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Abstract

Drying processes contribute a significant proportion of energy use within industry today,
from food and pharmaceuticals to construction products. The need to find and improve
methods to increase the energy effectiveness of drying processes without reducing product
guality can have significant effects on both financial costs and the cost to the environment
through direct or indirect greenhouse gas emissions. These methods, beyond what is
already used in industry already (such as improved insulation), are required to be able to be

used and understood to make a difference.

There are various tools and methodologies which can be used to analyse and estimate the
effect of process changes on systems — from ideal rate comparison models (Inversion
Temperature) to heat exchanger optimisation tools (Pinch Analysis), to a full energy
utilisation integration (Exergy Analysis). It is important to understand when each method is
suitable, and the benefits of each. For example, an Exergy Analysis will provide the same
outcomes as a Pinch Analysis when dealing exclusively with heat recovery; but will be more

challenging to apply.

The Inversion Temperature has been compared with a Pinch Analysis on a typical stand-
alone dryer system. For the Inversion Temperature to be relevant, different evaporative
gases needed to be compared. In this instance, superheated steam was compared with hot
air. One of the results revealed that the steam dryer is likely to be smaller than that of the
air system (given the same inlet temperature) based on the higher evaporation rate

presented by the superheated steam system.

In order to compare the Inversion Temperature (rate-based estimation method) with Pinch
Analysis (thermal flow model), a Pinch Analysis was applied to both systems, yielding
reasonable results (over open systems in both cases) of 18% energy recovery for the air

system and 8.4% (with 86.6% potential) energy recovery for the steam system.

The extra potential from the steam system is due to the outlet temperature being at a much
higher temperature (100°C vs 40°C), meaning that, as part of an extended system, the

steam dryer has the potential to also have lower energy costs. It is important to note that



the air dryer operates above its system’s Pinch Temperature —meaning that any extra heat

added to the system is lost, with extra cooling potentially needed.

By contrast, the steam dryer operates across its Pinch Temperature, meaning that the steam
system is less sensitive to process changes than the air system in terms of the system’s
energy recovery potential. This is due to the steam system having a significant recycle
component to it, as gas recirculation requires less energy than heating a colder feed stream
(this is harder to do with air systems as the humidity increase per recirculation interferes

with the driving force within the dryer, further reducing efficiency).

The use of exergy analysis over a single unit operation has been explored, showing that
while a spray dryer is effective at rapidly drying particulate solids, the energy use is
inherently inefficient. Defining the task as evaporation of water means that the task-based
losses are in the order of 38% of energy being fed to the dryer, with energy efficiencies
ranging from 30% on a transiting basis to 94% on a temperature and pressure (thermo-

mechanical) basis.

Small optimisation opportunities exist, within the range of typical operating temperatures
and flows, mainly confirming that existing optimisations on existing systems are suitable at
this point. The shortcut technique using the Carnot efficiency and a first law (energy
balance) is suitable on systems that rely on temperature effects (such as drying; pressure

within the dryer is a secondary effect).

An exergy analysis has been extended to two different systems which support the dryer —an
electrically supplied system (vapour recompression) and a typical natural gas-driven steam
boiler system. The key results are that as the systems get larger and more complex, exergy
losses tend to get higher, and the total exergy lost within both systems is significantly higher

than just the dryer on its own.

Key metrics of energy flows, including evaporation potential, recovery potential, and some
key factors, have been explored for each system. While these overall factors compare the
systems, it is important to also analyse each unit’s operation within each system to help
focus on which part of each system has the most improvement opportunities. While the

boiler-driven system is better based on several of the metrics, changing the valve in the



Vapour Recompression system to a work recovery turbine (to help drive the compressor)
reduces the wasted work potential of that system significantly enough to make the system

competitive (the valve accounts for more than 50% of that system’s exergy loss).

A preliminary level of system costing has also been carried out, outlining the scale of the
cost of each of the studied systems in this thesis. Carbon accounting has also been
presented for the systems. Carbon accounting highlights how the electrically-driven system
is likely to be less damaging to the environment as more renewable energy sources come
online in Australia, and this is aligned with the operating cost differential. The Vapour
Recompression system costs around 60% more to build and 20% more to operate under
current energy costing scenarios. The capital cost is unlikely to converge over time.
However, operating costs are likely to change significantly based on the cost of natural gas

and electricity production costs changing over time.



INDEX

Table of Contents

A CKN OWLEDGEMENTS ..vvvvvvvvevererererssesesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne 2
STATEMENT OF ORIGINALITY ..evttuuueeeeeerersuneeeeesersrsnaeseesssssssnnaeeessssssssnnsesssssssssnnesesssssssssnmesessssssssnsaesessssssnsneeesssssssnnns 3
AUTHOR ATTRIBUTION STATEMENT ...eevtuuueteeetetetuuiieeeeerersrsnaeeessssssmsesesesssssssmeeessssssssnsaesessssssssmeeeessssssssnesessesssssnnaeeees 3
(01T ] o =1 G TSR 3
(011 ] o =1 G TSR 3
(011 ] o] =1 TSR 3
ABSTRACT ..ccuiiiieeniertenniertenniereensiersensiersensserssnssesssnssesssnssesssnssesssnssesssnssssssnssssssnssssssnssssssnssssssnsssssnnssessnnssesannssesanne 5
INDEX ..cteuieenerenerenereeneeenceenseresssensersssssssessssessssssssessssssnsessssssssesssssssssssssesnssssssensssssnsessssssnsesassesnssssnsesnssesnsesnnsennne 8
TABLE OF CONTENTS «.eitttvtttueeeeereeerunneeeeesssstunaesessssssssnnsesesssssssnnesessssssssnsaesessssssssnsesessssssssnnsesessssssnnnesessssssssneeessssses 8
TABLE OF FIGURES .. eiiittttttiieeeeeetettieeeeesetesstiesesesseessnenesesssssssssenesessssssssnnesessssssssnsesessssssssnesesessssssnnnneeesssssssnnnneees

TABLE OF TABLES . uuvvvvereeeeeeeiusrereeeeesesassreseeeseeesasssssseseeesessssssesesessssssssssesssesssssssssesssemssssssssesssemmssssssseseeesmsssssseeses
LIST OF EQUATIONS

CHAPTER 1 INTRODUCTION TO THE STUDY ....ccetttiiiiisnsnnreniiisssssssnsesssssssssssnssessssssssssssssssssssssssssnsssssssssssssnnsssns 19
1.1 PROJECT INTRODUCTION euuveerureesnueesuresaseesusessnseesssessnsessssessnsessssessnsessssessnsessssesssessssesssessssessnsesssesssseesssesssseens 19
1.1.1 THE SCOPE Of tNE TRESIS ..ottt ettt s e st e et e st e s st e saeesneaeas 19
1.2 APPROACH INTHE THESIS 1..uveeeuteeeteesteeeiteessseessseesssesaseesssesassessssesassessnsesansessssesassessssesssessnsessssesssessssesssessnsessn 21
1.3 THE UNDERLYING LAWS OF THERMODYNAMICS +...uveeeureeeseesnreeaseesssesasseessesassessssesassessssessssessssessssesssessssesssessnsesn 24
1.4 PINCH ANALYSIS AND INVERSION TEMPERATURE INTRODUCTION ....eeruveeeureesureesseessreesseessseesssesssesssseessessseesssesssseess 24
1.5 EXERGY ANALYSIS FOR A SPRAY DRYER AND DRYING SYSTEMS ..eeeuveerureeereesreesiseesreessseesssessssessssesssseesssesssseesssesssseess 25
1.5.1 The Application Of EXErgy ANGIYSIS..........uueeeuveeeeeiiieeeiieeeeeiteeeseeeeesctae e st ttaeeetaaaeetasaeestsesasasssasesnses 26
1.5.2 EXErgy ANQGIYSIS fOr OTNEE DIYEIS ......c.cc..eueeeeiieeeeeieeeeeieeeeesttte e ettt e esttaaesssaaeeetaaaessssassstsasaeasssssensses 27
1.6 CHALLENGES WITH EXERGY OPTIMISATION ...cecuvttesteesureeasseesseeaseesssesasseessesassessssessssessssessssessssessssessssesssseesssessnsenn 27
1.7 SUMMARY OF SCOPE ....uveieveeeuteeeiteestesaseesseeasseesssesaseesssesassessssesasessssesansessssesansessssesssessnsesassessnsessssessssessnsesn 28
CHAPTER 2 A REVIEW OF THE COMPARISON TOOLS AND METHODS ......ccccoitiiimninniinnnieniciasiescissssserssssenes 32
2.1 THE PROPOSED METHODS .........euvreeenen..
2.2 HOT AIR AND SUPERHEATED STEAM
2.2.1 USEfUI COMPATISONS......cocc.eeeeeieeeeeiieeeeeeetteeeeetta e eetta e e st taaaeatseaeesassseestsssaeassssaesssssassassssaaesssenasaes
2.3 INVERSION TEMPERATURE .....uuiittittteeeaeiitteteeeeeseaunteteeesesasasbateeeeeaaansba e e eeeeaesannsanaeeeeeesannsesenaeesesannseneeeeesesannnneee
2.3.1 Inversion Temperature MetROAOIOGIES .............ceeeeuureeeeiieeecieeeecte e cee e e se e e st e e e eaeaesstaassssaeaeens 35
2.3.2 Adiabatic Saturation INVersion TEMPEIGLUIE ............ueeeeuueeeeeieeeeeitieeeeeieeessieeeesssiseessseeessssseessssseaesans 35
2.4 PINCH ANALYSIS .uuteeutteeuteesuteesseesuteesseesateesseesateessseesaseessseesaseesnseesaseeanseesasesanseesaseesnseessessnseessessnseessseeenseesne 36
2.4.1 MENOM fOI PINCA ANGIYSIS...ooeocrieeeeiieeeee ettt e et s et e ettt e e ettt e e sttt e e e sttt e s s asseaesassaeassssseaenans 37
2.4.2 Assumptions and RUIES iN PiNCA ANGIYSIS ......cccoeeueeeeeeieeieeeeeiiiiee e ee et e e e eeesaesaaaaeeesssasaaaaaeesians 38
2.5 COMBINING INVERSION TEMPERATURE AND PINCH ANALYSIS .....evtttteeeeeiiiiteteeeeesiirereeeeesesamneeeeeeesesanmneseeeeesssasnnnneee 39
2.6 EXERGY ANALYSIS. .veerureerureesureesueesuseesssesssessssessssessssessssessnsessssessnsessssesensessssessnsessssessssessssessnsessssessssesssssssnessnns
2.6.1 Exergy and Efficiency Models....
2.6.2 EffiCI@NCY ACLOI USE ....veveeeeeeeee et e eeee ettt e e ettt e e e et e e st eaeeatteaeasaeaesasseaassasssaassnsaaasassaeasssssenannns
2.6.3 Reference Conditions and the DeAd StALE............cccuueeeeceeeeeciieeeeciieeecee e ecee e e s seaeesettaaeseteaeessseaeens 49
2.6.4 TIANSITING EXCIQY ..cooneeviiieeeeeeeeeeet e ettt e e e sttt e e e e e s st e e e e s ssssstteaeaeesassssteaaassssssssseneassssssnnses 50
2.6.5 Mole and mass COICUIQEION DASES..........cc.ueeeeouueeeeiiieeeiee ettt ettt e st e st e e ssisteessiseaenas 50
2.6.6 EffiCIENCY FOCLOIS........eeeeeeeeeeeeeeeeee ettt e e ettt e e e e e ettt e e e e e e e st eaaaeesassstsasaaaeseassssssaaaaeaasinees 52
2.6.7 SUMMQAIY Of EXEIQY FOIMUIGE .......ccooeeeeeeeeeiee ettt e ettt e e e e e e ettt e e e e e e e staaraaaaaesssaes 57
2.6.8 ASSUMPTIONS ...ttt et e e s et e e e s e e e e e s s e e s e s e e s e s e s e e e e s e s s s e et s e e e s s snssannans 58
2.6.9 OVEIVIEW Of EXCIGY c..uvteeeeeeieeeeieeeeeet e estteaesttee e ettt e esstea e s saeeeaattaaessseaeasasesassasssassnseassassanasssseaanns 59
2.7 EXERGY ANALYSIS AND OTHER ASSESSMENT TOOLS ....eeeuveerureeeueesreesseesreesseesseesnseesseessseessessnseessessnseesssesssseesane 60
2.8 EMERGY, EXTENDED-EXA AND LCA ... .oiiiieiitieitee sttt etee st e st e st e st e st e e sbeesabeessbeesabaesaseesabaesseesabaeenseesabaesnseesane
2.9 TWO-STEP CALCULATION FOR DRYING
2.9. 1 MASS BAIANCE ...ttt ettt ettt e et e ettt e e et e e ettt e e s satteeesstaaesssteeentneaenaas




2.9.2 EN@IGY BAIANCE ...ttt e e e e ettt e e e e e e ettt aaaeeeasastsasaaaeeeassssssaaasaeasinees 62

2.9.3 Dryer SIMPIIfICATION ......oocc.eeveeeeeeeeeee et e et e e e e e et e e ettt e e et aeesaseaaeatssaeesssssassssseasssssenannns 63
CHAPTER 3 AN INTRODUCTION TO THE CALCULATION OF ENERGY AND EXERGY EFFICIENCY ..........oocesrunnnns 66
3.1 INOMENCLATURE ....ttetttesuteesuteesuteesateessseesateessseesateessseesataesaseesateessseesabaesnseesabaesnseesstaesnseesabeesnseesasesenseesnsaesnseennss 66
3.2 GROUPING OF FACTORS ..uveeuteesuteesiteesieesiteesseesateessseesaseesseesasessnseesssessnsessssessnsesssseesnseesssessnseessessnsessssessnseesne 67
3.3 EFFICIENCY FACTORS. . ettttteteeeuutttteeeeeeeattet et e e e se sttt et eeesasasbateeeeeeeaaanbae et eeeeesaanbabaeeeeeesansebeaaeeeesannsnseeeeesssannnnnees 70
3.3.21.0Verall ENergy EffiCiONCIES ......cc..ooveeeeuiieiieeeiteeeet ettt ettt 70
3.3.2.GAS Side ENEIGY EffiCIONCY ...nuveeneieaneeeeeeeeet ettt ettt s et ettt e e s 70
3.3.3 Evaporation ENErgy EffiCIENCIES .........c..couueeeuiesieeiiesieeeiteseeet ettt 71
3.3.4 501id Side ENEIGY EffiCIONCY ....c..vvveeeeeeieeeeeeeeeee ettt tte e ettt e e et e e et e e e s tssaeesssaasassseasassseaanns 71
3.3.50Verall EXEIQY EffiCIENCIES......c...vveeeeeeieeeeee ettt eetee e et tte e ettt e e et a e et aaeaeataaaesssssaasssseasesssenaaans 72
3.3.6 GAS Side EXEIGY EffiCIENCY ...vvveerveeeeeeeeeeee ettt tee ettt e ettt e e et a e e st aaeatseaeesssaasassssasesssenanns 72
3.3.7 Evaporation EXErgy EffiCi@NCI@S..........cc..cocueevuieiiiiiiisieeeeese ettt sttt 73
3.3.8 501id Side EXEIGY EffiCIENCY.....cccueeeieeiiiieieeeteeeeet ettt ettt et ettt e e e s 73
3.3.9 ProCeSS IrTEVEISIDIlItY.........cocueeeeiiiieeieeeeeet ettt s et ste et e s e e s 75
3.3.10 Energy Level OF QUAIILY FACTOL ......cc..eovueeriiesieeieeseeee ettt ettt e es 75
R I o K (G ol (=11 oy USSRt 76
3.4 SUMMARY OF FORMULAE ...ceuutteiuteeseteesteesteesseesteesseeseseesnseesssessnseesssessnsessssessnsessssessnsessssessnsesssessnsessssessnsessnns 76
3.5 DERIVATION OF EXERGY TERMS FROM FIRST PRINCIPLES ...veevuveeeveesureessseesreessseesssessnsessssessssessssessssessnsessnsesssssssnsessnne 79
3.5.1 TeMPEIQtUIre DASEA @XCIGY......c..uueeeeieieeeieeeeeeiteeeeeteteeetteaesstseeaaaststseesssseessssaesssssseesssssassssssassssesaanns 81
3.5.2 PreSSUIe DASEA @XEIGY ......eeeiueeeieeiieeeie et ste ettt ettt s e st e sate st e s ate e st e sateenateesseenaseas 87
3.5.3 CREIMUCAI @XCIGY ..ttt ettt et et e sate et e st e et e nsteenateenateenane s 92
CHAPTER 4 INVERSION TEMPERATURE AND PINCH ANALYSIS ....ccuuiiiiiiiiiinmnniiiiniiiinnnsssimissmsssssiimsssssssses 98
4.1 CONSTRAINTS/ASSUMPTIONS ... .euveeveereeseessesseesseesseessesssesssesssesseessesssesssesssesssesssessesssesssesssesssesssesseesseessesssesssenns 98
4.2 INVERSION TEMPERATURE ..vvteuvteeteeetreesuesesseeesseeessseessesesssesssssesssesssesesssesssssesssesssssesssessseessessseessesssseessessssnens 99
B N {=To 1V 1= [ D o | (o USSR SPPRRN 100
2.2 DUSCUSSION ...ttt ettt e e ettt e e e sttt et e e e st et e e e e ettt e e e e e eeantrneeeeeeeannnns 100
4.3 MASS AND ENERGY BALANCES FOR THE DRYERS. ...ceeeiuttteeeuureeeiureeessureeesssseeessnseessssseeesssssessssssessssseesssssseessnssnessns 102
4.3.1 CONVECTIVE AIl DIYEI ....vvvveeeeeiieeiee e eeseiete e e e e sttt e e e e s s sttt e e e e s sssttteeeessssssstsesaasssssssssssensssssssnses 103
YV T=T g =0 L (=10 Y (=Je I SR 109
J. PINCH ANALYSIS ©euveeeveeeureeeueeesesesseeessesesssessesenssesssessnssesssssenssssnsssesssesssssssssesssesenssssssesenssesnsesssssesssesesssesssens 112
4.4.1 Adding the Dryer t0 PiNCH ...........ouveiieeiiiiiieie e ettt e e ee ettt e e e e ettt aa e e e e e s ttaasaaaaeesssssssesaseesssnes 113
4.4.2 Pinch AnalysiS: CONVECTIVE AIl DIYEI .........ueeeieeeeeeieiieeieeeeeeciitieaee e eeesiteaaaaaeesssstsssaaaaeessssssasesaseessines 120
4.4.3 PiNCA DISCUSSION ..ot ettt ettt ettt et e e sttt e e et e e e astaaesatbesesastaaeenasseaesaaseeean 129
4.5 DISCUSSION ..euvteeuteeesteeteesteesteeesseesteessseesaseesstesaseesseesaseesseesaseeeseesaseessbesabe e e beeeabeeensbesabeeessseenneeesaneesees 130
4.5 CONCLUSIONS «..teeuteeeutteeuteeettesteesssaesteeesseesabeesssaesaseesaseesabeesaseeeabeeeaseesabeeeabeeeabeteaeeeabeeensbeeabeeenteeneeenaneenees 139
CHAPTER 5 EXERGY ANALYSIS OF THE DRYER .....cccuoiiiiuiiiinniiiiniiiiiiiiiiinniiisnsiisesimsssimssssimssssnmssssssssses 141
5.1 RESULTS AND DISCUSSION ..c.uutteeureerureesteesureesseesuteesseesuseesuseesuseesuseesuseesnseesuseesnseessseesseesuseessseesseessseesssessnseens 141
5.1.1 BASIC RESUILS FIOM TR DIYEI .....eeeeeeeeeeee ettt e e ettt e e e sttt e e s aaaessasaa e e tsaeeesssaeesasseaan 141
BLT.2 FOCEOLS ettt ettt e e e ettt e e e ettt e e e e e ettt et e e e e e e sssnneeeeeeaanans
5.1.3 Factor Types
5.1.4 The Effect of Inlet Gas Temperature 0N EffiCIeNCY .......cccuuveeecueeeeeciieeeeciiieesiieeesiieeeeeiiaeesiseaessseeens 155
5.1.5 FACLOrs OVErQll DISCUSSION ......cccuvverieeiiiesieesiit ettt ettt ettt ettt ettt e sate s sbtaesseeesbaeenaeeeses 157
5.2 VISUALISATION IMIETHODS ..c.uvvteeuteeruteesteesireesseesuteesseesuseesuseessseesaseesuseessseesnseessseessseesnseesnseesseessessseesssessnseens 158
5.3 IMPLICATIONS AND CONCLUSIONS ..c..uveeeureerureesuseesuteesseessseessseesssessiseesssesssseesuseesseessseessseesseessseesseessseesssessnseess 160
CHAPTER 6 EXERGY ANALYSIS OF SPRAY DRYER SYSTEMES ......cccoovvumrriiiiiisssnnneniniissssssssnsensssssssssssssessssssssssnns 161
6.1 ASSUMPTIONS c.cetettttteeeeeeauttetteeeesesauueeeeeeeaesaaueseeeeeeeaaann s et e eeeeaaaansbeeeeeeeee s nnbeeeeeeeeesanssseeeeesesaannnbbeeeaeesannnn 161
6.2 DETERMINING A SUITABLE CALCULATION BASIS.c.cceettiuuuetteeteseaaaunreteteeesasastaeeeesesesanssseeesesesaansseeeeesssasnnnseeeeeesaannn 162
5.3 CASE STUDIES . e eeeeuuttttteeeeee ettt et e e e e e s utetteeeeeesauaa b et e eeeeaaaus b et eeeeeaaaaasbeeeeeeeee s anbseeeeeeeesanssbeeaeeeesaannnbbeeeaeesannnn 164
6.3.1 Case 0: NO REAL rECOVEIY OPLION .......cccccueeeeeeiiieeeeiiteeseteeeeste e e sttt e essteaesssesaestseaesassesessssesasssssesenans 164
6.3.2 CASE 1: BOIIEE COSE ..ottt ettt s st s e st e st e st e st asseesabeeeseesbeeenseeeases 164
6.3.3 Case 2: Vapour RECOMPIESSION COSE.......ccceeeeeeuuiieeseeesesiriiiieseesssssisiteessssssssssteeseesssssisssessassssssssssenses 166
6.4 RESULTS AND DISCUSSION ....euiuiiettteeeeeaeitetteeeeeeseitstteeeeeeseauuebeeeeeeeaasausbaeeeeeesesaansseeeeeesesannsbeeeeesesaannseeeaaessanans 167



L 1= 4o ) Lo ) AU UU 167

6.4.2 EVAPOrAtion POLENTIAL. ........cccccvveeeeeieieeeiee e eeee e et e ee e e ettt e e e st e e e e tae e e s asasaestssaesasssaaesasseaensssesanns 169
6.4.3 Flue Gas RECOVEIrY POLENTIAL.............coeeeeeeeeeiieeeeeieee e s cte e ettt e e et a e et a e e ettt e eesntaaaessasaessssenanns 173
6.4.4 S0lids Heat RECOVEIY POLENTIQL............cc.c.ueeeeiieeeeeieeeeee e eteee e st eee e e et ae e e sttt e essstaaaessasaessseneeans 175
6.4.5 IMProvemMeENt POLENTIA] .............eeeeeieieeeieeeeeee e et ee e e ettt e e e et e e et e e e st aaeatttaesassesaessseaessssesaens 175
6.4.6 EffiCIONCY FOCLOIS. ...ccnueeiiieeeeeeteee ettt ettt ettt e et st e e st e st e e see st eeseesates 177
6.5 ITEM-BY=ITEM RESULTS .tttteeeiitittteeeeeeeiittteee e e e sttt et e e e se sttt e e e e e s e s s babeeeeese s anbebteeeeeesaassbaaaeeeesannnbbaaeeessanann 179
(G T 6o LY -3 AT P SR PUPPTIP 179
B.5.2 COSE 2 ...ttt ettt ettt e e ettt et e e e ettt et e e e e ettt et e e e e e s btteateaeeeeanttenes 179
6.6 OVERALL DISCUSSION «...eteeeitteeeeitteesiteeeesittte s ettt e ststeessabeeeseasbeeesnnteesaabeeesansseeesanneeeeasbeeesansseeesnseeesansenenannee 180
6.6.1 COMPATISON Of CASE STUTIES .....vveeeeieeeeeeeeeeeie e et e eetee e st e e ettt e e et aesssasaeatstaesssssaessssssaenssseseens 180
6.7 IMPLICATIONS FOR THE SYSTEM ..eeteuuttterurteeenureeesassreresauseesssureresasssesesanseesssnsesessnsseeesasseesssssesessnssneessseeessnseeessnnee 181
5.8 CONCLUSIONS «..eitiitteeeeee ittt e eeeeeeseatateeeeeee s aaateeeeeeeseaas b aaeeeeesasaasbaeeeeeeeesanbsbaeeeeeesannsbbaaeesesannnbbaaeaessannnn 189
CHAPTER 7 A COMPARISON OF ASSESSMENT METHODS .....cccccetteeeemmmemmemmmeeeemmmsmsssssssssssssssssssssssssssssssssssssssss 191
7.1 COMPARING PINCH ANALYSIS AND EXERGY ANALYSIS ..ceeuuvteeerurreeesiureeessuneeessreeessssseeesssssesssseeesssssesessseessnsseeesnsnes 191
7.2 PINCH AND EXERGY SCOPE AND LIMITATIONS ....veeeeutereesurtesesteeessssseeesssseesessseeesssssesssssssessssseeesssssessssseesssssenessnnes 194
7.3 VISUALISATION TOOLS FOR AN EXERGY ANALYSIS eeuuvtererurteeeruteeesaisreeesausteeesuseeessasseeesasseeessssesessssseeessnseesssnsenensnnes 196
7.3.1 GrasSSMQN DiQGQIAIMS .....cccoeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt ettt ettt ettt e e e e e e et e e e e e e e e e e e e e e e e aa e 196
7.3.2 ENEIGY LEOVEI DIGGIQIMS ...c...veeeee ettt e ettt e e ettt e e ettt e e e s tsa e e easaaeestsaaaesassasanasssaasssssnan 199
7 A HEAT LOSS e ntttee ettt e ettt ettt e e ettt e s ubt e e e aabt e e e e bttt e saubb e e e a bt e e eeasbeeesassteeenbeee s e st e e e sabneeeeanbeeeeenbeeesanbeeesabaeeenanee 202
7.5 SYSTEM COMPLEXITY 1.uuvteeeeteeeeautesesauueeesssueeessssesssasssasessseeesssssesssasssesssssenesssssssssnsssesessssesssnssessssseessssseeessnnes 203
7.5 CONCLUSIONS .eeeuvtereeueeeeesutteeesuseeesauanesesssseesassseessasssassssseeesasssesssssssesssssenessnssssssnsssesesssenessnsseeessseeessnsseessnnes 203
CHAPTER 8 TIME AND COST ANALYSIS FOR THE SYSTEMS METHODS ......cccccevveemmmmmmmmmmmmmnmmmmmsssssssssssssssssssssss 205
8.1 COSTING BASIS AND ASSUMPTIONS ...eeeeuurreeeureeesasuresesausresssreeesassseeesanssesssnsesessssseeesasssessnssesessssseeesanseeessnseeessnnee 205
8.2 CASE Lttt ettt ettt ettt ettt et e et e e ettt e s bt e e e a bt e e e e bae e e e ahb e e e e aabeeeeeate e e e haeeeeanbeeeeenbeeesanbeeeeabeeeeanee 205
LI IR VA =T 0 I 0o XY ¢ 205
8.2.2 CArbon DioXide PrOQUCTION...........ccueevieesiiesiiesieesiit st esiteesiteestttesiteestsessasesssssssasssssssssseessssesnassenses 207
S 1 07X 3 A PSR PSPPPPPRNt 207
8.3.1 SYSLEIM COSLING c.coeoveeieeeeee ettt ettt e e sttt e e e e s sttt e e e e e s ssastttaaaesssssastsesaasssssssssaseassssssanses 207
8.3.2 Carbon DiOXiAe PrOAUCLION...........ccccueveeeeieeeseieeeeieeeectte st e e sttt e e e sttt e e sstaassasteaassstaassasseaessnseeeas 208
8.2 DISCUSSION OF COSTING ..teteuutteeeauureeesurteessureeessauseeesasstesssaseeessssseeesassseessnseeesssssesesasssesssssesessnsseeesaseesssnsesensnnee 209
8.5 HOW COSTING COMPARES WITH PINCH AND EXERGY.....eettteiiiaiunriieieseaeiiiitteeeeseseiieeteeeeseseanereeeeesesesnnnneeeeesssenns 210
8.6 COSTING SUMMARY .....etteeeiaaiutietteeeeaaaauuereeeeesesaauseteeetessaaansseteteeesaaansaaeeeeesesaassesaeeeesesaannsseeaeesssannnnseeeeesssannn 211
8.7 DISCUSSION OF THE TIME TO COMPLETE EACH METHOD ...cceteteeauuerieeeeeesanuereeeeesesesanreeeeesesesaannsseresesssessnnseeeeesssanns 212
ES I D o o [ 0] | =Tox 1 [ ¢ SR 212
8.7.2 MOAEIING/SIMUIGTION........ccuveeveereecreeeeete e ceeeteeee ettt te et e et e e ete e e e e aseaesaeeaseeasseeseeaseeseeasesssens 213
8.7.3 INtEIrPretatioN Of FESUILS ......oeeeveeeeeeieeeeeee ettt e sttt e e et e e e ettt e e st e e s st e assnsteaesasseaesssseneas 214
8.7.4 FiNGliSinG OPUtIMISALIONS ......eveeveeeeetiieeetee e seee e eete e e et e e stte e e sttt e e s sttt e e sstaassasseaassnsteaesasseaesassenens 214
8.7.5 Summary of time usage in €Ach MEtNOA................c..oeeeecueieeiieeeeeeeeeeee et esee e e e eee e searaeeeveeaan 215
CHAPTER 9 CONCLUDING REMARKS .....ccovevemmmmmmmmmmnmennnemeeeeeeeeeeeeeeemmmmmeeeeeesseeeesmssssssssssssssssssssssssssssssssssssssssssss 216
REFERENCES......ciiiiiiiiiiiiiiiiiiiiiiiisiiiisiissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnssssssssnnsnns 221
A, ABBREVIATIONS ....cuuuuuuuiuniiinnnnninnnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 229
9. L KEY VARIABLES .ttt eeuitteeeitteeeetteeesisteesaabeeeseaseeeesanse e e s abeeesansaeeesanaeee e s be e e s msneeesanneeeenreeesannneeesanneeessnnanesannne 229
B.  APPENDIXES ...coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisisssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnnns 232
9.2 APPENDIX A TO CHAPTER 5...eitieeeitieeeiitee et tee s ettt e sttt e e st e s et eesmne e e e sareeeseanneeesanneee s s renesennneeesnnneesnnrenenannne 232
9.2.1 CalCUIALION EIFOF ANAIYSIS ...ttt e e e e e ettt a e e e e et s ttsasaaaeeesssssasaaaaeeassnes 232

