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ABSTRACT

This thess describs a theoreticd ard experimenthinvestigation of the ejecta
re-compressio lithium bromide absorptio refrigeration cycle In this novd
cycle a stean ejectod is usal to enhane the concentratia proces by
compressig the vapou to a stak tha it can be usal to re-hea the solutin
from where it was evolved Sinee this cycle recoves the hed otherwie
wasta in a conventiond absorption cycle the enery performane of the
cycle is improved The theoretich stud/ shows tha the improvemen of the
efficiengy is proportiond to the performane of the stean ejector A COP of

1.013 was achievel from the experimen in this investigation

The novd cycle does not only improwe the enery efficiengy but also avoids
the corrosio tha will happ@& when high temperatug hed sources are useal to
drive a lithium bromide absorption refrigerator The stean ejecta in the novd
cycle acs as an efficient temperatug converte in acceptane of differert
temperatue hed sourceswhich reduce the enery loss when the temperatug
differene betwea the solution ard the hed sour@ is big. Therefore the
solution temperatug can be sé¢ to a low levd while the hed sour@
temperatue is high. This is significart to avod the corrosio of lithium
bromide solutin a high temperature Furthermore the constructio of the
machire basel on the novd cycle is simpleg than tha basel on the
convention& double-effet cycle This refrigerato will be more reliable ard

hawe alowed initial capitd cost

The cycle was investigatd comprehensivgl in this thesis In the theoretica
study, a mathematich modé for this novd cycle was established The
theoretich stud/ reveas the operation characteristis ard the factors tha affed
the enery efficieng of the cycle as well as how to desig a refrigerato basel
on the novd cycle In the experimenth study, an concept-approwe
refrigerats was manufacturd ard tested The part-loal performane of the
novd cycle was investigatd from the experiment The theoreticé resuls had

a goal agreemenwith the experimenthones
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CHAPTER 1
INTRODUCTION

Globd warming (due to greenhous gas accumulatio in the lower
atmosphere ard stratosphed ozore depletion are increasingy recognize as
two coexistent partly-relatel processe threatenig to upsé the ecologich
suppot systen of the Earth A recen analyss of the potentid public healh
impad of climate chang concludel tha a few degres increag of avera@
globd temperatug would lead to: increasd inciden@ of hed strokes ard
heat-relatd deah in chronc diseases geograpls shifts in tropicd ard
infectious diseasesincreasd occurrene of death injury ard epidemis due to

weather-relaté emergencig ard flooding of coasth area (Slooff et d 1995)

In orde to cuib the globd warming ard ozore depletion two importar
documents, The United Natiors Framewok Conventim on Climat Chang
(FCCQ ard Montred Protoco] were signel by mary countries Accordirng to
the® two documentsCFC ard HCFC fluids, which are widely usel in vapou
compressia refrigeratos ard hed pumps will be gradualy phase out ard the
emissio of greenhous gas CO, shout be reduce to ther 1990 levels In

some EU countries this ban extend to HFC fluids.

The ban on CFC, HCFC ard HFC fluids has encouragé researh into
environmenth friendly refrigerans sud as water The lower CO2 emissim
requires nat only reduction in fossl fud consumptio but alo improvemen of
enery efficiengy of refrigeratos ard hed pumps Utilization of low-grace
enery is alo an effective way to redu@ CO, emissions Fa the latter, hed
powerel refrigeration cycles can provide the answer There are severé hea

powereal refrigeration cycles tha can be consideredThey are

» Adsorptiln cycle - similar to absorptim cycle but using solid
substane as absorbent Regeneratio of the absorbeh could be a

problen if continuos cooling load is required Adsorptin



machine are suitabk for particula applicatiors but are nat proven
commercially

* Ejecta cycle - using an ejecto to compres refrigerants Wate can
be usal as refrigerant Simple in structue ard low cog but low
enery efficiency.

» Absorptia cycle - proven commercially goad enery efficieng ard
environmentaly friendly but may be complex when pursuirg high

efficiency.

Of the three types of hea powerel cycles the absorption cycle is considerd
to be the beg in terms of enery performane today ard it has the potentia to
be improved So, the absorptimm cycle has potentid to be widely usda if its
efficiency can be increasd furthea and its constructioo can be made simpler
This projed¢ was concernd with a novd absorptio cycle which could deliver

a bette performane than a single-effet cycle

The absorptim machire was inventa in the mid-nineteertt centuy by a
FrenchmanFerdinan Carre Sinege then the populariy of absorptiom systens
has risen ard fallen due to econome conditiors ard advance in competig
technologies The benefis of absorption systens hawe remainel constan ard
include the following:

* absorptio systens are abke to be driven by low grace therma

energy
» otherwi® wast&l hed can be utilized to powe the absorptio

refrigeration cycle

absorptio units are quig ard vibration free

absorptio units pose no thred to globd environmenth ozore
depletion ard may hawe less impad on globd warming than mog
othe options

» absorptio units are economical attractive when the fud coss are

substantial} less than electriciy costs



Absorptin refrigeratos ard hed pumps using ammonia-wate or water
lithium bromice as working fluid pairs are commercialy available Far abowe
0°C cooling applications water-lithium bromide systens offer highea
efficiencies than ammonia-water systens do. Compard with aqua-ammor
systems LiBr-water units are simple in constructio becaue the rectification
process requirel in aqua-ammoniais absent The only drawba& for the
water-lithium bromide systen is tha wate will freez a subzeo evaporato
temperaturesHowever nea subzeo temperatug operatiom is made possibé
by addirg a smal amourn sat in the evaporator The red problens for water
lithium bromice systens are crystallization ard corrosion when the solution
concentratia ard temperatug are high. Currert commerci availabg lithium
bromide absorptiom systens are not suitabe for working a a solutin
concentratia greate than 65% ard a solution temperatug greate than 200°C
for reasos of crystallisatim ard corrosion This temperatug limitation
inevitably reduce the secondlaw efficiengy when using high temperatug hed
sourca to drive conventiona lithium bromide absorptim cycles The
concentratia limitation resuls in the increag of circulation rate The
ammonia-wate systen does na hawe the crystallization problen tha water
lithium bromide systen has However the high-presswe of the ammona
systen makes it impracticd a abowe 200°C. Therefore efficient use of high
temperatue hed source become a challeng to the researchexin the field of
absorption refrigeration Much researh has been carried ou in recen yeas
but the problem still exists The currert trerd to use multi-stage multi-effed
cycles ard find nev working pairs to improve performane seens to hawe
sone way to go. Chapte 2 reviews the currern state-of-the-darwith regad to

the improvemen of absorption refrigeration cycles ard working fluids.

In this researcha novd cycle which can be driven by high temperatug hed
sources is proposd ard investigated This cycle uses an ejecta to enhane
the concentratia processrathe than the evaporatig proces usualy found in
previows work on ejector-absorptio cycles which are reviewa in Chapte 2.
The ejecta entrairs the refrigeran vapou evolvel a the generato ard re-

compressgit to sud a stae tha it can be re-used to concentrag the solution



The entrainel vapour togethe with the driving flow, are then use to hed the
solution A schemat diagran of the novd cycle is shown in Figure 1.1 From
this diagram it can be sea tha the novd cycle is similar to a stean powerel
single-effet absorptim cycle which is shown schematicalt in Figure 1.2 for
comparison The differene is tha an ejecto is usel to enhane the
concentratia proces in the cycle Becaus of the ejecto beirng introducel
into the cycle the solution temperatug and concentratia in the concentrato
can be sd to optimum points no matte how high the hed sour@ temperature
In addition the usefd work, which is log in the convention& absorptio
cycles due to temperatug limitation, is useal by the ejecta to generag¢ more
vapou from the solution Therefore this novd cycle can not only avod
crystallization and corrosion but alo can increag the secow low efficiengy
when it operats with high temperatug hed sources This novd cycle can be
classifiel as a doubk effed cycle becaus the input hed is usal twice. So, this
cycle is single-effe¢ constructio but with double-effet performance
Compare with multi-stage multi-effed cycles which are believal to hawe the
potentid for excellenn enery efficieney in use of high temperatue hed
sourcesthis cycle offers a practicd answer Furthermoresine this cycle uses
the well-establishd ard approvel working fluid, H,O-LiBr, it is easie for it

to be commercialized

]
E concentrator :
' '
] + o)
! i
' 1 condenser
Driving flow 7 -\ :
: & :
| R _—l e 2
L 4 .
Return to boiler
SHX
A
absorber evaporatoj

Figure 1.1 The novd absorptio cycle



The objectives of this researh programne were to:
* Establi the state-of-ar in regad to absorptiom cycle desigq in
orde to place the inventian within context
 Experimentay ard theoreticay determire the performane
characteristis of the novd cycle ovea a rang of operatimg

conditions

concentrato

Driving flow ——1 VI condense

h

Retum to boiler
SHX X

absorber evaporatip

Figure 1.2 Single-effet lithium bromide absorptian cycle

To achiewe the® objectives
* A detaila literature reviev was carried out The resuls of this are
describé in Chapte 2. In this chaptey recen developmerd in
advancd absorptio cycle design are reviewed including multi-
stage multi-effea absorptio cycles Generator-Absorber hed
Exchang@ (GAX) cycles ard hybrid absorptim cycles Sine
working fluids are strongy relatel to the cycle design a review of

recen researh activity on multi-componenfluid is al included

* A detail@ theoreticé stud/ of the novd cycle was undertakenThis

included a theoretich analyss of the novd cycle with regad to the



cycle performane ard the factors tha influence its performance

the ejecta behaviou in the concentratia process

» Experimenté study of this novd cycle was carried out A preliminay
experimen on the stean ejecta for the experimenth stud/ on the
novd cycle is describd in Chapte 4. The design ard manufactue
of the 'concep approve teg rig are presentd in Chapte 5. The

experimenthresuls of the novd cycle are given in Chapte 6.

* The discussio amd conclusim are mace in Chapte 7. In this
Chapter the advantage of this novd cycle ove the conventiona
absorptim cycle are highlighted The problens which occurra in
this researh are discussedThe suggestios for future stud/ on this

novd cycle are alo included



CHAPTER 2
PAST RESEARCH ON ABSORPTION REFRIGERATION

Similar to vapou compressio refrigeration absorption refrigeration alo uses
a phag chang proces to produe@ a cooling effect The man difference
betwea them are (a) the refrigeran vapou in an absorptio cycle is absorbd
by a liquid befoe being compresse by a pump Therefore the mechanich
work requira in absorptio cycles is mudh less than tha in the vapour
compressia cycles ard (b) low-grace hed enery can be useal to drive the
absorptim cycle wherea high-grag@ work is requiral to drive vapour

compressia machines

The Coefficiert of Performane (COP is a measue of refrigerato enery
efficiency. For absorptiom refrigerators COP is defined as the ratio of the
evaporato cooling capaciy to hed inpu a the generatarIn terms of COP,
absorptim systens are less efficient than vapour-compressio systems
However when the primary enery is consideredthe differene in overal
COP (or Enery Efficiency Ratio EER) is na so great Environmenth
concern encourage developigp more efficient absorption refrigeration

machines

Finding ways to improve absorption systen efficienoy has been a gred
challeng for the researcherin recem years Works was mainly focusel on
inventing new or hybrid cycles finding newv working fluids ard improving the
heda ard mas transfe of the absorption refrigerator In the following sections
the pas works on the absorptimm (or hybrid) cycles ard working fluids are
reviewed The terns 'desorber’ 'generator ard 'concentratdr usal in this

chapte are all referral to the concentratia devices for the cycles



2.1 THE ABSORPTION CYCLES

2.11 Single and double-effe¢ absorption cycles

Among the varieties of the absorptio refrigeration cycles the single-effect
ard double-effet machines are the mod popula ard ar commerciay
available The coefficiet of performane of the lithium bromide-water
absorptim machinesbasedon single or double-effet cycles typically varies
ove the rangg 0.< COP <12 for refrigeration temperatue above 0°C.
Ammonia-wate machine allow refrigeration temperatue down to —-77.7°C

but coefficient of performane is typically around05 (Herold 1996)

The singke or double-effet absorptio cycles using water-LiBr as working
fluid are suitabk to work at the solution temperatug unde 200°C Above this
temperaturg corrosion ard crystallisatim of the working fluid can be
problematic If the solution temperatue increase with the hed soure
temperaturethe solution concentratia will increase This makes the solutian
becone na only more corrosiv to the constructim materia] but als
suspectald to crystallisatim when it is cooling down throudh the solution hed
exchangerIf the solution temperatug does not increag with the hea soure
temperaturgthe secondlaw efficiengy of the cycle will decreas due to the
irreversibk loss in hed transfer In otha words the use of a high temperatus
heda source sud as gas combustiam products to drive conventiona single or
double-effet absorptiom cycles is wastefl of energy The researb on
advancd cycles for example multi-stage multi-effead absorptio cycles has

concentrateé on reducirg this waste

2.12 Multi-stage, multi-effect absorption cycles

For high temperatug hed sources multi-effed absorptio refrigeration cycles
hawe well-proven potentid to attan a performane which is superio to the
performane of conventionf cycles (Ziegler 1985 Alefeld 1983) The Four
Pressue Triple-effed Cycle using water-lithium bromide was a naturd
developmenfrom conventionh double-effet cycles This cycle has one more

high-pressug generato on top of the conventiona doubk effed cycle, ard the



vapou evolval from this generato is usal to drive the double-effet cycle as
shown in Figure 2.1. Thereforein this machire the input hed is recyclal three
times to improwe the efficiency. It was report@ tha the calculatel COP for
this cycle is 1.66 (Herod 1996) Although the triple-effe¢ absorption cycle
can redue the enery loss for high temperatug hed source the corrosio will
be problematt for the maching usirg lithium bromide-water par sine this
cycle requires a high solution temperatureSpecid materiat may be requirel
to preven the corrosio in this case However this is a costy answe with
currert technology Sone companis haw tried to use othe working fluids to
produe triple-effed chillers Until now, there is no othe form of triple-effed

cycles proposéd for water-lithium bromice pair.

b Q

l Hed transfe directin [CIH Desorber ‘
; ‘— SHX

SHX - Soluticn Hea Exchange
E - Evaporato
C - Condense

Figure 2.1 Cycle schemat for the triple-effed cycle

Previows work has shown tha there are theoretical} a large numbe of cycles
that fall into the categoy of "triple-effect”. However DeVaut e d (1990
indicated thee were only three basc triple-effed cycles if by limiting the
cycles to air conditionirg of buildings ard by limiting the cycles to basc
combinatiors of cycles using standad evaporator condenser absorbe ard

generato componentsAmong the three cycles only Two-stage Triple-effed



cycle is suitabk for using the ammonia-watepar as a_working fluid, which is
shown in Figure 22 (Alefeld 1983) Referig to Figure 2.2 while the
refrigerant NH, from the high-pressur generato release condensig hea to
the low-pressue generatorthe hed from the high-temperatwe absorbe is al®
transferré to the low pressue generatarSo, the inpu hed is usal three times
The calculatel COP for this cycle is 1.41 (Herold 1996) This cycle was alo
investigatel theoreticaly by othe researcherard its COP is in the range of
14 - 15 for a temperatug lift of abou 30°C (DeVaut 199Q Iveste 1993
Garimelb 1994 Ziegla 1993) Garimelb et d (19949 compard working
fluids NH,-H,O/NH,-H,O with NH;-H,O for the triple-effe¢ cycle In ther
investigation the NH,-NaSCN par was useal for the low-pressue sub-cyce in
the triple-effed cycle while the NH,-H,O was usel for the high-pressue cycle
They found tha both working fluids are essentiall indistinguishal# in terms
of performane ard temperature-presseirconsiderations with the primary
differenee being tha the NaSON cycle resultel in the sane overal
performane without the use of a low cycle rectifier. Iveste ard Shelt;
(1996 ale discussd the optimisal evaporato ard generato temperatug for
this cycle Ther resut shows tha the COP of this cycle was 1.3 when the
generato temperatug was 200°C, evaporato temperatug 5°C ard condense

temperatue 35°C.

2 T T Q, l

--» -Int. Hea Exchange

SHX - Solution Hea Exchange C,Z R Desorbe
E - Evaporato L2 T
R - Rectifier

C - Condense ;

IAbsorber Absorber

E ,
Ta Yy o,

Figure 22 Two-stag triple-effe¢ ammonia-wate systen
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The Two-stage Triple-effed Ammonia cycle requires the generato to work at
high-pressure, which increasse the manufacturig cost Gopalnarayama ard
Radermache (19969 reportel a low-pressue triple-effect ammonia-wate
cycle for multiple application modes as shown in Figure 2.3 for cooling mode
In this cycle the high temperatug desorbe (D1) works unde the sane
pressue as the low temperatug desorbe (D2). The cooling load is producel
from the evaporato (E) ard the desorbe (D3). They claimead tha the maja
advantags of this cycle ove the Two-stag triple-effe¢d cycle were a lower
operatirg pressue ard temperatug in the high-presswe generato ard a
comparald COP. Ther calculatiors indicae tha the optimun COP of the
cycle in cooling mocke with a pinch point temperatug differene of 5°C ard a
temperatue lift from 5 - 35°C is of the orde of 1.46 However this cycle has
three different solution circuits To obtan optimun COP, the concentratios
of the three solutian circuits neal to be controlled precisely which is not eay

to achieve

Triple-effed cycle can alo be formed with two independen cycles using
differert fluids. Inoue et d (1993 simulatel sud a triple-effed cycle which
usel H,0-LiBr for the low temperatug sub-cycé ard NH,-H,O for the high
temperatue sub-cycle The low temperatug sub-cyceé was driven by the hed
from high temperatug cycles absorbe ard condenserTherr simulatian resut
showel tha the COP of 1.33-1.4 was achieval® when the generato
temperatue was abowe 205°C, the evaporato temperatug was a 5°C, the
condenseard the absorbe temperaturewere in the range betwea 32°C ard
42°C.

