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ABSTRACT

Microchannel heat exchangers (MCHXs) have been widely used in the heating, ventilating,
air conditioning, and refrigeration (HVAC&R) industry for their compactness and high heat
transfer coefficient. However, they often underperform because of the flow maldistribution among
parallel microchannel tubes, which is caused by pressure drop, as well as uneven phase distribution
in headers. This non-uniform distribution of refrigerant creates an unwanted superheated region,
which has a lower heat transfer coefficient and a smaller temperature difference between the
refrigerant and heat-source fluid, thus decreases the heat transfer rate. This dissertation presents
an experimental and numerical study of pressure drop in inlet and outlet header for both single-

phase and two-phase flow in MCHXs.

The first focus of this work is the experimental investigation of the pressure drop and the
development of a new set of correlations for pressure loss coefficients for single-phase flow
through round headers of parallel MCHXs. Compressed air is adopted as working fluid. The tested
velocity through the header ranges from 1 m/s to 20 m/s while the velocity through the
microchannel tube ranges from 6 m/s to 30 m/s, based on those commonly used in MCHXs.
Correlations for predicting pressure drop of inlet header and outlet header are proposed, and 98%

of experimental data fall into a deviation of £15 Pa.

Then, the single-phase flow distribution in MCHXs is numerically investigated. The new
generated correlations and two other methods are used in a 1-D finite volume approach to evaluate
single-phase pressure drop in headers of MCHXs, to predict mass flow rate distribution in
microchannel tubes, and the results are compared with a Hydraulic-CFD Linked model, in which

the flow in headers are simulated in 3-D by ANSYS Fluent. The results show that the 1-D finite



volume models show a difference in the prediction of flow rate distribution. The model in which
the flow passage in the header is assumed to be a series of dividing and combining T-manifolds
shows a satisfactory agreement with the Hydraulic-CFD Linked model in the perspectives of mass

flow rate distribution.

The last experimental part of this study presents an investigation of the pressure drop in
two-phase flow, for which flow visualization and pressure drop measurements are conducted in a
vertical upward flow in a round inlet header with R134a. Pressure profiles and flow regimes for
different mass fluxes and vapor qualities are demonstrated. Results show that pressure drop in the
header is affected significantly by flow morphology in the header. The influences of inlet mass

flux and vapor quality on the pressure drop are also presented.



To my family, for their love and support



ACKNOWLEDGMENTS

First and foremost, | would like to thank my Ph.D. advisor, Professor Pega Hrnjak, for all
his mentoring, guidance, and patience throughout my journey. He is a great and compassionate
mentor, and | will always be indebted to him for all his support.

I would also like to thank my committee members, Professor Tony Jacobi, Professor Stefan
Elbel, and Professor Yuanhui Zhang for their insightful comments. They were very helpful and
understanding throughout my graduate studies.

| wish to give special thanks to my incredible colleague and friend, Hongliang Qian. This
dissertation would have never been possible without his invaluable help. Many thanks to my
former and current colleagues, for their companionship, and help during my years at the University
of Illinois: Professor Blake Johnson, Professor Kyle Smith, Professor Nenad Miljkovic, Wenzhe
Li, Jun Li, Abdel Rahman Farraj, Sugun Tej Inampudi, Tao Ren, Huize Li, Jiu Xu, Wenying
Zhang, Lili Feng, Bruno Kimura de Carvalho, Yufang Yao, Bill Davies, Neal Lawrence, Yang
Zou, Yuping Gao, Yupeng Wang, and many others. | would also like to thank Creative Thermal
Solution and the sponsors of ACRC for their support of my work.

In addition, 1 want to express my deepest gratitude to my amazing parents, Hamid and
Sedigheh, who have always been there for me, and my lovely siblings, Ali, Leila, and Goli. Being
away from them was the hardest thing | had to go through all these years, and their unconditional
love and support gave me the strength to move forward.

Last but certainly not least, | want to thank my wife, my best friend, and the love of my
life, Zahra. We have shared this ride together and have been through all the ups and downs
together. | feel lucky and blessed beyond words to have her by my side on this challenging path. I

cannot thank her enough for all she has done for me.

\



TABLE OF CONTENTS

LIST OF FIGURES ... .ottt viii
LIST OF TABLES. ...ttt e s n e nnn e neennne s Xi
NOMENCLATURE ...t e e n e nne e xii
CHAPTER 1: INtrOUUCTION ...ttt 1
I I T 1ot 0 (01U T SRRSO 1
1.2: Structure of the DISSErtatiON.........c.eoeiiirieiii e 5
CHAPTER 2: LITEratUr FEVIBW.........cueiiiiteieiisiesteieieste ettt ettt ene 6
2.1: Pressure drop iN NEAUEIS. ........ccvoii et sre et 9
2.2: Modeling of diStriDULION. .........cooiiiccece e 11
CHAPTER 3: Single-phase flow pressure drop in the header............cccocvveieiieiievecce e, 19
3.1 INEFOAUCTION .. b bbbt b bbb en 19
KB =151 - (o] 1 1 SRS 20
3.3: DALtA FEAUCTION ...ttt bbbttt 25
3.4: RESUILS aNd QISCUSSION.......c.veuiiiiiiietiiteet ettt 28
B4 L1 INIEE NEAAET ...t 28
3.4.2: OULIEE NEAET ...t 38

3.5: SuMMary and CONCIUSION ........cuiiiiiicie et re e 49
CHAPTER 4: Single-phase flow distribution in MCHXS .........ccccciiiiiiiin e 50
4.1 INEFOAUCTION ... bbbttt b bbbt 50
4.2: Hydraulic-CFD Linked mMOdel .........ccooiiiiiiiie e 51
4.3: Hydraulic 1-D MOEL.........ooiiiiieece et 57

Vi



4,47 RESUITS AN QISCUSSION. ... ettt ettt e e e e ettt e e e e e e e et e e e e e e e e e e neeeens 61

4.5: SUMMary and CONCIUSTON ........cuiiieiice et e e re e 69
CHAPTER 5: Two-phase flow pressure drop in the header in vertical upward flow ................... 70
5,11 INEFOAUCTION ...t r et b et 70
5.2: Vertical tube with header-like protruSions ...........cccecvevieereiieeseese e 71
ST I 1151 = Tod | ]SSPSR 71
5.2.2: DAta FEAUCTION ...ttt 75
5.2.31 RESUIES ...ttt 75

5.3: Vertical INIet NEAAET .........ccooiiieee e 81
5.3, TESEFACHIILY et 81
5.3.2: DaAta FEAUCTION ...ttt 82
5.3.31 RESUIES ...t 85

5.4: SUMMary and CONCIUSION ........ccuiiiiiieic et e sre e re e 92
CHAPTER 6: Summary and fUture WOIK ............cccoviiiiiiiiee e 93
6.1: Summary with contributions of this research............ccccccoov i, 93
6.2: Recommended FULUIE WOTK ...........ooviiiiieiiieeeee e 94
REFERENGCES ... .ottt bt b et be et e et e e e b e e nneeannas 95

vii



LIST OF FIGURES

Figure 1-1: Microchannel heat exchanger (from TheEngineeringMindset.com and hydro.com) ...1
Figure 1-2: Types of MICroChanNel POITS........cc.oiviiiiiiiiiiieee e 2
Figure 1-3: Refrigerant maldistribution in microchannel evaporator, (Tuo and Hrnjak, 2013)......3

Figure 1-4: Pressure profile and flow distribution of single-phase N2 in the MCHX (Yin et al.,

2000) 11ttt — et Rt Ee Rt R e Rt oAt et e teeRe Rt Rt e Rt eRe et et e tenrenbeeReeneeneeneenes 4
Figure 2-1: Flow pattern with top inlet and bottom outlet (Byun and Kim, 2011)............ccccoeunneee. 7
Figure 2-2: Flow pattern in horizontal header with upward tubes (Ahmed et al., 2009) ................ 8

Figure 2-3: Control volume for dividing and combining manifold (Bajura and Jones, 1976)......14

Figure 2-4: Control volume for dividing and combining manifold (Datta and Majumdar, 1980) 15

Figure 2-5: Condenser computational model (Huang et al., 2014) ........cccooeiiiinininininieeen, 16
Figure 2-6: Flow pattern in inlet header (Fei and Hrnjak, 2004).........cccccoveiieieiie v, 17
Figure 2-7: Void fraction prediction in the evaporator (Stevanovic and Hrnjak, 2017)................ 18
Figure 3-1: Comparison of the experimental data of the present study with the predicted values

obtained by Yin et al. (2002) correlation: (a) Inlet header; (b) Outlet header ..............cccevennnnnee. 21
FIQUIE 3-2: TESE @PPAIALUS .....eeiveeveceieiie ettt ste et te e s ae e saesne e s teebe e e e sbeeseeeneeaneenneens 22
Figure 3-3: Configuration of the test SECHION ........cc.oiiiiiei e 23
Figure 3-4: Schematic drawing of the header at i SECtION............cc.ccvvveveceeveieee e 25

Figure 3-5: Effect of location in inlet header on pressure drop: (a) Typical streamline in inlet

header; (b) pressure drop along the inlet header............ccoov e, 29
Figure 3-6: Effect of velocity in the i microchannel tube on Api .........cccoveveeeiereeeeeeeeeeeeen, 32
Figure 3-7: Effect of velocity through upstream microchannel tubes on Api.........ccoovvvvrviineiinnnn, 33
Figure 3-8: Effect of velocity through downstream microchannel tubes on Api........ccocceevvivenennn, 34
Figure 3-9: Pressure loss coefficients in inlet header as a function of vti/vci-1, Vii and Vi1 .......... 36
Figure 3-10: Accuracy of the generated correlation for inlet header............ccccooveiiieiiciiiciieene, 38

Figure 3-11: Effect of location in outlet header on pressure drop: (a) Typical streamline in outlet
header; (b) pressure drop along the outlet header............cocveiiieie e 40
Figure 3-12: Effect of velocity through the i microchannel tube on Ap; in the outlet header .....42
Figure 3-13: Effect of velocity through the upstream microchannel tubes on Ap; in the outlet
LT Vo T SR SR 43



Figure 3-14: Effect of velocity through the downstream microchannel tubes on Api in the outlet

4710 [ PP RRPT 44
Figure 3-15: Pressure loss coefficient in outlet header as a function of vii/vc,i, Vti-1/Vti and vi,i-2/vi,i

........................................................................................................................................................ 47
Figure 3-16: Accuracy of the generated correlation for outlet header............ccccevevvevviiiieenn, 48
Figure 4-1: SINGIe-pass IMCHX ......c..ooiiiiiiieiiese ettt sre e ste e reeae e 52
Figure 4-2: CFD SImUlation dOMEIN ........ccoiiiiiiiieieiee e 53
Figure 4-3: Hydraulic-CFD Linked model FIOWChart ... 55
Figure 4-4: Generated mesh for one tube PitCh ...........cccoovi i 56
Figure 4-5: Pressure drop components in each flow path............cccoooiiiiic e, 61

Figure 4-6: Comparison of flow distribution predictions of three 1-D models with Hydraulic-

CFD Linked model for U-type MCHX ..o 63
Figure 4-7: Comparison of flow distribution predictions of three 1-D models with Hydraulic-
CFD Linked model for Z-type MCHX .......coi ot 63
Figure 4-8: Predictions of pressure in inlet header and outlet header for three 1-D models and
Hydraulic-CFD Linked model for U-type MCHX ........cocoiiiiiiiiiiieeieee e 64
Figure 4-9: Predictions of pressure in inlet header and outlet header for three 1-D models and
Hydraulic-CFD Linked model for Z-type MCHX........ccoooiiieieecece e 64
Figure 4-10: Schematic of the 1-D finite volume model with the assumption of T manifolds
along the header, for U-type MCHX ..o 66
Figure 4-11: Velocity vectors, colored with pressure values near the exit of the outlet header,
from the Hydraulic-CFD Linked MOdel ..........ccooviiiiiiiiic e 66
Figure 4-12: Velocity vectors, colored with pressure values in the middle part of the inlet header,
from the Hydraulic-CFD Linked MOdel ..........cccooiiiiiiii e 67
Figure 4-13: Velocity vectors, colored with pressure values, in the middle part of the outlet
header, from the Hydraulic-CFD Linked model............cccooiiiiiiiie s 68
Figure 4-14: Velocity vectors, colored with pressure values, at the beginning of the inlet header,
from the Hydraulic-CFD Linked MOdel ..........cccooiiiiiiiec e 68

