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Almost half of @ energy contained in primary energy carriers is discarded as low
temperature waste heat. One of few application areas for low temperature waste
heatrecoveryis to drive absorption cooling systefios conversion of waste heat to
cooling energy. Howevegbsorption chillers are often not economical due to their
bulky, and hence expensive, heat and mass exchangers; the absorber heat/mass
exchanger being the largest among them.

This dissertation introducesiginal contributions tadvancenext generatiormore
economical absorption chillers logilizing a novel, highly compact absorber. The
novel absorbedesignedin this workenhances absorption performance by combining
rotation of the heat transfer surfaclr solutionside heat and mass transfer

enhancemat with innovativehigh-performance heat transfer technolayythe water



side A numerical modelvas developed to describe the absorption process and promote
design optimizationThe replacement of gravitation force by the stronger centrifugal
acceleratia thins and mixes the solution film and thereby decreases selitien
thermaland mass transfeesistanceThe developmenf an original adaptationof
manifoldmicrochannel technology leads to significant waiele heat transfer
enhancementThis disgrtation includes thdirst publication of an experimental
characterization aéxothermicabsorption on apinning diskThe overall and filrrside

heat transfer coefficients were 4.7 and 5.5 times higher, respectihaigponventional
horizontal tube bés. The absorption rate increased by a factor of 4 to 10 folds over
those of the conventional tube absorb&hge power required for spinning the disk was
modest and ranged between 1.1% and 2.38texfooling capacity. The results suggest
that a spinninglisk absorber could substantially reduce the size of absorber in the
absorption machines.

The technology developed in this dissertation can lead to more compact and hence
more economical absorption chillers, therelaginghigher market penetration of
absaption chillers which in turrtan reduce the amount of primary energy spent
cooling applications. Spinning disk absorbers may be especially useful if combined
with a new generation of absorbents that promise improved system efficiency and/or

expanded gpication range but exhibit challenging thermophysical properties.
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1.l ntroducti on

1.1. Motivation and background

Far more than half ddll energy contained iprimary energysources isejectedas
waste Few economical usage opportunities exist for waste heat because it is mostly
available at low temperatur®ne of few application areas for low temperature waste
heat is to drive absoriph chillers Since cooling applicatianare a significant
contributor to energy consumptiotine replacement of electricityased provision of
cooling by #&@sorption coolinganmake a real impact teduce energy consumption.

Worldwide, 72% of primary eergy consumption is lost as waste heat, and 63% of
these losses occur at temperatures below 1Q0PCIn 2017, the Unhited States
consumeda total of 977 quadrillion BTU (28.6 million GWh)of primary energy
68.3% of which were rejectecs waste heaf2]. The U.S. Energy Information
Administration (EIA) reports that thesidential and commercial sectors accounted for
21% and 18% ofU.S. primary energy consumption, respective]g]. Cooling
applications within the residential and commercial sector caused 6.6% of total primary
energy consumptiodistributed overspace coolind4.2%), refrigeration(2.2% and
freezers(0.2% [3]. To put this into perspective, Mexico hadprimary energy
consumption of 45 quads in 204, only 16% more than the energy used for cooling
applicatons alone in the U.$4]. On a global scale, the International Energy Agency
(IEA) predicts global energy use for space cooling to triple by 28p8ce cooling is

predicted tancreasats share of total energy consumption in buildifrgen 6% to 14%



[5] (Figurel-1). 21% of the overall growth in world total final electricity consumption

between 2016 @ah2050 is expected to be caused pgce cooling
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Figurel-1: World energy use for space cooling and its share in energy consumption
of buildings, IEA[5].

All cooling applicationsinvolve the transferof heat from a lower temperature
reservoir to digher temperature reservoivhich requires either thaput of work, as
in a vaporcompressiorheat pump cycleor of heatas inan absorption heat pump.
Both approaches have been widely commercialiaad the choiceof a certain
application depends mainly on economic factéis of today, these economic factors
often favor vapor compression refrigeration systems over absorption systems.
However, the need to improve energy efficignoyreducecarbon dioxide production
and prevent the release of refrigerants withh global warming potentidtas re
emphasizedhte opportunities offered by absorption heat pumps. A naive back of the
envelope calculation may look as follows: 6.5 Quads of primary energysadefor
coolingandtwo thirdsof this primary energgre rejecteads waste heal hecoefficient

of performaice of vapor compression cycle systems easily reaches three, such that it



can be pproximatedhat actually 6.5 Quads energy are moved from a cold reservoir
to a hot reservoirStill, the total amount of rejected enerdgy the U.S. economis
roughly a &ctor of ten higheraising the question what stands in the way of using this
free wasteenergyo provi de all of the countryds coo
There most obvious impediments d@he localand temporatliscrepancyf waste
heat production and cooling neeas well asthe quality of waste heafbsorption
chillers require hot water at a minimum temperature of 9B PChus only a fraction
of low temperature waste heat is recoverable for absorption coatidgionally, most
waste heat is produced in large central power plants and the transportation sector, while
cooling denand is locatedn individual buildings distributed all over the country.
Interestingly, this ray change in the near futurdc cor di ng to the EI AO
scenariomore than 50GW of coal generating capacity will retire between 2015 and
2020 [3]. Between 2015 and 2030, more than 18V of natural gas generagin
capacity will be builtThis offers theopportunity to advancamoredistributedenergy
generation systenT.he U.S. Department of Ergr estimate apotential capacity for
Combined Heat and Power (CH&)ross the industrial and commercial sectdrd41
GW [7]. While existing CHP plants are concentrated at industrial sites, a significant
part of the potential imcatedat commercial facilities. Commercial facilitiefenhave
significant space cooling demands and thus woelddbal candidates f@&ombined
Cooling Heating and Power (CCHP), itegeneration systems.
The deployment of absorption heat pumps is especially attractive drlovedium

temperature heat is availalaelow cost as byor waste product from other presses.



The demands on working pairs for absorption refrigeratiorgaite restrictive such
that only water/lithium bromide an@mmonidwater have gained commercial
relevance.ln water/lithium bromide systems, water is the refrigerant apgeous
lithium bromideis the absorbent. Advantages of this configuration are high latent heat
of the refrigerant and nevolatility of the absorbent. These properties result in a
potential for high coefficients of performance agabkyseparation of refrigerant and
aborbent at the outlet of the generator. Although the mixture is highly corrasive
exhibitslow toxicity. However, the minimurtemperatur¢hat cooling can be provided
atisrestricted bythe freezing point of wateince this restriction is not relevaiot
space cooling applications, water/lithium bromide machinetharenost widely used
heatactivatedcooling technology.Water/lithium bromideabsorption machines are
typically watercooledwhich makes them attractive only for larger systesmsh as
large commercial and residential buildgthat justify the cost and space requirement
of a cooling tower.

The requirement to provide wateooling is the mainlisadvantage of the working
pair waterlithium bromide It is caused by the risk of precipitatiaf salt molecules
and subsequent equipment shutdotimat result in demands on heat rejection
temperature.Lithium bromide crystallizes when its concentration surpasses the
solubility limit. The solubility limit is strongly dependent on salt concentratioth a
solution temperatureGenerally, higher concentration and lower temperatures lea
towards the solubility maximunif the temperature of the heat siakd approach
temperature between heat sink and solutiorsatfeciently low, the system operates at

lower solution concentrations and the risk of crystallization events diminishes.
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However, cooling capacity decreases if the heat sink temperature incidasgthe
machine is pushed to operate at higher concentrationate® up for lost capacity.
Commonly this problem is solved hysing a cooling tower thajuaranteglow heat
rejection temperaturegAnother way to confront the issue reduce the approach
temperaturebetween absorbent solution and cooling medibsn using high
performancéheat exchangetbat provide larger conductance at lower heat exchanger
surface areaGiven a certain heat sink temperature, a lower approach temperature leads
to lowerabsorbent solutiotemperature and thus has the same effect as reduced heat
sink temperature itself.

Alternatively, high performance heat exchangers can be used to reduce the size of
absorption refrigeration system&iven an overall conductance ehign target, the
higher overall heat transfer coefficient of high performame&t/mass exchangers can
be use to reduce heat/mass exchanger surface Argagle stage systemequires four
heat exchangerwith gasliquid mass transfethat serve as generator, condenser,
evaporator and absorbé&onventionallythese heat/mass exchangers are designed as
falling film over horizontatube bundleexpect the generator, which is usually built as
flooded typ€[8]. The refrigerant and especially thelution films are relatively thick
and thus add considerably to the overall resistance of the heat/mass exchanger. The
high resistance requires bulky and hence expensive heat exchangers that eender th
absorption systeras a wholaineconomical. It is commonly accepted that the absorber

is the most critical heat exchanger with respect to overall systef9siog



1.2. Research oncept

The objectiveof the researchoutlined in thisdissertations to develop a compact
absorber for advanced absorption cooBggtemshat enhanceseatandmasdransfer
processes For technology demonstration, 3kW unit is designed, fabricated,
experimentally tested and optimizdche project is related to a future microemutsio
absorbent heat pump system. Howesgarcethe microemulsion absorbentnst yet
available forsubstantial testing, the researnshcarried out with the conventional
working pair water/lithium bromide. It is expected that improvement of heat/mass
exchangers used with water/lithium bromide will translate into larger enhancement for
microemulsiordba® d sy st ems d u enassdifusivityg and vescodityantd i g h e r
lower thermal conductivity. Experimental testing with conventional fluids further
enablesdirect performancecomparison to standard absorber desgrce datafor
waterlithium bromidesystems is available in the literature

A spinning di& reactorservesas absorber. Spinning disk reactors are well
established as mass transfer devices that facilitate process intensif{d4iias).
Spinning disk reactorgeneratethin liquid films that enhance heat transfer, surface
waves that increase mass transfieoughintense mixingof the liquidfilm. Previous
research orthe use of centrifugaforce in absorption heat pumgsas proven the
potential of this technologyL6i 19]. However, the effort waanadvancedommercial
venture and thus performance data and accurate characteristics of heat and mass
transfer enhancemenigere notpublished.

The spinningdisk absorbeiis operated in a vaium environment and thus sealing

and structural integrity are important parameters in the design procesksksierface
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is cooled by circulating cooling water underneath the surfarseimportant to mitigate
heat exchangediween the entering andigig cooling wateywhich both flow through
the drive shaft. Corrosion resistance has todbert into account as water/lithium
bromide isvery corrosive and even more so im @nvironment oéxperimental testing
design thaimay require repeated opening the system which inevitably introduces
oxygen, the cornerstone of metal corrosion.

Once the enhancementsuflutionside (i.e film-sidé heat/mass transfer processes
is established by centrifugal acceleration, watde (i.e. interna) heat transfer
improvements are progressed. In conventional absorbers, the dominancesiddilm
resistance results in low effect of watkde improvement§20]. However, process
intensification of the aution-side processes catead to wateside improvemeist
becoming significantly more relevant. Cooling water heat transfer is strongly enhanced
by using a novel adaption of high performance manifold microchannel technology
Manifold microchannel heat elkangers are commonly manufactured in rectangular
shape and have been shown to achieve equal or better heat transfer performance than
conventional microchannels while reducing the pressure drop penalty considerably

[21,22]

1.3. Research bjectives

The main research objectives of this ditseon are as follows:

1 To conduct an experimental investigation afspinning disk reactor used as
absorber in an absorption chiller system by designing and fabricating said absorber
and testing iin an absorber/generator test loop. To study the effécotational

7



speed and other operating parameters on-dille and overall heat transfer
coefficient as proxy for combined heat and mass transfer processes. To compare
performance of spinning disk absorber to commercial absorber and other
experimental absgber types as reported in the literatufssess the tradeff
between power consumption and absorber performance.

1 To studythe potential to further improve aforementioned spinning disk absorber by
incorporating and advancing latest type oftliemnsfer ahancement on the water
side. To study effeadf internalenhancementrooverall component performance
andcharacterizéhe absorbgperformanceompare the same with conventional and
experimental absorber types. Achieve at least 100% increase in absorptio
performance compared to conventional falling film on horizontal tubes using
water/lithiumbromidewithout surfactants.

1 To develop a computer program that mathematically describes exothermic
absorption on spinning disk reactor with internal cooling. Tdwa gf the computer
model is to project absorber performance based on transport coefficients for heat
and mass available in the literature. To compare the design model to experimental
data.

1 To test aforementionedabsorber in full loop absorption chiller stgm and
comparison of system performanaden operated with conventional horizontal
tube and with spinning disk absorber.

1 To developpreliminaryscaleup design t@wommercial scaleea pump system.



1.4. Organization of dissertation

The presentchapterl discusses reasons for this study and research objecfives.
review of the literature onenhancement in conventionalater/lithium bromide
absorptionspinningdisk reactors and the previous development of an absorption heat
pumpis provided inchapter2. Spinningdisk reactors ar@lisaussed with respect to
hydrodynamics, mass transfer and sensible/lateat transfer characteristicEhe
previous development of a rotary absorption heat pump is detmathd extent that
descriptions are available in the open literat@eapterO describes the development
experimental testingof a spinning disk reactor used as absorber in an
absorber/generatdest systemFirst, the desigrof the device which was developed
and fabricated by the authois presented The chapter further discusses the
experimental looand givesletailson data analysis and uncertainty propagathoext,
experimental test results are presented and discussedapter 4 reports the
experimental study of an enhanced spinning disk absorber which was developed based
on conclusions drawn in the previous chapt€éhe approach for wateside
enhancement is discussed and details of thbnieal implementation are given.
Experimental test results are presented and compared to wide range of literature data.
Chapter5 discusses a theoretical model that was programprbtade insight intdhe
heat and mass tramsfperformancef the spinning disk absorbéviodelling results
arecomparedo experimentatlata anda correlation fornondimensionalgasliquid
mass transfer on spinning disks is developed. Results from testing the spinning disk

absorber in a full absption chiller system are given in chap€iChapter7 presents



conclusions drawn from the research reported in this disseflaR@ommendation

for future work in thearea ofspinning disk absorbeese discussed ichapter8.

2. Literarsey

This chapter reviews the literature related totthg@c of thedissertation. It provides
analysis of the state of research including backgrouaghnmdeas and current research
directions First, requirements on the absorber in water/lithium bromide absorption heat
pumps are discussed. Then, conventional and novel absorber designs are investigated.
The final two subchapters are dedicated to theudsion of spinning disk reactors and

general and a past effort to develop a rotary heat pump.

2.1. Background: Requirements on &sorbers in water/lithium
bromide absorption heatpumps

The research reported in this dissertation is carried out with the wadingater
and aqueous solution of lithium bromjdshortly referred to as watkifiium bromide
or waterlithium bromide which serve as refrigerant and absorbent, respectively. The
literature analyzed in this chapter therefore focuses on AMithiem bromide heat
pumps systems in geral and on absorbers in water/lithium bromalesorption
chillersin particular. For a broader discussion of absorption heat pumps, including
waterlithium bromidesystems, the reader is referrediie comprehensiveeatmet
of the topicprovided in[23].

Absorption cooling cyles operate aa minimum oftwo pressure leveldAt the
lower pressure levethe design of both evaporator a@asorbehas to be thoroughly

10



adapted to the properties of wateragpressure betwedh75kPaand1.5 kPa. Ata
pressure of 0.8%Pai equivaknt to an evaporation temperature of 4.6 °G
volumetric flow rate of 82 L/s is requiredto provide 3 kW of coolingThus, it is
important to minimizgressure drop in evaporator, absorberrafatedpipingin order

to achieve a low chilled water tenrp&ure.Ultimately, the target of absorption heat
pums is to provide low temperature cooling in the evaporator and any pressure drop
that increases saturation temperatafewater on the evaporation coils is directly
compromising this targefis a resultabsorber and evaporatareusually integrated in

the same vesséb keepvapor velocitiesandviscous losses lowLikewise, pressure

drop in the absorber is to be kept at a minimum and design alternatives have to comply
with this requirement.

The abilityto efficiently reject heat of absorption tise other importantdesign
constraint.Capacity and COP suffer from higher heat rejection temperature and thus
the temperature approach between heat sink and absorber has to be minimized. This
can be achieved tbugh highoverall transfercoefficients or large he@hasstransfer
surface area. Since heat and mass transfer coefficients in the absorber asmhmngst
all heat/mass exchangers in the systamsprbers arine largest components within the
chiller[24]. Thereforefithe performance of thabsorbers the key to the overall system
size, perfor[9hance and costo

The performance of the absorber depemnlgs effectiveness in augmentitgth
heat and mastansferproceses.It has been stated th#te rate of absorption is
controlled by the slow diffusion of water molecules from the interface into the solution

[25]. Thus, indution of mixing of the liquid is one approach to enhance absorption
11



[23]. On the other handru et al.[26] showed the importance of thermal resistance of
the solution film and hence heat transfer performance for overall performance. In their
numerical studythe absorptionate almost tripled when film thickness was reduced by
75%. In real systemshe coupling between heat and mass transfer processes is very
strong and therefore it is not possible to define a transfer coefficient for one process
that is not influenced by th&ther process [1]. The processes of mass and heat transfer
are coupled through the dependence of equilibrium mass concentration on solution
temperature and through the heat of absorption that is caused by the phase change of
water and the dilution of theolution. An equilibrium between the vapor pressure of
water in the gas phase and the vapor pressure of water in the solution is assumed at the
interface (ER-1) [27]).
n s N w NhY 2.1

Literature on LiBr absorbers usually gives solution concentration as weight percent
of LiBr. However, details of the absorption process are mez@ily discussed in terms
of (molar) concentration of water. With respect to E&q), higher vapor pressuia
the gas phasdéeads to lower mass concentration of lithium bromide or higher
concentration of water at the interfad¢igher water concentration at the interface
provides a larger driving force for mass transfer, a2Ex).shows.

0 Q o6 0 2-2

The coupling between heat and mass transfer and the dependency on concentration
and vapor pressui@n be explained by analyzing E§2). The mass transfer driving
force depends both on pressure, tigio its influence on watezoncentratiorat the

interface and orcoresolution concentration. Interfacial concentration also depends on
12



interfacial temperature. TBu sustaining mass transfer requires continuous heat
removal from the interface and better cooling will increase the driving force for mass
transfer. Naturally, effective heat and mass transfer requgestinuouscontact
between solution and cold wall, wh can bechallenging to achieve

Surface wetting can be a problem due to high surface ten$&8owt. lithium
bromide solution has a surface tension of 0.092 [28h Nomura et al[29] measured
the wet surface area in a horizontal tube absorber and reportebbwieat tubes
exhibited worse wetting than upper tubes and the ratio of wetted surfacevases
low as 0.5. Jeong and Garimel&0] developed an analytical moddlleeat and mass
transfer in horizontal tubeater/lithium bromideabsorber based on the experimental
data by Nomura et alTheir model best matchesperimental data if wetting ratios
between 0.6 and 0.8 are assunteakaki et al[31] also reported wetting issues of the
heat/mass transfer surface al@acommercial absorbers, wetting of the tubes is often
improved by increasg solution flow rates througtecirculation of part of the diluted

solution[32].

