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SUMMARY

Vapor absorptiotbased HVAC systems are attracting increased interest due to their
capability to utilize lowgrade wastdneat streams, and low global warming potential of

the working fluids. The performance of an absorption system dep@mifscsintly on the
absorber, whiclabsorbghe refrigerant vaponto the absorbent fluid. Components with
microscale features to enhance heat and mass transfer have been shown to significantly
reduce the size of absorption cooling systemsking them vible for smaHscale
applications, such as residential and mobile use. But an incomplete understanding of the

internal flow phenomena in microscale absorbers is limiting those gains.

Performancdimiting factors for microscale absorbers are investigatec @fnthe key
performance limiting factors is maldistribution of vapor and liquid phases in these
microscale geometries. Awater mixtures are used to represent-phase flow through

three different microscale geometries, namely, a microchannel arraycrachannel

array with mixing sectionsand a serpentine piin test section. The flow distribution is
visually tracked along the length of the microscale geometries. Statistical distributions of
void fraction and interfacial area along the microchanmelyaare calculated. Parameters
such as the average void fraction and interfacial area intensity are used to evaluate and

compare the different microscale geometries.

This study also investigasehe internal flow phenomena in an absorber by visualizing
the process of absorption and measuring local temperatures in microscale geometries. A
single unit of a microscale absorber consisting of two heat exchange plates; one with an

ammonidwater mixture, and the other with a coupling fluid to absorb the heaisezle

Xiii



during absorptionis fabricated.Heat and mass transfer mechanisms in the microscale
componentsre investigatedAn open absorption system wiabricatedto evaluate the
absorber, as it enables control over inlet properties of the fluids. Two catzadsorber
designsare evaluated in the test facility. The effects of solution flow rate, solution
nominal concentration, operating pressuagsl coupling fluid temperatusgeevaluated.

A modelis developed to predict heat and mass transfer in thres@scale absorbers.
This study providsinsight into the limiting factors of current designs, and improvements

that can be made in tifieture designef suchcomponents.
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CHAPTER 1. INTRODUCTION

The demand for primary energy has been rapidly rising in the past few decades
(U.S.EIA, 2016. This has increased the pressure on the existieggy infrastructure and
resourcesRattner and Garimella (201fgund that 20.3% of electricity use in the USA is
for HVAC&R systems, which typically use vapor compression cycles. Vapor
compresion systems convert higirade electricity to cooling and heating. Thermally
driven vapor absorption systems provide alternatives to vapor compression systems, and
utilize low-grade heat, rather than electrical power, to provide cooling/heating. This
preents the opportunity to reduce electricity consumption and utilizecanwentional
energy sources such as waste heat and solar energy. The aseamimoniawater
mixture as a working fluid allows cooling at below freezing temperatures and heating
above B®°C, unlike lithium bromidevater based absorption systems. Ammonia vapor
has a lower specific volume than water vapaihatrelevanbperating conditions, which
makes it possible to miniaturize components without excessive pressure drop penalties.
Absorgion cooling systems have typically been used in lsgge applications such as
hospitals, university campuses, etc., or in low coeffiesdrgerformance installations
such as recreational vehicld3eterman and Garimella (2018gmonstrated 300 W of
cooling usingan ammoniavater absorption system miniaturized into a 200 mm x 200
mm x 34 mm monolith. This teddooksized monolith contained all heat and mass
transfer components required for an absorption system. AHlcsoiponents of the
monolith utilized microchamel passages, which provide high heat and mass transfer
coefficients compared to conventional designs, resulting in substantial reduction in the
required size and weight of the system. The small size of the microctrassel
absorption cooling system biens its potential applications to include residential and

other smaliscale applications. Among the various heat and mass exchange components



in an absorption heat pump, the absorber has been referred to as the "bottleneck” of the
systemby Beutleret al. (1996) Hence, the absorber is critical to the performance of an

absorption system.

The absorption of ammonia into the dilute solution is an exothermic process,
which mustbe actively cooled by a coupling fluid. The lack of understanding of the heat
and mass tragfer processes in microscale geometries has resulted in suboptimal designs
for components. This study investigates an ammuwaier absorber with multiple arrays
of microscale features to enhance performance. A microscale absorber is fabricated with
windows to provide visual access to observe the effect of the microscale features on the
flow of the vapodiquid mixture as absorption takes place.e$é observationgrovide
insights into the heat and mass transfer mechanisms in microscale absorbers. A second
test section to measure intermediate temperatures is also fabricated and these

intermediateemperatures angsed to validate the heat and mass transfer models.

1.1 Literature review
1.1.1 Maldistribution in microchannels

Flow regimes, condensation, evaporation egldted twephase flow phenomena
in a single microchannel are widely studied. However, studies on multiphase flow
through arrays of parallel microchannels are limited. Flow maldistribution in
microchannel components can adversely affect heat exchandempserce, especially
those with phase change. For example, maldistribution in evaporators results in channels
with dry-out as some channels would have a lower liquid flow rate than others. In
condensers, excess liquid in some channels affects the rateatftdansfer and
condensation. In absorbers and desorbers, maldistribution reduces the total interfacial
area that is vital for efficient mass transfer and phase change. Themfereflow
distribution in heat and mass exchangers is critical to optipéérmance of these

components.



Ozawaet al. (1989)studied the distribution of aiwater mixtures in two parallel
tubes of 3.1 mm diameter. They observed uneven distribution of the phases between the
channels. This maldistribution was attributed to pressure and flow oscillations caused by
pressure drop characteristics of tploase flow at different operating conditions. Gas

flow rates were observed to oscillate more than liquid flow rates.

The effectof orientation of a 6 parallel microchanne}, &1 0.333 mm) array on
evaporation was investigated b{andlikar and Balasubramanian (2009he vertical
downward configuration used in this study had the most significant effect of flow
reversal of vapor into the inlet manifold. This flow reversal was observed to be the
primary cause for increased flow maldistribution, resulting in a reduction in heat transfer
performance. Pressure drop fluctuations and flow patterns in the same test section were
studied byBalasubramanian and Kandlikar (2005Jug flow was observed to be the
dominant flow regime in the microchannels. Significant maldistribution wasreed in
some cases. This was attributed to flow reversal extending into the inlet manifold due to

slug flow.

Hetsroni et al. (2003) investigated aiwater and stearwater flow in parallel
triangular microchannels with hydraulic diameters of@116 mm. The test sections were
15 mm x 15 m in size and consisted of -PBb parallel microchannels. Different flow
regimes were observed in the parallel channels with some channels exhibiting very low
or no liquid flow. Flow maldistribution was observed in steaater boiling experiments
as well, vihere channels close to the inlet had lower vapor flow than those away from the

inlet.

The available literature shows that gagid maldistribution is a significant

detriment to flow in microchannel arrays. While there are several studies investigating



improved header designs for better flow distribution, there are no studies on improving

flow distribution in a microchannel array once it is maldistributed.

1.1.2 Two-phase flow through mickpin fins

Pin fin arrays with varying geometry offer the potential tagdhe flow area in a
microchannel array to address the challenges posed by the evolving flow characteristics.
However, twephase flowaroundcircular micrepin finsin smalltgap passagesas not

been widely investigated.

Nitrogenwater flow across pinffis was investigated rishnamurthy and Peles
(2007)using highspeed videography. The pin fins had a diameter and height of 0.1 mm,
with a pitchto-diameter ratio of 1.5, and 5Re< 50. Four distinct flow regimes, bubbly
slug, gas slug, bridged, and anmuftow were observed. Based on the data, they
developed models to calculate the void fraction and pressure drop iphtse flow

across pin fins foRe < 40.

Krishnamurthy and Peles (2008tmesent the effect of pin diameter and pitch on
flow regime. Two distinct mechanisms for the formation of bridged flow were observed.
In the smaller test section, gakigs trapping liquid bridges between pin fins were the
main mechanism for bridge flow. In the larger test section, the feak larger liquid
slugs resulted in the formation of liquid bridges. A parami€tetefined as the product of
the Weber\\Ve andEuler Eu) numbers, is proposed to predict the stability of the bridge

flow: the bridge flow regime is stablelit<< 1, and unstable d6- 1.

A pressure drop model for the boiling of water through 0.2x0.2 mm square pin
fins with a height of 0.67 mm ara pitch of 0.4 mm is presented Qu and SieHo
(2009) The singlephase friction factor correlation froQu and SieHo (2008)in
combination with the laminar liquid and vadarsckhart and Martinelli (1949%wo-phase

multiplier predicted their data well.



1.1.3 Ammoniawater studies

The present work primarily focuses on the miniaturization of vapor absorption
systems using convective flow absorbers. The literature on absorption in convective flow

absorbers can be subdivided into ekpental and theoretical studies.

Experimental studies

Merrill et al. (1995) investigated three compact bubble absorbers developed for
GeneratorAbsorberExchange (BX) cycles. Each of the three designs was a variation
of the inverted concentric tlibe design investigated Merrill et al. (1994) The three
new designs were compared with thesddane design of an inverted concentrietube
with solution and vapor flowing in a emrrent configuration in the inner tube as
presented inMerrill et al. (1994) Further research on the invertedtulbbe bubble
absorber design was conducted Mderrill et al. (1998) Improved ammonia vapor
distribution, and a reduction in the hydraulic diameter of the solution and coolant sides
significantly improvel performance of the absorber. The best performing absorber was an
inverted Utube with alternating actively cooled regions and adiabatic mixing regions.
Flow inserts on the coolant side were also observed to improve absorber performance, as

the cooling gie resistance decreased.

Leeet al. (2002b)investigated the use of a pldaige absorber for ammonimater
absorption cycles. The absorber had dimamsof 0.112x0.264x0.003 m and operated in
a counteiflow configuration. The absorber was tested in an open system with an
ammonia vapor source and a dilute solution source. Dilute solution concentrations were
varied from 030 wt% at a constant flow raté 6.3 kg min' and temperature of 20°C.
The log mean temperature and concentration diffesaweeeused to calculate the heat
and mass transfer coefficienthe reat transfer coefficient was observed to increase with
gas and solution flow rates. Whileetimass transfer coefficient increased with gas flow

rates, it remained relatively constant with an increase in solution flow rates. The same



geometry was tested in a fallifign mode in a counteflow configuration. The
performance of the fallin§jlm mode was compared to the bubllede performance by

Leeet al. (2002a) Bubblemode was observed to have much better mass transfer, while
the fallingfilm mode had better heat transfer penfiance. The overall performance of

the bubble mode was observed to be better as more ammonia was absorbed in the bubble

mode.

Cerezoet al. (2009)investigated the use of a corrugated plate heat exchanger as
an absorber. The inlet and outlet temperatures, pressures and flow fraleglwods
entering and leaving the absorber were measured. The absorber was tested in an open
system, where an ammonia tank and dilute solution reservoir supplied the inlet streams to
the absorber. This allowed them to precisely control the operatimglitioms.
Logarithmic mean temperature and concentration differences were used to calculate the
heat and mass transfer coefficients. An increase in solution flow rate, operating pressure
and coupling fluid flow rates improved absorber performance. Colygeseincrease in
dilute solution concentration, and dilute solution and coupling fluid temperatures

deteriorates the absorber performance.

The microscale heat and mass exchanger concept develop¢aghyarapu and
Garimella(2011)was built and tested as an absorber for an ammonia water absorption
chiller by Nagavarapu (2012)The absorber was tested as part of a 2.5 kW ammonia
water absorption chiller. The microscale features in the absorber includedisarar
microchannel arrays, and inlet and outlet headers to distribute flow through the
microscale channels. Two different designs of the absorber were investigated. Both
designs consisted of microscale channel arrays. The first design had separate vapor ports
in each channel to distribute ammonia vapor evenly between each of the microchannels.
The second concept had ammonia vapor and dilute solution mixing upstream of the

absorber, and a twphase mixture entering the microscale channel arrays. The absorber



performance was observed to be lower than the design value. This-dedaym
performane was attributed to three specific issuesmplete blockage of some of the
microchannels by the braze alloy, partial blockage of other microchannels, and flow mal

distribution of vapor and liquid among the different channels.

After fabrication techniqueswvere improved to minimize blockage of the
microscale channels, absorber performance improved but was stilesign. The
measured temperatures indicated that the solution exiting the absorber was subcooled.
Bubbles were also observed exiting the absotheyugh a sight glass at the absorber
exit. This indicated incomplete absorption in the absorber. Hence, maldistribution of
vapor and liquid was deemed to be the most probable cause of -desoyn
performance. Based on these tests, it was concludefuttiadr testing of the component
is required in a setup where the internal processes can be observed and flow distribution

investigated.

Theoretical studies

Herbine and PereBlanco (1995)presented a model for a vertical tube bubble
absorber. The vapor ariuid flowed co-currentto each otherThe model solves the
bulk temperatures and concentrations at different positions in the absorber using
empirical correlations for heat and mass transfer coefficients. The model predicted an
almost linearly decreaginvapor concentration profile with length, which is not expected
in co-current flow absorbersNagavarapu and Garimella (201fpjesent the use of
microscale heat and mass exchangers in absorption heat pumps. The micezcatel h
mass exchanger consists of alternating etched plates Microscale features are used to
enhance heat transfer in heat and mass exchangers. The microscale features include
microchannel arrays for the flow of the ammoewater solution, ammonia vapona
coupling fluid, and inlet and outlet headers to uniformly distribute the flow. A model for

the microscale component to be used as an absorber is developed in the study. The model



is based on the approach usedPbige and Bell (1974which in turn used the model for
condensation of a binary fluid developed ®glburn and Drew (1937)t is shown that
the use of microscale features enhances heat transfer, and significantly reduces the

absorber size.

Cerezoet al. (2010)developed a heat and mass transfer model for the corrugated
plate absorber tested @erezoet al. (2009) TheColburn and Drew (1937@nalogy was
implemented to model mass transfer. An iterative solver was developed for the model
equations. The model assumed spherical bubbles of vapor with constant velocity to
model the vapor phasdnitial bubble size was determined based on the inlet orifice
diameter, and the number of bubblesswalculated based on vapor flow rate. A
comparison of the results with experimental values showed that all trends were correctly
predicted. The heat trafies was predicted with a mean error of 7%, while the mass

transfer model had an accuracy of 19%.

The absorber models developed so far make significant assumptions to simulate
the absorber. Perfect distribution was assumeNdgavarapu and Garimella (201The
flow is also assumed to be annular throughout the microchannels. Sintllargzoet al.
(2010)assume spherical bubbles with constant velocities to model absorbers. The use of
the Colburn and Drew (1937approach requires an estimation of interfacial area to
calculate the mass transferred between vapor and liquid phases. Flow visualization will
aid in improving the accuracy of determining the interfaci@aaiThis study aims to

improve the understanding of ammomater absorption in microscale heat exchangers.

1.2 Researchobjectives
Based on the above discussion, the objectives of the present study are as follows:
1. Experimentally investigate twphase flow pkBnomena in microscale heat

exchanger plate geometries with microchannels and pin fins.



2. Quantify the effect of factors such as maldistribution on heat and mass transfer in
these geometries, and the impact of changes to overcome these limitations.

3. Observe hie progression of absorption via thermal and optical measurements in
microscale geometries. Identify the limitations in realizing complete absorption.
Develop new designs to address limiting factors.

4. Develop a heat and mass transfer model to predict heamass transfer in the
microscale absorber. Implement refinements based on experimental results.

5. Develop a pressure drop model for the serpentine rpicréin geometry.

6. Compare the performance of microchannel and serpentine pin fin absorber

designs.

Two experimental test facilities were constructed to achieve these objectives. The
first test setup was used to optically investigate-plvase flow through heat exchanger
plates with microscale features. The second was used to investigate the performance of

these microscale geometrigsan absorber.

1.3 Dissertation organization

This dissertation is organized in several chapters as follows:

1 Chapter 2 presents experimental resattsnaldistribution of twephase flow
in microchannel array heat exchanger plate;gi airwater mixtures to
simulate twephase flow.

1 Chapter 3 investigates the use of a novel serpentine 4pilcriin geometry to
improve twephase distribution and phase interaction in a heat exchanger
plate.

1 Chapter 4 presents the investigation ofrpeetine micrepin fin absorber.

1 Chapter 5 presents the investigation of a microchannel absorber.

1 Chapter 6 presents the conclusions from this investigation and

recommendations for future work.



CHAPTER 2. MALDISTRIBUTION IN M ICROCHANNEL HEAT

AND MASS EXCHANGERS

2.1 Introduction

Flow regimes, condensation, evaporation and relatedptvase flow phenoena in a

single microchannel are widely studied in literature. However, studies on multiphase flow
through arrays of parallel microchannels are more limited. Flow maldistribution in
microchannel components can adversely affect heat exchanger perfornsnemsally

those with phase change. For example, maldistribution in evaporators results in channels
with dry-out as some channels would have a higher liquid flow rate than others. In
condensers, excess liquid in some channels affects the rate of heagr trandf
condensation. In absorbers and desorbers, maldistribution reduces the total interfacial
area that is vital for efficient mass transfer and phase change. Therefore, flow distribution

in heat and mass exchangers is critical to optimize performanicesaf components.

Ozawaet al. (1989)studied the distribution of awater mixtures in two parallel tubes of

3.1 mm diameter. They observed uneven distribution of the phases between the channels.
This maldistribution was attributed to pressure and flow oscillations caused by pressure
drop characteristics of twphase flow at different operating conditions. Gas flow rates
were observed to oscillate more than liquid flow rafeshuvaet al. (1999) studied the

flow distribution ofair and water between two tubes of 24 mm diameter and 3 m length
at different inclinations. Even flow distribution was observed for horizontal flow

conditions. The flow was observed to become progressively uneven as the angle of
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inclination increased frord° to 90°. Evenly distributed flow in the vertical configuration

was observed only at higher superficial velocities of water (~ )norsair (~ 8 m ).

The effect of orientation of a 6 parallel microchannglHd 333 em) array on
was also investigated Bgandlikar and Balasubramanian (2005)he vertical downward
configuration used in this study had the most significant effect of flow reversal of vapor
into the inlet manifold. This flow reversal was observed to be the primary cause for
increased flow maldistributig resulting in a reduction in heat transfer performance.
Pressure drop fluctuations and flow in the same test section were studied by
Balasubramanian and Kandlikar (200S)ug flow was observed to be the dominant flow
regime in the microchannels. Sifioant maldistribution was observed in some cases.