Figure 5-1: Test section for the two-phase upward flow in the vertical round tube with header-

L1l o] 0] € (U] [0 LTSRN 71



Figure 5-2: Facility for the two-phase upward flow in the vertical round tube with header-like

Q101 U [0 LSS 72
Figure 5-3: Schematic of the control volume of a measured pressure drop ..........c.ccoeevevvveeeieennns 76
Figure 5-4: Flow patterns in the round tube with header-like protrusions ............c.ccccvovviviieiennn, 77
Figure 5-5: Pressure drop along the round tube with header-like protrusions.............cccccceevenen. 79

Figure 5-6: Comparison of pressure drop components along the round tube with header-like

PrOtIUSIONS, M = 6 0 S ..ottt sttt 80
Figure 5-7: Test facility in the two-phase upward flow in vertical inlet header...............cccceene 83
Figure 5-8: Measured and calculated variables in the inlet header............ccccoevviieiiciicccciee, 85
Figure 5-9: Flow regimes for vertical inlet header, Min=5.3 g S ......ccoviieiieiiee e, 86
Figure 5-10: Effect of inlet quality on pressure drop at different mass flow rates...............c......... 88
Figure 5-11: Effect of mass flow rate on pressure drop at different inlet qualities ....................... 89
Figure 5-12: Effect of inlet quality on pressure at different mass flow rates ............c.ccccceveeeenen. 90
Figure 5-13: Effect of mass flow rate on pressure at different inlet qualities...............ccccceevenen. 91



LIST OF TABLES

Table 3-1: Single-phase vapor velocities through header and microchannel tube in literature.....24
Table 3-2: The uncertainty of test instruments in single-phase experiment ...........cc.ccoovvvviveinennn. 27
Table 4-1: Microchannel heat exchanger geometry used in models..........cccccveveviieiieve e ieeeiene, 51
Table 4-2: Working conditions used as model INPULS..........cccvveiieiieiie i 57

Table 5-1: Working conditions for two-phase flow test for the round tube with header-like
Q101 U] [0 LTSRS 74

Table 5-2: The uncertainty of the instruments used in the round tube with header-like protrusions

LS PP PRTUPRUPRPIN 74
Table 5-3: Working conditions for two-phase flow test for the inlet header............c.ccccoovevvennenne. 82
Table 5-4: The uncertainty of the instruments in the vertical inlet header test............ccccccevvennnne. 84

Xi



< — Q@ »w VO U

v = > o~a

Subscripts
acc
c
conv
div
eff
f
h

header

NOMENCLATURE

Inner diameter

Mass flux

Pressure

Perimeter

Acceleration of gravity
Length

Velocity

Void fraction
Diverging/converging loss coefficient
Frictional loss coefficient
Dynamic viscosity

Density

Acceleration
Confluence flow in the header
Converging

Diverging

Effective friction loss
Friction

Hydraulic

Quantity in the header
i"" section of the header
Quantity at the inlet
Liquid phase

Quantity at the outlet
Tube

Total

Vapor phase

Xii

Pas

kg m3



CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Microchannel heat exchangers (MCHXs) have come to the frontier of the heating,
ventilation, air conditioning, and refrigeration (HVAC&R) industry for their advantages in high
overall heat transfer coefficient, compactness, and possible charge reduction. MCHX condensers
started to become popular as a replacement for the traditional round-tube-plate-fin RTPF
condensers in the 1990s. Microchannel heat exchangers have been successful in automotive air
conditioning systems and recently started to appear in residential and commercial air conditioning

and refrigeration systems.

Figure 1-1: Microchannel heat exchanger (from TheEngineeringMindset.com and hydro.com)

1



As demonstrated in Figure 1-1, a MCHX essentially consists of multiple parallel microchannel
tubes, where the heat transfer between the refrigerant and the outside fluid happens, and headers,
whereat the refrigerant is collected from or distributes between microchannel tubes. Microchannel
tubes consist of multiple ports in a variety of shapes, as shown in Figure 1-2, and are typically made

of aluminum.

Figure 1-2: Types of microchannel ports

Microchannel heat exchangers suffer from the problem of refrigerant distribution in
parallel microchannel tubes and such a maldistribution generally leads to deterioration of heat
exchanger performance. Figure 1-3 shows an example of refrigerant maldistribution in an
evaporator, resulting in unwanted superheated regions which have a lower heat transfer coefficient
and a smaller temperature difference between the refrigerant and the heat-source fluid, leading to

lower heat exchanger performance.
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Figure 1-3: Refrigerant maldistribution in the microchannel evaporator, (Tuo and Hrnjak, 2013)

Thus, it is important to better understand the mechanisms behind the flow maldistribution.
Difficulties in achieving good distribution, assuming uniform load from the airside, come mainly
from two factors: First, unequal quality distribution at the inlet to each microchannel tube which
is happening in two-phase flow, as a result of the thermophysical difference between liquid and
vapor; second, pressure drop in the headers, particularly in the vapor phase, which is the main
cause in the single-phase flow case. Single-phase flow is common in inlet headers (gas coolers,
condensers, etc.), and outlet headers (directed expansion and flash gas bypass evaporators, etc.).
Pressure drop in the headers results in uneven pressure drop along microchannel tubes, and

consequently uneven mass flow rates in microchannel tubes, as shown in Figure 1-4.
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Figure 1-4: Pressure profile and flow distribution of single-phase N in the MCHX (Yin et al., 2000)

The flow distribution in the microchannel heat exchanger tubes has been extensively studied,
as presented in the next chapter. However, due to the complex geometries of headers and refrigerant
flow patterns within them, there are very limited works reported regarding the local pressure variation
along the headers, for both single-phase and two-phase flow. Thus, the first focus of this research is
the investigation of pressure drop in single-phase flow through round inlet and outlet headers of
MCHXs and the development of new correlations for pressure loss coefficients. Then, single-phase
flow distribution in MCHXSs is numerically investigated and compared by four different simulation
approaches. The third part of this research aims the investigation of two-phase flow in headers of
MCHXs. Pressure drop, as well as mass flow rates in the header and each microchannel tube, are
measured simultaneously. Visualization of two-phase flow along the header is also utilized for a
better understanding of the behavior of two-phase flow in headers.
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1.2 STRUCTURE OF THE DISSERTATION

Besides this introductory chapter, this thesis includes 5 chapters. Chapter 2 presents a
literature review of previous studies regarding the pressure drop in headers in single-phase and
two-phase flow, as well as the distribution in the microchannel tubes. The review covers both the
results from past experimental studies and the different modeling approaches that attempt to
predict distribution. The need for additional research is discussed and the objectives of the present
study are stated. Chapter 3 presents the experimental results of the pressure drop for single-phase
flow through round inlet and outlet headers, and only focuses on the pressure loss coefficient for
the diverging/converging pressure drop. In this chapter, a new set of correlations for the prediction
of pressure loss coefficient in headers is proposed. Chapter 4 proposes three 1-D finite volume
mass flow rate distribution models in single-phase flow and compares their prediction to a CFD-
based approach, which is very reliable in single-phase flow. Chapter 5 demonstrates experimental
results of the pressure drop in the inlet header of MCHXs with careful observation of the header
flow patterns. Chapter 6 provides conclusions from the present study and recommends areas for

future research.



CHAPTER 2

LITERATURE REVIEW

Refrigerant distribution in microchannel heat exchangers plays an important role in the
performance of HVAC&R systems. The performance of MCHX and thus the system capacity and
efficiency is reduced as a result of refrigerant maldistribution (Bowers et al., 2006; Forinash, 2015;
Vist and Pettersen, 2004; Zou and Hrnjak, 2010, Nielsen et. al., 2012). Kulkarni et al. (2004)
showed that the performance of a microchannel evaporator was reduced by 20% due to the effect
of maldistribution induced by the pressure drop in the horizontal header. Byun and Kim (2011)
presented results showing the capacity of a two-pass microchannel heat exchanger was degraded
by up to 13.4% by maldistribution of R410A, compared to the uniform distribution case. As shown
in Figure 2-1, For the inlet header, a pool is formed at the bottom, so the bottom tubes have more
liquid than the top tubes. For the second pass header, two-phase jets enter the header and form a liquid
film. Because of the high axial momentum, only a small number of liquid branches out through the
bottom tube. The most liquid exits through the middle tubes. When mass flux is increased, the
distribution is changed: most liquid exits from the top tubes. Zou et al. (2014) showed a capacity
reduction of up to 30% and 5% for R410A and R134a maldistribution in a two-pass outdoor
MCHX under HP mode, respectively. Thus, there has been a significant interest in the research on

the distribution of refrigerant among parallel tubes of MCHXs during recent decades.
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Figure 2-1: Flow pattern with top inlet and bottom outlet (Byun and Kim, 2011)

There are two major causes of refrigerant maldistribution in parallel tubes of a MCHX: 1)
pressure drop in the headers, in particular, the vapor phase; 2) the quality distribution of refrigerant
in headers. For two-phase inlet conditions, the distribution is usually poor and particularly affected
by the flow regime in the inlet header (Fei and Hrnjak, 2004; Kim and Sin, 2006; Hwang et al.,
2007; Zou and Hrnjak, 2013; Mahvi and Garimella, 2017). For instance, as shown in Figure 2-2,
when the inlet quality was above 0.35, the flow regime in the header became jet in horizontal
headers with upward tubes, and this resulted in much less liquid into the middle tubes than the
tubes at two ends (Ahmad et al., 2009). Although inlet conditions have been broadly studied, there
are discrepancies between the results. For example, many authors conclude that increasing the inlet
mass flux improves the overall distribution (Lee and Lee, 2004; Hwang et al., 2007; Kim et al.,
2011; Wijayanta et al., 2017), but others find that it does not have a significant effect (Vist and
Pettersen, 2004). This disagreement can be explained by the ranges of inlet mass fluxes tested in

each study.
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Figure 2-2: Flow pattern in horizontal header with upward tubes (Ahmed et al., 2009)

In addition to a flow regime, studies show maldistribution is affected by tube protrusion in
the header, geometry, orientation of header, inlet mass flux, quality, fluid properties, etc. (Hrnjak,
2004; Webb and Chung, 2005). Dario et al. (2015) conducted the most comprehensive study on
the effect of heat exchanger orientation on two-phase flow distribution. They measured the liquid
distribution of an air-water mixture into 9 parallel outlet channels when subjected to inlet mass
fluxes between 72 and 216 kg m? s and qualities between 0 and 0.75. The experiments were
repeated on a vertical-downward header with horizontal channels and a horizontal header with
horizontal, vertical-upward, and vertical-downward channels. They found that the header and

channel orientations affect the flow patterns in the header, which results in different distribution



characteristics. It should be noted that the flow experiences a large expansion when it enters the
test section in their header design (Aneader/ Ainlet tube = 100), which also affects the flow pattern. Dario
et al. (2015) found that horizontal headers generally outperform vertical headers, which was also

concluded in an earlier study by Cho et al. (2003).

2.1 PRESSURE DROP IN HEADERS

Connecting the inlet of MCHX to the exit of the outlet header, multiple flow paths are
formed, and each flow path must have an equal pressure drop. This dictates pressure inequality
along the headers, and consequently, nonuniform mass flow rate among microchannel tubes.
Therefore, even in single-phase flow in MCHX, maldistribution exists (Datta and Majumdar, 1980;
Kim et al., 2004). It should be noted that single-phase flow is typical in inlet headers (gas coolers,

condensers, evaporators with FGB, etc.), and outlet headers (evaporators).