9.3 APPENDIX B TO CHAPTER 5
9.3.1 Several factors which can be used in the analysis of the dryer .............ueueeeecvvveeeeeieeeeiciiivieeseeeeenns 232
9.4 APPENDIX A TO CHAPTER B tettteeeee sttt ee e e e sttt e e e e e se bttt e e e e aeaanba et eeaeaesaanbseeeeaeeesannsbeeeeeeesaannnbeeeaeessannnn 234
L I Yo V=3 s o) =R 234
9.5 APPENDIX A TO CHAPTER 8.....teeeeeitieeiiieeeerittteseireeesnsteesssreeeseseeeesnneeessabeeeseanseeesnneeeeanreeesannneeesnneessnnrenenannne 235
9.5.1 Pump Power and Discharge Pressure REQUIr€MENTS............ccueeeecveeeeecrireesiieeesiieseesisesassisesssssenes 235



9.6 APPENDIX B TO CHAPTER 8
9.6.1 COSEING...ueieieieieieieieieieieieieieiseeseseseseseseseseseseeens
9.7 APPENDIX C SAMPLE CALCULATIONS FOR A DRYER ............
E YTy (=1 ¢ PP PP PPPPPPPPPPPPPPPPPRPPRt
9.8 APPENDIX D SAMPLE CALCULATIONS OF CARIOUS FACTORS ....uuvviiieeeseeeiiiereeesesesiiireneeseesseansneessesssesssssseneesssnnnes
LIR30 N @o [ [olV] [0 4 Lo ) e [ | X UU OO UUSPPRRNE
9.8.2 COAICUIALIONS ...ttt e ettt e e e e ettt e e e e e e e ettt asa e e e e e s stsasaaaeeeasssssaseaaseeaasses
9.9 APPENDIX E VISUAL BAsIC CODE FOR MSEXCEL MODELLING OF A DRYER

Table of Figures

Figure 2-1: A diagram of the proposed optimisation ProCess. ..........ceeuieiieiriiieiieinii e 41
Figure 2-2: The breakdown of the most common exergy components [23]. ......cccoecuierieiiiiieniieenieenieeseee e 44
Figure 2-3: The effect of feed temperature on maximum efficiency (note that the H_S line is shifted to the right
by 1,200 KW fOr aS€ OF FEATINEG)....ccveeeiiiieiieriieteete ettt ettt et ettt s ete st e st e saeesaeesbeentesneesaeesbeeseen 65
Figure 4-1: The effect of inlet air humidity on the ASIT. The steam to air flowrate ratio is constant (1 on a mass
[T T 1) TS USSR 101
Figure 4-2: Effect of flow ratio on the ASIT, humidity fixed at 6 gW.ngA'1 .......................................................... 102
Figure 4-3: The effect of temperature on effectiveness of the dryer. Flowrates constant at 21 kg.s™.............. 103
Figure 4-4: A PFD of the tested system with a convective air dryer. The region in the dashed box refers to
Figure 4-8 and Figure 4-9. Refer to Table 4-1 for stream descriptions and mass and energy balance. ............. 105
Figure 4-5: The effect of dryer outlet AT on energy recovery and outlet solids moisture content (Air)............. 106
Figure 4-6: The effect of dryer outlet AT on energy recovery and outlet solids moisture content (SS).............. 107
Figure 4-7: A PFD of the superheated steam system. Refer to Table 4-3 for stream descriptions and mass and
ENEIEY DAIANCE. ..ttt ettt ettt h et e bt h bt e bt e sh e e e bt e s at e e bt e e sareeeneeesareennes 111
Figure 4-8: The representation of the MEB simplification for the dryer and solids removal system................. 114
Figure 4-9: The system boundaries for the dryer system curves used in PA............ccocoveeeiiieeeeciiee e 115
Figure 4-10: The flowchart for calculating the estimates for the different regions. ..........ccoceeeeeiiiieciiee e, 116
Figure 4-11: Pinch plot for the convective air dryer system with the dryer triangles (Figure 4-10) as described
on page 113 (Conservative RegioNns ESEIMAtE). ..ccc.ueiiiiiiieeeiiie et e ctee ettt et e e st e e e esate e e e aba e e e sbaeeeenssaeeeareeas 121
Figure 4-12: The effect of inlet air temperature on the PA of the convective air system. ....c.cccooveevvieriieennnnn. 123
Figure 4-13: The in-out pinch analysis of the convective air dryer (using end points only). .........ccceeeeerveennenne 124

Figure 4-14: The GCC for the air system, which is the graphical representation of the last column in Table 4-6.

Figure 4-15: The hot and cold curves for the superheated steam dryer.......................

Figure 4-16: The effect of temperature on the steam system (SENSItiVIty). .....ccoecveiiiiiieeeiiiie e, 128
Figure 4-17: The GCC for the superheated steam system, which is the graphical representation of the last
COMUMN TN TADIE 4-8. ..ttt sttt e s e e b et e sat e e sat e e sa b e e bt e e sate e bt e e sate e bteesabeenbeeesareenneas 129
Figure 4-18: A direct comparison between the air and superheated steam dryer GCC curves. ........cccceevuveennn. 130
Figure 4-19: The temperature profiles of the dryers as a function of inlet gas temperature (21 kg.s™* air flow
(=1 =) TR 131
Figure 4-20: The energy profiles of the dryers as a function of the inlet gas temperature (21 kg.s™ air flow rate).
Lines are on the left axis UNIESS MArKed. .......c.cociiiiiiiiiiiiiiiie ettt s re st e s teesaae e ssbeesabeesabaesareess 132
Figure 4-21: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the inlet
gas temperature (21 K.52 @Ir fIOW FALE). ..cuecvieeeeeceeerecee ettt ettt ettt et e et et ereee e reetesaeereeneeneeneennen 133
Figure 4-22: The energy profiles of the dryers as a function of inlet gas flowrate, at an inlet gas temperature of
182°C. Lines are on the left axis UNIESS MArked. ........ccciiiveieiiieieisieiee ettt sr et b e e resbeseerens 136
Figure 4-23: The temperature profiles of the dryers as a function of inlet gas flowrate, at an inlet gas
EEMPErALUNE OF 1820C. ittt sttt ettt et et e st e et e sae et e ese e st e st et e s besaeebeeneeneensestentesesebesasereeneenean 137
Figure 4-24: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the inlet
gas flowrate, at an inlet gas temperature 0f 182CC. ......oiiiiiiiiiieiieiee ettt sttt s eas 138
Figure 5-1: The effect of the inlet gas temperature (Tc.n) on selected efficiency factors and outlet parameters.
............................................................................................................................................................................ 155
Figure 5-2: Grassman Diagram for Dryer (D-1) and Separator (C-1). ....ccccceevvieeeecieeeeeieeeeseeeeeceee e eeeee e seaee e 158

Figure 5-3: The Omega-Enthalpy diagram of the dryer (as a two-step heater, and a mass transfer system).... 159

11



Figure 6-1: The steam heated convective air dryer developed in the Pinch Analysis (Case 1).........ccccuvveeunennnn. 165
Figure 6-2: The system in Figure 6-1 with a VRC system installed to replace the boiler system (Case 2).......... 166
Figure 6-3: Dryer maximum efficiency, outlet moisture content for the dryer against gas feed temperature. 182
Figure 6-4: Inlet and Outlet Energy and Exergy flows for Case 1 (Black) and Case 2 (Grey) against feed gas

L] 00 =T LU= TP 183
Figure 6-5: The recovery potentials of the dryer and Case 1 and 2.........coccueeiieiiiiiiieiniieniecee e 184
Figure 6-6: Recovery potential as an effiCienCY. ....ouieiiiiiii e e 184
Figure 6-7: The Improvement Potential as a function of the dryer gas feed temperature. ........c.ccceevveerieennneene 185
Figure 6-8: The pressure requirements of both systems as a function of dryer gas feed temperature. ........... 186
Figure 6-9: The IP and INE/IN as against dryer gas feed temperature. ........cccceeevveeiieeciieesieecre e 187
Figure 6-10: Task efficiency of case 1 and case 2 compared with the dryer. .......cccccoeveeiiiie e, 188

To start with, a quick summary of the set-up for Chapter 6 will help set up the rest of this discussion.
Performing a PA on the open system (Case 0) results in Case 1 (Figure 7-1). The change is the addition of two
heat exchangers, one on the dryer air (E-1), and the other on the boiler air side (E-B2); both are considered
economisers, taking flue gas to preheat the feed gas. Since these exchangers are gas-gas heat exchangers, they
have a large surface area per unit temperature difference; as such the pseudo temperature difference used in

the PA is 20°C, not the typically assumed 10OC [B1]. ...cveeeieviereiiieteiee ettt ete st et e st saeereeneereeeenees 191
Figure 7-2: Grassman Diagram for the Dryer (D-1) and the cyclone separator (C-1) in all systemes................... 197
Figure 7-3: The Grassman Diagram for Figure 6-1 (Case 1). ....c.ueeeeiiiriiiiiiee e e seree e e st e e e e ire e e eenae e e sareeeens 197
Figure 7-4: The Grassman diagram for FIgure 6-2 (CaS@ 2). ...cuuieecciereiiieeeeciieeeeitee e sereeeestreeeesaraeseesaeeesaseeeens 198
Figure 7-5: The exergy lost from using a valve to reduce the pressure back to 1 atm in Figure 6-2.................. 199
Figure 7-6: Actual values of Streams in Case L. ......cceeeiiieiiiiiiieiieeie ettt sttt e s esan e sareesanee s 200
Figure 7-7: Actual values of Streams in Cas@ 2. ......ceeeiuiiiiiiiiiieiieeee sttt ettt st s e st sareesanee s 200
Figure 7-8: Energy Level Diagram (first pass) 0f CaSe L. ......cccccuiieeeiiireiiiieeeciieeeetee e eetree e s tre e e ara e e e e rae e e eaaeeeeas 200
Figure 7-9: Energy Level Diagram (first pass) Of CaS@ 2. ......ccccuiiiiciiieiiiiie et ceriee e eetee e st e e e strae e e e aae e e sareeeean 200
Figure 7-10: A second pass view at energy level diagrams for Case 1.......cccccveeeeiieiecciieeeciiee e e e 201
Figure 7-11: A second pass view at energy level diagrams for Case 2........ccccveeeeiiieiiciiieeecciiee e eeree e 201
Table of Tables

Table 2-1: A comparison of the IT and PA on some Key Properties. ......cccceeccuveeeeiieeeiiieeeesieeeeeieeeeesiveeeesreeeeennns 42
Table 2-2: A comparison of energy and exergy (from [28])........ei i et e e e taeeeeaens 47
Table 2-3: Assumed dead-state and composition used for the gas phase. (These can be assumed to also be the
T R =T=Te W o] o] oY= g A =1y OSSR 49
Table 3-1: The main nomenclature and symbols used within this Work. .........ccceccviiiiiiiincii e 66
Table 3-2: The subscripts, sub-subscripts and superscripts used within this work.* ..........cccccoevviiiienniciiens 67
Table 3-3: The information levels for different exergy factors. ......ccccvvcieie e 67
Table 3-4: A summary of the features of different efficiency factors found in the exergy literature. ................. 68
Table 3-5: The required information, to be calculated for the phase change component of the system............ 83
Table 4-1: The mass and energy balance (MEB) results for the air system in Figure 4-4. .........cccoceeevcvveeecnnennnn. 108
Table 4-2: Results of the MEB for the CONVECLIVE @il ArYer. ......oeecciiiiicieee ettt et e 109
Table 4-3: The MEB results for the steam system shown in Figure 4-7. .......coceoviiieiniieiieenee e 111
Table 4-4: Results of the MEB for the superheated steam dryer. .......cccceviviieeecciic e 112
Table 4-5: The stream profile table used for pinch analysis (Air). ....cccoceeeiie e e 118
Table 4-6: The overall profile and cascade pinch Profiles (Air). ..c..cceeieeciie i 119
Table 4-7: The stream profile table USed fOr PA (SS). ...cc ittt e et e eaae e e s earaeeeas 127
Table 4-8: The overall profile and cascade pinch profiles (SS). ....cocuiiioeiii e 127
Table 5-1: The raw exergy and enthalpy results, from the two-step calculation assumption. ..........cccccuvueee... 141
Table 5-2: Assumptions and simple factors used for the ideal dryer calculation..........ccccccooeviiiiiieiiinicciieeen. 142
Table 5-3: Resulting factors for the dryer-solids separator system using the levels described in Table 3-3...... 143
Table 6-1: Summary of Energy flows for the base comparison. .........coccveviiciie e e 172
Table 6-2: Summary of simple efficienCy faCtors. ....ccuuii i e 177
Table 6-3: SUMMArY Of task fACLOrS. .....uuiiiiii e e e e e e s r e e e e e e saabaa e e e e e e e esasbaaeeaans 178
Table 6-4: An item-by-item analysis OF CASE L......uuiiiiiiiiiiiiiiiie e e e e e e e e st ar e e e e e e e e arbaaeeeans 179
Table 6-5: An item-by-item analysis OF CASE 2......uuiiiii i e e e e st r e e e e e e e arraaeae s 179
Table 7-1: Selected boiler flue gas properties for Case L. ... iiiiiee e e e e braae e 199
Table 7-2: Selected dryer flue gas properties for both Case systems. .......cccccveeeeviiiiicciee s e 199
Table 8-1: Capex eStiMates fOr CAS@ L.....cccuiiiiiiiee it e ccee e sttt e e ettt e e et e e e st e e e s snte e e esnsaeeessseeeensseeesanneeeesnnseeeans 206

12



Table 8-2: CapeX eStIMAtes fOr CASE 2. ...uuiiii i ciiiiieee ettt et e e e e e e et ta e e e e e e s e s eabaaeeeeeeessantareeeaeeeeennsraaeeaans 207

Table 8-3: Cost summary of the two case studies in Chapter 6. .........oocveeiiiiieeeiie e e 209
Table 8-4: Required information summary table ..........oocieiiiiii e 212
Table 8-5: Time taken per analysis sSUMMary table. ........ccooo i 215
Table B-1: Energy and Exergy values used for calculation of the factors in Table 5-3. .......cccccoeviiieieciee e, 233
Table B-2: Cost estimations for the two systems major components (excluding the dryer) (summary table, from
RISl TE T (o I 5 RS SUS 236
Table B-3: Various basic conversions used for the estimation. .........cccoeceeiiiiiiiieiiii e 236
Table B-4: Pressure correction factor and plate are multiplier used in heat exchanger calculations from Peters,
Timmerhaus, West, p 687, figure 14-28 [134]......cceciiiieeceeeeeiee ettt eeee e e stree e et e e e erae e e s treeeesstaeesensaeeesanaeeaaas 236
Table B-5: Sizing calculations for the 3 heat @XChaNgErS. .......ccuvie i e e s aree e 237
Table B-6: Heat Exchanger Costing from Hewitt, Shires, Bott p229 Table 4.5 [144]. ....cccccovveeeevciiee e, 237
Table B-7: Heat Exchanger Costing from Peters, Timmerhaus, West p684 Figure 14-20 [134]. .....cccccevvvveeennenn. 238
Table B-8: Package Boiler Plant costing with no superheat from Peters, Timmerhaus, West p892 Figure b-3
2 OSSPSR 238
Table B-9: Cost of electric immersion heaters from Peters, Timmerhaus, West p624 Figure 15-29 [134].
(extrapolated to be 2X125 KW NEALEIS)....ccuuiiiiiiee ettt tre e et e e e e et e e e ette e e s tbe e e e ataeaeenssaeessreaaans 238
Table B-10: Compressor and blower costing for the systems [133]. ....cccveiiiiiiieeiiiee e e 238
Table B-11: The constants used within the Calculations.........cccooveiriiiiiiiniin e 239
Table B-12: THE FAW data...iicuiiiiieeiie ittt ettt te s e st te e saa e e sabeesaaeessbeesateesabeasaseesabeesaseesabeessseesnsaessseens 239
Table B-13: Data fOr POINT 2 ...coiiiiii ettt sttt e e ettt e e s sate e e e sbe e e e s sateeeeeasaeessnbeeeessseeesansneeesnsseeenns 244
Table B-14: Data fOr POINT O ...cceiciiieieiiie et esieee st ee e st e e sttt e s st e e ssatee e e sabaeeessteeessasaeesanseeeeensseeesansneesssseeenns 253
Table B-15: Data fOr POINT A ...cooiiieceiiee ettt e sttt e sttt e e sttt e e s eatee e e saba e e e sateeessasaeessnseeeeesseeesansneesssseeenns 259
Table B-16: The Data required to solve the remaining Chemical EXErgY .........cceevvuvieeeiiieeeciiee e e 261

13



List of Equations

............................................... 36
2-1[63] L ”
2 “
. s
I o
e L o
B 2
27 ................................................. 2
2 2
- .
2 o
e - 51
e - 51
L 52
- 53
2 53
2 o
2 #
2 >
T #
. #
221 ................................................. o
e o
e s
2 s
2 >
e 5
R - i
I 56
I, -
I L 7
e I 7
232 ............................................... 7
2L 7
20Dl 7
- 7
S 7
R 7
I 7
L 7
240 ............................................... 7
I 7
I 7
L 7
- 7
L 7
2 D 58
247 ............................................... 62
S 62
. 62
L c3
e ., 63
L 63
N 70
32 .............................................. 70
33 ettt ettt ettt e et e e et ne e e

14



S 71
TS 71
S 72
S 72
T PP 72
L PP 73
O PP 73
T 3PP 73
S 74
S 74
S 74
L PP 74
PP 74
T e PP 74
T PP 75
T RS 75
T S 75
TS 76
T S 76
B2 a e b e e e b e e e e b e e a e b e e e sa e saa e 76
T TP 76
T TP 77
T S 77
T S 77
T S 77
T S 77
T 1 TP 77
T 7T PP 78
TG 1 TP PP 78
T RS 78
T 1 S 78
T ] N 78
T S 78
T < OO 78
R 1 OO 78
B0 a e e e e b e e et e b e e e ae e e r e e eaae e ereeerree s 78
R OO 79
B2 e L e eaa s 79
T S 79
BB oL e e bbb 80
B e e et s e e e e e b e e e ae e e r e e e aae e ereeearee s 80
R OO 80
R OO 81
R OO OS 81
349 [117] PLB3 e e 81
B-50 [LL7] PLBA .. e e 81
T 1 PP 82
L 7P 82
1 SN 82
LSS 82
S 82
T P 83
L P 84
T < P 84
T 1 P 84
R o S 84

15



362 ettt ettt e ettt s et ee et e e ese e 84
363 ettt ettt ettt ee et e st ee et e et n e 84
3B ettt ettt e et e et s ettt e e e e 85
365 ettt ettt e et et ee et ee st et e ee e 85
365 eeeee e ee ettt e ettt et e st e et et e sttt e e et et e st e s e ee et re e s s e 85
367 ettt ettt ettt ettt s e e e ettt e et e sttt e et se e s ee s e 85
368 e eee e ettt ettt ettt e et et s et et e et e s et et s et e et ee e s ee s e 85
3969 ettt ettt ettt ettt e et et s e ettt e et et e st e st e e et ee e s ee s e e 86
370 ettt ettt e et e sttt e e e e 86
37 ettt ettt e et et e e ee e 87
372 ettt e et e ettt e e 87
373 ettt ettt ettt et ettt e ettt e et e et et e st ee et se e s e s e 87
37 ettt ettt ettt ettt e ettt e st e sttt et et e s s r e 87
37 ettt ettt ettt ettt e e s et e ettt e et e st e s et ee et ee e s ee s e 87
376 ettt ettt et ettt ettt e et e ettt et et et et s e ee et re e es e s e 87
377 ettt ettt s ettt e e er e 88
37 ettt ettt ettt e ettt s ettt e e er e 88
370 ettt ettt ettt e e et et ea ettt e e ee e 89
380ttt ettt e ettt e e e et e e e et e et e s ee et ee e 89
38 ettt ettt ettt ettt et e st e et e et ee st s et e et ne e st eere e e 89
38 ettt ettt e ettt ettt e ettt ettt e st s et e et ere e st eereer e 89
3283 [16] P2A6 e eeee e e e ettt ettt s et ettt e st s et et e e e s s e eee e 90
382 ettt ettt ettt e et ee et e e 90
38 ettt ettt e ettt ee et e e e e ee et ee e eee e 90
38 ettt ettt ettt e et et ee et ee et ee et e e r e 90
387 ettt ettt et e et ee et e e e 90
388 ettt ettt ettt ettt ettt et e et s et ettt e st e s et etere e st eereer e 90
380 ettt ettt ettt ettt et e ettt e et e s e st s et e st ee s er et eereeraeenan 90
300 ettt et ettt ettt ettt e et et ee s ee et see e e s ee st s e e ee et ne s er et eere s e 90
30 ettt ettt ettt e et e et et ee et ee et s e ee et e e ee s e 91
3502 ettt ettt et e et e et e e ee et e e ee s e 91
3503 ettt ettt ettt ettt e ettt e et e et e et ee et e e ee e er e 91
302 ettt ettt ettt e et ee et e e 91
350 ettt st 91
350 ettt e et 91
3507 ettt 92
3508 ettt 92
300 ettt ettt e ettt e ettt e et ee et e et ee et e e eere e 92
32000 ettt ettt e et ee et ee et ee e et e et e e ee e e ee st e et ee et ee e e ee s 92
32000 ettt ettt ee et e et e ee e et ee et e e ee et e s ee s eeeean 92
32002 ettt et ee e 92
32103 [16] P 323 oottt ettt 93
3004 ettt 93
32105 [16] P 318 oot ee e 93
37106 ettt e ettt e e e et e et e e ee et et e st ee e et ee e e ee s er e 94
32107 [16] P 321 oottt ettt e ettt st se e et ee s er e 94
32108 ettt ettt ettt e et e et e e e et e et et ee et e st se et ee et ee e e s e eee e 94
37009 ettt ettt e st e st e et e e e ee e et ee e et ee st s et ee et ee e e ee s ee e 94
320000 et ettt e st ene e 94
300 ettt ettt ee e ena e 9%
3002 ettt e et en e 9%
32103 ettt ettt ettt e et e ettt ee ettt e st ee e ee et ee e e s eee e 97
300ttt ettt e e e ettt e et e et eteee e e ee s er e 97
3105 ettt ettt ettt e oo et e e et ee et e et e st ee et ee e ee e s e eeeean 97
3106 ettt ettt ettt e et e et e et e st ee et ee e es e s eee e 97
3007 ettt er e 97

16



................................................ 119
D e 19
B 142
B 148
53 ............................................... 148
N 148
D 148
L 148
B 148
S 2 e T T 148
B 148
61 ................................................ 162
N 162
L 163
. 163
D 164
0 170
B 170
L 170
. 170
L 173
L 173
12""""""""""""""""""""""""""""""""““““““““““““““““"""""""""""": ............................................... 177
B S T 235
B 235
B 236
. 236
I 240
R iL)A. 240
kL 241
L 241
e 241
e 242
B0 242
B 242
B 242
B 243
311 ............................................ 243
B0 244
B0 245
B 246
B0 246
B 246
B 247
818 ............................................ 247
L 248
D 248
e L 248
T 248
B 248
B 249
325 ............................................. 254
S 254
R 254
S 255
T 255
B30ttt ettt ee e e ee e ee s

17



5 7S 256
5 N 256
5 S 257
5 1 S 257
52 PPN 257
22 PPN 257
5 PPN 257
22 1 PPN 260
S 260
5 S 261
S 261
BA 3 b e e s b e b aa e 261
BB e a e e a e e b e 262
5 PPN 262
5 PPN 262
5 S 262

18



Chapter 1 Introduction to the Study

1.1Project Introduction

Several authors have reviewed energy consumption in drying, including Baker [4], Al-Adwani
[5] in fluidised bed drying, and McKenzie [6] in spray drying. Estimates for the percentage of
industrial sector energy used by dryers are between 10%-25% [7-9]. In addition, a Warren
Centre study at the University of Sydney on energy efficiency [10] found that the energy
usage by the industry sector was 40% of the 3,000 PJ/annum of energy used in Australia
between 1997-1999, at a cost of $16 billion/annum. This translates to a range of 120 -

300 PJ/annum used for drying in Australia during that time period on the basis of 10%-25%
of the total energy use being used for drying; equivalent to $1.6 and $4 billion/annum

associated with dryers alone during that period.

1.1.1The Scope of the Thesis

The main task of the thesis is to find a suitable method of saving energy and cost within
drying systems, where a reduction of any margin could save industry millions of dollars per
year, and finding further savings is considered challenging due to the low temperature of
dryer outlets (typically below 100°C) [11]. This assessment can be completed by using a
variety of tools to determine if and how much energy can be saved in the drying processes.
The scope includes the creation of a methodology which uses a combination of methods to
assist in the optimisation of drying processes, including a kinetics comparison method,

energy use and recovery, and exergy optimisation techniques.

As a part of this methodology, Inversion temperature (IT) was chosen as it presents a
method of comparing the kinetics of two drying gases (in this study air and steam systems
were compared). In this way, the IT method gives an indication of what drying gas is more
likely to result in a smaller dryer at a given temperature, and potentially resulting in a more

efficient process.

Another key tool which can be used is Pinch Analysis (PA), which aims to maximise heat
(energy) recovery within a system, and this analysis was performed on the systems

described in the comparison using IT in Chapter 4.
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It is also important to discuss the potential to recover significant amounts of energy
commonly discharged to the environment in the form of vapour from a spray-dryer exhaust.
The recovery of this (environmentally discharged) excess energy is not a simple task, unless
starting with a humid stream with a higher moisture content than the saturation conditions
(cold temperature) that a coolant can provide, the vapour recovery will be low. This low
recovery can be even more problematic for recirculation systems due to requiring more
energy to reheat the dried vapour back to the dryer inlet temperature. If it was possible to
extract a much larger proportion of the evaporation energy from the outlet gas stream, the
energy recovery potential would become significantly more important. This issue is
explained in more detail in Chapter 4. The utilisation of condensing humid air as an energy

source and the potential energy quality that may be extracted from such a process.

PA is often confused with optimisation since it is used to optimise a significant part of the
system. However, most systems do not rely solely on heat transfer or heat processes,
generating pressure differentials and generating flow is generally done with non-heat
sources such as electrically-driven pumps/compressors/blowers. PA does not easily
integrate non-heat sources in a straightforward and easy-to-interpret manner, for that task
it is better to integrate a more holistic method such as exergy analysis (ExA). EXA was used
here to demonstrate the integration of non-heat energy within a system, including one of

the key benefits of ExA over PA —in that ExA is based on the second law of thermodynamics.

Exergy (which ExA is based on) has also been referred to by several names historically,
including Gibbs free energy, Availability, and Work Potential. While no single method exists
to perform an ExA on systems, adding a procedure to assist with generating assumptions for
a given system has been important. It is also important to determine the parts of a
calculation which can be left out, in order to achieve this, understanding the system being
studied is crucial. The second law of thermodynamics has been used to compare different
energy sources for the same task within the system (such as electricity relative to direct fuel

use).

A discussion of losses within a system and to the environment in terms of exergy is covered
in Chapter 5; this is an important aspect of optimisation as it gives an indication that internal

and external efficiency are not always linked. It is important to differentiate methods that
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isolate the different losses, both to the environment and internally. The understanding of
where the losses come from gives a better understanding of what a unit is doing and how

efficient a unit operation is, in this case a dryer, in each context.

Chapter 6 discusses the potential to replace a boiler system with an electrically-driven
vapour recompression system; this comparison is an illustrative example of where PA would
be inappropriate. The discussion of losses within the system and to the environment is
extended to include pressure-based losses. A cost comparison of potential changes within a
system was also completed to demonstrate that cost is generally a good indicator for the

likelihood of potential optimisations being adopted.