This was attributed to flow reversal extending into the inlet manifold due to slug flow.

Visualization of flow in an evaporator witix parallel channels, each with a hydraulic
diameter of 1 mm, was cduocted byKandlikaret al. (2001) Large pressure fluctuations
were observed, which were attributed to the vigorous evolution of vaploe iparticular

flow regimes with nucleate boiling.

Hetsroniet al. (2003)investigated aiwater and stearwater flow in parallel triangular
microchannels with hydraulic diame$enf0.1-0.16 mm. The test sections were 15 mm X

15 mm in size and consisted of-28 parallel microchannels. figérent flow regimes

were observed in the parallel channels with some channels exhibiting very low or no
liquid flow. Flow maldistribution was observed in steamater boiling experiments as
well, where channels close to the inlet had lower vapor flow thase away from the

inlet.
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Peles (2003studied boiling in 1560 triangular parallel channels, 16 mm long, with
hydraulic diametersof 502 0 0 & m. Large pressure oscilla
caused flow reversal. Four flow regimes, namely, rapid bubble flow, bubble flow,

complete bubble flow, and annular flow were observed.

Studies on flow visualization in multiple parallel chanrfelsus on the instabilities that

arise due to boiling in microand mint channels. The working fluid at the inlet of the
evaporator is primarily in single phase in those studies. On the other hand, the working
fluid that enters an actual component suchragvaporator or absorber is often already a
two-phase mixture. In such cases, the extent of maldistribution of the two phases can be

worse.

Earlier studies(Fei and Hnjak (2004) Vist and Pettersen (20Q4Marchitto et al.

(2008) Ahmadet al. (2009) Mahvi and Garimella (201Y)ocused on the header and
changes in the header geometry for improved distribution. These studies show that the
header geometry can significantly improve flow distribution, but some maldistmbuti
persists in the channels. The goal of the present study is to understapigiaiseoflow in
channel arrays and to improve distribution using flow mixing features between channels

at intermediate locations.

Microchannel heat exchangers have the potentiadlake advantage of the high heat
transfer coefficients typical of microchannels, thereby transferring large heat duties in
compact envelopes. However, the use of microchannel heat exchangers in applications
with two-phase flow presents new challengesnely flow distribution. In applications

with mass transfer between the gas and liquid phases, even distribution not only of the
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overall flow, but also of the gas and liquid phagescritical, because the respective
species in the vapor and liquid phasasst be able to physically interact with each other

to achieve the necessary transport. Preferential flow of only liquid or only vapor in
specific channels precludes such interactions, and even if some heat transfer to the
coupling fluid is possible, thessential species transport does not oc@ume such
application is in an absorber, where vapor is absorbed into a solNtgavarapu and
Garimella (2011) model the application of a microchannel absorber in compact
absorpion heat pump systems. A twihase mixture of refrigerant vapor and dilute
solution flows through the component to yield a concentrated sipgéese liquid solution

at the outlet. They demonstrated that microchannels can significantly reduce the size of
the absorber. However, their model assumes even distribution of vapor and liquid in each
channel, and any maldistribution could result in the requirement of larger components to
achieve the necessary transport, negating the gains from the use of micrachannel
Determan ad Garimella (2012present the application of microchannel components to
integrate an entire absorption system into a monolithic block. The monolithic block
integrates four components with tybase flow, namely the absorber, desorber,
condenser and eparator. In such integrated microchannel heat and mass exchanger sub
assemblies, the potential problem of maldistribution assumes critical significance in

establishing the viability of the compactness offered by microscale transport.

In the present invegjation, the potential for maldistribution across microchannel arrays
similar to those used byagavarapu and Garimella (201d)d Determan and Garimella

(2012) is investigated and quantified in detail. Also, a new microchannel array
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configuration that incorporates flow mixing features is investigated to assess its potential

to reduce maldistribution.

The effect of phase maldistribution on evaporator and condenser performance has been
investigated in literature, whereas this work irigedes the impact of phase
maldistribution on the performance of microchannel absorbers. In absorbers, species
transport across the vapliguid interface is as important as effective heat transfer area.
As the function of absorbers is to fully absorbighhpurity vapor into a solution, they are

particularly susceptible to maldistribution.
2.2 Experimental setup

Figure2.1 shows a schematic of the test facility used in the present study. The test facility
was constructed to enable investigation of -piase flow through 52 parallel
microchannels with a depth of 0.306 nand width of 0.750 mm. Aiwater mixtures

were used as the twmhase working fluid. A supply tank is partially filled with distilled
water, dyed red and pressurized to 350 kPa using coregdrass The inlet air to the test
section is drawn from the top of the pressurized tank, while the water is drawn from the

bottom. The flow rate of each stream is set using flow control valves and measured using

Air inlet ZP m
D><}
Ll T
Compressed Camera
¥ -
€

air '
1 r 3
Y Water Mixer
inlet .
<
Pressurized -
storage tank Differential pressure Test
£\ Flow meter section
P<] Flow control valve

Figure 2.1: Schematic of experimentaketup
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the flow meters specified in Tabkl. Theair and water streams are then mixed through

a T-section, following which the mixture flows to the inlet of the test section. The air
water mixture then flows through the test seciom vertically downward directiorAt

the outlet of the test sectiomet water is collected in a storage tank. A hsgleed camera
(Photron FASTCAM Ultima 1024 with Nikon MiceblIKKOR 105 mm lens) is used to
record highspeed videos at specific locations along the length of the test section. In
addition to flow visualizationthe pressure drop across the test section is measured using
a differential pressure transducer for each flow condliticthe mixture mass quality was
variedfrom 0.03 to 0.15, with the corresponding volumetric qualities varying from 0.96
to 0.995. The mes fluxes through the test section ranged from 18 to 60 kg'mThe
volumetric flow rates correspond to those typically used in microchannel alsstober

smallcapacity ammoniavater absorption heat pumps.

Table 2.1: Instrument specifications

Parameter  Instrument Range Uncertainty
Inlet Air Rotameter 0.47 8.0 5%
Volumetric x10° mis?

Flow Rate

Inlet Water Rotameter 1.27 2.6x10° 4%
Volumetric m>s?!

Flow Rate

Test Section Differential 07 175 kPa  0.245 kPa
Differential Pressure
Pressure Transducer
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Two microchannel geometries are tested amalyaed. Images of these geometries are
shown in Figure 2. TestSection 1 consists of 52 parallel microchannels that have a
length of 174 mm. Tes®ection 2 has the same width and lengthlast Sectiorl as
shown in Figure 2, but, it consists of a re@ting array of 553 parallel micro channels,
each with a length of 11.5 mm followed by a mixing section with a length of 1.75 mm.
This pattern repeats itself 13 times. The mixing sections shown in Fidljc@ @e gaps
between microchannels that allowr fflow from all channels to mix and redistribute
among the next set of channels. These mixing sections are incorporated to improve flow
distribution of initially maldistributed flow. The arrays of microchannels are not directly
aligned, but arestaggeredas shown in Figure .2(c), to further facilitate flow
redistribution. Both configurations have rectangular channels with large fillets on corners
similar to the designs presented Mggavarapu and Garimella (201The test sections

are fabricated by photochemical etching of a 304 stainless steel sheet.

The test section is sealed by congsiag the etched sheet against a Plexiglas plate using

a metal back plate, as shown in Figdr@ The top and bottom plates are machined from
aluminum. The back plate has a machined slot to place the microchannel test section.
Multiple gaskets are used poevent leaks from the microchannels. A gasket is placed in
the pocket in the bottom plate, as shown in FiguBe the test section is placed above it,

and a second gasket is placed around the test section. A rectangular Plexiglas plate is
placed on tof this assembly and fits into a frame machined on the back of the top plate.
The top plate has six windows with dimensions of 68.58 mm x 25.4 mm. The first and
last windows, referred to as Wilet' and 'Woutlet', are used to view the inlet and outlet

ports on the bottom plate, respectively. The four windows labeledt®W\-4 are used to
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Figure 2.2: Microchannel test sections

observe flow across the test section. The test section is sealed by tightening the bolts
placed at the edges of the top and bottom plates. The test section assernmiét has

outlet ports at the center of the rectangular header of the test section. Fphkaseo
mixture is distributed by the rectangular header across the microchannels. This results in
a greater portion of the liquid flowing through the channels inctrger, and more air

flow through the channels close to the edges. The inlet and outlet ports are cylindrical,
with a 6.35 mm NPT connection into the headers. The test sections were cut using a wire

EDM, which resulted in the edges at the inlet and bh#eging sharp features.

2.2.1 Flow visualization

A Photron FASTCAM Ultima 1024 camera with Nikon MieldKKOR 105 mm lens is
used to take high speed videos. The distilled water is dyed red to help differentiate
between the two phases. Videos were recordetb@tframes per second, at a shutter

speed of 1/1000 second and a resolution of 1024 x 512 pixels. Flow videos are recorded
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Figure 2.3: lllustration of the test section assembly

for 4 seconds to capture any intermittency that may occur during flow. Each video
records the flow in all 52 channels. Videos at fdififerent locations along the length are
captured. This enables the tracking of changes in flow characteristics along the length in
each of the sheets.Figure 24 presents a representative image of the flow in a

microchannel array sheet.
2.2.2 Datareduction

The images from the high speed videos were cropped and rotated as shkagunar24.

I

Figure 2.4 Representative image of flow through test section
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The red regions represent the liquid regions, extruded white regions are the channel
walls, and the grey regions represent air. Annular and slug flows are the masboom
flow regimes observed. The images are converted to an RGB format. In addition, an
image of only liquid flowing through the microchannels is captured, referred to as the
calibration image inFigure 25. The calibration image is used to determine channel
boundaries and distinguish regions with and without flow. The red regions are identified
by using the individual RGB index values to differentiate between colors. A threshold for
the red color was used to differentiate between air and water to idergifligtind
regions. Once the liquid regions are identified, the image is converted to a binary black
and white image with liquid in black and gas in white, as showRignre 26. This
binary image is further processed using-B thedian filter that removesoise from the
image. The liquiebnly image is again processed using the same method to identify the
liquid and nonrliquid regions. The processed image is then used to identify the channel
boundaries of each of the 52 microchannElgure 27 presents aaisefiltered image

combined with the information about the positions of channel boundaries.

An average void fraction for individual channels is calculated using Equ@in The
number of air pixels is divided by the total number of pixels in the channel. This ratio is
calculated for every frame of the video and is averaged over time. The temporally and
spatially averaged void fraction per channel is plbts shown irFigure 28. The
distribution of void fraction is an indication of the distribution of vapor and liquid across
multiple channels.

a I:)ixair
avg, ch a Pchh

(2.1)
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Figure 2.5: Data reduction algorithm for the analysis of flow videos

The Canny edge detector is then used to identifyvater interfaces in the image. The

interfaces are represented by the red lines showigimre 27. The total interfacial age

is calculated for each channel. To compare different images, interfacial area intensity is
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il

Figure 2.6: Binary image obtained after initial processing
defined as the ratio of the number of pixels in the interface to the total number of pixels
of the channel, as shown in Equati¢h2). This intensity is used to compare the
performance of the two test sections. An even distribution of interfacial area intensity
across the microchannels indicates good mixing betwesetwih phases.

_ a. I:)IXint
Intensity ~ .. .
a Pix,,

A (2.2)

The above data reduction method is used on thedpgkd videos of both test sections.
The void fractions and interfacial areas for both microchannel array configurations are

conmpared.
2.2.3 Uncertainty analysis

The uncertainty associated with this analysis is quantified using Eqam)nThe first

Figure 2.7: Processed image showing interfaces and channel boundaries
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two terms account for the uncertainty associated with the red threshold, by estimating the
change in void fraction with a 10% change in the threshold. The thirdoanith terms
account for the uncertainty due to the wrong identification of a pixel as liquid or air.
Equation(2.3) presents the uncertainty in the measur@neé void fraction of a channel

for a representative data point. In the present study, the uncertainty in void fraction

ranged from 0.8% to 1.7% for Configuration 1, and 1.8% to 4.0% for Configuration 2.

2 2

Vs = Opio) £ Poow) (+.0) ( %9

u, :\/( 0.486)° (0.699" (+ 0:05 ( 008 (2.3)
U, =0853
@y, =88.29 °0.85

Flow

2.3 Results and Discussion

The two test sections are tested individually at different flow rates. The average void
fraction and interfacial area intensity values are calculated for each chkiek 28

shows a plot of the void fraction in each channel of Test Section 1. The void fraction in
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Figure 2.8: Representative void fraction distribution in Test Section 1
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some channels approaches 100%, while others have a much lower value. Thigesndic
maldistribution of liquid through the microchannels. The channels close to the center
receivea major portion otthe liquid flow. Channels-85 and 345 have a very high

void fraction, indicating that very small amount of liquid flows through thémat also
observed in the videos that the channels at the ends of the test section have a low void
fraction. These channels received very little vapor flow; therefore, any liquid that flowed
into those channels tended to remain there or flow very sloudytd strong capillary

forces in the microchannels. This effect was observed in both the test sections. It is also
observed that the average void fraction is close to 100% for a number of channels. These
channels had no flow of liquid through them at &br a component such as an
evaporator or an absorber, this would result in a severe degradation in performance. Test
Section 1 did not have any flow redistribution features, leading to the same flow
distribution of air and water throughout the length o# tmicrochannel array. The
standard deviation of the average void fraction distribution defined in Equ&t®ns

used to quantify the flow maldistribution.

Jl $(q- (2.4)

Figure 29 shows the evolution of the flow distribution along tength of Test Section 2.
There are four windows through which the flow in the microchannels is visualized. The
windows are spaced evenly at 12.7 mm from each other. The visualized microchannel
area for each of the four windows is highlighted in re@figure 29. Window 1 displays

the 3% microchannel array, Window 2 displays tH& &Vindow 3displays the 8, and

Window 4 displays the f2array.Figure 29 shows that the presence of mixing zones
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Figure 2.9: Evolution of void fraction distribution with length

significantly improves the void fraction distribution #e flow progresses through the
length of the test section. The gas and liquid phases are redistributed through the mixing
sections into a more even flow rate of each phase through each channel. As the
volumetric flow rates of the two phases through eabhnnel are similar, the void
fraction is more evenly distributed among the parallel channels. This is further illustrated
by the decreasing standard deviation of the average void fraction along the length of the

etched plate, as shownHkigure 21.

Figure 210 presents the standard deviation of void fraction and its variation with the
windows along the length of the test section. The standard deviation value corresponding

to window ‘0" corresponds to Test Section 1. The distribution of gas and leqoalns
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Figure 2.10: Void fraction variation with window

the same throughout Test Section 1. The values from window 1 to 4 represent those
observed in Windows 1 t in Test Section 2. The flow is significantly maldistributed in
Test Section 1, while the standard deviation decreases monotonically adegdth of

Test Section 2 for all the investigated flow rates. This indicates that the channel breaks
are effective at redistributing the flow for a wide range of qualities and mass fluxes. The
channel breaks therefore are effective in achieving consiganaiform flow distribution

downstream even when the flow enters with significant maldistribution.

The trends in average void fraction indicate that channel array configurations similar to
that of Test Section 2 are more suitable for heat exchanggnd@&be standard deviation
for Test Section 1 is of the same magnitude as that at Window 1 for Test Section 2.
However, while the standard deviation is similar, all of the channels received flow in Test
Section 2, which was not the case for Test Sectidntérfacial area intensity in each of
these microchannels, which is defined as the interfacial area per unit volume of the

channel, was also estimated to better understand this observation. A higher intensity
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indicates more mixing between the phaseslaetter distribution. In applications such as

an absorber or a desorber, where mass transfer between the vapor and liquid is often the
limiting factor, a large interfacial area is favorable. The Canny edge detection algorithm
is used to identify the boundes between air and water. An illustration of the results
from the edge detection algorithm is presentedrigure 27, where the interfaces

between air and water are presented in red.

Figure 211 presents the distribution of interfacial area through $estion 1 at quality
0.081 and mass flux 39.34 kg?ns'. The average interfacial area intensity for all
channels was calculated to be 6.27%pix pix?or 914 nf m>. Very low to no liquid

flow was observed in some channels, resulting in channels weith little or no
interfacial area. This channel arrangement would be very inefficient for components that

are limited by mass transfer between gas and liquid phases.

Test Section 2 was observed to have a much higher intensity of interfacial area. The

e
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Figure 2.11: Distribution of interfacial area in Test Section 1
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Figure 2.12: Interfacial area intensity variation with window

intensity increases as the flow becomes more evenly distribligore 212 plots the
intensity of interfacial area and its variation with length for the different flow rates tested.
The value at window '0" correspondsTiest Section 1 and the values atidows 14
correspnd to those observed in the four viewing windows of Test Section 2. Test Section
1 has a much lower intensity of interfacial area compared to that of Test Section 2. The
intensity of Test Section 2 also monotonically increases alonigiggh; this is entirely

due to the improving flow distribution of the two phases as thevaier mixture
redistributes after each mixing section. Thus, better distribution of the two phases results

in a higher intensity of interfacial area across atirofels.

There are three major contributors to the improvement in flow distribution with window.
Figure 213 presents an image of flow through a mixing section in Test Section 2. The
predominant cause is pressure gradients across the mixing sectioninmiahsections

of Test Section 2, liquid flowed predominantly through the center and air through the

sides. As flow is distributed from a common header, the pressures at the inlet of each
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Figure 2.13: Flow across the mixing section

microchannel are approximately equal. The maldistribution ofvtleephases results in
different pressure drops across each channel. The difference in pressure drop across each
channel results in a pressure gradient across each mixing section. This pressure gradient
results in the redistribution of the two phases antbegchannels. The flow regime in the
channels with liquid wasbserved to b@redominantly slug flow. The pressure was
observed to chamgdepending on whether the liquid slug or the air bubble was exiting the
channel. The pressure in a gas bubble is hitjen the liquid that surrounds it due to
surface tension. The pressure of a bubble in slug flow is gkeater as its radius is

limited by the microchannel boundarilehdizadehet al. (2009) The inherent
intermittency of slug flow results in the areas of high and low pressure to be different in
the mixing section. The mixing sBan also serves as the distributor to the next array of
microchannels. The pressure gradients from one mixing section are observed to affect

those in the successive sections.