2.2. Conventional absorbers and theirenhancement

Typical heat/mass exchangeirs commercialwater/lithium bromideabsorption

machines are of horizontal tubygpearranged in shelind tube fashio(Figure2-1).
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Evaporator / absorber shell Condenser / generator shell

Figure2-1: Commercial singlestage LiBrwater absorption chiller (adapted fr¢80]).

According t o a ma n u[83§ ctlieu shellr lsme diat a S h e
evaporator/absorber is more than three times larger than the shell volume
generator/condenser. On the tube sideytieme of theabsorber is 30%afger than
that of theevaporator and about three times larger thahofgenerator andondenser
Commercial absorberedigns reported in the literature contandreds of copper
tubes that are each one to few meters long and have a diam&8emnof [25,32,34]

The tubes are packed into a tight bundle but a minimum spacing is required to limit the
pressure drop dhe water vapor as it flows through the bundle. Absorbent solution is
sprayed onto the uppermost tube from where it drops onto lower tubes while cooling
water inside the tubes flows from bottom to top through the tube bumtls.

arrangement is called cotercurrent due to the counteurrent configuration of flow

14



over an array of tubes. However, the configuration is eftossper individual tube.
For coittype absorberssountercurrent arrangement has been estimated to improve
absorber performance by@to 1%6 overparalleHlow arrangemeni3s].

In line with their commercial importance, horizontal tube diasa have been
extensively studied. Much of the ra&search
better understaiglg and descrilmg important parameters dhe absorption process
itself, finding enhancements and develoyp design correlationg10,20,36 39].
Although commercially less relevanertical tube desigtan also be grouped intioe
conventional design conceptSimilar to horizontal tube absorbers, they received
plenty attention in the 1g@tddngprovementrofel at i on
heat and mass transfer procedd€s40 42]. In particular, ‘ertical tubes weréaken
into consideratioffor air-cooling of absorbers according to a discussion of the Japanese
literature by Fujitgd25].

The tubes in tub&ype absorbers can baodified physically both on the inside and
the outside, leading to internal.g; waterside) or filmside {(.e. solutionside)
enhancement. The main heat transfer resistance is caused on the solution side and the
overall effect of wateside enhancement generallysmall [20]. Therefore, external
enhancement has been stuldigoreextensively Still, researcheralsotry to minimize
waterside resistance eithevith physical enhancemenor throughthe use ofhigh
cooling water flow rateg9]. Enhanced tubesurfacescan have several effects:
Obviously, the surface structugcreases theffective heat transfer surface araad
thus enhancedeat transfer. Other important effects are improwedting behavior

through the surfacestructure[31] and induction of mixing in the film flow [32].
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Different surface structures such as -finis and a variety of continuous fin
arrangements ka been investigated.

However, comparison of results achieved with dissimilar operating condaimhs
sometimesnalyzedwith differing methods is not always straight forwaftherefore,
an effortwas madeto compile comparable data for absorption ratgre 2-2),
absorber heat fluxHjgure 2-3) and overall heat transfepefficient Table 2-3). The
results displayed in these overviews was standardizeleirfallowing manner:If
researchers repedresults for a variety of operating conditions, the outcomes closest
nominal values for concentrati and cooling water inlet temperature of 60-%tand
30 °C respectivelywere chosenf available, results obtained widaturated solution
inlet conditions weraselected. Often, researcher study the effect of solution flow rate.
In that case, thhighestvalue of the variable of interest at any solution flow rate was
chosen.The same procedure was followed if results for different types of enhanced
tube were givenFinally, the operating pressure has a large effect on the amount of
water vapor that isabsorbed. Therefore, the parameters absorber heat flux and
absorption rate were plotted versus absorber pressure

Figure2-2 andFigure2-3 show absorption rate and absorber heat fiespectively.
Detals on the specificationsf the absorbenglotted in these Figures are giverTiable
2-1andTable2-2. As expectegdthe performancef individual absorberscreases with
pressure through its influencen the mass transfer driving forceHowever,
performance measures at any given pressure spiggaiticantly dependingnthetest
sectionsFocusing on resultachieved undepressure of less than kBa inFigure2-2

shows tha different enhancement methods can yield good results. The highest
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absorption rates in this area are reported with tubes with findinginmicro-hatched
structure and small diameter tubing. With the same experimental setup, AR2Jley
achieved 76% increase in absorption naith tubes that haventernal and external
enhancenm@ over smooth tubesrhe absorber heat fluxeseported in the literature
rangein betweerb and16 kW/n¥ (Figure2-3). Again, the highestalue was achieved

with the internally and externally enhanced tubg#\tchley af32]. However, Kyung

and Herold also achieved good results with smooth f43sThe outcome of various
studies with respect to overall heat transfer coeffidggegitven inTable2-3. Care must

be taken in comparing the values for overall heat transfer coefficients because different
resarchers defined the temperature difference used to calculate the coefficient
differently. Unfortunately, most researchers did not list the pressure the experiments
were conducted at. The pressure is known forsthdy by Kyung and Herold who

attaineda U-value of 768 W/(rAK).
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Table2-1: Geometric specifications and operating conditions of studies plotted in

Figure2-2.
Xin
Abs.

Wt.-  Tsoin[°C]  Tewin  4cw
Authors % (Condition) [°C] [kg/s] ty*pe Enhancement

LiBr]
Medrano et al. . e
(2002)[44] 60 40 (Sub) 30 N.R. VT CW-side (external): Fins
'[Z'Sa]”j** (2008) 604 308(NR) 294 0063 HT NR
Sun et al(2010) 60- 39.0-49.6 26-
[46] 62 (N.R) 35.3 N-R. HT NR.
Miller and
PerezBlanco 62 56.5(Sat) 45.7 0.062 VT Sol-side: Pin fin
(1994)[42]
Fu and Shiganc
(2011)[47] 59.9 40(Sub) 299 N.R VT N.R.
Matsuda et al.
(1994)[40] 55  40.7(Sat) 307 N.R. VT NR
Islam et al. 39.8-49.7 0.063- e
(2003)[48] *+=* 60.4 (Sub) 29.3 0.114 HT  Sol-side: Guiding fins
Yoon et al Hel.
(2006)[49] 60 45 (Sat) 30 0.25 T N.R.
Yoon et al .
(2008)[50] 61 47 (Sat) 32 0.085 HT Small tube diameter
Lee and
Nagasaki (1991 60 44.2 (Sat) 30 N.R. HT  Sol-side: Ridged fins
[37]
Ealr]k etal. (2003, 61 46 (Sub) 32 N.R. HT  Sol-side: Microscale hatched
Atchley et al. g, \R(say 205 NR. HT None
(1998)[32] (Recw
Atchley et al. _ Sol-side: Finned, 40 fins per inc
(1998)[32]** 62 N.R(Sa) 312 =5700) HT CW:-side: 30 ridges per turn
Miller and
Keyhani (1999) 62 N.R.(N.R) 35.0 N.R. VT N.R.
[52]

* HT: Horizontal tube; Hel. T: Helical tube; MB: Membrane; SD: Spinning disk; VP: Vertical p

VT: Vertical tube

** Surface area of bare tube with outer diameter equivalent to diameter of base of the fins usec

exchange area.

*** Qperating conditions were given for comparison to theoretical model, not stated that val

experimental part.

**** Only range for pressure given, average value of that range plotted here.
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Table2-2: Geometric specifications and operating conditions of studies plotted in

Figure2-3.
Concin Tsoin~ Tewin  Mew Abs.
Auth [ng]% [°C]**  [°C] [kg/s]  type* Enhancement
uthors iBr
Eg%c]’” etal.(2008) 5 47(say 32 0085 HT  Small diameter tube
Medrano et al. —
E;%‘]’” etal. (2006) g5 45(sa) 30 0.167 HTe" N.R.
Kyung and Herold N.R.
(2002)[43] 60 (Sat) 30 0.125 HT  None
Atchley et al. N.R. Recw=
(1998)[32] 62 say 294 gogg HT None
Atchley et al. 62 N.R. 312 Recw= HT Sol-side: Finned, 4GPl
(1998)[32]** (Sat) ' 5700 CW-side: 30 ridges per tur
Sasaki et al.
(1995)[31] 58 40 (Sub) 28.0 N.R. HT  None

* HT: Horizontal tube; Hel. T: Helical tube; VT: Vertical tube
** Surface area of bare tube with outer diameter equivalent to diameter of base of the fins

heat exchange area.

*** Condition of solution Sub = Subcooled, Sat = Saturated (within £ 1.5 °C of satur:

temperature)
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Table2-3: Overview of studies that report overall heat transfer coefficient.

U-Value

Concin

TSol,in

A cw

Abs.

Authors  TD*** [W/(m2. F(Pa] [Wt.-%  [°C] E;%Vi“” [kg/ type E]rér:]?nce
K)] LiBr] rkkk s] *
Sol-side:
Hoffman Knurled
n et al N.R N.R tube
(1996) LMTD sat 809 N.R. 56 (Sub) N.R. HT CW-side:
[20] Helical rod
inserts
Ste Utlera| N.R 0.04 CW-side:
(1996) LMTD sat 445 N.R. 59 (Sub) 30 5 HT !—Iehcal rod
inserts
[10]
Kyung
and
Herold  LMTDsx 768  1.09 60 ?‘S; 30 0'512 HT  None
(2002)
[43]
Deng
52.5
and Ma N.R
(1999) Other 1883 N.R. 63 (N).R. 32 HT None
[53]
Slrener et N.R. N.R Sol-side:
(1'993) LMTD sat 1200 N.R. N.R. (N.R. N.R. ) HT  Structured
[39] ) tube
gl".ﬁtro * N.R. N.R CW-side
(2007) LMTD 376 1.02 57 (Sat) 35 VT I(:ei;]asernal).
[54]**
Sasaki et
al. LMTD - 40 N.R
(1995) other 746 2.0 58 (Sub) 28 HT None
[31]

* HT: Horizontal tube; SD: Spinning disk; VT: Vertical tube

** Direct air cooled

*** Temperature difference based on:
***% Condition of solution: Sub = Subcooled, Sat = Saturated (within £ 1.5 °C of satur.

temperature)
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The addition of surfactantsuch as 2thyl1l-hexanol or octanolgonstitutesa
chemical mass transfenhancement for watéthium bromideabsorbersHoffmann
et al.[20] reporedseveral effects of the addition of surfactants: Better wetting because
of reducedsurface tensignmore frequet and smaller dropsand horizontal flow on
the tubesCosenza and Vlie{36] observed that thaddition d surfactants led to full
wetting of tubes that had poor wetting behavior without surfactant. An early discussion
of reported observations with regards to surface convection through surfactants is given
by Fujita[25]. Fujita reporedvisual observationthatdescribe the effect of surfactants
as violent interfacial turbulence ah@ asociatedhe enhancementith Marangoni
convection. A theoretical foundation thie mechanism of enhancemdt Marangoni
convectionhas been developed with the vapor surfactant thggsy The vapor
surfactant theory postulates that surfactants are transported via the refrigerant vapor
flow. Where the surfactant adsorbs to tsliquid interface it reduces surface
tension. The gradient in surface tension causes a secdimarycalled Marangoni
convection. The surface becomes unstable, exposing strong solution and thereby
increasing absorption at that location. It has also been shown that the amplitude of
enhancement through surfactants depends on the magg3Jugince the surfactant is
delivered through the bulk vapor flow, locally higher mass flux increases the surfactant
concentration at theterface The resulting larger surface tension gradient further
enhances convection and mass transfgrocess that only comes to an end when the
critical micelle concentration is reached and surface tension cannot be lowered further

by higher concentration of the surfactant. Although the effect of the enhancement
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through surfactants is substantial, esshers tend to disagree on the maximum
enhancement: Atchley et 4B2], Cognza and Vlie{36], Hoffmann et al[20] and
Sasaki et al31] (for plain tubes), measureshhancement factors of the film side heat
transfer coefficient of up to 3, 3, 2.4 and 2, respectively. A more recent study gauges
the heat transfer enhancement lower, at 20% to 70%, depending on the higg]flux
There are seval possible reasons for the relatively large spread in enhancement
factors. The study with the lowest enhancement reported a relatively high transfer
coefficient without surfactaf@3]. Thus, the lower enhancement may have beesecth
by good wetting behavior without surfactant and that further enhancement with
surfactants was primarily through Marangoni convection, not improved wetting. Also,
the outcome of the different studies may have been affected by differences in operating
conditions. Still, in summary, it has been proven that the addition of surfactants
strongly enhances absorption. However, accurate performance assessment of different
absorber types and experimental studies is more difficult when studies with surfactant
areincluded. The effect of the additive may overshadow the underlying performance
of the absorber itselfenderingaccuratecomparisonsnore difficult. Moreover, the
majority of experimental studies reports results without surfactants. For thesesreason
all literature results reported in this document and all new experimsntiieswere
undertakernwithout the additions of additiveglowever, it is suggested that future
studiesincludethe effect of surfactants on the performance of rotating absorbers
Theperformance data reported in the literature for conventional absoRguse

2-2 andFigure 2-3) without surfactants ranges within a relatively narrow band. This
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shows that conventional enhancement hmds will not lead to significantly
performance improvements of absorbers and hence better economic viability of
absorption chillers. Therefore, radically new designs of absorbers and absorption

chillers are needed to find a path to alter the competitgdipn of absorption chillers.

2.3. Novelabsorber designs

To improve absorbers beyond the performance oftye designs, recent studies
have used flat plates/channels, sometimes in combination with membrhaesvel
absorber designdotted inFigure2-4 and listed inTable2-4 are all of vertical plate
typei this developmenbears resemblance tife successes withigh performance
plate heat eshangerdn pure heat transfer applicatioria the case fowaterlithium
bromide absorbers, the required access to low pressure vapor on the solution side
requires novel approaches to platpe designsMembrane absorbers can lead to
compact designs due to their high mass transfer area to volume[5&ikY]
Researchers also used membranes to generate thin solutiof58l/58] Instead of
relying on gravity to drive solution flow, membrane absorbers pump the solution
through channels that are heighstricted by a water vappermeable membrane. The
membrane hence allows film thickness to be controlled, and with it thermal resistance
of the sdution film. Other techniques to enhance flat plate absorbers, such as induction
of film mixing and improved wetting behavior, are known from tijgee absorbers.

To enhance film mixing, the surface structure can be modified to induce mixing of the

solution film, which enhances absorption by renewing the surface with fresh solution
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[59,60] The surface can also be modified to lower the solution flow rate needed for
good wetting behavior and thereby decrease thermal resi$gdné2] The applicatn

of these methods has led to two to thiieges higher absorption rates than those for
conventional tube bank absorbers. Besides these pasdiveqiees, active methods

have been considered for mass transfer enhancement. The mass transfer enhancement

potential by active film mixing has been estimated to exceed a factoff68]L0

» 0.010
€ 0.008-
@ - -
=
o 0.006 - o
IS : o
_5 0.004 o5 © _:’
= |
S 0.002H o Rangeof conventional
2 : absorbers
0.000 _
0.5 1.0 15 2.0
Absorber pressure [kPa]
OMortazavi et al. (2015) Isfahani and Moghaddam (2013)
=Michel et al. (2017) Tsuda and Perez-Blanco (2001)

+ Isfahani et al. (2015)

Figure2-4: Absorption rates of novel absorber concepts.
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Table2-4: Operating conditions and description of absorbers plott€ture2-4.

Xin
Tsolin[°C] Tcw,n 4 cw AbS.
-0, )
Authors [mér]/o (Condition) [°C] [kg/s] type* Enhancement

Sol-side: Fins w. microscale surfac
Mortazavi et al. (201f treatment
[62] 57 25(sub) 25 N.R. VP CW-side: Minichannels (0.4 mm
high, 4 mm wide)
Sol-side: Microchannels (0.1 mm
MB, deep, 1 mm wide)
VP CW-side: Minichannels (0.4 mm
high, 4 mm wide)

62.0 47.99 (Sub 32.0 N.R. VP Sol-side: Vibrating screen

Isfahani and Moghadda

(2013)[58] 60 25(Sub) 25 N.R.

Tsuda and PereRlancc

(2001)[64]

Sol- side: Microchannels with ridge

(0.5 mm deep, 1 mm wide, 195 mr

long)

CW.-side: Minichannels (0.4 mm

high,4 mm wide)

Sol-side: Fins

Michel et al. (2017)61] 60 30.55 (Sub 29.9 0.014 VP CW-side: Minichannels (2 mm x 4
mm)

MB
VP

Isfahani etal. (208)[59] 60 25 (Sub) 30.0 N.R.

* MB: Membrane; VP: Vertical plate;
Another novel absorber design are adiabatic spray absorbers. Adiabatic absorbers

separate heat and mass transfertiwntoindependeninits. First, theabsorbensolution

is subcooled in a heat exchanger and then the subcooled solution is fed to an adiabatic
absorberThe concept has the advantage that {ugtformance liquigto-liquid heat
exchangers can hgilized thatare substantially smaller thatme combined heat and

mass exchangergmployed in conventional absorberBurther, mass transfer
enhancement concepts not available to conventional absorbers can be enipieyed.
concept was introduced by Ryf#%] in 1993. Ryarusal anozzle / atomizetio generate

small droplets and hence a large interfacial area that increases mass transfidr pe
volume. However, the heat of absorption quickly heats up the absorbent solution in
absence of continuous heat removal. Hence, the solution has to be recirculated through
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both heat and mass exchangemugdithe strong solutioleaving he generatosidiluted

with leaner solution before the mixed solution is fed to the absoflher.design
therefore does not take advantage to full potential for mass transfer driving force
Solution recirculation combined with the pressure drop of the spray nizzleaases

a significant amount oadditional pumping power. Analytical models and further
experimental results were reported by Warnakulasuriya and Wé&&k More
recently, flat and conical sheabsorbers have been proposededuce the amount of

mechanical energy required in adiabatic absoféaiH9].

2.4. Spinning disk reactor

One active process intensification method that achieuwsstiim films with good
wetting behavior is the continuous rotation of the heat transfer surface. Rotation of
disks haped surfaces can | ead to [AOitpui d f i
breakdown at flow rates up to an eraf magnitude lower than theoretically predicted
[14]. Thefirst patent on the use afspinning disk as reaction surfaeas filed byErnst
Buhtz inEngland in 1925 and in Germanylif26[71]. While prior workproposed to
mix chemical substances by rotating small disks very fast and thereby ceesinagy
like distribution and mixing process, Buhtz suggested to rotate larger disks rather
slowly to accurately control chemical reactioRsomareaction kinetics point of view
optimal ratios can be achieved by carefully selecting feed locat@osd mixing of

the chemica is achieved through the rotation of thesk The speedof rotation
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regulates film thicknessThe disk surfacetemperaturecan becontrolled by nterral
coding or heating in order to regulate the heat of reaction.

While Buhtz patent concerdechemical reactions, later work often focuses on the
heat transfer aspect of the invention. Namely, the replacemegtraoftational
acceleratiorby strongercentrifugal acceleratiodecreaseflm thickness and thereby
increass heat transfer rates. Toport development of a spacecraft vapor absorption
heat pump system, the NASA Microgravity Fluid Physics Program and Goddard Space
Flight Center funded numerical, theoretical and experimental work to better understand
the fluid mechanics of liquid flow @r rotating disks. An overview of the research
resulting from this program is given fable 2-5. In research originating from this
project, a particular collar feed system with jet impingement effects was used, which
makes resudt not readily transferable to systems without this feature. The collar feed
arrangement ejects the liquid into radial direction with high inertia which has
pronounced effects on fluid flow and heat transfer.