The triple-effed cycles generaly require higha temperatue hed soure to
drive them Fao triple-effed chillers the solution temperatug need to reath
205-230° For this reasontriple-effed chillers will mog likely be direct-fired
This preserd significart challenges in the area of absorbeh solutin

chemistry materiab of construction ard componeh design Yet, severa

11



companis are nov developimg triple-effe¢ chillers with targetel fuel-basd
COPvalwe of 1.4-15 (Burget 1999)

SHX - solution he# exchange Q::)«

—-» Int. Hed Exchange
A - absorbe
D - desorbe
C - condense

E-evaporatn ( B}—¥ »

R - rectifier

Figure 23 Low pressue triple effed cycle - cooling mode

2.1.3 Generator-absorbe hea exchang cycles (GAX)

While multi-effed absorption cycles deliver high efficiency, the configuration
of the cycles tends to be more complicated In contras to the multi-effed
cycles, Generator-absorbehed exchang (GAX) cycles provide potentialy
high enery efficiengy & single-stag configuration This cycle was first
describd by Altenkirch ard patentd in 1914 (Altenkirch 1914) A schemat
GAX cycle is shown in Figure 2.4. The potentid high efficieng/ of the GAX
cycle has attractel a lot of recen interest In a GAX cycle absorbe hed is
directy suppli@l to the desorbe to generat refrigerat vapour which resuls
in less hed inpu to the desorbe ard less rejectel by the absorberBy carefu
arrangemenof the heda transfe betwea the absorbe ard the desorber an
improved COP is achievable It was reportel tha a 250 kW, gas-firel GAX
cycle was installed in a governmen building in Maastricht The Netherland
(Bassad 1994) This machire uses ammonia-wate as a working fluid ard

returnel a seasorlaaverag COP of 1.53
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The bast GAX cycle has a problean tha the amoun of hea provided by the
high temperatue erd of the absorbe is less than the hed requiremen of the
low temperatue erd of the desorbe unde mog operatim conditions This
problen can be solved by increasig the mas flow rae in the high
temperatue erd of the absorbe only. This is accomplishd with the so-callel
branché GAX cycles as shown in Figure 2.5, A secondsolutin punp is
used The configuration with a secom solution punp is termel the branche
GAX cycle (Herod 1991 Rare 1994) The performane improvemeh due to
the seco punp is in the range of 5%.

There are mary possibé GAX cycle arrangementsAnard ard Ericsan (1999
conceptualisg ard documentd a totd of 21 advancd GAX cycles for spae
conditioning Among the® cycles they recommendg a SVX GAX cycle as
the mog promisirg cycle which has COP improvemen of a leas 30% ove

basc GAX ard is independen of ary unproven advance in pumpirg

technology
Q n QJ’CC
P |
C R N Desorbe
E Absorbe

1‘_,—«
Q

Figure 24 Cycle schemat for GAX cycle
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Figure 2.5 Branchel GAX cycle

Zaltah ard Grossma (1999 useal ther compute mode to simulae a GAX
cycle with the binay working fluid NH,/H,O ard the ternay fluid
NH,/H,O/LiBr. Ther simulation resuls showel tha with the ternay fluid
NH,/H,O/LiBr a highe firing temperature (greate than 204°Q the cycle
COP achievel was ove 21% higheg than tha alternated with the binary
working fluid NH,/H,O. The presene of sat (LiBr) resultel in a significart
decreas in the rectifier duty. Ther performane simulatian resuls showel the
potentid of using advancd cycles with advancd fluid mixtures (ternay or

quaternay mixtures)

Cheury @ d (1999 reportel ther performane assessmestof nine multi-
stage absorption cycles which were classifi@ into three groups water-lithium
bromide cycles ammonia-wate absorptio cycles ard cascade absorptio
cycles They suggesté tha the three-stage triple-effe¢ cycle for water

lithium bromide group GAX for ammonia-wate groyp ard single-stage,
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water-LiBr cycle cascadeé with a single-stage ammonia-wate cycle for the

cascadd grouwp deservd furthe consideration

The key problem for a GAX cycle is the hed transfe betwea the absorbe
ard the generatar The normd GAX configuration requires the use of two
pumps The secom punp is usal to circulae a hed transfe fluid betwea the
absorbe ard the generator If the secondpunp could be eliminated a large
cog savirg would be realised Dene et d (1999 suggesté positionirg the
high temperatue section of the absorbedirectly into the generatarTo achiee
this, the generato ard absorbe mug haw similar temperatue profiles
Further one has to assue tha hed transfe betwea the absorbe ard the
generato mug be matchel precisely They proposd a methal to design sudh
a GAX hed exchanger

2.14 Other absorption cycles

There are sone othe lithium bromide absorption cycles The Half-Effea ard
the resorptimn cycles are amorg them The Half-effed cycle is suitabe for
applicatiors where the temperatug of the availabk hed soure is less than the
minimum necessar to fire a single-effet cycle The resorptim cycle
however has the potentid of expandiig the desig optiors of water-lithium
bromide technology i.e., a wider range of the solution concentratia but the

COP of both cycles is low (Herold 1996)

2.2 HYBRID ABSORPTION CYCLES

While the researh activities to improve the absorptiom systen efficienoy hawe
focuse on the multi-stage multi-effed absorptio cycles sone researchex
hawe been working on combinirg othe refrigeration cycles with absorptio
cycles to achiewe bette enery performance The majority of thos reportel
are the combinatiom of the vapour-absorptio ard vapour-compressiocycles
This, perhapsis the resut of similarity betwea them Eithe mechanich or
thermd compressar hawe been found in the combinations A combinatian of

vapour-compressio ard absorption cycles which is known as the sorption
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compressia system can be achievel in a numbe of ways (Morawez 1989)
The bast sorption-compressiocycle is shown in Figure 2.6. The refrigeran
vapou in this cycle is compresse by a mechanich compresso from the
desorbe to the absorber The cooling load is provided by the desorbe while
the hed is supplie from the absorber The sorption-compressio cycles can
deliver highea enery efficiencies ard hawe simple configuratiors but they
require mechanich work. Feldma et d (1999 reportel an absorptio
refrigerats basedon the absorption-compressiocycle but which usal an
organometallt absorben ard hydrogen or nitrogen gas as a refrigerant The

resulting value of COP for cooling was 3.06

Caccioh et al. (1990 analyséd an absorptio hed punp using two
combinatiors of working fluids, NH,/H,0 ard KHO/H,O. Ther cycle is
shown in Figure 2.7. This cycle reduce the highe$ systen pressue ard
avoidel the neal for a rectifier in the water/NH, system Riffat et d (1994
1996 reportel a rotary absorption-recompressiohed pump In this novd
arrangementa gas engire was usal to drive a scrav compresso which
compresse vapou evolvel a the generatarIn this machineg the evaporator
absorber condense ard generato assembfl rotatedat abou 800 rpm. The
rotation of the assembl improved the hed ard mas transfe condition in the
system due to the thin ard highly sheard liquid films cause by centrifugd
accelerationThe theoretich primary enery ratios for cooling were 1.% with
working fluid H,O/LiBr ard 13 with H,0/NaOH-KOH-CsOH. The
configuration of the systen was quite complicatel ard the sealig was found

to be problematic
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Figure 2.6 Absorption-compressiocycle
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Figure 2.7 An absorptio hed punp by Caccioh (1990

Using an ejectod as a compresso in absorptim cycles is anothe way of
combinirg the vapour-absorptio cycles with the vapour-compressiocycles
ard this approab avoids the usee of mechanichwork. The ejecta function in
the absorptio cycles can be classifiel as three forms i.e, to enhane the
evaporatio processto enhane the absorptiom proces ard to enhane the
concentratia process Kuhlenschmitl (1973 proposed a cycle tha useal an

ejecta to entran the vapou from the evaporato ard dischargd it to the
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absorbe as shown in Figure 2.8 In the cycle the ejecta was driven by the
vapou from the low-pressue generato of a double-effect absorption cycle
This cycle increasd the temperatue lift ard eliminatel the nee for a
condenser bu COP coud na be improved Neitha theoretich nor
experimenth resuls for this cycle are yet available Churg et al. (1984 ard
Chen (1988 usal the returnirg solution (DMETE/R2L ard DMETE/R22
from the generato as a primaly fluid to entran the refrigeran vapou from the
evaporator The mixture fluid was dischargd into the absorber Since this
arrangemeh allowed the absorbe pressue to be highe than the evaporato
pressurethe circulation ratio of the solution could be reduced therefore COP
was improved However this systen can only be operatd usirng high-densy
refrigeran vapou becaue a liquid driven ejecto is not suitabe for low-
densiy vapou sud as wate vapou as usa in water-LiBr absorptiom cycles

This cycle is shown in Figure 2.9,

Eame e d (1995 investigatd an ejector-absorptio cycle both theoreticaly
ard experimentally This cycle shown in Figure 2.10 consistd of two sub
cycles the stean ejecta cycle ard LiBr-water single effed absorptio cycle
The ejecto cycle was driven by wate vapou from the generato of the
absorptio cycle Becaus the stean ejecta utilised the energy otherwi® lost
in a conventionh absorptio cycle to enhane the vaporisation proces in this
novd cycle a highe COP was expected The compute simulation of this
novd cycle was reportel by Sun e d (1996) Experimenth COP of this cycle
was reporte in the range betwea 08 to 1.04 for 5°C cooling temperatus
(1994) However this cycle requirel the generato temperatue of a leag
200C ard this may resut in increasd corrosion rates which may be

problematt (Eame 1996)

Gu et d (1996 suggeste a hybrid cycle tha useal two ejectos to entran the
refrigerant vapou from the evaporatar one driven by returning solution from
the generato ard anothe driven by the refrigerann vapou from the generato

as shown in Figure 2.11. This cycle was actualyy the combinatio of Churg &t
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a (1984) Chen (1988 amd Eames (1995) but with R21-DMF as working

pairs The calculatel COP for this cycle was 0.651 No experimenth resuls

were provided

HP Generato
' LP Generato
A [
D> AN
Solution Hed Restrictor
Exchanges Restrictor
Pump (P Restrictor Evaporator
A
Absorber « —Ele——
Ejecto

Figure 2.8 An absorptio refrigeration cycle propose

by Kulenschimid (1973
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Ejecta
Punp ﬁD ’
Absorbe Lvaporator

Figure 2.9 Ejecta absorbe cycle
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2.3 THE WORKING FLUIDS

The efficiengy of an absorptio cycle is not only determine by the cycle
design but also determind by the working fluid usel in the cycle Therefore
the working fluid is an importart subjec¢ in orde to improwve the efficieng of
absorptio cycles Fo absorptio refrigerators the following pairs are

frequenty employel or discussed

NH,/H,0

H,0/H,0-LiBr

CH,0OH/CH,0OH-salt solutian

R22 (CHCIF2)/E14 or othe organc solver
R133 (CH,CICF,)/ETFE

The criteria for working fluids for absorptimm systens hawe been discussd by
Alefeld et d (1994)

Among the working fluids, H,O/H,O-LiBr ard NH3/NH3-HZD are the mog
widely usal in proprietoy absorption refrigerators This is becaus the two
working pairs haw so far provided the bes enery performane compare
with others However water-LiBr solution is corrosive a high temperaturg
ard crystallisatimn occus a high concentrationsWate as the refrigeran alo
freezes a sub-zeo temperaturgswhich limits its applications Although the
ammonia-wateparr does na crystalliee ard can work a sub-zeo temperaturg
the volatility of wate with ammona ard the high vapou pressue of the
solution resuls in increasd complexiy of constructim amd high cost
Furthermore the efficiengy of the ammonia-wate systens is lower than tha

of LiBr-water systen owing the neal for rectification in the former.

In recen years binary fluids hawe been studial in orde to improve H,O-LiBr
and NH,-H,O working pairs The aqueos solutiors of LiBr can be useal as an
absorbe for NH; (ammonid or for CH;NH, (methylamine). In this case the

solution operation-zoa is extendd towards significanty highe generato
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temperaturesFor a given desorbe temperatug ard pressurethe solution has
a higha ammona (or methylaming compositia in relation to H,O conten in
the liquid phase This reduce the rectification requiremerg significantly.
Similar improvemen can in principle be obtaine for H,O/LiBr with H,0O as
the working fluid. The crystallisatio limit is moved to high temperatug by

addirg a secondanti-freez liquid, for example glycd (Alefeld 1994)

Homma et d (1996 investigate a novd binary working fluid, LiBr+Lil-H,O,
for a doubk effed absorptio cycle Compare with LiBr-H,O pair, LiBr+Lil-
H,O working fluid could exterd the crystallisation limit by 5°C ard it was
predictal up to 12% highe therma efficiengy could be expectedThe researh
interes on the working fluids tende&l towards ternay ard quaternay working
fluids (Iyoki 1990) (Iyoki 1993) (Kim 1995 ard (Saravanna 1998)
Saravana (1998 compare 16 working fluid combinatiols for a vapour
absorptim refrigeration systen ard conclude tha H,0-LiCl combination was
bette from the cut-of temperatug ard circulation ratio point of view ard the
H,O-LiBr+LiCl+ZnCl, combinatim was betteg from the coefficient of

performane ard efficiengy ratio point of view.

Lange et d (1999 reportel ther teg resuls of Water-Lithium Chlorae (H,O-
LiCLO,) in which they claimed tha this working par can increag COP by 5%
for hea pumps compare with H,O-LiBr pair, no crystallisation ard no sevee
corrosion problens were found in first tests This working par alo allowed

the absorbe ard the condenseto work a a highe temperature

2.4 CONCLUSION

Recen researh activity on absorptio refrigeration shows tha multi-stage
multi-effed and GAX cycles hawe bee considerd as an effectie way to
improve enery efficiency. Many multi-stage multi-effed absorptio cycles
hawe been proposd ard investigate in pas ten yeas althoudy few hawe bea
testel experimentally The simulation resuls do favou the® cycles ard

imply tha the highe efficiengy is possibé by increasiig the numbe of effecs
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and stagesHowever more hed exchanges are required in the® cycles which
resuls in increasd complexiy amd cost From this point of view, a three
stage triple-effed¢ cycle might be the mog complicatel one to be practicaly
realised GAX cycles are similar to a single stag systen ard it has potentia to
deliver bette enery performancehowever it is nad eay to implemen the
hed transfe efficiently betwe@ the generato ard absorbe which is crucid to
GAX cycles Mog researh on the advancd cycles has been carried out in
simulation method ard few experimenth resuls are reported So, ther is
sone way to go befoe mary of the proposed advancd cycles can be

commercialised

In general highe COP carries with it the penaly of increasd complexiy ard
therefoe cost Furthermorethe greate complexiy generaly causs a greate
sensitiviy to approab temperatue (the temperatue differen@ occurrirg in
hea exchanger) Therefore it is difficult to obtan highe COP by increasigy

cycle stages ard effecs in practice

Hybrid absorptio cycles provide an altemative way to improwe the enery
efficiengy of absorptim hed pumps Sinee mechanich compress@ require
high-grace enery (electrich or mechanicgl to drive them the hybrid
absorptim cycles using mechanicecompressa@ lose the ability to utilise low-
grace heda sources which is the one of the mog importan feature of the
absorptio cycle The rotaly vapou re-compression cycle propose by Riffat
(1999 can be driven by therma enery a the cog of a gas fired engire ard
the complexiy of configuration Therefore the mechanick compresso

involved absorptia cycles may only be suitabg for particula applications

Using the ejecta in the absorptim cycle improves cycle performane a low
cost ard simulatim analyss amd experimenth resuls haw shown
improvemens in enery efficiency. The survey shows tha the pas researb on
the ejecta involved hybrid absorptio cycles was focusel on using ejectors

driven by the refrigeran vapous or the solutions to enhane the evaporatig
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process While the® cycles offerad better enery efficiency, the corrosion ard
crystallisation problens exiss for the cycles using LiBr-H,0 pair. Ther
performane with high temperatue hed source is just as goad as the
convention& single or double-effet cycles The cycle using an ejecto to re-
compres the vapou from the generato to enhane desorptiam processwhich

is to be investigate in this researh project is not found by this survey

Although mua effort has been mace to find ard improwve working fluids for
vapou absorptio systems lithium bromide-wate ard water-ammora pairs
are still the bes in gener& use Multi-componen working fluids, sud as
binary, ternay ard quaternay solutions can improwe the performane of
absorptimm systens for particula applications however there is no evidene
tha they will som repla@ lithium bromide-wate or water-ammora working
pairs at this stage For ejecta hybrid absorptiam cycles H,O-LiBr par is the
mod suitabe working fluid. This is becaus (a) wate vapou (the refrigerany
can be directly useal as a working fluid of ejectors which is flexible to the
cycle arrangement(b) the construction of the hybrid absorption cycles using
H,O-LiBr is simple (c) it can deliver the bes enery performane when

requiral cooling temperatue is abowe 0°C.
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CHAPTER 3
THEORETICAL STUDY OF THE EJECTOR

RE-COMPRESSION ABSORPTION CYCLE

In this chapter the ejects re-compressio cycle will be investigate
theoretically This cycle uses an ejectad to enhane the concentratia proces
in a conventionh single-effet absorptio cycle as has been describd briefly
in Chapte 1. In orde to understad the novd cycle we stat from the
conventiond lithium bromide absorption cycles After discussig the singke
ard doubk effed lithium bromide cycles a mathematicemodée of the novd
cycle is developed Sine the stean ejecta was a key componeh of the novd
cycle, mathematicemodelling ard designimg of the ejecta are discussd then
The performane characteristis of the novd cycle are simulatel from the two
mathematick models This chapte will provide al the necessar knowledg

for furthe investigation of the nove refrigeration cycle

3.1 LITHIU M BROMID E ABSORPTION REFRIGERATIO N CYCLES
3.11 The thermodynamic cycles of the absorption refrigerator s

An absorptio cycle consiss of two pairs of opposie processg tha are
absorption-desorptio amd  evaporation-condensation The absorption
desorptim proces takes plae in the solutim sidg whos function is very
similar to the compresso in a vapou compressio refrigerator while the
evaporating-condengynproces is carried ou in the condenser-evaporato
system Since the refrigeran in the absorptim machire is compresse in
liquid, only a smal amoun of input enery is requira for pumpirg it. With
the solution mog of the energy however is useal to desob the solutian by
boiling. A single-effet lithium bromide absorptim machire is schematicayl
shown in Figure 3.1 ard its thermodynana cycle is shown as in Figure 3.2 In
the single-effet absorptio cycle the diluted lithium bromide solution is
pumpeal badk to the generato throudh a solution hed exchange whete it is
heatel by the concentraté solution from the generator The solutian is then
boiled in the generatoto desob the wate from the solution The concentrate

solution flows badk to the absorbe to complee the solution cycle while the
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wata vapou flows to the condense ard condensge there Becaus the
concentratd solution has the chemicé potentid to absob the water, it causs
the wate to evaporat in the evaporatarwhich produce the cooling effed in

the evaporatar

Condense Generato
F 1
Qcon =
~afom Cs 0, wmipm
2

3y

m 4

0. *“E Q. :_E

Evaporato Absorbe %5

6
Punp
Figure 3.1 Single-effet lithium bromide-wate refrigeration systen

|

A double-effet lithium bromide absorption cycle has a similar proces to the
single-effect excep tha thee is a low pressue generato to use the
condensatin hed from the watea vapou otherwi® wastel in the condensein
orde to furthea concentrad the solution As a result the enery efficieng is

improved
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Figure 32 Thermodynana cycle of single-effet lithium bromice refrigerato