1.2Approach in the Thesis

The process of drying and the systems associated with drying are complex in nature, since
simultaneous heat and mass transfers occur in most cases. In the case of spray drying, this
occurs in a single vessel and is not straightforward in concept. To understand the nature of
spray dryers, research into calculation models appropriate to approaching PA and ExA
models of heat and mass transfer in the context of a spray dryer were researched, extending
to integrating the heat and mass transfer device into larger systems. It was clear that taking
the dryer and solids separator as a single unit reduced much of the complexity in modelling
by allowing the gas side and liquids side of the dryer to be isolated, with the interaction
being treated as occurring within both units in an ideal manner. This method is described in

more detail in Chapter 3.

A mass and energy balance (MEB) was initially constructed for a spray dryer and was based
on and inspired by the work of Langrish [12]. The following constraints and assumptions

were used for the MEB:

e Thedryer is a well-insulated adiabatic continuous co-current spray dryer.
e Thedryer is well mixed and equilibrium limited [13, 14].

e The flow rate of warm gas entering the dryer is 21 kg.s* and the liquid solution flow rate

is 2.5 kg.s of 50 %wt milk solids.
e An outlet approach temperature of 20°C was used for the PA and dryer outlet

temperature. This assumption will be explained in the relevant sections.
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e The dryer curve was not studied. Instead, the results of the mass and energy balance
were utilised to represent the dryer.

e Utilities analysis was not undertaken in the calculation of IT or for the first stage of PA.
The generation of the heat exchanger network diagram was not completed, since the
system is too simple for this part of the pinch processes to be utilised effectively.

e The system boundaries are located where each inlet and outlet streams are found at
ambient conditions.

o This assumption regarding ambient conditions in and out of the system was
made to ensure the maximum recovery potential could be determined. For
example, if venting the dryer exhaust directly to the environment, no energy can
be recovered. This also means that the maximum acceptable utility usage for the
system can be calculated easily. Any increase in utilities from this point would be
wasteful.

e The calculation of the solids feed side of the system may be estimated by replacing the
mass and energy balance with that of an evaporation tower system, but is currently
indicative of the energy usage scale between the two sides of the system. The higher
resolution would not yield further system improvement potential unless integration of

the internal heat profile of the dryer becomes an option.

The MEB model was created and developed using Microsoft Excel, which allows for process
variations and plant-wide process changes to be calculated. The choice of using Excel over
more complex, and expensive, mathematics programs such as Matlab was straightforward
as the analysis was to be completed for a steady-state system. At one point, it was more

beneficial to code the mathematics into Visual Basic to speed up the calculation process.

While researching and creating the MEB model, it was evident that it only applied to using
air as a drying gas since the model was reliant on a humidity term. The MEB is the basis
upon which the rest of the study was built and is referenced in Chapters 2 - 6. To include
non-air-based drying, the model was also adapted to handle gases such as steam. This
change allowed for a superheated steam (SHS) dryer to also be studied. During this phase it

was thought that using SHS could improve energy recovery as the steam leaving the dryer
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would be at a warmer temperature than the equivalent air temperature and would allow

heat recovery by condensation.

Using the IT method was a reasonable approach for comparing these two dryer types. The
information required for IT was relatively simple to gather, being the heat capacity and
equilibrium data for the two systems (since this can be found from the results of the MEB).
The results for IT were informative but incomplete, so the MEB was used as the starting
point for a common thermal analysis such as PA; the combination of IT and PA is discussed

in Chapter 4.

Both methods were missing key parts of a potentially more complete optimisation tool, with
both methods studying different aspects — IT based on relative kinetics and PA based on
heat recovery potential. Both methods ignored electrical and pressure-based energy.
Though both electricity and pressure are important energy aspects in drying, where sub-
ambient pressure improves drying rates, and compressing the outlet could pre-heat the
exhaust gas, potentially recovering more energy, each is generally ignored during a

conventional PA or is added at the end.

To reduce the need to integrate pressure and electricity into an optimisation methodology,
there were a few options, from advanced PA, ExA, as well as a few other ideas (which are
discussed in more detail in Chapter 2), it became evident that exergy was perhaps the most
interesting due to its potential to be as inclusive as any other method while also being
useful in describing parts of a process individually or collectively in a meaningful way. The
visualisation of results from an ExA is important to improve the understanding of any
system, and visualisations for an ExA were completed in several forms (since the
visualisation methods in PA enhance the usability of the PA method). These visualisations

are presented in Chapters 5 and 6.
The concepts that were developed included the following aspects:

e The concept of phase change incurring no change in exergy was an important concept.
The effect of the evaporation exergy calculation is a significant part of the result.
e The analysis done has been on ideal systems, with the dryer being adiabatic and

assumed to be equilibrium limited (or close to it).
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Based on these assumptions and methods, several methods were discussed, and a brief

introduction to these will follow:

1.3The Underlying Laws of Thermodynamics

There are four underlying laws of thermodynamics, which define the physical quantities
such as temperature, energy, and entropy, and which characterise thermodynamic systems
at thermal equilibrium. The laws describe how these quantities behave under various

circumstances.
The four laws of thermodynamics are [15, 16]:

e Zeroth law of thermodynamics: If two systems are in thermal equilibrium with a third
system, they are in thermal equilibrium with each other. This law helps to define the
concept of temperature.

e First law of thermodynamics: When energy passes, as work, as heat, or with matter, into
or out from a system, the system's internal energy changes in accord with the law of
conservation of energy. Equivalently, perpetual motion machines of the first kind
(machines that produce work with no energy input) are impossible.

e Second law of thermodynamics: In a natural thermodynamic process, the sum of the
entropies of the interacting thermodynamic systems increases. Equivalently, perpetual
motion machines of the second kind (machines that spontaneously convert thermal
energy into mechanical work) are impossible.

e Third law of thermodynamics: The entropy of a system approaches a constant value as
the temperature approaches absolute zero. With the exception of non-crystalline solids
(glasses) the entropy of a system at absolute zero is typically close to zero and is equal to
the natural logarithm of the product of the quantum ground states.

The third law has a negligible impact for systems above ambient temperature as it refers to

the entropy of cryogenic systems, particularly those in near vacuum. The first and second

laws will be referred to throughout this thesis.

1.4Pinch Analysis and Inversion Temperature Introduction
Many proposed solutions to energy use in drying tend to be based on a single method for
studying energy quality and quantity measurements and methodologies. There are a few

papers built around an optimisation algorithm that includes comparing set changes within
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the system to an ideal case [17]. There is also some literature that compares or combines
certain methodologies to create a more complete picture of other possible solutions.
However, there is very little in the way of comparisons or integrations of methodologies to
create a more complete picture of possible solutions in respect to drying, although some
have an application - such as Zhelev’s ‘Cleaner flue gas and energy recovery through pinch
analysis’ [18, 19]. Of the many comparisons used in literature, simple efficiency calculations

have primarily been used.

In some ways, pinch technology is an attempt to take the quality of the energy into account
when analysing the energy systems, in a way that first law analysis (e.g. energy balances)
does not. In first law analysis, 1 kW is just 1 kW, regardless of whether it is available at 50°C
or 250°C. Pinch technology starts to introduce the idea that 1 kW at 250°C is more useful
(has higher quality) than 1 kW at 50°C. Exergy takes the idea of energy quality a step further

than pinch technology. This progression is explored in this thesis.

1.5Exergy Analysis for a Spray Dryer and Drying Systems

Optimising unit operations beyond the traditional methods of pinch, chemical reaction
completion and energy requirements is necessary to further improve the efficiency of
processes. One such method, exergy analysis, is proposed here as a way of optimising the
overall energy requirements of drying processes. Exergy was first suggested in the 19t
century, starting with Gibbs, and then Carnot, but the development of the methodology
halted until the mid-20t" century. The modern version of exergy had its primary
development in engineering applications (called exergy analysis) between 1950 and 1990,

with development continuing to this day [20, 21].

Due to its more complete and complex nature, exergy was thought cumbersome while
giving relatively small gains relative to PA [20]. Today, however, PA is often undertaken as
part of the design stage [22], before construction, and this leaves a place for further

improvement or optimisation techniques to be used for retrofitting, or plant-wide changes.

There exist many challenges with introducing exergy as a concept to industry in general, as
it does not follow the general rules associated with energy and is a comparison method with
ideal-reversible systems, which are not realistic, and is more abstract in its interpretation

than a standard heat analysis such as PA. One of the rules that exergy does not follow is
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conservation — exergy is destroyed as it is used or converted. Exergy also does not have a
negative value when a change is being determined; work can occur in both directions. For
example, in cooling systems, the energy level may be negative (when compared with

ambient conditions), but the exergy is positive as there is work potential [23].

Exergy is the study of available energy or the ability to do work. In the case of process
integration and development, it represents the ability to utilise energy. Exergy analysis
works to save as much available energy as possible by manipulating the whole processing
system, just as PA saves thermal utility requirements. This exergy analysis may require more
data than PA, including flow properties, pressure drops through unit operations and piping,
chemical reaction energy changes, and momentum changes. As such, it is more difficult to

collect data.

Some comparisons have been made between PA and exergy analysis, with a focus on the
limitations of PA or problems associated with interpreting the results of exergy analysis. One
example is the work of Wall and Gong [24], which illustrates how exergy analysis is useful at
determining heat pump integration. This work may be compared with Krajnc and Glavic’s

work [25] on integrating heat pumps into a PA and its composite curves.

1.5.1The Application of Exergy Analysis

Exergy analysis has been used in industry to optimise energy loads on dryers and drying
plants for many years with some success. The exergy of drying systems in the food industry
has been explored broadly in the past [26-33], mainly focussing on tray drying with air as the
drying gas. Topic [34] investigated drying systems in general, particularly the effects of a
direct-fired burner, fuel consumption, mixing, and solids moisture content on the exergy
usage of the studied drying system. The main result from that analysis was that the dryer
was the dominant exergy inefficiency within the system. Other drying techniques have been
explored, such as tray-type heat pump timber drying [35], solar-thermal [36], ground source
heat-pump drying [37], and pharmaceutical products using a gas engine-driven heat pump
dryer [38]. In general, the results of the exergy analysis suggest dryers have second law or
exergy efficiencies in the order of 4%-25% [28, 34] compared with high-pressure gas boilers

(60%-75%) [39, 40], and electrically-driven air compressors (70%-80%) [30]. Chapter 5 of this
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thesis has reviewed the application of various exergy analysis and efficiency factors on a

dryer in isolation.

1.5.2Exergy Analysis for Other Dryers

Tambunan et al [36] studied a solar kiln dryer and stated that the optimum result for a solar
thermal storage charge-discharge (energy battery) system would require a maximum loss
ratio (exergy loss to exergy input ratio) of 60% to be a reasonable practical replacement for
direct solar drying, while the loss ratio of the studied system was as high as 86% — meaning
that the current technology has made the solar thermal dryer inefficient for direct solar

drying, even though the drying cycle can be extended by a few hours per day.

The work of Gungor et al [30, 38] states ranges of results for exergy analyses on gas-engine
heat-pump dryer systems, with a focus on which parts of the system required further study.
The Gungor study found that the exhaust air heat exchanger (3.08 MW/USD) and drying
ducts (1.42 MW/USD) were the worst performers on an exergy loss per capital cost basis.
This result allows studies of the energy saving to be focused on these two units. Gungor and
Hepbasli have been studying ways to assist in targeting poor exergy performers in systems
with respect to ground engine heat pumps used for drying [41-43]. Their method uses the
complex and integrated method of exergo-economic analysis which integrates costing (both
capital and operating) over the lifetime of the operation to determine long-term savings in
cost and exergy. The method in this thesis is more basic in that it isolates the two aspects.

This is discussed in more detail in Chapters 5-7.

Other additions to targeting methodologies have been focussing on loss types and cause-
effect analyses [41, 43-47]. These metrics are useful for system-wide optimisations but are
limited in their use for a single unit operation — such as the spray dryer studied in this work.
However, the determination of inevitable losses (INE) is useful to determine an optimal or

desired operating condition.

1.6Challenges with Exergy Optimisation

A challenge that exergy presents is in the interpretation of the results, which is complicated
by the difference in exergy evaluation factors. Chapter 5 of this thesis compares the most
common factors used within the exergy literature to explore why no consensus has been

reached in this area. Aghbashlo and Erbay [48-53] have both studied spray-drying systems
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using exergy analysis in an attempt to optimise the systems. Both concluded that spray
drying is far from an ideal system (in terms of exergy), and work is required to find more

efficient ways of drying wet particles.

The results of these studies found that the parametric analyses showed no peak values,
having optima at the upper or lower limitations of the process variables. Erbay and Koca [49,
51] also studied the effect of atomisation pressure on white cheese spray-drying and
suggested that the atomisation pressure was a significant area of exergy loss. This result
occurs since pressure has a small effect on the system equilibrium, while having a large
effect on exergy requirements (to pressurise the feed for the atomiser). The pressure is a
requirement of the operating conditions, and to create flow (spray) within the dryer.
Pressure optimisation on atomisers is a trade-off between particle size, orifice size and
flowrate. As a result, pressure should be considered important, but secondary to

temperature and flow, for energy optimisation in most cases.

Optimising the spray dryer for maximum exergy recovery while maintaining an acceptable
product specification (based on these results) may be challenging. Aghbashlo [48]

determined that upwards of 15% of exergy fed to the dryer is lost from the dryer, and over
30% is converted to entropy (unusable energy), with only 7% of the combined exergy feed

being utilised for drying.

Another notable challenge that exergy presents is the interpretation of the results — an
undertaking complicated by the difference in factors. Kuzgunkaya and Hepbasli [37] stated
that “the results (of the exergy analysis) can focus an engineer’s attention on components
where the greatest potential is destroyed and quantify the extent to which modification of
one component affects, favourably or unfavourably, the performance of other components
of the system”. This statement implies an ability to target and optimise systems without

explicitly saying how, and this current work explores that area.

1.7Summary of Scope
This chapter introduced the various methods used within this thesis and the importance of
comparing and combining various methodologies when applied to spray drying to develop

an objective methodology to optimise the quality of the energy used, as well as the
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guantity, while integrating different forms of energy into the analysis to allow for a simple

comparison on the basis of cost and environmental impacts.

Throughout this thesis different directions are taking towards optimisation. This thesis tries
to assess the use of different tools and measures that would help designers to answer the

following spray drying design questions:

e Should air, steam or other gas be used as the drying gas?

e What are the optimal inlet conditions (temperature and flow)?

e What options for energy recovery are available?

e How can these be best employed and assessed?

With these questions in mind, it is possible to study the compatibility and suitability of a
combined, or integrated, optimisation approach using IT, PA, and ExA for the purpose of

optimising spray-drying systems.

Chapter 2 has continued the introduction to the tools within the thesis and is a study of
relevant literature. The scope of the thesis beyond what is described in this Chapter is

outlined.

Chapter 3 has introduced the underlying thermodynamic principles, including sample
calculations, particularly for ExA. Chapter 3 also covers the many factors used within ExA
and the basis for their calculations, the proper use for each of these factors is discussed in

more detail in Chapters 5 and 6.

Chapter 4 has investigated the IT technique and PA to determine the suitability of both
methods for early-stage design decisions and potential optimisation potential. Chapter 4
demonstrates that even a simple heat-recovery option can reduce utility usage by a
significant amount. IT and PA share a consistent set of results which demonstrates the link

between kinetic based models, and heat recovery, particularly in drying systems.

Chapter 5 has demonstrated the application of an ExA to a spray dryer as a single focused
unit for optimisation potential. This chapter is important as it links with Chapter 6 in the way

that the dryer is found to be one of the most restrictive units for optimisation in both
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systems studied in Chapter 6. The investigation of the dryer in Chapter 5 also compares the
use of several effectiveness factors using a dryer system case study. These factors are then

discussed in terms of their usefulness as optimisation tools.

Chapter 6 has investigated the optimisation of a drying system, and shows that optimisation
is not limited to just heat exchangers or kinetics as given by PA or IT. ExA is a powerful tool
that needs help to be made accessible to engineers because it is not limited to just heat, as
in PA, and has the potential to improve the understanding of the systems being analysed.
While PA is limited to heat exchange networks, ExA may be completed on systems to find
alternative non-temperature-based optimisation pathways — such as vapour recompression
or the integration of heat pumps, for which PA is not equipped. Chapter 6 has also examined
the benefits of ExA compared to PA for drying systems, as well as demonstrating that exergy
is a straightforward analytical technique that allows integration beyond what is offered by
PA. Several visualisation tools presented in the literature are compared to help define

where the system can be improved the most.

Chapter 7 has compared exergy analysis with PA regarding the required information as well
as on a ‘time to do the analysis’ basis — which is useful in understanding the close
relationship between exergy analysis and the time and information required to do the
analysis. This chapter provides a method of simplifying exergy analysis to make it more
accessible to engineers as a tool for optimisation of both thermal and non-thermal systems.
To help demonstrate the comparison between PA and exergy analysis, an initial cost analysis
has been provided to illustrate both the potential improvements to the system as well as

the implications of each analysis.

Chapter 8 completes a techno-economic analysis of each case studied within this thesis, the
boiler driven air drying and superheated steam systems from Chapter 4 and the vapour
recompression system in Chapter 6. A basic carbon accounting has also been done based on
localised conditions (a high level of coal power generation in Australia’s east coast). An
attempt to link ExA and PA results to costing in a simple and meaningful manner was

discussed in this chapter.
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These energy analysis methods shown in this thesis are designed to be an addition to the
optimisation process, assuming that all other avenues for traditional process energy loss

minimisation (such as insulation and improved system seals) have been implemented.

This thesis focuses on energy quality in drying and drying systems, using the second and
third laws of thermodynamics to add value to energy analysis above the value given by

energy balances alone, which are essentially based on the first law of thermodynamics.

31



Chapter 2 A review of the Comparison Tools and Methods

2.1The Proposed Methods

The proposed solutions for optimising dryers and drying processes include various
standardised methods, such as Pinch Analysis (PA), extended-PA, Gibbs-enthalpy plots,
Exergy Analysis (ExA), extended-ExA, Emergy analysis, and the integration of other
environmental tools such as life cycle assessments. Some comparisons that can be used as a
guide are Wall and Gong [24] and Sorin [54] for Pinch vs. Exergy, Zhelev for Pinch with
Emergy [18], Sciubba and Ulgiati for Extended Exergy vs. Emergy [55], Nilsson and Jgrgensen

[56, 57] for a combination of several methods.

The best way to learn the strengths and weaknesses of each of these methods, as applied to
drying, is to test each on a simple system and compare the results in detail. One of the key
areas of focus in this thesis is using multiple tools to find a more suitable optimisation than

each can give on their own.

2.2Hot Air and Superheated Steam

Superheated steam drying was developed in the mid to late 19t century but received very
little attention in industry until the energy crisis of the 1970’s [58]. Steam drying has
become increasingly popular for many applications in recent years as technology has

improved. Steam drying has benefits over air drying in the following areas [8, 59, 60]:

Since the dryer exhaust is steam, it is possible to recover the majority of the latent heat
that is supplied to the dryer inlet stream. This energy can be used in another part of the

plant or partially re-compressed for use elsewhere.

e There are no oxidative reactions with solid skim milk powder, meaning it is desirable for

oxygen-sensitive products.

e Recovery and removal of toxic or organic liquids are easier.

e Sterilisation, deodorisation, and pasteurisation are side effects that can be beneficial.

e Better rehydration properties, porosity, and colour retention often result from this

process.
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However, there are some potential disadvantages of steam drying:
e There may be a larger energy requirements associated with steam recirculation [61].
e There is limited industrial experience of this process compared with air systems.

e The system may be more complex for pressure containment and minimisation of solids

entrainment using separation equipment can be more complicated.
e Potentially a more corrosive environment for equipment.
e The solid temperature can be higher than in conventional hot air drying.
e A higher risk of condensation in solids recovery systems.

2.2.1Useful Comparisons

There are several useful comparisons of air and superheated steam drying for the food
industry in Prachayawarakorn [62], which show that for some systems, steam is more
suitable than air as a drying gas. Prachayawarakorn’s research also covers the detrimental

effects of the initial condensation period that comes with the use of superheated steam.

Wimmerstedt [58] also discussed the potential for process integration; his primary example
was boiler fuel feed drying. This example has the potential to improve boiler energy
efficiency, reduce the boiler size, and reduce the environmental impact of the plant. He also
explains that, for a fully integrated plant, such as a town electricity and heating supply from
a combined heat and power plant (CHP), there are significant exergy losses, meaning the
overall amount of recoverable heat is lower from the CHP plant. However, the exergy losses

do not outweigh the benefits in this particular application [58].

It is clear from the literature that steam drying has a superior ability to be integrated within
larger systems (at least for heat recovery). Steam also has a higher potential to have other
methodologies applied to the outlet gas for energy recovery, such as mechanical vapour

recompression and heat pumps [58].

2.3Inversion Temperature
The inversion temperature is the temperature where one thermally-driven system dries

material more quickly than another one. This applies to drying gases such as convective hot
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air and superheated steam systems. This approach to separation systems has been known
for well over a century and has become a ‘rule of thumb’ approach to the process design of

dryers [58].

Costa and Neto De Silva [53] have made the following statements with regards to the

application of IT to separation systems:

“The common perception of the drying process states that the air streams are more
effective drying agents at low humidity and high temperature. However, this is true only

below a given temperature.” [63]

Several works on this IT for air relative to steam systems have been produced over the
years. One in particular [63] describes how several previous analyses of the inversion
temperature provided varying results based on differing assumptions - such as keeping the
outlet solids moisture content constant or keeping the input energy constant for the dryer.
Quoted ranges for the inversion temperature are between 140°C - 260°C for previous works
[63]. The primary basis for the inversion temperature analysis is that a wet surface releases

unbound water into a stream of humid air or superheated steam [63].

The drying of unbound water is typically called the unhindered drying region, which may
limit the range of the method if the material temperature being dried does not have a long
unhindered drying period, particularly for large porous solids such as timber; the system
being studied in this thesis is powdered skim milk with an initial moisture content of 50%.
For the case of any hindered drying, the material temperature rises above the wet-bulb

temperature (for hindered drying).

The drying rate through the both the hindered, and unhindered regions may be interlinked
through the concept of a Characteristic Drying Curve or the Reaction Engineering Approach
[64]. For the systems being studied in Chapter 4, the drying of milk is likely to be hindered.
The small size of skim milk powder also means that the Characteristic Drying Curve is likely
to be true [64]. This situation means that the IT will be higher than if they drying process
was unhindered [60, 63, 65, 66].
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2.3.1Inversion Temperature Methodologies

Costa and Neto da Silva developed a methodology to get a consistent result for the majority
of conditions by studying the mass-transfer rates at the surface of the material [63], in this
case moist skim milk powder. This method (Inversion Temperature) is useful in determining
if it is best to make a major change in the system in terms of air vs steam, or consider the
potential change as an option to save energy and costs without taking into consideration

other factors like capital or maintenance costs.

Costa and Neto da Silva determined that a similar result to the localised and effective IT’s
may be achieved by assuming that the dryer approximates an adiabatic saturation chamber
and that the heat and mass transfer occur under the conditions of the outlet for the dryer.
This situation simplified the calculation of the IT by assuming that the dryer reaches
equilibrium, which allows for a more flexible analysis, negating the effects of the localised
mass transfer rates. The result of this simplifying assumption was similar to those of the

more detailed drying rate analyses [63].

2.3.2Adiabatic Saturation Inversion Temperature

For the application of IT to this thesis, in particular Chapter 4, the assumption that the dryer
acts as an adiabatic saturation chamber as described by Costa and Neto Da Silva [63] is used.
This assumption allows a simple metric to be used at an early stage of the optimisation

process.

The saturation conditions that relate to the inlet conditions of temperature and humidity
are assumed to be the point at which all of the evaporation occurs. That assumption
removes the need to determine specific, and local, evaporation fluxes, thus making this
method independent of local kinetic variables, rather than based on equilibrium conditions
[63]. Many IT methods work with localised conditions across a surface length through the
dryer. Those methods are based on kinetic information, while ASIT is based on equilibrium
information, which is easier to find. The ASIT is suitable for dryers of sufficient length that

they achieve, or come close to, equilibrium.

In effect, this is a comparison of the ideal rate at which drying occurs, and the IT is where

the steam drying rate becomes higher than the air drying rate [60, 63]. However, even if
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these conditions are not met in real dryers, the analysis is sufficient to use as a starting point

for later and more complete assessments, such as PA, process modelling, and dryer design.

ASIT can be defined as the ratio of heat flows for the system, this is shown in Equation 2-1

B
ASITy=Tsaey+ 55Tty Ts7)

2-1
[63]

Where:

_ (mpa + my)ivn CPpa + YinCoy 1 Ahav(rsyay)
Mgty 1+yw Cpy Ahpy(rep)

B

Where:

e (mpy + my);y = my;-=total wet air feed mass flowrate.
* Mg, =total steam feed mass flowrate.

e (p;=specific mass heat capacity of each component.

®  Ahpy(rgu.ap) ANA Ahyy (7= latent heat of vaporisation at the saturation temperatures

of the air and steam, respectively.

® T5.,,and Tgrare the saturation temperatures of the air and steam, respectively.

yin is the humidity of the feed air in gw.goa™.

The pressure of the system is critical on the properties used within the calculation. It should
also be noted that this calculation assumes that the solids temperature change is
insignificant and that the evaporation occurs adiabatically (the two-step process is discussed

later in this chapter).

2.4Pinch Analysis

There are several papers and books [23, 67-72] that address the PA of systems, but most are
based on a rigid system structure, i.e., the major items are reactors, which cannot be
manipulated or changed to make a more energy-efficient process. Most of the literature on
PA has not focused on manipulating the system, but rather on heat exchange and the

recovery network around the key systems. Many of these analyses do not include increased
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capital and maintenance costs using a differential economic analysis of the plant, where the

differences are created by the changes in the system structure.

In these papers and books, dryers are discussed in modest detail in terms of potential
savings using a PA, due to the adiabatic nature of drying systems, blower requirements, and
the low dew point temperatures of dryers exit stream(s). However, it is generally agreed

that drying is a key area where energy savings need to be addressed.

There are several papers and books written by Kemp [61, 73, 74] that address the need to
look at the actual processing arrangement and interactions for separation systems such as
dryers, evaporators, and distillation columns. In these books [61, 73, 74], changes to the
dryer were studied to fit the dryer around other sections of the plant, as opposed to
studying the plant and manipulating it to fit around the dryer. Considering the significant
energy usage of dryers, manipulating the system to fit around the dryer may result in

reducing utility requirements more effectively.

Another factor that has not been included in any standardised PA reference is the electrical
energy requirements. especially those involved in re-circulation or flow induction
equipment, or electrical heating and cooling systems such as heating elements,
refrigeration, and heat pump cycles. The interaction between electrical energy flows and
pinch analysis has been studied [75], but the quality of any replacement energy source has
not been considered, and an analytical approach to including energy quality in a pinch
analysis needs to be developed to improve the understanding of such decisions. The
proposed approach should encompass more energy solutions, such as open ended or closed

circuit heat pumps [24, 25].
2.4.1Method for Pinch Analysis

Starting a Pinch Analysis
In order to begin a PA it is important to have a complete process ready to analyse. In that

regard, at least the reactors and separators and recycle loops need to have been designed,
during the early stage of process design, assuming the use of only utilities is acceptable (PA
is a process that takes care of integrating the heat within the process). A mass and energy

balance should be completed first.
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Heat Profile Data Collection
Once the process has been designed to the point where a heat balance can be done,

generating a table for heating and cooling requirements is the next step. The important
information includes the heat gradient information (m.Cp) average data for each flow. The
streams are required to be a new table row if the m.Cp value changes too dramatically.
Once these values are generated, it is possible to split and combine energy within each
temperature range. The data from Error! Reference source not found. are then used to ¢

reate a pinch plot with combined hot and cold curves.

Composite Curves
Composite curves can be constructed to indicate the pinch temperature, and how to start

generating the heat exchange network.

Integration Network Diagrams
Heat network diagrams are a way of pairing heat sources and heat sinks to minimise total

utility requirements.

2.4.2Assumptions and Rules in Pinch Analysis

e Streams can be split, just like pipes

e Phase change should be separated to ease calculation, and better matching
e Heat must not be transferred across the pinch

e There must be no external cooling above the pinch

e There must be no external heating below the pinch

e Attempting to match heat profiles (mCp) as close as possible, for heat exchangers lead

to better results.
e Do notignore cost, there is a trade-off between capital and energy costs
e Keep refining the network, some better options may exist

e When designing the network, start at the pinch, and move towards the outer ends, this

ensures that the utilities are used in more appropriate locations (in general).
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A more detailed method and calculation is completed in Chapter 4.

2.5Combining Inversion Temperature and Pinch Analysis

Inversion temperature (IT) arises from a simplified kinetics model that can be used to
compare the drying rates of different fluids into different gases within a dryer. In terms of
drying, it refers to the temperature where two drying gases dry at the same rate [63]. This
situation in effect means that using a different drying gas may become beneficial at

different temperatures.

While the inversion temperature may not be explicitly stated in some other works, the same
method has been used by several authors to compare superheated steam and hot air.
Choicharoen et al [65] studied hot air against superheated steam in drying high-moisture

content particulate materials.

The main benefits that were stated by Choicharoen of steam over air, on top of reduced
energy consumption, was the higher temperature potential within the dryer, the improved
recycle potential, and reduced re-heating energy requirement. Suvarnakuta et al [66]
investigated low-pressure superheated steam with vacuum drying in molecular sieve beads.
It was commented in the study by Suvarnakuta that while an inversion temperature existed
for the constant rate period of drying, there existed no inversion temperature for the

complete drying cycle, suggesting that superheated steam was not always superior.