Most previous studies focused on single-phase water flow distribution in laminar flow
(Ghani et al., 2012; Kim et al., 1995; Wang and Yu, 1989). Yin et al. (2000) measured single-
phase pressure drops inside the headers of a microchannel CO. gas cooler and determined
empirical loss coefficients based on conventional hydraulic equations by ldelchik (1994). Later,
Yin et al. (2002) measured pressure drop in headers and generated a model based on the
assumption that the pressure loss coefficients are uniform. They also showed that due to the
pressure drop of inlet and outlet headers, the first tube (closest to inlet and exit of C-type MCHX)
has the highest mass flow rate, and the mass flow rate decreases by about 20% for the tubes located

farthest from the inlet and outlet. Tuo and Hrnjak (2013) presented that such single-phase



maldistribution due to pressure drop in the outlet header of MCHX with horizontal headers

significantly affected the heat exchanger and system performance.

Even though there has been some, limited progress over the past several decades on the
development of effective header designs to alleviate maldistribution in heat exchangers in single-
phase flows (Anbumeenakshi and Thansekhar, 2016; Bassiouny and Martin, 1984; Dharaiya et al.,
2009; Said et al., 2015), there is still a need to better understand and predict pressure drop in
headers of microchannel heat exchangers. This lack of knowledge in understanding pressure drop
in headers is much more profound when it comes to two-phase flows, due to the significant

complexity of flow characteristics inside the header (Webb and Chung, 2005).

Pioneer researchers opted for air-water mixture for the working fluid in studying two-phase
flow (Rong et al., 1995; Marchitto et al., 2008). Tompkins et al. (2002) studied the two-phase
pressure drop of the air-water mixture in the horizontal header. They concluded that pressure loss
in the header was small, and the pressure slightly recovered at the end of the header, due to the
stagnation. Kim et al. (2013) reported a similar trend in the horizontal header. However, two-phase
refrigerant was more commonly used in recent studies, as the distribution characteristics of
refrigerants are very different from the air-water mixture (Fei and Hrnjak, 2004; Wijayanta et al.,
2017). That is because the properties, mostly density ratio of liquid-vapor refrigerant is much

higher than the water-air mixture.

In general, to the author's knowledge, single-phase and two-phase pressure drop in the
header was seldom examined locally, and a systematic procedure to calculate two-phase pressure

drop in the header is not available.
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2.2 MODELING OF DISTRIBUTION

Various modeling methods have been proposed in the literature to predict two-phase flow
distribution in headers of microchannel heat exchangers. These methods span from simple

empirical correlations to complex computational fluid mechanics models.

Some experimental work on two-phase flow distribution in headers has been utilized to
generate empirical correlations for common header geometries. These correlations generally
predict the take-off ratio, which is the fraction of the inlet flow rate in the header (immediately
upstream of the T-junction containing the channel of interest) that enters a branch channel. One of
the first correlations for the liquid take-off ratio in a manifold (header) was developed by Watanabe
et al. (1995). They related the liquid take-off ratio with the vapor-phase Reynolds number.
Although the correlation predicts their data well, it does not include variables that could influence
distribution in headers, including the inertia of the liquid phase, gravity, surface tension, and the
effects of geometry. As a result, the model has poor predictive capabilities for geometries and
operating conditions other than those for which it was developed (Panghat and Mehendale, 2016;

Vist, 2004).

Kim et al. (2012) developed a similar empirical model based solely on the vapor Reynolds
number for the liquid and vapor take-off ratio in a tubular header with protruding channels. Models
were developed using a regression analysis for headers with a parallel, normal, and vertical inlet
feeder tube. The results for the normal inlet condition are shown in Equations 2-1 and 2-2. The
model predictions fit their data relatively well, with average R? values of ~78% (although errors

are large in some cases, especially at low vapor Reynolds numbers).

11
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Again, the Kim et al. (2012) model oversimplifies the flow in the header by just considering
the inertial and viscous forces of the vapor phase. This could result in large errors when the model
is applied to conditions other than those used in the regression analysis. Additionally, the model
can predict non-physical results. For example, at low vapor Reynolds numbers, the model predicts
take-off ratios greater than one, implying that more liquid enters the channel than is available in
the header. Also, the flow distribution in a multichannel heat exchanger is constrained by pressure
drop. A simple heat exchanger is governed by the equity of pressure drop in each flow path. The
pressure change across each flow path must be equal so that the inlet and exit pressure are the same
for each path. The path pressure drop is dependent on the liquid and vapor flow rates into each
channel. The Kim et al. (2012) correlation proposes a method to calculate both the liquid and vapor
flow rates through each path but does not consider the path pressure drops in the calculation. This
can lead to predictions that are not physically possible because the pressure drop constraint is not

satisfied.

Recently, Wijayanta et al. (2017) proposed another model for the liquid and vapor take-off
ratios in vertical-downward channels connected to a common horizontal header. They found that
the take-off ratios could be modeled using the local liquid Reynolds and Froude numbers and the

two-phase Reynolds and Weber numbers in the header, as shown here.
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These parameters account for the effects of inertia, viscosity, gravity, and surface tension,
which are all important in these types of two-phase flows. Predicting the liquid and vapor flow
rates in a channel with no consideration for the path pressure drop may lead to non-physical results.
Empirical models can be an effective way to predict flow distribution in heat exchangers if they
account for the relevant physical phenomena. However, they are often oversimplified and do not
capture the underlying physics, which can lead to poor predictive capabilities outside of the data

range used in the data analysis.

1-D mechanistic models have been used to predict single-phase and two-phase flow
distribution in heat exchangers (Ablanque et al., 2010; Vist, 2004; Yin et al., 2002). However, the
results are highly dependent on the correlations used. Bajura (1971) derived the governing
equation of the manifolds by applying the 1-D mass and momentum conservation equations to
correlate flow rate and pressure profiles in dividing and combining manifolds. Further, Bajura and
Jones (1976) connected the governing equations of two manifolds by the discharge equation,
which described the relationship between the pressure differential between the manifolds and the
lateral flow rate and obtained an analytical model for the manifold system. The control volumes
for the combing and dividing manifolds are shown in Figure 2-3. The 1-D assumption
oversimplified the complex flow conditions in the manifolds, so the authors proposed two

coefficients to correct. One coefficient corrected the non-uniform velocity profile in the manifolds,
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and the other one accounted for the axial momentum transfer to the lateral flow. These two

correction coefficients were assumed to be constant and selected based on the experiments.

DIVIDING FLOW COMBINING FLOW
REVERSE FLOW PARALLEL FLOW
= fe—m
Y v Y

Figure 2-3: Control volume for dividing and combining manifold (Bajura and Jones, 1976)

Datta and Majumdar (1980) employed a 1-D finite-difference procedure, as shown in
Figure 2-4, to predict single-phase flow distribution in parallel and reverse flow manifolds as
defined by Bajura and Jones (1976), and the numerical results agreed with Bajura and Jones' data
satisfactorily. Based on the single-phase study, Datta and Majumdar (1983) developed a 1-D
numerical model of the homogeneous air-water mixture in various types of manifolds. For better
accuracy of segmental models, proper pressure drop and phase-separation correlations must be
selected based on the geometry of the heat exchanger and the flow conditions. In 1-D mechanistic
models, the headers and the channels of the heat exchanger are discretized. In addition, existing
correlations are employed to predict flow distribution. In these models, the pressure drop in the

channels is calculated using correlations from the literature (Friedel, 1979; Garimella et al., 2005;
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Kim and Mudawar, 2012). There are many models in the literature to predict the phase-splitting
and pressure drop characteristics of two-phase flows entering a T-junction (Hwang et al., 1988;
Tae and Cho, 2006), which can be used to predict the inlet quality into each channel. Pressure drop
and phase-splitting models in T-junctions are usually based on experimental measurements when
a fully developed two-phase flow enters the junction. Although these models can be used, they
may not perform well in headers because the flow does not have space to fully develop between

consecutive protruded microchannel tubes (Lee, 2009; Vist, 2004).

rﬂ*ﬂ'. ﬂ*’“"‘i v.-ﬂ _' ‘
mu”MuuMULLUL

—I-'J'r.l'-l'_—""—ll"-—h--—l- —I-'!-Ill-lllf‘-{|I = - = o
/T 7 1\
Vinlet Finlet Uy By W Py

_ - X

LB\ E

=) P e
- — el
Uyt . e
‘*‘.r'
¥

Figure 2-4: Control volume for dividing and combining manifold (Datta and Majumdar, 1980)
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Computational Fluid Dynamic (CFD) models are also sometimes used to characterize flow
distribution in heat exchangers. Most past works have focused on the distribution of single-phase
flow into headers (Bhutta et al., 2012; Luan et al., 2017; Kumaran et al., 2013; Tong et al., 2009;
Zhang and Li, 2003). Huang et al. (2014) simulated R134a vapor in the inlet header of the
automotive microchannel condenser and integrated the CFD model with an &-NTU based
segmented condenser model, as shown in Figure 2-5. Good agreement on heating capacity with

their experimental data was achieved.

CFD Inlet Header Model Effective-NTU Based Tube Model

- —— -

L Intermediate

S Header

g | |

Outlet Header

Figure 2-5: Condenser computational model (Huang et al., 2014)

However, studies on two-phase flows are very limited. Fei and Hrnjak (2004) used a 3-D
Eulerian-Eulerian approach to model two-phase flow distribution in a heat exchanger using

FLUENT (a commercial CFD software). They compared the results with experimental data and
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found that the model could qualitatively predict the measured trends, but some channels had large
quantitative errors. They concluded that this approach was not accurately capturing the
characteristics of the inlet expansion and flow recirculation at the far end of the header. They also
presented the pressure and velocity fields inside the header for one inlet case, focusing on the

formation and dissipation of the liquid jet, as shown in Figure 2-6.

Figure 2-6: Flow pattern in inlet header (Fei and Hrnjak, 2004)

Zou and Hrnjak (2014) studied the flow distribution of R134a and R410A in the
intermediate vertical header of a two-pass evaporator experimentally and numerically. A 3-D
numerical model was developed in FLUENT using the Eulerian-Eulerian multiphase model with
the standard k-¢ turbulence model for both phases. Although the model does correctly predict the
flow rate in some channels, the errors between the measured inlet qualities and the CFD predictions
are large in many cases and generally do not follow the same trends. Zou and Hrnjak (2016) also
presented the local liquid volume fractions and velocity profiles computed by the numerical model,
which show some interesting flow phenomena, but further work is needed to develop a CFD

simulation that accurately predicts the experimental results. Stevanovic and Hrnjak (2017) later on
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improved the model by considering oil flow and compared the model results to oil retention data

from experiments using R134a and R1234yf with PAG oil, as shown in Figure 2-7.

0.1

¥(m)

2(m) \_ﬁo<1."6350,~ )

Figure 2-7: Void fraction prediction in the evaporator (Stevanovic and Hrnjak, 2017)

Computational Fluid Dynamics (CFD) studies could help improve the understanding of
two-phase flow distribution by providing detailed information about the local pressures and
velocities in headers; however, past work in this area is limited. Additionally, the models that have
been developed either have not been specifically validated in distributors or do not accurately
match experimental data. Future work is needed to advance this area of research so that it can be

leveraged to help explain the factors affecting two-phase flow distribution.
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CHAPTER 3

SINGLE-PHASE FLOW PRESSURE DROP IN THE

HEADER

3.1 INTRODUCTION

This chapter presents the investigation of the pressure drop in headers of microchannel heat
exchangers and the development of correlation for pressure loss coefficient for single-phase flow
through round cylindrical headers of parallel MCHXs. The purpose to develop a correlation to
evaluate pressure drops in a header is to predict the mass flow rate distribution among
microchannel tubes. There are several mass flow rate distribution models available in the literature,
such as Ren et al. (2013), and Tuo and Hrnjak (2013). In these models, the mass flow rate
distribution is iteratively calculated by the pressure drop of the microchannel tube and that of the
header. To the best of the author's knowledge, there is no prior work to predict the local loss
coefficient accurately. Yin et al. (2002) measured pressure drop in headers and generated a
correlation based on the assumption that the pressure loss coefficients are uniform. Although Yin's
correlation provided a satisfactory prediction of the total pressure drop in headers compared to his
experimental data, it is not certain that the correlation is fit for predicting the pressure drop of i*"
section (Dpi) in headers, i.e that the prediction will be satisfactory for headers of shorter or longer
headers. Therefore, the predictability of Yin's correlation to the experimental data of the present

study is uncertain and it will be investigated first. Figure 3-1 shows the deviation of pressure drop
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of the inlet header and outlet header predicted by Yin's correlation to the data from the present
study. It is shown that Yin's correlation does not predict well the pressure drop of it section (Dpi)
for both inlet and outlet headers. For the inlet header, the correlation over predicts all local pressure
drops so the average is also over predicted. For the outlet header the deviation at the first two tubes
is even higher than in the inlet header, but thanks to downstream pressure drops, the average value
for total pressure drop gives reasonable predictions. As the number of tubes (header length)
increases (as was in Yin's experiment) prediction for average pressure drop will be even more
correct. Therefore, the non-uniformity of pressure loss coefficient in headers and the impacts of
velocities through microchannel tubes and headers affect prediction for headers of various

(especially shorter) sizes and will be reflected in the new correlation.