When pressure drop across the channels in the center with digaitbflow is higher
than those close to the edges, a pressure gradient develops. The pressure in the center of
the mixing section is lower thatits edgesresulting in fluid flowing towards the center.

As most of the flow away from the centerair, some air isyshed towards the center. In
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certain cases, the pressure drop across the channels in the center was lower than that
across channels near the edges, which resulted in a pressure gradient forcing liquid
towards the edges in the mixing section. Some caseshbigble pressure gradients in

the mixing section, forcing liquid and vapor sideways to redistribute. There were
instances when liquid exiting a channel into the mixing section is drawn toward the outlet
of an adjacent channel. This was caused by thesymedifference between adjacent
channels and surface tension between the wall and liquid. Reverse flow in the gas phase

was not as evident becauseould not be visually verified.

Slug flow was observed to be the predominant flow regime in the chankels.
mentioned earlier, the pressure in a gas bubble is higher than in the liquid surrounding it.
As these bubbles flow through a channel towards a mixing section, they break up, forcing
liquid sideways. The bubble break up is caused as the bubble exmsidieehannel

section and enters the mixing section. As it enters the mixing section, the diameter of a
section of the bubble in the mixing section is enlarged as it is no longer confined by the
walls of the channels. The larger diameter of the bubbles leadn imbalance in pressure
inside the bubble and the reduced surface tension. This force imbalance causes the bubble

to break up and forces the liquid surrounding the bubble sideways.

The channels are also offset as observeBigaure 213. The flow fran one channel is
forced to distribute itself across two channels after the mixing section. The forces of
surface tension cause liquid to stick to the walls of the channel at the inlet of the mixing
section. This furtheffacilitates a two-phase mixture flomg through one channel to

distribute into two adjacent channels downstream.

29



The experiments were conducted under adiabatic conditions. These geometries are
designed for heat exchangers with phase change such as condensers, evaporators, and
absorbersThis phase change affexthe pressure gradients in the mixing section. While

the mixing sections are still expected to help redistribute flow evenly,gegmrmance

in diabatic components requires further investigation.

2.4 Absorber performance

As described inprevious sections, microchannel heat exchangers are widely used to
reduce the footprint of various heat exchangé&smponents such as absorbers,
condensers, desorbers and evaporatotls phase changperform best wherthe two
phases are evenly distrileat among all the channelBhe effect of phase maldistribution
on evaporator and condenser performance has been investigated in the lit€rasure.
section investigates thmore relevant case of thedfect of flow maldistribution on the
performance of a rochannel absorbem a representative case of an absorber for an
ammoniawater absorption heat pumg mixture of ammonia vapor and a dilute solution
of ammonia in wateentersthe absorbeidn theabsorberammonia vapor is absorbed into
the dilute stution, resulting in a concentrated solution of ammonia in watéh the heat

of absorption rejected to a coupling fluidhe presence of a vaplguid mixture

increases the possibility of maldistribution in a microchannel absorber.

Void fraction distibution data obtained from the experimentsducted in the present
study areused to investigate the effeaf a similar flow distribution on the performance
of an absorbefThe mass flow rate and quality of the tvpthase mixture flowing through

each chanel are derived by assuming a similar void fraction distribution in the
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microchannel absorbelJsing the individual void fractions measured in each channel

along with a void fraction model, the individual flow rates of the -phases are

obtained. Differat void fraction modelgKawaharaet al. (2002) Winkler et al. (2012)

Keinath and Garimella (2016)were used to determine individual phase flow rates. The

void fraction correlation oKawaharaet al. (2002)worked best here as it was developed

for air-water mixtures. The other correlations were developed for fluids with lower
density ratios and hence were not as accuritt.e v ol umet j) ofcche qual i t
refrigerant is obtained using the void fraction correlation present&cweaharaet al.

(2002) as shownn Equation(2.5). The mass quality is determined from the volumetric

quality.

5 =é 0.03p”° (2.5)

i &g 05 !
(;1' 0.9717i .

As every channel has the same inlet and outlet header, the pressure drop across each
channel should be equalh®e pressure drop acrossg. TkRsach c¢h

pressure drop is calculated as showkquation(2.6).
DPch = Bfricuon,i -'-PaQeleraIioni Réra\!;?yi (26)

The pressure drop in the channel is the sunthefpressure drop due to frictipn
decererationand the gavitational headBecausehe flow is downward, the gravitational

component has a negative sign.

DPgravity,i = (-ai ,<'3 (:H' a L)gZ (27)
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The frictional and deceleration components fessure dropre calculated usinghe
framework developed iGarimellaet al. (2005a) The vapor and liquid mass flow rates at

the inlet and outlet of each channel are calculated iteratively using a coupled heat transfer
and pressure drop modelhd mass flow rate of dilute soluticat the inlet ofeach

channel isobtained as &unction of the total pressure drop across the chamhel.void

fraction distribution obtained experimentally is implicit in the pressure drop calculation

of each channel. Thus, the phase flow rates through each channel are calculated to have a
constant pessure drop across all channels and satisfy the void fraction distribution

obtained experimentally.

m_. = f(®) (2.8)

L,in,i

While the pressure drop is not known, the total dilute solution mass flow rate is
therefore the mass flow rate of liquid through each channel is calculagetkeratively

solving the pressure drop framework @Garimellaet al. (2005a) For simplicity the
average quality (obtained from the heat transfer model) through each channel is used to
calculate the frictional compent of pressure drofthe ammonia vapor mass flow rate is
calculated using thenlet channel qualityobtained from the coupled heat transfer and

pressure drop model

é. th,i = r:nL,tmal (29)

Figure 214 presents the distribution of the #tpbase mixture througtihe heat
exchanger. The flow rate of the liquid phase is very uneven. It is higtibe ichannels
around the center of the plate and lower away from the center. It can be observed that the

vapor flow rate is highest in channels with low dilute solution flow rate and vice versa.
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Figure 2.14: Distribution of two -phase mixture in microchannel absorber

This poor mixing of phases in the channels significantlyuced the viability of the

microchannel absorber.
2.4.1 Absorberheat transfer model

The representativeabsorberconsidered hereonsists 0f26 alternating microchannel
plates each with 52 parallel channels. Adjacent plates have -pha#® mixture and
water flowing in them. These plates do not incorporate the mixing features introduced in
this work. It is assumed that each of the plates has the same flow distribution of phases.
The effect of maldistribution on the performance of a microchannel absorber defsigne

a heat rejectiorcapacity of5.52 kW is investigated. A twgohase mixture of ammonia
vapor and dilute solution that is premixed enters the absorber at a mass flow rate of
0.0094kg s?, quality of0.28 pressuref 501.1 kPatemperaturef 76.68°Cand a mass
concentration of 0881 (ammonia) Water at a temperature of ¥5 flowing in a

direction counterflow to the ammonieater mixtureat 0.14 kg s* is used to cool the
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absorber. These conditions are representative of an absoriealisa@ ption alier with

a cooling capacity 03.5 kW.

The microchannel absorber is designed such that there is complete absorption of vapor
into the dilute solution when the twihases are evenly distributed. The UA value is
calculated such that there is complete ghison in each channel by using the heat
transferred in each channel and the log mean temperature difference. Tjpleaseoheat
transfer coefficient was calculated to vary between 3800 and 4500 W mwhile the
singlephase heat transfer coefficientds the order 3800 W i K™. Given the small
variation, the UA value is assumed to be constant for all channels for simplicity and the

changes in UA due to changes in phase flow rates and mass transfer are neglected.

Mass, species and energy conservaggoations are used to analyze the component

performanceMass conservation in each channel is giveidpyation(2.10).

r-hin,i = r:nout,i (21 D

Species conservation ghownin Equation(2.11).

r-hin,i Oﬂn J :‘.Tg)ut,i )SQI (2'1 )‘

The zeotropictwo-phase mixture requirehiree properties to determine the state of the
solutionat the inlet and outleThe pressurat the inlefs 501.1 kPawhile at the outlet, it

is calculated from the pressure drop modghe inlet temperature is known and the bulk
solution concentration remains constant in the channel. For the third prepettg
outlet, Equatiors (2.12)-(2.14) are solved iteratively for enthalpy at the outlet. The heat

transferred to channel 0 iEquation(2.12).h e s ol ut i
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rhin,i dl:h,in,i :'.nout,i I’l‘Q‘,ouﬁ,i Qc-k,i (2'1 2

The heat transferred from the corresponding coupling fluid (water) channel is calculated

usingEquation(2.13).

Qch,i = mCF,cthCF( TCF,in - TCF,out,i) (21 3

The |1 og mean t e mpwgiiatsedras shown fikfuatiore(2ld)ego T
calculate the total heat transferred in the heat exchanger based on the average UA value

for each channel.

Qch,i = UAavg IJ-LM,i (21 ﬂ

Figure 215 presents the heat transferred in each channel of the absorber. A direct relation
is observed between the diligelution flow rate and the heat transferred in that channel.
Channels with higher dilute solution flow rates were able to transfer more heat. The black

line acrosd-igure 215 represents the heat transferf@dthe even distribution cas&he

x10°
12
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10 20 40 50

Figure 2.15: Channel wise heat transfer in absorber
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total heattransferred from the componefar the maldistributed case 862 kW. This
compares unfavorably to designed capacit$.62 kW, showing significant reduction in
capacity due to maldistribution. Tmeixed outlet temperaturand quality were 52.3€

and 0076, respectively,ndicating incomplete absorption. An even distribution of the
ammoniawater mixture wouldyield an outlet temperature @f1.12C at a subcooled
liquid state. This translates td3d% reduction in heat transferred an82% reduction in

the mass of ammonia absorbed into the dilute solution. In most heat exchangers
oversizing the component can overcome the limitation due to maldistribbtovever,

in absorbersjue to the need for mass transgerch a limitation can only be overcome by

inter channel communication through mixing sections and improved distribution headers.

2.5 Conclusions

Two-phase flow through an array of microchannels was visualized. Flow is
maldistributed when gas and liquid are distributed among multiple parallel chahiels
shown that conventional microchanné&sd tomaldistributon. The implementation of
mixing sections in the microchannel plate redistributes the flow more evenly. This
understanding of maldistribution and the measures to reduce it that are debenbe
could represent a key enabling feature for the implementation of microchannels for a
variety of compacphasechangeheat and mass exchange componesggg an example

of a compact ammomaater absorption heat pump,aldistribution was shown to
adversely affect the performance of microchannel absorpernd improved
communication between channels was shown to be criticakrisuring the desired

performance.
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CHAPTER 3. TWO-PHASE FLOW IN SERPENTINE MICRO -

PIN FIN PASSAGES

3.1 Introduction

Heat exchangers with microscale features have been shown to significantly enhance heat
and mass transferquesses over conventional designs, resulting in efficient and compact
geometries. Implementation of microchannel heat exchangers, however, poses two key
challenges, associated with the maldistribution of each of the phases among the
microchannel arrayandchanges in flow velocities associated with the change in quality

of the twoephase flow. Such change in quality is observed in pbharge components

such as condensers, evaporators, absorbers, and desorbers. The change in superficial
velocities of each Imse can change the flow regime from a favorable one to an
unfavorable regime. Pifin arrays with varying geometry offer the potential to adapt the
flow area in a microchannel array to address the challenges posed by the evolving flow
characteristics. These of micrepin fin arrays in compact heat exchangers with-two
phase flow is investigated in this studpd its performance is compared with that of

microchannel geometries

Peleset al. (2005)investigated the use of circular pin fins for application in heat sinks for
MEMS. It was observed that the thermal resistance in ppcrdins was comparable to
that in microchannel geometries. &sare drop correlations/models for singlease flow

across micro pHfin arrays have been develop@bsaret al, 2005 Prasheet al, 2006
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Qu and SitHo, 2009. Kosar et al. (2005) present a friction factor and pressure drop
correlation for flav of water over staggered andline circular/diamoneshaped micro

pin fins with a diameter and height of 100 um. The ratio of the pitch to diameter in the
array was 1.5. Their data spanned Bec< 110.Qu and SitHo (2008)developed a

friction factor and pressure drop correlation for square pin fins for B& < 100. The
square pin fins haswetd ohOWilt h2®0 hem ghrt o o
4 0 0 PRrasheret al. (2006) investigated singkphase pressure drop in circular and
square micro pin fins with dimensios r anging from 50 7 150
conducted using water to yield a correlation that spanned a wide range of Reynolds
numbers (5 Re < 1000). (Data fronKosaret al. (2005) were also considered while
developing the pressure drop correlation for lowRs) Flow over the pin fins was

observed to transition from laminar flowR&a 1 0 0 .

Nitrogenwater flow across pin fins was investigateddrishnamurthy and Peles (2007)

using highspeed videography. The pin fins had a diameter height of 100 um, with a
pitch-to-diameter ratio of 1.5, and 5Re< 50. Four distinct flow regimes, bubk&jug,

gas slug, bridged, and annular flow were observed. Based on these data, they developed
models to calculate the void fraction and pressure drop irptvase flow across pin fins

for Reg < 40.

Krishnamurthy and Peles (2008pjesent the effect of pin dianeetand pitch on flow
regime. Two distinct mechanisms for the formation of bridged flow were observed. In the
smaller test section, gas slugs trapping liquid bridges between pin fins was the main
mechanism for bridge flow. In the larger test section, tieakup of larger liquid slugs

resulted in the formation of liquid bridges. A paramdétedefined as the product of the
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Weber Wg and Euler Eu) numbers, is proposed to predict the stability of the bridge

flow: the bridge flow regime is stablelkit<< 1, and unstable as- 1.

A pressure drop model for the boiling of w
a height of 670 em and aQuand SitHo (2009) Th® 0 & m
singlephase friction factor correlation froQu and SieHo (2008)in combination with

the laminar liquid and vapokockhart and Martinelli (1949Ywo-phase multiplier

predicted their data well.

The studies discussed above were on sipgkese and adiabatic twphase flow. Boiling
two-phase studies were also considered fangusine pin fin geometry as a heat sink for
high heat flux applicationg<rishnamurthy and Peles (2008studied fow boiling in
staggered micrpin fin arrays with a diameter of 100 um. Their experiments investigated
different mass and heat fluxes, ranging from 346 to 794 kghand from 20 to 350 W

cm?, respectively. They developed a superposition model fdiehetransfer coefficient.
They also conducted a visualization study to develop a flow regime map for flow boiling.
McNeil et al. (2010) conducted a comparative study on heat transfer and pressure drop
for flow boiling between plane channels and channels with inlindipgnembedded in
them. They found that channels with ffins performed slightly better &m their
counterparts in terms of heat transfer coefficient; however, they suffered from a higher
pressure dropMcNeil et al. (2014)alsoinvestigated boiling of water through 1 x 1 x 1
mm square pin fins with a pitch of 2 mm. It was observed that thehaee frictional
pressure drop correlations for tube bundles predicted the frictionalupeedrop during
boiling most accuratelyReesetet al. (2014)investigated flow boiling heat transfer and

pressure drop for square nmocpin fin inline and staggered arrays. They used -HEEG0
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and deionized water as working fluids. The square pin fins had a width and height of 153
and 305um, respectively. They developed heat transfer and pressure drop models for the

different fluids invetigated.

Two-phase flow through a serpentine micro-fimgeometry is investigateid this work

using flow visualization techniques. The performance of the serpentine micfm pin
geometry is compared to that in microchannels in-pvase flow applicatns. This
comparison highlights the differences in using different microscale features to enhance
heat transfer in heat and mass exchangers with-phatse flow. Additionally, a pressure
drop model to predict the pressure drop across a serpentinepincfio geometry is
developed. This information is critical to the design of microscale absorbers, condensers,

and other components with tvphase flow.

3.2 Experimental setup

Themicrepi n fins have a diameter (d) ofch 350 ¢
(S) of 1651 & m, ang loofn gli43ulOdienm.l Tpridmrcshv erSs e
between pin fins in the direction perpendicular to flow, while longitudinal pitch is the

pitch in the direction of flowThe dimensions of the mici@in fins were cbsen based on

those used in microscale heat and mass exchangers in absorption heat Humnps.
serpentine test section has seven ribs that act as baffles. The spacing between consecutive
baffles decreases, as it is designed for condensing flows. Thedish s& fabricated by

photo chemical etchingf stainless steel 304heets Air-water mixtures are used to

simulate twephase flow through the test section. Flow distribution, void fraction and

pressure drop of the twghase mixture are investigated.
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Figure 31 shows a schematic of the test facility used in this study. An overview of the
instrumentation is presented@hapter 2 The supply tank is partially filled with distilled
water, dyed red and pressurized to 350 kPa using compressed air. The tol¢haitest
section is drawn from the top of the pressurized tank, while water is drawn from the
bottom. The flow rate of each stream is set using individual flow control valves and
measured using the flow meters specifiedable 31. The air and watestreams are then
mixed through a Fsection, following which the mixture flows into the inlet port of the
test section. The awater mixture then flows through the test sectiora vertically
downward directionAt the outlet of the test section, the-aiater mixture is collected in

a storage tank. A higbpeed camera (Photron FASTCAM Ultima 1024 with Nikon
Micro-NIKKOR 105 mm lens) is used to record higpeed videos at specific locations
along the length of the test section. In addition to flow viga#ibn, the pressure drop
across the test section is measured using a differential pressure transducer for each flow
condition. The mixture mass quality varied between 0.0044 and 0.308. The mass fluxes
through the test section range from 19 to 526 Kgst These mass fluxes and qualities

represent those seen in ammeweter microscale absorbers for application in absorption

Airinlet

Compressed
air

Camera

y

A

Pressurized
storage tank

Differential pressure Test
2\ Flow meter section
P><] Flow control valve

. Thermocouple

Figure 3.1: Schematic of experimental setup
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Table 3.1: : Instrument specifications

Parameter Instrument Range Uncertainty
Inlet Air Volumetric Rotameter 04 1 8.0 5%
Flow Rate x10° m®s?t
Inlet Water Rotameter 0.27 2.6 x10° 4%
Volumetric Flow m°s?
Rate
Test Section Differential 07 175 kPa 0.245 kPa
Differential Pressure Pressure

Transducer
Temperature T-type 31 673K 0.25K

Thermocouple

heat pumps.