Table2-6 provides a tabulated overview of another set of research that started with
the filing of a patent by Cross and Ramshaw of Imperial Chemical Industries PLC in
1984 [17]. The patent was followed by more than two decades of research that
culminated in the production of a rotating absorption heat pump. While early prototypes
of the heat pumpaed metal hydroxides as the working fluid and flat plates for all
transfer unit417,72,73] later versias used a rotating cetiype absorber instead of a
rotating disk absorbefl19,74,75] and the system was driven by aqueous lithium

bromide[19,75]. In a double effect configuration, the chiller usedoiltype absorber
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and plane surfaces for primary and intermediate generators. The process taking place
in the generators is the reversal of the absorption process. The high film heat transfer
coefficient of 9 kW/(M Kof the intermediate generator 5] thus indicates high
process itensification potential for diskype absorbers as well. The intermediate
generator operated at a temperature of 107 °C and a pressure of 12 kPa, one order of
magnitude higher than the typical pressure for absorbers. While the whole chiller was
integrated in one rotating enclosure, it was reported that the highest process
intensification was achieved through the flat disk generators. As of 2017, the intensified
heat pump has disappeared from the market, and, since its development was driven by
private compaies, little information on performance testing of its individual
components has been made publicly available. So, rather surprisingly given the
sustained research interest in the topic, no study has been published describing in detail
the performance of apinning disk absorber in an actual absorption process and
comparing it to conventional systems. Thus, the objective of this study is to address
this void and to compare the results to published performance data of horizontal tube
bank absorbers.

Early stidies on spinning disk reactors examined pure condensation without bulk
flow of liquid that is present in an absorption process. Sparrow and Gfépattacked
the poblem analytically and derived heat flux to be uniform over the surface of the
di sk and p r¥ Jhe heat ransfeacbeffitient ofirotating condensation was
found to surpass the value for condensation on a vertical wall at a distance of 0.3 m

from top when rotational speed reaches 33.2 rpm. Experimental studies largely
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confirmed the analytical solutions and the therein postulated high heat transfer rates of
rotational film condensationj77i 79]. Butuzov and Riferf78] reportedcondensation

heat transfer coefficients of above 90 kWA(nK) at 2139 rpm and the
studied. Typical for film condensation, higher heat fluxes led to thicker films and
therefore lower heat transfer coefficients. Sparrow and Gregg alsedttbatheat and

mass transfer characteristics of a disk rotating in quiescent fluid and concluded that the
injection of fluid through the disk surface decreases the heat transfer significantly since
it adds an additional layer of resistarj8@]. This result is further indication of the
differences between rotating condensation abdorption, since bulk liquid flow
present in absorption also creates an additional resistance that is not present in
conventional condengan.

Few studies have incorporated an internal heat sink into the design of a spinning
disk reactor. While internal circulation of a heat transfer fluid is the expected mode of
operation for most purposes, studies on heat transfer characteristics taligelyn
heat flux from an internal electric heater to the outside filrh,13,81,82] Oxley et al.

[83] used a spinning disk absorber with internal cooling for manufacturing calemic

They calculated internal heat transfer coefficients using a correlation for turbulent flow

in tubes although flow at the given conditions should have been laminar. Still, they
predicted overall heat transfer coefficients between 4180%W/¢n) and 2 K30 W/ ( m
at radial distances from center of 0.02 m and 0.06 m, respectively, and concluded that
calculations agreed with experimental observations. Other studies regarding production

of chemicals using spinning disk reactors that includednateooling emphasized its
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effectiveness but did not measure heat transfer[i@4e85]. Burns and Henders¢86]
patented profiling the backside of the internal cooling cehaanch that the width of

the channel is not constant in radial direction, thereby controlling heat transfer
performance and velocity of the cooling fluid. A similar approach is taken in
development of the reactor presented in chaptevere the width of the cooling
channel is varied to optimize heat transfer rates while keeping pressure drop at

acceptable levels.
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Table2-5: Overview of research on spinning disks for spaasel vaporabsorption chillers.

Authors Year of Type of Process Working Disk Diameter Rotational Flow Outcome of the study

publication work* investigated fluid cooled of disk speed rate
internally  [m] [rpm] [mL/s]

Thomas et 1990 Num. Sensible Water N/A N/A N/A N/A - Film heat transfer of rotating disk wit

al. [87]** heat transfer collar feed arrangement is two orders
magnitude higher than when liquid
ejected from pressurized container ol
horizontal plate.

Rahman 1992 Num. Sensible Water N/A 0.39 557 300 117 - Heat transfer coefficient in case wi

andFaghri heat 250 sensible heating larger than in case w

[88]** transfer; sensible heating and evaporation.

evaporation - Heat transfer coefficient increas with
heat transfer rotational speed
- At 100 rpm, heat transfer coefficien
decreases monotonically in radi
direction.
- At 300rpm, heat transfer coefficient firs
decreases, then increases in ra
direction.

Rahman 1993 Num. / Gas CO: !/ NI/A 0.39 55-600 50 - Gas absorption doubles when rotatiol

and Faghri An. absaption water 500 speed triples.

[89]** - Increasing flow rate increases me
transfer at small radii, decreases mi
transfer at large radii.

Ozar et al. 2004 Exp. Sensible Water No 0.41 0-500 50 - Heat transfer increases with rotatior

[90]** heat 250 speed and flow rate.

transfer; - Due to the inertial forceshen the fluid
evaporation is leaving the collar feed arrangeme

heat transfer
32
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Rice et al. 2005 Num. Sensible Water N/A 0.41 50- 200 50 - Heat transfer increases with rotatior
[91]** heat 250 speed and flow rate.
transfer; - Heat transfer increases when evaporal
evapoation takes place.
heat transfer
Basu and 2006 An. Sensible Water N/A N/A 50-100 50 - At low rotational speed, the heat trans
Cetegen heat transfer 250 coefficient reduces in radial direction.
[81]** - At high rotational speed and flow rat
the heat transferoefficient first increases
then decreases in radial direction.
Quinn and 2011 Exp. Sensible Water No 0.41 0-100 50 - Heat transfer increases with rotatior
Cetegen heat 200 speed, flow rate and inlet temperature.
[82]** transfer; - Evaporation has only small effect on he
evaporation transfer.

hed transfer

* Abbr.: An.: Analytical methods; Exp. Experimental; Num.: Numerical sinnat

** Study utilizes a specific twalisk collar feed arrangement that produces a jet impingement effect.

Table2-6: Overview ¢ development of an integrated rotary absorption heat pump.

Authors Year of Type Working Type and size of Rota-  Outcome of the study Machine

publication of fluid absorber tional configuration

work* speed **
[rom]

Cross and 1985 P. Refrigerants  Disk with 0.17 5 N/A - COP of 1.27 predicted. AHP; DF; SE
Ramshaw and organic m diameter - Plurality of plates such that absorber and evaporator are on f
[17] solvents surfaces of adjacemplates.
Ramshaw 1988 Exp. H20 / KOH, Disk with 0.5 m 500 - Condenser and absorber on opposite faces of same disk. ~ AHP; DF; SE
and NaOH, CsOH diameter - COP of 1.2 achieved in heating mode at 30 °C temperature
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Winnington

[72]
Lorton et al. 2000 Exp. H20 / mixed Coil-type; system 550 - Platetype intemediate condenser / generator has overall | AC; DE; DF;
[74] metal size: 05 m transfer coefficient of 6.1 kW/(#rK). DR
hydroxide diameter, 0.5 m - COP of 0.76 achieved at 7 °C chilled and to 52 °C cooling w
length temperatures with 8.8 kW cooling capacity.
Gilchrist et 2002 Exp. H20 / LiBr- Coil-type 500 - Platetype intermediate condenser/ generator has overall AC; DE/SE;
al. [75] H20 absorber; systen transfer coefficient of 6.5 KW/(frK). DF; DR
size: 05 m - Results at operation in double effect at ambient temperatu
diameter, 0.5 m 32 °C: COP of 0.9, capacity of 10.5 kW.
length - Results at operation in single effect at ambtemperature of 3¢
°C: COP of 0.75, cooling capacity of 8.8 kW.
Zaltash et al. 2007 Exp. H20 / LiBr- Coil-type; ~300 Test results of commercial product: AC; DR; IF; SE
[92] H20 - COP of 0.58 and coolingapacity of 3.78 kW at 14.6 °C chille
water temperature and 40 °C cooling water temperature.
- 1.8 kW of power consumption.
Izquierdo et 2008 Exp. H20 / LiBr- System volume N/A Test results of commercial product: AC; DR; IF; SE
al.[93] H20 0.93 n, - Performance testing for actual space cooling over 20 day
description  and period during summer time.
drawings - Average COP recorded at 0.49 without consideratf@unxiliary

provided in[19]

power consumption.
- Chilled water temperatures were between 11.3 and 24.3 °C

*Abbr.: Exp.: Experimental; P.: Patent.

**Abbr.: AC: Absorption chiller; AHP: Absorption heat pump; DE: Double effect; DF: Direct fired; DR: Bay fejection via fan coil,

IF: Indirect fired; SE: Single effect.
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2.4.1. Hydrodynamics

In a simple apmximation, the flow field on a rotatindjsk can bederived fronthe
Nusselt modebf laminar film condensation on vertical platéaportant asumptions
of the Nusselt modelre given irf94] as follows:

- The flow of the liquid is laminar.

- No noncondensables in the gas phase which is at constant temperature. Hence
no conduction heat transfer between gas and liquid.

- Negligible shear stress at the diagiid interface.

- Negligible momentum and energy transfer by advection in the liquid film.
Therefore heat transfer is by conduction only and the temperature profile is
linear.

For more detailed discussions of the Nusselt model, the reader is referred to its
treatmentin standard textbooks (e.fP4]). The Nusselt model can be adapted to a
rotating surface bysingthe centrifugal acceleration’r instead of the gravitational
constant[95,96] Based on this adaptioW/ood and Watts [96] and Aoune and
Ramshaw{13] developequationsfor film thickness average, maximumand local

radial velocityand residence timand the derivation of Eq2-3 to 2-11 is based on
theses source§he shear stres&q. 2-3) can be integrated to receive tharabolic

radid velocity profile Eqg. 2-4) [13].

Q6

= i : 2-3
T .QQWlW of
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Integrationof the velocity profileover thethickness of the filngivesthe average

velocity ata certairradius according tthe Nusseltmodel

2-5

Maximumvelocity oftheliquid film, foundat thegasliquid interface( z ),¥s 506

higher than average velocity

2-6

The averageadialvelocity can also be expressed in terms of volumetric flow(Exe
2-7):

é % 2-7
G LT

The film thickness Eqg. 2-8) follows from equating the two expressions for average
radial velocity (Eqs2-5 and Eq2-7).

o v - 2.8
ALY
Integration of Eq2-8 yields average film thicknessy,(Eq. 2-9).
1'Qa Qi Q& _ 1 1Qi P
i Al phil "

1 r ol 2-9

The film thickness may be u$¢o express average velocity according¢p2-10.
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Eqgn.2-10 can beused to derivehe averageaesidence time of liquidn the disk (EQ.

2-11).

o Pai YR - 2-11
o] p@ v

Since the surface velocity is twice the average veloogyidence time at the free
surface(i.e. gasliquid interface)equals minimum residence timé# is given byEq.

212
o 29 212
(6)

Wood and Watt496] list three assumptionsnherent to the application of the
Nusselt model to describe the fluid flow over rotatthgks. Most importantly, since
the Nusselt model is developedrféully developed laminar flow om vertical wall
while fluid thickness and velocity are constantly changing with radial position on
spinning disksthe description by the Nusselt model will be a simplification. Besides,
it also implicitly assumes that Qolis forces can beeglectedand thathe tangential
velocity of the fluid is equal to the tangential velocity of th&k, e.g. that there is no
slip in angular direction.

The experimental work conducted by Wood and Watts shbe/sipproximate
natureof theapplication of the Nusselt model to the probl@&y injection of a dye into

the fluid prior to deposition on thdisk, they hoped to be able to observe the maximum
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velocity of different fluids by following the dye front on the surface of dmk
However, when applying this technique to water, the dye front disappeared due to high
mixing. Only a high viscosity fluid indicated laminar flow. Thtlsey resorted to the
use of small tracer particles of density equal to the density of the fluids. Their
experimental results for mean radial velocity show that only the high viscosity fluid
follows the trend expected from the Nusselt model. When using water, the mean radial
velocity actually increases with increasing radial distance. Further, for lower wscosit
fluids, the flow contradicted the no slip assumption in angular direction. They also
reported the presence of circumferential waves. The waves were more irregalar for
low viscosity fluid.

Woods[97] investigated these surface waves due to their importanirtie heat
and mass transfer enhancement of spindisks. He reviewed the earlier literature and
identified three distinct surface regimes. In the first regime, flow rates and acceleration
or inertia due to rotation are very low which results in lamit@x without wave
formation. The second regime is characterized by smooth-dinvensional
disturbances that occur at higher flow rates or body forces. Finally, for even higher
body forces or flow rates, the smooth waves break uptimézdimensionakipples.
Due to thenertial forces created byotation,the flow is at eady statat every location
on the disk but the nature of this steady state is constantly evolving between center and
perimeterThis is dissimilar tahe case of a fluid flowing downwertical wall that was
the foundation of the Nusselt model. Thus, as the inertial force due to rotation increases

in radial direction, all three of the above regimes can be present at the same time on a
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rotating disk. He notes that viscosity influencestslity of laminar flow as higher
viscosity decreases the growth rate of disturbances. Thus, the dampening effect of
viscosity influences the critical Reynolds number associated with the transition from
laminar flow to breakdown of thereof. Another obséinraworth mentioning is the
complete breakdown of the thin liquid filthatcan occur at very low flow rates. Under

the influence of surface tension, the very thin film can deteriorate into stretched liquid
patches and actual dry sport$is phenomenowas also reported by other researchers
who developed a correlatiafitheminimumflow rate at which film breakdown occurs

(Eq. 2-13) [98,99] Experiments conducted by B§I00] yielded minimum flow rates

30% below the theoretical predictions.
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Woods[97] further investigatd wave propagation on rotating diskEperimental
measurements we based om dyedfluid and knowledge about the thickisesf the
film was derived bymeasuring the intensity of light pasgithrough the thin film.
Figure 2-5 shows photographs taken at constant volumetric flow rate but increasing
rotational speedAt the lowest speedhe flow seemiaminarclose to the center before
spiral waves, which propagate in opposite direction to the rotation diskeappear.
At increasing flow rate, the size of the laminar region decreases and an intermediate
region of almost concentric waves is observ@thse investigation yieldghat the
waves in the intermediate zone are indeed spirals asamélthatthe laminar region

only appears to be laminahile the spiral wavesctuallystart at the distributor. The
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small amplitude of the waves close to tha&ldle maks the flow field look laminar
although it is not. As the amplitude grows further through the intermediate region, the
spiral waves grow closer together and become more irregular. Atp#@QGhe flow

looks more orderly again with a spiral extemgifrom the middle to the outelisk at a
slightly increasing wavelength. At higher rotational speed, the spiral originating from
the middle breaks up into smathreedimensionawaves that appear highly random.
Generally, the wave amplitude grows frtime central dispersion through the region of
waves that appeatwo-dimensional When the waves break down intbree
dimensionalWavelets, the amplitude may decrease slightly but stays almost constant.
The ratio of the peak wave amplitude to the mean fiickness increases with

rotational speed from close to 1 at ptnhto about 5 at 60€pm.
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Figure2-5: Flow pattern of water with dye on rotating disk (diameter: 0.36 m, flow
rate 19 mL/s) for rotationapeed ranging from 100 rpm (top left) to 600 rpm (bottom
right). Adapted from97].

Burns et al[70] evaluate the film thickness on a rotatirdjsk using an electrical
resistance techniqué&he methodallowed calculatingthe film thickness at 11 radial
positions.Reviewing the literature, thestatel that most previously published studies
found themeanfilm thickness to be below the thickness gioted by the Nusselt
model. The deviatiowasexplainedoy the presence of surfasaves. HoweverBurns
et al. suggested that a better explanation cdagddeived from the analysis othe

Ekman numbe(Eq. 2-14).
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o — 2-14
O 5
The Ekman number in E-14 is based on the film thickness, which was

previously suggesteloly [101]. Egn.2-15 gives the Ekman numbertaf inserting the

film thickness Eq. 2-8).

go cl i 1 2.15

Figure2-6 shows that the measured film thickness deviated most from the Nusselt
model for Ekman numbers below 2. Tla®xplained by the presence of inertial effects
and the fact that the liquid has not caught up yet with the rotation oflishe
Interestingly, the average measured film thickness was 9% below the Nusselt
prediction, thus the flow was moving slightlystar than expected deviation of 9%
is fairly small and hence the Nusselt model seems to relay an acceptable approximation

of the actual film thickness.
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Figure2-6: Ratio of experimentally determined filthickness to prediction by
Nusselt model for different Ekman number. Figure f{@gj.

Still, Burns et al[70] suggest an alternative model to better the predictions closer
to the center of thdisk where the Nusselt model underperforms. By transforming the
film thickness measurements into radial velocity measurements, they experimentally
validated the reasoning of the model depictedrigure2-7. Close to injection fothe
fluid, the radial velocity decreasdue to the viscous drag. In the acceleration zone, the
radial velocity increases due to centrifugal acceleration. In the third zometdtienal

speedf disk and fluid is synchronized and the Nusselt modshMiell.
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Figure2-7: Three zone model of radial velocity development incl. experimental
values and polynomial fit of radial velocity profile. Figure frgro].
For low Ekman ombers, where the validity of the Nusselt model is weak, they
suggest the use of the Pigford model previously described by Wood and[98&tts
This two-dimensional model includes inertial and viscous terms and is given by the

Egs.2-16 and2-17.

0—

T?UT pri v’ 16

—a

6 b -
6 — PRIY i1 o 217

The equations e¢abe nondimensionalized for scaling purposes, using a radial length

scaleathat correlatedeinertial and viscous forcég&q. 2-18).
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Burns et & then fit the nondimensional version of equatior’s16 and 2-17 to
experimental da and determinedalues for theempirical constant&; and Ko within
the nondimensional equation3his allowsto give formulas to estimate the size of the
spinup zone, which consists of injection and acceleration zdfwstypical speeds
and flow ratesthe spineup zone extends a few centimeters fromdis&6 s camah t e r
is approxi mate?y proportional to @&
Mohammadi and Boodhdd02] studied the residence time distribution (RTD) on
spinningdisk reactors through pulsejection of a tracer and subsequent conductivity
measurements of the fluid exiting thsk. A narrow and symmetrical residence time
distribution corresponds to plug flow conditions with high mixing in vertical direction
and uniform velocity profile in radl direction.Already at the lowest rotational speed
of 300 rpm, strong mixing was record&dom ther parametric studies, it appeatbdt
RTD is narrowing withhigherrotational speed, albeiot at the lowest flow rate of 5
mL/s. The effect of volumeic flow rate is more distinct, with the distribution
becoming narrower with increasing flow rates for all rotational speeds under
investigation. They argaeghat higher flow rates and rotational speeds lead to increase
in intensity of surface waves. Therkace waves cause turbulence within the thin film
and thereby create a more uniform velocity profile in dadil@ction. Mixing occurs
in transverglirection while radial dispersion is limited. Mohammadi and Boodhoo also

investigate the effect of a cinglar grooves in the surface of tdesk. Neglecting a
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number of minor different effectshey found thathe RTD is narrower for grooved
disks due to increase in mixing intensitaused by the film detachment and
reattachment as the flow overcomes theleppTheir experiments also suggest that the
use of rippled surfaces can overcome the detrimental effect of viscosity on mixing in
transverse direction.