3.2 TEST FACILITY

The test system consists of a gas tank, a temperature pre-conditioner, and a header
connected to 10 microchannel tubes. The temperature pre-conditioner is used to equalize the gas
temperature with the room temperature. As shown in Figure 3-2, for the inlet header test, flow
passes through mo, and then enters the header. Part of the gas leaves the header through the first 4
microchannel tubes (MC tubes #1 to #4), with each mass flow rate measured, and the rest exits to
the atmosphere through the header outlet. For the outlet header test, the gas goes through the first
five microchannel tubes (MC tubes #1 to #5) with individual measurements. The mass flow rate

transducer mo is used to measure the mass flow rate through MC tube #5.
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Figure 3-1: Comparison of the experimental data of the present study with the predicted values obtained
by Yin et al. (2002) correlation
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Figure 3-2: Test apparatus

The header consists of a transparent PVC tube and ten microchannel tubes. As shown in
Figure 3-3, the tube spacing is 12.0 mm and the protrusion is 50%. The inner diameter of the PVC
tube is 18.4 mm and the length is 200 mm. The microchannel tube has 23 ports with 1.5 mm in

thickness and 17.9 mm in width. The length and width of each port are 0.84 mm and 0.64 mm,

respectively.
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Figure 3-3: Configuration of the test section

The velocity through headers ranges from 1 m/s to 20 m/s while the velocity through
microchannel tubes is in the range from 6 m/s to 30 m/s, which covers the most realistic working
conditions in the residential and automotive air conditioning systems, according to the literature

shown in Table 3-1.

In order to predict the mass flow rate distribution, the perfect location to place the pressure
taps in the header is the surface of microchannel tube ends. However, directly placing the pressure
taps at that surface may generate a great error because the working fluid may blow into the pressure
taps resulting in much higher pressure than it would be. Therefore, as a compromise, the pressure
taps are placed (10°) below the surface of the microchannel tube ends to avoid the flow directly
blowing into the pressure taps, as shown in Figure 3-4. This figure shows the structure and location

of pressure taps. A pressure tap comprises two sections. The first section is close to the inner
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surface of the header with a diameter of 1.6 mm and a length of around 1.5 mm. The second section
is close to the outer surface of the header with a diameter of 3.2 mm and a length of around 2 mm.
The distance of I is 12 mm. The lengths of the connection tubes from the pressure taps to the

transducer itself are larger than 500 mm, depending on the location of the transducer.

Table 3-1: Single-phase vapor velocities through header and microchannel tube in literature

Vapor velocity Vapor velocity
Authors/Year AC type HX type Ref. through header through MC tube
[ms?] [ms?]
Park and Hrnjak, Residential Condenser R410A 3.5 2.2-8.8
2008
Qietal, 2010 Automotive | Evaporator R134a 7.4-12.0 11.0-18.0
Peterson et al., 1998 | Automotive | Gas Cooler | CO; 3.9 6.0
Cho and Cho, 2007 | Residential Evaporator R22 10.5-13.4 23-30
Kim and Bullard, Automotive | Evaporator CO, 1.6-5.0 5.5-14.7
2001
Tuo et al., 2012 Automotive | Evaporator R134a 8.7 6.1
Yinetal., 2001 N.A. Gas Cooler | CO; 5.2-14.4 4.3-12.4
Garcia-Cascales et | Residential Condenser R410A 1.0-55 3.8-20.7
al., 2010
Zhao et al., 2012 Automotive | Evaporator R1234yf | 8.2-17.7 9.8-21.2
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Figure 3-4: Schematic drawing of the header at i"" section

3.3 DATA REDUCTION

The pressure drop at the

section shown

in Figure 3-4 consists of the

diverging/converging loss pressure drop Apg, i, acceleration pressure drop Apac, i, and frictional

pressure drop Apy, i, as shown in Equation (3-1). In Equation (3-1), the acceleration pressure drop

and friction pressure drop are computed by Equation (3-2) and Equation (3-3), respectively. Thus,

the diverging/converging loss coefficient in the i section is defined by the velocity at the i section

by Equation (3-4), as shown in Figure 3-4.

AP = AP~ APqce, i ~ AP |

2 /2

Ap = chz,i 12~ PVeia

ace, i
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where p is the density; vci1 and vc, are the average velocities of the flow through the header at
sections i-1 and i, respectively, as Equation (3-5); i1 and A; are the friction loss coefficients at
sections i-1 and i, respectively, as Equation (3-6); li is the header length of i section; D is the
hydraulic diameter of the header; St and Stot are the effective friction perimeter and total perimeter

of the header, respectively. Ac is the free flow area in the header.

The instrumentation used in the test and their accuracies are listed in Table 3-2. The
accuracies of the instrumentations specified in Table 3-2 are the nominal accuracy given by the
manufacturer. The theoretical uncertainties of deduced parameters are estimated based on the
analysis of error propagation reported by Moffat (1998). Based on the uncertainties of test

transducers shown in Table 3-2, the uncertainties of calculated parameters are determined, and the
maximum uncertainty of the deduced parameter diverging/converging loss pressure drop Apm is

+3.7 Pa. The mass balance check for the mass flow rate meters has been conducted. The maximum
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difference between mo and the sum of mz to my is within 0.05 g s, and this error is also included
in the uncertainty calculation. The compromise on placing the pressure taps may generate some
extra errors. Thanks to the protrusions of the microchannel tube, this error is negligible because
the secondary flow in the space between the protrusions is much weaker than the main flow (flow
in the free flow area in A¢ as shown in Figure 3-4) and the pressure taps are placed only around
0.5 mm below the surface of microchannel tube ends. The average error for the pressure loss

coefficient is within 10%. The maximum uncertainty of deduced parameter pressure loss

coefficient occurs when the loss pressure drop Apﬁ is very low, and the value is very high (over
100%). Fortunately, when Apm approaches 0, the absolute value of diverging/converging

pressure drop Apﬂ is meaningless, having no impact on the mass flow rate distribution prediction

and no impact on the prediction of total pressure drop. In order to show the uncertainty of tested

values and deduced values, the error bars are added to the figures.

Table 3-2: The uncertainty of test instruments in single-phase experiment

Instrument Measurement Range  Unit Uncertainty

Setra 206 Pressure (P) 0-136 kPa +0.13% FS
T-type Copper
Temperature (T) 0-220 °C +05°C
Constantan
Micromotion DS12 Mo and My 0-37.5 gls + 0.15% flow rate

Micromotion DS6 M, Mz and ma 0-19 gls + 0.15% flow rate

Rosemount 1151 Ap1~Aps 0-1270 Pa +0.25% FS
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3.4 RESULTS AND DISCUSSION

3.4.1 INLET HEADER

Figure 3-5 shows the pressure drop of the inlet header at different locations. The CFD
results shown in Figure 3-5 (a) are obtained by solving coupled steady-state incompressible
Navier-Stokes equations using SIMPLE scheme and a standard k-& model for turbulence, and the
boundary condition is the same as that of the experiment. The results show that Aps is much larger
than Apz to Apas (see Figure 3-5b). The reason is that a big contraction only occurs when flow cross
over the protrusion of microchannel tube #1 as illustrated by a CFD simulation shown in Figure
3-5 (a). As the flow passes over microchannel tube #1, the flow area decreases by 50%, and thus
pressure decreases sharply due to the flow acceleration and some extra unrecoverable pressure
losses accompanied by the combined effect of contraction and diverging flow to microchannel
tube #1. When the flow passes microchannel tube #1, the fluid will mostly flow through the free
flow area A as shown in Figure 3-4, because the ratio of tube spacing and hydraulic diameter is
too small (close to 1) to allow flow expansion, and thus there is insignificant contraction effect
when flow passes over other microchannel tubes. Figure 3-5 also shows that the pressure drop of
the i™" section decreases along the header. The possible reason is explained as follows. Due to the
contraction when the flow passes over microchannel tube #1, the velocity in the free flow area Ac
becomes non-uniform. The velocity close to the header inner surface Set as shown in Figure 3-4
is larger than that close to the surface S; (see Figure 3-5(a)). As a result, it will generate more
unrecoverable pressure loss when flow diverges to the microchannel tube. Further downstream the
velocity of the fluid through the header will gradually become more uniform and diverging

pressure loss will become smaller. In addition, as the fluid goes further, the mass is removed from
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the main flow in the header resulting in a lower average velocity in the header. Therefore, the

pressure drop gradually decreases as the flow goes further.
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Figure 3-5: Effect of location in inlet header on pressure drop
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Figure 3-6 shows the effect of velocity through the ith microchannel tube on Api. Figure 3-
6(a) shows that under a certain flow velocity through the header (vco), the velocity through the
microchannel tube (vi1) decreases the pressure drop (Ap1) when flows pass over microchannel tube
#1. This is because the contraction makes a very strong secondary flow between the microchannel
tubes #1 and #2, and as the velocity through microchannel tube #1 increases, the suction force
from the microchannel tube becomes stronger and pulls some of the fluid into the volume between
the microchannel tubes #1 and #2 and below the line St shown in Figure 3-4. So, the flow through
the microchannel tube affects the formation of secondary flow in the space behind. Figures 3-6(b)
to 3-5(d) show that Api decreases as the velocity through the ith microchannel tube increases. t is
due to the increase of deceleration pressure drop. Moreover, the effect becomes smaller as the
velocity through the microchannel tube increases, which means the diverging pressure loss
increases as the mass flow rate through the microchannel tube increases. The reason is that at

higher velocity through the microchannel tube the expansion loss is larger.

Figure 3-7 shows the effect of the velocity through upstream microchannel tubes on Api.
It shows that the velocity through microchannel tube #1 (vi1) has a significant impact on Apz, but
has no impact on Aps, as shown in Figures 3-7(a) and 3-7(b). Further, when vy is 5.8 m s?, Ap,
will decrease as the velocity through the header increases, but when vi is larger than 7.7 m s, Apz
will increase as the velocity through the header increases. This is because vt has a great impact on
the flow situation between microchannel tubes #1 and #2 but has no impact on the following flow
development. When vy is low, the contraction effect is dominant, and an eddy zone is formed
between microchannel tubes #1 and #2, resulting in a local low-pressure region in that area and a
negative Apz, as shown in Figure 3-5. When vy increases, the eddy zone between microchannel

tubes #1 and #2 will be affected because the pressure behind the microchannel tube #1 will increase
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and reduce the pressure drop. The results of the experiment also indicate that the velocities through
microchannel tubes #2 and #3 have no impact on Aps and Apa, respectively, as shown in Figures
3-7(c) and 3-7(d). This is because the velocity profile is more developed and so the effect of
diverging flow through the tube on the eddy zone behind the tube has almost no impact on the

main flow through the header.

Figure 3-8 shows the effect of the velocity through downstream microchannel tubes v, i+1
on Api. It shows that the velocity through downstream microchannel tubes has no impact on the
pressure drop. This is because the flow separation and eddy zone are formed after the flow
diverging, and thus the change of velocity through the downstream microchannel tubes has no

impact on the upstream flow inside the header.
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Based on the experimental results, it can be said that:

(i) The pressure drop of the i™ section (4pi) is a function of the velocity through the i
microchannel tube (v;) and the velocity through the header before flow diverging at the i' section
(Ve,i-1);

(ii) The velocity through the (i-1)"" microchannel tube (vii-1) has no impact on the pressure
drop of i*" section (dpi), except vi1 which has a great impact on 4p, due to the contraction;

(iii) The velocity through the (i+1)" microchannel tube (vti+1) has no impact on the pressure
drop of i section (4pi);

(iv) The location has some impact on the pressure drop in headers.