Figure 32(a) presents an image of the test section used in this study, with a detailed view
of the micro pin fins sbwn in Figure 32(b). Seven baffles guide the flow along the
component in a serpentine path. The baffles have a thickness of 1.6 mm. The geometry is
designed for condensing flow or flow in an absorber, where the quality of the flow
decreases from the inldb the outlet. Hence, the spacing between the baffles is
progressively decreased. For flow in an evaporator or desorber, where the flow quality
increases, the inlet and outlet can be interchanged such that thesemtissal area
increases from the inléd the outlet. Details of the micro pfin geometry are provided

in Figure 32(c). The test section is sealed by compressing the etched sheet against a

Plexiglas plate using a metal plate as showriguire 33. The assembly consists of a top
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Figure 3.2: lllustration of test section geometry

plate, a Rxiglas plate, two gaskets and a bottom plate. The test section is placed in a slot
machined in the bottom plate and sealed by compressing the gaskets around it using the

Plexiglas plate. Further details of the assembly are presen@thpter2.

3.2.1 Flow visualization

Videos were recorded at 250 frames per second at a shutter speed of 1/1000 second, and a
resolution of 1024 x 512 pixels. Flow videos capturing the entire width of the test section
are recoded for 4 seconds for each test condition at four different locations along the
length, which enables the tracking of changes in flow characteristics along the length.
Figure 34(a) presents a representative image of the flow in Window 1 at a mass flux of
38.52 kg rif s* and a quality of 0.062. Several liquid bridges are observed in the central
area of Figure 34(a). Similar flow characteristics were also observedrishnamurthy

and Peles (2007who referred to it as bridge flow. Water was observed to aggregate

around the pin fins and the edges of the shim. At low air flow rates, a bubbly flow regime
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Figure 3.3: lllustration of the test section assembly

was observed, with bubbles smaller than the fin pikggufe 34(b).) At higher air flow
rates, the flow regime transitions to gdsg flow, where the presence trge bubbles
encompassing multiple pins between therabservedFigure 34(c).) The differentiation
between bubbly and gatug regimes is challgmg because botlsmall and large
bubbles can be observeat the same time. Therefore, the presence of any large bubbles in
the flow indicates gaslug flow. As the superficial velocity of air increases, the flow
transitions to bridge flowHigure 34(d).) At high air and water flow rates, annular flow is

observedFigure 34(e).)

3.2.2 Data Reduction

An image analysis tool was developed using MATLAB as part of the work. The tool was
custom developed for the serpentine pin fin geometry to process a large mfmber

images in a short period of tim€he flow images were rotated and cropped as shown in
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Figure 3.4:Representative image of flow through the test section

Figure 34(a). The red regions represent the liquid regions, the dark circles are the
microscale pin fins, while the grey regions represent air. These images aeeteodno

an RGB format. The captured images are processed using the algorithm shoguren

3.5, which is similar to that useid Chapter 2 but modified to map the pin fins in the
present study. Air bubbles often aggregated at the edges and corthersilo$ that guide

the flow in thepassageresulting in the inability of taking flow images with only liquid in
the test section. Therefore, a 6no fl owbd
red threshold was used to differentiate betweenaad water to identify the liquid
regions. Once the liquid regions are identified, the image is converted to a binary black
and white image with liquid in black and gas in white, as showRigare 35. This
binary image is further processed using-B fhedian filter that removes noise from the
image.Figure 36 presents a filtered image combined with information about the pin fin
locations. The window void fraction is calculated using Equd®dt). The number of air
pixels is divided by the pixels of total area available for flow. The mean window void

fraction for each frame in the video is calculated.
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Figure 3.5: Data reduction algorithm for the analysis of flow videos
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The Canny edge detector is used to identify interfaces between air and water, which are
shown in red irFigure 36. The curvature of the aiwater interface is neglected, and the
interface is assumed to be a straight liffl@s under predicts the total area as the interface

will have some curvature due to surface tension. The interfacial area intensity, defined as
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Figure 3.6: Processed image showing interfaces and flow area

the inerfacial area per unit volume, is calculated as shown in Equ@i®nand is the
number of interface pixels divided by the total number of pixels. This tiquas
proportional to the total interfacial aredhese images are further processed to observe

the flow distribution and the interface distribution through the serpentine test section.

IAInIenswty = a .. . - ! (3'2)
Nframes 1 éaa. Plelcwarea ‘

The uncertainty associated with this analysis is quantified using Eqai)nThe first
two terms account for uncertainty in the red threshold, by observing the change in void
fraction for a 10% change in threshold. The third and fourth terms account for the
uncertainty due to the wrgnidentification of a pixel as liquid or air. Equatid®.3)
presents the uncertainty in the measurement of void fraction of a channel for a

representative da point.
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Flow

A similar method is used to calculate the uncertaintyhe interfacial area. A sample

uncertainty of the interfacial area is shown in Equati)
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3.3 Results and discussion
3.3.1 Flow Regimes, Void Fraction and Interfacial Area

The average void fraction variation does not changeifsiantly along the length, as
shown inFigure 37. The values of void fraction of each window are within experimental
uncertainty and do not show any trends with phase superficial velo@itissmeasured

void fraction is compared with predictions areelations in the literatur€Schrageet al,

1988 Kawaharaet al, 2002 Krishnamurthy and Peles, 200Winkler et al, 2012, as
shown inFigure 38. All these correlations predict the measured values with reasonable

accuracy. Among these, onKrishnamurthy and Peles (200Was developed for pin
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Figure 3.7: Void fraction variation with window
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fins. The Kawaharaet al. (2002) correlation worked the best and predicted all points
within an accuracy of 25%. Th&inkler et al. (2012)correlation is able to predict cases
with high void fraction more accurately than those with lower void fraction.Stheage

et al. (1988) correlation developed for vertical flow across tube bundles is able to
correctly predict trends, but under predicts most values. It should also be noted that this
correlation depends on Froude number, which is used when dl@agonal force is
important. However, gravity has not been observed to influence the flow through

microscale geometries such as those under consideration.

Flow maldistribution was observed to be a limiting factor in the microchannel passage
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arrays inestigatedn Chapter 2 Quantifying the flow distribution in the serpentine micro

pin fin geometry under consideration here is more challengilggire 39 presents the
time-averaged distribution of liquid in the serpentine secftidre flow direction of wo-

phase is the top right to the bottom left, which is shown in Figurd&R@é@ons with liquid
constantly flowing through them are shown in red, while a blue color represents regions
with no liquid flow at any time. The edges experience higher liquid, flekale the core
areas exhibit higher gas flow. The brightly colored regions around the pins show the
liquid aggregated around the pidlsie to surface forcesA trace of bridge flow is

observed where the pins are connected by a biikgastructure in ailghlighted color.

Figure 310 presents the distribution of the flow along the length of the test section
observed through four different windows for a representative case. As mentioned earlier,
the flow area decreases along the test section, becauseéeasiggned for condensing
flows. The flow area decreases from 9.58%hff in the first pass to 4.17xFfan?in the

last. As airwater mixtures were used in this study, the superficial velocities of the two
phases increase significantly along the serpemgingth of the test section. This enables

the study of different flow regimes in the different sections of the sheet. It is observed

Pure

Figure 3.9: Flow distribution through serpentine section
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Figure 3.10: Flow distribution along the length of the test section

that all the windows appear to have an air core and liquid flowing close to the edges.
Liquid was observed to aggregatetard the pin fins in all the sections due to the effects

of surface tension.

Interfacial area is critical taccomplishcondensation heat and mass transfdre

interfacial area in two microchanndieetdesignsnvestigated in Chapté&wasobserved

to increase with improved mixing of the two phadégure 311 compares interfacial

area intensity observed in the present serpentine test section to that observed in the
microchannel geometries studiedChapter 2Figure 311(a) presents the interfaciakar
intensity in the microchannel test section
mixing features, while Windows-4 correspond to values for the microchannel test

section with mixing features presentedGhapter 2 It should be noted that alree

designs being compared have the same overall width and length. The interfacial area
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Figure 3.11: Comparison of interfacial areaintensity between microchannels and
serpentine micro pinfin geometry

intensity in the serpentine test section is present&dgure 311(b). The interfacial area
intensity for the serpentine test section was observed to be much Hingimerthe
corresponding value for the microchannel test sections. This indicated that the gas and
liquid phases interact more vigorously in the serpentine section than in the microchannel

section.

The time averaged distribution of interfacial area iss@néed inFigure 312(a) for the
same data set dsgure 39. A comparison of Figure8.9 and3.12(a) shows that the
interfaces between air and water were concentrated in regions with high liquid flow.
Liquid aggregation around pins also facilitated mixipgtween the two phases, as
observed in the high concentration of interfaces in regions surrounding pin fins.
Interfaces formed in the bridge flow regime were also observed to be significant. As
liquid flows away from a bridge structure, it is replenisbgdiquid flowing towards the
bridge. This led to liquid bridges being sustained for long periods as observaglia

3.12(a). The presence of some stagnant and slow moving bubbles close to the edges of
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the test section led to a high concentration ddrfiacial area in the region. Such bubbles
do not contribute to the improved performance, but highlight the region close to the

edges.

Figure 312(b) presents the distribution of interface area in Window 4. The section
analyzed has a narrow flow area,ulag in higher velocities of air and water in the test
section. The flow regime observed in this section is annular flow. Interfacial area is again
concentrated in regions with higher liquid flow. Annular flow results inwater
interfaces between pinsinlike bridge flow, these flow regimes have intense mixing
between the two phases. This was also observEdshnamurthy and Peles (2007he
interfaces inbridges are clearly observed in the time averaged map, as the bridges are
constantly replenished and remain in the same location. The interfaces in annular flow are

more widely spread and not concentrated in the same location.

3.3.2 Pressure Drop Correlation

Correlations for singlgophase pressure drop across micro pin fins have been developed in

(b)
. High interface

Figure 3.12 Interfacial area distribution through serpentine section
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earlier studiesTable 32 presents a brief overview of the various geometries investigated
in the literature and their applicabilititrishnamurthy and Peles (200@)esented a new
two-phase multiplier to predict pressure drop for {qwase flow through micro pin fins.

Qu and SitHo (2009) observed that thé.ockhart and Martinelli (1949)jwo-phase
multiplier accurately predicted the twahase pressure drop dlugh pin fins. The other
studies presented ifable 32 developed correlations to predict the pressure drop in
singlephase flow. The liquid and gas Reynolds numbers in the present study varied from
7-198 and 15424, respectively. The frictional pressumopl across the serpentine test

section is calculated as shown in Equati®b).
DP = Qn -I-PpP Pb-enJD Pgrét/ityD Poul (35)

T h e pingePresents the frictional pressure drop due teghase flow through the micro
pin-f 1 n ar r aphgepreséntsehe gr&ssudeop due to the guiding baffles that
direct the flow through the serpentine test section, causing a 180° change in the flow

direction that accounts for about 3% of total pressure drop. There are seven such bends in

Table 3.2: Pressure drop model comparison

Author Pin di mensi on Rerange

Krishnamurthy and Peles [6] d = 100, H = 100, Re;< 40
P/d=15

Qu and SitHo [8] L, =200, H =670, 37 <R@< 86
S/IL=2,S/L=2

Prasher et al. [5] 50 QOd18O0, 40 <Rey < 1000

155 O H O 310
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the test section with a progressively asing flow cross e ¢ t i g@uiy is thegquRange

in pressure due to gravity. The contribution due to gravity is very small, and accounts for
about-1% of total pressure drop. As the flow is downward, this term has a negative

v al u e, is the fquBloral pressure loss around micro fins as the flow enters from

the inlet port and cr og&:aceosintstfohtee frictiomallassed a f f |
around the micro pHfins between the last baffle and the outlet port. Losses associated

with the expansion and contraction of the tplwase mixture from the inlet port into the

inlet header and outlet header to outlet port were observed to be negligible.

Flow between baffles is assumed to be in the horizontal direction. The pressure drop
around thebaffle is modeled as flow through a 180° pipe bend as model€&hisholm
(1980) The mass flux is calculated based on the minimum area in the baffle gap. The
corresponding singlgphase pressure drop is calculated as shown in Equat&nwhere

Kgwo is the singlephase loss coefficient for the bend.

DP, =K,., zGrL (3.6)
The twophase pressure drop is calculated as shown in Eqyati§)n
DP.. = Y, M, (3.7)
duo is the twephase multiplier given in Equatid.8),
Y, =1 ge,—L T gBmx(l X} X4 (3.8
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wherex is the quality and B is an empirical constant given by Equaf@@sand(3.10).
Bgo and Bgo represent the values for 90° and 180° bends, iB derived from By as

outlined inChisholm (1980)Kpg. 0,90 has a value of 0.3.

BlBO = 1 +ZBQO (3.9)

B, 1

(31D

90 ~

2.2
KBL0,90(2+ %)

The hydraulic diameter for flow around the pin fins is used as the diameter (D) in
Equation(3.10). Half the baffle opening length is used as the bend radiuswfi¢h

represents the mean radius for all paths along which the flow bends.

The pressure dr g iscaonlatedas sgowmin Eqtiagi@ill).qiRe
void fraction model fromKawaharaet al. (2002) is used as it was observed to best

predict themeasured void fraction in the experiments.
DPgraviiy = Sa rg (1— & |r@h (31 ).

The pressure dropr ound the micro pin fingiad cal c
PBena f I 0 Moo FRUre 313 presents the contributions of frictional, baffle and
gravitational components towards the total pressure drop. -Bxésxshows ten selected

data pointsrom the test matrix in increasing order of pressure drop. It is observed that

the frictional pressure drop for flow through the micro-fomarray is the dominant
contribution. Gravity has a negative contribution as the test section is in a downward flow
configuration. The magnitude of the gravitational component is higher at lower qualities

due to the higher liquid fraction.
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Figure 3.13: Comparison of pressure drop contributions
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Model development

The Reynolds number is calculated as shown in Equégitg).

dein
Re, = . (3.1 p

The mass fluXG) is calculated based on,f\as shown in Equatiof8.13).
G= % (313
Aminis the minimum crossectional area defined in Equati(dl4).

A =05 H (31 %

where $ is the spacing between the baffles.

The singlephase (liquid) pressure drop is presented in Equé&Bidb).
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L, B
P 2r,

wheref is the singlephase Darcy friction factor, and N is number of pin rows in the flow

direction.
The pressure drop across the micro pin fins is calaigeshown in Equatiqi3.16).

0P, = A  E B, (31 P

wher gispgRe singephase pressure drop ar ogthed the
two-p has e mu lytig cplduliatedrusing &diations (1)1 6 )in.is thepfictional

pressure drop around the pins between the inlet port and the first lpaRlge.is the
frictional pressure drop around thejppins b
andoepPe both calcul at ed p4Jhecogrespohding mimabme me t
of pin rows are N, Nin and Ny Flow between the baffles issumed to be in the

horizontal direction. |, is the number of pin rows in the horizontal direction of flow. N

and N,y are the number of pin rows in the vertical direction between the inlet and outlet.

The two phase multiplier is calculated as shownEiquation(3.17), where C is a
parameter obtained by the regression of the frictional contribution for flow around the
micro pin finsbased orthe overall pessure drop measurements in the test section as

described above.

c 1
F 2 =1 +— —+— 1
t X X2 31y
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Figure 314 presents the comparison of the measured pressure drop data with the various

two-phase pressure drop models.

Comparison with the literature

As mentioned earlier, the pressure drop around the pin fins is calculated by subtracting
P Braviy @ N d pen@d A 0 Miyrar PiS pin fin pressure drop is then compared to those in
the literature. Krishnamurthy and Peles (200Used the expression 0.0358xRe to
calculate C. This value of C underedics the pressure drops from the present study, and
leads to a mean absolute error (MAE) of 37.5% as showingure 3.14(a).Qu and Siu

Ho (2009)use a value of 5 for C, which predit¢he pressure drop from the present study
within a reasonable MAE of 12.5% as shownFigure 314(b), but the model was
developed only for cases with Re < 86. The data presented in this work hale Re 9 8
and RgeO 424, which is beyond the range of
Reynolds number for the serpentine geometry increases apdbmg between baffles

keeps decreasing along the length of the test section. While the correlation is able to

150 Quality Krishnamurthy and P;Ies[ﬁ] o Quality Qu and Siu-Ho [8] " i e
¢ 0-0.02 P ot ® 0002 P Jad
125 & 0.02-0.05 2% ® 0.02.0.05 e T
© 0.05-0.1 R ey 0.05-0.1 4. e .
<1000 & 0102 o PO, 4 0102 -‘- PO,
o 0.2 oo -~ 259, 0.2 A - 25%
- 75 /’ ,/' ,/ | 27 e
'E , &Vr ’,"
3 s0f '1."-' ? St
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o , e qq ”'1—
25¢ ‘i;"u C=0.0358 x Re | - C=5
-l‘ MAE =37.51% ’ MAE = 12.54 %
D L
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Figure 3.14: Comparison of pressure drop data with the literature
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accurately predict the pressure drop of the model, there is a need to develop a method to
predict the twephase pressure drop over a larger eanfj Reynolds numbers. Of the
various friction factor correlations for micro pin fins in the literature, the one developed

by Prasheet al.(2006)was found to be applicable for Reynolds numbers up to 1000.

Pressure dr@ model

Based on the above discussion and comparison of the results from the present study with
the literature, a regression analysis was performed on tHengaortion of the twephase
pressure drop deduced from the measurements to develop a n@haganultiplier of

the form shown in Equatio(B8.17). The corresponding singfghase pressure drop was
calculated using the correlation Bfasheet al. (2006) The regression analysis revealed

that the pressure drop around the pins was predicted best by a value of 2Gitur€.

3.15 compares the measured pressing with the pressure drop predicted using the
developed twephase multiplier. The MAE for the model is 7.16% indicating a very good
agreement with the measured datable 33 summarizes the pressure drop models used
and their predictions. On comparisaith a microchannel array with the same footprint,

it is observed that the pressure drop through the serpentine test section is 2.7 to 4.1 times
higher. The higher pressure drop is due to the increased flow length of the serpentine path
that the fluid folbws. This higher pressure drop represents the tradeoff required to
overcome the limitations due to maldistribution. It should be noted that a heat and mass
exchanger with maldistribution will need to be oce&ed to compensate for
maldistribution, which W in turn increase the pressure drop in the microchannel
component as well. The choice of geometry between these two should be assessed based

on the design requirements and the penalties of maldistribution.
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Figure 3.15: Comparison of pressure drop data with model predictions

3.4 Conclusion

Two-phase flow through a serpami micrepin fin geometry was visually investigated.