Jacobsen and Hinrichsg¢h03] employeda system of parallel reactions in order to
investigate the mixing pperties of a spinnindisk reactor.Their setup consisted of a
small disk of 0.1 m diameter that spun at up to 60pth. One of the reactionwas
instantaneous while the other walso fastbut significantly slower than the first one.
The reaction detalweresuch that the pradtts of the second reaction weneesent
only for imperfect mixing conditions. Resultgere reported in terms of a segregation
index that takes the value 0 for perfect mixing aridr absence of mixing. They fod
thatthe segreg#on index decreasesharply with rotational speed, indicating better
mixing. It is argued thatigher rotational speed decrea$ém thicknesswhich in turn
reduceddiffusion time. Also, tle higher rotational speed caugadre surface ripples
which inceasd mixing. Jacobseand Hinrichsen also foul an influence of flow rate,
mainly at low rotational speeds, with lower flow rates correlating with lower values of
the segregation index. They argukat thisbehavior showdthe correlation of mixing
efficiency with film thickness. With regard to the effect of a textulisd surface, their
experiments indicatethat the rotational speed haw be above a threshold for the

textured surface to enhaneeixing efficiency. This effect wa attributed to the

46



turbulence caused by textured surface at higher speeds while at lower speeds the liquid
is held back inside the grooves.

In conclusion, the simple Nusselt model describeshiokness of the liquid film
on spinning diskseasonably well for many conditionsoiever, itdoes notcapture
the effects of inertia that are present at low Ekman numberther, the laminar flow
profile assumed in developing the Nusselt model may not be accurate as the high
mixing observed in transverse direction indicates a mobeilnt flow pattern. Thus,
the Nussit modelcan be used to predict film thickness and average velocity although
the actual velocity profile is uncertain and experimentally observed surface waviness

is not treated in the Nusselt model at all.

2.4.2. Sensible &ternal heat transfer

Spinning disk reactors were originally invented to improve the vyield of
temperaturesensitive reactionsy keeping fluids in an optimal temperature rajvgg.
Accordingly, a number of studies concernisgnsible and latent heat transfer
characteristics of spinning disksave beempublished and an overview provided in

Table2-7.
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Table2-7: Overview of previous work on sensible and latent heat transfer characteristics of spinning disks.

Authors  Year of Type Process Working Disk Diameter  Rotatio- Flow Outcome of the study

publica of investigated  fluid cooled of disk nal speed rate

tion work* internally  [m] [rpm] [mL/s]
Buhtz 1928 P. Chemical N/A Yes N/A N/A N/A - Capability of spinning disk reactor to kee
[71] reactions reactants within optimum tempeua¢ band

leads to higher yield of preferred product.
Sparrow 1959 An. Condensation N/A N/A N/A N/A N/A - Analytical prediction of heat transfe
and heat transfer coefficient which is alid for most common
Gregg cases from engineering and fluid propert
[76] point of view:
— TWBOTIT

Sparrow 1960 An. Heat transfer; N/A N/A N/A N/A N/A - Heat transfer decreases when dlwf the
and suction/inject same temperature as the disk is injec
Gregg ion mass through the surface of the disk since the flt
[80] transfer covers the surface.
Sparrow 1960 An. Condensabn N/A N/A N/A N/A N/A - Influence of shear ajasliquid interfacehas
and heat transfer small effect on heat transfer for most case:
Gregg
[104]
Nandapu 1960 Exp. Condensation Methanol, Yes 0.13 400- 2400 N/A - Experimental heat transfer results 250%
rkar and heat transfer ethanol, below prediction.
Beatty Freon113 - Mass transfer coefficient proportional 1
[77] 70.45_
Espig 1967 Exp. Condensation Saturated No 0.38 155-2500 N/A - Analytical considerations equivalent 1
and An. heat transfer steam Sparrow and Greg[y6].
Hoyle
[105]
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- Experimentally measured heat flux excee
analytical prediction; results are attributed
wave formation.

Butuzov 1972 Exp. / Condensation Steam No 0.3 95-2139 N/A - Experimental heat transfer results 20%
and An. heat transfer below analytical prediction, comparable
Rifert analysis by Sparrow and Grefgg].

[78] -For ¥ rpm héa fransfer coefficien
proport®onal to <
- Rotation enhances heat transfer by a fac
of 3to 5.

Wood 1973 Exp. Sensible heat Water, No 0.34 320-2200 6.3 - -Heattransfer coefficient increases with flc

and transfer viscostatic 252 rate, contrary to expectations.

Watts oil - Heat transfer not correlated totational

[96] speedat low liquid flow rates (6 25 g/s).

- Heat transfer increases with rotational spe
at high flow rates (above 50 g/s).

Jachuck 1994 Exp. Sensible heat Water No 0.36 250-890 30-70 - Tailored disk surfaces improve film he

and transfer transfer by up to 77 % compared to smo«

Ramsha disk.

w [11] - Maximum average film heat transfe
coefficient of 18 kW/(r&K) achieved by dis
with surface grooves.

- Positive effect of increasing rotational spe
on heat transfer only up 65pm.

Al- 1995 Exp. Condensation Steam No 0.30 200-400 N/A - Empirical results show satisfactor

Baroudi heat transfer agreement with correlation by Sparrow a

and Gregg[76].

Klein

[79]

Aoune 1999 Exp. Sensible heat Water, No 0.5 286-955 35-80 - Local film-side heat transfer coefficier

and transfer water/pro alternates around Nusselt predictic
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Ramsha pylene
w [13] glycol
Oxley et 2000 Exp. Chemical Various Yes 0.15 Up to Up to - Calculated local overall heat transf
al.[83] reactions reactants 5000 4.5 coefficient values between 0.4 and ¢
kW/(m?-K).
Burns 2007 P. Internal heat N/A Yes N/A N/A N/A - Machining of profile into back surface ¢
and transfer cooling channel to optimize traddf between
Henders enhancement pressure drop and heat transfer periance.
on [86]
Burns 2008 P. Internal heat Water Yes 0.3 650 15 - Disk with spirally wound quadratic chann
and transfer (10 mm clannel width, 2 mm fin thickness
Henders enhancement achieves an overall heat transfer coefficien
on[106] 9.7 kW/(nt-K).
- Rotational speedot critical to heat transfe
performance.
Present 2018 Exp. Absorption Aqueous Yes 0.30 100-500 6-16 - Film-side heat transfer coefficient enhanc
study lithium by factor of 4.7 compared to falling film o
bromide tube banks.

- Film-side heat transfer increased by a fac
of 2.2 wherrotational speedccelerated frorr
100 to 500pm.

- Heat transfer performance highest
medium/high rass flow rates.

* Abbr.: An.: Analytical methods; Exp.: Experimental; P.: Patent.
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An early work by ReeglL07] on sensible heat transfer on rotataigks is reported
by Khan[108] and Wood and Watf®96]. Rees developean analytical model based
on the assumption th#te flow is laminar and can begstgibed by the Nusselt model.
Further, no shear is assumed at the free surface and no slip boundary condition is
assumed at the surface of thisk. He assumed a cubilce temperature profileith the

boundary conditions:

ay
YUY D& R TO® T 2-19
Y 'Y€ 8—(,1 TO@ 2-20

From theboundary conditions, the temperature profile follaggyiven in Eq. 2-21
which canbe written according t&q. 2-22.

Y Y od pg

~ -— 2-21
Y 'Y ¢
oq Y O'Y @
VoY 2V OY — % 2-22
q ¢ 1
Then the average temperature at amlalgposition is given b¥q. 2-23.
Y 6 YQup pY o 2-23
— @opY p -
6Qa WM

The surface heat f | ubBg2-24sandgtimusebe equattoth® ur i er 6
rate of heat transfer through the liquid fillaq; 2-25). EquatingEgs.2-24 and 2-25,

the heat transfer coefficient follows as function of film thickn&ss 2-26.)
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Wood and Watt$96] compared experimentdita to thismodel andverified the
dependence of heat transfer coefficient on angular velddawever, theycould not
find the negative dependenom volumetric flow ratethat is implicit due to the
appearance of thi@m thickness in thelenominatoin the correlabn. Based on their
results the model ovesstimatesheat transfer at low volumetric flow rates and
undeestimatesheat transfer at high flow rates. The deviation at high flow rates is
explained by the heat transfer enhancement through surface waved ptetbese
conditions.

Aouneand Ramshay13] perfornreda Nuse | t mod el anal ysi s
work but assumd a parabolic temperature profile. After applying stadaamditions
(Y 'Y o@& mhY Y @& 1hQEG mdd 1), the parabolic profilés
given byEg.2-27. From the temperature profile, they deducted an average temperature
(Eq.2-28), which lead to heat transfer coefficient giverk 2-29.

uY uY "Y "Y
uY "Y c (.| Q (-I Q 2_27

Y 2-28
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However, Appendix |l shows thatcorrect evaluatiorof Eq. 2-30 with parabolic

Q 2-29

temperature and velocity profile and standard boundary conditions leads to the average

temperature profile given igq.2-31.

0 "YQa
Y 2-30
0Qaq
y T "y E"Y 2.31
v v
Moreover, tle heat flux evaluated through applicationof Feurié s | aw t o t he p;

temperature profiles given byEq.2-32f r om t he f act o[l3]l.AlLe was om
the correct analytical heat transfer coefficient for parabolic temperature and velocity

profiles is given byEq. 2-33 and is 50% larger than the valupoeted by Aoune and

Ramshaw.
c TQri"Y <0 Y Y 2-32
1 Qa ]

T Toe To E]_ 2-33

In the experimental part of their pap&gune and Ramshaw measured film and
surface temperature at 7 radially disttdxlilocations on disk of 0.5 m diameter. For
water, they found the experimental heat transfer coefficient tchigkeer than
analytically expected at radii below 0.18band above 0.2fin and below predictions

at radii in betweenHowever, Mikielewiczarguedin a letter to the editor$109] that
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this distribution of local heat transfer coefficients was merely a result efomotonic
wall heat fluxeslUsing an aqueous propylene glycol solution of with viscosityy®1
Pa:s,Aoune and Ramshadound the Nusselt prediction to be a closer match of
experimental results. In that case, experimental heat transfer coefficient monotonically
increases with radius while showing overall less variation over radial position.
Experimental values are however larger than the analytical predictibinch may be
due to the incorrectly low values of the analytical solution

A series of publications by Faghri, Ozar, Cetegen and their contributors
[81,82,88,90,91,11iA 13]reported experimental data, analytical predictions and-semi
empirical corelations for heat transfer astationary disks andisks rotating to at
maximums speed &00 to500 rpm. A short overview on the efforts was provided
Table 2-5. Their experimental setup utilized a special arrangement for deposition of
liquid on thedisk (seeFigure2-8). A collarof 10.2 cm diameteir basically a second,
smaller diski waslocated parallel to the main disk and rotkteéth the disk. In most
investigationsthe distance between the two solid surfacesOa2s4 mm whicHed to
creation ofa fully devdopedparabolicPoiseuille velocity profile. This feed system was
analyzed using jet impingement theory originally developed by Wdtsb#] and
reviewed by Webb and Ma15]. As shown inFigure2-8, the liquid is ejected at high
velocity and film thickness increases due to friction. Once centrifugal forces become

sufficiently strong, film thickness decreases again.
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Figure2-8: Schematic of spinning disk with controlled impingement used in research

by Faghri, Ozar, Cetegen, Rice and contributors. Figure [fédin

Basu and CetegdB81,113]analyzed hydrodynamics aheat transfer by integral
method. They dducted equatior2-34, which can be numericallyntegrated to
determine thenondimensionalizedilm thickness over the disk surfadé.inertia is
negligible, e.g. in a case without thectgr effect of the flow through the color, the
first two terms disappear and the equation

thickness for laminar flow.
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With respect to heat transfer, they sleoMthat the thermal entrylength for
moderate Eclet number0Q O OFy is small enough to be neglectdthe Nusselt

number increased for higher inlet Reynolds numbers due the thinning effect of
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increased inertiaf the ejected fluidAt high rotational speeds or low values of the
Rossby nmber Y¢  Oj 5 O , the Nusselt number increasegty strongly As

the strongesteffect of heat transfer enhancement due rotation was experienced at
smaller radii, the maximum Nusselt shifted to smaller radial coordinates at higher
rotational speedd.he effectof Rossby number on average Nusselt number was found
to be nondlinearand waglescribed by an inverse power law with different coefficients
for constant wall temperature and constant wall heat flux boundary condBasss.

ard Cetegen compared the Nusselt numbers by integral method to experimental heat
transfer data by Ozar et 480] and found them to agree well. Generalysselt
numbers determined by experiments sedwuch less variation with local position
than when calculated by integral method.

Ozar etal. [90] and Quinn and Cetege[82] reported experimental heat transfer
data for the same experimental setup. They desttiilmadvantages of the colléeed
system oveconventional jet impingemeasbetterflow control and weldefined inlet
conditions.Ozar et aldivided the liquid flow over the rotatirdiskinto azone |, which
encompassed the thermal entry length, anzibne Il thatcoveredthe themally
developed region. However, under the assumption that theetatare of the free
surface doesot deviate significantly from the inlet temperature of the liquid, the heat
transfer correlatiorfor both zonescollapsed to the same forrnthe heat trarfsr
coefficientdepended on the thicknesstbérmal boundary layer in zoneahd on the
film thickness in zone II. The Prandtl nummesused to correlate thermal and velocity

boundary layer thicknesa zone | Thus, in both zones the heat transfer ftcieht
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depended on the film thicknesshich was defined by two complementing factors.
Inertial effects of the flow impingementere more importanh the zone adjacent to

the collar,while centrifugal forceslominateat larger radiilt was found that Nsselt
numbers increased with angular velocity and Reynolds number, e.g. liquid flow rates,
thecorrelationswvere fittedfor local and average Nusselt numb&gs.2-35and2-36,
respectively. The experimts were conducted with water at constant inlet temperatures
such that the Prandtl number dependenees replaced by a constant. From an
analytical point of view, the Prandtl number dependence is only warranted for the

thermal entry region anyway.

. YQ .
00 T[8IqJ'tﬁQ8l’)‘18 "'lﬁO‘(PYé—8 l’)‘|8 2-35
, s . YQ 8
00 pd® WwWKYQ 0i% B v 0i 8 2-36

Quinn and Ceteg€el82] extended the experiments to evagimn of water into air
at 70°C.In order to develop functional dependences to correlate experimental data,
theymodifiedthe integral analysis if81] to account for evaporation effects. The mass
transfer dependence was deducted from an assumed similarity condition between heat
and mass transferThe Sherwood numbdor external flow withlaminar boundary
layeralong flat platesind low mass transfeates given b¥q.2-37[116] was modified
for high mass transfer using a correntfactor. Quinn and Cetegen evaluated liquid
phase Reynolds number Restead of Reand used liquid kinematic viscosity and

diffusivity of water vapor into air to calculate the Schmidt number. Since the
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correlation rests on the analogy of momentumt hed concentration boundary layers

Eq.2-37 does not seem to have been applied correctly in the reported case.

Q @ o WEQ 231

In line with this consideration, Quinn and Cetegen reported that visual observation
yielded high cooling effect due to evaporation while the model predictechaall
effect. Nusselt numbers from experimental data were about 50% less than expected
based on integral meth¢81] and numerical simulatiof®1] while the authors di81]
and[91] had validated their models against data as well. Thus, Quinn and Cetegen
proposed a new Nusselt number correlation based on twofold contributions from
heating and evaporation.

Jachluck and Burn$14] provided a formula for film heat transfer coefficient based
on similarity to liquidsolid mass transfer by confusion. They first derived a liquid
solid mass transfer coefficient for a diffusive process under laminar fladitams
Then, they replaad mass diffusivity with thermal diffusivitgnd receivedeq. 2-38.

No experimental validatiowas provided.

Q 13(!)(0 2-38
Jatiuck and Ramsha\yl 1] tested heat transfer on rotating kdisutilizing four
different types of surfacefnish: smooth, metalmayed and two types of grooves
They found that each ofhe surface modifications enhancd the heat transfer

coefficient. The dik with rectangular groovgzrovided the highest enhancement of up
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to 77% compmred to the smooth surfacehey also found that imeasing rotational
speedcaused a monotonic increase in heat transfer coefficient only at the highest
volumetric flow rate. They suggested that at lofhew rates, surface waviness reduced
at high rotational speegdwhich caused heat transfer coefficiéatflatten or even to
decline.

In conclusion, the research community hasywsitreached full agreement dhe
nature ofsensible heat transfer on spinntigks. A large part of the literature concerns
spinning disk with a special jet impingement colléeed systenthat may not be
generalized to regular spinning disks. The Nusselt model has been shown to be a good
starting point for evaluation of spinning disk systems. Based on operating parameters
and properties, it may be over undeestimatingexpeimentalresults. Generally, the
dependencef heat transfer on rotational speed is well established while the effect of

flow rate/film thickness has not been confirmed in most experiments.

2.4.3. Latent external heat transfer

Early studies on spinnindisk reacbrs examined pure condensation without bulk
flow that is pesent in an absorption process. These papers relied on adoption of
N u s s P3%] indzlelonthe process of laminar film condensation along a vertical plate
which is subject ofstandard text books on heat transfer (24]). In this modela
linear temperature profile and a parabolic velocity profile are assumed. Equations for
film thickness Eq. 2-39), heat transfer coefficienE(. 2-40) and average heat transfer

coefficient Eg.2-41) are derived.
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Espig and Hoylg105] extended the analysis of laminar film condensation to
rotatingdisks and kept the assunmat of a linear temperature profile. They deriveg
2-42f or film thickness that does not depend

to derive the (mean) isothermal heat transfer coefficleqt2-43).
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To testthe validity of their modekxperimentally they used a setup in which dry,
saturated steam condensed on faoe of a rotating disk that was caa on the back
faceby cooling water spray. They found that experimentallysus=d values exceeded
theoretical predictions and that the correction applie&dn2-44 most accurately
described the deviations. Temperatures valudsqirR-44 are in units of Fahrenheit.