As aresult, a correlation that is used to predict the pressure drop of an inlet header needs to include

the parameters of the velocity through the i microchannel tube (v.i), the velocity through the
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header at i section (Vci-1) and location. Moreover, the impact of vi1 on (2, also needs to be

addressed.

Figure 3-9 shows the relations between the pressure loss coefficient of the i section (&) as
defined in Equation 3-4 and the parameters of the i*" microchannel tube (v), the velocity through
the header before flow diverging at the i section (vc,-1) and locations, and the relations between
¢ and vy1. It shows that:

(i) if i is equal or larger than 3,  is a linear function of vii/vc,-1.
(ii) at a specified value of vi/vc,-1, (i decreases as the value of vi; increases;
(iii) when vi2/ve,1 is smaller than 1, & will sharply decrease as vi1 decreases due to the effect

of contraction.

(iv) vi1/vep is smaller than 1, {1 will sharply increases as vi,1/ve,o.
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As aresult, the correlation for  should describe the pressure loss coefficient of contraction
and diverging flow separately for (1 and {2, while others (i (i>3) can be treated equally as a linear
function of vti/vci-1 while adding the effect of vii and location. Based on that, the correlation for
pressure loss coefficient in inlet header i is expressed as Equation 3-7. Using nonlinear fitting
method, the values of ai;~ai3 in Equation 3-7 are found to be: -14.582, 4.017, 0.111, -0.218, -

24.230, 7.261, 0.242, -0.031, 0.269, 0.297, -0.044, 17.340, -1.715 and 0.165, respectively.

Vti Vtzi Vti i -
0.75exp| ay —— |+a, 5—+a;— ifi=1
c,i-1 Vc,i—l Vc,i-1
Ap Viia Vii e
g = = -0.4exp(a ' +asj+a —+a,V,; + g ifi=2 (3-7)
Pvf,i-llz * ci-2 ° ci-l o
Vi . -
aQ— +a10Vt,i+a11exp(a12'|)+ai3 ifi>3
cid

The correlation is validated by the experimental data, as shown in Figure 3-10. The
predicted pressure drops of the i'" section of the inlet header (Api) using the correlation agree with
98% of the experimental data (292 points) obtained in the present study within a deviation of +15
Pa. In addition, the predicted total pressure drop (XApi) agrees with 95% of experiment data within
a deviation of 15 Pa, which means the developed correlation has good accuracy to predict the

total pressure drop of the header.
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Figure 3-10: Accuracy of the generated correlation for inlet header

3.4.2 OUTLET HEADER

Figure 3-11 shows the pressure drop in the outlet header at different locations, indicating
that Dps is higher than the rest. In addition, with the increase of the velocities through all
microchannel tubes, the pressure drop rises, but the trend of pressure drop distribution keeps the
same. This is because the flow regimes and converging loss in the header change with the locations
due to the one-by-one flow converging from the microchannel tubes, as shown in Figure 3-11 (a).
The CFD results shown in Figure 3-11 (a) is obtained by solving coupled steady-state
incompressible Navier-Stokes equations using SIMPLE scheme and a standard k-& model for
turbulence, and the boundary condition is the same as that of the experiment. At the beginning,
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there is no flow in the microchannel tube, the fluid from microchannel tube #1 flows close to the
inner surface of the header (Sefr) due to 90° flow turning and the main pressure loss is due to the
secondary flow before the microchannel tube #1, the change of flow direction and subsequent
expansion. As more fluid gets to the header, the contraction loss at the point of flow turning will
increase due to the fluid occupying all open flow area (Ac) in the header. As a result, Dps is much
higher than Dp2. However, as the flow goes further, the ratio of velocity through the microchannel
tube and that through the header (vii/vci) will decrease due to the increase of velocity through the
header, resulting in the decrease of contraction loss. That is why the Dps and Dps are smaller than
Dps. Further, vsi/vei will keep the same when the velocity through all microchannel tubes increases
simultaneously, so the trend of pressure drop distribution along locations keeps the same. The
trend will be more apparent with the introduction of the pressure loss coefficient. Figure 3-11 also
indicates Dpz is lower than Dpz: while Dps is a little higher than Dps. The reason why Dpz is lower
than Dpz is due to an extra eddy zone formed between the header end and the first microchannel
tube resulting in a higher pressure loss. Dps is a little higher than Dps because the velocity in the
header over the microchannel tube #5 is 25% larger than that over microchannel tube #4. The
pressure drop is proportional to the square of velocity in the header. This means the Dps is more
than 50% higher than Dps if the pressure loss coefficient keeps the same. Due to the obvious

decrease in pressure loss coefficient, Dps is just a little bit higher than Dpa, less than 10%.
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Figure 3-11: Effect of location in outlet header on pressure drop
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Figure 3-12 shows the effect of velocity through the i microchannel tube on Apj of the
outlet header. It shows that Ap; increases as a quadratic function of velocity through the it"
microchannel tube. The reason might be that as the velocity through the microchannel tube (vi)
increases, the secondary flow after converging, the shock of turbulent flow mixtures, the
contraction at the point of the flow converging and its subsequent expansion becomes stronger,
resulting in a higher unrecoverable pressure loss. Moreover, as the velocity through the
microchannel tube increases, the acceleration pressure drop due to flow converging will increase

too.

Figure 3-12 shows that Dp; is also affected by the velocity through the neighboring
microchannel tubes. Unlike Dpi, Dpi increases as the velocity through the neighboring
microchannel tubes decreases. Take Dp. for an example, when vy and vz to vis increase from 13
m s to 19 m s?, the Dp. decreases under the same vi. This is because the flow converging from
neighboring microchannel tube is not fully developed in headers due to the small ratio of tube

space and hydraulic diameter of the header (close to 1).

Figure 3-13 shows the effect of velocity through upstream microchannel tubes on Ap; of
the outlet header. It shows that Api of outlet header decreases as the velocities through (i-1)™ and
(i-2)" microchannel tubes increase. The reason is that as the velocity in the upstream microchannel
tube increases, Vci increases, and consequently acceleration pressure drop decreases. In addition,
this results in decreasing of v,i/vc,, resulting in the decrease of the converging loss coefficient of
the current section (). The expansion after the flow converging in the upstream section affects
the flow converging in the current section because the ratio of tube space and hydraulic diameter
of the header is too small to allow the flow to fully expand, resulting in the pressure increase during

the flow expansion. The larger velocity through upstream microchannel tubes, the stronger effect
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of flow expansion. For that reason, in some cases, Dpi is even negative, as shown in Figure 3-13
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Figure 3-12: Effect of velocity through the i microchannel tube on Ap; in the outlet header
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43



60 T T T T T
~ -y =13.0m/s,i=1,3,4,5
01 oy =19.0ms, <1345 ]
40 .
©
n.:_ 20 . . + + . J
& 101 ]
-k
0_ . A
[ ]
-104 (@) - 1
'20 T T T T T
5 10 15 20 25 30 35
Vi m/s
100 - : . . .
90 — vl.i=13'0 m/s, i=1,2,3,5 ]
L =19.0 m/s, i=1,2,3,5
80 2 1
70 1
60 .
© @ ®
a 50 P ® & o .
5 404 | .
&0 L e —— *
204 ) 1
10 ©) 1
0 T T T T T
5 10 15 20 25 30 35
Vg m/s

— &y =13.0m/s, i=1,2,4,5

01 e v =19.0mis,i=1245
40
30
& 20 '+
& o
& 101 =
o+ "
0-
104 (b)
‘20 T T T T T
5 10 15 20 25 30 35
Vi m/s
60 T T T T T
| —m—v =13.0mss,i=1,2,3,4
50 ® v,;=19-0m/s,i=1,2,34 i
40 1
M
n_;r 30+ Il d ® ® 1
QL
[
< 20- ]
\ + L L]
o] Twwt T e
(d)
0 T T T T T
5 10 15 20 25 30 35
Vst m/s

Figure 3-14: Effect of velocity through the downstream microchannel tube on Apj; in the outlet header



Figure 3-14 shows the effect of velocity through the downstream microchannel tube on Api
in the outlet header. It shows that like the inlet header case, the velocity through the (i+1)"
microchannel tube has no impact on Ap; of the outlet header except the velocity through
microchannel tube #2. This is because the eddy zone, flow contraction, and its subsequent
expansion occur after the flow convergence, and thus the changes of velocity through the (i+1)"
microchannel tube have no impact on the flow regimes of it section inside the header. As shown
in Figure 3-14(a), the only different case is at high velocity through tube #2 (vt2) and low velocity
through tube #1, or through the header (vc,1). The velocity through the (i+1)"" microchannel tube

is so large that the flow through it almost blocks the flow through the header.

Based on the experimental results, it can be said that:

(i) The pressure drop of the i'" section (4pi) is a function of the velocity through the it"
microchannel tube (vti) and the velocity through the header after flow converging at the i" section
(Ve,i);

(ii) The velocities through the (i-1)" and (i-2)"" microchannel tubes (vt;-1 and vti-2) have a great
impact on the pressure drop of i" section (4pi);

(i) The velocity through the (i+1)™ microchannel tube (vii+1) has no impact on the pressure
drop of it section (4pi);

(iv) The location also has some impact on the pressure drop in the headers.

As a result, a correlation that is used to predict the pressure drop of an outlet header needs to
include the parameters of the velocity through the i microchannel tube (v), the velocity through

the (i-1)™ microchannel tube (vii-1), the velocity through the (i-2)™ microchannel tube (vii-2) and

the velocity through header at i section (ve,i-1).
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Figure 3-15 shows the relations between the pressure loss coefficient of i section (&) as
defined in Equation 3-4 and the parameters of the velocity through the i"" microchannel tube (v,
the wvelocity through the (i-1)" microchannel tube (vii1), the velocity through the (i-2)"
microchannel tube (vti-2) and the velocity through the header after flow converging at it section

(ve). It shows that:
(i) & is a quadratic function of viifvc,
(if) when i is equal to or larger than 3, ¢ follows the same trend with vii/vc,i;

(iii) ¢ decreases as the values of vii.1/vci and viio/vc,i increase.

As a result, the correlation for j has to be based on the fact that { is a quadratic function
of wilvei, and also vii1/vei, and vii-2/vei and location have some effect. Based on that, the
formulation of { is expressed as Equation 3-8, and by using nonlinear fitting method, the values
of a1~ag in Equation 4.6 are from our data determined to be: 0.048, -0.888, -1.273, 3.352, 0.059, -

0.221, -0.276, -0.112, 0.252 respectively.

2
Vi, e
0125 ifi=1
c,i
Ap ViiViia Vtzi Vii Viia e
é'_E — aas .(a1_~+a2—’+agln —+3a, ifi=2 (3-8)
I chz,i/2 ch,i ch,i Vei ti
2
ViiaVii-o Vii Vii Viia Viiz . s
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The correlation is validated by the experimental data. The correlation well predicts the
pressure drop along the outlet headers and the predicted pressure drops of outlet header using the
correlation agree with 98% of the experimental data (393 data points) obtained in the present study
within a deviation of £15 Pa as shown in Figure 3-16 In addition, the predicted total pressure drop

(XApi) agrees with 90% of experiment data within a deviation of £15 Pa.

Predicted Ap, Pa

'30 ':’lu T T T T T T T T
30 0 30 60 90 120 150 180 210

Experimental Ap, Pa

Figure 3-16: Accuracy of the generated correlation for outlet header
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3.5 SUMMARY AND CONCLUSION

This chapter presents the investigation of pressure drop in the headers of microchannel heat
exchangers in single-phase flow. The non-uniformity of pressure loss coefficient in the headers is
observed and the impact of velocities through microchannel tubes is studied. Correlations based
on experimental measurements are developed which are within £15Pa accuracy for both inlet and
outlet headers. The correlations developed in the present study were obtained from statistical
analysis of the present data and thus they are valid only for the range of geometry and operating

conditions of the experiments.
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CHAPTER 4

SINGLE-PHASE FLOW DISTRIBUTION IN

MCHXS

4.1 INTRODUCTION

This chapter presents numerical investigation of single-phase flow distribution in
microchannel heat exchangers. For single-phase flow, there are many numerical simulations, for
which the majority of the CFD was done in commercial software Fluent (Zhang and Li, 2003; Wen
and Li, 2004; Muhana and Novog, 2008). Huang et al. (2014) simulated R134a vapor in the inlet
header of an automotive microchannel condenser and integrated the CFD model witha 1-D e-NTU
based condenser model. Good agreement on heating capacity with their experimental data was

achieved.