The micro pin fins allowed for redistribution of the two phases, resulting in an improved

Table 3.3: Two phase flow pressure drop model evaluation

Authors fparcy C X MAE
%
Krishnamurt 1166.6 R¢*“* 0.03 am 50ax ¥ar, % 37.51
. -~y G
hy and Peles 58x EEE S E o geTL 8
[6] Re
uand Sib  20.09R&™* 5 P 0727 w 11.44
& m 0 & 6 arg, O
® 0 & _ 0 & 0
Ho [8] ¢ + ¢ T e h o+
Prasher et AN 8748 - a8 g -d ‘°'2§5Ré0_58 20 apy Parx Yar, 5 7.16
x 0 &® 0 ES) [0] d 0 S § 0
al. [5] ¢cd 2 ¢ d 2 Cd ° geggge 9?72
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flow distribution in thepassagesSome maldistribution was still observed in the-fon
geometry, as the vapphase was observed to predominantly flow through the center of
the test section. The serpentine geometry had higher mixing of the two phases compared
to the microchannel design of same size. Hence, it is better suited for components with
mass transfer bewen the two phases. Microchannel void fraction models from the
literature were found to accurately predict the void fraction through the test section. The
frictional pressure drop through the pin fins was the largest contributor to the overall
pressure dnp across the serpentine test section. A new method to calculahase
pressure drop across a serpentine pin fin geometry was developed. It was observed that a
Chisholm parameter of 20 in the typbase multiplier accurately predicted tpbase

pressuralrop through the pin fins.
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CHAPTER 4. SERPENTINE MICRO -PIN FIN ABSORBER

4.1 Introduction

The performance of an absorption cooling system is strongly influenced by the
performance of the absorber, which is ref
Beutleret al. (1996) However, an incomplete understanding of the different phenomena
in microscale absorbe is limiting the implementation of such desigi&ang et al.
(1998)investigated the performance of a plate heat exchanger in bubbke iftee plate
had dimensions of 0.389 m length x 0.127 m width x 0.424 m depth. The vapor and
liquid were in counteflow with each other, with offset fin strips on the cooling fluid side
to increase heat transfer rates. The models predicted the vapam tegbe close to
saturation while the liquid regions were subcooled. This showed that in the absence of
mass transfer from the vapor to thin films, the mass transfer resistance in thglgse
can be a significant detriment to absorber performanceadt also observed that the

vapor phase presented the dominant resistance to heat transfer.

Kang et al. (2000) investigated the performance of a plate heat exchanger in
falling film and bubble modeSegmental models for both modes of absorptiomewe
developed to predict heat and mass transfer rates. It was observed that the plate heat
exchanger performed significantly better in bubble mode. The models showed that vapor
side presented the dominant heat transfer resistance in the-fatingode. I was also
observed that in bubble mode, the dominant mass transfer resistance was on the liquid

side.
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Lee et al. (2002b) investigated the use of a platgpé absorber for ammonisater
absorption cycles. The absorber had dimensions of 0.112 m x 0.264 m x 0.003 m and
operated in a countdiow configuration. The absorber was tested in an open system with
an ammonia vapor source and a dilute solution solgete solution concentrations

were varied from B0 wt% at a constant flow rate of 0.3 kg fhiand a temperature of

20°C. The log mean temperature and concentration differences were used to calculate the
heat and mass transfer coefficients. The heasfeeacoefficient was observed to increase

with vapor and solution flow rates. While the mass transfer coefficient increased with
vapor flow rates, it remained relatively constant with an increase in solution flow rates.
The same geometry was tested in llinfg-film mode in a counteflow configuration.

The performance in the fallinfggm mode was compared to the bubble mode performance

by Lee et al. (2002a) The bubble mode was observed w@vé higher rates of mass
transfer, while the fallindilm mode had better heat transfer performance. The overall
performance of the bubble mode was observed to be better, as more ammonia was

absorbed in the bubble mode.

Jenks and Narayanan (2006yestigated the absorption of ammemiater in a large
aspect ratio microchannel ngi a constrained film design, where a porous plate between
the vapor and liquid regions acted as the interface. The use of a porous sheet allowed
vapor and liquid to be in a creflsw arrangement, while the cooling fluid was in a
counterflow arrangementwith the solution. The channel was 100 mm long x 20 mm
wide x 0.15 mm deep and was tested in a horizontal configuration. Logarithmic mean
temperature and concentration differences were used to calculate the overall heat and

mass transfer coefficients. Itas observed that the overall heat transfer coefficient was

64



between 400200 W n¥ K™. Jenks and Narayanan (2008yestigated the impact of
varying channel depth and surface structures on absorption in the same experimental
sdup. They investigated channels of three depths of 0.15 mm, 0.4 mm and 1.2 mm. It
was observed that the 0.4 mm channels had the highest heat transfer coefficients. In the
0.4 mm deep channel, vapor bubbles that encompassed the whole depth limited heat
trarsfer. And in larger channels, a thick liquid layer limited heat transfer. It was also
observed that mass transfer coefficient increased with channel depth. It should be noted
that these results were for low solution concentrations and only cases withetmmpl

absorption were considered.

Cerezoet al. (2009) investigated the use of a corrugated plate heat exchanger as an
absorber. The inlet and outlet temperatures, pressures and flow rates of all fluids entering
and leaving the absorber were measured. The absorber was tested in aysogan
where an ammonia tank and dilute solution reservoir supplied the inlet streams to the
absorber. This allowed them to precisely control the operating conditions. Logarithmic
mean temperature and concentration differences were used to calculaattarchmass
transfer coefficients. An increase in solution flow rate, operating pressure, and cooling
fluid flow rates improved absorber performance. However, an increase in dilute solution
concentration, dilute solution and cooling fluid temperatures téedower absorber

performance.

Cerezoet al. (2010)developed a heat and mass transfer modethi® corrugated plate
absorber tested i€erezoet al. (2009) The Colburn and Drew (1937analogy was
implemented to model massansfer using an iterative solver. They assumed spherical

bubbles of vapor with constant velocity to model the vapor phase. Initial bubble size was
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determined based on the inlet orifice diameter, and the number of bubbles were
calculated based on vapoo\t rate. Their model predicted the experimental trends well.
The heat transfer was predicted with a mean error of 7%, while the mass transfer model

had an accuracy of 19%.

The microscale heat and mass exchanger investigatedNagavarapu and
Garimella (2011)was fabricated and tested as an absorber for an ammonia water
absorption chiller as reported bByagavarapu (2012)The microscale features in the
absorber included serircular microchannel arrays, and inlet and outlet headers to
distribute flow through the microscale channdlse absorber wa®sted as part of a 2.5
kW ammoniawater absorption chiller. The absorber performance did not meet design
predictions, which was attributed to three specific issues: complete blockage of some of
the microchannels by the braze alloy, partial blockage ofrath@annels, and flow
maldistribution of vapor and liquid among the different channels. It was demonstrated in
Chapter 2 that maldistribution of twmhase flow in microchannels is a significant
concern for heat and mass transfer phenomena, and can besd&gtito performance\
serpentine micr@in fin design was proposed in Chapter 3 to overcome issues related to
maldistribution The design uses serpentine passes with decreasingsentemal area
for condensing flows. It was shown that the interfaaiga between the gas and liquid
phases in the micspin fin design was significantly higher than that in the microchannel
array of the same geometric size. This indicated that the serpentine design has the
potential to achieve high heat transfer rates evhllowing for mixing between the two

phases.
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The presenstudy investigasan ammoniavaterabsorbemwith multiple arrays omicro-

pin fins to enhance component performandisual data are collected using higheed
photography, and heat transfer measugnts are used to better understand the factors
governing heat and mass transfer in migio fin geometry. A microscale absorber is
fabricated with windows to provide visual access to observe the effect of the microscale
features on the flow of the vapbguid mixture as absorption takes place, which provides

insight into the heat and mass transfer mechanisms in microscale absorbers.

4.2 Test sections

Two test sections, one for flow visualization, and a second for heat transfer experiments,
were designedFigure 4.1(a) shows the desighthe serpentine mictpin fin geometry.

The micrepi n fins have a diameter of 580 &m,
l ongi tudinal pitch of 1520 &m, as shown in
seven pases, and a constantly decreasing ceesgional flow area. The width of first

pass is 56.4 mm and that of the seventh pass is 27.43 mm. The decreasing cross section is
implemented to maintain high superficial velocities of the-pliase mixture as vap® i

being absorbed into the solution. The guiding ribs that define the passes have a width of
1.6 mm, with their lengths based on the ciesstional flow areas between the two
adjacent passes. A second sheet is shown in Figure 4.1(c); this is the slhuggt wirich

cooling fluid flows to absorb heat from the serpentine sfdedre are 88 channels in the
cooling fluid sheet, and each channel has a-saeular shape with a channel depth of

0.5 mm and a width of 0.76 mm. The serpentine +pirofin sheet idabricated using a
photochemical etching process. In this process, a stainless steel sheet is first cleaned with

hydrochloric acid. A template of the geometry is placed on the stainless sheet with
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photoresist. The sheet is then exposed to UV light, whéedens the exposed regions of
photoresist. The untreated photoresist is then removed and the sheet is then exposed to
acid. The acid removes metal from the exposed metal regions, creating thgimittno
geometry. The shape of the resulting geometmery sensitive to the time it is exposed

and can result in micepin fins with different diameters or a slight conical shape. To
account for this, the pin diameter is measured at the top and bottom of the pin fin. The

average pin diameter is used for tlaécalations.

The test section assembly for flow visualization is shown in Figure 4.2(a). The assembly
consists of six sheets stacked together to form a single unit of a microscale absorber. The
stacked components from top to bottom are the cover dhlesiglas window, gasket,
working fluid sheet, cooling fluid sheet and the end sheet. The setup is assembled and the

gasket is compressed using screws in each of the thitolgh. The fluids enter and exit

34.04 mm

31.50 mm |

27.43 mm
S\= 1520 pum

27.43 mm ‘
27.43 mm

27.43 mm

1320 pm

dpin = 580 pm
—

S~|-=

Serpentine sheet Micro-pin fin

(a) (b) (c)

Figure 4.1: Serpentine micro pin fin absorber
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the test section through the inlet and outlettp@n the end sheet. The bottom three
layers of the absorber, the working fluid sheet, the cooling fluid sheet and the end sheet,
are brazed in a separate bonding process. The brazed component has separate pathways
for the working fluid and the cooling fld. The cooling fluid flows counter to the
working fluid as it absorbs the heat of absorption. Ammonia vapor and dilute solution
flow in the volume between a Plexiglas sheet and the working fluid sheet. The Plexiglas
window provides optical access to tHew through the shim. The temperature of the
individual ammonia vapor and dilute solution streams are measured at the inlet. The

concentrated solution temperature is measured at the outlet.

The test section is placed in a chamber that is pressurizéatsihé pressure difference
between the chamber and the test section is less than 25 kPa. This minimizes the
possibility of leaks and decreases the large pressure differentials on the window between

its top and bottom surfaces. The pressure chamber ibedéed to avoid condensation of

(a) (b)

Figure 4.2: Test section assembly
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moisture on the windows and to limit parasitic heat loss from the absorber test section to

the ambient in the pressure chamber.

The flow visualization tests in this setup enable qualitative assessment of the component,
but for more quantitative analysis, intermediate temperature measurements are required.
The microscale features on the working fluid and cooling sheets have deftdsantl

0.5mm. These dimensions make it difficult to obtain reliable temperature measusemen
using thermocouples. Given these constraints, a separate test section for heat transfer
experiments was built as shown in Figure 4.2(b). The test section consists of a single
working fluid and cooling fluid sheet sealed between a top and bottom sheetodling

fluid sheet is divided into three segments, as shown in Figure 4.3. The temperature of the
cooling fluid entering each segment is measured. The intermediate cooling fluid
temperatures and segment heat duties are used to validate the heat snchmséeyr

models.
4.3 Experimental setup

Figure 4.3 presents a schematic of the experimental setup used in this study, which
consists of an open ammomater loop, and a closed cooling fluid loop. A tpldase
mixture of known concentration is prepared byimg distilled water and ammonia in an
adiabatic mixer. A high precision needle valve (Ideal valve moddl-5%) is used to
control the flow rate of water into the absorber. The valve can control flow rates with a
precision of 2x10 kg s'. An ammonia reervoir is used to supply ammonia vapor into

the adiabatic mixer, while another high precision needle valve is used to control the flow

rate of ammonia into the adiabatic mixer. A 500 W tape electric heater with a variable
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Figure 4.3: Schematic of absorber testacility
load controller is used to he#ite water and ammonia streams to the required test
conditions. The twgphase mixture then flows into the absorber test section. The
temperature of the twphase mixture is measured at the inlet of the absorber. The
ammonia vapor is absorbed into the ligplthse and the mixture exits the absorber as a
concentrated ammonisater solution, where its temperature is measured. The
concentrated solution is then discharged into a reservoir. Cooling fluid flows in the
counterflow direction in the cooling fluid sheto remove the heat generated during
absorption. For flow visualization tests, the test section is placed in the pressure chamber,
which allows the system to operate at the higher pressures of amwairiasystems.
The flow of the twephase solution is amitored through the Plexiglas windows in the
test section. During heat transfer tests, the test section is placed outside the pressure
chamber so that it can be insulated to minimize heat losses. The temperature of the
cooling fluid is measured at the @land outlet of each segmeiite intermediate

cooling fluid temperatures and segment heat duties are used to validate the heat and mass
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transfer models. Distilled water is used as the cooling fluid for the absorber. The mass
flow rate is measured using Rheonik Coriolistype flow meter (Model: RHM 015;

Error: £0.24).

A photograph of the test facility is shown in Figure.4e setup is subdivided into two
sections: the system block, and the test section. The system block contains all the
components tocondition the flow, while the test section is placed in the pressure
chamber. The cooling fluid is cooled by a separate loop connected to an external chiller

to maintain the desired distilled water temperature.

Micro Motion Coriolistype meters (Model CHS010M Error: £0.4%) are used to

measure the concentrated solution and dilute solution flow rates. Three pressure

Data

Pressure acquisition
chamber

system

Auxiliary
components

Figure 4.4: Photograph of absorber test facility
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transducersreused to measutte pressure of edcof the working fluid stream@VIKA
Model S10, £0.25%). T-type thermocouples (#fB°C) ae used for all temperature
measurementsA National Instruments, Model SCXI0O00 data acquisition system is

used to record all the measurements.

The serpentine test section is tested across three concentrations, flow rates, and operating
pressures, anavb cooling fluid temperatures, which helps in understanding the impact of

the individual parameters on the process of absorption in fpiordin geometriesas

shown in Table 4.10n a system level, this corresponds to different operating loads,
cooling temperatures and ambient temperatures. The cooling fluid flow rates were kept
almost constant correponding to Reynolds numbers between 24 and 31. The cooling fluid
flow rates were chosen to meet the somewhat contradictory requirements to keep heat
duty uncetainties low, present a low thermal resistance to the overall heat and mass
transfer so that the ammonaater side could be deduced more accurately, and to

mi ni mi ze heat | oss. A typical cooling f1lui
about 17°C The segment al cooling fluid streamw

and 1°C for the top, middle and bottom segments of the cooling fluid sheet.
4.4 Results and discussion
4.4.1 Flow visualization

A representative image of flow through the mipia fin absober is shown in
Figure 4.5. The ammoniaater mixture flows through the third pass from the top left to

the bottom right. The representative image in Figure 4.5 has a mass flux of 20.75 kg m
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Table 4.1: Test Matrix

Sol
4 7 %

uti omrMHao mio
52 %

Cool i nd |l nl et

| nl et 42 %
Temper i

)

- - A
FIl ow ra Flow ra Flow ra
0.:0.:0. 0. . 0.:0. 0. 0.

Pressur e

st andReo(Re,,, =G, ,d,,/m ) of 8.24.The flow regimeis predominantly gas

slug flow with distinct vapor and liquid regions. Such hggeed images are captured at
four locations along the length of the absorber, as shown in Figure 4.6. The images are
processed to enhance the contrast between the vapomaitt ghases. Images at the
lower windows are not shown, as the pressure chamber window was not large enough to
capture good quality images at the bottom locations. The vapor flow rate decreases from
the top to the bottom as it is absorbed; the decreasipgrficial velocities result in

predominantly gaslug flow.

A representative image of flow through the microchannel absorber is shown in
Figure 4.5. Distinct vapor and liquid regions can be seen. The images are taken for each
of the windows and a stited image of flow through the test section windows is shown in

Figure 4.6. A twephase mixture of ammoniaater enters through the inlet at the top of
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Figure 4.5: Representative image of flow through the test section

the test section. The mixture is assumed to be in equilibrium as a there is an adiabatic
mixer positionedust upstream of the inlet to the test section. The vapor flow rate is high
at the inlet and decreases toward the outlet as it is absorbed into the liquid. In most cases,
the flow regime changes from a bridge flow close to the inlet teslyasflow. An
illustration of bridge flow is shown in Figure 4.7(a). In the bridge flow regime, the micro
pin fins are connected by liquid bridges and surrounded by a vapor bulk. In the other
cases, gaslug flow is seen throughout the absorber. A schematic otlggsiow is

shown in Figure 4.7(b). In the gakig flow regime, large vapor bubbles and liquid
regions flow through the micspin fin geometry. The vapor and liquid regions
encompass multiple micipin fins. Different flow regimes were observed in different
regions of the serpentine miepin fin test section. At times, attributes of both bridge
flow and gasslug flow are observed. Bridge flow is observed in the center of the test
section, along with a large and slemoving liquid section towards the edgestlod test

section. The bridge flow regime is more favorable for mass transfer, with better mixed
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phases and significantly lower liqughase mass transfer resistance. The bridge flow
regime also has lower liquid mass transfer resistance, as the liqudsege thinner and

more dispersed. This leads to smaller length scales for mass transfer in the liquid phase.
The gasslug flow had large vapor bubbles flowing through a large liquid bulk, and this
flow regime is clearly observed in Windows 3 and 4 olFég4.6. These large vapor and

liquid regions result in large mass transfer resistances. Because the two phases are not
well mixed in this flow regime, vapor has to diffuse from the vdjgprid interface to the

liquid bulk. As diffusion through the liquighase is slow, it leads to poor mass transfer

from the vapor to the liquid.