The deviatio of experiments and theory was explained by the presence of surface

waves.
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Sparrow and Gred@6] derived the same mean transfer coefficient as Espig and Hoyle
but optedto present it in terms of the Prandtl num{igq. 2-45). Eq.2-45represented
the solution fora thin layerof condensatevhere energy convection and inertia terms
are regarded as negligible. However, numerical solution of N&takes, energy
equation and conservation of mass without deje¢éinergy and inertia terms showed
that solutions only deviate frofeq. 2-45 for cases that were less likely to occur from
an engineering and fluid properties point of view. At Prandtl numbers between 10 and
100, energy convectiowas shown to become relevant and thefaotor was to exceed
0.904, but significantly so only for valuesAY4j E 1.

Q- 01 ) 245
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In an additional publication, Sparrow and Grgt)§4] reassessed the assumption
of no shear at thgasliquid interfacemade in[76]. Again, they studied numerically a
variety of cases and concluded that inclusion of sheheabaporinterfaceonly has a
small effect of few percent points at most. Largest influence was found for either very
thin or very thick films, and heat trafer was foundo decrease or increase depending
on conditions.

Nandapurkar and Beatt{77] experimentally studied condensation of three
different fluids ona rotating watecooled disk. Results were about28% below the

theoretical prediction ofEq. 2-41. However, the confirmed theropagated
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dependenciesf Eg. 2-41. The nass transfer coefficient was showo be proportional

to 5 ® and to vary with fluid properties as expected. Butuzov and Hif&ftalso
compared experimental datE(g. 2-41 and found good agreement with experimental
values 510% below theoretical prediction for rotational speeds above 52 rad/s. For
these experimental runs, they also confirmedettonent of 0.5 for angular velocity.
Resultslower angular velocitiewere adversely affected llye setup, which employed

a downward facing condensation surfa&ituzov and Riferteported heat transfer
coefficients of above 90 kW/( Kat 2139rpm and the lowest heat flux studied.
Typical for film condensation, higher heat fluxes lead to thicker films and therefore
lower heat transfer coefficientS§hey estimate heat transfer enhancement of rotating
disks over condensation on verdicsurfaces to equal a factor of 3 to 5. This statement
agrees wit h Sp[#]estimationdhatenh&hceengntiia [ equal&q.

2-46. Thus, the heat transfer of rotating disks was said to overtake the heat transfer

from vertical condensation surfaces when the condition giveiig-47is fulfilled.

o 2w 246
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Overall, latent heat transfer of spinnidgk seems to be better derstood in the
research community than sensible heat transfer. With latent heat transfer, the flow rate
on over thedisk is less uncertain as it can be calculated from the similar problem of

condensation on vertical planes. Experimental results agreewiblltheory and
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confirm the substantial enhancement potential of spinningrdettorsin this field.
However there no studies on the latent heat transfer when bulk flow is present such as

the absorption process in an absorption cooling system.

2.4.4. Internal heat transfer

Few studies have incorporated an internal cold wall into the design of a spinning
disk reactor. While internal circulation of a heat transfer fluid is the expected heat
removal method for most actual applications, studies on heat trahsfi@cteristics
largely relied on heat flux from an internal electric heater to the outsidelfdomally,
the disk itself consistsf a highly conductive material @ subdisk made & highly
conductive material issed. Heating elemenielow thedisk provide the heat input.

An arrangement of that form can only be used for experiments in which heat is added,
not removedHowever,exothermic reactions rege coolirg by a heat transfer fluid
circulating within thedisk. Usage of &eat transfer fluidnay ako be advantage in some
heating applicationddence,circulating heat transfer fluid is the prime mode ofthea
transfer in most applications. Notwithstanditigf/e attention has been spent on the
internal heat transfer resistance of spinntigks used a heat exchangeis the
available literatureFor example, studies regarding production of chemicals using
spinningdisk reactors that included internal cooling emphasized its effectiveness but

did not measure heat transfer rates [27,28].
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One exemption ia publicationon manufacturing of pharmaceuticalg Oxley et
al. [83] who used the Colburm factor Eq.2-48, found e.qg. if117]) for heat transfer
on the surface of diskthat had a diameter of 0.15 m.

06 QYDI~ — 2-48

The disk was cooled through a fluid circulating through a channel below the surface
of the disk. They chose the film thickness as characteristic length for the Nusselt
number but did not provide further info on thdgctors that hatbeen applied. Using
water as heat transfer fluid at a volumetric flow rate of 100 mL/s and a brass disk with
a cooling channel width of 3 mm, values for the overall heat transfer coefficient vary
between 2200 W/(lh K) at 20 mm radial di sta&kncetfrom
60 mm radial distance from center according to their calculations. Decreasing the width
of the cooling channel to 1 mm,-khlues increase to 4400 WAmMK ) and 2700
W/(m? K) r e s p e c tharsvsatedythat experenengalurésults agreed with the
calculations but do not disclose the level of agreement. They further detailed that a
smaller channel promoted turbulence. However, given flow rates and dimensions, flow
should be laminar.

The internaheat transfer of spinnirgjsk heat exchangers was topic of two patents
by Burns and HendersdB86,106] One matent[106] discloseda spinningdisk with
spiral passageay for the hettransfer fluid on the intern&hceof the spinninglisk. A
prototype was fabricated using copper. Bk was 5 mm thick and spiral channels

had dimensions of 10 mm times 10 mwith 2 mm fin thickness300 mL/s of water
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were pumped as heat transflrid through the spirals and 15 mL/s of water were
flowing over the top surface while the assembly was rotating at@&drhe inveators
claimed that an overall heat transfer coefficient of 9.7 kW/(iwas realizedwith

this setupWhile not provided in the patedisclosure simple analysis suggests that
internal heat transfer has to be on the order of 27 k¥/(&) achieve the cited overall

heat transfer coefficienfThis is roughly in line withthe prediction of the Dittus
Boelterequation.In the second pater[B86], the same authors described an enhanced
spreader pla They suggestqatofiling of the surface that serves as the lower plate of
the cooling channel the upper plate of which is the sidelof the spinninglisk. The

profile of this surface could be modified in a way to make the height of the gap between
the two surfaces inversely proportional to the radial position. Thus, radial velocity
could be kept constant and heat transfer could get enhanced without too much penalty
in terms ofanincrease in pressure drop.

Recently, the concept dfat plate manifoldmicrochannel heat exchangers has
received a lot of attention as experimental and numerical investigations revealed
favorableheat transfer and pressure drop characteristics of this type of heat exchanger
[21,22] Singlephase experiments with water incavl heat flux setting found the heat
transfer coefficient to be as high as 66,000 Wfior counter flow configuratiof21].
Themcr ochannel pl ate was made of copper. Wi
fin hei ght and width was HO heat mnanséen d 90
enhancement is achieved because the water entering the microchannel exhibits

developing flow characteriss; Andhare et a[21] report Nusselt number of 7.58 for
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a Reynolds number of 30. Stiiressure drop stays low becansany micochannes
areoperated in paralleWhile the concept of manifolthicrochannels has not been
applied or proposed tmtating disk applications, @ertainly offes an interesting way
to enhance heat transfer on the intefaaé of the diskDifficulties expected to lie in
machining the microchannel into the surface ofdis& and in theunusual geometrical
configuration.

In summary, the internal heat transfer process of spinning disk reactors has not been
subject to detailed studies although it is venportant for industrial applications of
the concept. Most researchers describing chemical processes carried out on spinning
disk reactors with internal cooling do not specify the cooling performance. Two patents
have been filed to increase the effectivenet internal heat transfer. Adaptiarf
innovative concepts such as manifahicrochanneltechnologycould improve the

overall heat transfer performance of spinning disk reactors substantially.

2.4.5. Masstransfer

There are twdlifferenttypes ofmass transfeoperations that are enhanced by the
use of centrifugal forces in spinning disk reactors. The iglidd mass transfer at the
interface ofdisk surface and liquid ihe more commonlgtudied and has found its
way into standard textbooks.g.[118]). Boundary layer analogies apply at the laminar
flow of liquid over the disk surface where the process takes plaegproblem of gas
absorption differs in that theaporliquid mass transfer takes place at the free surface

where the standard assumption is no shear and boundary layer analogiespgdynot a
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Several theoretical models were developed by Venkatanibt@h Wood and Watts

[96] cited Venkatamarans mo d e | for small depth of pene
it can be shown to collapse #q.2-49wi t h U e q ulbely comparedOit.to7 6 4 .
experiments of absorption of carbon dioxide into water and found it to agree reasonably

well. Lim [120] compared his results ¥enkatar a mafinabpsp r o X i mat e o0 mod el
can be shown to be equal Eg. 2-49wi t h U equal to 0.431. Hi
absorbing oxygen into water yielded mass transfer coefficients appr@¥(02b above

model predictions. The regssilof the earlier works of Lim and Wood and Watts are

thus in disagreement with the later investigation of Aoune and Ram4diwwho

found experiments using an oxygemter system to surpass predictions based on their

version of the Higbie model by a factor of 5.
] ©O
'Q | -| 2-49

Rahman and Faghj89] developed an analytical and numerical solution for both
vaporliquid and solidliquid mass transfeiThey assumed an inletherethe fluid is
dischargedirom a pressurizedontainer at a certain inlet radius equivalent to the
controlled liquid jet entrance condition in later works. However, a parabolic velocity
typical for free surface flow was assumed at the entrance without the consequences of
shear stress that would resintim a stationarylisk restricting the flow in z direction.

After discharge the flow was driven by both inertial and centrifugal foro&fier

simplifying assumptions, the noentration equation reducedlq. 2-50.
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From the momentum equation, they obtained the basic Nusselt equation but used the
free surface as the zero coordinate in axial direction instead of the standagdtion

of setting z= 0 at the wall surface. Equations were ftdmensionalized such thateh
concentration equation becantgy. 2-51. Ch, h—, Z were nordimensionalized
concentrationkq.2-52), radal coordinate [Eq.2-53), radial coordinate combined with

fluid and flow parameter€£(2-55), and axial coordinatd=(). 2-54), respectivelyThe
definition of Z Eq. 2-54) was changed to stay with notation used here of axial

coordinate equal to zero at ttisk surface.

Te 11

D — — 2-51
P9 = &
6 O
B — 2-52
o (0]
1
T 2-53
o ¢ 2-54
a
- X8, 0 ,7 p 2-55

The nondimensionalized transport equation was solvedséparation of variables
using the standard boundary conditiofds (tdt 1 pA [jT & T} TH
p and Eq. 2-56 followed. In Eq 2-56, M are hypergeometric functions and

eigenvalues, valigeof G, and_ were given in a Tablg9].
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As outlinedby Rahman and fghri in an earlier wor88], the numerical art of
theirwork solved equations of motion and transport for a pie shaped flow domain. With
respect to film thickness, the numerical simulationintermediate Ekman numbers
showed an initial increase in film thickness due to frictional effects onénial forces
at the entrance. Further downstream, centrifugal effects were more important and
caused a decrease in film thickness. The peak occurred at smaller radgher
rotational speeds. The analytical solution did not include inertial entedfests and
thus showed monotonically decreasing film thicknesgsle the numerical study
accuratelycaptureghe trends in filnthicknessin [88] the authors further showed that
the numerical simulation resulted am approximately parabolic velocity profil&s
can be expected from the differences in the flow field, numerical and analytical
solutions for mass transfer differed more at smaller [&9jj. Mass transfer results
were presented in terms of Sherwood num8é&t, based on kinematic viscosity@n
gravitational consta, which was said to be commonthmin falling film literature.The
numerical solution showed a strong decrease of Sherwood number in the entrance
region due to the developing concentration boundary layer. It was followed by a
minimum that corresponded to the maximum imfthickness. Aalytically and
numerically derived Sherwood numbevsre in good agreemeat larger radii The
effect of parameter variations on the Sherwood number wasial@stigated An

increase in inlet Reynd$ number increased mass transfer in the entrance region where
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inertia was increased but decreased mass transfer at larger radii where film thickness
increased. The rate of absorption over the whole disk increased with decreasing inlet
Ekman number; it ddaled wherrotational speettipled.

Peev et al[121] reviewedthe work of Rahman and Fagh&9] and developed a
simplified model based on the saamalytical approachn the theory of dilusion into
liquid falling film, the simplification can be made thhe absoratedoes not penetrate
far into the liquid filmif the diffusion is slow, e.g. for the absorption of oxygen into
water[122]. Then it can be assumed that the whole concentration boundary layer is
located in a zone where velocity equals maximum veloedgy et al[121] assumed
that this assumption was justified because residence time of liquid on the splisking

is low andthe transport equation simplified . 2-57.
. A
0 — O— 2-57

Usingthe boudary conditionsi( 'Y 6 I 1MW o6 md 6 and
referring to the solution of a similar problem{22], the local mass flux followefEq.
2-58) and the mean mass flux was foungibtegration Eq.2-59). This allowed to

define the average mass transfer coefficieqt2-60.

o6 - 2-58

2-59
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0 O
The average Sherwood numhéth disk radiusas characteristic lengtt given byEq.
2-61. The Sherwood numbean be written in terms of EkmaReynolds and Schmidt

numbes andEq. 2-62 follows if the liquid feed iglischargedt the center of the disk.

ORI N
YO - 2-61

(O R T
Qi @0 2 A. Yy 2-62
0 o @ 000 2 A, "D -

It can be shown that thisgelt by Peev et ais equivalent tadhe application of the
so called Higbie penetration model to the problem. Hidli23] described that
industrial absorption equipment is characterized by short contact ¢ihges phase
anda usually laminar layer difquid. Thus, the depth of the boundary layer is very thin,
e g. 15 em for the absor ptfiero00l sedondca@r bon d

exposure timeThe mass transfer coefficietfiian results as ikq. 2-63.

Q — 2-63

Different authors proposed to use averfigg and surface residence tirf3] in
EqQ.2-63. Using the definitions of average and surface residence time, the average mass
transfer coefficientin E@-49f ol | ows wi th factors parameter

Following the definition of the average Sherwood number in terms of dimensionless
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numbers, Eg2-64gi ves t he Sherwood number foll owin
1.085 and 1.329 for the cases of average and surface residence time, edgpectiv
"0 QTl | ¢ 0Q2A, Y5 10Q2A,"Y% 2-64

Peev et al. compared dimensi@deconcentration calculated from Rahman and
Faghri s numeri cal and analytical resul ts
average concentration fromumericakolutionto be highest as only numerical accounts
for convective mass transfer in moranthone direction. However, neither models
foundto adequatly capturethe experimental results reported by Aoune and Ramshaw
[13] which was contributed to the omission of wave effects in all mo8élk. it was
established thahe optimized coefficients for the dimensionless numisasvnin Eg

2-65allowed toft Aoune and Rams h damabvih ae average aerronefn t a |
6%.
~O pRIPTOQE 2 A Y 2-65

It shall be noted thexperimental data did not include variations in Schmidt
number. Eq2-65al so wor ked reasonably well when Ao
transfer coefficients where plotted and correspondently local Reynolds and Ekman
numbers enmlpyed. Peev et al. compared the semmipirical correlation to the
analytical model and contributedifferences to the mass transfer enhancement of
surface wavedsHq. 2-66). It is stated that enhancement due to flow waviness, wich
calculated as increase of béistmass transfer correlation above initial theoretical

prediction, lies in between 6 and 13.
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Q:
The effect of wave regime on vapliguid mass transfer was studied numerically

by Sisoev et al[124]. They found that wave formation led to deformation of the

diffusion boundarylayer, whichincreased gas absorptioiWoods[97] estimated the

additional surface area due to waves to be close to 1 percent and thus ruled out th

increase in surface area is responsible for high mass transfer rates of sgisking

devices. Sisoev et aldescribed in anothgrublication[125] how grooved patteson

thedisk surface increase wavine&ased on the own numerical waviness model and

the experimental data by Aoune aRdmshaw, Sisoev et al. formulated a quantitative

model to calculate mass transfer that has been reported by Jachuck and8uitns

their correlation, Sisoev et gbroposed to useaharacteristic fin thickness defined in

Eq.2-67. Mass tansfer coefficient and Sherwood number based on characteristic film

thickness are given iBgs.2-68 and2-69, respectively The Sherwood numbshowed

a positive relationship witlboth rational speed dnliquid flow rate which was

attributed to increased surface waviness with an increase of these paraifteters.

model by Sisoev et al. is the only correlation that includes surface tension, a parameter

that can be expected to be relevant if surface wawimeseases mass transfer.

oL -~ 2-67
| ]

q
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In conclusion, a number different formulas to calculate mass transfer of spinning
diskshavebeen brought forward by differeresearcher€arly models were based on
the Higbie penetration model and some researchers found reasonably good agreement
with experimentsalbeit experirentally deducted values were usually high&oune
and RamshaJd 3] reported experimental mass transfer réaeabove those predicted
by the Higbie model and twesearch groups developed samipirical mass transfer
correlations based on the experimemgorted by Aoune and Ramshaieev et al.
[121] expressed the Higbie model using fsimensional numberand changed
coefficiens baed on a data fitSisoev et al[14] developed a correlation by fitting
Aoune and Rams h aatdte tharxmopdelron absarptica linto wavy
surface. Thus, overall the uncertainty over the scale of mass transfer enhancement is

still substantial.

2.5. Previous devebpment of a otary heat pump

Several patents and publications report on the opportunities to enhance heat and
mass transfer of absorption heat pumps through the use of centrifugal [foftes
19,72,74,75]The earliest reference is a patéed by Cross and Ramshaw lohperial

Chemical Industries (UKip 1984[17]. The invention was designed to provide heating
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at a COP greater than ousing a gadired boiler asheatinput. All mass transfer units
of the heat pumpvereflat plates mounted on one rotary sh&iigure2-9). The pump
was to supposed to be of rotary tyalspbeing driven by the rotational shaft. Absorber
and evaporator were integrated into one wuhsisting of several platesvhere
condensable vapor and lean solutioerevfed on one fadbe plateswvhile the liquid
refrigerant coming from the condenser was fed on the offies. subchapter will

expand on the overview providedTiable2-6.

N

277

27—
N

A AN

25

Figure2-9: Centrifugal heat pump. G = Vapor generator, C = Condenser, X =
Solution heat exchanger, P = Rotary pump, A = Absorber, E = Evaporator. Figure
from [17].
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Results of a first pr ot qR2)yThedesige, ahowne d
in Figure2-10, exhibits some deviations from the previously filed paterthe revised
design, condenser and alser unit were integrated into one unit cstiag only of
one plate As both units reject heat, internal cooling was introduced. The evaporator
was changed to ovalibetype and refrigerant flowas recirculatedn evaporator to
improve wetting.The absorbent was a mixture of very strong solutafrigotassium
hydroxide (KOH) and sodium hydroxide (NaOwlich can withstand high heat input
temperatures in the generator acah generate &igh temperature lift. @esium
hydroxide was added to influence crystallization arapor pressure behavior.
Refrigerant in this system was water. The prototype achieved a COP of 1.2 in heating

modeat 30°C temperature lift.
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Figure2-10: First prototype of centrifugal absorption heat pump "Rotex". Figure from
[72].

Several problemsvith respecta operation and performanoéthe prototypevere
repored

1) Vacuum sealing and builtp of noncondensable gases.

2) Heat spreading in the unit.

3) Splashing.