It should be noted that the inversion temperatures were recorded near the high end of the
tested temperature spectrum. The extrapolation from the modelling suggested no inversion
point. The work of Suvarnakuta et al [66] would be significantly more useful with more
studied operating points, three pressures and three temperatures make it difficult to draw a
conclusion from when comparing the two systems. There are several different IT calculation

methods outlined in the work of Costa and Neto De Silva [63].

The method applied in this work is the simplified Adiabatic Inversion Saturation
Temperature (ASIT). The simplified form is more than adequate for this thesis because IT is
used as a comparison and selection tool, and thus high levels of detail and modelling are not

required.
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In the case being studied, humid air and superheated steam are the two options chosen.
These cases will be compared with the aid of PA, which studies heat exchange potential and

heat recovery options of the process streams around the dryer.

The results from the inversion temperature have been used as the basis for the mass and
energy balances. From these balances, the system limitations have been assessed, such as
the minimum inlet gas temperature to dry the solids sufficiently. These results will be used
to complete the PA by comparing the air and superheated steam systems on the basis of
energy recovery and energy use per unit moisture evaporation. This situation is outlined in

Error! Reference source not found..
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Rule of Thumb Analysis:
Adiabatic Saturation Inversion Temperature (ASIT)

The actual method may be found in the relevant section.
Flow .
g Calculate Cp, dew point
specification, ' N Calculate B N
air humidity temperature (Tor), and " | parameter in ASIT formula. d Calculate ASIT.
e heat of vapourisations.
specification.

Mass and Energy balance (MEB):
Use ASIT as the starting temperature for the MEB

Recalculate dryer outlet
conditions with the system
limitations.

y

Run case studies based on temperature
and flow on the outlet moisture content. [«—
This determines the system limitations.

Is ASIT above
system limitations
from MEB?

Calculate outlet conditions
for the dryer.

Pinch Analysis:
, Determines the heat recovery potential for the systems

Bring all process streams
at the system boundaries
to ambient conditions
(25°C and 1 atm).

h 4
Gather heat flux
information for each
stream. Separate phase >
change energy from simple

Calculate the cascaded energy profile from
a 0 heating utility, then offset by the most
negative value so that the new minimum

cascade value is 0.

Combine the energy
profiles for heating and >
cooling potential streams.

Set new system
boundaries until
thermally optimised.

A 4

Determine most likely
utility sources.

Determine which heat

loops are not needed

below the pinch and
remove them.

Determine the minimum
t heating duty and associated

heat energy. *

cooling duty.

Integrate utilities with

A 4

process hot and cold

curves.

Build Grand Composite and Balanced
» Grand Composite Curves and determine

utility pinch points.

Figure 2-1: A diagram of the proposed optimisation process.

A comparison of the IT and PA methods is given in Error! Reference source not found.. This s

ituation presents a basis for comparison for determining if the two methods give

complementary results.

41



Table 2-1: A comparison of the IT and PA on some key properties.

Property

Inversion Temperature [63]

Pinch Analysis [61]

Basic Principle

Kinetic based comparison.

Thermodynamic optimisation.

Primary focus

Drying gas effectiveness within the
dryer.

Heat recovery of external/ peripheral
parts of the dryer.

Determines

Dryer inlet temperature, where during
the constant rate period of drying, the
drying rates of air and steam are the
same.

Heat recovery potential based on an
approach temperature.

Level of detail

There are various approaches for which
different levels of detail are required.

High levels of analysis for heat

exchanger networks can be done here.

process, such as drying.

Results Approximate, can be used as a starting Dependent on approach temperature,
accuracy analysis or a rule of thumb for drying gas | which is related to heat exchanger
selection. sizing.
Scope Can only be applied to a mass-transfer Can be used plant wide, used for heat

exchanger network design.

Used here for

Estimating and comparing steam and
convective air evaporation kinetics.

Determining the heat recovery
potential.

Past usage

To select drying gases for drying based
on the evaporation rates associated with
each, after the effects of material

To optimise heat exchanger network
design plant-wide. This has become a
standardised optimisation tool within

sensitivity has been taken into the design stages of a plant.

consideration.

Error! Reference source not found. is the flowchart for the process used in Chapter 4. The r
eason why the IT was used as a starting point for a MEB, and ultimately the PA, is so that a
combination of a kinetics based and a thermodynamics-based models can be implemented
into one analysis procedure. This combination has the potential to optimise the dryer
systems without going into a high level of detail regarding the dryer design, and to help in

the preliminary stages of the design process.

Combining kinetics and thermodynamics for optimisation is important in minimising
equipment sizing (kinetics) and running costs due to energy (thermodynamics). The benefit
of combining these two methods is that they complement each other by focussing on
different aspects of the system. Both are simple and require readily available information to

use.

PA is an example of a simple, robust methodology for thermal network and energy
targeting. This method however, has a significant drawback in that it does not include

energy types other than thermally-based enthalpy very well.
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2.6Exergy Analysis

ExA requires more data than PA, including flow properties, pressure drops through
operations and piping, chemical reaction energy changes, and momentum changes. As such,
it is much harder to collect the data. This situation means that most exergy analyses are
simplified versions of a total analysis. This simplification is generally done by removing some
of the less significant parts of the analysis, such as the change of altitude, momentum, and
dispersion work potential. The general equation for exergy is shown in Equation 2-2 [28, 35].
The analysis may be completed using known system equations, such as thermodynamic

modelling or actual plant data [24].

Even though Wall and Gong [24] state there is limited potential to find appropriate heat
pumping options with PA, there have been slight variations to include heat pumps and other
mechanical equipment into a PA, as demonstrated by Krajnc and Glavic [25], Feng and Zhu
[39], and Staine and Favrat [75]. Several other sources have stated that an exergy analysis is
superior to PA [24, 34, 35, 70, 76, 77] due to it providing more options to improve the
system and manipulate more forms of energy. Fushimi studied a self-heat recuperative air
and steam dryer with the assistance of a VRC system for superheated steam [78], these
results were compared on a pinch basis, and further verified with a preliminary exergy

analysis.

There are several modified PA methodologies dealing with the integration of heat pumps
into PA [23, 25]. The additions to the standard operating rules of pinch are that any heat
pump must work across the pinch point in the reverse direction or the utilities will increase.
Also, the higher the temperature change required, the lower the energy benefits become
[23, 61, 74]. A heat pump example will be explored for this system to demonstrate the

methods, and to compare them to an exergy analysis.
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Figure 2-2: The breakdown of the most common exergy components [23].

ex = (u—1up) + Po(v —vo) — To(s —so) + 2(/4 — Ho)X;
i=0
Internal Energy, Volume Work, Entropy, Chemical Potential 2-2

) [35]
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Potential, Kinetic, and Radiation Energies

2.6.1Exergy and Efficiency Models

A review of several papers and their application of an exergy analysis to dryers has shown a
variety of simplified models. To be more specific, Ozgener and Ozgener [33] present a model
for a solar kiln dryer on a mass basis that takes many of the aspects of exergy into account
presented here, including the effect of humidity, overall pressure changes, and dispersion to
the environment. However, it is clear that the Ozgener study does not take evaporation or

condensation into account when dealing with the exergy use.

Ozgener and Ozgener [33] also present some interesting results for the exergy efficiency of
a dryer while key operational factors were changed over a range, such as residence time (0-
18 hours), solar radiation levels (450-700 W.m) and inlet gas temperature (40-50°C). They
also present several useful factors concerning exergy destruction, as well as a variety of
other efficiency factors which are common in papers relating to exergy analysis. The
Ozgener paper concludes that, since the study is based on solar energy within a greenhouse
system, low solar energy input regions (non-tropical climates) will have low efficiencies, and

low drying potentials.

Further research on exergy and dryers include a two-part paper by Cay [79, 80], which
presents some practical ways of comparing different units within a system using exergy
destruction per unit. The model used by Cay is the same as that of Ozgener and Ozgener
[33]. The Cay papers are based on an air dryer in the textiles industry, which recirculates the
outlet gas. Textiles are less likely to have solids entrainment issues, unlike the powder

drying of milk solids studied in this current work. The air system studied here will initially be
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treated as a once through system (no air recirculation). Different configurations can be
modelled to determine the effect of changing the process variables, such as the

recirculation rate or the outlet relative humidity.

A paper on exergy modelling by Aghbashlo, Kianmehr and Arabhosseini [26] uses only the
temperature-based thermo-mechanical (TM) exergy component (shown in Equation 2-3),
i.e. changes in system pressure are ignored, treating the system as an isobaric closed

system.

_ — T
exTy,, =Cp (T —T,) —ToCpln <T_o> 2-3

The analysis in that paper is limited to the dryer and its thermal nature and does not
consider the surrounding equipment. Aghbashlo et al [26] highlight a simple summarisation
method for more complex systems. This method applies the idea of an exergy utilisation
ratio (ExUR) (the used exergy per exergy input) to compare the effects of process changes.

The ExUR is calculated in a similar fashion to the simple exergy efficiency.

exX;y — ex
exn

Overall the work of Aghbashlo gives a brief starting point for thinking about applying a
simple exergy model to a dryer to determine its thermal effectiveness [26]. This model has
been simplified and tailored to the application and is likely to be misleading for other

applications, such as those with significant pressure changes or vents to the environment.

A paper by Hepbasli [31] presents a method called exergoeconomic analysis. The focus of
that paper is the cost of equipment and it treats exergy destruction per capital cost as the
primary factor for optimisation, the equations are shown in Equation 2-5. This method may
be considered when working with real systems, especially in the design and optimisation

stages.

Loss rate
"~ Cost

2-5
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The main issue with this analysis method is that it depends highly on the timescale, since

the capital cost is a once off, and the loss rate is ongoing.

Icier [32] compares the two most common exergy efficiency parameters and suggests the
ratio of exergy outflow to exergy inflow rate (equation 2-9) is more meaningful in comparing
different drying operations than the exergy used per specific exergy of evaporation
(equation 2-8). The paper also introduces a factor called the improvement potential (IP),
which is a method of calculating un-utilised lost exergy. The IP factor is a measure of how far
apart of the plant is from ideal exergetic efficiency. Apart from being able to compare
different parts of a plant, it can also be used to compare different designs for the same task,
such as different dryers or drying gases. The equation for the improvement potential is

shown below in Equation 2-6.

IP = (1 —ngy)(Erny — Eour) 2-6
exLOSS
=125 -
nex exIN 2 7
n _ eXay 5.8
ex exGIN
_ €Xour
Nex = eXy 2-9
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The difference between Equations 2-7 to 2-10 will be explained in Chapter 5 in more detail
as the difference is significant for the results and application of its use. This IP factor was
used to compare three different dryer types to determine which type was the most exergy
efficient for each application. Icier’s paper [32] was based on a laboratory-scale drying
system. Since the dryers studied were run at atmospheric pressure, or close to it, the

pressure-based exergy term was ignored in that study.

Dincer and Rosen [28] produced a book on the uses of exergy analysis in various forms
including its usefulness in sustainable and environmental development, as well as industrial
applications. While this book [28] is not comprehensive in its theoretical background on
exergy, it does cover many practical applications in industrial and environmental
approaches, including combining exergy with LCA and industrial ecology methods. This book
[28] contains many practical applications of exergy analysis, but requires some

understanding of exergy.

One of the most useful tables in the book is Table 1.1 on page 13 [28], which compares the

properties of energy and exergy, reproduced here in Table 2-2.

Table 2-2: A comparison of energy and exergy (from [28]).

Property Energy Exergy

Matter flow or energy flow and the local

Dependenc Matter flow or energy flow. .
P y gy environment.

AEx=0 for reversible ideal systems.

nservation AH=
Conservatio 0 AEx#0 for real systems.

Ex=0 when at the dead state. This means
being in equilibrium with the local
environment.

H>0, when in equilibrium with the

Value .
environment.

Destroyed (consumed) in real
Consumption Cannot be created or destroyed. (irreversible) processes, but not destroyed
in reversible processes.

Many forms, measured on the ability to

Forms Many forms, measured individually.
produce work.

Usefulness Measure of quantity. Measure of quantity and quality.

47



Chapter 2 of Dincer and Rosen [28] goes into significant detail regarding different reference-
state models, and different efficiency calculations that have been presented, including a
short discussion on each of their merits. The chosen method for the reference environment
is the “natural environment sub-system” [28] as described in the discussion on the

reference state.

Chapter 6 of Dincer and Rosen [28] examines in more detail the methodology for dealing
with a psychrometric process, and Chapter 8 of Dincer and Rosen [28] builds on this by

analysing a variety of air dryers using exergy analysis.

This review is not however, a comparison of work on exergy analysis alone. Rather itis a
comparison and discussion of the usefulness of the various factors used within the literature
to compare systems. A brief of some of the key results are described in the introduction to

give context for the discussion.

2.6.2Efficiency factor use

The INE calculation is one of many metrics that may be used to interpret the data given by
exergy analysis, along with many efficiency factors in use, some of which are presented
here. The review of exergetic indicators by Zisopoulos et al [81] indicates the complexity in
understanding exergy analysis. This variety of preliminary interpretations is one of the main
challenges with exergy analysis, and a standard has yet to be accepted. A conceptual
breakdown analysis of the factor types is presented in Chapter 5, which indicates the
desired, and effective, usefulness of each factor type regarding process efficiency

calculations.

For example, many factors only work across mass-transfer devices, such as the evaporation
efficiency 1,y gy, While others only work on a phase-to-phase basis, such as the solids
exergy efficiency Kg, or the gas exergy efficiency ng, .. While these factors are useful, their
use is limited in explaining a system, while more overarching factors can be misleading and
harder to interpret in terms of what each unit is trying to achieve. For example, the simple
efficiency ng, shows the overall exergy efficiency of the system, but does not explain
whether the exergy is being utilised or is part of system inefficiencies or emissions. Using an

item-by-item task efficiency requires a more detailed analysis.
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There has also been work done with artificial neural network (ANN) methods on exergy
analysis of drying systems, but this method is more complicated than the exergy calculation
method which it is intended to emulate [82-84]. ANN’s should only be a tool for exergy
analysis and should not be an alternative to exergy calculations, not a potential model-

fitting and extrapolation tool.

As part of this work, a variety of factor types have been applied and discussed, to help guide

engineers about the appropriate use of effectiveness factors in optimisation methods.

2.6.3Reference Conditions and the Dead State

The reference state refers to the reference temperature, pressure and environmental
chemical state used for the calculations. In this work, 25°C (298.15 K) and 101.325 kPa

(1 atm) have been used for the reference temperature and pressure. For the dead state, the
composition of the two phases has been used. In the case of the gas phase, the composition
shown in Table 2-3 has been used, so as to be consistent with standard atmospheric

conditions [85].

Table 2-3: Assumed dead-state and composition used for the gas phase. (These can be assumed to also be
the air feed properties)

Air Component Dead state Feed partial Feed mass
partial pressure | pressure (bar) fractions
(bar)
0: 0.2039 0.2099 0.2335
N2 0.7578 0.7802 0.7599
CO: 0.000355 0.0004 0.0006
H20 0.022 0.0096 0.0060
Inert
(mainly Ar) 0.015945 - -
Other useful properties Units
Humidity (Y) 14 6 gw.kgoat *
T 25 25 °c
P 1 1 atm

*NOTE 2-1: Dry air constitutes the dead state Oz, N2, and CO2 compositions only.

Since a condensed phase (both solids and liquids) is present, it is necessary to consider any
components that exist within that phase, which are not in equilibrium with the vapour
phase. This dead-state parameter changes significantly depending on the composition of the

materials being studied.
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There are several ways of representing the condensed phase in the literature [21, 85-89].
The general pathway for calculating chemical potential energy is to assess the energy
change for diffusing the chemical with consideration to the natural concentrations found in
the environment. For this step, this chemical must be reduced or oxidised to these natural
components, mainly CO3, O,, N2, SO;, and H,0. The most common pathway for this process
is generally assumed to be combustion in the environment. The overall composition change
of oxygen in the environment is assumed to be negligible for the process. For most cases,

the chemical potential is equivalent to the higher heating value (HHV).

For this work, the condensed phase has been assumed to be an ideal mixture of solids and
pure water in equilibrium with the partial pressure of water in the gas phase. Therefore, the
condensed phase has been assumed to be independent of the gas phase, but in equilibrium
with the gas/vapour. There is a small fraction of sulphur in SMP (~9.04x1072 mol of S per mol
of H,0 produced from SMP). The effect of sulphur is smaller than the accuracy of the data
used to calculate the value of the calculation of chemical exergy, and is not considered in
this work. This assumption means that the condensed phase may be assumed to be pure

water (after the reaction).

2.6.4Transiting Exergy

Transiting exergy refers to a component that has an insignificant contribution to, or
interaction with, the unit operation [90, 91]. For example, if no chemical reaction or phase
change takes place across a unit or system, the exergy associated with this movement
across the unit or system is not taken into account for the change calculation within that
unit or system. This assumption mainly affects the chemical potential energy of the SMP
(which is likely to be unchanged) with the evaporation of water from the solids being the
only change to that phase. SMP may also be assumed to be relatively inert in the

environment due to its long shelf life, even in high humidity environments [92].

2.6.5Mole and mass calculation bases
It is common in the literature for exergy calculations to be calculated on a mass basis —

particularly those used for space heating and air conditioning texts [93-97].

Exergy is generally expressed on a mass basis, resulting in cumbersome formulae, so this

section will use a molar basis to show that an exergy analysis is quite straightforward on a
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molar basis. While the mass basis makes more sense in real processing plants, introducing
concepts in a complex manner is not amenable to readers wanting to use it. A simple
presentation is fine to start with, then afterwards, you can give the reader the more

practical form of the equations.

The formulae for Thermomechanical (TM) exergy remain the same with a domain change.
However, the chemical and diffusion exergy changes significantly. This change can be seen
by comparing Equations 2-46 and 2-11. As Equation 2-11 is presented on a molar basis, the
calculation for the component-specific R value is not needed, and the mole fractions are
relatively simple to calculate. The definition of chemical potential is given on a molar basis,
which means that the mass basis (which only works in this form for a binary system) is
needlessly complex due to the basis conversions required throughout the equation.

Cc + yC T T Ry, + YR P -
ox = (L2t PN (T (D)) g (Beat SRy (2 2
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Alternatively, mole fractions from humidity and molar mass:

mmp,
_ 1 _ y mmy,

Xpa = mmp,’ XV = oy

1+ Y mme 1+ Y i

Vv V

In addition, the calculation of exergy for a liquid differs slightly, in that the pressure-based
exergy is not defined solely on the phase being calculated. The liquid phase exergy is
pressure-based and, as a result, has a significant dependence on the gas phase. This form
does not differ between a molar and a mass basis. The liquid phase specific exergy may be

calculated using Equation 2-13.

T T 2-13
ex, = Cp,Ty (T_ —1—-1In (T_)) + (P - PTSat)USat.L(T)
0 0

_ Py
ANEA
onP

TSat

Calculating exergy on a molar basis leaves the equations in a simpler and straightforward
form (compared with the mass equivalent). The mass basis is useful for thermo-physical
calculations, but becomes very complex for chemical potential calculations. This situation
means that the basis for the calculation becomes important, particularly when it comes to

more complex systems.

2.6.6Efficiency Factors
There are several efficiency factors used to determine the system, or unit efficiency with

respect to exergy. In this work, the following definitions have been used:

IP = (1 — ney)(ex;y — exoyr) 2-6

Where:

n= Exergy efficiency can be defined by one of Equations 2-7 to 2-10.

€X10ss
Nex =1 — 2-7
exin
Nex = v 2-8
ex — -
exGIN
_ €Xourt 2-9
Nex =
exX|n
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exINmin

Nrask =
as exiy
or 2-10
_ ex,NID
Nrask =
exn

The above efficiency factors (Equation 2-6) take the entire exergy calculation into account
for each unit. Equation 2-7 represents the basic (or standard) exergy efficiency, while
Equation 2-8 represents the evaporation efficiency common to much of the literature when
referring to dryers, and Equation 2-9 represents the simple exergy efficiency, which is the
easiest to calculate. The main difference between Equations 2-7 and 2-9 is that, for real
systems, losses occur between the unit and the environment (typically through heat loss via

equipment walls).

For this work, these two are identical since loss represents change over the unit (i.e.
loss=out-in). However, these factors may not be useful in determining the true effect of
system factors on a unit. To determine a more appropriate efficiency for these cases, a
transiting exergy factor may be used. The simple transiting calculation is shown in Equation

2-14:
€XTrans = €X — €Xinert 2-14

__ €Xour — €XTrans
NTrans = 2-15
eXiN — €XTrans

In practice, this is not a simple calculation when dealing with large systems, but a simplified
method of determining transiting exergy may be used, and this calculation is discussed in
Chapter 5. In order to determine many of these factors, intermediate calculations are
required. For example, the evaporation rate and gas phase evaporation potential are
required for the evaporation efficiency calculation (Equation 2-8). Some key items of
information used to calculate the efficiency factors are Qar.c and Exar.c These are the energy
and exergy changes associated with the gas side of the dryer on a temperature basis only,
while assuming that no mass transfer has taken place (chemical exergy is ignored). These

factors are defined by Equations 2-15 and 2-16, respectively.
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QAT-G = nG.INCpG (TGIN - TGOUT) 2-16

Exprg = ng, T (Tor — T —Toln (208 2
XAT.G _nGIN Pc GIN GouT oln T -17

GouT

Some other parameters may be used to describe the system, which are the ideal

evaporation potentials: mAf/m_Q and may,,, .- On an energy and exergy basis they are

determined by Equations 2-8 and 2-9, respectively.

. QAT.G
Mavine = 20, 2-18
Ex
AT.G 2-19

MAVIpEx = AEx,y

The effect of evaporation is not just a thermal effect, but also contains a change of exergy
associated with the diffusion change or inter-phase mass transfer (chemical potential

change). This situation is important to note for systems that are open to the environment.

The evaporation efficiency may be defined on a mass flow basis (T]AVID.Q)’ where the actual

evaporation is divided by the evaporation potential on a first law basis.

May

T]AVID_Q = 2-20

mAVID‘Q

The evaporation efficiency may be defined on the basis of the gas feed energy or exergy

(Mav.q,y Equation 2-21 and nay gy, Equation 2-22, respectively).

mAVAhAV
Nav.o,y = — 2-21
" Mgy Cpe (TGIN - TO)
_ mAVAexAV
r]AV.ExIN - ' TGIN 2-22
mGINCpG TGIN - TO (1 —In (T_()))

Other methods exist for discussing the exergy efficiency system. For example, Feng and Zhu
[39, 98] proposed using the omega factor (Q) to simplify the use of exergy analysis to
provide a simple graphical method similar to the grand composite curves used commonly in

PA. The method can be applied to unit operations, streams or systems in the same manner.
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However, there are some rules that must be followed for the method to be useful. The

general form of Q is shown in Equation 2-22.

_ Exergy (Ex) 593
Energy (Q)
Where Q can be simplified for several conditions:
For Work: Q=1 2-24
For Heat: T
Q=Ncarnot =1 — T_ 2-25
0
And for steady-state flow:
_ AEx 9-96
~ AH

Due to the definition of Q, the value is greater than unity for expansion processes, and less
than unity for compression processes. In the case of expansion processes, the exergy loss
can be defined as the area between the Q=1 line and the system curve, i.e. regardless of the
value of Q, the exergy loss can still be defined as the area between two lines. In the case of

work (in or out), the second line corresponds to Q=1 [39, 98].

One of the concerns with ExA is that the basis for which the comparison is made is often
unrealistic. As a result of this criticism, research has been done to characterise the
difference between inevitable (/INE) and avoidable (AVO) exergy losses within systems [98].
The important aspect of inevitable loss is its relationship with the minimum loss associated
with the task, or the unit operation performing the task. In this case, it represents the loss
associated with evaporating the liquid from the solid. Typical unit operations may be
determined based on the relationship with the Carnot efficiency, or the minimum entropy

generation for non-thermal systems.

Assuming that the dryer acts to evaporate water and assuming that the exergy loss
associated with evaporation is small, Equation 3 from [98] may be used to calculate the
inevitable exergy loss associated with the evaporation of water using hot gas. This

calculation is presented here as Equation 2-27.
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1 1
INE = QTransfer.GT0< - ) 2-27

TAV.max TGIN.max

Assumptions used for Equation 2-27 include:

 Tavmax = (TDPour 'TSour) + AT,,incorresponding to the offset temperature
assumption used in the model.
® Tg,ymax the feed gas inlet temperature.

® Qrransfer.c is the overall change in energy on the gas side of the dryer.

* Qrransfer = Qarg,, = Qavg(based on Equation 2-21).
Other unit operations have used a similar calculation based on the Carnot efficiency for each

task or unit operation [98].

The basis for the calculation of the exergy loss for an ideal dryer is that the exergy
associated with the internal mass transfer is negligible (isothermal). The inevitable exergy
loss will be due to the difference between the feed gas temperature and the evaporation
temperature within the dryer. Another way to determine the exergy loss is to calculate the
entropy generated by the ideal drying process. It should be noted that, for simple unit
operations, this may be done using the first law analysis as the basis. This method assumes
that the change of exergy is only thermally based (Carnot efficiency). A discussion of the INE

calculation methodology is provided in Chapter 5.

Another use for the inevitable loss is to determine the unit efficiency relative to its potential
efficiency. This can be seen in Equation 2-29, which represents a more detailed version of
Equation 2-7 in that it takes the minimum potential loss and compares it with the actual

loss, which provides a useful factor for describing how close to ideal the task operates.

INE _ Ex;y—INE _AVO

1— = = 2-28
Exiy Exiy Exiy
This factor can also be used to describe energy effectiveness on a first law basis when
replacing exergy with energy (as shown in Equation 2-28).
INE H;y —INE AVO
1-— =1 =t 2-29

HIN HIN HIN
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2.6.7Summary of Exergy Formulae

The general forms of enthalpy, entropy and chemical-potential exergy used within this study

are shown in Equations 2-10 to 2-45.

General Form
inf

ex = (h = hg) = To(s = o) + ) (e = o)

2-30

=0
*NOTE 2-2: This is the shortened version of the exergy definition; the full version includes all forms of

work, including potential energy, kinetic energy, radiation, etc, as shown in Equation 2-2.

and

where:

where:

and

Enthalpy Terms
hiT =Cpi(T —Tp)

hiy = [m(T —To) + Ahm/.o]

RO =3 bt

i

hSH = HHV, = 341C + 1,323H + 68S + 15.34 — 120 (0 + N)

in %wt using the general reaction form

X; +v,0, & V,C0, + v3H,0 + v,N, + v5Ss01iqa + VeAsh

v; “is the set or molar reaction coef ficient(s)”

Entropy Terms

- T
Tos; = ToCp;In (—)
To

__ T _
Tosiv = To [CPV In (T_> + Asay o ]
0

Exergy Terms

Thermo-mechanical Exergy Terms
exT™ = pT™ _ TOSTM

ex%M = Z xi(hiT - ToszT)

4

_ P
exp = RTyIn (P_)
0
ex;;:lgLL = TOUAve (P - PO)

Chemical Potential and Diffusion Exergy Terms

exgiff = RT, Z Xjo In (sio )
i00

L
. x.
diff _ — i0
eXggr = To Z XioUyo In <
Xi00

L

di = _ Pio
exsgfa = RTonion ln( - )

- Pioo.sat

exCH = Z x;exfH

l

2-31

2-32
2-33

2-34
[99]
2-35

2-36

2-37

2-38
2-39

2-40

2-41

2-42

2-43

2-44

2-45
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where:

exf? = B; x LHV; 2-46
H 0 N H [99]
B; = 1.047 + 0.0154 — + 0.0562 — + 0.5904 — (1 —-0.175 —)
C c c c
in %owt

2.6.8Assumptions

Air has been assumed to be an ideal gas for all calculations.

Water properties have been taken from steam tables at the calculated partial
pressures, assuming ideal interactions with dry air.

Heat loss within the system has been ignored for all calculations, but has been
discussed conceptually.

The modelled system is a short-form spray dryer with a solution flow of 2.5 kg.s™*
(50% solids content), with a feed of 21 kg.s* moist air flow at 190°C.

Feed gas temperatures and flows were changed to test optimisation potentials.
The SMP (Skim Milk Powder) Water mixture has been assumed to be an ideal
mixture while being limited by the moisture isotherm typical of SMP at lower
moisture contents [1, 12].

The dryer outlet has been assumed to have a temperature difference between the
gas and solid phases of 20°C to allow for equilibrium not being reached in the dryer
[1, 13].

The air feed to the dryer has been assumed to be at standard conditions, which are
shown in Table 2-3.

For chemical calculation purposes, SMP has been assumed to have an average
molecular weight of 342.3 kg.mol* and a chemical formula of
(C12.66H23.6608.82N1.69S0.05). This value was calculated based on a proximate analysis of

8.5% whey, 41.5% casein, and 50% lactose (dry ash free weight basis) [100-104].

While the assumptions for the isotherm being the limiting point for solid moisture and

the temperature offset at the outlet may seem contradictory, the two have interactions

through most of the drying curve. The isotherm is based on the solids temperature,

while the gas temperature is based purely on the mass and energy balance. For the

initial part of the dryer, the drying is purely related to surface moisture evaporation,

which is unhindered by the solid.
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However, once the surface moisture is removed, the isotherm interacts with the system
as a measure of “resistance” to evaporation and is linked heavily with gas-side partial
pressure and the solids moisture content. Employing a temperature offset to the gas
side and bringing the system to thermal equilibrium (with the offset in place) is a
reasonable way of estimating system inefficiency. Since the isotherm is the limiting
moisture content (minimum for a given temperature) of the solids, the mass balance can
be based off that, and as long as there is enough energy in the gas side of the dryer to

evaporate that amount of water, the temperature can be estimated.