3.1.2Energy efficiency of the lithium bromide absorption reirigeration
cycle

The efficiengy of a absorptio refrigeration cycle is definal as the ratio of the

cooling powe to the hed powe input It can be obtainel by applying the mas

arnd enery balance to the refrigeration cycle Fo a single-effe¢ lithium

bromide absorptio refrigeration cycle it can be expresseé as follow (Gosng

1982)

0 h, ~h
COP=*:= e
Qg (hl -h6)+/1(h9 "h6)

(3.1
where A is the circulation facta which is the mas flow rate of the
concentratd solution to absob unit mas flow rat of vapou from the
evaporator It is determind by the two solution concentratioa from the fad
that all the lithium bromide which entes with the strorg solution leaves with
wed& solution Supposig unit mas flow rate from the evaporatar the flow
rates of the solutiors ar X, ard (A+1), ard the mas balane for lithium
bromide gives
Ax, = (/1 + l)xd

hence

P (3.2)



It shoud be notad tha the powea consumptio of the punp ard the hed loss
from the solution heda exchangeare not taken into accoum in Equation (3.1).
The circulation factor, A, is importart to the enery efficieng/ of an absorptio
cycle. The smalle the circulation factor, the highe the enery efficiency,
becaus the low circulatin facta reduce powa consumptio on the punp
ard solution hed effed in the absorptim ard desorptio processesThe hea

rejectel from the condensecan be expresse as Equatia (3.3),

0., =mt, ~h,) 3.3
where h; ard h, are the specifc enthalpies of the vapou leavirg the generato
ard wate in the condenserThis hed may be usal to concentrag the solutin
in alow pressue generato as it does in a double-effet cycle A double-effet
lithium bromide absorptim machire is shown as in Figure 33 amd its

thermodynant cycle is shown as in Figure 3.4.

m L 1 { LP Generator

Condensey HP Generator

m=m, +ny

>

> | ——
o= 3 0. =
Evaporato Absorber {5
Punp 6

Figure 3.3 Double-effet lithium bromide absorptio refrigeration cycle

The concentratia proces in a double-effet cycle takes place in the high ard
low pressue generatos as shown in Figure 3.3. In the double-effet cycle the

solution is concentrate in the high-pressure ard then it is furthe
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concentratd in the low pressue generato by using the condensatio hed of
the vapou from the high-presswr generatowhich is otherwig rejectel by the
condense in a single-effet cycle So les hed is dischargd into the
environment from a double-effet cycle ard its enery performane is better
Since the vapou from the high-pressug generato has to med the requiremen
for concentratig the solutin in the low-pressue generator the minimum
temperatue of a hea soure for a double-effet cycle is highe than a single
effed cycle If the two concentratia processg of a double-effet cycle in
Figure 3.3 are considerd as a whole, as shown in the das line square the

enery balane for the concentratia proces can be written as follows,
Q, = h, +riuhy +mihg —m(A+ Dh, (3.9
The mas balane for the refrigeran of the cycle requires
m=rn, +m, (3.5
Substitutirg m, of Equation (3.4 with (3.5), Equation (3.4) can be expresse
as follow,
Q, = rtilz, -h,) + mAlhy ~h,)~m,(h-h,) (3.6
If there is no hed loss in the hed exchangerthen the efficiengy of the cycle is
COP = Q; hy —hy (3.7)
Q, (, —h)+ Alhy —h)—alh, —h,)
In Equation (3.7), a is the ratio of the mas flow rates of the refrigerarn

generatd by the high-pressuwe generato to the totd refrigeram of the cycle
i.e, a=m, /Im . The productio of a(h;-h;) reflecs the enery recoverd by
the low-pressue concentration process It is obviows tha the double-effet
cycle is more efficiert than the single-effet one by comparig Equation (3.7)
for the double-effet cycle with Equatia (3.1) for the single-effet cycle The

value of m,, can be determine from the mas balane of the solutian cycle
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Figure 34 Thermodynanu cycle of doubk effed

lithium bromice refrigerateo

3.2 THE EJECTOR RE-COMPRESSION ABSORPTION CYCLE

The ejecto re-compression absorptio cycle is similar to the conventionh
single-effet lithium bromide absorptio cycle which was discussé in sectiom
3.1. The differen@ betwe@ them is tha thee is a stean ejecta in this novd
cycle for enhancig the concentratia processBecaus of the use of the stean
ejecta in the cycle the performane ard the operatig characteristis of the
novd cycle are therefoe differert from the convention& cycle which are

discussd in this section

32.1 Description of the cycle

The ejecto re-compression absorptio cycle is shown schematicayl in Figure
35. Referrirg Figure 3.5, the expansia of the high-pressur stean causs a
low pressue a the exit of the primaly nozzke of the stean ejector therefore
the vapou a point 8 in the concentratois entrainel by the primary flow. The
two streans are mixed in the stean ejects armd condenseé in the hed
exchange of the concentratar The condensatio hed is usa to hed the
solution in the concentratar Obviously, the hed of the entrainel vapou is
recoveré by the stean ejecta in this processWatea at point 3 splits into two
streamsonre flows bad to the stean generato ard othe flows into condenser

In the stabk operation the mas flow rate of the first strean equas to tha of
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primary flow while the mas flow rae of the secod strean equas to tha of
the entrainé vapour The res pat of the cycle is similar to tha of the
conventionh single-effet lithium bromice absorptio cycle

EJECTR om STEAM GENERATCR

. ) j ES

m, m,
CONDENSR
Y CONCENTRATO | |
ﬁ j . P S U WY, 3
_8]m81 -JVVV
ARAAA I
Nt B < WATER
7 9 RESTRICTQR PUMP
4 -
SOLUTION HEAT
EXCHANGER
10 ji RESTRICTQR
SOLUTIO
SUMP RESTRICTQR

6] { ABSORBR EVAPORATCR

r_ P S ™)
FAWAWAWAN

VAVAVAVA XN\

AV Y AV 4

Figure 35 The novd refrigeratian cycle

Figure 36 shows the nove cycle on P-T-C diagram Referrirg to Figure 3.6
the cycle 6-7-9-106 takes up wate a the absorbe (10-§ ard releass it as
vapou a the concentrato (7-9). In the conventionk absorptio cycle the
vapou is condensg a 8 ard the condensatio hed is rejectel to the
surroundingsin the nove cycle this vapou undergos a compressio proces
throudh the ejecta to poirt 2. Since the vapou temperatw is greate than the
solution temperatw in the concentratgrthis vapour is usel to hed the
solution by condensatio to poirt 3. Therefoe the hed otherwig wastel is
recoverd ard the enery efficieng/ is improved The ejecta proces on T-s
chat is shown in Figure 3.7.In Figure 3.7, the proces from points 3 to 5 takes
plae in the expansia valve ard the evaporatowhile the proces from points
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5 to 8 is the absorptio ard desorption of the refrigerant which takes plae in
the solutian cycle Point 1, ard 1, are the state of the stean & the exit of the
primary nozze ard in the mixing area of the stean ejecto while poirt 1, to
point 2 is an ided compressin processThe temperatw differen@ betwea
the T; ard T, in the Figure 36 is requirel for the hed transfe betwea the
stean exit from the ejecta ard the solutian in the concentratar
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Figure 36 Ejecta re-compressio absorptio refrigeratian cycle
on P-T-C chat

Figure 3.7 Ejecta re-compression proces
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322 Theoreticd cooling efficiency of the cycle

Using the state-point informatian in Figures 3.5, 36 ard 3.7 ard the mas ard
enery balance we can theoreticay analyg the cycles enery efficiency.
This analyss assums tha the cycle is in steady-sta operatimn ard the ejecta

entrairunen ratio is known

In orde to understad the flows in the concentrato clearly, a schemat
diagran of the concentrato is shown in Figure 3.8 It consiss of a stean
ejecto ard heatirg tubes in a sealel glas vessé which is separate into two
chambers The stean ejecto sits in the smalle chamber termal 'ejecto
housing, while the heatirg tubes are placel in the large 'solution chamber’
The chambes are connected by a passag which allows vapou to flow
betwee them To preven the droples of lithium bromide solution from
enterirg the ejecta housing a baffle is positional in the vapou passageAt
the right erd of the vessel thele are three outlets ore for the vapou a the top
for the vapou to flow to the condenserthe seconl for the strorg solution to
retun to the absorbe ard the third a the bottan for dischargig the
condensd water The condense wate is then separaté into two streans at
the outlet ore is pumpeal badk to the boiler, ard the othe flows to the
condenserThe flow rates of two streans can be determind from the mas
balance An inlet is providel a this erd for the we& solution retumirg from
the absorber The high-pressw stean inlet is a the left-hard erd of the
concentratar The heatirg tubing is place in the solution chambe in sud a
way tha it can minimise the solution levd requiral to cove the tubes to
redue the gravity influene to boiling. The flow rate of the vapou entraine
by the stean ejecta is shown as rii®, which is the pat of the totd vapou flow

rate my; evolvel from the solution chamber
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Figure 3.8 Structue ard pressue profile of the concentrato

For the mas flow rate m,, entrainel by ejecta from the vapou evolved from

the solution we can obtan from the definition of the entraimnenhratio,

mg =mw

where w is the ejecta entrainmehard m, is the motive stean flow rate By

mas balancethe mixed stean flow rate m,is as follow,

i, = m, + g =n, (1+w) (3.8)

Applying an enery balane to the hed transfe proces taking plae a the

concentratarthe hea releasd by condensatio of the mixed flow m, in the

proces 2-3 shoutl equa tha requirel to evapora the refrigerant my, , from

its solutian a the concentratarlt can be expresseé as follow,

X, — X, X_—Xg

. i X X,
i, (hy —hy 2 szT(h8+ 4 p, - h,) (3.9

Substituting Equation (3.8) for m,then,

aZ B 2 h7) (3.10

xC—x;l‘ xf:_xu‘

m,(+ wih, —h, & mw(h8 +

therefore,
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m (1 + wXh, —h,)
X X
. h9 - < h7
xc - xd xc - xd

(3.10)

mg, =

hg +

Equation (3.11) gives the refrigeran mas flow rat evolved a the
concentrato ard shows it is a function of the ejecta primay flow (m,) ard
the entraimnenhratio (w), the states of absorbenth; ard he, in the concentrato

ard the differene of the specifc enthalpy (h;-hs).

Since the quantiyy of de-sorbd refrigerah mug equa tha taken into solutin
at the absorber (during steady-sta operation) we can use the refrigeran

flow, mgr, to the calculae cooling rat a the evaporator

- ) m(1+wlh, —h, kh. -h
Qe =My (hs ~hg) 1( P )( 2 3)(; 4) (3.12
hy + —%—h, - ——<—h,
xc_xd xc_ xd

Theinpu heat Q,, =, (h, - h,Jardtherefore

COP = _Q_e: (1 + thZ —h3Xh5 _h4) (313’
Qi (hl “h3{h3 + 2l h9 - xc“ h7)
xc —X. A T A

Equation (3.13 gives the enery efficiengy of the novd cycle If we use the
circulation factor, 4 ,definad in Equation (3.2) to repla@ the concentratios
of Equation (3.13 ard ignore the enery loss in the solution hed exchanger

the enery efficieng of the novd cycle becoms Equation (3.14)

cop- Qe U+ Wit —hy) ks —h, (3.14
Qm hl "h3 hs _h6+ ﬂ'(hlo _he)

In the right-hard of the equation there are two items The first one termed

‘enhancemenfactor describs the improvemen of the enery efficiengy due
to using the stean ejector The secondis the enery efficiengy of the
convention& single-effe¢ cycle which has been shown in Equation (3.1).
Therefore the novd cycle is virtually a singke effed cycle bu its COP is

enhancd by the stean ejecto accordilg to Equatio (3.14)
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323 Enhancemen factor
The 'enhancemednfactor can also be written in following form, which

provides more clearly aphysicd meaning

£= ZZ :;33 (+w) (3.15

The ratio, (hz-h3)/(h;-h3), is the fraction of the input energy tha can be usal to
hea the solution ard it has the relationshp with the ratio, (h;-hz)/(hy-hs3), as
follow,

h, -h, =1_h—hz

h, —h, h, —h,

where the ratio, (h;-hz)/(h;-hs), indicates the fraction of the input enery tha
is usal to entran the vapou from the solution chambe into the coppe tubes
by the stean ejector For the beg enery performanceit is desirabé to ge the
maximum w for the minimum (h;-h,)/(h;-h3). Obviously, the ejecto hes a
strorg influene on the performane of the novd cycle Therefore it is
necessar to discus the ejecta performane in orde to understad the

behaviou of the novd cycle

3.3 THE PERFORMANCE CHARACTERISTICS OF

EJECTOR AND ITS MODELLING

In the sectio 3.2 it was found tha the ejecta has a strorg influene to the
enhancemen ratio, e. This mears tha the improvemen of the enery
efficiency of the novd cycle largely depend on the ejecta performance In
this section the performane characteristis ard the factois tha affed the

performane are theoreticaly discussed

3.3.1 Operation of an ejecta

Ejectos are fluidic pumgs tha use the kinetic enery of a primary fluid to
pump a seconday fluid. There are differert types of ejectos in use Fo this
researb purpose only the supersord stean ejecta is considered A stean
ejecta consiss of a convergent-divergent nozze ard a diffuser Figure 39
shows a schemat constructio of a supersora ejector In operation high

pressue steam coming from a stean generataris acceleraté to supersora
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velocity through the convergent-divergennozzle As this high velocity jet
emergs from the nozzk it entrairs a secondar vapou stean ard mixes with
the entrainel flow a the convergenh section of the diffuser The supersord
mixing flow is slowad down in the convergeh sectim amd undergos a
thermodynang shok a the throa section of the diffuser, where it becoms
subsont flow. The flow is decelerate in the divergen sectio of diffuser until
its pressue equas the back-pressureThis is the proces wher an ejecta
pumps a flow from low pressue to high pressurg alo called compressin
proces for the secondar flow, becaus its densiy is increasd in the process
In the processthe primaly flow is adriving flow ard the seconday is a driven
flow. Naturally, the ratio of secondar mas flow to primary mas flow or the
entrainmen ratio reflecs the ejecta efficiency. In practice this is one of the
specificatiors of an ejector Similarly, the descriptim of the performane for a
compressqra pressue ratio of the back-pressu to the seconday pressurg
N, is usal to descrie the pressue lifting ability of the ejector The
entrairuneh ratio and the secondar pressue ratio descrile the pumpirg
characteristt of an ejector The effed of the driving flow to the pumpirg
characteristi is describd by the primary pressue ratio, Np, definad as the
ratio of the primalry pressurgPp to the back-pressureP,. The entrairunenh
ratio, w, the secondar pressue ratio, N, ard the primary pressue ratio, Np,
complee the descriptim of performane of an ejector Ther relationshp will

be discussd later.