It was also observed that flow through the test section could be very intermittent
in the gasslug flow regime, with large bubbles flowing through the test section in pulses.
This intermittency decreases absorber performance in some cases. These flow
visualization results provide qualitative insights into flow regimes, flow distribution, flow
intermittency and mixing between the phases. For a more quantitative assessment, heat

transfer experiments and numerical studies are conducted.

It was observed that there was a very thin film or no perceptible film between the
vapor bubble and top/bottom surface of the absorber in bridge arstLigattow regimes.
Adiabatic experiments in Cpter 3 also showed the absence of a film on the top and
bottom surface in a serpentine migno fin geometry in bridge or gasdug flow. It is
more likely that a very thin film is present in the current diabatic experiments as some
vapor will condense oto the surface of the absorber. This film also easily saturated with
ammonia and cannot absorb significant quantities of ammonia from the vapor. A

schematic of a crossectional view is shown in Figure 4.8. It is observed that there are
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Figure 4.6: Progression of absorption through absorber

There is negligible mass transfer across

horizontal and veical interfaces in the absorber

the thin film on the absorber surface. The major fraction of the mass transfer occurs

across the vertical interfaces in the direction of the black arrows shown in Figure 4.8. The

is transferred to the cooling fluid from the absorber

thermal energy on the other hand

sheet shown by the red arrows in Figure 4.8. This observation is critical as prior models
77
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Figure 4.7: Dominant flow regimes through the absorber
and absorber surface. But in migem fin geometries, the major fraction of vapor is
absorbed through the interface perpendicular to the absorber surface. Therefore, an
accurate estimation of this interfacial area is critical for the developmeatooirate

absorber models.

4.4.2 Heat transfer experiments

A schematic of the absorber is shown in Figure 4.9. Ammonia and water are
premixed at the inlet and flow through the absorber. Cooling fluid flows counter to the
ammoniawater mixture and the temperaguis measured at two intermediate locations.

The flow rate of the distilled water and concentrated solution are measured in the test
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Vapor
Bubble

Figure 4.8: Cross-sectional view of the micrepin fin absorber
facility. Appendix A.1 presents measurements from a sample data Poenflow rate of

ammonia into the test sectioi is calculated as shown in Equati@l):

m, = My M, (4.2)

The twophase mixture flowing into the absorber is assumed to be in equilibrium as it
flows through an adiabatic mixer before entering the absorber. Titergoation of the
mixture at the inlek.s ;, of the absorber is calculated as shown in Equiti@). Here X,

is the concentration of the ammonia strean®.299, andx, is the concentration of the

distilled water stream, which is O.

Ammonia ( \
vapor
Distilled
water
i1\ T
Absorber inlet Absorber outlet

ABSORBER TEST SECTION
- e
< 1]
Cooling water Cooling water
outlet inlet

Figure 4.9: Absorber schematic
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rhabs,inxabs in= I:nAXA +h‘N XN (42)
Three properties are required to define the state of the mixture. The measured inlet
temperature and pressure, along with the concentration calculated in Eqd&jpare

used to calculate the inlet quality as shown in Equadd) (

qabs.in = f (Tabs in? Pabs in X abs i) (43)
The individual vapor and liquid properties are calculated from the saturated vapor
and liquid properties as the tvptase mixture is in equilibrium at the inlet of the

component. The inlet liquid concentration is calculasdhown irEquation (44).

Xiqin = f(T P

abs,in? * abs in? q lig, in

=0) (4.4)
The inlet vapor concentration ialculated assuming saturated vapor conditions as shown

in Equation (45).

X = (T

vap, in

abs in’ Pabs in q vap m: 1) (45)

The heat duty of the absorber is calculated using the measured cooling fluid flow
rates and temperatures. The heat transferred through each segment is calculated by
summing the heat absorbed by the cooling fluid and the heat lost to the ambient.
sample calculation of the heat loss is presented in AppendixAArgpresentative
calculation for a segment is shownHEquation (46). The heat loss from each segment is
calculated using the thermal resistance diagram shown in Figure 4.10. The kesgt los
from the top, middle and bottom segments were of the order of 3.3, 1.7 and 1.4 W for an
absorber heat duty of 97.8 W. This corresponds to approximately 6.6% of the total

absorber heat duty.

Qseg = rhCFC [¢] CF(Tseg in” T seg o\) +Q loss st (46)
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Figure 4.10: Resistance network to calculate heat loss from absorber

The heat transferred in each of the segments is then summed to obtain the total

heat transferred in the absorber as shaoviquation (47).

Qabs,CF = Qseg top +Q seg mid Q seg b (47)
The heat transferred in the absorber is allgulated from the solution side as
shown in Equation (48). In this calculation, it is assumed that the ammarager

mixture exiting the absorber is in equilibrium.

Quisor = Mot Mol Tar it Prctin Xears) = Mot Tommr Brourr Kor))  (48)
This method of calculating the absorber heat duty is less accurate than calculating the
duty from the cooling fluid temperatures. The assumption wiibgum conditions at the
absorber outlet is not valid if there is incomplete absorption in the absorber. Figure 4.11
shows that the heat transfer values calculated from the two methods are within
experimental uncertainties for 80% of the data pointe fdat transfer rate calculated
from the working fluid side is significantly higher than that calculated on the cooling
fluid side for some of the data. This deviation is an indication of a case with incomplete

absorption of vapor into the liquid. Underri@n conditions, a twghase mixture of sub
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Figure 4.11: Heat transfer rates in the working fluid and cooling fluid

cooled ammonia water solution and superheated ammonia vapor exit the absorber. This

indicates that the absorber could be mass transfer limited under certain conditions.

As shown in Figure 4.1, the cooling ftlsheet is divided into three segments, which
enables the measurement of the temperature distribution on the cooling fluid side. This
temperature distribution can be used to obtain the distribution of heat transfer in the
sheet. Figure 4.12 shows the caglifluid temperature distribution and the segmental
heat transfer distribution in the absorber for complete absorption. The solution enters the
absorber at a bulk concentration of 0.416, mass flow rate of 0.185pyessure of 493

kPa and temperature 81.3°C. It represents a case where there is complete absorption in
the absorber. The-#xis on the left corresponds to cooling fluid temperatures at the four
locations shown. The -éxis on the right presents the cumulative heat transferred from
the workng fluid. There is a steep increase in temperature in the top cooling fluid
segment; this indicates that most (~71 W) of the heat transfer occurs in the top segment.

The heat transferred through the middle and bottom segments is about 21 Wand 6 W,
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Figure 4.12: Cooling fluid temperature and heat duty distribution in
absorber

respectrely. This characteristic distribution of heat transfer rate is observed in all tests.
As the ammonia water mixture is pmaxed, it enters at a high temperature at the inlet.
The sensible cooling of this mixture results in a high rates of sensiblertwesiet and
condensation of vapor as temperature drops rapidly. This sensible cooling and
condensation of vapor accounts for the large amount of heat transfer in the first segment.
This type of distribution is also observed in cases with incomplete alsprpthere a
two-phase mixture of subcooled liquid and saturated/superheated vapor exits the
absorber. This indicates that the absorber has high rates of heat transfer between the
solution and the cooling fluid, but is mass transfer limited as subcoajaal land

saturated vapor flow out of the absorber.

The component UA value is calculated as showBRdnation (49) from the component

heat duty and a logarithmic mean temperature difference.
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Qubscr = UA O, (TooinTer oue Teorout Ter (4.9)
The thermal resistance network in the absorber is shown in Figure 4.13. The ssitigion
thermal resistance is calculatedrfretheUA value as shown iikquation (410). The heat
transfer coefficient is difficult to define in zeotropic mixtures unlike for pure fluids, as
there is a large nelinear temperature glide from the inlet to the outlet. Additionally,
zeotropic mixture cadensation is a combination of heat and mass transfer. Pure fluids
use the interface temperature to define a heat transfer coefficient, which is easily
measurable, as condensation is isothermal. Given the large temperature glides, the
interface temperatuseare hard to measure; hence, the actual heat transfer coefficients
cannot be calculated. Given these constraints, the measured bulk temperature is used to
calculate the heat transfer coefficient. Therefore, an apparent heat transfer coefficient is
definedas shown irEquation (411). The solution apparent heat transfer coefficient is
then calculated as shown mBquation (412). The coolanside thermal resistance is
calculated using the heat transfer coefficient for sa@nsular channels developed by
Sparrow and HajBheikh (1965)yand cited in Kakacet al. (1987) For the low coolant
Reynolds numbers (~27) in this investigation, the Nusselt number is constant with a value

4.08, corresponding to a heat transteefficient of ~3600 W M K. A sample data

Tsol Twall,i Twall,o TCF

MRV VAV o MRV oV V e
Rs::)I Rwall RCF

Figure 4.13: Absorber resistance network
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reduction is presented in Appendix A.3.

1
Rsol = J - Rwall _F%F (41 D
2y, = (41}
Tbulk - Tw
1
aibs - (41 )2
RSOl Aserp ht

Figure 4.14(a) shows that absorber heat duty increases with an increase in the inlet liquid
only Reynotls number and a decrease in cooling fluid temperature. Figure 4.14(b) shows
that the solution apparent heat transfer coefficient varies betwee30050/ m? K with

the inlet Rgo. The data points that have large uncertainty are those with a really low
approach temperature at the absorber outlet Tsgout-Tcrn©O 0. 5AC) . The un
in the measured heat duty is a combination of the uncertainty in the flow meter and
thermocouple measurements. For the low coolant Re range under considenajdhen
uncertainty in heat duty had a nearly a constant value ~5.5 W. The solution side
accounted for 7®1% of the thermal resistance, which resulted in low uncertainties in the
apparent heat transfer coefficient. The uncertainty in the apparentaresdietrcoefficient
varies from 5.5% to 96%, with the average at about 15.2 %.oMest uncertainties
occur pfoofr 108T. 6 Apfoachafi.B°C,apflile the highest uncertainties are at a

pIvof 7. 3AC, cor fRse@3c&ing to a T

For a constant cooling fluid temperature, the apparent heat transfer coefficient mcrease
with Reynolds number. There are a few outliers to this trend, but they have large
uncertainties. The apparent heat transfer coefficient was observed to be higher at lower
cooling fluid temperatures. As the solution is cooled to a lower temperaturatdifade

temperature decreases, which increases the concentration difference between the interface
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Figure 4.14: Variation of apparent heat transfer coefficient with inlet Reynolds
number

and the bulk liquid. This concentration difference is the driving force for mass transfer
between the liquid bulk and the interface; hence, as it incrahsestes of mass transfer
increases. This increased rate of absorption contributes to the higher apparent heat

transfer coefficient at lower Re

Both the vapor and liquid phases exhibit high singilase heat transfer coefficients due
to the small heatransfer length scale. The vapgultase mass transfer coefficients are

expected to be significantly higher than the liquid phase mass transfer coefficients. This
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is primarily due to the fact that the diffusion coefficient of ammonia in a vapor is 6.4x10

® m? s* whereas the diffusion coefficient of ammoniatieliquid phase is 4.2x10m? s

! The mass transfer length scale was observed to vary depending on the flow regime. The
bridge flow regime had a small liqughase mass transfer length scale, whiahuld
correspond to the thickness of the liquid bridges, which is of the same order of magnitude
as the diameter of the micpn fin as shown in Figure 4.7(a). The gdisg flow regime

has a significantly larger liguighase mass transfer length scaleolaserved in Figure
4.7(b), corresponding to multiples of the fin pitch. This large length scale implies
significant liquidphase mass transfer resistance in thesgasg flow regime. These
results indicate that the absorber was mass transfer limitedaduhigh rates of heat
transfer. Hence, the vapor and liquid are assumed to be in thermal equilibrium at the
measured temperature. When the-piases are in thermal equilibrium and there is poor
mass transfer in gagdug flow regime, in cases with incomfgeabsorption, the vapor is
assumed to be saturated at the outlet. The average enthalpy of the solution outlet is

calculated as shown Bquation (413)

msolhsol,out: I’:nsolhsoj in ~ Qabs ct (41 3
Equatiors (4.14-4.16) are then solved iteratively to obtain the mass flow rates and

individual phase concentrations.

msol = rnvap, out +m|iq out (41 ;I'
msol Xsol,out = mvap outxvap out tm lig outXqu ou (41 5
Irnsol hsol. out = mvap outhvap ou( ahs odt T sol oLt q vap out:1) +nllq but n] out ( Bs.out’ Iol out’ %l(q ou)
41 p

Two metrics are used to quantify mass transfer rates. The first is an absorption

flux, which is defined as the rate of vapor absorbed per unit area. The second is the
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absorption intensity, defined as the rate of vapor absorbed peftuihivolume of the

heat exchanger. The absorption flux is a measure of how efficiently the heat exchanger
area is utilized, while the absorption intensity is a measure of how efficiently the heat
exchanger volume is used. The absorption flux and injeasdé highly dependent on
operating conditions. For a vapor absorption system, the absorber cooling fluid
temperature is typically determined by the ambient conditions and the operating pressure
is determined by the chilled water temperature supplied byettaporator in system.
Hence, this parameter is very relevant to compare absorbers designed for compact space
conditioning applications. Figure 4.15 shows the impact of cooling fluid temperature on
the rate of absorption. A lower cooling water temperat@slts in higher rates of
absorption. As the liquid interface temperature decreases, the corresponding equilibrium
concentration at the liquid interface increases. This increases the concentration difference

between the liquid interface and liquid buliich is the driving force for absorption into
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Figure 4.15: Influence of cooling fluid temperature on the rate of absorption
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the liquid bulk. In the vapor phase, as the vapor cools, more water is condensed from the
vapor bulk to the interface. In the following figures, only the absorption flux is plotted, as

the absorption flux anthtensity are directly proportional to each other.

Figure 4.16(a) shows that the apparent heat transfer coefficient increases as the
pressure decreases. The {pltase mixture at the inlet has a slightly higher quality (10
20%) at a given temperature amdncentration at the lower pressure of 450 kPa
compared to the 550 kPa (at equilibrium). This higher quality translates to a higher vapor
mass flow rate at the inlet. At 450 kPa, the specific volume of vapor is ~G.%§m
which is about 30% higher thahe specific volume at 550 kPa, ~0.3 kg*. The higher
vapor specific volumes result in higher velocities, which translates to higher heat and
mass transfer rates through favorable flow regimes and higher heat and mass transfer
coefficients. This increse in heat and mass transfer results in the higher apparent heat
transfer coefficients. Figure 4.16(b) shows that the absorption flux increases with a
decrease in absorber pressure. The increased vapor velocities are more likely to favor a
bridge flow regme in the absorber, resulting in higher liquid mass transfer rates. Higher
vapor velocities result in higher vapor mass transfer coefficients. At 450 kPa, the higher
vapor specific volume results in higher void fractions, which means that the liquid phase
flows through a smaller area, resulting in higher liquid velocities. These higher liquid
velocities again contribute to higher mass transfer from the interface to the liquid bulk. At
higher pressures, the interface concentration increases by about th@4amne interface
temperature, resulting in a higher concentration difference between the interface and the
liquid bulk. This counteracts the decrease in mass transfer coefficients due to a lower

vapor specific volume. Overall, the impact due to the higlagor velocities at lower
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Figure 4.16: Effect of pressure on heat transfer coefficient and absorption flux

pressures is more significant than the increase in the liquid phase interfadk

concentration difference at higher pressures.

Figure 4.17(a) presents shows that the solution bulk concentration does not have a
significanteffect on the apparent heat transfer coefficients. The absorption flux shown in
Figure 4.17(b) is also not significantly affected by the bulk concentration. Both
parameters appear to be more dependent on the Reynolds number than concentration. A

closer lmk suggests that there are two counteracting effects that balance each other.
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Higher concentrations result in higher vapor flow rates whenmixed; these higher

vapor flow rates translate to higher vapor velocities, which increase the rates of heat and
mass transfer. A higher solution concentration leads to higher liquid bulk concentration,
resulting in a lower concentration difference between the interface and the liquid bulk.
This decrease in the driving concentration difference results in decreasegtiabs

rates. The decrease in the driving concentration difference (~0.1) is significantly larger
than the decrease observed by the increase in absorber pressure (~0.04); therefore, the

impact on the absorption rates is significantly higher.

Garimellaet al. (2016) and Goyal et al. (2017) have previously distssed the
sensitivity of system performance to the absorber, especially in miniaturized absorption
systems. Hence, a model based on the underlying phenomena in absorption processes is
needed to enable the development of microscale geometries that caliltb lbagh
capacity and COP vapor absorption systems. A new model to predict the absorption of
ammonia into a dilute ammoni@ater solution in microscale geometries is developed and

discussed here.

4.5 Heat and mass transfer model development

Two approaches esl to model zeotropic mixture condensation are typically
applied to model absorption of ammomater mixtures. The first approach, which is
typically computationally easier, is the equilibrium approach describesiltogr (1947)
and Bell and Ghaly (1973) In this approach, the pure component heat transfer
coefficient is corrected to account for degradation due to mass trahisie approach is

only applicable if the Lewis number, defined as the ratio of Schmidt and Prandtl

91



2K1

1000

P =550 kPa, x = 0.395-0.445, Tc = 35°C
P = 550 kPa, x = 0.495-0.545, Tcr = 35°C

Apparent heat transfer coefficient, Wm

=2}
o
o

600
400

200

H@

.
It

o
o4
n

L on
x N | ]}
" 2%y

(a) |

x
-
Pl -]
&)

e P =550 kPa, x = 0.395-0.445, Tcr = 35°C
= P =550 kPa, x = 0.495-0.545, Tcg = 35°C

Absorption flux, kg m2s™

0.5

-
[3,] N

—

el
101 \gy
L3

L ]

]
‘e

—e—
—e—

——

11 12

€L0,inlet; -

13 14

Figure 4.17: Variation of heat transfer coefficient and absorption flux with
solution concentration

numbers, is less than 1 or if there is a wmeitked liquid film. The Lewis number for the

conditions under consideration is about 20, and the liquid butlt wellmixed. Hence,

the equilibrium approach is not applicable in this work.

A second approach to modeling the absorber is theegaitibrium approach. This

approach is derived from the mass transfer analyses originally preser@adboyn and

Drew (1937)and later adapted byrice and Bell (1974) In this approach, vapor and
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liquid interface are assumed to be at equilibrium at the interface, and resistances for heat
and mass transfer from the interface to the individual phases are analyzed. The non
equilibrium method was observed to best predict zeatropixture condensation of
ammonia water mixtures in micro and mini channelsFbgnk and Garimella (2016)
Therefore, in the present study, the +emuilibrium approach is used for model

development.