The Mass and Energy balance is iterative with the gas and solids temperature converging
(with the offset) to a single point of convergence. The only time when the isotherm is
not limiting in the method, when the gas inlet temperature is too low to complete the
required evaporation to reach the isotherm for the given outlet conditions. This
approach is covered in more detail later in this chapter in the discussion of the two-step

calculation method.

2.6.90verview of Exergy

Exergy is the sum of the physical and chemical exergy, and generally the chemical exergy is
orders of magnitude larger than the physical exergy, particularly for low temperature
processes with organic materials or fuel, as they are equivalent to the HHV [99, 105, 106].
For this reason, segregating the two components of the exergy calculation may allow more

meaningful analysis to be carried out.

In terms of chemical exergy, cases exist where components exist in multiple phases, for
example both the gas and the condensed, or S&L (Solids and Liquids) phase. The calculation
for that component is slightly different, in that it accounts for the interaction with the gas
phase (typically replacing xo/x00 With po/psar.o) while referring to the condensed component
fraction as shown in Equations 2-41 and 2-42. The most common example of this situation is
water, as it is part of the environment in both gaseous and liquid states. This situation
means that humidity is taken into account when dealing with the condensed phase, so when
evaporation takes place within the dryer, the diffusion potential changes significantly for

both phases, not just the gas phase. This calculation is completed by using Equation 2-43.
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The diffusion potential is typically ignored in exergy calculations due to the magnitude being
much smaller than the reaction potential. In the case of transiting exergy, this part of the

calculation becomes more important.

Equations 2-30 and 2-35 are typical of the literature, i.e. they represent calculations for
constant heat capacity values. Since a system with phase changes is being studied in this
thesis, a more appropriate calculation method has been given in Equations 2-31 and 2-36. A
combination of the two methods has been used, since many components do not have a
significant change in heat capacity over the calculation range. Air and the SMP have been
assumed to have a constant heat capacity, while the heat capacity of water has been

sourced from steam tables.

The generic equation for exergy, which is valid for all conditions, has been shown in
Equation 2-10. This definition has been applied to all conditions, and as the components of
exergy (enthalpy, entropy and chemical potential) are state variables, exergy is inherently a

state variable. This situation means the path for the calculation does not matter.

2.7Exergy Analysis and Other Assessment Tools

There have been several proposed options to combine both work and thermal energy into
one method, most of which are based on exergy or the Gibbs free energy methods. There
are also several approaches and attempts to combine the PA and ExA, with varying degrees

of success [23, 39, 54, 107].

Exergy analysis and variations thereof are beneficial to systems where pressure drops and
other work-related information are known. However, this does not take into account the
differences between the quality of different energy sources, and ignores the environmental
impacts of the process, which is where extended exergy analysis and emergy analysis are

appropriate [55, 56, 108].

Extended exergy and emergy are biosphere energy assessment tools that need a substantial
amount of data, and use many assumptions, to determine the overall environmental
‘energy loading’. The difference between extended exergy analysis and ordinary exergy
analysis is the scope of the process. Standard exergy analysis studies the immediate process,

including the on-site utilities production, and extended exergy analysis examines the exergy

60



cost associated with how the offsite utilities and services are created. Emergy analysis uses
tabulated data for base energy sources, such as coal, natural gas and even wind and rain
energy. With a common set of units, in this case solar equivalent Joules (se-J), from these
base energy sources, each conversion process can be given a conversion factor and all
energy sources can be compared on a common basis. This approach in effect gives an

overall system energy usage [55].

Other methods like Life Cycle Assessments (LCA) have a basis in different environmental
impact loads. With each of these methodologies - from IT, to PA, ExA, Emergy, LCA etc.,
more information is required to complete each analysis. This trend is a good indication that
each of these methods should be applied at different stages of the process, making
modifications to the overall design at each stage [56]. Optimising at each of the stages

should reduce the effects of the change at each later stage.

For example, IT requires kinetic information for unit operations, PA requires heat exchange
thermal requirements, ExA requires the addition of pressure, chemical composition, and
electrical requirements for a basic analysis. Emergy requires solar profiles, environmental
variables, physical profiles and building material assessments, while LCA requires specific
details regarding potential pollutants, not just CO,. Any of these methods can be used at the
start, but typically LCA, IT and PA are suitable for preliminary stages with ExA and Emergy

more suited for mid to post design stages, respectively.

It must also be noted that, since some of these later steps can only occur when the process

is finalised, they become more of an auditing tool, rather than design tools, like PA and ExA.

2.8Emergy, Extended-ExA and LCA
These methods are focused on auditing and have not been used so much in optimisation, so

they have not been used so much in this chapter.

The difference in auditing and design in this context means that IT, PA and ExA can influence
the design and construction of a project, making it potentially optimised from the start.
Auditing tools, such as Emergy, LCA and Extended-ExA lead to retro-fitting options, or
benchmarking, and as such any recommendation given by those tools tend not to be

implemented due to a higher cost, both in downtime and capital. In the manner of
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optimisation, it is important to make gains as early as feasibly possible in a design process.
While optimisation is key in the design phase, retrofitting can lead to significant

improvements, particularly in lean times of profit and increased energy costs.

2.9Two-step calculation for drying
Before any short-cut mass and energy balances can be made, it is worth looking at the long
form of the mass and energy balances (sample calculations for the dryer outlet may be seen

in Chapter 3).

2.9.1Mass Balance

A mass balance in theory is quite simple, material in equals material out, this is shown in
2-47. But this is not enough, because rarely is a system containing a single material, so to
complement this a component balance, or an atom balance (Equation 2-48) may be paired

with 2-47 to give more detail.

z mIN = Z mOUT 2-47
Z niin = Z Niour
i

Where: 2-48
i refers to individual components or

atoms (in the case of reactions)

2.9.2Energy Balance

Along the same lines as the mass balance, the energy balance refers to the first law of
thermodynamics in that “Energy cannot be created or destroyed”. As part of that it can be
equated in the same manner as the mass balance as shown in equation 2-49. It is important
to note that in most cases both Qv and Qour can be measured, Quoss is generally only

estimated or derived as it is harder to measure directly.

Z Qv = Z Qour + Z QLoss 2-49

Where:
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Q is the energy, which may come in many forms

Q1055 is the loss to the environment

While in many cases this is over simplified, on a simple energy basis the energy is linked to
the mass balance in that mass is a component of energy, for parts of the system which

contain no reactions, energy is simplified to that shown in equation 2-50
AQ = mCpAT

Where:

AQ is the change in energy 2-50
m is mass

Cp is the heat capacity at constant pressure

AT is the change in temperature

Phase change energy is defined per material and is independent of the other materials, only

relying on pressure and temperature, the basic change equation is shown in 2-51.
AQ = mAv){

Where:
AQ is the energy change 2-51
myy is mass of phase change

A is the heat of change per mass

Given these equations, all non-reactive systems may be solved to balance both mass and

energy.

2.9.3Dryer Simplification
If it is assumed that the solids side of the dryer has a small change in energy and exergy
compared with the gas side of the dryer, the analysis or mass and energy balance may be

simplified significantly as shown in Equation 2-52.

mgCpg (TGIN - TGOUT) = m.AV/lGOUT 2-52
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Where Equation 2-52 applies, the energy associated with reducing the feed gas to the
temperature of the outlet is used for evaporating the moisture of the solids at the outlet gas

temperature. This method is useful for determining evaporation efficiency.

Another key result of splitting the calculation into two parts and isolating the solids and gas
phases for the calculation is that the change in energy and exergy on the solids side of the
dryer is insignificant compared with the change associated with the gas side using a two-

step method (heat and mass transfer separated).

The assumption can be illustrated in Figure 2-3. The bulk of the exergy change is due to the
large temperature change, which means the simplified dryer assumptions are reasonable on

the gas side.

On the solids side (light grey lines in Figure 2-3), enthalpy and exergy are very similar and
small, and the sensible heat effect is small and insignificant in comparison. These
calculations demonstrate that the assumption of treating the dryer as a water evaporator is
a good estimate in exergy terms, since the deviation from the overall exergy profile is small.
Mass transfer and evaporation affect the enthalpy significantly, but has little effect on the

exergy change.

250 -
AHpr
200 - Gas
S
© 150 -
2
g AEX,,
£100 - Gas AH,,
] o = = = ~Gas
" MSEFST M
olids
50 - A / N AHay
AEXAV AHAT Solids
Solids Solids
0 I I I I 1
0 1,000 2,000 3,000 4,000 5,000
Energy or Exergy (kW)
—H G —+H.S ——Ex G —EXx_S Overall

64



Figure 2-3: The effect of feed temperature on maximum efficiency (note that the H_S line is shifted to the
right by 1,200 kW for ease of reading).

Figure 2-3 is an example of the enthalpy and exergy plots (in-out analysis) for the system,
with an inlet temperature of 230°C. The change in energy and exergy on the solids side is
insignificant compared with the change associated with that of gas using a two-step method

(heat and mass transfer separated).

The overall energy change may be the same, but the change of exergy associated with
evaporation is small (nearly zero) and the effect of temperature on energy and exergy
values is more important in this instance. The assumption that the exergy change is
associated with the gas phase is valid for this system as the temperatures are quite low.
However, at much higher temperatures this might not be true. Dryers typically operate
below 300°C, and for that range the change in exergy associated with the solids phase is
insignificant (provided the outlet solids temperature remains below the boiling point of

water).
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Chapter 3 An Introduction to the Calculation of Energy and Exergy

Efficiency

This chapter aims to introduce the calculations, methodologies and assumptions which will

be used for the rest of the thesis, along with this will be a derivation of exergy from first

principles and several sample calculations.

3.1Nomenclature

Within this work, there are several methods being studied. The following nomenclature has

been adapted from several sources to be consistent in this work.

Table 3-1: The main nomenclature and symbols used within this work.

Symbol Description Symbol Description
m mass (kg) (or m flowrate (kg.s)) T Temperature (K)
n moles (kmol) (or 11 flowrate (kmol.st)) % Velocity (m.s™)
h Specific enthalpy (kJ.mol?) H Enthalpy (k)
e Specific exergy (kJ.mol?) Ex Exergy (kJ)
u Specific internal energy (kJ.mol?) E;,A;,F; Radiation energy co-efficients
s Specific entropy (kJ.mol1.K?) S Entropy (kJ)
v Specific volume (m3.kg?, or m3.kmol?) Q Energy (kJ)
X Component fraction F Flow
g Gravity constant (9.81 N.kg on earth) LHV Lower Heating Value (kW.kg?)
z Height (m) HHV Higher heating value (kW.kg™)
y Humidity (gw.kgoa™) ASIT Adiabatic Saturation Inversion
unless stated otherwise Temperature
mm Molecular mass (kg.kmol?) SMER Specific Moisture Extraction Ratio
D Partial Pressure (Pa, kg.m™.s?) P Pressure (Pa, kg.m™.5?)
Cp Heat Capacity at constant pressure C_p Average Heat Capacity at constant
(kJ.kgt.K?) pressure (kJ.kgt.K?)
R Specific gas constant (when paired with R Ideal Gas Constant (J.K"2.mol™)
subscript)
Loss rate per cost ratio (in Eq. 2-5)
EUR Energy Utilisation Ratio ExUR Exergy Utilisation Ratio
L Loss K Cost of equipment
1P Improvement Potential PI Process Irreversibility
MC Moisture Content (a combination of Y and PFD Process Flow Diagram
X)
X Solids moisture ratio (gw.kgs?) INE Inevitable loss (minimum for task)
Sw Specific exergy saving AVO Avoidable loss (the remaining loss)
A Change [ #] Absolute value
B A ratio of evaporation energy used in the Q A Quality factor based on the ratio of
ASIT calculation exergy and energy
A estimated conversion factor for LHV to
chemical exergy
y mole fraction 0 Gas to solids flow ratio
u Chemical potential energy (kJ.kmol) Sw Specific exergy saving
n Efficiency b d Superheat number
A is the heat of change per mass (also Ah,y)
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Table 3-2: The subscripts, sub-subscripts and superscripts used within this work.*

Symbol Description Symbol Description
Sat Saturation (generally part of DA Dry Air part
Temperature
IN Into the unit/or system 174 Vapour Water part
ouT Out of the unit/or system L Liquid water part
DP Dew Point (Temperature) w Water
WB Wet Bulb (Temperature) S Dry Solids part
1 State 1 (T,P) ST Steam
2 State 2 (To,P) av Change in vapour (evaporation)
0 Reference state (To,Po) i Each individual component raw state
00 Dead state (To,Po, o) Jj Each individual component product
T Thermal (AT) basis Q Energy basis
P Mechanical (AP) basis Ex Exergy basis
™ Thermo-mechanical (AT, AP) basis K Cost
CH Chemical Potential Basis min Minimum
G Gas Basis max Maximum
S&L Solid and Liquid or condensed phase ID Ideal
Loss Loss portion (has several definitions) inert The part that does not change
Task Based on the task of the unit/system Carnot Carnot Factor
Trans  Transiting factor Transfer Partthatis transferred
INE Inevitable loss (minimum for task) SP Sticky Point
AVO Avoidable loss (the remaining loss) Hot Hot side
Gen Generated Cold Cold side
Prod Product Basis Cap Capital cost basis
ave Average Rec Recovery Potential
Mix Mixing simple Simple (not complicated)
rxn Reaction fuel Fuel

*NOTE 3-1: Each subscript may be used as a sub-subscript.
3.2Grouping of Factors

There are many different efficiency factors that may be used to describe a system. Each has

advantages and disadvantages when applied to either a drying unit or a larger system. To

clarify, a larger system will typically include heating and cooling in order to support the

dryer unit or may refer to a much larger scope when dealing with a dryer unit integrated

into a larger processing plant. This section discusses the merits of each factor.

Firstly, it is useful to divide the factors into groups. There are two ways of doing this. One is

to assess the information level (or complexity) of each factor, as shown in Table 3-3.

Table 3-3: The information levels for different exergy factors.

Level Brief of level Examples Eq. Refs

0 Does not use thermodynamics (parametric level) May Eg. 2-19
Mein
1 Does not use exergy (first law/mass-energy balance) Nav.oiy Eg. 2-20
mA‘}ID.Q Eq. 2-17
L INE Eq. 2-28
HIN

2 Simplistic factors based on raw results, some are case Tox = 1 — €XLoss Egs. 2-39
specific, described in Table 3-4. exXin to 2-41,

2-27,2-25
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eXpy
nex - excm
_ eXour
Nex exin
INE
NMmax = 1 — Ex
IN
3 Factors which assess the specific task (more detailed). plrans Eq. 2-14
These are typically based on factors shown in level 1 and Nrask Eqg. 2-9
2 (above).
4 Factors which are not efficiency but are used to interpret 1P Eq. 2-4
results based on levels 2 and 3 (above).

The second way is to group the factors on a calculation basis. For example, some of the

factors focus on entire systems, or a set task, or neglect a part of the system, whether it be

gas flow, solids flow, or evaporated moisture. For the system being studied, the key factor is

the energy used to achieve the task of evaporation. A summary of several factor types is

presented in Table 3-4.

Table 3-4: A summary of the features of different efficiency factors found in the exergy literature.

Factors Use/Features
Overall (O) [23, 31, 33, 35, Good to determine exergy use items.
85,94,96,109, Not good for finding ineffective units.
110]
Gas Side (G) [27, 35] Good when most of the systems energy is found on the gas side of the
system.
Not appropriate where condensed phase chemical exergy is significant.
Evaporation (V) [26, 28, 33-35, Exergy per evaporated moisture, good for dryer/evaporator.

76,94, 96, 111]

Poor for utilities and system wide analysis.

Solid Side (S)

(70]

Suitable for dryers and evaporators, essentially a solids throughput
comparison.
Only suitable for systems with multi-phase systems.

Other Factors [79, 89, 112, These are generic, and have either no basis for comparison, can be used
(F) 113] on streams, or change specifically with each unit type.

-Process [91] This is the entropy generated in each unit.

Irreversibility Limited in an optimisation approach.

(P1)

-Quality Factor [114] Quality of the system, exergy/energy.

(Q) Can be used on streams (abs), or units (change).
May give negative or inflated qualities for systems with high chemical
exergies.

-Task Efficiency  [30-32] Based on the ideal exergy use for a task.

(IP) Defining the task exergy may not be straightforward in some cases.

-Exergy Cost [29] This is a late stage factor that includes a cost analysis and is used as a

Factor (K) comparison between systems on a cost and exergy basis.

An important aspect when discussing the efficiency is the purpose of the dryer. The exergy

cost and associated factors consider the best exergy efficiency possible for a particular item
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(more specifically, the dryer). The exergy cost factor (K) [29] has the potential to give a good

basis for optimising such an exergetic perspective.

The factors that are used in this work are shown in Equations 2-6 to 2-10. Equations 2-6 to
2-10, and 2-14 to 2-15 show factors that are used extensively in the literature. The key is to
understand which factors are suitable for use in each application. For example, Equation 2-7
is only suitable in applications where evaporation occurs, such as dryers and evaporators.
The improvement potential (IP; shown in Equation 2-4) is a factor derived from the unit
efficiency and is an indication of how much exergy is being wasted compared with an ideal

but not necessarily realistic set of unit operations.

This method allows for different types of unit operations to be grouped into one factor
while maintaining a useful metric for the entire system. For example, the dryer uses a
different efficiency factor to a heat exchanger. The dryer (D-1) may use Equation 2-7 while a
heat exchanger uses Equations 2-8 or 2-14 to describe the efficiencies. Equation 2-8 is the
simple efficiency commonly used, while Equation 2-14 is the transiting exergy. Overall
efficiencies or an overall factor—such as the IP—are useful in monitoring changes in the
optimisation of specific units by accounting for the effects on other units. Equation 2-6

provides an indication of how a real unit operation has an inherent efficiency.

Exergy loss may be defined in several ways. The most common method is in the second
bracket of Equation 2-6 (exv-exour). Others, such as the task efficiency (Equation 2-9) take
into account how much of the loss is associated with the process and how much is lost to

the environment (typically through heat loss).

The Q factor represents the quality (or quality change) and is useful as a metric to simplify
systems. This factor works as a targeting metric — similar to the ones used in PA. The main
issue occurs when units such as expanders are used to convert work potential to work. This
situation typically gives a value that is greater than unity for Q. The value of Q then requires
manipulation to fit within the range of (0-1) required for a graphical representation using Q
vs H. Since Q is a quality factor that can be used to describe unit operations and streams, it
has the potential to simplify the interpretation of exergy analysis optimisation algorithms

[114].
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3.3Efficiency Factors

3.3.10verall Energy Efficiencies

Simple Energy Efficiency
The simple energy efficiency calculation is determined by the energy transferred and the

energy lost to the surroundings, as shown in Equation 3-1.

— th - QLoss — hOUT 3-1
1o "y hun

This equation represents the energy loss as a fraction of what is fed into the process and can
be applied to a unit or process equally effectively. Applying this method using plant data is

equivalent to taking the heat losses to the surroundings into account.

If working with real plants, it is important to approach each item from its ideal perspective
and to then determine the deviation from this — represented by Q, . This procedure will

help in understanding what part of the process requires process changes or insulation.

Energy Utilisation Ratio
The energy utilisation ratio (EUR) represents the energy used compared against the total

energy entering the process. The relationship with Equation 3-1 is shown in Equation 3-2.

hiy —h
EUR = —N__oUT 32
hIN
3.3.2Gas Side Energy Efficiency
This parameter was created for this work as a comparative measure related to the unit
exergy efficiency, as presented by Ceylan [35].
Unit Enerqy Efficiency
The unit energy efficiency is shown in Equation 3-3.
h
Nog = ’fOUT 3.3
GIN

70



3.3.3Evaporation Energy Efficiencies
These efficiencies are commonly used to compare the energy use of dryers, evaporators,
and other mass transfer units, based on the energy entering the process. Unlike the other

energy efficiencies, these factors are application specific.

Evaporation Energy Ratio

hGIN B hGOUT

Mow = — o= 3-4

This factor, Equation 3-4, is simple because it represents the change in specific enthalpy of
the gas stream compared with the amount of water evaporated, which means that it is

independent of gas flow rate, but strongly dependent on the evaporation rate.

Specific Moisture Extraction Rate (SMER)
SMER represents the amount of moisture removed per energy input, shown in Equation 3-5.

May

3-5
2 Qv

SMER =

This factor has been used to compare the energy use of different dryers per unit of

evaporated water [115].

3.3.4Solid Side Energy Efficiency
This factor was created for this work as a comparison measure with the exergy cost factor,

as presented by Sieniutycz [70]. The unit of comparison for exergy is the dry solids flow.

Solids Energy Efficiency
The solids energy efficiency is shown in Equation 3-6.

_ hGIN B hGOUT

nQS = 3-6

méIN

This factor can be useful in comparing the energy associated with producing a unit of solids.
This means that despite it not being popular, it does incorporate a useful unit (energy per
flow of solids) to compare different operating conditions. This factor is capable of comparing

dryers of different capacities in a useful way.
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3.3.50verall Exergy Efficiencies

These efficiencies are able to be used as simple exergy efficiency measures. Unlike the
overall energy efficiency calculations presented above, exergy is consumed in a process, and
as such, ideal systems do not have the same exergy input as that at the outlet. These factors

may be applied to individual systems and overall systems alike.

Simple Exergy Efficiency

Equation 3-7 is very simple and determines how much exergy has been used in each unit

operation or for an entire process. Equation 3-1 is the energy equivalent.

Exergy Utilisation Ratio
The energy utilisation ratio is the change of exergy to the exergy input. This is called a

utilisation ratio because it represents the exergy use within the system. This ratio has the

same treatment as the energy utilisation ratio (Equation 3-2), as shown in Equation 3-8.

ex —ex
ExUR=—_“20UT _ 1 _p 3-8
exin

3.3.6Gas Side Exergy Efficiency
If it is determined or assumed that the non-gaseous phases of a system have a negligible
effect on the overall exergy calculation [35], then it is appropriate to apply exergy efficiency

calculations to the gas-phase parts of the system alone.

Unit Exergy Efficiency
This factor, Equation 3-9, suggests that the liquids and solids phases in drying processes do

not undergo significant exergy change, so it is suitable to determine the gas phase exergy-
use ratio [35]. In order to compare this ratio with the equivalent energy efficiency, the ratio

uses the gas side energy as the basis for comparison (Equation 3-3).

_ €XGour

nExG - exGIN 3-9
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3.3.7Evaporation Exergy Efficiencies
These efficiencies are commonly used to compare the exergy use of dryers, evaporators,
and other mass transfer units, based on the exergy input to the system. Unlike the other

exergy efficiencies, these factors are specific to the task of evaporation.

Evaporation Exergy Ratio

exXiy — €Xoyr

UEXAV = m-AV 3-10

This factor (Equation 3-10) is equivalent to Equation 3-4; it provides a factor that can be
used to compare process changes with the evaporation exergy use. Ultimately, this factor is

limited in its usefulness in process optimisation since it is limited to the dryer.

Exergetic Moisture Extraction Rate (EMER)
EMER represents the amount of moisture removed per unit exergy input, as shown in

Equation 3-11.

May

3-11
Z EIN

EMER =

This factor has been used to compare the exergy use of different dryers per unit of

evaporation [115], and can be compared with Equation 3-5.

Drying Exergetic Efficiency
This efficiency ratio, Equation 3-12, compares the amount of exergy used in the evaporation

within a dryer with the exergy provided by the drying gas at the inlet [76].

_ AEpy _ mAV(eLOUT B eLIN)
nExDrying - -

- 3-12
EGIN Mgy €6y

This factor is specific to drying and evaporation systems and can be used as a comparison
ratio of different dryer types because it uses a common factor to compare dryer types,
called a functional unit. This factor is different to the form of Equations 3-4 and 3-5 and

should not be used in conjunction with it.

3.3.8Solid Side Exergy Efficiency
In drying processes, it is important to note that the dry solid is the product of the process,

and there is a need to associate the exergy cost with creating that product. There are two
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ways of doing this: by comparing dryers based on their solids capacity or on their
evaporation capacity. The evaporation efficiencies are more popular because the focus is
related to the evaporation, which is the main purpose of the dryer. However, the solids

factor was proposed by Sieniutycz [70] and will be discussed here.

Exergy Cost and Associated Factors
This method of comparison assesses how much exergy is used in producing the solid

product [70]. Equation 3-13 shows what the factor represents.

_ldex  ex;y —exoyr
Kg, = = — 3-13
SN SN

There are several equations that need to be coupled with this, as shown by Equations 3-14,

3-15, and 3-16:

Mpy
6 =—= 3-14
Mg,y
ex;y = 0exgqs,, + exs,, 3-15
exour = 0€Xgasyyr + €Xsoyr 3-16

These equations can be combined in different ways to give different factors:

K (Equation 3-17), ng (Equation 3-18), and Sy, (Equation 3-19) as shown here:

exiy — €Xour
K = Kgy + Kegp =———— + 04 3-17
Mg,y
A represents the ratio of change of capital cost for a change in the gas-to-solids flow ratio
(8). This factor is useful when comparing the effect of changing a piece of equipment to

handle improved exergy efficiency and could be used as a justification to either change or

not change a process.

The solids exergy efficiency (nx) can now be defined as:

exXin — €Xour

=1~ O _
Nk Xy 3-18

The next factor that can be found is the specific exergy saving (or cost).
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_ Alex;y (1 —ng)]

Sy = 3-19

Xin — Xour

Where the delta refers to a deviation from the optimum, or current point if used as a

starting point, and iteration occurs until the optimum solution is found.

Also, X;y and Xyt refer to the solids moisture ratio at the feed and outlet of the dryer,

respectively.

3.3.9Process Irreversibility
This factor (Equation 3-20) studies how much entropy is generated in a system. It presents a
way of finding changes within the system to reduce the amount of entropy generation, or to

reduce the irreversibility of a system [91].

Pl = z Ex; — z Ex; =T, (Z S, — Z si> = TyASgen 3-20
IN

ouTt out IN

This calculation, however, is not particularly helpful; this is because it can only indicate
improvement, but not how improved the system is. It does not indicate whether the
entropy is generated as a requirement of the process. As a result, optimisation using the
process irreversibility method is not realistic due to the trial and error approach that occurs
with it. The next two methods that use some of the above factors are useful in describing
the limitations of exergy efficiency and the deviation of the current process from that upper

limit.

3.3.10Energy Level or Quality Factor

This comparison method assesses the ratio of exergy to enthalpy for a single point or item in
a larger system to determine its quality [39, 114]. This quality factor (Equation 3-21) may be
used to replace the temperature axis on pinch plots to allow exergy quality to be plotted

against the cumulative energy flows of a system [39, 114].

Ex AEx
Q) =— OR

— 3-21
H AH

Equation 2-42 can be combined with the idea of Inevitable (/INE) and Avoidable (AVO) exergy
losses to produce an effective way of identifying process exergy inefficiencies [39, 98]. The

INE and AVO exergy losses can be described by Equations 3-22 and 3-23 [39, 98].
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ExLOSS = EXAVO + EXINE 3-22

ExUR,p0x
E =F 3-23
Xavo Xprod (1 — ExUR,..)

These additional equations are applied as though there is a minimum driving force applied
to each process to achieve the same goal. Equation 3-23 determines the inevitable exergy
losses, and the remaining portion is the avoidable part of the exergy loss. These losses can
include heat losses from equipment walls, process limitations that require flow or energy
compensations to overcome, process technological limitations, and utility mismatching. The
minimum driving force calculation can also assist in determining a more effective pinch
offset temperature [98]. In this instance, the 20°C ATmin assumption is used to be consistent

with the assumptions used for the PA shown in Chapter 4.

3.3.11Task Efficiency
The task efficiency (Equation 3-24) is defined more generally than the exergy cost, and is
commonly used in the literature [28, 31, 56] to describe how different something is from the

exergetic optimum.

ExINmin
Exy

NTask = 3-24

Equation 3-24 represents a deviation from an optimum, which has the same purpose as

Equations 3-22 and 3-23, but in a more generic form.

This efficiency (Equation 3-24) is found in case studies, which find a best-case scenario, and
as a result, the efficiency is less useful during the design stage, but is shown to be more

useful for process modelling and the optimisation of existing processes.

3.4Summary of Formulae
The temperature-based thermo-mechanical exergy (of components, which have a constant

Cp), is shown in Equation 3-25.

™ e Yo r
exr- = Z Cp,(T —Ty) — ToCp, In T 3-25

- 0
i
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The temperature-based thermo-mechanical exergy of that part of the system that

undergoes phase change is shown as Equation 3-26.

_ T
ex77:M = AV (CpV [T - TDP - TO ln (T_>]

DP

- T
+Cpy, [TDP — Ty —Toln (ﬂ
Ty

)] + AhAV - TOASAV>

The pressure-based thermo-mechanical exergy for gas components is shown in Equation
3-27.

_ P
expl' = RTyIn (P—O> 3-27

The pressure-based thermo-mechanical exergy for solid and liquid components is shown in

Equation 3-28.

ex;gi = Vgve (P — Py) 3-28
The chemical-based exergy for mixing of gaseous components from one concentration to
another, reversibly, is shown in Equation 3-29.

iG

extH = TyRx;,, In <ﬁ> 3-29

loo

The chemical-based exergy for mixing for solid and liquid components from one

concentration to another, reversibly, is shown in Equation 3-30.