Primay nozzke Diffuser
-« 0 > NXP+
Primary : :
flow ‘ : . :
- -~ Mixed flow
»” r
seconday |
flow
Mixing Diffusion
section section :
1 2 2’ 3

Figure 39 Schemat diagran of ejecta
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33.2 Performance characteristics of ejecta

The entrainmenratio ard the pressue lift ratio of a ejecto are determind by
the stagnatio pressug of the motive flow, the stagnahpressue of secondar
flow ard the back-pressureIn genergl the entrainmeh rato can be
represent functionally by:

m PP
w=—t= f(-,—2) (3.19
m, - F, F,

l.e, It is dependeinon the stagnatia pressug ard back-pressuar ratios This
relationshp can alo be represent® in three dimension surface shown as
Figure 3.10 (Addy « al, 1981)

w
Py/ Ptp
P b/Ptp -
independent Satufated -
supgjrsonjc-~
reghag\ Break-off curve
“” Supersonic d

regime

Py/Py - dependent

Py/P

Figure 3.10 Performane characteristis of ejecto

P

The three dimensimm surface consi$ of 'Supersom regime, 'Saturatd
supersoru regime ard Mixed regime ard they are separat by so-callel
‘Break-of curves shown as Figure 3.1Q If the Mach numbe a the minimum
flow are is unity, the ejects operats in eithe 'Supersom regime or
‘Saturatd supersorm regime; bu if this Madh numbe is less than unity the
ejecta operats in 'Mixed regime’ The line a-b€ in Figure 3.10 forms a
'Break-of curvé which separate 'Mixed regime from 'Supersonic ard
‘Saturatd supersonicregimes On the left of the curve the entrainmenratio
is independenof the pressue ratio P,/Py, ard is constah when the pressue
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ratio Pys/Pyp is fixed. But it becoms Pu/Pyp dependenwhen Pu/Py, falls into the
right side of the curve ard drops down dramaticaly for ary increag of the
ratio. The entrainmen ratio will drop to zelo when the pressue ratio Py/Pyp
reachs to the curve a-d ard the ejecta has log its function The back-pressur

Pb a Break-of curwe is called the critica pressure

For efficient use of energy it is desirabé to let the ejecta work a as cloe as
possibe to the left side of the Break-off curve However this is alo an
unstabé condition becaus ary interruption to the pressue ratio Py/Pyp will
cau® the entrairunenratio to drop down dramatical if it moves the pressue
ratio to the right side of the curve Sq, this facta mug be taken into accoun

when determinimg the pressue ratio Pb/Ptp

When the ejecta operats on the surface a the left of Break-of curve the
entraimneh ratio is independen of the ratio of back-press@ to motive
pressure At the® surfaces the entrainment ratio increase as the pressue

ratioPy/Py, increases

333 One-dimensiond analyss

The purpo® of this analyss is to determire the entrainmenh ratio of a
supersort ejecta given a particula maximun requirel pressue lift ard then
if required the dimensim of criticd flow passagesFigure 3.11 is the
schemat drawing of a supersorg ejecta showirg the nomenclatue usal in

this section
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Figure 3.11 Schemat drawing of a supersoru ejecta showirg the

nomenclatue usal in this sectio

Primary Nozzle

Referrirg to Figure 3.12, high-pressug vapou entes the primary nozzk at the

rate ™M, with stagnatio pressue ard enthaly Po and ko respectively ard

expand isentropicaly so tha

where

a exit
v =20, —h,

pl

! . . . .
vV, = nozzk velocity for isentropc expansio

h;;] = h(Ppl,Tpl)
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Figure 3.12 Convergent-divergdn(de-Lava) nozzk
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In practice fluid friction reducs the flow velocity. To accoum for this an

isentropc efficiert facta is introduced

2

n }_ltL—hpl _ Vi
N = Y
h,p —hp1 Vo

From which the actua nozzk velocily is given

v =20, —hl,) (3.19

Typicd values of 7, lay betwea 0.97 ard 0.99 (ESDU 1986)

Mixin g section
For simplicity, in this sectio the primarly ard secondar fluids are assumed to

be dry saturatd or superheattvapous of the sane species

"
UIB '

<
N

L

AY

S

Figure 3.13 Detal of the entrainmehmodé

Referrig to Figure 3.13 assumig the walls of the mixing sectio offer no
frictiona resistane to the flow, ard applying Newtons secoml law of motion
to the contrd volume yields
3F =fA-a,L,Pmm'v3 -1V =MV, (3.18

The solution of Equation (3.18 is complicatel by the integration on the left-
hand-side To make this amenal# to analyticd solution it is usua to assure
tha eithe the flow area (A) remairs constah (i.e. a constah area desigr) or
the statc pressue (P) remairs constah ard therefore dP = 0. In the presen
case for super-sord ejectos with high secondar pressue ratio, (Ps/Ps), it is

usud to apply the later assumptioni.e., tha the statc pressue is constah
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throughot the entrainmenh region Experimentaly this has been shown to
produe desigrs which produe pressue lifts ard entrainmehvalues close to
those predictel using the constah area assumption Thus assumig dP = O,

Equatian (3.18 reduce on rearrangemdrto:

m,v,=m,\v, +my, (3.19)

From mas flow continuity. m, =m, +m, (3.20

Defining entrairunenratioo. w = —- (3.2)
m

14

Substituting (3.20 ard (3.2]) into (3.19 yields on rearrangement

Vv, + wv
y, =T

- (3.22)
1+w

In the presen case the velocity of the primary flow will be a leas two orde

of magnitue greate than tha of the secondar flow. In othe words v, « v;

ard in which casefrom (3.22 we can write;

1%
r_ 1
V; =

(3.23

1+w

An effed of fluid friction a the wall of the mixing section will be to redue
the mixed flow velocity. The effed of wall friction can be accountd for by
introducirg amomentun loss coefficient, K,,:

v, =K, v, =1 (3.2

iy

Typicd values of K,,lay betwea 0.8 ard 0.9, (ESDU 1986)
The stagnatio enthaly at the erd of the mixing sectio can be determind by
applying the steag¢ flow enery equatim acros the volume in Figure 3.13
Assumirg neithe hed nor work transfe occur, then

msh=mh, +mh, (3.25)

Substitutig (3.20 ard then (3.21) into (3.29 ard rearrangig the resut gives

=-Z ‘ (3.26)

Applying the steag flow enery equatim within the diffuse throa yields

2
hy, =hy + 323— (3.27)
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Thermodynamic shok process
At the design-pointit is assume tha a norma sho& proces occus & the
erd of the diffuse throat betwea state-poih (4) ard (5 in Figure 3.11
Becaus the proces occus ova avely shot distanceit can be assume to be
adiabait bu neve isentropic ard als the flow area can be assume constant
Therefore from mas flow continuity.

PsVs = PV, = P3Vs (3.28)
Note tha if frictionless flow is assumeé ove the lengh of the diffuse throa
then alsq

v, =v; and p, = p,
From the steag flow enery equatio ard noting tha A,=h;,
52 2

hy + "7 —h, + ‘%= b, (3.29)

Applying the momenton conservatio principle acros the sho& ard noting
tha P, = P; = P, for a constah statc pressug entrainmeh withou wal
friction, then
P, + pvi =P, + p,v} (3:30)

When determinig P, it is usud to recognig a loss in totd pressug in the
seconday flow betwea the ently to suction pipe ard the mixing section This
effed is normally accountd for by introducirg a secondar flow totd pressus
loss coefficient

7, = Swhee 0.5 s 7, <1, (ESDU 1986)

Is

If the Madch numbe of the secondar flow, as it entes the mixing region is
less than 0.1 then we may assure it to be incompressild (o = constant ard

the statt pressue P- is given by Bernoulli's equation

Substitutiny this resut into Equation (3.30 ard noting tha v2 <<vyields

P, +psb5 = 0B, + pv; (3:31)
The totd pressue a state-poih5, down strean of the shock is determind by
compressig the flow isentropicaly from P5 hs to his:
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5
RS = PS +[(p.dh)s-conslam (332)

al

Sub-sonc diffuser section
It is usua to recognie tha there will be aloss in totd pressue throudh the
diffuser ard this is normally accountd for by introducirg a diffuse pressue

recovey coefficient

P
Na =S—whee 09 =7, <096, (ESDU 1986)
15

Noting tha v will usually be smal (M, < 0.1), then from Bernoulli's equatio
the maximum back-pressure an ejecta can overcone will be,

2
v
P =1,F; _&2_6 (3.33)

The density ps, can be determind from Ps and hs. The latter is given by
applying the steag flow enery equation
2 v62

2
Vs — Vg

=h,-—= 334

2 t3 2 ( )

Thermodynamic properties
P, V, T, h ard s dat are requiral to solve (3.17) to (3.34) If the reduce
temperatwe (7/T.;) of a gas or vapou is greate than 2 ard its reducel
pressue (P/P.) is les than 0.1, then it can be usualy assumd tha its
thermodynang behaviou will be similar to tha of an ided gas
Pv =RT (3.35

And h = CpT (336

Whete the specifc hed valug C, = constant

Isentropc expansio ard compressin of an ided gas obeys the isentropc law;,

PV = constan (337)
u
Combinirg (3.35) ard (3.37) gives;Lconstan (3.38)
T

Whete the isentropc index y = C,/C, = constahin this case
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If a gas or vapou is assumd to be semi-perfet (sometime referrel to as
thermally perfed¢ ard calorically imperfec) then the ided gas equatiom of stae
in (3.39 still applies but the specifc hed values are taken to be functiors of

temperatue (only):

T
h=h = [C ()T (3.39
T

2
whete C, (T)= fl+Z)r+cr+/+-n (3.40
-

The isentropc index (p) in this ca® is al® a function of temperature The
simples metha of dealirg with this problam is to assume

1
7 — 3.41
13 R (341)

1 I,
C,T)

A more accurag soluticn may be determine by calculatirg y using (3.37) a

both encs of the proces amd using the arithmetc average A still bette
avera@ value may be obtainel by combinirg the first ard secon laws of

thermodynamis for an open system ard assumig the fluid to be taken as an

ided gasyields
as-c,L_p¥ (3.42
T P

Substitutig Equation (3.40 ard noting tha ds = 0 for an isentropc process
integratirg (3.42 gives

P 1 T, Clp2 _p2), D(ps _ 3_£(L_i
o 1) 3t 7o S 075 )
(3.43

If it is assumd tha the vapou expand isentropicaly acros a nozzk from
known values of P, ard T, to a given statc pressue P, the value of statc
temperatue (T) which satisfis Equatim (3.43 mud be determind
iteratively. Once this value has been calculatel the mean isentropc index may

be determined

(3.44)

Ny
!

1—-ln§T [T)
In(F, |P)
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Equation (3.40 may be applied with confidene a low pressue (Pr<= 0.1).
By comparig calculatel ard tabulatel values ard temperatus changs
undergor during isentropc compressin or expansio process it can be
shown tha 7 expresse by Equation (3.4)) is less accurag¢ than tha provided
by Equation (3.42 through to (3.44) but the forma metha is less
complicated However the erra in both case increase with pressue ard
pressue ratio, particularyy when the stae of a dry vapou is close to saturatio
ard nea to its critical-poirt condition In sud casesit iS necessar to use
real-ga datg eithe tabulated or more conveniently in the form of equations
which provide functiond relationshig betwe@& the requira@ properties
Clearly, the mog importart of the® is the equatim of state ard detailel
information on the® can usually be obtaina& from chemicé supplies or from
the literature Equatiors of stak ard method for determiniy relatel
properties of 'real fluids are coverel in mog thermodynand textbooks
(Cenge ard Boles 1994)

Method of solution and design

Ther are severd ways to solve Equatiors (3.17) to (3.34) The am is to
determire the variatian in entrainmenratio (w) with secondar pressue ratio,
(Ns;=P¢/Ps) as functiors of nozzke pressue ratio (N, = P,p/Ps).However it
shoutl be noted tha ead solution will only give the predictel design-poin
performane of a particula ejector In othe words if w ard N, are alteral the
flow pah geomety (AR, AT, etg will also change The preferrel solution
methal is to specif primay amd secondar flow stagnatio conditiors ard
entrairuneh ratio (w) ard to calculaé the secondar pressue ratio, Nj.
Calculatiors are then repeatd ove a range of entrainmenh ratios so tha

design-poin performane chars can be constructed

Regardles of whethe the gas is assumd real semi-perfet or ided gas
Equation (3.17) to (3.27 ard (333 ard (334) can be solved directly with
little complication althoudh sone iteration is requirel in terms of propery
dat for the forme cases The solution of Equatiors (3.28 to (3.32 is alittle

more complicated particulary if it is assumd the gas is 'real’ In this case it
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IS necessar to devie an iteration scheme as variables are na separable
However if the gas is assumd ided then Equation (3.28 to (3.32 can be

convertel into Mach Numbe functions

Mach Number M, = ,v—— where }W = locd spee of sound
VRT

By redefinirg the variables in terms of M, the solution of (3.28 to (3.32
become uncomplicated The variation in thermodynana properties acros a
normd shok wawe for an ided gas are well known For referencethe® are

repeatd in Appendk A (Hodge ard Koenig 1995)

Once Equatiors (3.17)-(3.34 haw bee solved the flow area throudh the
primary nozze (d; ard d.) ard diffuse (D), ard subsore diffuse exit can be

determiné from mas flow continuity.

A=— (3.49

Table 3.1 lists recommendation for those geometris which cannot be
determine usirg the one-dimensionamodel
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Tabke 3.1 Recommendegejecta geometrichfeature taken from ESDU
(1986) (Refe to Figure 3.11 for nomenclature

Dimensim Recommendatio Commens
Primary nozzk conicd 10° The primary nozzk
divergen expansia tube discharg orifice shout hawe
included angke ashap lip
Velocity of stean enterirg 50 m-s" Maximum value
at primary nozzke
Radiws of convergenh 0.3d, Minimum value
stean entry regimn within
primaly nozze
P 2° -10° If a conicd inlet to mixing
chambe is usa then this
shoutl be hawe an included
angk of 20° to 40°
Radiws of enty regian to 1D ESDU recommed tha the
the mixing sectin entry regian shoutl consis
of a generos bell-mouth
The 1D given her is
suggested by the authos
L 5t010D Measure from the exit plare
of the constah area sectim
(diffuser throa)
L, 2to4D
¢z 3° to 4° Not gred than 7°
Diffuser exit diameter D, <24D L4 isdetermind from ¢, ard

D., however from the
authos experiene Lq is
usualy s¢ & 7D
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3.4 SIMULATION MODEL OF THE NOVEL CYCLE

The COP of the novd cycle can be determine from Equation (3.14 ard the
entrainmen ratio, which is necessar for Equation (3.14) can be determine
from Equatiors for the stean ejecto in the section 3.3.3 Sq, the simulatian of

the novd cycle can be performel by computirg thos equations

3.41 The variables usal in the simulation
In the simulation the extern& conditiors are as follows,
Stean temperaturg®C
Condensetemperaturg®C
Absorbe temperaturge®C
Evaporato temperaturg®C

Requirel cooling capacity kW.

The internd parametes include
Mass concentratios of the solution %
Solution temperatue of the concentratqroC

Stean temperatug in the concentratqr°C

Efficiency of the solution hed exchanger 7 :;—12 h" , whee h, is the

8 a
enthally of wed solution leaving the solution hea exchangerh, ard h,
are the solutim enthally in the absorbe amd the concentrato

respectively

3.42 The properties of working fluids

Equatiors describirg stean properties were taken from Irvine e d (1984)
However becaus the vapou pressue in the ejecta is low, it was assumd
tha wate vapou behave like an ided gas The propertie of lithium bromice
solutiors were calculatel from the correlatiors provided by ASHRAE (1993)
Lee et d (1990) Pattersa et d (1988 ard Hellmam (1996)
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3.43 The methad of the simulation

In the simulation the ejecto entraimneh ratio was determind from its
operatig conditions the stae of the motive flow was obtainel from its
temperatureassumig tha the stean was drysaturatedThe condition of the
seconday flow was determind from temperatug ard solution concentratia
in the concentrato (the vapou was superheated)ard the back-pressur of the
ejecta was determind from the stak of the mixed stean in the concentrato
(the condensig temperatug of the mixed steam) From the® conditions the
entrainmen ratio was determined One this was obtained the calculation of
the COP was straightforward The simulation modé was programme usirg

Microsott Excd ard Visud basic

35 FACTORS AFFECTI NG THE PERFORMANCE

COF THE NOVEL CYCLE AND COP PRED CTI ON

The compute simulation modd was usal to examthe factors which effed the
performane of the novd cycle However attention here was pad only to
those effects which are particula to the novd cycle Fa brevity, thos effecs
comma with conventionh absorptio cycle refrigeration are na included
becaus they are fully covera in severd textbools including Gosng (1985
and Stoecke (1982)

3.51 Effect of the solution states to enhancemen factor

From the discussion in Sectiors 3.2 ard 3.3, the solution concentrationXe,
and temperature T;, were found to effed the enhancemenfacta (E) in
Equation (3.15) This is though to becaus the solution stat determine the
operatirg condition of the stean ejector In this particula application the
suctin ard the dischar@ conditiors of the stean ejecto are linked by the
stak of the lithium-bromide solution in the concentratari.e., the vapou
pressue of the solution is the ejectd secondar flow pressue while the
solution temperatug determins the ejecta back-pressureSo, ary chang in
the solution condition will effed the entrainmen ratio of the ejector Tablke 3.2

lists somre typicd theoreticé results
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Table 3.2 Ejecta Entrainmeh Ratio a differert solution conditian

Solution Concentration%

55 56 57 58 59 60
Solution temperatuz Entrainmen ratio
70 °C 0.4538 {1039 |[0344 |0.2% | 0.2% | 0.232
75 °C 0.4364 { 0382 { 0.3 [ 0.28& |0.243 | 0.20%F
80 °C 0.41% [ 0367 (0319 |0.274 | 0.233 | 0.1951

Note The motive stean was assumd to be a 15 ba ard the mixed flow

temperatue equalle the solution temperature

The resuls in Tablke 32 sugget tha the soluticn concentratia affecs

entrainmen ratio more than its temperatug does Keepirg the solution a low

concentratia will allow the stean ejecta operaé more efficiently. It shoud

be notal tha the® calculatel resuls are basé on the ejecta design conditiors

and do not represen an ejectors off-design performance The enhancemen
factar has a similar characteristi to the entrairunen ratio, as shown in Tablke

3.3 ard Figure 3.14

Table 3.3 Enhancemanfacta varied with the solution condition

Solution Concentration%

55 56 57 58 59 60
Solution temperatuse Enhancemenfacta
70 °C 1.3% 138 {125 {1210 | 113 | 113
75 °C 1A |12% | 128 {1200 | 1164 | 1.1%7
80 °C 1311286 (123 (118 | 1.1 | 1.1

Compare with entrainmen ratio, enhancemenfacta is less affectal by the
variation of the solution temperatue ard concentration but the trerd is
similar. So, solution concentratia shoud be keg as low as possibé to achiee
a greates enhancemenfactor. However this will resut in low efficieng/ for

the absorptio cycle as has been discussd in previows chapter
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Figure 3.14 Enhancemenfacta variation with the solution states

3.52Effect of the temperature difference between the solution and stean

The resuls in Table 32 ard 3.3 were basedon the assumptia tha there was
no temperatue differene betwe@ the two sides of the heatirg tubes in the
concentrato vessé in Figure 3.8 However in practice a temperatug
differene will exig ard this will increag the back-pressa (Pback to the
vapou pressue (Pvapoyr ratio. Ejecta entrainmeh ratio will, therefore
decreas ard so accordingy will the enhancemenfactor The theoretich
resuls indicatel tha the reductim of the enhancemdnfacta due to the
temperatue differene is large a low solution concentratios than a highe
values ard is proportiond to temperatug difference as shown in Figure 3.15
In this figure, the percentag loss of entrainmen ratios was referral to ther
entrainmenh ratiocs a zelo temperatug differene betwea two sides of the
tubes in the concentratarThis is to sg tha the loss of entrainmenratio a zer

temperatue differene is naught
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Figure 3.15 The influene of temperatug differene to entrainmen ratio

3.5.3 COP prediction s
The coefficiert of performane was calculatel by assumig the following
conditions

a. Condensig ard absorptio temperaturewere a 30°C,

b. Evaporatiig temperatug was at 5°C,

C. The hed soure@ was stean a 1983 °C @ 15 bar,

d. Solutim hed exchange effectivenes was assumd to be 0.7

(Dorgan 1995)

e. The electricd powea consumptio of the pumps was neglected

From the calculatel resuls of enhancemenfacta in Tabke 3.3, it was fourd
that the values of the enhancemdnfacta were greate than unity. This mears
tha unde assumd operatirg conditions the COP of the stean ejecto re-
compressio cycle is predictel to be greate than tha of the conventionh
single-effet cycle provided tha the hea sour@ can drive the stean ejector
Estimatel values of COP ate listed in Tablke 3.4