4) Distribution of absorbent on the generator plate.

As thepriceof natural gasleclined during the development phase, the objective to
commercialize the hepump as a high efficiency heating device became less attractive.

An international consortium with Spanish, Americand British companies was
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formedto redesign the product into a dougtect heat pump for cooling purposes,
cal | ed A13n3ubstamtial efforts were made to advance the project, with a
total of 9 engineers plus additial manpower from the consortia memtassigned to
work it. The machine design ag changed again, partially to reflect douiiect

operation with three pressure levefsgure2-11).

COWL—\ r REFRIGERANT
\

/

X
PRIMARY CONDENSER— \\
X

ABSORBER

INTERMEDIATE~

’ EVAPORATOR
CONDENSER X /'

COOLANT WATER
TO FAN COIL
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5
1 ===
Bum\i m—
b
CHILL WATER
T0 FAN COIL
/
PRIMARY —/ ‘ i L
GENERATOR :\‘\\ / h N == ~ —
N TN\ SOLUTION HEAT AXIS OF ROTATION
/ \ EXCHANGER
/ \
ABSORBENT — \ INTERMEDIATE
GENERATOR

Figure2-11. Drawing of doublesffect rotary heat pump design Interoteigufe from
[74].
Further,the absorbeand primary condenser were changed from flat plate type to

coil type. Experimental results are reporte@i7i]; the hydroxide absorbeallowed to
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reject heat at a high cooling water exit temperature of 52°C which resembles dry
cooling and would not be possible with conventiomater/lithiumbromidesystem due
to crystallization limitations. COP was 0.76 at 8.8 kW cooling capacita fystem
with a diameter 00.5 mand a length 00.5 m. The target COP from modeling the
system was 0,9ndicating unpredicted inefficiencies in the machi@errosion issues
with the KOH/NaOH mixtures proved to be persistent and the developers switched to
lithium bromide asabsorben{75]. With water/lithium bromideas working fluid, the
rotarychiller achieved a performance of 10.5 kW cooling capacity at a COP of 0.9 at
ambient temperature of 32 @dicating that dry heat rejeoch in moderate climate is
possibleOperatedn double effect configuration, the chiller used flat plates for primary
and intermediate generatorEhe film heat transfer coefficient of the intermediate
generator was 9 kW/(fn Kand overall heat transfepefficient of the intermediate
condenser/intermediate generator 6.5 kV¥/(r The intermediate generator operated
at a temperature of 107 °C and a pressure of 12 kPa, one order of magnitude higher
than the typical pressure for absorbers. While the whulkecwas integrated in one
rotating enclosure, it was reported that highest process intensification was achieved
through the flatisk generatorsThe absorber was listed as the major area of future
development as it is the mass transfer units witheégghemperature, concentration and
pressure drop operation windows and most challenging fluid propédttiesnit of 0.5
m diameter and 0.5 m length was supposed to deliver a cooling capacity of 10.5 kW.
The Spanislcompanies Fagor Electrodomestica€oop. and gasNaturabDG

S.A. continued the development work and commercialized a seftget rotary
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absorption c [19,126] pictured iRFmureR+12 A tabe leat exchanger
provided the dry heat rejection of the cooling fluidatobient air A review on heat
absorption machines in 2011 listed Rotartica as one of only two lithium brémide
water absorption machines that allow dry coolj@g7]. The unit was marked for
solar absgstion cooling applications and operatiodata is reported if93]. A 20 days
test trial in summer climatein Madrid, Spain, resulted in average COP of 0.49.
Conventional electric resistance heating was used as heat dbeteetric power for
auxiliary units and the respectigeneration #iciency is taken into account, the COP
based on primary energy decreases to ®A8af 2017 Rotartica is believed to be out
of business with the exact cause tbe commercial failure unknown. However, it
seems likely that the performance of the dewigs not strong enough to justify the

additional expenditures associated with rotation of the assembly.

Figure2-12: Rotartica 045 rotary absorption chiller. Figure frii6].
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In summary, aubstantial researctifert has been invested in the development of
rotary absorptionh e a t pumps from the 19P&bnssandunt i |
published performance data has proven the viability of the concept. However, since the
development was advanced by commercial companies throughout, no detailed design
data, operating conditions apdrformanceorrelations are available in the published
literature. The design of the machine went through seviegedtions some associated
to changes do the objective due to economic considerations. While the first design used
flat disk for all transfer units, later stages switched to coil type designs for etapor
and absorberThe reasons for the design change were not discussed in the open
literature.Still, the flatdisk designs ofntermediategeneratoidondenseunit were said
to have achieved the highest process intensification. The combined intermediate
condensr / intermediated generator achieved an overall heat transfer coefficient of 6.5

KW/(m?  Kwith lithium bromidei water as working fluid.
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. Experi ment al studbwoaosfbespi nning

This chapter describes the development, design and fabmiaaftia first generation
spinning disk absorber. Further, experimental test results are presented and discussed.

Figure3-1 shows a graphical abstract of the work presented in this chapter.

Biim, spr = 5-5 * Nejim, tube bank

Ll

Water
vapor Cooling
water inlet
i 7
E) """"" R - f - — e ’L . 4—C001mg
Absorbent — — water outlet
a ' 625 rpm
—
: | Copper disk

Figure3-1: Graphical abstract of work presented in chapter

3.1. Description of absorber design and experimental setup

3.1.1. Design of thetest section

A spinning disk reactor used as the absorber increasesréwesfer thragh and
mass transfeinto the liquid absorbenfilm. For the reactor to take full advantage of
this enhancement, good heat rejection capabilities are required throughout the whole
assembly. The wall in contact with the absorbent solution should exhibth&rmal
resistance, while heat losses everywhere else and heat transfer between the hot and cold
sides of the cooling water should be mitigated. At the same time, operation under

vacuum requires effective vacuum sealing and structural relialbilgyre 3-2 shows
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a schematic of the spinning disk reactor assembly used in this work. The axis of rotation
of the disk aligned horizontally. The surface of the disk assethhtywas in contact

with the absorbent soluticconsisted of a 6.35 mithick copper plate of a diameter of
0.305 m. The plate was cooled internally using a thin channel of 0.263 m diameter.
Cooling water flowed through the channel in counter flow operation. The backside of
the channel was constrictbgt an acetal disk that also prevented heat transfer between
the hot and cold sides of the cooling water through its low thermal conductivity. Both
cooling water supply and return flowed throughkeoaal tubing in the drive shaft. Here,

air insulation(not shown inFigure3-2) between the cold and hot sides prevented heat
transfer. A rotary feedthrough inserted into the vacuum chamber incorporated bearings
and lip seals and aided to secure the disk assembly. The drive shaft westebho

the cooling water loop by a custesiesigned rotary dufiow valve.
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Figure3-2: Schematic of spinning disk assembly.

Figure 3-3 shows the various components in more detailh additional
specifications as follows:
1: The surfacealisk in contact with the absorbent solution has a radius of @18
thickness of 6.2nm and is made out of copper. Copper ensures minimal heat transfer
resistance while deformation at 1.5 bar puge difference is 0.4dhm.
2: Stanless steel sealing ring with-fing glands on both surfaseComponents 12
and 3 all have 36 thrholes forfastening

3: Backdisk, similar dimensions as 1 but made out of stainless steel.
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4: Delrin plate of 0.13n diameter. The widtlof the cooling channel betweerafd 4
defines the internal heat transfer coefficient and influences pressure drop. Low
conductivity of Delrin(also known agpolyoxymethylene or acejaminimizesheat
transfer between hot and cold sidecobling fluid.

5: 12 sealing screws on twibfferentradii in conjunction with shim washers control
the width of the cooling channdlhe width of the cooling channel is thus flexible and
can be changed by adding shim washers.

6: Outer shell of the shaf€Cooling fluid entersdisk assembly through annular gap
between outer and inner shell of shaft and flows along back surface of digipiar
counter flowdirection to absorbent on top surface of the coplpse It exits through

7.

7: Inner shell of thehaft actually consists of two thin tubes welded together with a
small air gap in between for insulation.

8: Two consecutive lip seals for vacuum sealing

9: Bearings.

10: Aluminum tubing thato keep bearings in place.

11:Keyless timing plley.

12: Statiomry ducflow rotary valve facilitates connection between cooling water
supply/return and rotatingisk assembly.

13: Nut tightening in direction of spinnimtisk to prevent movement in axial direction
towards toplisk.

14. Cover plate which provides suppto bearing, connected to rotary feedthrough.
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15. Rotary feedthrough: Connects to feedthrough of vacuum chamber and provides

housing for bearing and sealing. Prevents movement in axial direction.

Figure3-3: Drawing of spinninglisk absorber including auxiliary parts.

Thedisk assembly shown iRigure3-3is held in place by a rotary feedthrouiat is
inserted into a feedthrough of thacuum chambeA drawingof the vacuum chaber
with its supjrt structure is shown iRigure3-4. The spinningliskabsorber is operated
in with the axis of the driveshaftin aligned with the horizontal. This arrangement
alloweddirect connection to the evaporator otifl bop absorption cooling systefor

later stage testing.
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Figure3-4: Drawing of spinning disk absorber, vacuum chamber and support

structure.

3.1.2. Experimental setup

Figure3-5 andFigure3-6 show a schematic and a picture, respectively, of the test
setup, which consisted of a combined absorber/generator chamber that operated at one
pressure level. The spinning disk reactor served as the absorber, andrantedater
was used as generator. The strong solution was fed at the center of the disk by a nozzle
located 3 mm from the surface of the disk. The disk rotated at velocities between 125
and 625 rpm. To measure the temperature of the solution as itneas thiff the disk,
the solution was partially captured by two -pbnted runoff trays. The trays were
located to the lower left and upper right side of the spinning disk. From the trays, the

solution flowed by gravity towards a 7.5 kW electric heatertangesssteel plate
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between the generator and absorber sections prevented the violently boiling solution
from throwing regenerated liquid back towards the disk. The plate is not shown in
Figure3-5 for simplicity. Heat transferdiween the vacuum chamber and ambient was
minimized by foam rubber insulation of 12.7 mm thickness. The lid of the vacuum
chamber was made of Pyrex to allow visual access to the surface of the disk and the

path of the fluid within the chamber.

Vacuum

chamber \\‘ ':' ®_ @ ----- ﬁ lslel

[ [ n Cooling water loop

Pyrexlid —» i 1

Chiller
Nozzle

e ‘ B
Spinning / é _®
disk reactor ‘ @ \ Run-off

, \ collection tray Chiller Heat

exchanger
. l @ Generator 9
Gravity

o
s

Pump
@ Thermocouple @ Vacuum pressure transducer
@ Mass flow meter Differential pressure transducer
@ Density measurement @ RPM sensor
@ Current measurement @ Voltage measurement

Figure3-5: Schematic of the experimental setup.
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Figure3-6: Photograph of the experimental setup.

Two Coriolis flow meters measured the flow rate and density ofdhdiegn. A
plate heat exchanger connected to a chillercpralitioned the solution before it was
recirculated to the absorber. Concentration of lithium bromide was controlled to an
accuracy of + 0.1 wt% and subcooling of the solution to = 1 K. Subcaplimdefined
as the difference between saturation temperature of the solution at the inlet to the
absorber, which depends on pressure and concentration, and its actual temperature. A
positive value indicates that the solution needs to absorb water vapeadb
equilibrium, while a negative value signifies a supersaturated solution. Experiments
have shown that the effect of subcooling on fdide heat transfer coefficient is
approximately 1% reduction in filkeide heat transfer coefficient per 1 K of sodbling

at the conditions relevant for the current st{#}. Cooling water for internal cooling
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of the disk was supplied and exited through the drive shaft of the disk. A 0.5 hp DC
motor connected to a variable power supply rotatee disk. A shaft speed sensor
measured rotational speed of the motor shatft.

Figure 3-7 shows an image of the spinnikigsk absorber during operation. The
liquid feed is impinging in the middle of tltksk and is driven outwarlly centrifugal
forces. The blue trays to the left and right of diek capture liquid as it is thrown of
thedisk A T-type thermocouple probe inserted at the lower end of the trays measures
the temperature of the liquid. The solution flows towards atlieedgh at the lowest
location of the vacuum chamber by gravity. The stainless steel plate can be seen just

below the rotatinglisk.

Figure3-7: Front view on spinning disk absorber during operation.

90



3.1.3. Characteristics of geration

Table 3-1 lists operating conditions during the experiments and specifications of
the absorber. Data related to relevant tests of a conventional absorber by Kyung and
Herold[43,128]are included for compaon purposes. Most experiments were carried
out at constant pressure of 1100 Pa. A few data sets investigated the effect of pressure
and included data acquisition at 1100 Pa and 2000 Pa. Changes of any experimental
parameter caused the equilibrium pressditbe system to shift. Therefore, the voltage
supplied to the generator, and thus the heat input into the system, was controlled to
achieve constant pressure at otherwise varying operating conditions. In this manner,
pressure was controlled withirf.0 Ra. Once the system reached steady state, data were

logged over a period of one minute for subsequent analysis.

Table3-1: Absorber specifications and operating conditions.

Parameter Current study Kyung and Herold [43,128]

Absorber type Spinning disk Horizontal tube bundle (4

tubes)
Internal/film-side heat transfer surfac 0.054/0.073 0.072/0.086
area of absorber [fh
Inlet mass fraction [wA% LiBr] 57.2/60 60
Mass transfer enhancing surfactant None None
Solution mass flow rate [kg/s] 0.010- 0.0275 0.01-0.035
Inlet subcooling [°C] 1.0 0.0
Cooling water mass flow rate [kg/s] 0.090 0.126
Cooling water supply temperature [°C 305 30.0
Pressure [Pa] 1100/ 2000 1093
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To prevent corrosion, ghsetup was pressurized with nitrogen whenever not in
operation to avoid the introduction of oxygen. At the start of experiments, the system
was purged with a vacuum pump while circulating the absorbent solution. Vacuum
leakage rate was less than 0.5 Pa/rand purging was performed at regular intervals

to prevent buileup of air inside the system.

3.2. Data reduction and analysis

Researchers most commonly analyze the flow of a liquid over rotating disks by
adapt i ng[95Ndesrpoh af Goadensation on vertical plates as described by
Wood and Watt496] and Bell [100]. If gravitational acceleration is replaced by
centrifugal acceleration, local film thickness and radial velocity profile and are given

by Eqs.3-1 and3-2, respectively13]:

o a -
1 _— 31
G ul

n ", a 3-2
— al —
C
Although more sophisticated models of the hydrodynamics havedmeloped,
the Nusselt model captures the dominant characteristics of thin films flowing over

rotating diskg70,97] Integration of Eq3-1 yields the average film thickness over the

disk surface (EgB-3):

1 QaQl Q% yg

- ‘ .
1 l DO

3-3
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Different researchers proposed the use of different temperature profiles to derive
average temperature of liquid film and heat transfer coefficient. For the case of sensible
heat transfer, Wood and Waff§ and Bell[100] assumed a cubic polynomial, while
Aoune and Ramshayi3] assumed a parabolic temperature profile. The standard
assumption for laminar film condensation is a linear temperature g&filerhe basic
process of deducing average temperature and theesfer coefficient is given by
Aoune and Ramshayl3]. Howeve, there are inconsistencies in their derivation of
both average temperature profile and heat transfer coefficient. Appendix | shows the
calculations that lead to Eg3-4 and 3-5 for average temperatuand heat transfer
coefficient, respectively, for a parabolic temperature profile. The value for heat transfer

coefficient derived here is 50% higher than the value givgh3h

> p"Y T y
h ) 0 34
0 LQ
q 35

Nusselt originally modeled a condensation process that results in msétitr@cross a
gasliquid interface. For the thin film that follows, he assumed a linear temperature
profile. The average temperature of the liquid is given in3ggy.which, together with
a parabolic velocity profile, leads tioet heat transfer coefficient in E&7 as shown in

Appendix Il.

Y 3-6
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Thus, a parabolic temperature profile results in a 56% higher heat treosfcient
than a linear temperature profile. While the Nusselt profile and its assumptions are
accepted for film condensati¢@4], its applicability to water absorption into lithium
bromide solution is more ambiguous. Kyung et [&R9] analyzed the absorption
process over tube banks in a 2D model and concluded that the temperature profile is
nortlinear for the first quarter of the flow dgiance Therefore, the most accurate
description may lie between the coefficients deducted for linear and parabolic
temperature profiles.

Inserting average film thickness (E8}3) and a coefficient
constants irEgs. 3-5 and 3-7, the average filaside heat transfer coefficient can be

written as Eq3-8:

- Ya
Q Q—erc—— 3-8
T p (pY—| ”

The heat transferred to the cooling water loop of the absorber was calculated from
the mass flow rate of cooling water and the temperature difference across return and
supply lines (Eg3-9):

0 a ©p Yi oY n 3.9
The efficiency of the electrical motor that spun the disk was taken from the motor curve.

The power used for rotation after accounting for icefhcies of the motor is given by

Eq.3-10. It was assumed that this power was lost due to friction in the sealing assembly.
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The resulting heat was assumed to be picked up by the cooling water. Thus, the heat
rejected during the@bsorption process was calculated as heat transferred to cooling
water minus power used for rotation (Bell):
0 -0 3-10
0 0 0 311
In the absorption literature, log mean temperature difference in the abs®rber

commonly defined using saturation temperatures on the solution side as shown in Eq.

3-12[10,20,43]

v - i’Y EY R Y Y oq 312
L TYs Yy TYs Y

At the inlet to the absorber, saturation temperature can be calculated from the measured

variables mass fraction and pressure. The saturation temperature at the outlet of the

absorber depends on the mass fraction of lithium lalemt the outlet, which is given

by Eq.3-13. The mass flow rate of water vapor in Bgl3is unknown and must be

determined through mass and energy balances3Egsand3-15, respectively:

‘ a i 313
W -
a j a
a a i a 3-14
0 Qra 5 Q a Qs a ; 3-15

The area of fluid flow over thgurface of the absorber serves as control volume for the
energy and mass balances. E@sl3 to 3-15 include theunknownso 5 h
a hQ  ®& &  , which leaves the system of equations unspecified.
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Yuan and Herold130] developed a property expression for specific enthalpy of
agueous lithium bromide as a function of mass fraction, temperature and pressure.
Since temperature and pressure are known, this equation can be used to solve the
system of eqations and to determine the mass of water vapor absorbed and related
unknowns.

Once concentration at the outlet of the absorber is specified, the saturation
temperature can be calculated. Then, overall heat transfer coefficient follows from Eq.
3-16. Since the heat removal ability ultimately depends on the internal heat transfer,
the area of the channel inside the disk only the activekcooled area of the copper
disk,was used to calculate U:

ny 0 3-16
Y'Y 0

The flow in the internal cooling channel is laminar up to a radial distance to center of
13 mm. Thus, the turbulent area is negligible, and the Nusselt numieemfoar flow
between parallel plates with one heated and one insulated plate applies. Assuming an
uniform temperature profile, the Nusselt number is equal to2189. With an average
cooling channel width of 0.329 mm, the average hydraulic diameter is equal to 0.658
mm, and the internal heat transfer coefficient has a value of 4455 WKJihis leads
to aninternal thermal resistance of 0.0041 K/W, while the copper plate has a conductive
thermal resistance of 0.0003 K/W.