Despite the effectiveness and accuracy of 3-D CFD simulations, due to the complexity and
the effort needed for that, 1-D finite volume models are desired, if possible. As a result, four
distribution models are developed based on the principle of equal total pressure drop for all flow
paths. Three models find the pressure profile in the headers, and the mass flow rate distribution in
the microchannel heat exchanger, by 1-D mass and momentum conservation equations. Their mass
flow rate predictions are then compared to the distribution generated by the hydraulic-CFD model,

in which the pressure drop in the headers is calculated by 3-D CFD modeling of the headers.
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The geometry of the two condensers was measured and summarized in Table 4-1.

Table 4-1: Microchannel heat exchanger geometry used in models

Parameter Value
Number of passes 1
Number of MC tubes 36
Number of ports per MC tube 10
Width w/ headers [mm] 355
Width w/o headers [mm] 330
Microchannel tube depth [mm] 17.8
Microchannel tube thickness [mm] 1.8
Microchannel tube pitch [mm] 9.9
Microchannel tube port [mm] 1.3x1.53
Fin thickness [mm] 0.1
Fin pitch [mm] 1.64
Fin length [mm] 8.1
Louver pitch [mm] 0.9
Louver length [mm] 7.3
Louver angle [-] 26
Header shape Round

Header equivalent diameter [mm]  19.3

4.2 HYDRAULIC-CFD LINKED MODEL

The single-phase pressure drop of MCHX could be broken down into two parts: pressure
drop in microchannel tubes and that in headers. The single-phase pressure drops in the
microchannel tubes are well studied (Graham and Dunn, 1995; Heun and Dunn, 1995; Yin et al.,
2001, etc.; Hrnjak and Tu, 2007), and the results showed that the correlation of Churchill (1977)

has a good prediction for the laminar and turbulent flow regimes in the microchannel tubes.

51



Therefore, a model is developed in which to predict refrigerant distribution among parallel
microchannel tubes of a single-pass microchannel heat exchanger, a 1-D model is used for

forecasting thermal and hydraulic performance of flow within the microchannel tubes, while CFD

simulation, using ANSYS Fluent, is employed to solve flow characteristics in the headers, as

|
I

shown in Figure 4-1.

outlet

— 1-D finite-

volume Simulated in

model ANSYS-Fluent

Figure 4-1: Single-pass MCHX
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Figure 4-2: CFD simulation domain

In the Hydraulic-CFD Linked model, to make a solution domain to simulate using CFD,
the microchannel tubes are removed, and the headers are directly attached together. In the place of
the connection between the headers, however, to compromise the removal of microchannel tubes,
a porous jump boundary is used in the CFD simulation as the representative of the pressure drop
within microchannel tubes, as shown in Figure 4-2. Porous jump conditions are used to model a
thin "membrane” that has known velocity (pressure-drop) characteristics. The governing equation

is:

U pV?
Ap=—Ev+c Am i
p (a 2 2) @)

where « is the permeability, V is the velocity normal to the porous face, C; is the pressure
jump coefficient, and m is the thickness of the medium. The first term on the righthand side is a
porous media inertial loss term, which is negligible in our simulations. The second term shows the
skin friction pressure drop, which can be adjusted by calibrating the C value based on the obtained

pressure drop from the 1-D finite volume model.
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The flow chart of the presented method is illustrated in Figure 4-3. In order to run the
model, first, the whole flow field is solved by the CFD solver without applying any pressure drop
in microchannel tubes, which gives the refrigerant mass flow rate and the pressure at the inlet of
each microchannel tube. Then, the obtained pressure and mass flow rates are used as inputs for the
1-D finite-volume model, which gives the pressure drop and the heat transfer rate within
microchannel tubes, as explained in the next section. The obtained pressure drop is utilized as an
input to the CFD solution domain via the porous jump condition. The obtained heat transfer rate
is also employed to find the microchannel tube outlet refrigerant temperature. The average values
of the microchannel outlet temperatures in each header are then used to calculate the mean fluid
properties, and the whole flow field is solved once again using CFD. This process is repeated until
the mass flow rate residual in each microchannel tube is within the predefined value, which is

chosen as the convergence criteria of the algorithm.

The MCHX headers are simulated with a commercial CFD code, ANSYS-Fluent. In
Fluent, the governing conservation equations for the mass and momentum are solved using the
finite volume method and non-staggered grid discretization. For simplicity, due to symmetry, only
half of the domain is simulated. The coupled steady-state incompressible Navier-Stokes equations
are solved using the SIMPLE scheme. The standard k-¢ model is applied for the turbulence
simulation, which uses two transport equations, one for the turbulent kinetic energy, K, and the

other for the rate of dissipation of turbulent kinetic energy, €, to model turbulence.
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Figure 4-3: Hydraulic-CFD Linked model flowchart
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Structured meshes, consisting of only hexahedral cells, are generated for computational
zones using GAMBIT, as shown in Figure 4-4. Considerable care in the meshing of the MCHX
model was required due to the large difference in the length scale of the geometries and to maintain
mesh quality with minimal skewness. The grid independence study has been carried out, using
three different meshes with around 580 thousand, 1.6 million, and 2.3 million cells for the headers.
Using these three meshes, the simulations are conducted under the operating conditions in Table

4-2.

hea%‘

ports

Figure 4-4: Generated mesh for one tube pitch
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Table 4-2: Working conditions used as model inputs

Items Unit Value
Inlet mass flow rate  g/s 7.5
Inlet temperature °C 80
Exit pressure atm 1

Air inlet temperature  °C 25
Air face velocity m/s 1

The pressure profile in the header is used as the criterion for grid independence study, as it
is critical to the flow distribution. The results demonstrate that the calculated pressure profiles by
the two largest meshes are almost the same, which indicates the mesh with 1.1 million
computational zones is sufficiently fine for the tested case. However, to capture more flow details,
the mesh with the largest number of nodes, 1.6 million, is selected. Then, this mesh is imported to
ANSYS-Fluent for the flow simulation. The boundary conditions of velocity inlet and pressure outlet

are used for the inlet and outlet of the microchannel heat exchanger, respectively.

4.3 HYDRAULIC 1-D MODEL

In order to predict refrigerant mass flow rate distribution among parallel microchannel
tubes of a MCHX, a discretized finite volume 1-D model is developed. For simplicity, it can be
assumed: 1) Heat conduction is negligible along the microchannel tubes and between those through
fins; 2) Inlet and outlet headers are adiabatic; 3) Refrigerant is distributed equally among the ports
of each microchannel tube; 4) Airside has uniform temperature and velocity. In this model, any
single path through any microchannel tube connecting the heat exchanger inlet and the heat

exchanger exit is considered as a unique flow path.

57



As shown in Figure 4-5, the overall pressure drop for each unique flow path can be

expressed as:
Api = Apinlet header ,i + Apcont,i + Aptube,i + Apexp,i + Apoutlet header ,i (4'2)

Based on the principles of fluid mechanics, the overall pressure drop must be the same for
all the flow paths. The mass flow rate at each location along the inlet and outlet headers is different
due to refrigerant branching into and out of the microchannel tubes, respectively. These different
mass flow rates give rise to different local minor pressure drops in the headers. Due to different
minor pressure drops in the headers, the equality of overall pressure drop along all the flow paths

IS met by uneven mass flow rates among the microchannel tubes.

The pressure drop in a microchannel tube comprises frictional, momentum, and
gravitational pressure drops. The frictional pressure drop in the microchannel tubes is calculated
by the correlation developed by Churchill (1977). The pressure drop due to the contraction of the
flow from the inlet header into the microchannel tube, and the expansion of the flow from the
microchannel tube into the outlet header is calculated by the correlations in Idelchik hydraulic

handbook (1994) (Section VII, Diagram 7-4; Section VII, Diagram 7-18).

To model the heat transfer between the air and the refrigerant, the e-NTU method is used.
As described in Incropera et al. (2007), the maximum possible heat transfer in one element is

defined as:

Qmax = Ca (Tr,i _Ta,i) (4'3)

And the actual heat transfer rate in one element is given as:

Qactual =& max (4'4)
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Where ¢ is the effectiveness of the element. The effectiveness is a function of heat capacity ratio,
Cr, and the Number of Transfer Unit (NTU), as defined in Equation (4-5) and Equation (4-6),
respectively. NTU is defined as the ratio of the overall heat transfer coefficient multiplied by the

heat transfer area to the heat capacity rate.

_min(C,,C,) C,, (45)
" max(C,,C,) C._,

UA
NTU = — 4-6
. (4-6)

Equation (4-7) is used for single-phase flow to correlate ¢ to NTU in cross-flow
configuration.

g=1- exp{gﬂ.NTU °% (exp[-C,.NTU®" ] —1)} (4-7)

max
The overall heat transfer coefficient, U, is defined in terms of the total thermal resistance
to the heat transfer between the air and refrigerant:

1 1 O\l 1
+

= +
UA nha Aa kWaII A’ hr A’

(4-8)

ha is the air-side heat transfer coefficient and is determined by Chang and Wang (1997)
correlation, where hy is the refrigerant side heat transfer coefficient and is calculated by Gnielinski
(1976) correlation. Moving downstream, hy will change accordingly as refrigerant enthalpy

decreases.

Pressure drop in each element of horizontal headers includes three components, frictional

pressure drop APsi acceleration pressure drop 4Pacc,i, and local loss 4P;;, due to the halfway
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protrusion of microchannel tubes into the header, as well as branching the refrigerant out of and

into the inlet header and outlet header, respectively.

Apheader,i = Apf i + Apacc,i + Apg“,i (4'9)

The frictional pressure drop in the headers is calculated by Equation (3-3), in which the
friction factor is calculated by the correlation developed by Churchill (1977). Acceleration
pressure drop is the change in dynamic pressure from upstream of the microchannel tube to
downstream of that microchannel tube along the header, as expressed by Equation (3-2). To
evaluate 4P ; in the 1-D finite volume model, the local pressure loss coefficients are calculated

using three different methods, as follows:

1) Uniform pressure loss coefficients given by Yin et al. (2002)

2) Correlations generated by Ren et al. (2014)

3) Correlations for combining and dividing manifolds in Idelchik hydraulic handbook (1994)
(Section VII, Diagram 7-4; Section VI, Diagram 7-20;). These correlations for converging
and diverging cases are introduced by Zubov (1974) and Taliev (1952), respectively. The

simplified version of these correlations for the MCHX geometry used in this study are:

Comy = 1.558—; - (%)2 (4-10)
S = 0.4% (4-11)

Qt and Qn represent volume flow rate in the MC tube and the header, respectively.

The predictions for mass flow rate distribution in the hydraulic 1-D heat exchanger model,

using the three above methods will be compared to the Hydraulic-CFD Linked model.
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Figure 4-5: Pressure drop components in each flow path

4.4 RESULTS AND DISCUSSION

The above-proposed models were used to predict refrigerant distribution among parallel
microchannel tubes of a single-pass MCHX to gain additional insight into how significant the
values of local pressure loss coefficient in inlet and outlet headers are. The operating conditions
used as inputs in the models are summarized in Table 4-2. The working fluid utilized in the models
iS nitrogen.
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Figure 4-6 shows the comparison of mass flow rate distribution predicted by three different
simulation approaches with Hydraulic-CFD Linked model for a single pass U-type MCHX. These
models show a major difference between the predictions of the three 1-D finite volume approaches.
However, according to the results, the mass flow rate distribution obtained by the correlations for
dividing and combining manifolds in Idelchik hydraulic handbook (1994) matches the prediction

by the Hydraulic-CFD Linked model much better.