COP values respondig to the solution concentratia chang in the novd cycle

were found to differ from thos of single-effet cycle The COP of
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convention&cycle increass with the soluticn concentrationHowever for the
ejector-enhanck cycle thee is a concentratio & which the cycle has a
maximum COP value This is a resut of the ejects entrairuneh ratio
decreasig as concentratia increass while the COP of the single-effet cycle
increass with the concentration Figure 3.16 compars the variatian in COP
with solution concentratin betwea the noveé ard conventionh cycles.
Anothe differene betwea the noved cyclke ard the conventionh single-effet
cycle is tha the maximun COP of the noved cycle decreaseas the solutiin
temperatug increasesas show in Figure 3.17. In the conventionhabsorptio
cycle thee is a solutim temperatwe & which the cycle COP reachs
maximum value
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Figure 3.17 COP variatin with the solution temperatue

« the nove cycle COP was fourd to increas with the heda sour@ temperature
ile the solutian temperatue remairs unchangedFigure 3.18 shows the predictel

1d in COP with the stean temperatureln the® results the solutian concentratio

‘he concentratowas 5% ard the solutian temperatwe was 71°C.
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» CONCLUSIONS
this chapter the theoretich enery efficiengy of the novd refrigeration cycle was
cussed From the theoretich results it can be concludel tha the novd cycle usirg
ejecto to re-compres the vapou for re-heating the solution can increag the cycle
IP. However a high temperatug hed sour@ is requirel to drive a stean ejecta for
:h acycle The improvemen of the COP of this novd cycle largely depend on the
rainment ratio of the ejector Sine the stean ejecto is introducel into the
rigeration cycle the cycle performane characteristis are profoundy affectel by
ejector As aresult the COP responsg to the variation of the operatiomm condition
the novd cycle are differert from thos for the conventionh cycles Thes
ferencsare
» The novd cycle COP decrease as the solution temperatug increase while
there is a solution temperatug where the conventionh cycle COP reachs
maximum value
* Ther is a solutin concentratia wher the novd cycle COP reachs
maximum value while the COP increass with the solution concentratia in

the conventionhcycle
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* The novd cycle COP increass with the heda sour@ temperaturehowever
the COP of the conventionh single-effet absorptio cycle can na always
increag with the hed sour@ temperature

* The novd cycle COP is more sensitie to the temperatue differene

betwea the stean ard the solution

erefore, an efficient stean ejecto is essentiato obtan high COP from the novd
Jle. In the meantime the following requiremerg shoutl be met if the noved cycle is
»e mn efficiently,
» The solution temperatug shoutl be kept as low as possible
» The solution concentratia shoutl be chosa for the maximun COP.
* The temperatue differene AT for the hed transfe betwea the stean ard
solution shoud be kept low as it affecs the performane significantly.
:se requiremerg are the resuls of using a stean ejecto in the concentratia

.cess They may not be necessar for the conventionacycles
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CHAPTER 4
PRELIMINARY EXPERIMENTAL STUDY OF THE STEAM

EJECTOR

It is quite norma for a refrigerato to operaé a part-loal conditions sgq, it is
importart to know the part-loal performance For the novd cycle the part
load operation mears tha the stean ejecto is alo operatd unde off-design
condition Therefore it is necessar to know the off-design characteristis of
the stean ejecto to predid the part-loal performane of the novd cycle In
Chapte 3, an ejectd modé has been developd which can be usal to predid
the stean ejecta performance However this is not sufficiert to revea the
novd cycle performane unde part-loal conditions becaus this modé is
only suitabk for predictig the ejectd entrainmenh ratio at its designe
working condition It is difficult to predid the ejecta off-desigh performane
from a mathematich model becaue the flow inside the ejectd become
complicated So experimeh remairs a goad way to find ou the off-design
performanceln this chapter a preliminay experimenthstud/ was carried ou

in orde to find ou the ejecta off design performance

4.1 THE EXPERIMENTAL APPARATU S

The ted facility is shown schematicayl in Figure 4.1. The apparats consiste
of five principle componentsa 7 kW electricaly powere stean generato
assembly an ejects assembly a flash-evaporatoran 8 kW wate coolad
condense ard a 2 kW evaporato heater A photograp of the apparats is

includal in Figure 4.2
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1 - Stean Ejecto 2 - Evaporato

3 - Condense 4 - Stean Boiler

Figure 4.2 Photograh of experimenthrig

The ejecta assemby is shown schematicall in Figure 4.3. The ejects usal in
this stud/ was designd using the semi-empirich methal describd by Eames
ard Aphomrataa (19% [1]). The body of the ejecta was madce from 80 mm
O.D. stainles steé pipe fitted with flanges a both ends in orde to provide a

connectim with the condense ard a location for the primary nozzk suppot
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plate An 80mm O.D. stainles ste¢ suction manifod was welded to the
ejectad body ard provided with a flange to connet it to the evaporator All
flange mating surface were sealel with 'O’ ring seas to provide an airtight

connection

+ NXP °, NXP

o 0. g

80| D77 =
k@ g c | 1
b )
r 1
22
1 3 _ ( |
L - | )
4 P nm | maasiil
ue‘ P I ]l 277 w
. e 80
Primary nozzle detail L—Z e Steamifiow
1. Nozzle suppor t flange 5. Primary nozzle 9. Ejector body
2. Suctio n manifol d 6. Mixin g sectio n 10. Tall piece
3. Nozzle connecto r 7. Diffuserthroat section 11.'0" seals
4. Spacer 8. Subsoni c diffuse r sectio n 12. Fixing ring s

Figure 4.3 Schemat diagran of the ejecta assemhy

Referrig agan to Figure 4.3; the primaly nozzk assemhy was mack in three
pieces the nozzk itself, a space ard a screwel connecto to connet the
assembyt to the suppot flange The diffuse assemby consiss of a mixing
section a diffuse throa section a subsornt diffuse section ard a tail piece
Thee were manufacturd from aluminum Ther diametes were machine in
orde to provide a pudh fit into the ejecta body, ard 'O’ ring seas were fitted
to preven stean leaking badk from the condenserbetwea the diffuse ard
ejectod body ard into the evaporatar Locatian lugs were provided to ensue

goad alignmen betwea the separat pieces of the diffuse assembly

Figure 4.3 al shows the nozzk exit positin (NXP) datun useal during the

experimentsWith referene to this. ten equaly spaced wall statc pressue



tappirg were included alorg the lengh of the diffuse on 40 mm centres from
NXP = 20 mm. Eat tappirg was connectd to a pressue manifold via a shot
lengh of pipe amd an isolation valve positionel abowe for switching the
measurig poirnt on/off. The statc pressue in the diffuser was measurd by
comparirg its differene with the pressue in the condenser which was

measurd using a mercuy manometer

4.2 THE EXPERIMENTAL APPROACH

The objectives were to investigaé the part-loal operatim of steam-stea
ejectos ard to determire the significan@ of the primaly nozzk position the
nozze exit area ard the diffuse throa area with regad to performane ard

operatirg stability.

The apparata was operate a a steag stat condition until the wate levd in
the generato reached its sak lower limit. During this time the wate levels
temperatue ard pressue reading aroundthe apparate were recorded From
thee datg the entrainmenh ratio ard the pressue lift were determined
Experimens were repeatd a numbe of times for differert ejecto
configurations ard the resuls presentd here represeh averagd values The
back-pressw of the ejectd was adjustel by cooling wate flow rat to the
condenserwhile the suctian pressue was adjustel by hot wate flow rate to

the evaporatar

Experimens were carried ou usirg three geometris of diffuser, three primary
nozze geometris ard evely combinatin of the® over range of nozzke exit
positiors amd evaporator condense ard generato pressue (saturatio

temperature condition

4.3 EJECTOR PERFORMANCE CHARACTERISTIC S

43.1 Entrainment ratio variation with primary stream pressure
If an ejects was designé to work a the primary pressue ratio, Npg =
P,04/Pvg, ard the seconday pressue ratio, Npa = Poa/Psog, the ejecta usualy

gives a maximum value of entrainmenratio, wy=m_, /m,, , when it works a

63



the designe pressue ratios Npg armd Npg. Therefore the designé nozze
pressue ratio, Nng= Ppo,d P4, is also determinedWhen the primary pressue
ratio Ny, is increasd or decreasa from Ny 4 due to the chang of the primay
pressure the experimenth resut shows tha the entrainmen ratio, w, will
decreaseas shown in Figure 4.4. The teg ejecto was designe to be driven by
15 ba saturatd stean (111.4°C) of primary pressue ard to entran 5°C (8.7
mbay saturatd wate vapour The entraimnenh ratio reache maximunm a the
designé point ard falls down a eadt side of the designé point This can be
explaine as follows. In the ca® of N,>N, 4, the primary flow a the nozzk
exit is under-expandedn othe words its statc pressue would hawe initially
been greate than tha in the mixing sectio a the nozzk exit position causimg
the flow to expanl throudh a series of expansio waves During this proces it
is believal tha the secondar flow is increasingt pushel awa from the
emergimg jet until expansio is completed thus causimg the entrainmen ratio
to fall with rising nozzk pressue ratio, ard reducirg the effective length of
the mixing section In the ca® of N,<N, 4, the flow would haw been over
expandd as it left the nozzle The flow would adjus its pressue throudh a
series of compressin waves During this process it is believal tha the
seconday flow is drawn towards the jet, thus increasiig the entrainmen ratio.
However it appeas from the resuls tha over-expansio has limited effect
When N, is reduced the momentun of the jet will fall due to the decreas of
mas flow. Eventually there is insufficiert momentun in the combinel flow
to overcone the back-pressure & the diffuse exit, causimg the entrairuneh

ratio to sharpy fall away.
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Figure 4 4 Entrainmeh ratio variation with primary ard secondar flows

43.2 Entrainment ratio variation with the seconday stream pressure

Obviously, the entrainmen ratio increase as the secondar flow pressue
rises becaus the highe the pressure the more momentun is potentialy
possessedHowever the maximun entrainmenh ratio tends to appea a lower
primaly pressue as the seconday pressue increasse from its designe
pressurgas shown in Figure 4.4. In the figure, the maximum entrainmen ratio
moves from 15 bar (111.4°Q to 12 ba (105°Q a 8.7 mba (5°C) ard 17.04
mba (15°C) curves respectively The primary flow pressue for the maximunm
entrairuneh ratio moving towards lower pressue is believel to occu as a
resut of self-adjustiig of flows in the mixing section In this case the nozzk
pressue ratio, N,, for the maximum entrairunen ratio is muc less than the
designeé nozzk pressue ratio, Ny.4 , therefore the primary flow at the nozzke
exit is over-expandedwhich is believal to help the mixing proces of the two
flows. The loss of momentun of the mixing flow due to reducirg the primary
pressue is compensaid by increasig the secondar pressure so tha the
mixing flow can overcone the back-pressureTo keg the nozzk pressue
ratio a the designd value it is necessar to increag the primary pressue to
2.H ba ard its mas flow rate is therefoe increasedSine the flow area of
the diffuse does not increag as the flow rat does the flow area for the

seconday flow becoms smaller So, the entrainmenratio has to fall.
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4 33 Back-pressur influence

The back-pressw influene to the entrainmeh ratio of a ejecto is
characterizé by the critica pressue which divides the entrairunen ratio into
back-pressw independenand dependenregimes When the back-pressuis
lower than the critica pressurethe entrainmen ratio is independen of the
back-pressureOtherwiseg it is dependen on the back-pressureFigure 45
shows the experimenth resut of a stean ejectd with regad to the back
pressue influena on the entrairunen ratio. In the back-press@w dependen
regime the entrainmen ratio is sensitive to the chan@ of back-pressureAny
smal increag of the back-pressur causs a large fall in the entraimnen ratio.
Therefore letting the ejecta work in this regime shoutl be avoided Figure
45 alo shows the primary pressue ratio, Np, a the critical pressue points
The value of N, a the critica points varies betwea 56.7 ard 592 excep the
point of 64.1 on the curve for 115°C, which is abnormé due to missirg the
critical point in the test That the primary pressue ratios Np, are 0 close ead
othe suggedt the increag of the criticd back-presswris linearly proportion&
to the increag of the primary pressureif the difficulty to catd up the critica

condition is taken into account

o steam temperature
—e—110°C
05 e _g—115°C —
—a—120°C
0.4 —e—125°C __|
W —x=130°C

024 - \’ X

0.1

03

entrainment ratio

20 25 30 35 40 45 50 55
back pressure (nbar)

Figure 45 Entrairunen ratio variation with back-pressu

ard primary pressue
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43.4 The geometric factors that affed the entrainment ratio

In addition to the operatim conditiors affectig ejectd performance the
intemd geometre factors alo hawe an influence The® are the nozzk outlet
areg the nozzk exit position ard the diffuse throd area The® effecs are

discussd here base on our experimenthresults

Nozzle outlet area effed

The Mach numbe of a supersord nozze a outlet is determine by its area
ratio of the throa ard the outlet The exit area of the nozzk is critically
determine by the pressureN,, 0 tha the statc pressue in the flow equas
tha in the mixing section If the exit area is manufacturd to be less than the
critical valug then the flow will be under-expandeon leavirg the nozzle ard
the entrainmen ratio will be reducel for the same reasos for the increas of
the primary pressure Conversely if the nozzk is manufacturd with an
oversizel exit area then the flow would be over-expande ard the entraimnen
ratio would be reducel alsa This is shown as Figure 46 from the
experimenth data The nozzke geomety for this experimeh is describd in
Table 4.1. No. 1 nozzk with 8mm-ext diamete was the originally designe
while No. 2 was purposey manufacturd with over-sizel exit area It is shown
tha the entrairmien ratio with No. 2 nozzk is lower than tha with No. 1 over
the ted range

Table 4.1 Tes Nozzle Geomety

Nozzle Numbe | Throa Diamete Exit Diamete Area Ratio

1 2 mm 8nun 16

2 2 mm 12 mm 36
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Figure 46 Measurd variation in entrairunenratio with nozzke pressue ratio

for differert nozzk exit/throd are ratio

Effects of nozzle exit position, (NXP)

NXP is definal here as the distane from the exit plare of the primaly nozzke
to the ently plare of the secondconicd pat of the mixing chambey as defined
in Figure 4.3. Experimentl resuls indicae tha the primary nozzke position
NXP, does affed the secondar pressue ratio, Ns. The optimun NXP valug
which gives the greates seconday pressue ratio, Ns, moves towards the
diffuser throa as Np increasesas shown in Figure 4.7. It was alo found tha
the criticd pressue could be increasd by increasiig the ratio of the nozzk
position distane to the diffuse throa diametey NXP/D. Furthermoreif the
primary ard secondar pressurs were maintained entrairuneh ratio was

found to be maximum at the optimum NXP/D position

68



»

optimum NXP moves towards *
the diffuser throat at Np increase}
g e L]

2.5 - | - 'y - e A

NXP/D

Figure 4.7 Measurd variation in optimum nozzk exit position with secondar
Iressure ratio

Effects of diffuser throat area
The effect of diffuse throa area are shown as in Figure 4.8 ard 4.9 from the
experimen results For a constah diffuse throg area ratio, the critica
seconday pressue ratio increass with the primary pressure However for a
constam nozzke pressue ratio, Nn=Pg/Pe increasiig diffuse throa area ratio
resuls in afalling of criticd secondar pressue ratio, see Figure 4.8, while the
entrairunen ratio increase as tie diffuse area ratio increasesas shown in
Figure 49 (Eame 1998) Tlke geometrie of the diffusels for the tes are
shown in Table 4.2

Table 4.2 Geometris of 3 teg diffusers mm (referrirg to Figure 4.3

A B C D E F G

36 985 1309 4954 525 14 178
406 1398 1766 5181 533 18 241
538 1838 2196 4936 50.7 22 299
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Np = Pg/Pc
Ns = Pc/Pe
56 +—— - - B —— -
Nn = Pg/Pe = Np.Ns
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50 4 . experimenta | data
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Figure 4.8 Measurd effed of primaty pressue ratio, diffuse throd area
ard nozzk pressug ratio on criticd condensepressus
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Figure 49 Measurd variatian in entrainmehratio
with diffuse throd area ratio

4.4 EFFICIENT USE OF EJECTORS
From the abowe discussionsthe following points shoutl be emphasize

regardig the application of a stean ejecta in the ejecto re-compressio

absorption cycle

70



a. The entrainmen ratio of an ejecta is reversiby proportiona
to its secondayr pressue ratio which is determine by the
operation conditiors of the concentratia proces of the
refrigeration cycle Therefore the effecs on the entrainmen
ratio mug be taken into accoum when choosig the
operatio conditiors of the concentratia proces in orde to

achiewe beg enery efficiency,

b. The close to the critical back-pressurethe highe the
efficiengy from an ejector However this is na a stabe
working condition ard the ejecta is prore to loss of
function unde this working condition It is necessar to

leave enoudnp roam to allow for unexpectd intenuption

c. The ejecta shoutl be operatd a design conditiin as far as

possible
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CHAPTER 5
MANUFACTURE OF A REFRIGERATOR BASED ON
THE NOVEL REFRIGERATION CYCLE

A proof-of-concept experimenth refrigerato was designe ard manufacturd
to teg the novd cycle In layou the machire was similar to a conventiona
single-effet lithium bromide-wate absorptio refrigerate excep tha thewe
was an ejecta working within the concentratar The experimenth refrigerato
was basedon the novd cycle ard consiste of six maja componerd plus
pumps ard valves The maja componert included a stean generatar a
concentrator an absorber a stean ejector an evaporato ard a condenser
Figure 51 shows a schemat diagran of the experimenth refrigerator The

phot of the experimenthrig is shown in Figure 5.2

DIFFUSER HEAT EXCHANG TUBES ¢\
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g | |2
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Figure 5.1 Schemat diagran of the experimenthrig
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1 - Concentrato 2 - Evaporato 3 - Absorbe 4 - Condense
5 - Stean Generato 6 - Measurilg Vessé 7 - Pump 8 - Punp
9 - Baffle 10 - Data Logge