P

CH _ D lo

exi.., = ToRx;y, In (Pi ) 3-30
00

A summation of the different temperature-based thermo-mechanical component enthalpies

gives:
hly = hpa, + hs, + hy + hy, + hYy 3-31

The summation of the different temperature-based thermo-mechanical component

entropies gives:
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Tos%M = TosDA1 + T0851 + TOSL1 + TosVZ + TosKV 3-32

The relationship between Equations 3-31 and 3-32 in terms of exergy is shown in Equation

3-33:

The summation of the different pressure-based thermo-mechanical component enthalpies

gives:
hiy = hpa, + hs, + by, + hy, + hyy 3-34

The summation of the different pressure-based thermo-mechanical component entropies

gives:
Tong = TOSDA2 + T0552 + TosLO + TOSV2 + Tosgv 3-35

The relationship between Equations 3-34 and 3-35 in terms of exergy is shown in Equation

3-36:

Given the enthalpy and entropy, the pressure-based exergy of the phase change component

is given in Equation 3-37:
exy, = hhy — Toshy 3-37
Summation of the different components exergies is given in Equation 3-38:
ex® = exSH + exGH + exft + exSH + exf{! 3-38

Given the enthalpy and entropy, the chemical-based exergy of the phase change component

is shown in Equation 3-39:

exst = h§l — Tossy 3-39
The overall summation of the different components of the enthalpy system is:

h = hL, + hby, + RSl 3-40

The overall summation of the different components of the exergy system is:

78



ex = exly + exPy + exSl + exCH 3-41

The quality factor equation is:
N =— 3-42

The quality factor equation is a representation of the work potential of a system as a
function of the enthalpy within that system [24, 40, 114, 116]. The part of the enthalpy that
can be used to do work and the part of the enthalpy that has no work potential can be
determined simply by using Equations 3-40 and 3-41. This determination is a useful way of
describing the potential work in a system as a function of enthalpy, which is commonly used

as the basis of most energy calculations for thermal systems.

Many exergy efficiency factors apply to operations and units, while this factor can be used
at any point in a process independently and represents a combination of both pressure and
temperature. This factor has been used for the exergy analysis visualisations to compare the

results with those of pinch analysis.

3.5Derivation of exergy terms from first principles

When doing thermodynamic calculations, like an exergy analysis, it is the standard
convention to work on a molar basis. There are no molar component changes within this
system, so working on the mass basis is possible, but this is not always the case, and as such,

the molar basis will be used.

The single-phase component terms should be multiplied by their molar fraction in order to
get their partial effect on the system. The simple equality shown in Equation 3-43 indicates

that the mole fractions of all components in the total system must add to unity.

1= Z X 3-43

i
Since there is a phase change within the system, the constant Cp assumption will not work
for that component, so each component should be considered separately. Taking the part of
the phase change component that changes phase separately and combining the other

components is a good idea, but for this example, the components will have their subscripts

written as follows.
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e Thedry air (DA)

e The solids (S)

e The liquid (L), that stays liquid in both states

e The water vapour (V), that stays in the vapour phase in both states

e The phase change (AV), this is just the part of that component that changes phase

within the calculation domain.

Recall the general exergy formula, Equation 3-44.

ex = (= 1) + Po(v = v0) = Tos = 50) + (i = o)

=0
p2 3-44
+ g(Z - ZO) + @ + EiAiFi(3T4 - T(;I' - 4T0T3)

+ any other exergy terms
This equation can be simplified for this system by making the following assumptions [35]:
e The potential and kinetic energy terms are considered insignificant for this system

e The system contains no radiation exergy (it does not emit any significant energy through

radiation, it is not hot enough or radioactive in any way)

e There are no other forms of work potential in or on the system not already accounted

for in Equation 3-44
e Enthalpy contains internal energy and pressure volume work (Equation 3-45)
h=u+Pv 3-45

Substituting Equation 3-45 and the other statements into Equation 3-44, this equation

simplifies to the one under study, Equation 3-46.

= 3-46
ex =(h—hy) —To(s —sg) + Z(Nio - .uioo)xi
i=0
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Using (T, P) as the initial conditions, and (T, P,) as the reference conditions, Equation 3-46

changes its notation to become Equation 3-47.

ex = [h(T,P) — h(Ty, Py)] — To[s(T, P) — s(Ty, Py)]

(00}
+ Z(Mio - ‘LliOO)TO‘POxiO
i=0

3-47

Since the different components of exergy are separated, they can be addressed one step at

a time, to make it easier to follow.

Since exergy is a measure of the potential ideal work of a system, it is more convenient to
change the temperature under constant pressure first, and then change the pressure
isothermally at the reference temperature. This procedure makes sense since, in order to
run isothermally, energy must be transferred between the process and the environment to
keep the temperature constant. This situation means that the best path to take to
determine the exergy is to determine the temperature-based exergy component, at
constant pressure and composition, then the pressure-based exergy component at constant

temperature and composition.

3.5.1Temperature based exergy

Therefore, initially the isobaric exergy change should be investigated, which is the exergy
change associated with the temperature change (T, = T) only. This exergy change is called
the temperature-based thermo-mechanical component of exergy (ef,,), as categorised in

Figure 2-2. This component is represented by Equation 3-48.
exXy = h(T,P) — h(Ty, P) — To[s(T, P) — s(T,, P)] 3-48

So, consider the general definitions of both enthalpy, Equation 3-49, and entropy, Equation

3-50.
ov 3
dH:medT+[V_T(6_T) ]dP 3-49
P [117]
p183
CpdT [0V )
dS=m$ —(ﬁ) dP 3-50
P [117]
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pl184

It is reasonable that these parts can be separated into both temperature and pressure-
based terms to solve this problem, since the temperature-based exergy is determined first,
the term dP = 0. Equation 3-49 then simplifies to Equation 3-52, assuming a constant Cp

value (phase change should be dealt with separately to constant Cp changes).

v
dH = mCPdTWdP 3-51

0
T T
H' =m deTznf CpdT
To To
KT = Cp(T — Ty) 3-52

. Q. 0
Units of h: WT_M

Where:
Q = energy (Joules)

M = unit of comparison (mol, g, m3, etc.)
T = temperature (K,°C,R,°F)

Cp = specific heat capacity, dependent on the desired units

Now it is necessary to solve the entropy component of Equation 3-48 to find the overall

temperature based thermo-mechanical component of the exergy for the stream.

Now manipulate Equation 3-50, in the same way as Equation 3-49, i.e. the term that relates
to the dP = 0. Equation 3-50 simplifies to be Equation 3-55, assuming a constant Cp value;

again: the phase change component will be discussed separately.

S—medT M 3.53
T oT/p

0

o "mCpdT _ j‘TnC_pdT 354
T

TosT = TyCpln (T_) 3-55
0
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Q _@
1 Tos: T —— = =
Units of Tos M.T M

These units are consistent with the units for specific enthalpy as above.

Therefore, by substituting Equations 3-52 and 3-55 into Equation 3-48, Equation 3-56 is
obtained for systems with constant Cp, and the molar basis is to be used, so the Cp is in its

molar form.

_ — T
exTy,, =Cp (T —T,) —ToCpln <T_o> 3-56

For systems that invoke a phase change (AV, this can be found via a simple mass balance),
such as the system being studied, it is important to treat the system with special care. The
saturation properties at the phase change interval are required, and the enthalpy and

entropy should be calculated in three distinct stages.

First it is necessary to determine the properties of the vapour at the conditions for both

temperatures, T and T,. The required properties are listed in Table 3-5.

Table 3-5: The required information, to be calculated for the phase change component of the system.

Required Information

Yv, Mole fraction of vapour in the gas phase at point 1N°TE3-2

Yv, Mole fraction of vapour in the gas phase point 2N°TE 32

Py, Partial Pressure of vapour at point 1

A Saturation pressure of vapour at point 2

Tpp Dew point temperature for partial pressure at point 1

NOTE 3-2: It is important to note here that yy is Gas phase specific and y;, is S&L phase specific

The first part of the analysis is to determine the static properties, in other words, the
properties that will not change with the composition of Point 2 (treating Point 1 as static)
and are dependant only on temperature and pressure. These properties are calculated in
Equations 3-59, 3-60 and 3-61. Equation 3-61 is also used as the initial guess for the sorption

isotherm method.
Without the isotherm, the calculation method is:

1. yy, using (eq. 3-57)
2. Py, using (eq. 3-58)
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3. Tpp using (eq. 3-59)
4. P;% using (eq. 3-60)
5. yy, using (eq. 3-61)
6. Convert back to total moles of each component (eq. 3-62)
ny Xy
Yv = = 3-57
T (ny +npa)  (y + xpa)
Pi = )/lP 3-58
T 3816.44 b 4412
DP = . -
Py 3-59
18.3036 — In (1353
Py =133.3 x (18 3036 S816.44 ) 3-60
B T 1oSS X explie Ty — 44.12
Sat
ySat = i 3-61
v P
YvNpa
n, = —/P4_ 3-62
4 1-v)

The following equality represents a limit for Tpp. If it is too high, then Y is too high (the
humidity is too high), and there is too little mass-transfer driving force for drying. The other
limiting condition (lower limit) is in place for calculation modelling consistency. With
iterative calculations, overshoots occur, and this statement is intended to limit an

overshoot.

IFTDP 2 T'TDP = T
IF TDP S To, TDP = TO

3-63

For this example, To is the dead state temperature, in this case 25°C (298.15 K), T is the gas
temperature at the outlet of the dryer and Tpp is within the temperature range as outlined

by Equation 3-63, and condensation will occur as the stream cools from T — T,.

This method using steps 1 to 6 above represents a simplification, that is, the liquid water
and the vapour in the air are in equilibrium, meaning that it is assumed that the solid is

assumed to be non-hygroscopic, and as such does not interact with the system. This
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situation is not the case with skim milk powder [92]. As a result, the sorption isotherm

should be included.

During the sample calculation, both methods have been compared to determine if making
the simplification is appropriate for an exergy analysis. The sorption isotherm has been used
in the mass and energy balance calculation over the dryer. This isotherm was used to

determine the outlet equilibrium solids moisture content.

The sorption isotherm used here applies to skim milk powder and is shown in Equation 3-64
[12, 14]. This equilibrium moisture content is expressed on a mass per mass basis, so it is

necessary to convert it back to a molar basis for this analysis, shown as Equation 3-65.

YL _ Pf/gat> kg,
—==0.1499 X exp |—2.306 X 1073 X T, X In —
Vs p[ 0 < Py kgs
kgs 3-64
342.29 kmolg
X
18.015 kg
kmol,;
P34\ kmol
YL 28481 x exp|~2.306 X 1073 x Ty x In (- L 3-65
Vs Py, J|kmolg

To continue, the phase compositions must be studied. Equation 3-57 has the required form.
The solids and liquids combined (S&L) phase, needs to be accounted for, and this phase is
represented by Equation 3-66.

_ ny, _ XL
(ny +ng)  (xp +x5)

YL 3-66

Combining Equations 3-65 and 3-66, and solving for n;, gives Equation 3-67, which is what

will be used to balance the component between the two phases, Gas and S&L.

nL = ﬂ X ns 3'67
Vs

The water component balance formula is shown in Equation 3-68.
nVZ = nV1 + nLl —n, 3-68

2

Using algebra to solve for the mole fractions of each component, Equation 3-69 is used.
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n;
xX; = — 3-69
n

The solution procedure is not straightforward. There is now an iterative calculation that

needs to take place, and the method is listed here:

1. yy, and ypy, using (eq. 3-57)

2. Py, using (eq. 3-58)

3. Tpp using (eq. 3-59)

4. Pp®* using (eq. 3-60)

5. yy, initial guess using (eq. 3-61)

Then iteration needs to be done on steps 6 to 10.

6. Py, using (eq. 3-58)

7.y, using (eq. 3-65)

8. my, using(eq. 3-67)

9. ny, using (eq. 3-68)

10. yy, new using (eq. 3-57)
When a stable solution has been reached, it is necessary to determine if the system is within
the limitations of both phases. For this, these limitations need to be known. Equation 3-70
states that the vapour must not be supersaturated, in which case the system is gas-side

limited, and the isotherm calculation becomes redundant at this point.
ny(Actual) = min(ny, (Isotherm),ny®) 3-70

Once this number of moles has been determined, the final mole fractions can be calculated

using Equations 3-68 and 3-69.

Now that the compositions of points 1 (T, P) and 2 (T, P) have been determined, the

enthalpy and exergy changes associated with the difference can be derived.

It is necessary to calculate Ah,y to find the enthalpy change due to condensation and
evaporation. For this calculation, data from the steam tables should be used. The Ah,y, can

be found directly, or by using Equation 3-71.
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Ahpy = hsaey(Tpp) — hsae . (Tpp) 3-71

The calculation of As,y is required to find the entropy change due to condensation and
evaporation: the steam tables are used to determine As,y,. This step can be done directly, or

by using Equation 3-72.

Aspy = Ssarv(Tpp) — Ssae.. (Tpp) 3-72

Now the sum of the parts of the phase change components is calculated. The various parts

of the enthalpy calculation are:

1. The enthalpy of the liquid up to the dew point temperature (Tpp — Ty)
2. The enthalpy of the phase change (Ah,y)
3. The enthalpy of the gas phase up to the working temperature (T — Tpp)

This summation is shown as Equation 3-73.
hav = xav[Coy (T = Tpp) + Dhyy + Cpp (Tpp — To)] 3-73

Now the sum of the parts of the phase change components is calculated, only for the
entropy terms. This calculation is shown in Equation 3-74. After collecting like terms, this

equation simplifies to give Equation 3-75.

T Tpp Tpp
ToSay = Toxay [va In (T ) + Aspy + Cp,, ln( T, ) Cpy ln( T, )] 3-74

T Tpp
ToSav = ToXay [Cpy In|7— T + Aspy + Cpp In T 3-75
DP 0

As a result, the exergy of the part of the system that undergoes phase change is shown in

Equation 3-76.
T
exty = Xay [CPV [T Tpp —Toln (T )]
DP
+ CpL [TDP TO TO 11’1 ( T >] + Ah’AV - ToASA[/:I
0

3.5.2Pressure based exergy
This model is however far from complete, and there are other factors (pressure) involved in

an exergy analysis beyond this point, if Equation 3-47 is recalled.
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ex = [h(T, P) - h(To, Po)] - TO[S(T; P) - S(TO'PO)]

- 3-47
+ Z(“io - ”iOO)To‘POxiO
i=0
To determine what is left in terms of the thermo-mechanical exergy, it is necessary to
subtract what has been determined, or Equation 3-48, and the chemical exergy, from
Equation 3-47. Therefore, the remaining parts of the exergy analysis are equal to the
difference, as shown in Equation 3-77.
exry — exty = [h(T,P) — h(Ty, Py)] — Ty [s(T, P) — s(Ty, Py)]
— [R(T, P) — h(T,, P) — To(s(T, P) — s(Ty, P))]
exry — exty = h(T,P) — h(Ty, Py) — h(T, P) + h(T,, P)
— To[s(T, P) — s(Ty, Py) — s(T, P) + s(Ty, P)]
exry — exry = —h(Ty, Py) + h(Ty, P) — To[—s(To, Py) + s(To, P)] 3-77

From this equation, it is clear that some thermo-mechanical exergy remains in terms of a

change in pressure, at constant temperature, so that Equation 3-78 is then obtained.
exry = exry — exty = h(To, P) — h(Ty, Py) — Ty[s(Ty, P) — s(To, Py)] 3-78

Again, each enthalpy and entropy term are to be calculated, as done above for the
temperature-based exergy. The important difference here is that, since this component of
exergy is isothermal, another way needs to be found of describing enthalpy and exergy
without using temperature as the change (driving force which has the potential to create
work). The general definitions of enthalpy and entropy need to be revisited to assess what

effect changing the pressure has on the system.
Recall Equations 3-49 and 3-50.

av
dH = mCpdT + [V -T (—) ] dP 3-49
T/ p

S_medT (OV) P
T oT/p
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It is clear that a way of describing (Z—Z) for each phase needs to be found. The ideal gas law
P

has been assumed for the gas phase; therefore, the change in volume with the change in

temperature at constant pressure is equal to (%R) (Using PV = nRT).
P

For the pressure-based exergy, the temperature is constant (Isothermal process). Since
there is no temperature change, dT = 0 and T = T,. With this information, Equation 3-49

solves to give Equation 3-79 for gas systems and Equation 3-80 for solid and liquid systems.

dHE = Cu v-r1 (%R)P] dpP 3-79
0

P> _m (o )
dHE, =6pdT + |V - T ( aT)P] dp 3-80
0
For this part, T is constant, so dT = 0 and T = T, so Equation 3-79 can be solved.

nR
i~y () |
P

b PInRT, nR
| P P
0 P
3-81
HE RT, P[l <1> ]dp
¢ = nitlo > \p
py P \P/p
g = nRry i (52) ~1n (5]
¢ = nrly|ln Py n Py
HE =0 3-82

Now that the enthalpy is known for the gas system, a way of describing (Z—Z) for the solids
P

and liquid phase must be found. This partial derivative represents the thermal expansion of
the material at a constant pressure. From the literature, this term may be represented as
Equation 3-83. For most solids and liquids, this term is negligible under most circumstances,
and is ignored. However, it can become significant (high pressure systems), so it will be

investigated further.
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(a_V )P _ gy 3-83

aT [16]
p246
By substituting Equation 3-83 into Equation 3-84, there is:
dHE, = [V T (av> ] ap 3-84
S&L = o\37 ,
P
HE, = (V—=TyBV)dP 3-85
Py
By assuming that £ is constant within the working range.
P
H& = (A —ToyB) | vdP 3-86
Py
Hsg =V (1 = ToB)(P — Pp) 3-87

Using the same method and assumptions that were applied to the enthalpy terms in
Equation 3-50, now consider what the pressure-based entropy becomes. For the gas system,

this becomes Equation 3-89, and for the solids and liquids, this becomes Equation 3-91.

asp =22 mRY 4
¢ T P,

0
b P /nR
dSE = f —(=) ar 3-88
P P,
P

0
_ 1
dSf = —nR f (—) dp
P
_ /P
SE =-nRIn (—) 3-89
Po

Now that the gas phase has been solved, the solids and liquids phase can be obtained from

Equation 3-54.

D
=

dSf = ——*= pvdP 3-90
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dS&e, = — f LVdP

SsaL = —BV(P — Py) 3-91
Recall Equation 3-77, where the pressure-based thermo-mechanical exergy was defined as.
exTM - ex77:M = _h(To, Po) + h(To, P) - TO [_S(To,Po) + S(To, P)] 3'77

Some of the common terms cancel each other out when combined, as shown by Equations

3-92 and 3-93.

P P 7] ) p
0
3-92
P P D p
HGa - Tosa = TLRTO ln —_—
Py
To then turn this equation into the form that is required, specific exergy for the gas phase
components, divide by n to get Equation 3-93.

p _ P
exry, = RTyIn (P_) 3-93
0

Similar manipulation for the solids and liquids gives Equation 3-95.

Hggp — ToSser, = V(1 — Tof)(P — Po)—To(—BV[P — Py])
Hggr, — ToSsgr, = V(P — Po)[1 —Tof + Tof]

3-94

Hsgy — ToSsgr = V(P — Py) 3-95

Dividing by n gives the specific exergy for the solids and liquids phase components, shown in

Equation 3-96.

ex;Ms&L = Vave (P — Po) 3-96

This manipulation simplifies the calculation in terms of exergy change. The thermal
expansion coefficients are not required for the exergy calculations but may be required for

enthalpy calculations.

It is necessary to find U4, to solve this in one step. This can be done using Equation 3-97.
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vave = Z Yis&L"?l 3‘97
i

Because the pressure-based exergy occurs in a closed system, it is important to find the
phase change component, as was done with the temperature based thermo-mechanical
exergy. The main point of difference is that the pressure system will be at a constant
temperature, so the saturation pressure will not change. Following the same method as
listed above will result in new compositions for point 0, or the reference state (T, P,).
Equation 3-70 must be observed in this situation also, as the pressure change thermo-

mechanical exergy is calculated as if in a closed system.

It is clear then that this new phase change component must be treated separately, as was

done with the temperature-based change.

Since the partial pressure changes, but the temperature does not, the dew-point
temperature is not suitable to find the enthalpy and entropy of evaporation. In this case, the

partial pressure of water vapour (Py, ) should be used, as in Equations 3-98 and 3-99.

Ahyy = hsary(Py) — hsge (Py) 3-98
Aspy = Ssarv(Py) — Ssar.(Py) 3-99

Since there is no change of temperature and replacing the temperature basis with the

pressure basis above, Equation 3-73 becomes Equation 3-100.
hy = xay[Bhay +05(1 = ToBL) (P — Py)] 3-100

Similarly, for Equation 3-74, becomes Equation 3-101.
_ /PN
Tosay = Toxay [—R In (P_) + Asyy — V(P — Po)] 3-101
0
Combining Equations 3-99 and 3-100 to get the result for exergy, gives Equation 3-102.
P > P T o —
exry = Xay [TOR In (P_) + Ahpy — Aspyy + v (P — PO)] 3-102
0

3.5.3Chemical exergy

There is one more component to the exergy analysis, as suggested by Equation 3-47.
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ex = [h(T, P) - h(To, Po)] - TO[S(T; P) - S(TO'PO)]

= 3-47
+ Z(“io - ”iOO)To‘POxiO
i=0
Where: 3-103
pi = AG; = Ah;(y;) — ToAs;(vi) [16] p
323

As a result, the chemical exergy component is simplified to Equation 3-104 once any phase

changes have been taken into account, such as by using the sorption isotherm.

CH _—_
ex= = Z('uio - ﬂiOO)TO,POxiOO 3-104
i=0

Since there is no change in temperature or system pressure, the enthalpy term is equal to
zero, by definition, so Equation 3-103 becomes Equation 3-105. This part of the analysis
represents what happens in an open system with no composition change, but where there

is a change in concentration.

To elaborate, this determines the work potential that is lost in the form of the chemical
composition of a system output changing to be in equilibrium with the environment. An
example is the diffusion of water vapour from a liquid surface at its saturation pressure to

the pressure of the water vapour in the environment.

This calculation is simplified compared with reality by taking the temperature and pressure
considerations separately. For most parts of a chemical plant, this calculation can be largely
ignored but should be taken into consideration when calculating the feeds, products and

waste products of the process.

i = —ToAS;(v) 3-105
[16] p
318

Since there is no chemical reaction in this system, only with the entropy associated with

mixing with the environment remains to be determined.
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For gas systems, the entropy of mixing is defined as the ratio of the pressure from the pure
component to the partial pressure of the component; this entropy term is shown in

Equation 3-106.
_ P
AS =RIn (—) 3-106
Equation 3-106 then represents the pressure-based entropy of relating the pure component
to its partial pressure, which is represented by Equation 3-58.
Pi = )/lP 3-58

Substituting Equation 3-58 into Equation 3-106 may be simplified further to give Equation

3-107, which is the equation for the entropy of mixing, as shown by Sussman [16].

ASiMix = —E ln()/l) 3-107
[16]
p 321

Since there is a difference in composition compared with the environment, there is a
difference in the free energy of mixing in the gas phase. This change represents the
reversible work potential of taking the compositions to that of the dead state. There is then
the potential to extract work from the system. Even if this work is not technologically
feasible to extract, it must be taken into account for an exergy analysis of an open system

and becomes what is known as lost work in a later part of an exergy analysis.

Substituting Equation 3-107 into Equation 3-105 gives the chemical potentials of the system

at the reference and dead states, Equations 3-108 and 3-109, respectively.
pi, = AG;, = ToR In(y;,) 3-108
Uiy, = AGi,, = ToR In(y,,) 3-109

From here, these terms can be directly substituted into Equation 3-104, and simplifying

gives Equation 3-110.

@ ) 3-110
extt = Z[TOR ln(yio) —ToR ln(Yioo)]To,poxiO
i=0
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ex®™ = T,R Z Xiy, lln <yi° >l
i=0 Vigg To,Po

It is important to consider each phase independently here, because each phase acts

differently when mixed.

The gas phase chemical exergies can be calculated using Equation 3-29.

ex;" = ToRx;,, In (yio > 3-29

ioo
Now the phase specific molar fractions need to be found, using Equation 3-57.

=X 3-57
ylG - Xg -5
The above formulation works well for ideal gas systems. However, for ideal liquid and ideal

solids, this does not hold true.

“The free energy of mixing of liquid or solid solutions is equal to the free energy of mixing of
the vapour mixtures that are in equilibrium with these solutions. The reason for this is that
there is no change in free energy when one moves matter from one equilibrium phase to

another.” - [16] p319.

This statement means that the exergy for mixing of ideal liquid and solid-phase components
is equal to the change in the free energy of the component vapour. The mixing of this phase
is then calculated by the change from each component’s saturation pressure, to the actual
vapour pressure of the mixture. This result is then the pressure-based exergy calculated

for Pi‘zat to P;  for each component in the solid and liquid phases.

00

Since this is an open system, and the solids and liquid phases are in equilibrium with the gas
phase, via the sorption isotherm, P, . = Py, and since the solid has no significant vapour
pressure, it is assumed that it is already in equilibrium, and the vapour pressure remains

constant (P,), or at the dead state condition for this part of the analysis.
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A sorption isotherm is used to determine the equilibrium state with the environment. This
equilibrium state is then used as the composition of the dead state. The sorption isotherm

used for skim milk powder is shown in Equation 3-65.

The solution procedure is the same as with the temperature-based exergy term. There is

now an iterative calculation that needs to take place, and the method is listed again here:

1. yy, using (eq. 3-57)
2. Py, using (eq. 3-58)

w

Tpp using (eq. 3-59)
4. Pp°t using (eq. 3-60)
5. Y, initial guess using (eq. 3-61)

Then iteration needs to be done on steps 6 to 11.

6. Py,, from (eq. 3-58)

7. ny,, ny, using (eq. 3-62)

8. YLy, USing (eq. 3-65)

9. ng,, using(eq. 3-67)

10. ny,, using (eq. 3-68)

11. yy,, new using (eq. 3-57)
Equation 3-70 should not be applied here, since the chemical exergy accounts for the
transfer between closed and open systems. Assuming a rapid transfer of vapour away from
the liquid surface, the vapour pressure will be taken as that of the dead state. From here,
the solid and liquid phase mixing exergies can be found. Recall Equation 3-107, which is the

general definition of mixing entropy.

Now that the component fraction that changes phase has been obtained, it is necessary to
take that into account. As with the pressure-based exergy, the enthalpy and entropy of
evaporation should be determined at the vapour pressure of the solution, as shown in

Equations 3-111 and 3-112.
Ahpy = hsary (Py) — hsqr (Py) 3-111

Aspy = Ssary(Py) — Ssqr.,(Py) 3-112
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All of the resulting vapour is to be used in the gas phase equation (Equation 3-29), while the
remaining liquid needs to be calculated using the solids and liquids phase exergy calculation,

Equation 3-30.

_ P
AS =RIn (—) 3-107

P;

IMix

Since the pressure of the ideal solution is the vapour pressure of the solution at the
reference state, the pure component saturation pressure is the starting pressure i.e.

P = P{zat. As a result, Equation 3-107 becomes Equation 3-113 for point 0, and Equation
3-114 for point 00.

Sat
ext? = T,Rx; ln< ko ) 3-113
lo — 10 loo P
lo
Sat
exCH = T Rx;, In|—=22 3-114
ioo 0 *igo P,
00

The change in chemical exergy is then the difference between 3-113 and 3-114, or Equation

3-115.
Sat sat
= L = l
exl.COH — exiCO’: = ToRx;,, ln( P(i > — ToRx;, 1n<P:° ) 3-115
0 00

Since Ty = Tyo and Py = Py, Pl-oat = Pif)g‘t. Equation 3-115 then solves to give Equation

3-116.

_ P;
ex{" = ToRx;,, 1n< P‘f’") 3-116
2

NOTE 3-3: In this case, the terms Pio and Pioo represent the vapour pressures of component i at the
reference and dead state conditions, respectively.

Equation 3-117 represents the summation of the chemical exergy components.

ex®? = ex{H + exG? + extH + exEH + exSy 3-117

97



Chapter 4 Inversion Temperature and Pinch Analysis
This chapter has been published in the journal “Drying Technology” [1] and shows the ability
of pinch analysis and the inversion temperature to assist in process selection and

optimisation techniques for drying systems.

This analysis is suitable for all dryer applications, as long as the inlet conditions to the dryer
are sufficient to dry the product sufficiently. The effects of humidity and flowrate on the

inversion temperature have also been studied in this work.

This inversion temperature is an example of a simple rule of thumb for drying agent
selection and should only be used as a starting point in initial design considerations. More
rigorous macro-scale energy analyses should then be used to confirm the results. This more
rigorous analysis should include both thermal and mechanical work as sources of energy, as

well as the cost potential of these energy sources.