The combined conductive and internal convective resistances were further

confirmed from experimental data by adaption of the Wilson ptbinigue [131]. The
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total thermal resistance of the system is given by3Eky. and can be expressed by its
individual components (E@-18):

. P 3-17
Y V.
YO

Y

Y Y Y 3-18
The internal resistance was constant, since flow was laminarhancbbling water
mass flow rate did not change. Thus, B€l8 can be rewritten as a function of a
constant , -tideheatirahsfér toefficient, Byd which leads to E@-19.

If Eq. 3-8 is inserted while replacing the exponents fotational speedind film

thickness with o 320descripes total eesigparce:t i vel vy, EQ.

v | OLQ 3-19
v, P _ua 3-20
5 1 0p oYl

Eq. 3-20 can be fitted taneasured values of total thermal resistance to quantify the
unknownsU, b, 9 and U Since the equation cannot be linearized in terms of these
variables, a minimization scheme is need&1], and an algorithm to solve ndinear

leastsquares problems was used. The variable of interestBy®j. s U, t he combi
internal and conductive resistance, while the additional variables are included due to
inherent uncertainty of Eq3-8 to predict the filmside heat transfer coefficient

accurately. Initial fits revealed thatqE3-20 represents experiments at different

rotational velocities reasonably well, but that the effect of changes in mass flow rate

was not in agreement with the prediction of Eg8 and 3-20.This observation is
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consistent with previously reported experimental datg82,96] and most likely
caused by increaseadixing at higher flow rate§99,102] Thus, Eq.3-20 was fitted
separately to seven data sets covering different vapor pressures, concerdrations
mass flow rates. Film temperatures and concentrations were used to calculate thermo
physical properties. Each data set contained data from four different rotational
velocities between 250 and 625 rpm. Data at 125 rpm, which were deemed to be
influencedby t he gravitational acceleration due
surface, were omitted. Each fit revealed values of the variables within the expected
range: for exampldy between 8/5 and 5/2close to 2, andclose to-1/3. The average

value of Uwas 0.0045 K/W at an uncertainty of + 8% in accordance with a 95%
confidence interval. Thus, the measured combined internal and conductive resistance
was close to the expedt@alue based on design calculations. Accordingly, the Wilson
plot technique confirmed that the performance agreed with expectations based on the
design of the device within anticipated tolerances.

Although the experimental setup did not include a deségha&vaporator for
production of chilled water, it is possible to calculate cooling capacity from the mass
flow rate of water vapor that is absorbed. Since the absorption process releases heat of
vaporization and heat of dilution, the cooling capacity nmesbased on the heat of
vaporization of water only and not on the heat rejected by the absorber. The cooling
capacity based on the mass flow rate of water vapor and enthalpy of vaporization is

given by Eq.3-21. The enthalpy of war was evaluated at the measured pressure.
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Moreover, saturation was assumed since an evaporator would operate at saturated
conditions.
0 a Q Q 3-21

According to Kyung and Herold 3], the heat transfer coefficient is an appropriate
gauge of the overall prmance in absorption cooling systems because the heat and
mass transfer processes are closely related. Therefore, heat and mass transfer
coefficients convey largely similar information. In the present case, the solution leaving
the disk is close to satation, which makes calculation of a log mean concentration
difference and a mass transfer coefficient highly uncertain, as it relies on a very small
concentration difference at the exit. Thus, itis more reliable to measure the heat transfer
coefficient,whose measurements are more accurate.

Table 3-2 lists limits of error of measurement variablé&uipment suppliers
commonly do not differentiate between random and systematic uncertainties and
therefore the uncertainty analysisthis study includes both types of errors. However,
in order to further minimize the effect of random errors, measurements were collected
over a time interval of 1 minute and averagethermocouples that measured the
temperature of cooling water were ibahted using high accuracy resistance
temperature detectors. Uncertainty of measurement results was evaluated using the
procedure outlined in NIST Technical Note 14932]. According to the Technical
Note, the uncertainty w of the output variable y, which is a function of input

estimates x Xo, én, canxbe calculated from the sensitivitefficiens! M w, the
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standard uncertainty of the input measurentesd and covarianceé who (Eq.

3-22).

3-22
"0 ey )
0w T—w 6 W ¢ T—Q—% who

—a

If individual measurements are uncorrelated and random, the covarianceSi8Z&q.

are zero and the formula shortens to £83.

3-23
. raQ.,

oOw — 0 W

w

—a

Standard uncertainties in output quantities of interest are list€dhble 3-2. The
main sourceof uncertainty of output variables was uncertainty of temperature
measurements. Measurement of cooling water temperatures generated 98.7% and
95.4% of the uncertainty of overall heat transfer coefficient at minimum and maximum
heat transfer rate recorded the experiments, respectively. At the minimum heat
transfer rate, 90.8% of the uncertainty of fisae heat transfer coefficient was caused
by uncertainty of cooling water temperatures. At the maximum heat transfer rate,
uncertainty of internal thermaeésistance generated 63.2% of the uncertainty of the
film-side heat transfer coefficient with the remainder due to uncertainty of temperature
measurements. Uncertainty of cooling capacity and mass flow rate of vapor was almost
exclusively caused by unceirity of temperature measurements while uncertainty of

power consumption was due to uncertainty of current measurement.
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Table3-2: Limits of errors of measurement variables.

Measurement Instrument/sensor used Proportional  Absolute Total error
: Error source at typical
variable (Manufacturer, model) error error "
conditions
Coolina water Coriolis flow meter Measurement,
9 (FCI, FlexCor Model CMF transmitter, + 0.36% +0.14 g/s +0.51%
mass flow rate ;
Series) current
Coriolis mass flow
Solutllon measuring sysf[em (Endres Measurement, ) + 1 kg/m3 +0.06%
density + Hauser, Proline Promass current
83A)
Solution mass Mass flow measurement Measurement
system (Endress + Hauser T +0.16% - +0.16%
flow rate current
Promass 63A)
Vacuum Capacitance manometer
ressure (MKS Instruments, Measurement +0.25% +0.13 Pa + 0.26%
P Baratron Type 622C)
Rotational Shaft speed sensor (Electr 0
speed Sensors, ST420) Measurement +4.2 RPM +1.12%
Data acquisition system + 0.00005
Motor voltage (Keysight Technologies, = DAQ +0.0035% .V + 0.004%
34970A)
Current probe (Amprobe  Measurement, o 0
Motor current Test Tools, CT238A) DAQ +1% +0.003 A + 1.05%
Copper/coppenickel
thermocouple (Omega Measuremst, ) o o
Temperature Engineering, Ttype wire DAQ +15°C + 3.26%
SLE)
Temperature Qallbrated coppetr/copper
. nickel thermocouple Measurement, o
of cooling . . - +0.2°C +0.63%
(Omega Engineering,-T DAQ
water .
type wire SLE)
Internal
thermal - Measurement - 0.00038 *+8.5%
. KW
resistance
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Table3-3: Uncertainty of output quantities.

Uncertainty at minimum Uncertainty at maximum

heat transfer rate heat transfer rate

Overall heat transfer 0 0

coefficient [W/(n-K)] 10.5% 4.2%
Film-side heat transfer 0 0

coeficient [W/(n?-K)] 17.5% 20.3%
Mass flow rate of vapor [g/s] 10.8% 4.5%
Cooling capacity [W] 10.8% 4.5%
Power consumption [W] 1.0% 1.0%

3.3. Results anddiscussion

3.3.1. Heattransfer performance

Figure 3-8 shows the relationship betwe®verall heat transfer coefficient and
rotational speedt different mass flow rates. In an absorption chiller, low solution flow
rates are preferred as they curtail efficiency losses associated with solution circulation.
However, too little solution flovzan lead to poor wetting of the heat transfer surface
in the absorber. Hence, the present experiments were conducted at relatively low flow
rates that were still high enough to guarantee good wetting of the surface of the disk.
The overall heat transfemefficient increased strongly wittotational speedThis
effect was larger at lower rpms: on average, the overall heat transfer coefficient
increased by 4% wherrotational speedhanged from 250 rpm to 375 rpm, while the
value at 625 rpm was 6% above thaue for 500 rpm. Visual observation suggested
t hat the diskdés horizont al a x | sotatiomalf | uenc e

speeds t he | iquid did not i mmediately reach t
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forced the flow to move downwardsichout of center, leading to namiform film

thickness with a substantially thinner film on the upper half of the disk. In addition, a

small part of the liquid was thrown off the disk directly as it experienced fast
acceleration out of a relatively thidayer of fluid. The effect of mass flow rate on

overall heat transfer coefficient is ambiguous, which hints at more complicated
phenomena than the simple Nusselt model being present on the disk. According to
Nusseltds solution, fa ithgkerefim. Trhia sassesfhiglew r at e
thermal resistance, which causes an inversely proportional relationship between heat
transfer coefficient and mass flow rate. In the present experiments, however, higher

mass flow rates outperformed lower mass flow rafbss finding is in agreement with

previously reported data for sensible heat trajdfeB2,96]and mass transf§t 3].
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Figure3-8: Effect of rotdional speed and solution mass flow rate on overall heat

transfer coefficient.
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The results can be explained by the effects of surface waves that cause mixing
within the film [99,102] High quality images taken a with Nikon D5300 camera
revealed that the flow over the disk surface at low flow rates of 10 and 15 g/s was
smoother than at higher flow rat€sgure3-9to Figure3-13show images of absorption
tests at a rotational speeti375 rpm and solution mass flow rates between 10 g/s and
27.5 g/s. At 10 g/s and 15 g dure3-9 andFigure3-10, respectively), the ligd film
is relatively smooth. Film waviness is clearly visible at 20 §igure 3-11) and
increases with higher solution mass flow rates of 25 g/s and 27 Bigsg3-12 and

Figure3-13, respectively).
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Figure3-9: Image taken at a rotational speed of 375 rpmaasalution mass flow

rate of 10 g/s
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Figure3-10: Image taken at etational speed of 375 rpm aadolution mass flow

rate ofl15 g/s.
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Figure3-11: Image taken at a rotational speed of 375 rpmaaslution mass flow

rate of 20 g/s.
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Figure3-12: Image taken at a rotational speed of 375 rpmaaslution mass flow

rate of 25 g/s
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Figure3-13: Image taken at a rotational speed of 375 rpmeaasolution mass flow

rate of27.5 g/s

Figure 3-14 to Figure 3-17 show images of absorption test at a constant solution
mass flow rate of 20 g/s and increasing rotational speed. At a rotational speed of 125
rpm (Figure3-14), the liquid film appears thick and a wave related to the influence of

gravity appears. At 250 rp(frigure3-15), the influence of gravity reduces and the film
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thins. Wave formation accelerated from rotational spee@75 rpn(Figure3-11) and

higher (Figure3-16 and Figure 3-17). At 625 rpm Figure3-17), the clearly shows a
characteristic wave pattern dependong radial locationCloser to the center of the

disk, waves were of spiral type. Moving radially outwards, the wave pattern broke
down and gave way to smaller, thh@ienensional ripples. This pattern largely followed

the observations described by Wo¢@ig]. Howeve, film waviness is dampened at low
solution mass flow rates as image even if rotational speed is Friglré 3-18). This
observation agrees with the large divergence in results between high and low mass flow

rates at higher rpm.
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Figure3-14: Image taken at a rotational speed of 125 rpmeaasolution mass flow

rate of 20 g/s.
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Figure3-15: Image taken at a rotational speed of 250 anda solution mass flow

rate of 20 g/s.
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Figure3-16: Image taken at a rotational speed of 500 rpmassalutionmassflow

rateof 20 g/s
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Figure3-17: Image taken at a rotational speed of 625 rpmaaslution mass flow

rate of 20 g/s.
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Figure3-18: Image taken at a rotational speed of 625 rpm and a solution mass flow

rate of 10 g/s.

The surface areacnements per increment in radial location are steadily increasing
in radial direction. Therefore, the local film thickness decreases3{Egand the local
heat transfer coefficient increases in radial direction (B€s.3-7). Hence, a larger
diameter of the disk may enhance the performance of the spinning disk absorber per

surface area. In the present study, the internally cooled area of the spinning disk
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absorber is smalleh&n the external surface area of the disk. The area close to the
perimeter of the disk can be compared to the droplet formation regime in horizontal
tube absorbers, for which an adiabatic condition is commonly as§30d@9,133]
The area is henceharacterized by heatasstransfer into a subcooled absorbent
solution that continues even in the absence of heat rejection to cooling water.
Subjecting the complete external surface area to active internal cooling through better
packaging, e.g. reducinbe area needed for sealing and fasteners, would increase the
heat rate for given dimensions of the disk assembly. However, the overall heat transfer
coefficient may remain approximately constant because it is based on the actively
cooled surface area inighstudy. Further discussion of the absorption and heat transfer
behavior would require better insight into the simultaneous heat and mass transfer
process. Experimentally validated design models for spinning disk absorbers, similar
to those developed fdubetype absorber$30,128,133] may lead to designs that
further intensify the absorption process chapteb will present such a model

Figure 3-19 displays the filmside heat transfer coefficient at different operating
conditions. On average over different mass flow rates, thesiti® heat transfer
coefficient incrased by a factor of 2.3 when tregational speedccelerated from 125
to 625 rpm. The highest filrside heat transfer coefficient of 5098 W#K) was
observed at a solution mass flow rate of 20 g/sratational speedf 625 rpm. This
result was highdoy a factor of 2.7 than the value at similar solution mass flow rate and
rotational speedf 125 rpm. At a solution mass flow rate of 10 g/s, the-8ide heat

transfer coefficient was higher by a factor of 2.0 whenaketional speethcreased to
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625 pm from 125 rpm. The lesser enhancement was attributed to lower wave formation
and subsequently less disturbance of the concentration boundary layer at the vapor

liquid interface.
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Figure3-19: Effect of sdution flow rate and rotational speed on the f#éde heat

transfer coefficient.
The results can be analyzed in terms of thermal resistances as discussed in section
3.2 Fitting Eq.3-24 to the 28 dat points forrotational speedbetween 250 and 625
rpm resulted in coefficients of 2.10 fby 2.14 foro and-0.36 for . The values of the
coefficients indicate the following:
1 The temperature profile is between parabolic and linear form. As shown in

secion 3, the value of beta is equal to 2.5 if a parabolic temperature profile is

present and 1.6 if the temperature profile is linear.
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1 The formula for average film thickness, E}43, is a valid parameter in the
calculation of thermal resistance, but actual resistance is higher than predicted
by the formula for film thickness alone.

1 o-° =-0.76: The exponent abtational speeth Eg 3-8 holds even though
overall resistance is higher. Thus, the heat transfer coefficient is proportional

to (rotational speed’®

p Upd * 3-24
T Qp i "

Y TBUTTT U
0

Figure3-20displays that EQB-24 predicts the actual thermal resistance within £ 25%.
The deviations are may due to the filmside resistance, which does not depend on

the mass flow rate as predicted by B@&.
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Figure3-20: Fitted vs. measured values of overall thermal resistance.
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3.3.2. Comparison to traditional absorbers

The maximum overall heat transfer coefficient of the spinning disk absorber was
2553 W/(nt-K), while the value for horizontal tube bank absorbers at comparable
operating conditions is 768 W/@K) if based on the outer dizeter of the tubeigt3].

Thus, the spinning disk absorber increased overall heat transfer by an enhancement
factor of 3.3. The filrside heat transfer coefficient reported by Kyung and Herold with

a conventional tube bundle absarlweas 930 W/(mK), albeit at higher mass flow
rates[43]. The spinning disk absorber increased that value by an enhancement factor
for film-side heat transfer of 5.5. It is worth noting that other researchers reported lower
film-side heat transfer coefficients of tube bundles: Remec §34], Beutler et al.

[10] and Nomurg29] reported 510, 793 and 850.6 WF(i) respectively. Beutler et

al. reported that a surfa@mhanced tube achieved 957 WA(K).

The value and makep of overall resistance of the conventional absorber in
[43,128]and the spinning disk absorber in thisdstueveal the differences between the
two design concepts. The spinning disk absorber had 52% lower thermal resistance
than the tube bank absorber, even though itsdibhe surface area was 15% smaller.
Figure3-21 shows that camibutions from individual resistances change significantly
as well. Thermal resistance of the conventional absorber is dominated bsididm
resistance. The largest contribution to thermal resistance of the spinning disk absorber
rotating at 625 rpm canfeom internal resistance: filraide resistance was responsible
for only 37% as compared to 83% for the conventional absorber. The dominance of

internal resistance opens new possibilities for further optimization: whereas internal
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heat transfer enhancemédras limited effect in a conventional tube bundle, innovative
approaches to improve internal heat transfer in spinning disk reactors will have a much

more immediate effect on overall performance.
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Figure3-21: Thermal resistance breakdown for stationary conventional tube bundle
[43] and spinning disk absorber rotating at 625 rpm.

3.3.3. Effect of pressure and concentration

The overall heat transfer ultimately depends on the mass of watar alagorbed
at the vapotiquid interface that then releases its latent heat and causes heat of dilution.
The driving force for vapor absorption is the difference between the concentration of
water in the bulk solution and the equilibrium concentratiowater at thegasliquid
interface, which strongly depends on the pressure of the vapor [phgses 3-22
shows that the overall heat transfer coefficient and-&lde heat transfer coefficient

increased by 4 to 10% and by 7 92, respectively, when the pressure in the absorber
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increased from 1100 Pa to 2000 Pa. In a full loop absorption cycle, these pressures
correspond to temperatures of 8.37 °C and 17.50 °C, respectively, in the evaporator.
Both data sets were taken at a nikss rateof 20 g/s and a content of 60 W lithium
bromide in the solution. Solution inlet temperature at 2000 Pa was hsghes,inlet

subcooling was kept constant.
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Figure3-22: Effect of pressure ooverall and filmside heat transfer coefficient.

An alternative way to change the driving force of the mass transfer is to change the
mass fraction of lithium bromide at the inlet to the absorber. A higher concentration of
lithium bromide lowers the satation vapor pressure of the solution and therefore
increases the driving force for mass transfer. Given a constant pressure of water vapor
in the absorber vessel, a stronger solution leads to a higher saturation temperature.

These effects oppose each otli¢he system is analyzed in terms of the overall heat
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transfer coefficient. A stronger solution increases the heat flux, but log mean
temperature difference is higher as welure3-23 shows that the effects offset each
otherin this study. The slight increase of higher overall heat transfer coefficients at
lower concentration of lithium bromide is within uncertainty limits. However, higher
concentration of lithium bromide leads to a significantly higher mass flow rate af wate
across thegasliquid interface. Thus, a stronger solution leads to higher cooling

capacity at similar operating conditions.
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Figure3-23: Effect of mass concentration on overall heat transfer coeffiareht

mass flow rate of vapor at pressure of 2000 Pa.