Figure 52 Photograp of the experimentarig

5.1 THE STEAM GENERATOR
A 10 kW (max) electricaly powered stean generato was designe ard

manufacturedlt consistd of the watea boiler ard the stean tark or knock-ou



vesselshown in Figure 5.3 A three-phaselectrich hed elemen was fitted to
the wate boiler togethe with a thermostato proted¢ the heda elemem from
damag by overheatingThe stean tark or knock-ou vesséwas locatel aboe
the wate boiler. Baffle plates positionel inside the knock-ou vesse prevente
wate droples from enterirg the stean ejects which coud redue its
performanceThe wate boiler ard knock-ou vesse were connected by pipe
work. The lower liquid retum pipe was coiled to allow for therm# expansion
The stean generatowas mack of stainles ste¢ ard rated & 15 ba operating
pressure Thermocouple ard a pressue transmitte wete installel to measuse
the stean temperatue ard pressue a the knock-ou vessel Stean pressue
was chos@a as a contrd parametebecaus it was fourd to give bette contrd
performane than temperatureA safey pressue relief valve fitted on the top

of the knock-ou vessel

— stean suppy
baffle plates suppot ) . .
ard med screa brackes Approximae Dimensions
o —— 01”7

Knock-ou drum 200 mm diax 700 mm

knock-out Wet stean pipe 38 mm dia

- Heate vesse 150 mm dia x 500 mm
drum ” flash plate
\ r Condensatretun 13 mm dia
A wet steam Feedwater supyy  13mm dia

glass

‘ pipe Stean suppy pipe  13mm dia
sght \ H Electric Heates To be fourd
| -
] o1
3X3 3electrical
%% 7 hed elemers
feed wate / ’ hed vessé

suppy

Stainles ste¢ to be usal
i throughot

7

15 bar, 10 KW Stean General

Figure 53 Diagran of the stean generato

5,2 THE CONCENTRATOR
The constructio of the concentratois shown in Figure 5.4 The concentrato

consistel of two parts the stean ejecto ard the concentrato proper The

ejecto assemiyl was mack of stainles steé¢ to avod problens of corrosion
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The motive flow for the ejecto was designd for 5 kW of saturatd stean at
15 bar, 198 °C. The relative positin betwea the primay nozzk ard diffuse
was mack adjustabd in orde to optimise ther relative positions The ejecto
was housel in a 150mm diamete glas pipe Ore erd of the pipe was sealé
using a stainles steé¢ plate ard a proprietay flange while the othe erd was
connectd to the concentrato housing which consistd of a 150mm diamete

QVF glas pipe Figure 55 shows the constructio of the stean ejector

thermocoups
vapou flow QVF ¢
asspipe
d b \ bafre solution level \\
vapou out
pressue taps ﬂ R 4 / %/ ’
i [ \ TR

steam inlet T T T T e——— e ,—,7._|__Ji_u_|_|‘|\ ~solution inlet

=7 < A

PR —— L R 0 ) S L T 5 i L

L T O O A T T T ) Y O —— water outle

\ solution outlet

primary nozze 'Eh-,: \ F /

low finned coppe tubes

Figure 54 Schemat structure of the concentrato

The flow geomety of the ejectd was determind from a compute modée
basel on one-dimensioriafluid analyss ard experimenth works which were
discussd ard describd in Chapte 3 ard Chapte 4. The ejects working
condition was sé as follows: The primary flow a 198.3°C, secondar flow at
33°C ard back-presswar a 06 bar. Its flow geometrt sizes are listed in Table
5.1

‘seconday flow

primary flow

=

§ mixture flow
=i

primary nozzke diffuser

Figure 55 Diagran of the stean ejecta
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Table 5.1 Flow geometrt sizes of the ejecta

Primay Nozzke
Throa diamete (mm) 1.3
Exit diamete (mm) 5.12
Constamn Pressug Mixing Chambe
Inlet diamete (mm) 11.98
Exit diamete (mm) 9.2%
Lengh (mm) 15.80
Constamn Area Mixing Chambe
Diamete (mm) 9.2%
Area ratio 57.14
Diffuser
Inlet diamete (mm) 9.2%
Exit diamete (mm) 22.80
Lengh (mm) 96.24

The concentrato heda exchange was mace from low firmed coppe tubing
Sixtean coppe tubes were usal for the tube bark which had a semi-circula
shag when viewed from the right in Figure 5.4 From a hed exchaneg point
of view, the tubes were arrangd in parallé to the stean flow from the ejector
ard connectd to manifolds a both ends The left-hard erd (in Figure 5.4 was
connectd to the diffuse of the stean ejecta ard right-hard erd to a vesse for
measuriig the condensatio water The numbes of hed exchangetubes from
top to bottom were in descendig order, 6,5,4,1 This mean tha mog of the
hea energy carried by high-presswe stean comirg from the ejector was
distributed to the top surfa@ of the solutian in the vessel The arrangemeinof
the tubes is shown in Figure 56 ard the fin size is shown in Figure 5.7. This
arrangemenmakes the vapou easie to evolve as the densiy gradien in the
solution encourage circulation A photograp of the stean ejecto ard the

hea exchangeof the concentratoare shown in Figure 5.8 ard 5.9.
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Figure 5.7 Fin dimensia of the coppe tube

Unit: mm

The solution entes the concentratoat the top ard flows badk to absorbe from
the bottom This causse a flow alorg ard ove the coppe tubes which
improves the hed transfe coefficiert a its surfa@ and avoics we& solutin
short-cuttirg to the absorberThere are two exits for the vapou evolved One
is throudh the baffle on left side of the vesseé to the ejecta housirg ard the
othe is throudh an outle on the right side of the condenserThe amourn of the
flow to eithe side is determiné by the suction ability of the ejecta ard the
condensig pressure Two pressue tapping are cormectd to the pressue
meters Ore is usal to measue the back-pressa of the stean ejecta while
the othe is to measue the vapou pressue of the solutin in the concentrato

vessel A thermocoup was fitted on the right side of the concentratovessé
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to measue solution temperature Solution concentratia was determind from

its vapou pressue ard solution temperature

Steam Inlet

PR ‘ i N2

Wate Exit - ki

Figure 59 Photograp of the hed exchangeof the concentrato

5.21 Concentratar hea transfer design calculation

Adrian Bejan (1993) indicates tha when,

U,D
Re=2" 3 5510° (5.1)
A,

for a condensal® vapou flowing throuch a horizontd tube. then the
condensatin proces is dominatel by naturd convection ard the mean hed

transfe coefficient. h , is given by
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1/4

D3h[gg(p, -p,)
kv, (T, -T,)

sar

—D_
71—— 0.55[ (5.2

This equatim was useal to calculaé the requirel hed transfe area for
condensationThe saturatio temperatug inside the tubes was assumd to be
at 80°C ard the inside-diameteof the tube was sé a 12.5mm. Substitutiny

the properties of the steam a 80°C into Equatio (5.2), i.e.
k, = 666x10°kW-(m'K)? D =0.015 mm
g =98 ms? v, =0.38x10° m*s™
h, = 23208 kikg' p, =974.2 kgm®
The hed transfe coefficiert for the condensatio inside the hed exchange

tubesa different T, -7, are
h=222kW-m>K',when T, -T,=2°C
h=200kW-m*K',whenT, -T,=3°C

h=176kW-m>K"',when T, -T, =5°C
Therefore for the condensatio capaciy of 5kW a T,, -T, =5°C, 0567m
of hed transfe area was required The inside diamete ard lengh of the tubes
usal for the hed transfe were 12.5mm ard 950mm respectively Sixtea
tubes were useal in parallé for the heda exchangerThe totd cross-sectio area
for the stean flow was 1.963x10° m*. For 5kW stean condensatio in the
tubes the Reynold numbe of the vapou flow inside the tubes was 12,816
This satisfi@ the requiremen expresse by Equation (5.1) for using Equation
(5.2 to calculae hed transfe coefficient The totd surfa@ area inside tubes
for hed transfe was 0.59@ m’, which was greate than the requirel hed

transfe area by 5.2% The requiral hed transfe area was met

Outsick the tubes hed transfe was assumd to be boiling LiBr-water solution
a 59% concentratio by mas a 75°C. Referrirg to Figure 5.4, the hed
exchangetubes were immersel in the shallov lithium bromide solution which
acta as heatirg element Therefore this was a typicd pod boiling ca® whos

hea transfe coefficiert varied from the boiling types The boiling type could
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be determind from the exces temperatwe (T,-T,,), (°C). Since the condense
temperatue was sd a 30°C ard the concentratia of the solution in the
concentratowas 59%, the solution temperatue shoutl be a leas 70°C for the
cycle operation The wall temperatue of the tube had been determind at 75°C
in the previows calculation So the maximun exces temperatug was 5°C.
The possibe boiling type for this exces temperatug was nucleaé boiling
(Bejan 1993) For nucleagé boiling hed transfe lithium bromide solution on a

low firmed tube Hou et d (1992 suggeste the following correlation

1420 71 025 0.858 -0 7108
Nu = 0.16(T—I3%] [4ed ) ( }
+ 1,/ / \ Hh, ) P (5.3
.2 -02104 03483
( g -d ) 02173(_1)_1 o 7836x107x
o0,k P
where, [, channel width of the fin, mm
[, the fin width, mm
d inside diamete of the tube mm

L the fin height mm.

This correlation was useal to determire the coefficiert of the hed transfer The
properties of the lithium bromide soluticm ard othe dat usel in this
calculation are listed as follow,

Solution properties

heg = 24617 ki 'kg oj= 0.07® N-m*
p,= 00318 kg'm” p,= 1669.6kg'm”
Pr=118% 4 =2.83x107 N-s'm?

k] = 445.2x10° W-(m'K)"

Finnead tube sizes ard area
[,=0.68mm [, =0.54mm d= 13.5nm
[=1mm  L=095m A=171m’

working condition
P = 42 mba P, = 1bar Xx= 0.9

g=3.44 kWm?’
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The calculatel Nussel numbe was 35.0 ard the coefficiert of the hed

transfe can be obtaine from Equatia (5.4).

Nu -k,

avee vy

D (5.9

The exces temperatug can be calculatel from following Equatio (5.5).

i =

AT =1 (5.9
i

From Equation (5.4 ard (5.5), the coefficiert of boiling heda transfe was
1.15 kW-m?K" ard the exces temperatug was 2.97°C. In otha words it
was sufficiert to med the hed transfe requiremen if thee was the exces
temperatue of 3°C betwea the tube wall ard solution This was less than the

maximun exces temperatug allowed So the hed transfe requiremenh was
satisfied

The overal hed transfe coefficiert betwea the stean ard solution could be

calculatel from Equatio (5.6),

Vo1t s
e — (5.6)

U hn k &
where t is the wall thicknes of the tubes

5.3 THE ABSORBER

A falling film absorbe was manufactured becaus this type has a low
pressue drop ard simplicity of construction as shown in Figure 5.1Q The
outsice vessé was mack from a 225mm diamete glass pipe fitted with two
stainles ste¢ end-disls to provide sealig a the two ends Solutin
distributos were fitted abowe the coils. The distributos consiste of two
coppe rings with diametes of the coppe coils. In orde to distribue the
solution eveny to the surface of the heda exchang coils, flow guides were
employal to dired the flow from the holes in the rings onto the surfa@ of eah
coil. The totd surfa@ area of the coils was 2.38 m’. A temperatug senso
was placeal a the bottan of the vessé ard a pressue transmitte at the top. A
pump was usa for the circulation ard distribution of the solution in the

absorber
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Absorptin is a combinel mas transfe with the hed transfe process So, the
coefficiens of mas ard hed transfes shoutl be considerd in the desig of
the absorber For falling film mas transfer the averag coefficiert of mas
transfe can be determine by the following Equatiors (5.7) ard (5.8 (Treybd
1986) Equatia (5.7) is for smal flow rate or long times conta¢ of conta¢ of
the liquid with the gas (usualy for flm Reynold numbes les than 100

while Equation (5.8 is for for a large Reynold numbes or shot contat¢

time,
ky . 3m? éf“’ (5.7)
1/2
6D, I’
Lav -( = (5.8)
odL |
where k,,, averagemas transfe coefficiert (m-s™)
bag  Molecula diffusivity (m*s™)
8 film thicknes (m)
r mas flow rate pe unit width (kg-(s'm)™")
L lengh of wetted wall (m)

Thus the averag@ mole flux for the entire gas-liqud surfa@ per unit width can

be calculatel from the following equation

Car —Cap

k. 5.9
Aav “Rhig ln[(CA,,- “CA,O)/(CAJ —C,u)]

N

whee N,,, averag mole flux (kmole: (s'm)™)
Cp; LiBr concentratia a liquid-vapou interfae (kmole )
C, o concentratia a the beginnirg of the wall (kmole'm’)
c,, concentratia a the erd of the wall (kmole'm’)

Cooling wate flows throudh inside of the tube coils to cary awg the hed
createl by the absorptiom processThe hed transfe for this side of the coils is
fairly straightforward The Nussel numbe is determind by usirng the

following correlatian for turbulert flow in a coil (Rohsenw 1985)
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Nu =0.023 Re“-“‘["i) Pr (5.10
A

P

x

where r; is the inside radius of the tube ard R is radiws of the coil.
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Figure 5.10 The absorbe ard evaporato systen

5.4 THE EVAPORATOR
A flash-type evaporato design was manufacturedThe evaporato vessé was

mace from a 76.2mm diamete (ID) stainles steé tube as shown in Figure
5.10 A 3KW electrichd hed elemen was fitted a the bottan to provide a
cooling load Furthe cooling load was provided via ha wate supplie from
an electrich immersion hed tark throudgh a plate heda exchange shown in
Figure 5.1Q A sprgy nozzk positioneal on the top of the evaporatonozzk was
usal to creae large surface to assis the refrigerarn to vaporize A sight-glas
was fitted on the evaporato vessé to obsere ard measue the wate levd
chang inside the evaporator The evaporatio rate ard thus cooling capacity
was measurd from the water-levé change in the evaporato vessel

Thermocouple were positional & the mid-heigh positian in the cente of the
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vessel The temperatug signd was fed to a datlogge ard was usel to contrd
the electrica heatirg elemen to maintan the evaporato temperatug a a pre-
sd value The hat wate suppy to the plate hed exchangewas turnel on only
when the cooling capaciy was more than the hed provided by the electrica

heatirg elemen alone

5.5 THE CONDENSER

A shel ard coil type condensewas manufacturedThe hed exchang coil was
mace from 13.5mm OD sot coppe tubing This was formed into two
diamete coils of 12 cm ard 9 cm fitted concentricaly within the vessel For
film condensatio on a coppe tubing wourd coil verticaly positioned the
coefficiert of hed transfe can be determind with following correlation
(Lienhard 1987)

\

— _ hdcosa (P/ —pg)pfhfgg(dcosa)g‘ J(S.ll)

/
Nu ——~ HRAT | No*

where B is a centripetd parameter

pf -pg CDAT tanza
Py hy Pr

B (5.12

ard a is the helix angle The function of the tube-to-hel diamete ratio, d/D,
ard B can be evaluate numerically The helix angk a of the coil usal in the
absorbeis so smal tha the centripetd parameteB can be considerd as zera
For dD = 133/1D = 0.113 ard 13.5/90 = 0.15f(d/D,0) equat 0.78 ard
0.726 respectivel accordimg to Karimi's work (1977) An averag value was
useal for Equation (5.13) Therefore the extern& hed transfe coefficiert was

given by:

\ 3 1/4
ipf _pg )pfh/ggk__ (513’
duAT

h =0.7Z

The hed transfe inside coils is similar to tha in the absorber ard can be
determine from Equation (5.10) The coppe coils haw a 1.1m’ totd surfa@
area The overal hed transfe coefficiert was calculatel to be arourd 2500

We(m’eK)'. The shel was constructd from a Schedu¢ 10s 152.4rm bore



pipe, 80an in length A levd indicata (sight-glasy was fitted to enabé the

condensatin rate to be measured

5.6 THE MEASUREMENT AND CONTROL SYSTEM

Type 'K' thermocoupls were usal throughot for temperatug measurement
The temperature were collectel by a dat logge ard displayel on the
compute screen Three Rosemouh absolué pressue transmitters Modd
2088 calibratel for the range from 0 to 1 PSI ard 0 to 20 ba respectively
were usal to measue the vapou pressurs in the absorber concentrato ard
stean generato vessels The pressue transmitte usal to measue the
concentrato was alo useal to measue the condensepressue by switchirg a
valve betwe@& them The® sighak were al® fed to the dat logge ard the
stean pressue was fed bad to contrd the stean generato heatersA pressue
gauge was usal to monita the back-pressur of the stean ejecta which was
displayal on the meter The circulation flow of the solutiomn was measurd
with a rotor meter calibratel for lithium bromide solutian from 0 to 2.8 L-min
@ 40 °C. The hed powe inpu to the stean generato ard the evaporato
were calculatel from measurd voltages ard the currens inputs to the heatirg
elementsAll the data was collectal by a Data Electronis dat logge DT505
Figure 5.11 shows the diagran of the measurig ard controlling systen usel
in the rig. All the measuremenpoints are listed in the diagran excep two
metes without signd ou to the dat logger They were the flow mete ard a

pressue gaug for measurig the back-pressu of the stean ejector

85



absorbertemperaturgressue
evaporatgrtemperaturepressue
condensetemperatureressue

boiler, temperaturgoressue

concentratgrtemperaturgressug

o flow meter temperatue
Rs232]1 5
RC 9 mixture vesseltemperat.e
g
3 solutin hed exchangertemperature

boiler, electrica power

evaporatgrelectrich powe

boiler conctrad

contrd
box evaporato contrd

Figure 5.11 Diagran of the measurig ard controlling systen

5.7 COMMISSION OF THE EXPERIMENTAL RIG

Following the construction the rig was pressurizd with compresse air to 1
bar gaug for the leakag test Since this was an experimenth rig which
needé to be modified late mary removabé joints ard gaskes ard fitting
were used Thus perfed leak tightnes was impossible After the leaka@ test
the systen had a leaking rate belov 1 mba pe hou when the systen was
vacuumel down to 20 mbar This would caug the air accumulatio in the
systen ove the periadd of experiment which could deteriora¢ the cycle
performance A vacuun punmp was usel to evacuat air ard al non
condensald gases from the systen before startirg an experimen ard during

the operatim if it was necessary

The condenserthe evaporato ard the measurig vessed would be usal to
measue the flow rates in experiments Ther height-to-volune relationshi
were calibratel before the rig was used A measurig cup was usal to measue
the volume of wate fillin g into the vessed during the calibrations The height
of the wate levd correspondig to the volume of wate filled was recordel

ard the wate temperatug was measured Thee dat were correlatel into
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formulas for calculatirg the flow rate from the levd change The volume -

heigh relationshi for the three vessesd were listed in Appendk B.