Figure 4-7 shows the comparison of mass flow rate distribution predicted by three different
simulation approaches with Hydraulic-CFD Linked model for a single pass Z-type MCHX. Similar
to the U-type MCHX case, the 1-D models show different predictions of mass flow rate
distribution, and the one achieved by the correlations for dividing and combining manifolds in
Idelchik hydraulic handbook (1994) is very close to the prediction by the Hydraulic-CFD Linked

model.
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Figure 4-6: Comparison of flow distribution predictions of three 1-D models with Hydraulic-CFD Linked
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Figure 4-7: Comparison of flow distribution predictions of three 1-D models with Hydraulic-CFD Linked
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Pressure predictions by all four models along the inlet header and outlet header for U-type
MCHX and Z-type MXHX are shown in Figure 4-8 and Figure 4-9, respectively. The discrepancy
in pressure predictions between these models can be observed. However, it should be noted that
the pressure difference on both sides of the microchannel tube dictates the mass flow rate in that
tube. Despite the disagreement in pressure evaluation of the Hydraulic-CFD Linked model and the
T-junction model, the difference between the pressure in the inlet and outlet header for any specific
MC tube is very close to each other. Consequently, the mass flow rate distribution predictions are
in good agreement. The discrepancy between the pressure values can be described as follows. First,
the locations for which the pressures are provided in Figures 4-8 and 4-9 are not the same for the
CFD model and other 1-D models. For the Hydraulic-CFD model, the pressures are for the mouth
of the MC tubes, while for the other three 1-D finite volume models, the pressure values are for
locations upstream and downstream of the MC tube along the inlet header and outlet headers,
respectively. The other reason is the pressure distribution in the outlet header from the last MC
tube to the exit. Dictating the ambient pressure at the exit of the MCHX in all the models defines
the pressure variation in the heat exchanger. Within the CFD model, as shown in Figure 4-11, the
pressure change near the exit due to the sudden expansion and contraction, as well as the sharp
corner can be predicted more accurately. However, in the 1-D finite volume models, the effect of

the aforementioned changes in the geometry is not captured.

As shown in Figure 4-10, in the third 1-D approach, it is assumed that the flow behavior
over each microchannel tube mouth inside the header resembles a T-junction, with dividing flow

and combining flow in the inlet header and outlet header case, respectively.
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Figure 4-10: Schematic of the 1-D finite volume model with the assumption of T manifolds along the

header, for U-type MCHX
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Figure 4-11: Velocity vectors, colored with pressure values near the exit of the outlet header, from

the Hydraulic-CFD Linked model
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Looking into the velocity vectors inside the headers from the Hydraulic-CFD Linked
model, Figure 4-11 to Figure 4-13, illustrates that it is a reasonable assumption to simply consider

T-junctions in place of the protruded regions in each segment of the headers.

The reason for this observation is that within the majority of the header, the flow rate in
the microchannel tube is much smaller than that in the header. As a result, the streamlines in the
header are not bent significantly, and pressure loss is mainly due to converging/diverging to/of the
flow from the MC tube. In addition, thanks to the short distance between two adjacent
microchannel tube, a secondary flow in the space between the protrusions are formed and the fluid
in the header mostly flows on top of that recirculation zone. This also prevents any expansion and

contraction from one microchannel tube mouth to the next one along the header.

F 4300

4225
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' 4075

Flow direction

Figure 4-12: Velocity vectors, colored with pressure values in the middle part of the inlet header,

from the Hydraulic-CFD Linked model
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Figure 4-13: Velocity vectors, colored with pressure values, in the middle part of the outlet

header, from the Hydraulic-CFD Linked model
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Figure 4-14: Velocity vectors, colored with pressure values, at the beginning of the inlet header,

from the Hydraulic-CFD Linked model
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The discrepancy between the mass flow rate distribution in the first several microchannel
tubes (Figure 4-6 and Figure 5-7), predicted by the 1-D finite volume model with the assumption
of T manifolds and Hydraulic-CFD Linked model, stems from the complex flow behavior in the
initial part of the inlet header. The reason is that a big contraction and subsequent expansion only
occurs when flow crosses over the protrusion of microchannel tube #1, as shown in Figure 4-14.
In this region, the assumption of the flow behavior similar to T-junctions is not much reasonable.
According to Figure 4-14, it takes some distance in the inlet header for the streamlines to become

mostly parallel and uniform.

4.5 SUMMARY AND CONCLUSION

This chapter presents the numerical investigation of single-phase flow distribution in
microchannel heat exchangers. Three different 1-D finite volume approaches to evaluate pressure
drop in headers of MCHXs are proposed to predict mass flow rate distribution, and compared with
a Hydraulic-CFD Linked model, in which the flow in headers is simulated by ANSY'S Fluent. The
1-D finite volume models show a difference in the prediction of flow rate distribution. However,
the model in which the flow passage in the header is assumed to be a series of dividing and
combining T-manifolds shows a satisfactory agreement with the Hydraulic-CFD Linked model in
the perspectives of mass flow rate distribution. The disagreement over the first multiple MC tubes
is due to the complexity of the flow at the entrance to the inlet header, as well as the incapability

of the 1-D model to capture the physics.
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CHAPTER 5

TWO-PHASE FLOW PRESSURE DROP IN THE

HEADER IN VERTICAL UPWARD FLOW

5.1 INTRODUCTION

Phase separation in the header is the main factor that causes refrigerant maldistribution in
the two-phase flow and it is the most important in MCHX modeling. However, besides phase
separation in the header, maldistribution in MCHX may also be caused by the pressure drop in the
header in two-phase flow. As discussed in Section 4.3, the pressure drop in the header causes the
pressure drop in the microchannel tube to be different between each tube, resulting in flow rate
maldistribution. This chapter experimentally investigates the pressure drop in upward flow in a
vertical header and explores the behavior of the pressure drop in the header for a range of inlet
qualities and inlet mass flow rates based on experimental results. The pressure drop of two-phase
R134a in the header was measured while the visualization of the two-phase flow in the header was
recorded at the same time. Due to the complexity of two-phase flow in a real header, pressure drop
is first analyzed in a header with no flow inside the microchannel tubes in Section 5.2, then the

study goes further by adding flow into the tubes, investigating the inlet header in Section 5.3.
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5.2 VERTICAL TUBE WITH HEADER-LIKE PROTRUSIONS

5.2.1 TEST FACILITY

The pressure drop measurement and flow regime visualization are obtained in the header

shown in Figure 5-1.

A
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Pressure
measurement port

; ; 5 ? view
Protrusions, mimic¥C tube
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7 I

Front view Side view A-A

Figure 5-1: Test section for the two-phase upward flow in the vertical round tube with header-like

protrusions

The test section is a fully transparent 3D printed part with an inner diameter of 15.8 mm,
with the tube protrusion having a thickness of 3 mm and a width of 13.6 mm which has six
microchannel ports. The microchannel tube protrudes halfway of the inner diameter of the round
tube. At the other end of the microchannel tube, there is a socket for the aluminum, a microchannel
tube connection, and a chamfer for the sealing with an O-ring. Two holes are made for the bolt

and nut connection like a flange. The total length of this part is 173.8 mm. Aluminum microchannel
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tubes are connected to the sockets with O-rings. The other end of the aluminum microchannel
tubes is also blocked. The refrigerant flows in a tube with protrusions like in a real header. The
seal will be removed when studying flow like in real MCHX (as presented in Section 5-3). There
is a metal frame to support this section and connect to the facility. There is a port for the pressure
measurement. The location of the pressure measurement port is at the inner wall of the transparent
header. All ports are named 1 to 10 from the bottom to the top and connected to PFA tubes with a

1/8” OD. Upstream inlet geometry is a 500 mm PFA tube with a 3/8” OD.

Test section
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Figure 5-2: Facility for the two-phase upward flow in the vertical round tube with header-like protrusions
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The schematic drawing of the facility is shown in Figure 5-2. Pure subcooled liquid
refrigerant (R134a) is pumped through a mass flow meter with a gear pump (MICROPUMP GC
M35). Local refrigerant enthalpy before the heater is obtained from the measured pressure (P) and
temperature (T). The flow is then heated by an electric heater, and the power (Q) is measured by
a watt transducer (Ohio Semitronics GW5-024CX5). Measured heater input power, mass flow rate,
and inlet enthalpy determine refrigerant quality after the heater or at the inlet to the test section.
After the refrigerant is mixed in the mixer to make the flow as homogeneous as possible, it
continues into the test section. After the refrigerant passes the test section, it flows into two
condensers with glycol as a secondary fluid. The subcooled liquid is then fed into the gear pump
to complete the circuit. The saturation temperature in the test section is controlled by a refrigerant
tank in a water bath.

After the system becomes stable (i.e., the temperature, pressure, and quality keep constant
in the test section), a high-speed camera is used to capture flow regimes with a resolution of
512x512 and a speed of 2200 frames per second (fps). To measure the pressure difference, port
number 10 is chosen to be the reference pressure and is connected to the lower pressure input of a
DP sensor. All other nine ports are connected to nine small ball valves and then the higher-pressure
input of the DP sensor (Figure 5-2). In such a way, the instrument errors from using multiple DP
sensors are eliminated at the cost of additional time and work. All clear PFA tubes that connect
the DP sensor and the pressure measurement ports are heated when liquid slugs appear inside. This
is to make sure that the tubes to the DP sensor are all filled with vapor to avoid potential problems
with gravity effects on DP due to liquid. Hence, the pressure drop along the header, and

visualization results are obtained for each specific test condition.

73



Table 5-1: Working conditions for two-phase flow test
for the round tube with header-like protrusions

Items Unit Value

Mass flow rate als 3,45,6,75
Mass flux kg/m?s 28, 43,58, 72
Saturation temperature  °C 145

Vapor quality - 0.1-0.9
Working fluid - R134a

According to Bowers et al. (2006), when tube protrusions are present, it is more
representative to define the mass flux by the smallest cross-sectional area. The mass flux
calculation in this study is based on the minimum cross-sectional area of the header (104.03 mm?).

The test conditions are listed in Table 5-1.

Table 5-2: The uncertainty of the instruments in the round tube with header-like protrusions test

Instrument Measurement Uncertainty
Sensotec TJE Pressure (P) +0.1%FS
T-type thermocouple Temperature (T) +0.1°C

Ohio Semitronics GW5-024CX5 Heater power (Q)  + 0.2% Reading/+ 0.04% FS
Micromotion D40 Mass flow rate (m) + 0.2% flow rate

Rosemount 1151 Pressure drop (DP) +0.25% FS
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5.2.2 DATA REDUCTION

The instrumental uncertainties of the devices used in this project are listed in Table 5-2.
Error propagation rule is given in Equation (5-1). It estimates overall uncertainty based on

measured values.

i=1

0, = z[g] () 5

where uc is combined standard uncertainty, y is calculated values, xi is measured values and u(x;)
is the uncertainty of xi. Equation (5-1) is built in the software Engineering Equation Solver (EES).
The combined standard uncertainty can be obtained by following the procedure incorporated in

EES.

5.2.3 RESULTS

In the control volume, the total pressure drop can be divided into four major contributions:
hYdrOStatiC (APhydrostatic), frictional (APfrictional), local (APIocaI, due to pl‘OtI‘USionS). Slnce a”

microchannels are closed, there is no acceleration pressure drop caused by mass addition or

reduction in the test section. APhydrostatic IS @ function of two-phase density, prp:
Apgra = pTP gl (5'2)
Pr=poa+pl-a) (5-3)

where g is the acceleration of gravity and | is the length of the control volume. If the saturation
temperature in the test section is set, APnydrostatic ONly depends on the local void fraction. When the

inlet quality is lower, the local void fraction will also be smaller, and the hydrostatic pressure drop
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is more significant. APiocal iS caused by the presence of tube protrusions. Tuo and Hrnjak (2013)

proposed:

G 2
Aplocal = kIoss 2— (5'4)

TP

where G is the mass flux and kioss is the local loss coefficient which is determined by experiments.
APiocal is again a function of local void fraction. APfrctional IS @ function of many variables, including
density, viscosity, and surface tension. In this study, it is calculated with the model from Friedel
(1979). Due to the relatively low mass flux, APsictional ONly accounts for a small portion of the total
pressure drop in most cases. Overall, the total pressure drop in the control volume is highly related

to the gravitational pressure drop most of the time within the tested conditions.

protrusion

AR ...