3.3.4. Cooling capacity and power consumption

Cooling capacity of the device strongly depended on the set point for pressure and

rotational speedAt any mass concentration and pressure tested in this study, the

122



cooling capacity increased strongly witbtational speedDepending on operating
conditions, the increase in cooling capacity was between 65% and 76%otdtemal
speedncreased from 125 to 625 rpfigure3-24 shows coolingapacities at different
operating conditions. Assuming no pressure loss between the evaporator and the
absorber of a full absorption cooling loop, the pressure levels of 1100 Pa and 2000 Pa
corresponded to temperatures of 8.37 °C and 17.50 °C in therat@poespectively.

The maximum cooling capacity at a pressure of 1100 Pa was 1559 W. While maximum
cooling capacity at solution mass flow rates between 20 and 27.5 g/s was almost
constant, the value was about 11% less for the lowest flow rates of 1Tbagd.
Different mass concentrations of lithium bromide were tested at a pressure of 2000 Pa,
and the results show that a stronger solution increased cooling capacity by up to 20%.
Mass concentrations of up to 65 Wt. lithium bromide are possible in instuial
applications if the absorption machine is equipped with an adequate control aggtem

a high temperature heat source is availgp8). The associated increase in driving
force for mass transfer is expected to significantly increase the cooling capacity of the
spinning disk absorber and thereby decrgasger consumption relative to cooling

capacity.
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Figure3-24: Cooling capacity at various operating conditions. If not specified
otherwise, mass concentration and pressure were 8@ WiBr and 1.1 kPa,

respectively.

Figure3-25 shows the dependence of power consumptiorotational speednd
solution mass flow rates. The main source of power consumption of the spinning disk
absorber was expected to be frictional losses in thlingemechanism. Indeed, small
misalignments of the rotary seal and subsequentundorm pressure on the sealing
O-rings caused power consumption to spike. Maximum total power consumption was
77 W at the maximum, of which 50 W were caused by the spirdigkgitself after
accounting for inefficiencies of the motor. Power consumption depended only slightly
on the solution mass flow rate, which confirmed that power lost due to liquid

acceleration was minor. On average over all experiments, power consumvgson
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3.1% of cooling capacity. At the lower pressure level and mass flow rate of 20 g/s, the
power consumption as percentage of cooling capacity varied between 2.1% at 125 rpm
and 4.6% at 625 rpm. If inefficiencies of the motor are neglected, the powé@ereq

to spin the disk was between 1.3% and 3% of cooling capacity. The prevalence of
sealing losses suggests that any sopléo a multidisk device should aim to add
several disks on a single drive shaft to minimize power consumption.
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Figure3-25: Total power consumed by motor at different mass flow rates of solution

and rotational speed.

3.4. Chapter conclusions

Since the absorber is the most critical component of absorption chillers, any process

intensificaion that can boost its performance will have a direct benefit in the overall
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system performance. Although process intensification by centrifugal acceleration has
been studied before, no detailed performance data have been available so far.

To quantify theperformance enhancement achieved by replacing gravitational
acceleration with centrifugal acceleration, a spinning disk reactor was operated as the
absorber in a vapor absorption system that used aqueous lithium bromide as working
fluid. Parametric studgequantified the effect abtational speednd mass flow rate of
solution at standard operating conditions of lithium bromide absorption chillers.
Spinning the disk at 625 rpm increased the-iiohe heat transfer coefficient by a factor
of 5.5 comparedat conventional tube bundle absorbers. The overall heat transfer
coefficient increased by a factor of 3.3 and was ultimately limited by internal resistance.
Thus, the filmside performance enhancement shifted the dominating thermal
resistance from the filmide to the inside, thereby opening the door for future
improvements that incorporate internal enhancements.

Cooling capacity of the system and power consumption of the electric motor
increased witthrotational speedAt typical operating conditions, poweonsumption
was 2.1% of cooling capacity at 125 rpm and 4.6% at 625 opational speedPower
consumption was driven by frictional losses in the sealing of the drive shaft and motor
inefficiencies. These losses can be minimized by using low frictioingealaterials
and a higkefficiency motor. Further, any scalg should add more disks in parallel on
the same drive shaft, which would increase cooling capacity without significantly

increasing power consumption.
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This research has shown that centrifugetederation is a promising process
intensification method for absorption chillers using conventional working fluids. Its
effects may be even more pronounced and important when combined with novel high
efficiency absorbents that exhibit more challengingrtteephysical properties. Future
research is needed to assess the performance enhancement when these new absorbents
are utilized and to further i mprove the de
heat transfer enhancement. Such an enhanced spinskngbs$orber with innovative

waterside heat transfer enhancement will be shown in the next chapter.
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4.Devel opment and expemhaeand éGl

spi nndiinsgks oar b er

Chapter4 will present the development and experina¢riesting of an enhanced

spinning disk absorber. A graphical abstract of the research is shéugune4-1.

Spinning disk absorber LiBr-H,0 Water vapor
Absorption !} l -
) Heat flux: 46 kW/m? | ! ! ) )
3 ' 1 1 (] 1 (]
¥ | 2 2R | 2N AN A
N ! ; \
NManifold microchannel heat sink \
&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ SN\ \\\\\\\\\&
— {—

Figure4-1: Graphical abstract of research presented in chdpter

4.1. Motivation

One interesting conclusion frorohapter0 was that the filrrside resistance
decreases with increasimgtational speeand, ultimately, falls below the watside
resistanceln conventimal absorberswaterside heat transfer enhancement does
strongly influence performance due to the dominance of-dithe resistanc§20].
However, as the spinning of the heat transteface minimizes theoupledfilm-side
thermaland mass transfeesistance, water side thermal resistance must fall to reduce

the size of the absorber further.elthevice studied in thchapter utilizes microchannel
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surfaces in combination with an addély manufactured manifold to reduce the water
side resistance in a spinning disk absorber.

Manifold microchannel heat exchangers are commonly manufactured in
rectangular shape and have been shown to achieve equal or better heat transfer
performance tharconventional microchannels while reducing the pressure drop
penalty considerably[21,22] Another mteworthy advantage of manifeld
microchannel technology is their flexibility. The introduction of a flow distribution
manifold as a separate part makes it possible to easily adjust the heat exchanger for
different operating conditiong.g, if cooling water flow rate is required to increase
strongly, it is possible to switch more microchannels in parallel flow configuration
simply by swapping the polymer manifold. This effect will be discussed further in

chapter8.2when describing scalep strategy.

4.2. Design of the experimental apparatus

4.2.1. Numerical optimization of manifold geometry

Manifold-microchannel technology was first introduced by Harpoe and Eninger in
1991[135]. They concluded tha manifoldmicrochannel heat sink witbptimized
design parameters foringle phase flow can achieve an effective heat transfer
coefficient of on the order of 100 KW/fmK) . Since this first
technology has received widespread attention for applications as varied as high heat
flux electronics cooling136], high performance plate heat exchandg2ig and high

temperature heat exchangérke reader is referred to Ohadi et al. foomprehensive
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discussion manifolanicrochannel technologyl37]. For the purpose of this study, a
conceptual introduction and disgion of design determination are sufficient.

A schematic of a manifolchicrochannel plate heat exchanger is showRigure
4-2. Fluid enters a manifold, from where is force into microchannels. The fluid only
travels through thenicrochannels for the fin width of the manifold before it escapes
into an adjacent manifold cell. The heat transfer occurs in the microchannels. Since the
passage through the microchannel is shibgfluid flow stays inhydrodynamically
and thermallydeweloping flow regimdor a significant part of the passagddis results
in increasd heat transfer coefficients and decreased pressure drop per unit length as
compared to flow in longer microchannels with fully developed flow. The performance
of a manifold microchannel plate heat exchanger increases by dividing the heat
exchanger base area into several manifold microchannel segments such that flow
alternates between adjacent manifold cellse Tain optimization parameters for the
manifold in such a systeare the manifold fin width, the manifold channel width and

the length of one manifold cell.
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Figure4-2: Schematic of manifold microchannel plate heat exchanger: (a) Top view
of heat exchange(b) 3Dview of one segment of the heat exchangégure from
[22].
Design choices of thenicrochannel heat sinkor this studyare limited to
commercially avdableoptions dueo cost consideration€opper microchannel plates
produced by micro deformation technique are commercially available from MicroCool,

a division of Wolverine Tubgl38], and the microchannel heat sink used in this study
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is a sample provided By/olverine Tube Therefore, the design variables are limited to
those dependent on the geometry tfe manifold This allows to perform an
optimization based on CFD simulations only without building a metamodeligs it
generally doneif more design variables werpresent[22,139] A bi-objective
optimization was used to optimize manifold specifications using uniC&di mode]
shown inFigure4-3. The geometry of interest for one pass encompgsaef the
manifold channel, the microchannel and the volume of conductive material related to
oneflow paththrough a microchannel. Assuming synirgeboundary conditionghe
computational domain is reduced to one halfiofwidth, manifold entry width and
microchannel widthSince conductivity of the material of the manifold is low, the

manifold fin is not included in the domain.
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Figure4-3: Unit cell CFD model for optimization of manifold microchannel heat
sink. Figure from S2TS lab.

The optimization is performed as connection of MATLAB, ICEMCFD and
ANSYS Fluent software package&idure 4-4). The problem is formulated in
MATLAB and variable assignment and parametrization are performed there as well.
The software then successively feeds necessary information first to ICEMCFD, for
geometry and mesh generation, and thenN&XS Fluent for CFD simulatiorhe
analysisof CFD results is again performedMATLAB.

Objectives and parameters of the problem are formulated as:

Minimize: negative heat transfer coefficient
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Minimize: Pressure drop

Subiject to: 0.5 mm < Inlet fee@¢hannel length < 10 mm
1 mm < Manifold fin width < 20 mm
1 < Number of passes < 20

With: Inlet feed channel length = outlet feed channel length
Microchannel length = manifold fin width + (Inlet feed channel
length)/2 + (Outlet feed channel length)/2

Length of manifold cell = function (Number of passes)

= bb CEELEEN ANSYS
(eee—— =
P “vitear. FLUENT -

Figure4-4: Software interaction for optimization of manifold geometry.

Results of the optimization are presentedrigure 4-5. As expecteda tradeoff
between high heat transfer coefficient and low pressure drop exists. The chart shows
results for two different cooling water flow rates. When the cooling water flow rate
increases by one order of magnitude, variations in mianji@ometry make it possible
to achieve similar pressure drops using the same microchannel disk. These optimization
results obtained for a simple unit cell were used to design the manifold with varying
cell geomates over the whole cooling area of thesying disk absorbel.he adaption
was made such that width of the manifold fin changes over the course of the disk. For

areas with shorter length between inlet and outlet and thus less number of passes
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through microchannels, the fin width increasékerebre, the length of each pass
through the microchannels increases, leading to overall similar pressure drop for
different areas of the diskhe design concept will be discussed in more detail in
chapter4.2.3
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Figure4-5: Optimization results for manifold microchannel system and comparison to

conventionally cooled spinning disk reactor

4.2.2. Design of test section

A schematic diagram of the absorber used inghisof thework is shevnin Figure
4-6. The absorber is composed of an internally cooled;shsiped heat exchanger that
spins at up to 625 rpm. The absorbent solution is fed to the center of the top surface of

the absorber from which it flows radialbutward due to centrifugal acceleration. The
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thickness of the solution film depends on
solution absorbs water vapor as it flows over the surface of the disk. The water
absorption causes enthalpy of condensatmhheat of mixing, which are rejected into

the rotating disk assembly. The disk is cooled internally by cooling water, which is

supplied and returned through the drive shaft.

Water vapor
Strong
solution
Absorption |
‘l' ‘I’ l l l l l l ‘I’ ‘l' Dilute
solution

Manifold microchannel heat sink

B A A ] l

A A s o]
N

T Spinning disk absorber

| 7 0 7 7 s 7 ]

Co-axial
drive shaft —
Cooling Cooling
water in ~ water out

Figure4-6: Schematic of spmng disk absorber assembly.
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The spinning disk assembly consists of four layers: a top disk, microchannel disk,
manifold disk and back covdFigure 4-7). Microchannel and manifold disks are
encircled by sealing ring3able4-1 lists geometrical dimensionBigure4-8 provides
photographs of the significant parts of the asseniiihg. top disk is made of copper

and has a surface area of 0.073with an active areéi.e., the cooled area) of 0.057

m2. A disk with microchannels is soldered to the internal (wsithe) face of the top

disk. Figure 4-9 shows the microchannels, which are made using raieformation
technology. The microchanmetun in parallel; therefore, microchannels located near
the center of the disk are longer than those located further from the center. The third
layer is an additively manufactured manifold for distribution of cooling water into the
microchannels. The mdold was treated with a low viscosity, penetrating epoxy to
make it leakproof. It is attached to the copper heat sink by fasteregare4-8c). The
microchannel and manifold disks are surrounded by metal rings that contag seal
and space for fasteners. The disk assembly ends with a back cover that is fastened to
the drive shaft. The drive shaft consists of an external and internal tube to separate

cooling water supply and returki@ure 4-7).
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Figure 4-7: Crosssection cut through center of spinning disk assembly.

Table4-1: Geometrical dimensions of enhanced disk assembly.

Component (Material) Radius Thickness Fin height | fin width | channel width

Top disk(copper) 0.152 m 6.35 mm -
Microchannel disk ¢opper) 0.135m 1.2 mm (Base) 5mm | 0.55 mm | 0.2 mm
Manifold disk (ABS) 0.135m 3.9 mm (Base) 3mm |54 mm16.9 mm | 4.5 mm

Back cover(stainless steel) 0.152 m 6.35 mm -

Cooling water
collection channel Metal ring  O-ring

Cooling Cooling
Manifold disk | Fasteners

water feed water outlet

Microchanncl disk

‘Top disk

Figure4-8: Manifold-microchannel disk heat exchanger: (a) Microchannel disk
soldered to top disk, (b) Additively manufactured polymer manifold disk, (c)
Manifold fastened to copper disk and encircled by metal ring.
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Figure4-9: Detail view of microchannels.

4.2.3. Water-side heat transfer enhancement

Ideally, the absorbent solution and cooling water would flow in cowmteent
operation. The flow path of the absorbent solution is determined by centrifugal
acceleration and thefore lies in the radial direction. Thus, preferably, the cooling
water would flow radially inward from the circumference of the cooling area to an exit
located centrally in the drive shaft. The parallel orientation of the microchannels,
however, poses dallenge as to the desired routing of the cooling water. A solution to
this problem was developed by adapting an established manifoidchannel
technology[21,22], as explained in the following paragraphs.

Manifold-microchannel heat exchangers are commonly manufactured in a
rectanglar shape and have been shown to achieve equal or better heat transfer
performance than conventional microchannels while considerably reducing the
pressure drop penaltyFigure 4-10 shows the arrangement of the top disk,

microchamels and manifold in the present embodiment. The manifold has openings to
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feed the cooling water into the microchannels over a length of two thirds of its
perimeter (see cooling water feed locationg-igure 4-8b andFigure 4-10). In the
manifold, cooling water travels in the z*-direction, while movement in the
microchannel is restricted to the 4dyrection. Detail view A withirFigure4-10shows

the manifolding systenCoolingwater enters a manifold cell through an opening in the
base of manifold (step 1). As the path into théinection is blocked within a short
distance from the point of entry, the cooling water is forced into several microchannels
in parallel (step 2). lis required to flow through the microchannels for the width of the
mani foldbdés fin (step 3). Once it passes th
adjacent manifold cell (step 4). Within the manifold cell, the cooling water travels a
short distane in the xdirection (step 5) before a wall forces it to return into the
microchannels (step 6). After travelling for the length of the manifold fin (step 7), it
reaches a cell located at the samepgrdinate at which its journey started but at an
advancd x-coordinate (step 8). From here, the passage repeats itself throughout the
manifoldmicrochannel system until the cooling water reaches a horizontal coolant
collection channel (Detail view B iRigure4-10). The collection chamel gathers the

cooling water and leads it to the outlet at the center of the disk.
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Figure4-10: Geometrical configuration of diskhaped manifolsnicrochannel heat
exchanger. Detail view A: Feed systemtaéleview B: Varying manifold fin width in

y-direction.

The description of the flow path in detail view A Bfgure 4-10 is slightly
simplified in that the cooling water can always flow into adjacent cells in the positive
and negave y-direction. Ultimately, all cells connect with each other through their
neighbors, and crodalk between the different pathways ensures good flow
distribution. The feed location of the cooling water into the manifold determines the
flow length intothe xdirection. The number of serial passes through the microchannels
and the pressure drop depend on the flow lengthkdinection. Therefore, the manifold

was designed to achieve uniform mass flow of cooling water per microchannel as
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shown in detail vew B of Figure4-10. The fin width of the manifold cells increases
from the center towards the perimeter in the positive and negatiiregtion. The
increase in fin width results in longer flow length through the microchans&leldas

higher pressure drop per pass. The fin width was adapted such that the total pressure
drop trough the manifolehicrochannel system was the same independent of feed
location. This adaption of manifoelsiicrochannel technology makes it possiblege u
parallel straight microchannels in neaounterflow configuration to a fluid flowing
radially on the opposite side. Conventional heat exchangers are usually limited to
standard shapes such as shelittube or flat plates. However, the actual volume
avdlable for heat exchanger deployment in splmited applications may have a non
standard shape. The design proposed here makes it possible to customize -manifold

microchannel technology to optimally use space in such applications.

4.2.4. Experimental setup

Figure 4-11a and Figure 4-12 show a photograph and a schematic of the
experimental setup, respectively. The setup consists of a closed loop vacuum system
that operates at a single pressure level. 20 g/s aeotratedvater/lithium bromide
solution is fed to the center of the spinning disk absorber, which rotates in a vacuum
chamber filled with pure water vapor. Tivater/lithium bromidesolution, flowing in
radial direction over the diski{gure4-11b), absorbs water vapor and gets diluted in
the process. The diluted solution flows directly into the generator, which is located in

the bottom of the vacuum chamber and consists of 5 cartridge heaters of 1.5 kW
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capacity each. A stainlesteel plate between the generator and absorber sections
prevents baclsplashing of the boiling solution into the absorber. From the generator,
the solution is pumped into the solution line while the water vapor flows directly back
into the absorber sectiofhe solution line contains Coriolis flow meters that measure
density and mass flow rate. A heat exchanger controls the temperature of the
concentrated solution before it is fed back to the absorber. A drive shaft connects the
spinning disk absorber asskinwith a pulley and motor. Sealing and bearings of the
shaft are integrated in a rotary feedthrough. The end of the drive shaft rotates in a
stationary dudlow valve, which connects to cooling water supply and return lines.
RTDs measure temperature betcooling water while thermocouples measure other
temperatures. More details on the experimental setup used in this study and its

operation can be found ohapter3.1.2and chapte8.1.3

Rotary duo-
flow valve

Motor

Spinning disk
absorber

Figure4-11: Photograph of the (a) experimental setup and (b) the absorber surface

while operating.
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Figure4-12: Schematic diagram of the experimt& setup.

4.3. Data reduction experimental uncertainty

4.3.1. Data reduction

Absorber heat load is based on the heat rejected to cooling water less frictional
heating of rotation. It is assumed that rotational power is converted into frictional
heating which is ulthately rejected to the cooling water. The share of frictional heating

was less than 2% of overall heat rejection load.
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