The primarly flow rat of the ejectd was al® measurd in the commissio
stage in orde to u it as powe inpu to the cycle Two primary nozzles were
used ore with the throa diamete of 1.0mm anothe with 1.1mm Eadh
primary nozzke was fitted to a sane diffuse in tum to compri® an ejector The
ejecto was testel unde primary pressurs of 10 bar, 125 ba ard 15 bar. The
measuremdanwas carried ou as follows: (a) blocking the secondar flow
passag of the ejector (b) openirg the stean valve to the primary nozze when
the generato pressue reachd to the se point, (¢) adjusting back-pressureto
operaé the ejecto in the choke condition (d) taking readirg of levd chan@
from the measurig vesseé in a fixed time intervd when the ejecto was in
stabk operation The measuremenwas repeatd severa times ard an averag

value was usel for the primary flow rate
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CHAPTER 6
EXPERIMENTAL STUDIES ON THE REFRIGERATOR

In this chapter the experimenthstudy of the novd cycle was discussedThe
aim of this stud/ was to investigaé the operatim characteristis of the novd

absorptio refrigerate ard the energy efficiency.

6.1 EXPERIMENTAL METHOD

The experimenthrig has been describe in Chapte 5. As was indicatal in
Chapte 5 it was necessar to evacuad the systen evey time befoe the
experiment A vacuun punp was usa to evacuat the systen until the
evaporato temperatug startel to fall. One the systen was evacuatedthe
stean generato was switchel on. When the stean pressue reachd 2 bar,
stean was dischargd to the atmospher for 5 minutes to ge rid of the

remainirg air from the stean generator

Onee the stean generato pressue had reache the sd value the suppl valve
to the concentrato was opened In the meantime the solution circulation
started It took abou 1 hou for the systen to ente stabk operation Once the
rig was in a stabk operation the reading (wate levels temperaturgpressue
ard flow rate were taken in tum, evey five minutes There were three wate
levels (evaporatar mixing vessé ard condensgrto be taken from the sigh
glasss in orde to determire the cooling capacity the ejecta entrainmenratio
ard the amoun of refrigerann generatedAll three reading were importart in
determinirg the cycle performanceThe erra was reducel by, first, marking
ead individud wate levd before taking measurementslhe teg lastal abou
15 to 20 minutes for evely operatim condition An averag value during the

periad was usal as experimenthresults

6.2 CALCULATIO N FROM THE READINGS
For the purpo® of precisey describilg the experimenth results sone

importart parametes relating to the refrigerato performane mud be cleary
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defined The® are the stean powe input, the cooling capacity the stean

ejecto entrainmen ratio ard the solution concentratioa of the concentrato

ard the absorber

62.1 Steam powe input to the refrigerator

The powe input was determind from the stean flow rate through the primary
nozzle There were two reasos why the electricd powea was not usal as the
powe input directly. The first was tha the therma insulation of the stean
generatowas not goad enough The seconl was tha it was na convenieh for
the measuremdn systen to carly out the calculation for the powe
consumptio simultaneouslySince the flow rate throudh the primary nozzk is
only determined by the primay pressue when it works unde chokel
condition it is adequag to calculaé the powe input from the pre-calibrated

nozzk pressure-flar rate dai tha were read for use see Tabke 6.1

Table 6.1 Ejecta primaly rates (g-min) a differert stean pressue

Stean Pressurgba Primay nozzk diametey mm
11 10
150 131.14 98.3
125 110.% 80.23
100 89.91 60.80

Figure 6.1 ard 6.2 were plotted from the dat in Tablke 6.1 The flow rate

betweea the measurd pressue points was calculatel from those two figures
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Figure 6.2 Measurd primary flow rate (0 = 10 mm)

622 Evaporator cooling capacity

The cooling capaciy of the refrigerata is proportiona to the rate a which the
wate is vaporizel in the evaporato vessel The water-levé changs in the
evaporato vessé ove a time intervd were usel to determire the cooling

capacity The volumes agains$ height for the evaporato were calibrat@l in

Chapte 5 ard listed in Appendk B.
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623 Ejector entrainment ratio

Entrainmen ratio is the ratio betwe@ secondar to primary flows at the stean
ejector The primary flow rate was pre-calibratd unde differert primary
pressureswhich was alo usel for calculatirg the stean powe input describe
earlier The secondar flow was measurd from the water-levé changs in the
measuriig vessé shown in Figure 5.1 by taking away the known primary flow
at the stean generato pressue (Figure 6.1) The secondar flow rate
therefore is equéd to the differene betwe@& the mixture ard primaryy flow
rates The volume versts height of wate levd in the measurig vessé was

calibratel in Chapte 5 ard listed in Appendk B.

6.24 Vapour evolved from the solution of the concentrata

The flow rate of the vapou leaving from the LiBr-water solution in the
concentrato during the concentratia proces describs the capabiliy of the
concentratarThis flow rate consiss of two pars in this experimenthrig: ong
which equas the secondar flow to the ejecto ard two, the flow to the
condenserThe forma was known from determiring the entrainmenratio, ard
the latter was measurd from the wate levd chang of the condenserSa the
totd flow rate of the vapou is evolval from the secondar flow rate plus the

flow rate to the condenser

6.25 Solution concentration

The solution concentratia in the concentrato was calculatel from
temperatue ard vapou pressue measurementsvhile tha in the absorbewas
measurd using a hydrometer This is becaue the equilibrium solutin

temperatue in the absorbeis difficult to measue accuratet in this case

Exceq for the measuremestdiscussedothes were straightforward All the

measuremestwere taken on a time-average basis
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6.3 EXPERIMENTA L RESULTS

63.1 The stean ejecta performance

The ejectd was the combinatimm of ore diffuse with eat of two primary
nozzles The first nozze (with 1.1nm throa diametey was designe for the
diffuser, which mears tha this nozze matche the diffuse unde desim
condition The secon nozzle however had a reducel throa diamete (with
10 mm throa diamete) to redu@ the stean input The geometrich sizes of
the ejecta were listed in Chapte 5. The distane betwe@ the nozzk exit ard
the mixing entrane is definal as the nozzk position (NPX). NPX was macke
to be adjustal® within the mixing chambe enty to optimise the ejecto

performancewhich has al®o been describd in Chapte 5.

Maximum pressure lift ratio

The maximum pressue lift ratio is the ratio of the back-pressu to the suctim
pressue when the secondayr flow is zera This ratio indicates the pressue lift
ability of an ejector In the presen application tha the highes$ solutin
concentratia in the concentrato can be usal is determine by this ratio. In
practice the stean ejects shoutl na be designd to work unde sudh
conditiors becaus no beneft will be from the use of an ejecta in the cycle
Ted resuls of the pressue lift ratios with stean generato pressue a 10 bar,
125 ba ard 15 ba are listed in Table 6.2 The® dat shav tha the maximunm
pressue lift ratio increase with the primary pressureThey alo showv tha the
lift ratio for the 1.0nmm diamete throa is lower than tha for the 1.1nm
diamete throat It was found in the teg tha the pressue lift ratio was unstabé
and an intermittert flow to the ejectos housirg was observe if the back
pressue was too high. This is the resut of the back-pressw@ beirg a or highe
than the criticd back-pressurelhe maximun pressue lift ratio for the 1.1nm
nozzk ejecta is shown in Figures 6.3 to 6.5 The criticd pressue increase as
the primary pressue increaseslt was found experimentall tha the critica
back-presswa was 3943 mba for 15 ba stean pressure342 mba for 125
bar stean pressue ard 268 mba for 10 ba stean pressue for the presenh

ejecto design Figures 66 to Figure 6.8 shov the pressue lift ratio of the
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ejecta with a smalle throgd diamete nozzle The criticd pressurs for the
smalle throa area nozzk were al decreasedwhich could be the resut of
mismatd betwe@ the nozze ard diffuser The teg resuls indicae tha the
ejecto with a 1.1mm throa diamete give bette performance Therefore in

the following experimentthe nozzke with 1.0mm diamete would na be used

Table 6.2 Pressug lift ratio of the stean ejecto

Throda diamete Pressue lift ratio
(mm) P, =10 ba P, =125 ba P, =15 ba
11 13.4 15.(8 15.78
10 11.22 12.38 12.4%

It shoud be noted tha Figure 6.3 to Figure 6.8 recorde the histories of the
chang of the pressue lift ratio in the tests There was a periad for the back
pressue to build up in the tess while the suctian pressue did na fall becaus
sone wate existal in the ejectd housing This result@ in the pressure-lift
ratios being low a the start If thele was no wate in the ejecta housing the
pressure-lift ratio shoutl be highe bu would be lower then the maximun

value accordim to the discussia in previots chapters

93



pressure lift rati

pressure lift rati

4 T | T ¥
10 200 250 300 350 400
back pressure (mbar)

Figure 6.3 Back-pressug ard pressue lift ratio

(15 bar, 1.1mm throa diametey

16

VAN

10 L~ /
8 - I R
6
4 , .
250 300 350 400

back pressur e (mbar)

Figure 64 Back-presswg ard pressue lift ratio

(125 bar, 1.2mm throa diametey

94



pressure lift ratio

150 200 250 300
back pressure (mbar)

Figure 65 Back-pressug ard pressue lift ratio
(10 bar, 11 mm throa diametey

2

-

©

1=

£

[+}]

T

=3

113

72}

[

E

Q
2-»— —
O T T !

100 150 200 250 300 350
back pressur e (mbar)

Figure 6.6 Back-pressiwg ard pressue lift ratio

(15 bar, 1.0mm throa diametey

95



-
.S

o 12
"§ 10 S
E 8- -
® '
5 64 ]
@ 4
o 1T B
o 2
0 T T
100 150 200 250
back pressure (mbar)
Figure 6.7 Back-pressu ard pressue lift ratio
( 125 bar, 1.0mm throa diametey
12

1004 .

.“3
E, 64 ¥ —
B
o 4 T+ ) N
G

2 -r - — |

0 T r

100 150 200 250

back pressure (mbar)

Figure 68 Back-press@r ard pressue lift ratio
(10 bar, 1.0mm throd diametey

Ejectorentrainment ratio
Sine the concentratowas directy connectd to the condenserthe vapour

pressue of the concentratowas dominate by the condensepressureThis
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resultel in the suction pressue of the stean ejecta alo beirng controlled by
the condensepressure Far the refrigeration operation the condensepressue
was usualy kep constant This mean tha the suction pressue of the ejecta
was in constah while its back-pressw varied with the solutin temperatus
and concentrationTha is to say the solutin stat determins the ejectors
pressue lift ratio. From our previows discussionit was known tha when the
primary pressue was fixed, the ejecta entrainmen ratio was varied with the
pressue lift ratio. Therefore the ejecta entrainmenratio is determine by the
thermodynant states of LiBr-water solution Knowledge of the relationshp
betweea entrairunetratio ard the thermodynanu stae of LiBr-water solutin

is necessar to understad how the cycle might operag efficiently.

Figure 6.9 is the experimenthresut of the entraimnenhratio variation with the
back-pressure which was determind by the solution concentratio ard
temperature This figure shows tha the entrairunen ratio remairs unchange
almog until the back-presswr is greate than 452 mbar When the back
pressue is greate than 452 mbar, the entrairunen ratio is unstabé ard falls
dramatically The teg resut shows tha the ejecta lost suction function totally
at 469 mbar In this particula case therefore the criticd back-pressa lay
betwead 463.61 mba ard 469 mba where the entrairunen ratio approache
zera The maximun solution temperatug of the concentrato shout be lower
than the saturatio temperatug of wate correspondig to this pressue for the
rig to be in operation The criticd back-pressw is alo decreasag with the
suctian pressure Figure 6.10 shows the relationshp of entrairunen ratio ard
suctian pressue of the ejector In Figure 6.1Q the entrairunen ratio falls
quickly when the suctin pressue is lower than 468 mba ard approache
zem a abou 455 mbar So, the increag of the solution concentratia in the
concentrato is limited by this pressure It is concludel from the®
experimenthresuls tha the bes operatig conditiors for this particula stean
ejecto desiq are when the back-pressuér is less than 452 mba amd suctin

pressue is higheg than 50 mbar The correspondig temperatue ard
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concentratia of the solution in the concentrato for this condition will be

around73°C ard 59% respectively

When the motive stean pressue was reducel from 15 ba to 125 bar, the
critical pressue of the ejectd was al® decreasedFigure 6.11 shows the
ejecto entrainmenh ratio when the stean pressue was a 125 bar. In Figure
6.11, the entrainmen ratio does na hawe significart change however the
critical back-presswris droppeal to 3863 mbar A fall in critical back-presser
due to lowering motive stean pressue result& in a reduction in solutin
concentratia a the concentrato when the condensig temperatug was held
constant Therefore the optimum solution concentratio ard temperatus
operation of the stean ejecto usel in this cag was approximatel operatim
58% ard 70°C respectively However this limited the maximun condense
temperatue to approximatet 30°C. Above this temperature the ejecto
entrairunen ratio falls sharply which resuls in a reduction of the cycle

efficiency.
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632 The energ efficiengy of the concentrata
The efficiengy of the concentratio proces in the concentratowas definel as
the ratio betwe@ the mas rates of the vapou evolval from the solution ard
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the stean input to the concentrato from the stean generator This efficiengy
parameteis proportioné to cycle COP unde steag operatim ard thereforeg it
was importart to knowv wha factors affectel the concentratio process ard
how they influencel the cycle performanceExperimens were carried ou over
a rang of solution concentratios ard motive stean pressuresThe resuls
indicated tha the solution concentratio has a strorg influene on the

efficiengy of the concentratia process

The influence of solution concentration

The concentratia of the solutin has a significart influene ove the mas
flow of vapou evolval from the concentratar Experimenth resuls indicatel
tha this influene increase with concentration Figure 6.12 shows resuls of
experiments which were carried ou from concentratia of 56% to 60.4%6
with 15 ba motive stean pressure From Figure 6.12 it was found tha the
mas ratio decreaseas the concentratia increasesin the rang 56% to 58%
concentration the ratio changs less The ratio decrease quicke as the
concentratia increases|In this cag the mas ratio was found to decreas

rapidly abowe 60.44% concentration

1.2

0.8

mass ratio

0.4 ]

56 57 58 59 60

concentratio n (%)

Figure 6.12 Mass ratio of the evolvead vapou to the motive stean (15 bai)
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Figure 6.13 shows the mas ratio variatian in concentratoa 125 ba motive
stean pressureln this case the mas flow ratio of the concentratowas fourd
to decreas as concentratio increasd in a similar way as when 15 ba motive
stean was used bu with reducd values Comparig Figure 6.12 with Figure
6.13 it can be se@ tha the concentratio range for the solutian for the 15 ba
stean pressue is greate than tha for 125 bar. This was though to be becaus
the ejectd was abk to entran vapou a lowe pressure when driven by
highe motive pressureWhen the solutil concentratio increasd to a poirt
a which its vapou pressue was too low to be entraine by the ejector the
motive flow bega to bypas the concentratohed exchangeard flow directly
throudh the secondar passag to the condensenWhen this occurredthe mas

flow ratio fell dramatically

mass ratio

55 56 57 58 59

concentratio n (%)
Figure 6.13 Mass ratio of the evolvel vapour to motive stean (125 ba)

Fram the® experimentaresults it was conclude tha the lower the solutian
concentrationthe greate the mas flow ratio would be and therefore the
highe the cycles COP This effect however is restramd by the evaporatig
temperatue ard the powea consumptia on the pumps due to high circulatian

flow rate of the solution
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The temperaturedifference betweerthe solution and the steam

In Chapte 3, the influence of the temperatug differene betwe@ the solutin
ard the stean to the entrainmen ratio of the stean ejecto was discussed
Figure 6.14 ard Figure 6.15 shov the measurd temperatue differene
betwee the stean inside the concentratio hed exchange tubes ard the
solution outside ove a range of concentrationsThe temperatug differene
was a arourd 4°C in the range 57% to 60% concentratia when 15 ba stean
was usel to drive the cycle This was reducel to abou 3.5C when the stean
pressue of 125 ba was used The decreas in temperatug differene due to
the low pressue usal was the resut of lighter hea transfe load to the hed
exchanger The concentratioa chan@ was not a significart facta to the heda
transfe betwe@ the stean ard the solution However the temperatug

differene was more sensitiwe to the hed load on the hed exchanger
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Figure 6.14 Temperatug differene betwea the stean ard the solutian

(at 15 bar motive steam
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Figure 6.15 Temperatug differene betwe@ the stean ard the solutin (at

125 ba motive stean)

633 The energy efficiency of the refrigerator

The efficieng/ of this novd refrigeration cycle ard its characteristis are the
main concen of this researh project A theoretich evaluatim of cycle
efficiency was discussd in Chapte 4. Experimenth resuls are now describe
ard compare with the theory Interes$ is focuse& mainly on the influence of
factors sud as the motive stean temperaturethe evaporatig temperaturgthe

solution concentratia ard the condensig pressue on cycle efficiency.