----- AP friction

57.7 kg/m’s, x = 0.5, Churn flow

AP hydrostatic

Refrigerant flow

Figure 5-3: Schematic of the control volume of a measured pressure drop
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Visualization results are studied to analyze flow regimes in the test section. In the explored
mass flux range, three major flow patterns in the tube with header-like protrusions are observed:

slug flow, churn flow, and semi-annular flow, as shown in Figure 5-4.

Slug flow: Vapor slugs appear periodically with the liquid bridges and small bubbles in the middle.
The vapor slugs which are disturbed by protrusions are relatively smaller than those in the smooth

vertical tubes.

Churn flow: The total effect of shear on the interface, pressure gradient, and gravity on a droplet
is not constant upwards. Liquid droplets may oscillate in the section. Also, due to the disturbance

of the tube protrusions, flow structures are very chaotic.

Semi-Annular flow: Liquid flows along the smooth portion of the tube wall, and vapor flows in the
central core. Since some liquid is trapped between protrusions, it is called semi-annular flow. The

interface between liquid and vapor core is wavy.

28 kg/m’s (3 g/s), x=0.1

Side view

Flow
Slug Churn Semi-Annular »@\

Trapped
Cross-sectional

Figure 5-4: Flow patterns in the round tube with header-like protrusions
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Figure 5-5 shows the pressure drop results for mass flow rates from 3 to 7.5 g s (28-72 kg
m s1). Each line in the diagram depicts the results from a certain location. For example, line 1-2
represents the pressure drop between tubes 1 and 2 in Figure 5-2. When the inlet quality is 0 (fully
liquid), the measured pressure drop in the control volume from all locations is close to the
calculated hydrostatic pressure drop which is based on the geometry and thermal properties of
R134a. In the lower mass flow rate and inlet quality region, in which the hydrostatic pressure drop
is dominant, as the quality increases, the total pressure drop becomes smaller. However, in the
higher mass flow rate and quality region, the total pressure drop is larger when the inlet quality is
higher. In this region, the gravitational pressure drop is relatively small, but other contributions
(APfrictional and APiocal), especially APiocal, are more important. When the inlet quality equals 1 (fully
vapor) at relatively higher mass flow rates, APexpansion at the entrance of the section is more
significant. It results in a very small or even negative pressure drop at the location of 1-2. Other
than these conditions (full vapor at the location of 1-2), the pressure drop results for all locations
of a specific test condition are very similar and agree well with the average value of that condition.
The differences between 92% of all measured results and the average values are smaller than the

measurement uncertainties.

Figure 5-6 shows the pressure drop components for mass flow rate 6 g s at locations shown
over the schematic. Pressure drop in the entire header (DP1.10) shows clearly that frictional pressure
drop is insignificant and hydrostatic pressure drop is the most important component in the majority
of the vapor qualities. Local pressure drop plays an important role in higher qualities. This analysis
for the pressure drop in the middle part of the header (DPe.7) illustrates the same behavior as the

entire header.
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Figure 5-5: Pressure drop along the round tube with header-like protrusions
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5.3 VERTICAL INLET HEADER

5.3.1 TEST FACILITY

This section demonstrates the experimental measurement of pressure drop in upward flow
in an inlet header with 10 microchannel tubes. Visualization results are also studied to analyze

flow regimes in this configuration.

The test facility, Figure 5-7, was constructed to study R134a pressure drop in headers of
MCHXSs. To obtain the results of visualization, and pressure drop in the header for a certain test
condition, a transparent header with pressure drop measurement ports is built. The header has the
same inner diameter (15.8 mm) and tube pitch (15.8 mm) as the header in section 5.2. All the
protrusions are % depth of the header's inner diameter, as widely used in the industry. Pure
subcooled refrigerant is pumped through a mass flow meter (MicroMotion D40) with a gear pump
(MICROPUMP GC M35). The mass flow rate (min) is controlled manually via a variable
frequency drive (VFD) and a bypass valve. The refrigerant enters the inlet header from the bottom.
A single electric heater is used to heat the refrigerant before the test section. The refrigerant
enthalpy before the heater is obtained from the measured pressure (Psu») and temperature (T'sup).
Refrigerant is heated in the electric heater whose input power (Qin) is measured by a Watt
transducer (Ohio Semitronics GW5-024CX5). Before the test section, refrigerant quality (xin) IS
determined by Qin, min, and the refrigerant enthalpy before the heater. The refrigerant flows into
the test section after the mixer. The header has 10 microchannel outlets. For the header, two
adjacent outlet tubes are combined into one with a Y-shape connection to maintain the same
number of mass flow meters and heaters, as well as the control strategy. The refrigerant in the two

combined outlet tubes is heated together, and the total mass flow rate is measured by a mass flow
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meter. With the similar assumption made by Zou and Hrnjak (2013), this configuration should not
affect the essence of the results. The two combined exits are assumed to have the same xou¢ i and

Mout, i.

Table 5-3: Working conditions for two-phase test flow in the inlet header

Items Unit Value
Mass flow rate als 3.2-5.3
Mass flux Kg/m?s 31-51.3
Saturation temperature °C 145
Vapor quality - 0.1-0.38
Working fluid - R134a

5.3.2 DATA REDUCTION

The instrument uncertainties of the devices used in this set of experiments are listed in
Table 5-4. Error propagation rule is given in Equation (5-1). It estimates overall uncertainty based
on measured values. The sum of the mass flow rate in all five outlet mass flow meters (X3 1oy ;)
is not the same as the total inlet mass flow rate (mi») due to the experimental uncertainties. The
average and median deviations are 0.23% and 0.22%, respectively. Like the former study by Zou

and Hrnjak (2013), the mass flow rate in each outlet tube is corrected.
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The liquid mass flow rates in the five outlet tubes are also adjusted in such a way that the

sum is equal to the total inlet liquid mass flow rate.

m, corrected __ [, measured CF (5-7)
L

L out,i L out,i

measured measured
C. = M, (1_ Xin )
F n m measured
j=1  Lout,i

(5-8)

The local variables in Figure 5-8 are calculated based on the mass balance, as shown in
Equations (5-9) and (5-10). The mass flow rate at the top of the header, ma, is set to zero as the
boundary condition since it is a stagnation point.

Mypq = My — Moy (5-9)

Mip1Xip1 = MX; — Moy iXout,i (5-10)

Table 5-4: The uncertainty of the instruments in the vertical inlet header test

Instrument Measurement Uncertainty

Sensotec TJE Pressure (P) +0.1% FS

T-type thermocouple Temperature (T) +0.1°C

Ohio Semitronics GW5-024CX5  Heater power (Q) + 0.2% Reading/+ 0.04% FS
Micromotion D40 Inlet mass flow rate (m) + 0.2% flow rate
Micromotion D06 MC tube mass flow rates (m) + 0.2% flow rate
Rosemount 1151 Pressure drop (DP) +0.25% FS
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Figure 5-8: Measured and calculated variables in the inlet header

5.3.3 RESULTS

Figure 5-9 shows the flow regimes of upward flow in vertical inlet headers with mi»=5.3 g s *.
Most of the liquid accumulates at the lower part of the header. The upper header is mainly occupied
by the vapor phase. When the xi» is small, the flow regimes are very chaotic. The low-speed vapor
goes upward with little entrainment. Liquid oscillates between protrusions. If xix is relatively large,
a thin liquid film is formed at the lower header. As xi» increases, less liquid enters the header,

consequently, the highest positions that the liquid can reach become lower.
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Figure 5-9: Flow regimes for vertical inlet header, mi»=5.3 g s
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The effect of inlet quality and inlet mass flow rate on pressure drop in the header is
presented in Figure 5-10 and Figure 5-11. It can be seen that for all the cases the highest pressure
drop happens over the first microchannel tube. This behavior can be expected due to the significant
contraction from the entrance to the area above the first MC tube. Over the second microchannel
tube due to the pressure recovery and expansion of the flow pressure drop decreases. Over tube
#3, the flow starts to become more developed, and as the fluid goes further, the mass, especially
of liquid, is removed from the main flow in the header. Therefore, as a general trend, the pressure

drop gradually decreases as the flow goes further.

Due to the complexity of the pressure drop behavior in Figure 5-10 and Figure 5-11, the
variation of the pressure along the header is evaluated, instead. However, for a fair assessment for
all the inlet qualities and inlet mass flow rates, the pressure before the first microchannel tube
(location 0 in figures 5-12 and 5-13) is set to zero, and pressure variation is plotted accordingly for

all flow condition, as shown in figure 5-12 and 5-13.

Figure 5-12 shows the effect of inlet quality on pressure at different mass flow rates. It can
be seen that pressure along the header decreases drastically over some number of first
microchannels, with a linear trend. This region is dominated by liquids, resulting in higher
gravitational pressure drop. Over the top vapor is dominated and pressure drop is much less.
According to these plots, at a specific mass flow rate, for the lower inlet qualities, the liquid reaches
higher microchannel tubes. As the inlet quality increases, less liquid will be present, and less

hydraulic pressure drop exist, consequently.
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Figure 5-13 shows the effect of inlet mass flow rate on pressure at different inlet qualities.
The results show that at qualities of x=0.2 and x=0.4, increasing the mass flow rate decreases the
pressure drop, while for the qualities of x=0.6 and x=0.8 the opposite behavior is observed. At the
low qualities, because the hydrostatic pressure component is more dominant, increasing mass flow
rate results in increasing void fraction, which results in smaller two-phase density and lower
gravitational pressure drop. However, for higher qualities of x=0.6 and x=0.8, the higher the inlet
mass flow rate, the more liquid is carried by the vapors toward the top. In addition, at higher
qualities, as the vapor is more dominant, increasing the mass flow rate results in higher vapor

velocity and higher local losses due to protrusions.

5.4 SUMMARY AND CONCLUSION

This chapter experimentally investigates two-phase R134a pressure drop in the vertical
inlet header in upward flow and explores the behavior of the pressure drop in the header for a range
of inlet qualities and inlet mass flow rates, while the visualization of two-phase flow in the header
was recorded at the same time. According to the results, pressure drop is mainly affected by flow
morphology in the header. For most of the inlet qualities and mass flow rates, gravitational pressure
drop is very dominant and in the top region vapor is dominated and pressure drop is much less. In
addition, the results demonstrate that at lower inlet qualities, as inlet mass flow rate increases

pressure drop decreases, however, for higher qualities it shows the opposite behavior.
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 SUMMARY WITH CONTRIBUTIONS OF THIS RESEARCH

The major objectives of this study are to investigate pressure drop in headers of MCHEs.
Both pressure drop for single-phase flow and two-phase flow in the headers of microchannel heat
exchangers are studied and results are presented. A new set of correlations is generated to predict
pressure loss coefficients, due to protrusions, in inlet and outlet headers. Then the generated
correlation and two other methods are used in a 1-D finite volume approach to evaluate single-
phase pressure drop in headers of MCHXs, to predict mass flow rate distribution in microchannel
tubes, and the results are compared with a Hydraulic-CFD Linked model, in which the flow in
headers are simulated by ANSYS Fluent. The 1-D finite volume models show a difference in the
prediction of flow rate distribution. The model in which the flow passage in the header is assumed
to be a series of dividing and combining T-manifolds shows a satisfactory agreement with the

Hydraulic-CFD Linked model in the perspectives of mass flow rate distribution.

For two-phase flow analysis, flow visualization and pressure drop measurements are
conducted in a vertical upward flow in a round inlet header. Flow regimes for a range of mass
fluxes and vapor qualities are obtained and presented. The influence of mass flux and vapor quality

on the pressure drop is also demonstrated.
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6.2 RECOMMENDED FUTURE WORK

There are several opportunities for continued work in the area of two-phase flow
distribution in heat exchangers. It is recommended that future work on this topic should be
extended to horizontal headers and vertical headers of MCHXs with a downward flow. Studying
pressure drop in headers with other widely used shapes (such as D-shape) can also be an interesting
research direction. Also, in real-life HVAC&R systems, the working media are usually refrigerant
and oil. It is very meaningful to extend this topic to real vapor-compression systems. Last but not
least, the development of validated computational fluid dynamic (CFD) models in two-phase flow
could provide local velocity and pressure information in the header and answer some of the

outstanding questions in this field.
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