4.1Constraints/Assumptions

e The dryer is a well-insulated adiabatic continuous co-current short-form spray dryer.
e The dryer is well mixed and equilibrium limited [13, 14].

e The flow rate of gas entering the dryer is 21 kg.s?, and the liquid solution flow rate is

2.5 kg.s* of 50 wt% milk solids.

o This assumption was used to be representative of what is found industrially after
milk has been evaporated in a pre-process and is still sufficiently free flowing to

pass through the nozzle in the spray dryer [14, 118, 119].

e An approach temperature of 20°C will be used for the pinch analysis and dryer outlet

temperature [13].

o Thisis a well known to industrial operators in the Australian and New Zealand

dairy industry.

o Another reason for this offset was to use a simplistic method to estimate internal
losses, as the dryer would not come to equilibrium. It does not come exactly to

equilibrium — see my main point above.
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o Ashort form dryer may not have enough contact time to get a closer exit
temperature (this could essentially estimate a dryer that is too small for the

flow).

e The drying rate will not be studied, instead the results of the mass and energy balance

will be utilised to represent the dryer.

e Utilities analysis will not be undertaken here, and neither will the heat exchanger
network diagrams, as the system is too simple for these pinch processes to be utilised

effectively.

e The system boundaries are where each inlet and outlet stream are found to be at

ambient conditions.

4.2Inversion Temperature

The inversion temperature for the system, which will be studied throughout this chapter,
can be found using the methodology as set out by Costa and Neto da Silva [63]. This
comparison between air and steam systems applies for very specific conditions, namely the
unhindered drying period. This procedure then determines at what temperature the drying
rate is the same for both the convective air and superheated steam dryers, meaning that

the size of the dryer is then the same.

Since an adiabatic dryer is mainly being discussed, it is worth noting that a simplified
Adiabatic Saturation Inversion Temperature (ASIT) was used to determine the result.
Because of the nature of the information required for the inversion temperature calculation,
there is no need for an initial mass and energy balance (MEB) over the system. This situation
means that, from this inversion temperature analysis, it is possible to find a suitable starting

temperature to use for the MEB in the next stage.

The dryer will be assumed to approach equilibrium between the gas and solids at the outlet.
A justification for this assumption is the works of Ozmen and Langrish [14], and Bahu [13],
who found that this assumption was a reasonable first estimate for the conditions of the gas
and the solids at the end of many co-current spray dryers. For the analysis, the dryer will be
coupled with the separation device into one unit, for the purposes of simplifying the

analysis. This procedure gives two streams in and two streams out.
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4.2.1Required Data

e Inlet Flows
e Condition of inlet flows (humidity, temperature, flow rate)
e Latent heat of vaporisation of the evaporating fluid (water):
o At 100°C, and
o Attheinlet dew point temperature
e Dew point temperature at the inlet; and
e Specific heat capacities of the system (Cp’s).

4.2.2Discussion

The resulting inversion temperature is 182°C for a humidity of 6 gw.kgpa™. This temperature
is within the specified range for inversion temperatures as shown in Figure 5 from Costa and
Neto da Silva [63]. It must also be noted that this result is independent of the dryer system.
The mass and energy balance requirements for the dryer are not taken into consideration as

the ASIT is a kinetic-based parameter.

The sensitivity of this analysis is important in that the inlet humidity of the air changes
constantly, along with the flowrates of both the solids mixture and the drying gas. This
change will inevitably alter the results based on the factors shown within the B parameter in

Equation 2-1. The effect of humidity on the ASIT is shown in Figure 4-1.
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Figure 4-1: The effect of inlet air humidity on the ASIT. The steam to air flowrate ratio is constant (1 on a
mass basis).

Figure 4-1 shows that the inlet humidity does not have a large effect on the inversion
temperature until the inlet humidity becomes very small (below 2 gw.kgpa™). The inversion

temperatures range between 170-200°C for the studied conditions.
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Figure 4-2: Effect of flow ratio on the ASIT, humidity fixed at 6 g,,.kg,, .

Figure 4-2 shows the effect of using a different mass flow rate of air and steam on the
inversion temperature. This effect does have a limit, due to the term B/(1-B) in Equation 2-1,
where B is a function of the mass flow ratio of humid air and steam being used, which
means B must be less than unity. The relationship between the flow ratio and ASIT is clear
from Figure 4-2. If it is assumed that the flow variations are similar in both the air and steam
systems, then there is no need to go into further detail regarding the effect of this

parameter.

4.3Mass and Energy Balances for the Dryers
For any detailed thermodynamic analysis of processes, the MEB’s need to be completed
first. A brief explanation of the assumptions and methods will be discussed before

comparing the results of using the ASIT with a PA.

A case study of the temperature effects on the dryness of the solids at the outlet was

completed to ensure that the dryer had sufficient energy to dry the solids. The results are
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shown in Figure 4-3. The shaded region shows a region where there is insufficient energy to

dry the solids. This occurs at an inlet gas temperature below 184°C.

It is clear that the inversion temperature of 182°C is below the lower limit of an effective
dryer, i.e. 1849C, for the steam dryer. The air dryer has a much lower outlet temperature
limitation, and as a result it can operate at much lower inlet temperatures. The required
energy for the steam system is considerably lower for all temperatures above this
restriction. As seen in Figure 4-3, the steam system achieves lower solids moisture contents

than the air system above an inlet gas temperature of 184°C.
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Figure 4-3: The effect of temperature on effectiveness of the dryer. Flowrates constant at 21 kg.s™.
4.3.1Convective Air Dryer

A simple system will be studied in this chapter, consisting of an air pre-heater, solution pre-
heater, spray dryer, solids separator, and some coolers, as shown in Figure 4-4. The mass
and energy balance over the studied dryer system is based on the work of Reay [120]. The
following assumptions have been used to assess the mass balance and to ensure that the

inversion temperature can be compared fairly with the PA.
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The solids temperature was not allowed to drop below the dew-point temperature of the
outlet conditions, and the gas outlet temperature from the dryer system is offset by 20°C,
i.e. the outlet stream of gas is 20°C hotter than the solids outlet. This offset has been
assumed primarily to represent some driving force remaining at the outlet of the dryer, and
to represent the pseudo temperatures to be applied to the dryer streams for the PA. This

offset is reasonable according to the literature [61].

The process given in Figure 4-4 shows humid air (S-01 to S-03) entering the pre-heating
sequence of exchangers (E-1 and E-2) before entering the dryer (D-1) at 190°C. The wet
solids stream (S-08 to S-09) is pre-heated (E-4) to 60°C before entering the dryer. S-04 is an
intermediate stream between the dryer and solids-separation device (C-1). This is a mixed
phase stream of very humid gas and dried solids. The solid phase (5-10) and gas phase (S-05)
are separated here and both are cooled back to ambient conditions, the gas via a 2-stage

process including the pre-heater (E-1) and E-3, while the solids are cooled using E-5.
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Figure 4-4: A PFD of the tested system with a convective air dryer. The region in the dashed box refers to
Figure 4-8 and Figure 4-9. Refer to Table 4-1 for stream descriptions and mass and energy balance.
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Figure 4-5: The effect of dryer outlet AT on energy recovery and outlet solids moisture content (Air).

Figure 4-5 shows the effect of changing the temperature offset for the dryer outlet on the
air dryer. As the temperature offset increases, the recovered energy (from the PA)
decreases, while the outlet solids moisture content increases. The Sticky Point Temperature
(Tsp) has been plotted here to show that its calculated value is equally affected by the offset
since it is closely linked to the solids moisture content at the outlet of the dryer. While the
outlet temperature cannot be controlled in any sensible manner, this shows how important
the design of the dryer is, the closer to equilibrium (left side) of the plot you can achieve,

the more efficient the system becomes.
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Figure 4-6: The effect of dryer outlet AT on energy recovery and outlet solids moisture content (SS).

Figure 4-6 shows the effect of changing the temperature offset for the dryer outlet, with the
superheated steam dryer. As the temperature offset increases, the solids temperature is
affected more, until the solids temperature reaches 100°C. The solids moisture content is
not affected by this temperature offset below an offset of 25°C. Due to the conservative
approach taken in the PA, an offset of 20°C was chosen to allow a simple integration of the

dryer with the analysis.

In order to prepare for the PA, it is essential to specify the system inlet and outlet conditions
at ambient conditions (25°C, 1 atm), or the lowest temperature present in the system. This
assumption gives the maximum energy recoverable from these streams while also
maximising the cooling utility requirements for this minimum heating. If cooling these
streams is found to be wasteful, or not required, then these coolers may be simply removed

to create a more realistic energy solution.

If it is found that the given conditions are not sufficient to achieve good overall drying, the

dryer inlet temperature should be manipulated to the point where it is sufficient. In this
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instance 190°C is used as it is above the minimum inlet temperature of 184°C. The results of

the MEB for the system are shown in Table 4-1.

Table 4-1: The mass and energy balance (MEB) results for the air system in Figure 4-4.

Stream Properties

Stream Description Temp. Cp Enthalpy | Flowrate | Humidity
Name oc ki.kg.K? kw kg.s? gw.kgpa™
S-01 Fresh air inlet 25 1.01 811 21 6.0
S-02 Pre-heated air 58 1.01 1,508 21 6.0
S-03 Air feed to dryer 190 1.01 4,296 21 6.0
S-04 Dryer outlet 77 1.10 4,722 23.5 59.1
S-05 Humid air out 78 1.05 4,604 22.11 59.1
S-06 Exchanged gas out 48 1.05 3,905 22.11 59.1
S-07 Ambient flue gas 25 1.13 1,686 22.11 22.5
S-08 Ambient solution feed 25 2.84 178 2.5
S-09 Solution feed 60 2.84 426 2.5
S-10 Solids removal 59 1.77 146 1.39
S-11 Ambient solids 25 1.77 62 1.39

The evaporation of liquid into gas occurs gradually through the dryer and not stepwise,
meaning there is no particular point or preferred region in the dryer where the evaporation
change occurs. This energy system cannot be easily represented as a function of
temperature, as pinch plots. In order to do a MEB over the dryer, a linear approximation, or
in-to-out calculation, of the profile of energy as a function of temperature in the dryer has
been used. This procedure is a suitable estimate, particularly for this early stage of the
analysis, as it may be used to find better operating conditions in terms of overall energy
solutions. Taking all of these considerations and limitations into account, Table 4-2 was
constructed. The results for S-04 (Outlet 4g and Outlet 4s in Table 4-2), when combined,
represent the section between the dryer and the separator. The results of these
intermediate streams were found by treating the dryer as two systems, one as a heat
exchanger and one other as a mass transfer unit. These ‘internal’ results have been used for

the Conservative Region Estimate (CRE) used in the PA.
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Table 4-2: Results of the MEB for the convective air dryer.
Convective Air Dryer Mass Balance

Stream Flow Temp Humidity | Wateriq | Solids | Wet Gas Ave Cp
Symbol Q T Y Lw S Gw Cp
Units kg.s*! °c gwkgoal kg.s?! kg.s? kg.s? k).kg*K?

Gas In (3) 21 190 0.006 - - 21 1.01
Sol" In (9) 2.5 60 - 1.25 1.25 - 2.84
Outlet (4g) 21 75.69 0.006 - - 21 1.01
Outlet (4s) 2.5 55.69 - 0.1 1.25 1.15 1.83
Outlet (5) 22.15 73.57 0.061 - - 22.15 1.06
Outlet (10) 1.35 57.59 - 0.1 1.25 - 1.71

However, an overall MEB approach, by definition, cannot find internal operational savings.
Determining the inlet and outlet conditions is critical for managing the energy potential of
the system and is a simple starting point before the design of the actual drying unit is

needed or the dryer is modelled.

4.3.2Superheated Steam

Using similar conditions to the example for hot air, it is possible to compare superheated
steam as a water-stripping agent in a spray-drying system. The first point that should be
considered in this new system is to keep the steam as close to atmospheric pressure as
possible throughout the process to reduce the amount of electrical energy to be used for
fans, blowers or compressors, and to minimise the operating costs associated with pressure

vessels.

Because steam is being used in this process, it has the potential to reduce the energy
requirements of the pre-heaters, since the steam may be recirculated readily. For
superheated steam to be effective, the outlet temperature for the dryer must be above the
dew-point, or condensation temperature (100°C at 1 atm). The condensation temperature
is traditionally manipulated using pressure changes in the system, e.g. a low condensation
temperature may be achieved in a partial vacuum. The system that is to be represented

here is shown in Figure 4-7.

For this system to be compared with the previously studied air system, the basis for
comparison that was chosen was the inlet conditions for the dryer, or the 190°C gas inlet
temperature. This basis then allowed for a comparison of the overall mass and energy

transfer and the evaporation efficiencies for both systems.
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The model that was used is a slight variation on the MEB described for the air system, based
on the works of Reay and Langrish [12]. The biggest difference is that the humidity (Y) in the
air system was replaced by the superheat number (W) for the steam system. The definition
of this parameter is shown in Equation 4-1. This number is the ratio of the actual steam

vapour pressure to the steam saturation pressure.

y = 4-1

pVSat.T

A mass and energy balance over the dryer was completed and the results are shown in
Tables 4-3 and 4-4. The process depicted in Figure 4-7 shows the steam system being
studied. The process starts with the wet solids stream (S-08 to S-09) being heated to 60°C
before entering the dryer (D-1). The steam returning side of the loop (S-01) this stream is re-
heated to the gas inlet temperature via a heat exchanger (E-2) before being entering the
dryer. The dryer outlet (S-04) represents the mixed phase exiting the dryer and entering the
solids recovery stage where the solids are removed (S-10) from the steam recycle system (S-
05) and cooled (E-5). From this point, the evaporated moisture (S-05) is purged (S-06)

through a control valve or automatic relief system and then condensed and cooled (E-3).
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Figure 4-7: A PFD of the superheated steam system. Refer to Table 4-3 for stream descriptions and mass
and energy balance.

Table 4-3: The MEB results for the steam system shown in Figure 4-7.

Stream Properties

Steam Description Temp. Cp Enthalpy | Flowrate | Superheat
Name oc kJ.kgt.K? kw kg.s? Number
S-01 High quality steam recycle 124.9 2.0 52,568 21.0 0.438
S-03 Steam feed to dryer 190.0 2.0 55,270 21.0 0.081
S-04 Dryer outlet 123.7 2.0 55,696 23.5 0.454
S-05 Steam out 124.9 2.0 55,467 22.2 0.438
S-06 Steam purge 124.9 2.0 2,899 1.2 0.438
S-07 Purge to ambient 25.0 4.2 121 1.2
S-08 Ambient solution feed 25.0 2.8 178 2.5
S-09 Solution feed to spray dryer 60.0 2.8 426 2.5
S-10 Solids removal 101.6 1.7 229 1.3
S-11 Solids to ambient 25.0 1.7 56 1.3
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Table 4-4: Results of the MEB for the superheated steam dryer.

Superheated Steam Dryer Mass Balance

Stream Flow | Temp | Superheat Number | Wateriq | Solids | Steam Ave Cp
Symbol Q T W Lw S Gw Co
Units kg.s*! °c atm.atm™® kg.s? kg.s? kg.s k).kgt.K?
Gas In (3) 21 190 0.081 - - 21 1.98
Sol" In (9) 2.5 60 - 1.25 1.25 - 2.84
Outlet (4g) 21 | 125.7 0.427 - - 21 1.98
Outlet (4s) 2.5 105.7 0.818 0.09 1.25 1.16 1.82
Outlet (5) 22.16 | 1249 0.438 - - 22.16 1.98
Outlet (10) 1.34 101.6 - 0.50 1.25 - 2.27
4.4Pinch Analysis

In order to apply PA to drying, it is important to determine a method of addressing
composition changes over units, such as the evaporation of water and direct contact heat
and mass transfer within the dryer. This consideration will help with the visualisation
aspects of PA, especially when considering options to integrate the dryer into larger

systems.

For a general starting method, based on the works of Kemp [61, 74], it is recommended to
ignore any internal processes, such as the inner workings of the dryer and focus on the

energy flows on either side of the drying system.

Once the MEB’s have been completed on the peripheral systems (Tables 4-1 and 4-3), it is
possible to combine each of the potential heating (hot side) and cooling (cold side) streams
for the system to give a simple view of the energy flows over each temperature range. Some
pinch texts [23-25, 61, 69] recommend using a pseudo-temperature for each of the streams

i.e. a temperature offset between interacting streams.

This approach is required to get a reasonable offset. For this work 20°C was assumed, and
this was based on the typical starting assumptions presented by Kemp [61]. The purpose of
this energy offset is to ensure that the representation of the system is feasible and does not
violate any kinetic or thermodynamic laws e.g. Heat is not transferred against a temperature

gradient.

The large temperature offset is also used for the dryer (even though it is specific to heat
exchange systems) for a few reasons. The first being for consistency within the PA, in order

to allow for the visual representation of the dryer to be consistent with the system, having a
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different pseudo temperature difference may offset the dryer’s position on the plot, even to
the point of causing an edge case inconsistency in the PA where the dryer incorrectly resides
entirely above the pinch point. The second is to allow for a simple estimate for thermal
efficiency losses of drying (a deviation from an outlet equilibrium), which may be a result of

the drying resonance time being shorter than required.

4.4.1Adding the Dryer to Pinch
In this work, the addition of the energy changes within the dryer to the PA was used to
demonstrate how the energy within the dryer may be used or augmented to save the

external energy inputs.

In order to show a representation of what may be happening within the dryer, a linear
approach at two extremes was used, these two extremes can be defined as the sensible
heat load, and the evaporative heat loads in isolation as shown in the two-step method
outlined in Chapter 2, the resulting triangle being the possible area of the dryer curve. This
approach then provides generalised regions for where the dryer system curves would most
likely to be located, which will be further referred to as a Conservative Region Estimate
(CRE). Similar approaches have been used to estimate energy profiles in other mass and

energy transfer systems with some success [19].
The three lines of the CRE boundary are:

e The thermal only energy change, i.e. if each side of the dryer remains a separated
stream throughout the dryer, as shown in Figure 4-8, at the same overall
composition throughout the dryer, reaching an equilibrium temperature. The overall

outlet solids moisture content is unchanged, i.e. if the dryer is a heat exchanger only.

e Thein-out line, representing the results from the MEB. This line is the overall result

of the other two lines, the thermal change, and the non-thermal change.

e The remaining difference that is required from the thermal line and the MEB line
represents the non-temperature related energy changes within the dryer and

separator. This line is close to horizontal on the plot.
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It is important to note that the exit stream of a co-current dryer is typically well mixed and
not two separated streams. For the overall system of drying to be considered, the system

shown in Figure 4-9 is combined and used as the dryer component of the analysis.

These three lines give the two regions as shown in Figure 4-10, which are to be
accompanied by the hot and cold composite curves for the pre- and post-treatment flows
before and after the dryer. This approach is based purely on a MEB, not a dryer kinetics

model, and because of this point, it should only be used as a guide.
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Figure 4-8: The representation of the MEB simplification for the dryer and solids removal system.
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Required Data

This method requires:

Methodology

Temperature changes in all streams

Flow rates

Heats of reaction (if any)

Heat capacities of each stream

Phase change information

Firstly, the temperature-energy profiles for all of the streams need to be recorded in a table

as it is necessary to determine if the streams need cooling (hot side) or heating (cold side).

A temperature offset is applied to each side: (+) for cold and (-) for hot side. These offsets

are needed to create more realistic temperature profiles and to allow for the stream

temperatures to never meet exactly (a finite temperature approach) at the ends of the heat

exchangers. In this example 20°C was used (+10°C to the cold side, -10°C to the hot side).

This offset was selected based on the texts of Kemp [61], where 20°C was used as a

reasonable starting point. This offset can be changed at a later stage of the design process

to optimise each heat unit further.

The streams are named as follows:

H1:

H2:

H3:

C1:

C2:

C3:

the solids cooling to ambient conditions

the flue cooling to saturation

the flue to ambient cooling (mixed simple and phase change)
the solids feed pre-heater

the air feed pre-heater (heat exchanger)

the air feed heater
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The intermediate steps for the phase change have been omitted here since there is no clear
temperature or curve for the air/water system within the dryer, so a linear end point
analysis was chosen. This estimation method results in a more detailed energy profile
needing to be analysed when designing the heat exchanger, or a conservative view on the

sizing will need to be utilised in any design stage of the analysis.

Temperature ranges need to be determined based on the streams. Each starting and ending
point for a stream should have a temperature associated with it. For example, stream H2
goes from 63.6°C down to 23.7°C, while H1 goes from 47.6°C down to 15°C (from the MEB
in Table 4-1). In this case, it would represent three temperature regions: one where only H1
needs cooling, one where both H1 and H2 need cooling, and one where only H2 needs
cooling. This analysis is repeated until all stream temperature ranges are met, as shown in

Table 4-5.

Table 4-5: The stream profile table used for pinch analysis (Air).

Temp. | <-- <-- <-- <-- <-- <-- <-- <-- <-- Total m.Cp
(°c) 15 23.7 35 47.6 63.6 67.6 70 180 200 (kw) (kW.K'1)
H1

(10-11) 20.1 26.2 29.1 - - - - - 75.3 2.3
H2 264.7 294.3 373.7 932.8 234

(5-6) . . . . .
H3
1,966.5 - - - - - - - 1,966.5 226.6
(6-7) ’ ’
¢ 89.4 113.5 28.6 17.1 248.6 7.1
(8-9) . . . . . .
Cc2
(1-3) - - 265.8 337.6 84.9 51.0 2,323.4 422.4 3,485.2 211
Dh
- - - - 10.1 A 277. - 293.2 2.
(3-5) 0 6 0 93 5
Dc
- - - - - 293.2 - - 293.2 121.5
(9-10)

Further clarification on Table 4-5 is that the each cell within the table is the energy load for
that stream between the temperature in the column, and the temperature in the column to
the right — for example the cell (row H2, column <--35) refers to the energy required in that

interval, as shown here.
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Where:

AH = mCpAT
= 23.4 X (47.6 — 35)
= 294.3 kW

mCp = 23.4 kW.K™1
AT = (47.6 — 35) K

This table (Table 4-5) is a useful intermediate step for pinch analysis as it then allows for the

addition of energy loads within each temperature interval, so batch processing can be

achieved in a straightforward manner. From here, the summation of the total heating and

cooling requirements within each temperature region are accumulated and tabulated in the

first three columns of Table 4-6.

The temperature change in the region (column 4) and average heat flux is found (column 5)

in Table 4-6, and then the total required energy per region is calculated (column 6).
Alternatively, the energy per region may be found directly from columns 2 and 3 using

Equation 4-2. These interval energy requirements are then summed cumulatively, or

cascade from hot to cold representing a system where the excess heat from one interval is

fed into the next.

In order to find the required utilities, the cascaded energy profile should be used. The

interval energy = Z(lQHotI — 1Qcotal)

-[61]

minimum heat required for the system is the most negative number, highlighted for ease of

viewing in Table 4-6. This minimum heat is then used to start the new summation from hot

to cold, giving the minimum heating utility requirement and the required cooling utility.

Table 4-6: The overall profile and cascade pinch profiles (Air).

Hot Cold AT Cpu-Cpc Interval Cascade New
(kw) (kw) (K) (kw.K1) (kw) (kw) (kw)
Heat Utility 0.0 3,036.6
200-180 0.0 422.4 20.0 -21.1 -422.4 -422.4 2,614.2
180-70 0.0 2,323.4 110.0 -21.1 -2,323.4 -2,745.9 290.7
70-67.59 0.0 68.1 24 -28.2 -68.1 -2,814.0 222.6
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67.59-65.69 0.0 53.5 1.9 -28.2 -53.5 -2,867.5 169.1
65.69-63.57 0.0 59.9 2.1 -28.2 -59.9 -2,927.5 109.2
63.57-47.59 373.7 451.1 16.0 -4.8 -77.3 -3,004.8 31.8
47.59-35 323.4 355.3 12.6 -2.5 -31.8 -3,036.6 0.0
35-23.68 290.9 0.0 11.3 25.7 290.9 -2,745.7 290.9
23.68-15 1,986.5 0.0 8.7 2289 1986.5 -759.2 2,277.4
Cold Utility 2,277.4

From Tables 4-5 and 4-6, it is clear that the pinch temperature is 35°C where the cascaded

energy flow is at its minimum.

The composite curve(s) can be constructed from the last column of Table 4-6. Taking the
hottest temperature as the utility point, i.e. for the hot curve, the lowest point is at 15°C,
while the lowest temperature for the cold curve is 35°C. The overall or Grand Composite
Curve (GCC) is the plot of the right-most column as a function of temperature; the GCC is

the cascade energy plot and is very useful for system integrations.

4.4.2Pinch Analysis: Convective Air Dryer

The hot and cold side composite curves for this system are shown in Figure 4-11. Using the
cooling utility calculated in Table 4-6 as the offset for the hot process curve prevents any
negative net energy flows, and ensure that no part of the cold side curve is above the hot
side curve. The additions of the dryer curves to these plots, Figures 4-11, 4-13, and 4-14
(which were calculated based on the procedure described in the section 4.4.1), can be
important in energy utilisation and auditing, so several different ways of doing this step

have been investigated.

Figure 4-11 shows the potential regions where the dryer is most likely to operate. This is an
important visualisation as it shows both the thermal changes and the overall dryer curves,
with the resulting line representing the mass transfer component of the drying system as

described in section 4.4.1.
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Figure 4-11: Pinch plot for the convective air dryer system with the dryer triangles (Figure 4-10) as
described on page 113 (Conservative Regions Estimate).

NOTE 4-1: HC refers to enthalpy of cold, HH refers to enthalpy of hot, HD refers to enthalpy of each
dryer section.

The above representation of a pinch plot involving a dryer (Figure 4-11) is simple in nature
and has the core components of the external systems. It is clear that the system pinch
temperature is different to the outlet temperature of the dryer, which is the internal pinch
for the dryer. Given this and observing that there is very little energy recovered from
condensation in the flue gas, it appears that the system is not operating at its full potential.

This situation can also be seen in Figure 4-11.

The effectiveness of heat recovery using PA may be increased by reheating the flue gas and
recirculating the humid air to another drying stage. This process would then increase the
moisture content of the flue gas to the point where condensation can occur at a high
enough temperature to recover even more energy. This hypothesis will not be tested here

as only a single-stage dryer has been studied for this chapter.

Removing the extra cooling equipment (solids cooler and secondary flue cooler) provides a

very similar result, since the flue-feed exchanger is represented by the grey region on Figure
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4-11, of which the lower end is the pinch temperature. This heat exchanger is useful in
reducing the total energy requirements of the plant by as much as 25-30% at higher inlet
temperatures (220°C or more). A saving of 18% occurs from pre-heating the feed gas and
solids feed with the outlet gas, compared with a non-recovery system for an inlet gas

temperature of 190°C.

This exchanger becomes more important as the inlet gas temperature rises. This result
occurs because both the outlet temperature and the outlet humidity (not to be mistaken
with relative humidity) also rise, allowing more condensation to occur in the heat
exchanger. As the feed temperature increases, the total energy requirement also needs to
increase, giving an increased effectiveness, allowing the energy recovery percentage to
increase only slightly, meaning the total energy wasted increases significantly. The total
energy saving found within the air system at 190°C is estimated to be 670 kW, with a
further 3.0 MW required for the system, giving an outlet moisture content of 113 gw.kgs™.
Increasing the inlet temperature to 220°C yields figures of 24% recovery with 1.08 MW
saved and 3.1 MW still required for an outlet solids moisture content of 62 gw.kgs ™. The

results of this sensitivity analysis can be seen in Figure 4-12.
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Figure 4-12: The effect of inlet air temperature on the PA of the convective air system.

Figure 4-13 shows only the in-out curves for the dryer. Figure 4-13 is a simplified version of
Figure 4-11 and is an overall representation of the final dryer system. Note also that these
curves have not been added to the pinch plot, as no integration is available at this stage. If
there was a heat source that needed to be cooled before being discharged, it could be used

as a temperature booster within the dryer, or be integrated into the pre-heating system.
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Figure 4-13: The in-out pinch analysis of the convective air dryer (using end points only).

NOTE 4-2: The Dryer Region shown in this image differs from that in Figure 4-11 due to only showing
the endpoint (overall) lines, this was used to highlight the difference between internal and external effects
more clearly.

These curves show that there is no unique way to represent the system for all conditions
and dryer arrangements, or for an overall analysis of the system, to identify energy saving
areas. ldeally if the actual dryer profiles are determined, they should be put in place of the

dryer region or in-out representations shown here.

Figure 4-14 shows the Grand Composite Curve (GCC), discussed after Table 4-6, for the air
dryer system and is very useful for utility analysis and process options. The GCC is
constructed by calculating the net surplus energy per interval available in the system and is
a useful way to see the pinch point(s). The GCC is the representation of the final column of
Table 4-6 and is the easiest graphical approach to determine the optimum utility qualities
and quantities required. For this work and this simple two-stream system, this analysis is
adequate. For more complex systems, a full PA is required to make an informed choice

regarding the heat exchanger network required.
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Figure 4-14: The GCC for the air system, which is the graphical representation of the last column in
Table 4-6.

Now that the analysis for the air system has been completed, the superheated steam
examples will be analysed and the results of these two PA will be compared with the results
of the inversion temperature to demonstrate the suitability of both methods for rapid

analysis as a starting point for an energy evaluation of drying systems.

In order to compare these convective air results with those of the steam example, the
procedure will be repeated for the superheated steam example. Pinch Analysis:

Superheated Steam Dryer

The streams are named as follows:
e H1 : the solids cooling to ambient
e H2a: the flue cooling system (steam to dew point)
e H2b: the flue cooling system (steam to condensate)

e H2c : the flue cooling system (condensate to ambient)
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e (C1 : thesolids pre-heater
e (C2 : thesteamre-heater

The hot and cold curves for the purge valve example are shown in Figures 4-15, and 4-16.
Tables 4-7 and 4-8 are the pinch tables for the steam system utilising a partial condenser as

the steam purge device.