COP at different motive stean pressures

Ejecta motive stean pressue was found to hawe a strorg influene on its
COP ard cooling capaciy of the novd refrigerator To determie how the
motive stean pressue affece COP ard the cooling capaciy of this novd
cycle the refrigerate was testel over a rang of stean generatopressue from
125 bar to 15 bar In the test the evaporatig ard condensig temperaturg
were held at 5 °C ard at 30 °C respectively Cooling capaciy ard COP
variation with motive stean pressue are shown in Figures 6.16 ard 6.18 It
was found tha cooling capaciy ard COP increasd slowly as stean pressue
was varied from 125 ba to 135 bar When the pressue was increasd abowe

14 bar, both COP ard cooling capaciy increasd more quickly at first ard
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reache a maximun value & 15 bar This was the design condition for the
ejector ard the curves of COP ard the cooling capacy in Figures 6.16 ard
6.18 actualy refled the performane of the stean ejector and therefore it
was expectd tha the entrairuneh ratio would be greates & 15 ba motive
pressureWhen the motive stean pressue was betwea 125 ba ard 14 bar,
the back-presser of the ejectas was cloe to its criticd value whee the
entrainmenh ratio of the stean ejectos approache zeo (the measure
entrairunenratios were 0.38 for 125ba ard 0.07 for 14 bar) With 0 low an
entrainmenratio, the ejecta hee ack as a resistah device to the stean flow,
rathe than as a vapou compressio devie to boos the concentratio process
This causs the novd cycle COP to fall to the conventionk single-effet

system

0 L] L} L) T
125 13 13.5 14 14.5 15

Motiv e steam Pressur e (bar)

Figure 6.16 COP variatin with motive stean pressus
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Figure 6.17 COP differene betwea part-loal ard desig operatim

This experimeh concemiy the stean pressue influene to the cooling
capaciy ard COP of the refrigeratos abowe 15 ba was nat carried ou for the
safey reasonsHowever from the trerd of the curves in Figure 6.16 ard 6.18
ard from Figure 44 in Sectio 4.3 of Chapte 4, it can be predicta tha further
increasiy the stean pressue abowe 15 ba will resut in an increag of the
cooling capaciy but a decreas of COP. The speedof the cooling capaciy
increasig will slov down becaus the entraimnen ratio will na increag as
the pressue increasesard when the pressue reachs a point whete the high
primary flow rat blockel the secondar flow, this cycle goes badk to the
conventiona single-effet absorptio cycle again Figure 6.17 compars the
part-loal operatimn ard with the designd operatiam in terms of COP. In the
figure, the COP for designe operatim was calculatel from the compute
model which need severé ejectos work at its designé condition to realise

It shows the influence of the ejecta to the cycle performance
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Figure 6.18 Cooling capaciy vs. motive stean pressue

COP and solution concentration

The solution concentratia in the concentrato influences the cycle COP.
Figure 6.19 shows the measurd variation in COP ove a rang of
concentratia from 57% to 59.5% COP ove the range is approximatel unity
ard its trerd increass with the concentrationln the Chapte 3, the effed of
the concentratio on the COP was discussed where the theoretich resut
indicated tha there was a concentratia where the COP reachd maximun
value The concentratia alternatim to eitheg side of the maximum point
would resultel in decreas of the COP. The experimenthresult however did
not hawe sud a trend The experimenta COP seemd to increag with the
solution concentratia in the concentratia range The compariso betwea the
experimenth ard theoreticé resuls is shown in Figure 6.2Q The trend-lire
differenee betwea them can be explaine by the faad tha the theoretich
analyss was basel on an assumptia tha the ejectas was designd to work at
the desigh condition bu the stean ejecto did na always work a its desig
point over testel range of concentration Referrirg to Figure 6.9, this figure
was drawn from the experimenthdat from which the ejecta was operatd at
15 ba (motive stean pressurg ard 50mba suction pressue (secondar flow).

The entrainmenratio in Figure 6.9, it shout be noted remairs approximate}
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constanm until the back-pressu reache 4663 mbar In the concentratqrthe
back-pressu varies with the solution temperatug while the vapou pressue is
mainly controlled by the condense pressue which remainel unchangd
during the test This mears only the back-pressw is increasd with the
solution concentrationlf the concentratio increag does na caug the back
pressue to rise above the critical back-pressurethe entrainmen ratio still
remairs unchangedFurthermoreit was indicateal in the previols chapte tha
COP of the single-effet systen increase with the solution concentrationSaq,
the overal COP of the novd cycle al®o increase with the solutin
concentrationHowever COP will fall quickly ona the concentratia reachs

a value to which the correspondig back-pressw is abovethe criticd point
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Figure 6.19 COP variatian with solution concentratia
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63 .4 Stability of the concentration proces

It was observd in experimerd tha a stean flow periodicaly appeard from
the ejecta housirg to the concentrato prope when the solution temperatug
roe to 75°C. This becane continuos as the solution temperatug further
increasd ard the solutian finally stoppél boiling. This phenomeno occurrel
when the absorption proces was nat working properly. So, the concentratia
proces was unstabé when the solutin temperatug was abowe 75°C. The
unstabé concentratia proces was causd by the pressue lift ratio of the
stean ejector When less wate vapou was absorbedthe concentratia of the
solution enterirg the concentrato increasedwhile the input powe remainel
unchanged Consequently the bulk concentratin of the solution in the
concentrato was increased The increag of the solution concentratia not
only resultel in lower vapou pressue (the suction pressurg by
thermodynant equilibrium but alo a reduction in the boiling hea transfe
coefficient The latter causd the solutin temperatue (therefoe the back
pressue of the ejecto) to increase Therefore the ratio betwea the back
pressue and suctian pressue increased One the pressue ratio was beyord
the maximun pressue lift ratio of the stean ejector the motive stean would

flow throudh the ejecta housirg rathe than the heatirg tubes If the pressue
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ratio then fell within the maximum pressue lift ratio, the flow disappearg
otherwis the flow remained Although this phenomenio was fourd when the
absorbe did not work properly, it is equivalem to the situation in practie
when cooling load demail reducesThe unstabé concentratia proces cause

the cycle COP to fall sharpy and shoutl be avoided

6.3.5 The problem with the absorption

The absorbe in the experimentarig was found to be rathe inefficiert in tha
it was not capabé of absorbig the quantiy of vapou evolved a the
concentrato when the absorptio temperatug is & 30°C. To balane the
absorbig ability of the absorbe with the concentratgr the solutin
temperatue had to be decreasedExperimenth dat showel tha a a solutin
temperatue of 23°C, vapou flow balane was achievel betwea absorbe ard
concentrato with the solution concentratia in the absorbe maintainel at
54%. Perhap the fault lies with the absorbe suctin line betwea& absorbe
ard evaporato ard therefore na the absorber Calculatiors showel tha the
pressue resistane betwe@ the evaporato ard absorbe is a maja facta
responsild for the poa efficiency. The cormectig pipe betwe@& them
consistel of two 90° elbows ore sudda& contractim ard one sudde
expansio as shown in Figure 58 in Chapte 5. Tabke 6.3 lists the calculatel
pressue losses a thee pars (Munsa 1989) The totd pressue loss was
estimatel to be 1.57 mbar, which requires the absorbeto opera¢ a leag 4°C
lower than wha it would be without the flow resistance Considerig othe
inefficiencies in the absorbersud as effecs of the film distribution ard non
condensald gas to the mas transfe coefficient 23°C solutin temperatug
seens to be acceptal® for this case Measuremenof the solution densiy has
confirmed tha the soluticn concentratio remairs arourd 54% at this

temperature
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Table 6.3 The pressue loss betwea the evaporatoard absorbe

2xelbows | Sudden Sudden Tubing

expansion | contraction

Velocity, mes™ 157.46 157.46 157.46 157.46
Loss coefficient 0.3 0.9 0.3

Friction factor 0.02
Pressure loss, Pa 50.2 75.8 25.3 6.1

63.6 Concluding discussim

The resuls of the experimenth investigatiom showal tha COP of the stean
ejecta re-compressio absorptio cycle is 25% greate than tha of single
effed cycle Although thisis na yet as efficiert as the double-effet cycle it is
only abou anothe 0.2 COP lower. This could be reduce by improving the
stean ejectad performane ard othea part of the experimentarig, sud as a

bette heda exchangein the concentratar

Only ore stean ejecta was testal ard it is believel tha this may na hawe
been optimisel for the cycle It was indicatal in the Chapte 3 tha the stean
ejectad has a strorg influena on the cycle COP. Any improvemeh in the
performane of the stean ejectad will proportionaly increag the COP
Improvemens needd include the raisirg of both the entraimnenh ard pressue
lift ratios If the entrainmen ratio of the stean ejecta could be raisal to 0.4,
the cycle will be in a strorg position to repla@ the conventionh double-effet
lithium bromide refrigerator If the pressue lift ratio was increasd a the sane
time, the solutin circulation rate would be reduced ard this too would make
the cycle more efficient So, the entraimnen ratio ard the pressue lift ratio of
the stean ejecto are considerd to be importart area for future researh in

this novd cycle

The temperatwe differene betwea the stean ard the solution in the
concentrato is a furthe important facta which determine the cycle COPR

The large the temperatue difference the highe the back-pressw for the
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stean ejecto ard therefoe the greate the pressue lift ratio required In this
experimenthrig, there was a 5°C temperatue differene betwea them which
was mainly cause by stean condensatio hed transfer If the hed transfe

betwea them can be furthe improved the cycle COP will increase

The absorbe usal in the experimentharig was not as efficiert as it may hawe
been resultig in a lower than requiral solution temperatug to balane the
stean mas flows in concentratio ard absorbig processes The low
absorptim temperatue alo decrease the hed exchange efficiengy ard this

tendeal to redue the cycle COP.

6.4 CONCLUSION

The novd cycle has bea testel experimentall ard discussd in this chapter
The experimenth resuls hawe approvel tha using a stean ejecto in the
concentratia proces can improwe the enery performane of a lithium
bromide absorption cycle The part-loal performane is also discovere from

the experimehwork. Fraom the experimenthresults we conclude

» The experiment COP value was 1.1 with T, = 1983°C
T. = 30°C (42.£2 mbar) T, = 30°C (calculatel from

con

concentratia ard vapou pressurgard T, = 5°C.

* The experimenth resuls shav tha the stean ejectos can
enhane the concentratia process which improves the cycle
efficiency. At the design conditions COP of this novd cycle is
25% highe than tha of the conventionh single-effet cycle bu

slightly lower than tha of conventionh double-effet cycle

* The stean ejecta operatiom characteristis strongy affed the
cycle performanceThe solution temperatug ard concentratia
in the concentrato mug mee the ejecta operatim conditions

otherwise the efficiengy decreasesin the worse situation the
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operation of the refrigerato is unstable The COP of the novd

cycle is even lower than tha of conventionh single-effet cycle

in the worg case

* The experimenth resuls compae favouraby with the

theoretich analyss in Chapte 3.
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CHAPTER 7
GENERAL DISCUSSION AND CONCLUSION

The novd absorptio refrigeratioé cycle has been theoreticay ard
experimentalf investigate in the previows chapters The literatue survey in
this stud/ showael tha this novd cycle which usal a stean ejecta to enhane
the concentratia proces for a lithium bromide absorptio cycle was
investigatel for the first time. In the theoretich study we investigatd its
enery performane ard operationa feature with the use of the stean ejector
It was found tha the stean ejecto had a significart effed on the cycle enery
performance For this reason a detailel one-dimensiorlaanalyss and desig
methal for the ejecto was discussedThe theoretich stud/ alo showel tha
the solution concentratia shoutl be as low as possibé to achiee bette
enery performance This was differert from conventionh absorptio cycles
Since the one-dimensional analyss was na abke to mode the off -desig
performane of the ejector a preliminaly experimentastud/ on stean ejectos
was carried out in orde to revea the ejecta off-design operation Finally, the
novd cycle was testel unde the experimenth conditions which were
describel in the Chapte 6. Thus the novd cycle was investigate

comprehensivgl in this research

Onre of the mog importart features of the novd cycle is the improvemen of
the enery performancealthoudh the experimenthresuls are not bette than
the conventiona double-effet cycle The theoretich ard experimenthresuls
showel tha the otherwi® wast@ therma& enery in the refrigeran vapour
evolvad from the solution could be recoverd by a stean ejector The
recovere enery could be usel to generat more refrigeran vapou from the
solution By doing this, the overal enery efficiengy of the cycle was
therefoe improved A COP = 1.013 was achievel experimentallf when the
input stean was a 198.3°C (15 bar), evaporatotemperatug a 5°C, condense
and absorbe temperature a 30°C. This figure puts the novd cycle in a
position betwea the single ard doubk effed absorption cycles in terms of

CORP. It could be bette if the stean ejectd was optimized The efficiengy of
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this novd cycle increasd with the hed soure temperatug while it decreasg
for the conventionh single-effet cycle when the hed sour@ temperatug was

beyord a certan point

Anothe featue of the novd cycle is tha it can maintan a low generatig
temperatue ard concentratia without reducirg the enery efficiengy when a
high temperatug hed soure is used LiBr-water solutin in the novd cycle
could be kept well belon the temperatug & which the solution may attak the
constmctim material In othea words using high temperatue hed soure to
drive the novd cycle does na caug the corrosion problem Compard with
the triple-effed machines which are supposé to be more efficient with the
use of high temperatug hed source the machire basel on this novd cycle is
simple in constructio ard low in capitd cost bu provides excellen enery
performance The® feature give the novd cycle a very goa prospet when

using hed source above200°C

Simple construction low capitd cog ard less maintenane are al very
attractive features Accordirg to the definition of 'effect for the absorptio
cycle, the novd cycle is alo a double-effet cycle but a stean ejecto replacs
the high-pressug generato ard the solution hed exchange presentd in the
convention& double-effet cycle Since the stean ejecta is a simplke device
the structue ard capitd cog of the machire basedon the novd cycle are alo
simple ard lower than those of the conventionh double-effet machine
Therefore this novd cycle alo offers potentidh competition to the
convention& double-effet cycle in using belov 200°C hea sources Yet the
scope for this novd cycle in this regicn depend on how mud the entrainmen

ratio of the stean ejecta can be increased

As was indicatel in the previots chaptersthe stean ejecta plays an importan
pat in the cycle enery efficiency. Improving the ejecta performane is vital
to the novd cycle Fao the bed result a high entrainmen ratio with requirel
pressue lift ratio is essential So far, this researh work has finished proving

the concept Neitha optimisirng the ejecto ard the system nar designimg a
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bette ejecta for the systen was done This mears tha there is potentid to
improve the cycle COP. The stean ejecto use in this rig has 0.5
entrainmen ratio ard it may na be the best A differert desigq of the ejecta

may be necessarto achiee a bette performance

While the stean ejecta improves the cycle enery efficiency, it al creats a
new problem for the systen i.e. the unstabé concentratioa proces when the
back-presswg of the ejecta is greate than its critica value As was indicatel
in the Chapte 6, an unstabé concentratia proces decrease the cycle COPR,
ard this mug be preventd in practice Positionirg a one-wg valve betwea
the ejecta housirg ard concentratoprope may be an answe to prevert the
motive flow bypass In the ca® of a less demandig cooling load less hed
input is requira ard it shoutl be adjustel in On/Of mode becaus this allows
the stean a the rated pressue to be supplial to the ejecta for it to work at
design condition So, an adequag contrd systen may be requirel in practie

application

CONCLUSION

The ejecto re-compression absorptio cycle provides a differert way to dead
with problems sud as corrosio or low secom low efficiengy which may be
encounterd in conventionh or advancd absorptio cycles when using high
temperatue hed source The resuls of this researh confim tha this is a
practicd way to solve the® problems In the ca® of usirng high temperatus
hea source the machire basel on this novd cycle has the advantage of low
cod ard simple constructio ove the advancd absorption cycles sud as the
triple-effed absorptio cycles A COP of 1.013 was achievel experimentai
in this researchThe autha believes tha this figure could be improvea if the
stean ejecto had been optimized This work has complete the first step in
the cycle study To obtan the bes performane from this novd cycle it is

requiral to optimize the stean ejecta ard absorptio cycle
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APPENDIX A

Referring to Figure Al, the thermodynand propery relationshig for an ided

gas acros a normd shok wawe are as follows, (Hodge ard Koenig 1995)
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APPENDIX B

Calibratio n of the vessel s

The condenserevaporato ard measurig vessed were usal to measue the
flow rates for calculation of the powe input, cooling capacity ejecto
entrainmen ratio ard totd vapou flow rate evolved from the solution The®
were calibratel ard shown as in Figures Al, A2 ard A3. The temperatus
unde which the calibratiors were carried out was 20°C ard the formulas were
producel by Microsott Excel It shout be noted tha quadratt relationshis

were resuls from the hed elemens or the cooling coils insidevessels

900
800 | Y =00037x 2+ 40554 X+ 6460 2 Y
700 }
600-|
500 }
400 {
300 }
200
100

04— ! |
0 50 100 150 200

Volu me,, m'—

height, mm

Figure Bl Evaporator volume vs. height
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APPENDIX C

ACCESSORIES USED IN THE EXPERIMENTAL RIG
1. Pumps:

Circulation pump for absorbe

Manufacture Totton Punp

Modd NEMP 1608 Polyproylere pars
Type Centrifuga

Max flow rate 160L/min

Max heal 9m wate

Powe 0.18 kW

Wate feed badk punp

Manufacture Grosveno Punp
Modd

Type Plunge pump
Max flow rate 23L/hr.

Max heal 30 ba

Powe 0.18 kw 3PH

Evaporato circulation punp

Manufacture Totton Punp
Modd EMP 40/4

Type Centrifuga

Max flow rate 40L/min.

Max heal 4m wate

Powe 240V 0.35A 1HP

Concentrato circulation punp

Manufacture Totton Punp
Modd NEMP 406
Type Centrifugéd
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Max flow rate
Max hed

Powe

Hot wate circulation punp
Manufacture
Modd
Type
Max flow rate
Max hea

Powe

2. Pressute transmitter
Manufacture
Modd
Calibratel range

Outpu

3. Data logge
Manufacture
Modd
Input channes
Digital charmes

4. Solution flow mete
Manufacture

Scak

40L/min.
6m wate

240V 0.4A

Totton Punp
ND 25L/2
Centrifuga
25L/min.

2m wate

Rosemoun Limited

2083 Absoluke pressue transmitte
0-1P3 X2

0-20 ba

4-20mAor0-5V

Data Electronis (Aust) Pty. Ltd.

Datatake 505 Series 2

Analogue 10 in differentid or 30 in singleerd
4 digitd input/outpu charmes

Platen
0 - 2.8 Lemin.", (calibrat@ a 40°C)
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