples/second) and eamséd to identify conditions that
result in unstable flows. The pressure drop wasito@d over a 30 second period for all
the conditions tested and inspected for evidend®wf instabilities. An example of the
collected pressure drop data is shown in Figure(Gi2= 59.8 kg nt s* andxin = 0.30).
Most of the heat exchanger pressure drop dataitrmw15 Pa of the average value (<1%
deviation from the average), while most of the leequtessure drop data are within £3 Pa
of the average value (<2.5% deviation from the age). Although there are some

oscillations in these measurements, the amplitddieeocoscillations is on the same order

20¢



of magnitude as the transducer uncertainty. Thg kv amplitude of the oscillation
behavior suggests that significant flow instalabtiare not present in the heat exchanger

for these inlet conditions.

—— Total Heat Exchager AP
—— Header AP

I

Yy »w w

m T "

Deviation from Average (Pa)

Time (s)

Figure C.2: Deviations in the pressure drop measuraents over time Gin = 59.8 Xin
=0.30)

The standard deviations of the heat exchangespresirop measurements over
time are shown as a function of the inlet qualityrigure C.3. The standard deviations of
the pressure drop measurements are less than &d%s ghe entire quality range, again
suggesting that significant flow instabilities @t present in these experiments. There is
no attempt in the present work to characterize odehpotential flow instabilities in the
condenser because no evidence of instabilitieswald have a large impact of flow

distribution were observed.

20¢



0.01 2 T T T T T T T T

0.009

0.006

0.003
p

AP;g Standard Deviation (kPa)

o0 L 0+ ..
0.0 0.2 0.4 0.6 0.8 1.0

Inlet Quality

Figure C.3: Standard deviation of the test sectiopressure drop measurement over
30 seconds
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