Figure 4.5 shows a representative flow through the serpentine -paicriin
absorber. A large vapor bubblesigrrounded by large liquid regions, indicating that mass
transfer predominantly occurs across the interfaces perpendicular to the plane shown.
These highspeed videos of flow aid in the development of the schematic of flow across
micro-pin fins shown in Fgure 4.7(b). This figure shows a typhase mixture flowing
from right to left, with a vapor bubble surrounded by the liquid bulk. The temperature
and concentration gradients in the absorber are also illustrated. The amvaternia
mixture enters the absonbas a twephase mixture in thermal equilibrium. As the cooling
fluid sensibly cools the mixture, water is preferentially absorbed into the mixture,
resulting in higher ammonia concentration at the interface. The mixture that is absorbed
at the interface &s a higher ammonia concentration than the liquid bulk; therefore, there
is transfer of ammonia from the interface to the liquid bulk. The temperature is highest in
the vapor phase, which then exchanges heat with the interface. The heat is then
transferredo the liquid bulk which is cooled by the cooling fluid flowing on the adjacent

sheet. A model is developed for the process described above.

It should be noted that mass transfer resistance in the liquid phase is typically

neglected in models for abstign. It is assumed the thin liquid films would have low
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mass transfer resistance. Flow visualization of absorption in +piaréins showed that
these films are very thin and cannot absorb much vapor; hence, the major portion of the

mass transfer occursr@ss the interface perpendicular to the absorber sheet.

4.5.1 Segmental Model

The inputs to the model are the inlet tploase solution state. A cressctional
view of flow through the micrgin fin geometry was shown in Figure 4.8. It is assumed
that there is very thin liquid film between the bubble and the sheet surface. Each pass is
divided into 20 segments. Two types of segments are used in the model, which change
depending on the pass. Examples of the two types of segments are shown in Figure 4.18,
where,the flow of the coolant and the working fluid in the first pass is modeled to be in
counter flow orientation. Passes two to seven are modeled to be iflovoss shown in
Figure 4.18. The corresponding resistance diagram for heat and mass tramsfeniss
Figure 4.19. Heat is transferred from the vapor to the interface. TheN@gudrinterface
is assumed to be in thermal equilibrium with the liquid bulk as the Hgbhase heat
transfer coefficients are very high. Heat is then transferred frentighid phase to the
channel wall. The conducted heat across the wall is then absorbed by the cooling fluid
flowing in the adjacent sheet. An explicit segmented model is developed where outlet

conditions from one segment are the inlet conditions to tkiesegment.

At the inlet of each segment, the inlet interface liquid and vapor concentrations
are determined as shown in Equatiqdsl7) and (4.18). The segment inlet pressure,

interface temperature and a saturation condition are used to determine the properties. The
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Figure 4.18: Representative absorber segment

interface temperature is assumed to be santbeatiquid temperature due to the high

rates of heat transfer in the geometry.
XL,im,in = f(P =|:)seg,in'T :TL,in’ q o% (41 Y
X\/,int.in = f(P :Pseg, in? T ﬂ-L.in’ q l): (41 B
Once the interface concentrations are knotte, mass fluxes from the vapor to the
interface are calculated using the framework presentBdde and Bell (1974as shown

in Equation(4.19).
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where, x, . is the mole fraction of vapor at the interface,,, is bulk vapor

t

concentration,z is the mole fraction of the condensing flux, a@dr is the bulk
concentration. It should be noted all properties are averagessabminlet and outleb,
is the vapoiphase mass transfer coefficient, calculated from the heat and mass transfer

analogy shown in Equatior4.20) and(4.21).

aSh ¢ Sic

>0 o =& 4.2

ST “2p
Sh D

b, =—2 @21}

whereDaw,y is the diffusivity of ammonia in # vapor phase and, is the diameter of
the pin fin. The Nusselt numbeXy,) is calculated using the correlation for singlease

heat transfer coefficient across migm fins byPrasheet al. (2006)shown in Equatins

(4.22) and(4.23).
. q -0.256 p 0.36
as. -d. © a Pr 0
Nu,, = 0182’ o Reua " 6 Re<10 (42}
g? pin 9 (o} Prwaler -
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as; - d _ 0
Nu,, =0.132———" ¢ RE™ 6 Re>10 (42 B

The molar flux from the interface to the liquid bulk is also calculated similarly, as shown

in Equation(4.24).

o

ai- (

nj ¥-b,_ 3C_, mﬁ : (42 %
The individual molar fluxes of the condensing ammonia and water are calculated as
shown in Equationg4.25) and (4.26). The liquid mass transfer coefficient is also
calculated using the heat and mass transfer analogy shown in Eq(é&26hand(4.21)
RLEZ @ (425
nj F (1 -2) © (42p
The ma&s of ammonia and water absorbed into the solution is then calculated as shown in
Equationq4.27) and(4.28)
Maps 2 = Niy 1By, MO, 42y
Mapew = Niy 1By MO, (423
whereMa andMy, are the molecular masses of ammonia and water. The ingréaea
(Ain) is estimated from the results presented in Chapter 3, where the average interfacial
area intensity was observed to be 12601 U f or the test result
fraction in passages with the migoin fin geometry, calculated using the correlation of
Kawahareet al. (2002) which was observed to work well for miepin fins in Chapter 3.
The mass and concentration of vapor leaving the segment are calculated as shown in
Equationg4.29) and(4.30).

rhv.om = rhv,m - ':nabs A -mabsw (42 9

Mo Do My X My, (439
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wherex,in and X, oy are the segment inlet and outlet concentrations of ammonia in the
vapor phase. Once the outlet vapor mass flow rate and concentration are known, a mass,
species and energy balance oe tegment is conducted to obtain the liquid outlet
properties as shown in Equatigqds31) and(4.32).

My oo Mgy =M, M, (431}
rhv,uut O(v,out -";nL, out Xpoul i'T’Ein X,mé mL int A (43 2

With the liquid concentration state known, the heat released during absorption is

calculated as shown in Equati¢h33).

Mo o Mo MO, Qi M3, h,, Om, 4, (43 B
Q... is heat released by the process of absorption and includes the sensible cooling and
heat of absorption. It should be noted that at this point, the owtjairvand liquid
enthalpies are not known. While the outlet pressure and concentration of the two phases
are known, a third property is needed to completely define the outlet state. The sensible

heat transfer from vapor to the interface is calculated agrslmEquation(4.34).

a f 3

Q.v = ava_ e,/ %mt C”)-I.PM,v,im (43 ﬂ

whereU, is the vapor heat transfer coefficient apdy,,in is the log mean temperature
difference between the vapor and the interface. The term in the parenthesis accounts for

mass transfer from the vapor to the interface, ‘ansgl defined as shown in Equaiti

(4.35).

o (018,,) + (A Ed) 435
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wherec , and c,, are the molar specific heat capacities of ammonia and water. The

sensible heat transfer from the vapor phase can also be calculated as sEgwation

(4.36). The vapor outlet temperature is calculated by solving Equadd3® and(4.36).

Q‘v = r.nv 6p,v (Qin Tv,-oul) (43 5

An energy balance on the cooling fluid is presented in Equgti@Y). q,. is also

abs

calculated from the overall heat transfer coefficient as showbqumation(4.39). The

cooling fluid outlet temperature, liquid outléeemperature and,, are calculated by

abs

iteratively solving Equation@!.33), (4.37) and(4.38).

Qabs = mcr 6;1 CF (QF out Tc'F, |n) (43 Y
Q.a\hs = (U @)abs G")LI\P,int,CF (43 B
where Uaps is the overall heat transfer coefficieltans the overall absorber area and

® Tm.int.cr is the log mean temperature difference between the interface and cooling fluid.

The UA for the absorber is calculated from the resistance network shown in Equation

(4.39).

_ 1
Rabs Rsol+ Rlvall + R:F
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where Ryo is the solutiorside thermal resistanceRya is the thermal resistance for
conduction across the sheet, aRgk is the cooling fluid resistance. The individual

resistances are calculated as shown in Equatibf@) - (4.42).

1
i asol CéAbase N h oA n) (44 D

pin” " pin” " pi

sol
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where Uy is the solutiorside heat transfer coefficient. The absorber is designed to
operate in a vertical configuration. Flow visualization experiments showed that the flow
is stratified, hence, the stratified flow correlation fr@avallini et d. (2006) is used.
AnaselS the segment base aré;, is the number of pin fins in the segmefy;, is the pin

fin surface area andi, is the fin efficiency of the pin fin.

th,...
R = lsheet @4y

v kwall oo\seg
wherethgpeetiS the thickness of the absorber sh&giy is the thermal conductivity of the

sheet (stainless steel 304) aagyis thesegmental crossectional area.

1
“Ca N (&

where (ke is the cooling fluid heat transfer coefficient calculated for laminar flow
through semcircular microchannels using the correlation develope&pgrrow and
Haji-Sheikh (1965)and cited in Kakac et al. (1987). For the laminar flows under
consideration, the correlation predicted a Nusselt number of 4.08 and heat transfer
coefficient of ~3600 W M K. N, is the number of channels in the segmeéatpaselS
channel base areég fin is the fin area and.sin is fin efficiency of the channel firA

sample calculation for one segment of the model is presented in AppendikeB.

pressure drop is calculated across every segment as shown in Eq(atdns (4.47)

and the inlet pressure to the following segment is updated.

DPseg = pin +Pb nd lq-gragl)ty Pd; (44 B
GZ

DPbend = YOKBLO (44 ;I'
2r,

DP,.., = &7, (¥ % ,rgh 44 %
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Dppin,seg = |2_I-_ FQ, pin (44 ﬁ
G? G°
DP, = 44y

r ,;1,in

h,out

Further details of the pressure drop model used are presented in Chapter 3. The above
section descbies the heat and mass transfer model for a single segment. The calculated
solution outlet conditions are used as the inlet conditions for the successive segment,
which continues for all 140 segments. The cooling fluid flow path is more complex. The
first pass is assumed to be in courftew orientation, while the rest of the passes are
assumed to be in crossflow. For the segments in counterflow, the cooling fluid outlet state
is directly used as the inlet for the successive segment. In case of thasopasses,

the cooling fluid temperature distribution at the outlet of one pass is used as the

temperature distribution at the inlet of the successive pass.

4.6 Model results

The temperature profiles of the vapor bulk, interface, liquid bulk and coolingaioit)

the absorber are shovim Figure 4.20 for a case with a bulk concentration of 0.42, inlet
pressure of 493 kPa, inlet temperature of 80°C and inlet coolant temperature of 35°C.
Each pass has 20 segments; hence, there are discontinuities in coddirigrfiperature

after every 20 segments. Thexis presents the 140 segments that account for the seven
passes in the absorber. There is a steep temperature gradient in the first few segments as
the solution is cooled from a high inlet temperature of *C80T his results in significant

heat transfer in the first pass of the absorbee vapor temperature is higher than the
interface temperature in the initial segments and then decreases to the same temperature

as the liquid. This shows that heat transtdes between the two phases are high. The

101



90—

777777777777 Vapor
Liquid
80 F\l —-—CF out
[$) i\ ",I ———Interface
°. 70011 ———CFin
g i
= (Y
- | v
S 60| |
g L\
£ Q\\\\‘\\
@ 50 i
| ol \ __""‘-h-—“:"i\
L_————\\“‘;'-:;‘-s-—.-@-
\__:/_/l\\::-;_‘r‘.:-. =
40 e —= ‘\\Q‘:;_.—;:_,,_ = -
30
0 20 40 60 80 100 120 140

Pass 1 Pass2 Pass3 Pass4 Pass5 Pass 6 Pass 7

Segment

Figure 4.20: Temperature profile in absorber
discontinuous and unique profiles for cooling fluid temperatures are a result of serpentine

path of the absorber and each discontinuity corresponds to a new pass. This is a direct

result of the crosflow geometryin each of the passes.

The concentration profiles of the vapor, vapor interface, liquid, liquid interface, and the
concentration of the condensing flux (z) in the absorber are plottEdjume 4.21. The
concentration of the condensing flux increases@lthe length of the absorber from 0.56

to toward 1 as water preferentially condenses from the vapor as it is cooled. Once the
water condenses out of the vapor phase, the vapor and vapor interface concentration are
both close to unity. This indicatesattwhile there is some vapor mass transfer resistance
initially, it decreases after two passes once the vapor bulk and interface concentrations
are close to each other. This shows that in the latter passes of the absorber, the vapor is
close to saturatiomonditions. The liquid bulk concentration is significantly lower than

the liquid interface concentration as the liquid phase has high heat transfer rates, but has a
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Figure 4.21: Concentration profile in absorber

high mass transfer resistance. This high mass transfer resistance is due to lower
diffusivity of ammonia in the liquid phase (4.251f? s*) compared to the gas phase
(6.4x10° m? s%), and low circulation velocities in the liquid phase. The high mass
transfer resistance results in the liquid phase being in a subcooled state, while the
interface is in a saturated phase. Unlike the vapor phase, the liquid region continues to be
subcooled throughout the absorber due to the high mass transfer resistance in the liquid

phase. The intermittency in concentration profiles after every 20 segmentpcondeso

a change in pass in the serpentine flow geometry.

Figure 4.22 presents the rates of heat and mass transfer in the absorber. The heat transfer
from the solution bulk to the cooling fluid is shown in red. High rates of heat transfer are
observed irthe first few segments, which then decreases after the first two passes. The
absorption rate follows a similar trend where it is very high in the first two passes in

which the temperature decreases rapidly, followed by a more gradual decrease. It is also
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observed that the absorption rate spikes at the inlet of every pass before it gradually
decreases. As the solution flows from one pass to the other, the cooling fluid temperature
drops to a lower value, leading to a higher temperature difference betveesaldkion

and the cooling fluid. Also, when the solution flows from one pass to another, the cross
sectional area decreases, resulting higher vapor and liquid velocities, which lead to higher
heat and mass transfer rates. The segmental heat duty atsesfallsimilar trend where

there is a spike in temperature at the inlet of each pass. This spike corresponds to the
sudden drop in cooling fluid temperature at the inlet of the next pass. The rates of
absorption and heat transfer are dependent on eaahasthiee segments with high rates

of heat transfer typically have high absorption rates too. The sensible heat transfer from
the vapor bulk to the interface is also plotted in Figure 4.22. Sensible heat transfer from
the vapor phase to the interface isamuower than the total heat transferred to the

coolant and decreases to almost zero after the first pass. This coincides with the vapor
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Figure 4.22: Heat and mass transfer rates in the absorber
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reaching close to saturation conditions in the absorber as observed in the temperature and

concentration profiles.

Figure 4.23 presents the cumulative heat transferred in the absorber and mass flow rates
of the two phases. The cumulative heat transfer curve shows that most of the heat is
transferred in the first three passes and then tapers off as the heat transfecratsesed

The vapor mass flow rate decreases along the length, while the liquid mass flow rate

increases. The liquid flow rate tapers off along the length of the absorber as the rate of

absorption decreases.

The pressure drop through the absorber is plottd=igure 4.24. The pressure gradient is
proportional to the vapor flow rate; hence, the initial passes with higher vapor flow rates
have higher pressure gradients. The pressure gradient decreases as more vapor is

absorbed. The serpentine path develdpenhaintain high flow rates typically results in
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Figure 4.23: Cumulative heat transfer and mass flow rates through absorber
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Figure 4.24: Pressure drop through the absorber

higher pressure gradients in the component compared to a typical microchannel absorber

with straight channels.

The above model is validated by comparing its predictions with experimental results,
specificaly, the measured segmental heat duty. Figure 4.25 shows that the model predicts

the measured segmental heat duty fairly accurately.

Figure 4.26 directly compares the measured and modeled segmental heat duty for all data
points. It is observed that theabheat duty of the component is predicted within 10% for

37 out of the 52 test points (~70% of the measured data.) The model slightly under
predicts the heat transfer in the first section with an average deviation (AD3.dH6

and absolute average deiom (AAD) of 13.4%. The model over predicts the heat
transferred in second section with AD of 30.6% and AAD of 36.9%. The overall total

heat duty of the absorber is accurately predicted with an AD of 1.6% and AAD of 7.4%.
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There is deviation in the praion of heat duty in the bottom segment too, but it is

observed to be within measurement uncertainty for 50% of the data. The deviation is
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predominantly due to two reasons. The first is the presence of the bridge flow regime in
sections of the first passf the absorber. Bridge flow has higher liquid mass transfer
coefficients compared to gatug flow. If this is accounted for, the heat duty profile will
better match the measured profile. Hence, an accurate mass transfer coefficient for micro
pin fins that accounts for different flow regimes will improve the model. Another
possible source of error could be that estimation of interfacial area basedvaatesir
experiments, whereas an ammewater mixture has different properties. The interfacial
area isexpected to be slightly higher for ammomvater mixtures as the surface tension

is lower than that between air and water. Accounting for this difference could increase

the heat duty in the first section as more vapor will be absorbed into the liquid.
4.6.1 Numeical Studies

The experimental and modeling results presented so far show that the serpentine micro
pin absorber has high rates of heat transfer but is limited by mass transfer performance.
To obtain a better understanding of local flow phenomena iretipeistine micrepin fin
geometry, a numerical study is conducted. Flow visualization of the absorber resulted in
qualitative information such as flow regime, flow distribution, etc. For a more
guantitative analysis, a CFD simulation of the flow of ammeajor and dilute solution
through the mircgin fin geometry was conducted. The simulations were conducted
using the volumef-fluid method in the commercial software FLUEN'Tby ANSYS

Inc. (2016) A 3-D structured mesh was used where the face of Apicrdin geometry

was divided into quadrilateral elements and thescrétized in the perpendicular
direction. The mesh had about 1.7 million elements, with an average edge length of ~0.13

mm. A grid independence study was conducted by comparing void fractions at three
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different mesh sizes of average edge lengths 0.13 minm® and 0.05 mm. Given the
large number of mesh elements in the geometry, the grid independence test was
conducted on a smaller section of the mipno fin geometry. Tablet.2 shows that
changes in void fraction are minimal (<0.2%) with change in griet fience, the coarser
mesh can be used without loss of accuracy. Simulations are conducted for the adiabatic
flow of ammonia vapor and dilute solution through the first pass of the absorber. The
inlet geometry and flow rates are used in the simulathuerage properties from the
model developed in this study are used as inputs. The model was validated by comparing
the average void fraction pretkd in the CFD simulations with that ah air-water
experiment presented in Chapter 3. The void fractiotm@fottom half of the geometry

was compared as it was assumed that distortion due to inlet geometries will not be as
prominent in those passes. The void fraction predicted by the CFD model underpredicted
that of the air water experiment by about 10%. Tasiation was likely due to the poor
modeling of the inlet and outlets of the geometry. It should also be noted that the

uncertainty on the void fraction measurements was abd% Sor the bottom two

Table 4.2: Grid independence study

Grid element length Void Fraction

0.13 mm 66.45

0.10 mm (4% elements) 66.37

0.05 mm (17x elements) 66.31




windows. The model was then adapted to predict tlaseMistribution in the first pass of

the serpentine micepin fin absorber geometry, as shown in Figure 4.27. The ammonia
vapor is shown in red, while the dilute solution is shown in blue. It should be noted that
these simulations are for adiabatic fladence, it is presented only for the first pass as
vapor and liquid flow rates vary along the length of the actual diabatic absorber. As
observed in the flow visualization experiments, there is a large vapor core surrounded by
large liquid regions. Hencemamonia vapor needs to diffuse from the vapor core to the
large liquid regions observed at the sides of the absorber. While this distribution was
observed in the flow visualization, the numerical simulations allow the derivation of local
velocities that dermine mixing of the two phases. A plot of velocity profiles in the
geometry is shown in Figure 4.28. The legend is adjusted to highlight regions with low
and and high velocities. It is observed that the liquid velocities are high in the core region
wherethere is good mixing between vapor and liquid. However, the liquid regions at the
sides of the geometries have very low circulation velocities, resulting in a lower driving

force for the absorption of ammonia vapor into the solution. Low liquid veloditrdser

Figure 4.27: Phase distribution in first pass
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validate the conclusion that liquid mass transfer resistance is limiting the overall absorber

performance.
4.7 Conclusions

An investigation into absorption of ammonia vapor in a dilute ammeatar
solution in serpentine passages with migio fin geometries is conducted. This
geometry is investigated for use as an absorber for amma@iéa absorption cooling
systems. Visual observations of the absorption process provided insights into the internal
two-phase flow characteristics. Bridge flow ibserved near the inlet of the absorber,
which transitions to a geslug flow regime as the fluid mixture proceeds toward the
outlet. The gaslug flow regime was observed to be unfavorable for absorption due to
the large mass transfer resistance on thedigide. It was also observed that while heat
transfer occurred perpendicular to the absorber surface, mass transfer predominantly
occurred parallel to the absorber surface. The absorber was tested over a range of three
solution flow rates, concentratigngressures, and two cooling fluid temperatures.

Apparent heat transfer coefficients were observed to be betweeh0080W n? K™
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The apparent heat transfer coefficient and absorption flux were observed to increase with
the liquidonly Reynolds numbeand with a decrease in pressure, while they were not

significantly affected by solution concentration.

A physicsbased model for the absorption of ammonia into a dilute solution in a
serpentine micr@in fin absorber is developed. It was observed thatatisorber had

high heat transfer rates but was limited by the mass transfer process. TheHtigsed

mass transfer rates were observed to be very low. A key feature of this model is the
inclusion of liquid mass transfer resistance in the serpentine 4picréin absorber,

which is typically neglected in microchannel geometries. Flow visualization and
numerical investigations showed that the heat transfer between the solution and cooling
fluid occurs perpendicular to the sheet surface, while most of the traassfer occurs
between the vapor core and liquid bulk along the interfaces that are perpendicular to the
sheet surface. The model to predicts the absorber heat duties measured with an AAD of
6.6% and AD of 2.5%. The insights about heat and mass trasigfEned in this study

and the models developed to predict these processes will be useful for the development of

smalktscale absorption systems.
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CHAPTER 5. MICROCHANNEL ABSORBE R

5.1 Introduction

A comprehensive review of investigations into the miniaturization of the absorber
in ammoniawater vapor absorption systems is presented in Chapterséimiary of
prior work on the miniaturization of absorbers is provided here. These studies typically
investigated fallingfilm and bubblemode absorbers to miniaturize the absorbi€ssng
et al. (2000)andLeeet al. (2002a)compared the performance of a plate heat exchanger
in falling-film and bubble modesBoth studies found that the plate heat exchanger
performed better in the bubble mode. It was observed that liquid mass trass&ance
is the dominant resistance in bubble mode. Jenks and Naray2086 2008
investigated absorption aimmoniawater in a wide microchannel using a constrained
film design, where a porous plate between the vapor and liquid regions acted as the
interface. Vapor bubbles observed to encompass the whole depth of the microchannel
limited heat transfer in the mimchannel and in larger channels, a thick liquid layer
limited heat transferCerezoet al. (2009)investigated the use of a corrugated plate heat
exchanger as an absorber, and la@®rezoet al. (2010) developed a heat and mass
transfer model for this corrugated plate absorber using theeaquilibrium model

proposed byColburn and Drew (1937)

Nagavarapu and Garimella (201%howed that microchannel absorbers, with
passages of hydraulic diareet0.3 mm, have the potential to significantly decrease

absorber sizes. A microchannel absorber was fabricated and tested for use in an
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ammoniawater absorption chiller as reported Nggavarapu (2012)The experimental
performance was lower that the design predictions, which was attributed to channel

blockage and maldistributiasf vapor and liquid in the microchannel array.

Chapter 2 investigated the extent of maldistribution in microchannel arrays in
adiabatic conditions through flow visualization in microchannel sheets. It was shown that
multi-array microchannel heat exchargeran have significant maldistribution when
there is a twephase mixture flowing through it. Poor distribution was shown to be
detrimental to the interaction between the {uases; phase interaction is critical to
components such as the absorber, whepewes absorbed into the liquid. Hence, while
heat transfer rates can be high, poor interfacial area intensities can significantly impact
absorber performance. It was shown that the presence of mixing sections in microchannel

arrays significantly improveghase interaction.

The presenstudy investigasan ammoniavater absorberconsisting ofmultiple arrays

of microchannels with mixing sections between them to enhance component
performance A microchannel absorber is fabricated with windows to providiali
access to the flow of the vaplguid mixture through the absorber. Visual observations
of the flow mechanisms using higipeed photography and heat transfer measurements

are used to gain insights into ammomiater absorption in microscale geomesi

5.2 Test sections

Two test sections, one for flow visualization, and a second for heat transfer experiments,
were designedFigure 51(a) shows a microchannel absorber with mixing sections. The

microchannels have a channel depth of 0.5 mm and a widtY®mm. The channel rib
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thickness is 0.51 mm, and each rib is 11.94 mm long as showtgure 51(b).
Successive microchannel arrays are offset from each other and have a mixing section
between them, which is 1.27 mm long. A second sheet is shofigure 51(c); this is

the cooling fluid sheet through which cooling fluid flows to absorb heat from the
microchannel sheet. The microchannels in the cooling fluid sheet have the same

dimensions as those in the solution sheet.

A test section assembly is gigned and fabricated for the visualization of flow
phenomena in the microscale ammewier absorber shown iRigure 52(a). The
microchannel test section is sandwiched between a Plexiglas sheet and a cooling fluid
sheet. The Plexiglas cover allows foswal access to the flow in the microchannel
absorber. The test section kigure 52(a) is placed in a chamber pressurized to the

operating pressure so that flow visualization experiments can be conducted at the higher
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Figure 5.1: Microchannel absorber with mixing sections

11t



operating pressures of an absorbé@heut any appreciable differential pressure across

the view ports. Another test section is fabricated for heat transfer experiments, as shown
in Figure 52(b), where all the sheets are bonded together. This test section assembly is
designed to obtain intmediate temperature measurements on the coolant side. The test
section is placed outside the chamber during heat transfer tests so that it can be insulated
to minimize heat losses. A more detailed description of the test section assemblies is
provided in Chapter 4, where the same test section assemblies were used to test a
serpentine passage geometry with migio fins instead of the microchannel geometry

investigated here.

5.3 Experimental setup

Figure 53 presents a schematic of the open ammuasaiter logp experimental setup. A

two-phase solution of ammonia and water enters the absorber where ammonia vapor is

(a) (b)

Figure 5.2: Test section assembly
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absorbed into the dilute solution and exits the absorber as a concentrated solution of
ammonia water. Details of the instrumentation and the expetansetup are presented

in Chapter 4The microchannel test section is tested over three concentrations, flow rates,
operating pressures and two cooling fluid temperataseshown in Table 4.1 his test

matrix helps in understanding the impact of thaividual parameters on the process of
absorption in micrgpin fin geometries. On a system level, this corresponds to capturing
the effect of different operating loads, cooling temperatures and ambient temperatures.
The cooling fluid flow rates were maintead almost constant, with Reynolds numbers

ranging from 2431.

5.4 Results and discussion

5.4.1 Flow visualization

A representative image of flow through the microchannel absorber is shown in

Distilled
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(For flow
visualization)
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Camera
Ammonia
tank Building
chilled water
Discharge 45 P
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D] Needle valve A\ Flow meter . Heater T/ Thermocouple
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Figure 5.3: Schematic of test facility



Figure 54. The ammoniavater mixture flows downwards from the top tae thottom.

The representative image figure 54 corresponds to a mass flux of 5.92 kg st and

Reo (Rey ) = Gy do/m,,) Of 8.41.Theflow regime is predominantly slug flow with

distinct vapor and liquid regions. Higipeed images were capturedthe top four
windows along the length of the absorber to observe the progression of absorption, as
shown inFigure 55. At first glance, slug flow regime is observed to be the dominant
flow regime in the microchannels. It was also visually confirmedttieamixing sections
helped redistribute flow along the length of the channels. This confirms that the mixing
sections, first investigated in Chapter 2 under adiabatic conditions, are effective in the

diabatic conditions of an absorber as well.

A two-phase mixture of ammoniavater enters through the inlet at the top of the
test section. The mixture is assumed to be in equilibrium as a there is an adiabatic mixer

positioned just upstream of the inlet of the test section. The vapor flow rate decreases

LA

- ‘i V‘aﬁ?rq | " [ I 4 ,“‘”1 j’t

NW il Tl‘ il ““n fi
JUUL UL

[ | uid
‘-JULUUL}J! b..u.u‘tﬂ Uvu!u
| 1 . . \ ] | | 1 | | 1‘1 ‘ ‘

I hwu Ll mmﬂf

——
e
——

Figure 5.4: Representative image of flow through the microchannel absorber
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Figure 5.5: Progression of absorption through absorber

from the inlet to the outlet as it is absorbed into the liquid. There are distinct vapor and
liquid regions, and the slug flow regime dominates. The vapor bubble is observed to
encapsulate the whole channel, resulting in a very thin liquid film that is sibt esible

in the channels. The slug flow regime is observed for most cases, and continues to be
observed in most channels till the outlet. In the initial segments, liquid flows mostly
through the middle channels and the vapor through the channels ttheaedige. The
mixing sections redistribute the vapor and liquid phases across the microchannel array.

Vapor from the channels near the edge can be seen to be redistributed through the mixing
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section toward the channels in the middle. Absorption of vagorliquid can be seen
based on the decreasing sizes of the vapor bubbles. Stationary interfaces in the channels
are also an indication of absorption; they are observed when vapor flowing into a channel

is absorbed into the liquid slug in its flow path.

The slug flow regime is intermittent in nature, and is the predominant flow regime
in the microchannel absorber. This causes the flow through the absorber also to be
intermittent, especially in cases with incomplete absorption through the absorber. It was
also observed that there was a very thin film or no film between the vapor bubble and
surface of the absorber in the adiabatic experiments wihaer mixtures conductad
Chapter 2. It is more likely that a very thin film is present in these diabgigrienents,
as some vapor condenses on to the surface of the absorber. The thin film is not visible in
Figures5.4 and5.5. This thin film is easily saturated with ammonia and cannot absorb
significant quantities of ammonia from the vapor. This observagiaonsistent with the
observations inChaoqunet al. (2013) who found that film thickness gery low for
Capillary numbers (Ca) ~ T such as those in this study. A schematic of the flow
through the microchannel absorber is showrFigure 56, which also illustrates the
direction of mass transfer in these channels. The thin film betweengbe mabble and
the absorber surface is illustratedFigure 56 (the thickness of the film is exaggerated

for better representation)
5.4.2 Heat transfer experiments

Ammonia and water are premixed at the inlet and flow through the absorber.

Cooling fluid flows counter to the ammoniaater mixture and the temperature is
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Figure 5.6: Schematic of flow through the microchannel absorber
measured at two intermediate locations. Mass and species balances are used to calculate
the concentration of the solution in the absorber. The inlet of the absorber is assumed to
be in equilibritm. The measured inlet temperature, pressure and the calculated
concentration are used to obtain the inlet state of theptvase mixture. The data

analysis methodology used is described in more detail in Chaptet Appendix A

The heat duty of the abrber is calculated using the measured segmental cooling fluid
flow rates and temperature. The heat transferred through each segment is calculated by

summing the heat absorbed by the cooling fluid and the heat lost to the ambient.

The heat transferreith each of the segments is then summed to obtain the total

heat transferred in the absorber as shown in Equiib)

Qabs,CF = Qseg top +Q seg mid Q seg b (5-1)
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The heat transferred in the absorber is also calculated from the solution side as
shown in Equation(5.2). In this calculation, it is assumed that the ammaovager

mixture exiting the absorber is in equilibrium.

Que et = Mot i My o Tt Prarin o) = Mo T Browrr X)) 62)

A comparison of the two calculated values of heat transferrégyjure 57 shows that the

two values are whin experimental uncertainties for about 50% of the data points. It is
also observed the heat transfer rate calculated from the working fluid side is significantly
higher than that calculated on the cooling fluid side for some of the data points. This
deviation is an indication of a case with incomplete absorption of vapor into the liquid. At
certain conditions, a twphase mixture of a subcooled ammonia water solution and
superheated ammonia vapor can exit the absorber, indicating that the absorlb&s is ma

transfer limited.
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Figure 5.7: Heat transfer rates in theworking fluid and cooling fluid
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Figure 58 shows the cooling fluid temperature distribution and the segmental heat duty
in the absorber. The solution enters the absorber at a bulk concentration of 0.41, mass
flow rate of 1.98x10 kg s*, pressure of 555 kPa andrtperature of 81.6°C. The-¥xis

on the left corresponds to cooling fluid temperatures at the four locations shown: The Y
axis on the right presents the cumulative heat transferred from the solution. It is observed
that there is a steep increase in tempeeain the top cooling fluid segment; this
indicates that most (~52 W) of the heat transfer occurs in the top segment. The heat
transferred through the middle and bottom segments is about 23 W and 16 W,
respectively. This characteristic distribution of h&ansfer rate is observed in all tests.
The high heat duty of the first segment is due to the high rates of sensible cooling and
condensation in the first segment. A-pnéxed ammoniavater mixture enters in the first
segment at a high temperature, résglin a high temperature difference between the

premixed solution and the cooling fluid, which leads to high heat duties in the first

—e—Temperature
—=—Heat transferred

Cooling fluid temperature, °C
Heat transferred, W

Figure 5.8: Cooling fluid temperature and heat duty distribution in absorber
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segment. The segmental heat duty distribution is different from that observed in a study
of serpentine passage migo fin absorbersn Chapter 4. In that study, heat duties in

the first segment were higher and the heat duties in the last segment were much lower
those seen in the present study. This difference is explained by the higher interfacial area
at the inlet forthe serpentine micepin fin absorber leading to higher rates of mass
transfer in the first segment. In the microchannel geometry, the flow is constantly
redistributing between channels resulting in higher mixing in regions closer to the outlet.

This resuts in higher heat duties in the last segment of the microchannel absorber.

The component UA value is calculated as shown in Equ&i8hfrom component heat

duty and the logarithmic mean temperature difference.

Qabs,cp =UA O, (TooinTer our Toorow Ter i) (5.3)
The themal resistance network in the absorber is showignre 59. The coolanside
thermal resistance is calculated in Equai{dd) using the correlation fordat transfer
coefficient for flow through sernmircular channels developed I8parrow and Haji
Sheikh (1965)nd cited in Kakacet al. (1987) For the low Reynolds numbers in the
range 2530 as they are in this study, the Nel number is constant, with a value of 4.08,
yielding a heat transfer coefficient of ~3600 W?rK™. The solutiorside thermal
resistance is calculated from tbié value as shown in Equati¢B.5). Zeotropic mixture
condensation involves a combination of heat and mass transfer. Therefore, an apparent
heat transfer is typically calculated for zeotropic mixtures as the actual heat transfer
coefficient is diffcult to calculate. The solution apparent heat transfer coefficient defined

in Equation(5.6) is then calculated as shown in Equat{bsT).
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Figure 5.9: Absorber resistance network
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Figure 510(a) shows the increase in absorber heat duty with an increase in the indet liqui
only Reynolds number (Rg¢) and a decrease in cooling fluid temperatur€igure
5.10(b) shows that all heat transfer coefficient increase wiilp Bed are in a narrow
range of values between 880 W m? K. These trends were also observed in
Nagavarapu (2012yhere a microchannel absorber was investigated as part of a temple
vapor absorption cooling system. The apparent heat transfer coefficient was observed to
be slightly higher at lower cooling fluid temperatures. This was observed in the
serpentine mero-pin fin absorber studied i€hapter 4as well. A lower cooling flud
temperature indirectly increases the concentration difference between the interface and
the bulk vapor. This concentration difference is the driving force for mass transfer
between the vapor and the interface; hence, as it increases, the rates ofansdss tr

increase.
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Figure 5.10: Variation of apparent heat transfer coefficient with inlet Reynolds
number

The uncertainty in the measured heat duty is a direct function of the uncertainty in the
flow meter and the temperature measurement and has a constant value ~5.5 W. The
solution side accounted for ¥%% of the thermal resistance, whiobsulted in low
uncertainties in the apparent heat transfer coefficient. The uncertainty in the apparent heat
transfer coefficient varies from 5.1% to 13.9%, with the average at about 7.2 %. The

| owest wuncertgboflR3.9°® whileathedighmtt wn aeElr t aivnt | es

of 12.4°C.
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