250 +
200 -
(%) Dryer
.'3_).150 " iRegion
o & Pinch Pseudo Temperature = 115°C
g - /.
e e ittt
g100 -/ o I
£ i | :
2 ] I//,/Energy Transfer Region

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000
Energy Flow (kW)
——HC ——HH - Dryer Region

Figure 4-15: The hot and cold curves for the superheated steam dryer.
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Table 4-7: The stream profile table used for PA (SS).

Temp. <-- <-- <-- <-- <-- <-- <-- <= <= <-- <-- <-- Total Cp
(°c) 15 35 70 90 |91.6 | 957 |111.6 | 114.9 | 115.7 | 134.9 | 180 | 200 | (kW) | (kw.K1)
H1

(10-11) 45.2 79.1 | 45.2 | 3.6 - - - - - - - 173.0 2.3
H2a

- - - 3.6 9.5 | 36.3 7.6 - - - - 56.9 2.3

(6-7op)

H2b
- - - 2 - - - - - - - 2,357. -

(6-7¢) 358 357.9

H2c
. 169. . - - - - - - - - .2 4.

(6-7a) 96.9 69.6 | 96.8 363 8
¢ 1,873 | 829.8 2,702.4 41.5
(2-3) , . ,702. .
Cc2

- 248.6 - - - - - - - - - 248.6 7.1
(8-9)
Dh
- - - - - - - 2. 7. 136.4 - 196. .
(3-5) 5 57.9 36 96.8 3.0
De - - 4.6 7.5 19.6 | 75.1 - - - - - 196.8 4.7
(9-10) . . . . . .

Table 4-8: The overall profile and cascade pinch profiles (SS).

RANGE Hot Cold AT Cpu-Cpc Interval Cascade NEW
(kw) (kw) (K) (kw.K?) (kw) (kw) (kw)
Heat Utility 0.0 2,702.4
200-180 - 829.8 20.0 -41.5 -829.8 -829.8 1,872.6
180-134.9 - 1,872.6 45.1 -41.5 -1,872.6 -2,702.4 -
134.9-114.9 - - 20.0 - - -2,702.4 -
114.9-111.56 7.6 - 33 2.3 7.6 -2,694.8 7.6
111.6-95.7 36.3 - 15.9 2.3 36.3 -2,658.5 43.9
95.7-91.6 9.5 - 4.1 2.3 9.5 -2,649.0 53.3
91.6-90 2,365.1 - 1.6 1,478.2 2,365.12 -283.9 2,418.4
90-70 142.0 - 20.0 7.1 142.0 -142.1 2,560.3
70-35 248.6 248.6 35.0 - - -142.1 2,560.3
35-15 142.1 - 20.0 7.1 142.1 - 2,702.4
Cold Utility 2,702.4

Comparing this example with that of the air system above, the energy savings are 250 kW of
the 2,950 kW total heating requirement. This amount is a saving of 8.4%, but this is not
where the greatest saving can come from the steam system. Taking into account the lower
region of condensation below the system pinch, and the dryer outlet temperature, there is
still another 2,450 kW of energy available in the form of condensing steam, producing a

total energy recovery potential of 91%.

This amount is sizable and can be integrated readily with other systems. Hence, for this

example, the air system has a better internal energy saving potential of 18% compared with
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the 8.4% for the steam system, while the steam system has far better overall energy saving
potential when integrated with other unit operations. This result occurs because the steam
system has the ability to recover all of the latent heat of evaporation from the steam by

condensing the outlet vent stream.

The result of changing the inlet temperature on the energy saving potential of the steam
system is shown in Figure 4-16. It is clear that, when compared with Figure 4-12, the steam
system is far less sensitive to changes in the inlet temperature than the air system. The GCC

for the steam system is shown in Figure 4-17.
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Figure 4-16: The effect of temperature on the steam system (sensitivity).
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Figure 4-17: The GCC for the superheated steam system, which is the graphical representation of the last
column in Table 4-8.

4.4.3Pinch Discussion

Within the steam system, the pinch temperature is the same temperature as the outlet to
the dryer. This result is a good indication that the dryer is the pinch limiting unit for the
system, and the pinch analysis will be highly reliant on the conditions leaving the dryer. As a
result of this, the most important changes to the system are to the dryer, and not to the
peripheral system. This situation is not the same for the air system, with a pinch
temperature that is close to ambient conditions. This result indicates that the energy

recovery system is the most important component of that thermal system.

From the GCC’s for the air and superheated steam systems (shown in Figure 4-18), it is clear
that the energy profiles within the dryers are not too dissimilar (based on the input-output
analysis). The hot side (top part of the curve) is almost identical between the air and steam
systems, until the steam system hits the pinch. The gas temperature for the air system
keeps dropping at the same energy rate until it reaches its equilibrium point, which is much

cooler.
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Figure 4-18: A direct comparison between the air and superheated steam dryer GCC curves.

The energy for the external systems are significantly different, especially below the pinch
temperatures, which means that there is more need for cooling fluid overall in a
superheated steam system than for an air system and with a larger range of temperatures.
This situation may become more significant when the system boundaries are changed, i.e.
removal of the extraneous cooling heat exchangers such as the solids cooler (E-5) and the
condensate cooler (E-3) (from Figure 4-4). Also note the sharp profile at the pinch for both
systems, which may allow the use of a heat pump or a similar change based on an exergy

analysis.

4.5Discussion

There are physical limitations to both dryers that have been taken into consideration, such
as the dew point temperatures for the outlet (saturation conditions). Adding these
limitations to the dryer model and adding an offset between the solids and gas outlet
temperature of 20°C, as described in the mass balance section (Sections 2.9.1 and 3.5), it

becomes clear that the system limitations occur above the 182°C ASIT. This result means
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that there is not enough energy to dry the solids sufficiently below the calculated limit of

1840°C.

In this section, only a MEB over the dryer has been utilised, and as such a drying-rate model
has not been used to confirm the findings of the inversion temperature. Instead a PA has
been used to confirm if the dryer system is related to the energy utilisation within the dryer
itself. The results of the PA confirm that the steam system is indeed less energy intensive,
which results in a better energy recycle potential, as shown in Figure 4-18. This has
implications for the difference in total energy savings and for energy utilisation. Energy
savings will ultimately occur on the heat recovery and recycle sides of this analysis, while
the rate at which the dryer operates is more linked to the size and effectiveness of the dryer

(which are not studied in detail here).

A sensitivity analysis was carried out for the MEB model and PA results, and Figures 4-19, 4-

20 and 4-21 show the results of this analysis.
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Figure 4-19: The temperature profiles of the dryers as a function of inlet gas temperature (21 kg.s* air
flow rate).
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Figure 4-20: The energy profiles of the dryers as a function of the inlet gas temperature (21 kg.s* air flow
rate). Lines are on the left axis unless marked.
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Figure 4-21: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the
inlet gas temperature (21 kg.s™* air flow rate).

The pinch temperatures for each system are also plotted in Figure 4-19, and from this figure
it becomes clear that the dryer is the limiting unit of the PA for the steam system. The pinch
temperature is approximately equal to the dryer outlet temperatures, indicating that the
dryer outlet is the pinch point. However, it is not the pinch point for the air system since
35°C is the pinch temperature for inlet gas temperatures up to 238°C. Above 238°C the

outlet temperature becomes the same as that of the steam system.

Noticeable results from Figure 4-20 are that the direct recoverable energies from both the
air and steam systems are small in comparison with the required energies. The gradient of
the recovered energy for the air dryer is still not as steep as the inlet energy gradient, which
means that more energy is being wasted. On the other hand, looking at the overall energy
recovery profile for the steam system Q. Rec. Tot (steam), this curve closely follows the inlet
energy requirements, meaning that the total recoverable energy for the steam system is

quite high.
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It must also be noted that, since the steam system is primarily a recycle system, the start-up
energy requirements have not been considered, and would become less significant the
longer the system is in continuous operation. Figure 4-20 also has the plot of the moisture
content of the solids at the outlet, which shows a diminishing effect of temperature on the
evaporation of moisture above 184°C. This effect relates to outlet solids moisture
specifications. For example, for a moisture content of 0.05 kg of water per kg of solids, the

steam inlet temperature required is 205°C, while the air system requires 232°C.

Figure 4-21 shows the energy required per unit of evaporated water. It is clear that air
requires more energy in relation to steam as the specified moisture content decreases and
the inlet gas temperature increases. From these plots it appears that the steam system is
less reliant on the inlet temperature being above 184°C than the air system; the air system
wastes more energy for every kg of evaporated water above this temperature. The steam

system also has the same trend, but it is far less severe.

Figure 4-21 also shows that the energy lost for the steam system stays low at higher
temperatures, while the air system loses more energy as the temperature increases. This
effect is also seen in Figures 4-12 and 4-16. Since the steam system includes a recycle where
the excess steam is purged continuously, the pinch energy profile is almost identical to the
heating requirement for the system. Another side effect is that, since all of the feed is
purged at ambient conditions and fed at ambient conditions (in this analysis), all the
evaporated liquid is condensed, and thus the cooling requirements will match the heating

requirements for the superheated-steam system.

This result suggests the inversion temperature is useful for dryer sizing because it is a
kinetics-based estimate of drying. This feature is not sufficient to understand the energy
utilisation within or around the dryers, so it is important that the inversion temperature is
integrated with a MEB to determine any system limitations, which the IT does not take into
consideration. From there a simple PA can be used to further optimise the system in terms
of heat recovery, or the thermodynamic performance of the system. In effect, the combined
approach of the drying kinetic parametric analysis and a system-wide thermodynamic
analysis can give a more balanced assessment of the system than either on its own. The

inversion temperature gives an indication of dryer size by using a kinetics-based evaluation,
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similar to a capital cost (CAPEX) comparison, while the pinch temperature, which
determines recoverable energy by using a thermodynamic method, produces an operational
cost comparison (OPEX), even if other factors are not taken into account, such as capital

costs for other equipment, labour costs, maintenance, and other running costs.

It must also be noted that the air system is more sensitive to inlet gas temperature changes
than the steam system, as shown in Figure 4-20, where the required energy input for the air
system Q in Total (Air) increases significantly with temperature, while the steam system
does not. This result means the steam system is less sensitive to temperature changes for
energy utilisation within the dryer than the air system, yet both are equally sensitive in
terms of the outlet solids moisture content as a function of inlet gas temperature

fluctuations.

Also, for the calculated IT, the flow rates of the humid air and superheated steam systems
were the same. This situation means the comparison would not be complete without
comparing the effect of gas flow on the system. This comparison has been done for the
same values as for the temperature profiles (Figure 4-22, 4-23, and 4-24). The mass flow

rate of air is assumed to be equal to the mass flow rate of steam.
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Figure 4-22: The energy profiles of the dryers as a function of inlet gas flowrate, at an inlet gas
temperature of 182°C. Lines are on the left axis unless marked.
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Figure 4-24: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the
inlet gas flowrate, at an inlet gas temperature of 182°C.

From Figure 4-22, it is evident that the steam system begins to work effectively at a flow
rate above 22 kg.s™! for the calculated inversion temperature of 182°C. Another noticeable
result from Figure 4-22 is where the solids moisture content is plotted as a function of the
energy profiles for the systems. It appears that the steam system and the air system have
similar changes based on the change of flow, with the air system getting marginally better
(lower outlet moisture content) than the steam system as the gas flowrate increases. When
this is compared with the effects of temperature, it is apparent that the gas flow has as
much influence on the two systems as the temperature does, with the flow having a greater

effect than the temperature.

Figure 4-23 shows the effect on the various temperatures for the drying systems. From this
result, it appears that changing the flowrate has a similar effect to increasing the inlet
temperature. The main result that can be seen in this figure is that the pinch temperature
for the air system changes from 35°C to the solids outlet temperature above 37 kg.s* for

the studied system. This is an important result because the energy that is wasted in the air
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system increases above this flow rate and the energy recovery per unit of moisture

evaporated increases.

Figure 4-24 shows that the flow rates of the two systems have very little impact on their
energy recovery profiles. The gradient of all the curves (e.g. energy used per unit of water
evaporated) is steeper for the effect of the inlet air temperature than for the effect of the
gas flow rate. This result means that changing the flow rate of gas (within the plant limits)
may be a better option for saving energy while ensuring that the material is adequately
dried than to consider changing the system temperature. The disadvantage of this,
however, is that for a higher gas flow rate, a larger blower or fan is required, taking more

non-thermal energy to circulate the drying gas within the drying system.

Since the analysis has not studied the rate at which the drying occurs, only the mass and
energy balance around the dryer, no conclusions can be reached from this analysis about
the dryer size, or capital cost, except the indication from the ASIT that the drying rate is
faster for superheated steam than air above 182°C. It must be noted that the ASIT is based
on the drying kinetics within the unhindered period of drying and is not a complete drying
kinetics model, and this point should be considered when using it as a basis for comparing
air and steam drying without other justifications. As with the temperature-based
comparison of steam and air energy usage, it is clear that the air system is more energy
sensitive to changes in inlet gas flowrate than the steam system, as shown by the slopes of

the total energy requirement lines in Figure 4-24.

From the above analysis, steam drying outperforms air drying in many aspects, yet it is still
not widely used in industrial drying processes. This outcome may be due to other factors
involved in the differences between the systems, such as the larger compressor or blower
used for steam recirculation than for the air system, and the potential for solids to be
entrained into the recycle stream, which can damage such devices (blowers, compressors,
injectors, etc.) and higher fouling rates on both the heat-transfer surfaces and within the

dryer for steam drying [59].

4.6Conclusions
The inversion temperature for this system was estimated at 182°C. Since this temperature is

just below the temperature (184°C) where the steam dryer reaches a feasible outlet
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condition (outlet solids temperature above the dew point), superheated steam dryers are
likely to be smaller than air dryers for all feasible drying conditions, while the air system

allows for lower inlet temperatures to be used.

The recoverable (saved) energy from both the air and steam systems is high using PA at the
studied conditions. Pre-heating the feed gas and solids with the dryer outlet gases yields
energy savings of 18% for the air system and 8.4% for the steam systems. The steam system
has an extra 86.6% of recoverable energy from the condensing of excess steam (a total of
91%), which can be integrated throughout the plant. This result shows that this rapid

analysis can identify a sizable energy saving using the two techniques, IT and PA.

Other key results from this analysis are that the steam dryer sets the pinch temperature,
while the air dryer does not set the pinch temperature, but rather the fresh inlet gas
temperature does. This result means that steam drying, when run at 1 atm, works across the
pinch, while the air dryer works above the pinch on its own i.e. the steam dryer is easier to
integrate into other systems. The steam system also has less sensitivity to temperature and
flow changes in terms of energy requirements than the air system. This outcome is due to
the steam circuit being a recycle stream rather than a once-through system which is

commonly used for air drying.

From the above discussions it appears that, as a rapid analysis, IT and PA are
complementary. They provide an engineer with quick assessment tools that compares the
potential fixed and variable costs associated with different drying gases. This method
indicates that the superheated steam dryer has both a faster drying rate (in the unhindered

drying period) and a higher energy recovery potential than the air system.
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Chapter 5 Exergy Analysis of the Dryer
The following chapter is work on the exergy analysis of a dryer with a focus on the factors
with potential use for the specific unit operation, using the same case as Chapter 4, and the

same input and outlet conditions.

5.1Results and Discussion

5.1.1Basic Results from the Dryer

Table 5-1: The raw exergy and enthalpy results, from the two-step calculation assumption.

T(°C) MC (g.g?) Extm Excu EXaiff Ex Hrm H
Dryer 190 Y=0.006 720 - 31.6 751 3,830 3,830
Gin,Tin
*Dryer 68.8 Y=0.006 62.6 - 31.6 94.2 1,200 1,200
Gin, Tour
Dryer 68.8 Y=0.059 69.0 - 390 459 4,020 4,020
Gour,Tour
Dryer 60 X=1 13.6 25,200 594 25,800 249 23,500
Sin,Tin
*Dryer 48.8 X=0.121 6.39 25,200 594 25,800 169 23,500
Sin, Tour
Dryer 48.8 X=0.121 2.26 25,200 71.8 25,200 59.6 23,400
Sout,Tout

*NOTE 1: An intermediate step for both phases within the dryer has been used to determine the
difference between the evaporation/mass transfer and temperature effects within the dryer.

Table 5-3 shows that the magnitude of the chemical exergy associated with the solids is
higher than the other exergies. The change of diffusion exergy associated with the
condensed phases is significant and should not be ignored in this case, as it contributes to
the losses of exergy (in the material flows) to the environment from the process. The
separation of mass transfer and heat transfer has been demonstrated previously in Chapter
3 and further discussion about this situation is given later. Now the factors that give further

insights into the system are presented.

5.1.2Factors
It is important to start with the assumptions (Table 5-2) and the base factors for the
following calculations. For example, Table 5-3 shows the basic factors that may be extracted

from a simple analysis of energy and exergy.
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Table 5-2: Assumptions and simple factors used for the ideal dryer calculation.

Assumption/Factor Value Unit
Ts,y 60 (333.15) C (K)
T ymax = Ty 190 (463.15) | C(K)
Dryer evaporation 1.099 kgw.s™
(myy)
Tav.ip 68.8 (342) C (K)
mAVID_Q 115 kgAV.S_1
AQL’}”@TS 2,385 kl.kgav'@Ts
AEX[yrs 176 kl.kg'@Ts
- _ . OUT N
May = My ;p — Myy
=1.28 — 0.13
=1.15kg.s™ !

Where: ideal conditions refer to the dryer reaching equilibrium at the
outlet, this gives a suitable maximum evaporation rate for the dryer inlet

conditions.

The remaining properties in Table 5-2 are from the mass and energy balance for an ideal
system, with AQyer, and AEx iy, representing the latent heat and exergy of
vaporisation of water at the outlet temperature, the exergy of evaporation is calculated by

subtracting Equation 3-72 from 3-71 to give Equation 5-1.

AEXyars = Ahay — ToAsy = AQxvars — ToASivars

= hsaey (Ts) — hsae . (Ts) — To(Ssatv (Ts) — Ssar..(Ts))

5-1

5.1.3Factor Types

There are several layers of factors that need to be considered, especially since some factors
follow from other ones. An example of this development is the improvement potential (IP),

which uses a previous efficiency factor to determine the ideality of a system. The usefulness

of a factor is related to the level of information used for the calculation of the factor.

The simplest factors are based on ideal systems, mass-transfer estimates or mass and
energy balances (Levels 0 and 1). The next level (Level 2) includes the second law

efficiencies, such as the exergy efficiency factors discussed in the above section (Section
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5.1.2). These factors on their own can be misleading and hard to interpret, especially for

larger and more complex systems. The distinction between the levels can be seen in Table

5-3. This point will now be discussed in more detail.

Table 5-3: Resulting factors for the dryer-solids separator system using the levels described in Table 3-3.

Factor # Parametric Q Based Ex based | Compound | Scale (IP)
Exergy
Level 0 Level 1 Level 2 Level 3 Level 4
1 M,y 0.05
mblN
Mavipg 93%
_INEg 75.4%
™
QGIN
4 1 INE™ 84%
Qntm
5 AQay 68%
Q¢
6 AEx,y 38%
Ex(;m
7 Exoyr 97%
Exy
8 INE™ 10%
ExTl
9 _INE 31%
Expt
10 _INEg -26%
Exg,
11 INE 34%
- Ex;‘[sans
™
12 o™ AE;CM 20%
IN
13 ExLY: 9.7%
ExTl
14 _ EXjos 39%
Expit
15 INESY ¢ 15%
Exgin
16 N1rans 70%
17 Nrask * 38%
18 1P ons 250
19 IPgq sk 722
20 IPoyt 26
“IN_

*NOTE 2: Can be selected from other factors, in this case, Factor 6 is appropriate due to evaporation

being the task.

The more complex that an efficiency factor is, the greater is the importance of defining the

basis. The task efficiency (Level 3) is a way of basing the factor on what is important. An
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example of a suitable task efficiency for the dryer is the evaporation of water, and this basis
has been used as the basis for the task efficiency of the dryer. This factor should be modified
on a thermal basis (per J) rather than a mass-transfer basis (per kg) (for simplicity). This
procedure creates a more compatible and meaningful set of factors, rather than the basic

set of factors, which are the input and output calculations.

The results for the ranges of factors are shown here in Table 5-3. It appears that the
parametric factor (Level 0) is useful only to size the flow system. The energy-based factors
(Level 1) can be more meaningful, mainly in terms of assessing where the energy is being

transferred inside the system.

For example, Factor 5 (AQav/Qe.in) describes how much of the input energy from the gas
stream is utilised through evaporation within the system, which partly explains the potential
technological or task energy efficiency. Another aspect is the effect of the gas-side only
calculations, or ignoring the condensed phase (shown by the difference between Factors 3
and 4). This difference is expanded further when the chemical potential energy is included

on the solids-side (the factor becomes very close to unity).

Simple Factors
Simple factors include all of the Levels 0, 1 and some of the Level 2 factors. Simple factors

that are used to describe a unit operation or system are shown in Table 5-3. Flow ratios
(Level 0) can be useful for design metrics, while energy use ratios and first law energy
efficiency methods (Level 1) are useful to determine energy losses to the environment and
process energy inefficiencies. In order to determine the exergy efficiency, which is a
measure of process irreversibility, the process objective and ideal process become more

important.

The most commonly used exergy efficiency factor is Factor 7, which is known as the basic or
simple exergy efficiency. Factor 7 is the general efficiency factor used to explain losses at a
fundamental level. Ideally, this parameter should be split into factors to explain the loss to
the environment and for internal use, as part of a systems approach. This point has partly
been addressed in the work of Gungor [41] regarding endogenous / exogenous exergy
losses. The advanced method is more about unit operation interactions than a simplified

used/vented approach.
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Due to the over-arching nature of this factor (Factor 7), the chemical potential term tends to
dominate the exergy analysis in systems where the chemical potential term is applicable.
For this unit operation (drying), it is important to note that this factor is close to unity. This
situation means that the majority of exergy fed to the dryer goes to the environment. Since
this factor only assesses the inputs and outputs of the unit operations in the system, it gives
very little information about the system itself. The effects of assuming that this part of the

chemical exergy is insignificant in the process are discussed below.

Factor 13 assesses only the thermo-mechanical (AT, AP) exergy use, which ignores the
chemical potential and environmental chemical equilibrium (diffusion) components of the
exergy calculation. These thermo-mechanical (only) factors can be useful for units that only
undergo temperature and pressure changes (that do not cause phase change or chemical
change), such as heat exchangers without phase change. However, for a dryer, these are
inappropriate due to the way in which the dryer behaves (mass transfer creates a change of

diffusion potential, through phase change).

Another consideration is the importance of carefully selecting a factor set that describes the
system in a descriptive manner. For this consideration, factors that are more complex can
be used to help with the interpretation of the results. The task and transiting efficiencies

have been used here, and these efficiencies are discussed next.

Task and Transiting Efficiencies
Defining the objective, or task, for a unit operation in a system can help to simplify the

interpretation of the results from an exergy analysis. In this case, the task for the dryer is to
evaporate water from the solids, so for the dryer the task efficiency is defined by Factor 6.
The evaporation efficiency of the dryer (Factor 17) is 38%, which is low compared with the
overall efficiency (93%). This case is an example of how some of the simpler factors can be
misleading if used without prior understanding of the task. Factor 6 can be used to improve
the efficiency of the dryer in doing its task, but not necessarily the overall exergy use.
Improving the exergy use for evaporation may make the dryer less efficient overall, or
reduce the effectiveness of the system surrounding the dryer. The task efficiency does not

take these factors into account. This situation means that, in order to improve the dryer,
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improving the task efficiency should not be done on its own, but by determining its effect on

the other units (including utility usage).

The large change in efficiency by just removing the chemical energy of the SMP from the
equation is significant (97% Factor 7 vs. 70% Factor 17). This large change is due to the scale
of the chemical exergy, and that it is entering and leaving the system unchanged. This
situation means that keeping this component of exergy actively in the calculations can be

misleading.

Considering the transiting exergy is more complex than assuming that the chemical exergy is
insignificant, which has been done for the majority of factors. For example, for the solids
feed stream (S-9), the total exergy is 25,800 kW, with 25,200 kW of that being chemical
exergy, leaving 607 kW of non-chemical exergy in the thermo-mechanical exergy and the
diffusion potential. Using the transiting method described above, the exergy value for this
stream becomes 533 kW, because part of the thermal exergy, and part of the diffusion

exergy, is removed from the calculation as well.

The total feed exergy to the dryer changes from 26,500 kW to 1,360 kW by removing the
chemical exergy, then to 1,180 kW of affected exergy (exergy which takes part in the
process, using the true definition of transiting exergy), while the outlet exergy from the

dryer changes from 25,700 kW to 533 kW to 250 kW across the three methods.

What becomes important is that the change does not vary between the three methods (825
kW for all three methods). Any factor that includes the gas feed exergy, feed exergy or
outlet exergy varies significantly with the different methods. One important result is that it
is possible to establish the exergy losses due to the dryer, and the losses due to the product

and by-products leaving the dryer.

Effect of the Evaporator Assumption
The value of INEg (Factor 3) uses the assumption that the dryer can be split into two unit

operations, one being a purely heat-transfer device, and the other being a pure mass-
transfer device, taking only the heat-transfer part (AT) into the calculation. This difference in
the definition leads to a much larger transfer of energy for the gas value (2,600 kW vs.

190 kW). By the definition given for INE in the literature (for an evaporator), it is important

146



to use the gas transfer value, not the overall transfer value [98]. The definition is based on
the Carnot efficiency, which takes into account the temperature-based energy-transfer
potential only. For non-thermal-based systems, the definition reverts to its simpler form, in
that the INE value is the entropy generated in the ideal system (based on the desired task).
For evaporation as an example, this INE value becomes ToASgen.ip, Wwhich may also be

calculated by AHp-AExip [98].

Assuming that the dryer acts as an evaporator alone ignores the exergy changes associated
with the mixing and separation of the streams (mass transfer), leading to only part of the
process being analysed. The assumption implies that the water vapour is generated by
indirect heating, while spray dryers often use direct heating. This assumption is not suitable
for spray dryers in exergy terms, as it assumes that a part of the process includes isothermal

mixing.

Instead of simplifying the dryer, it is important to determine a suitable INE formula for what
the task involves. The definition of the task efficiency is important here. For example, since
the task of the dryer is to evaporate water (the evaporator assumption), it is also changing
the humidity and the solids moisture content. The effect of changing the diffusion potential
in the condensed phase is significant. Given this information, it is possible to define more

than one INE calculation to describe the system [42].

This concept has also been discussed for drying units (Equations 21 and 22 of Liu et a/ [121])
with the focus on the approach temperature of the unit operation being the main inevitable
loss of exergy (in this case 20°C is used). The main issue with the simplification given by Liu
et al [121] is that the paper assessed a scenario whereby it is possible to pair similar heat
profiles, meaning it creates evaporation by using condensation with an indirect heat
exchanger internal to a fluidised bed dryer. The form of drying used by Liu et al is not
suitable to be used for the application of spray drying as the potential to pair these two
process streams internal to a dryer is less likely in practice. The comparison of the method

including the method used by Liu et al is shown below.

1 1
Y Y
INEAAI’;G = (HG.IS’UT - HG.IIIYV)TOO ( - )

Tourip Teun 2-27

=592 kW
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Liu:

Liu:

Liu:

NOTE 3: This negative value is due to the overall outlet temperature being below the solids feed
temperature.

1 1

Y Y

INEjixe = (Hg'byr = He%ur) Too <Tp ~ Tour 1D>
sat.oUT '

=197 kW

AT Y Y 1 1

INEsy = (Hopr — HmIrN)Too( - )
TOUT.ID TG.IN
=594 kW
AV YiN-XIN YourXour 1 1
INEyix = (HOUT — Hoyr )TOO T, - TouT1b
sat .
=195 kW

INEp,yer = INE§) + INERx
=788 kW : 789 kWoyerau : 818 kWip overan

IN EDryer.ID = _TOASDryer.ID
= AExgp — AHg p + AEXsgy1p — AHsgr1p
=845 kW = Exppsip ™
= 825 kW (actual)

INEpr 1p = (mgASs + My AS ) AT in

=-235kW *
AHpy
INEpy ;p = mpy T ATmin
AV
=178 kW

INErr min = INEarp + INEpry 1p
=56 kW

5-2

5-3

5-5

5-6

5-7
[121]

5-8
[121]

5-9

*NOTE 4: Exergy loss and INE are always positive (negative exergy loss is not possible for real systems).

It is important at this point to discuss the various equations presented above. Equation 2-27

represents the gas phase thermal loss due to non-mixing evaporation (or indirect

evaporation). Equation 5-2 is the paired term for Equation 2-27 in that it is the gas phase

exergy loss associated with the mixing and change of gas humidity in the process.
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Equations 5-3 and 5-4 are the same as Equations 2-27 and 5-2, except they take into
account the overall system, not just the gas phase. An important point here is that the
change associated with each aspect of the system (-2,600 kW for evaporation and 2,600 kW
for temperature change) is non-zero, while the overall change will be. Equation 5-6 shows
the calculation of INE using the base definition for the ideal case (while showing the result

of the studied system).

Equation 5-5 is the summation and comparison of the two pathways, including the case
where the dryer reaches equilibrium at the outlet (considered to be the ideal system).
Equations 5-7, 5-8 and the result 5-9, represent the method shown in Liu et al , and these
results are different due to the assumptions regarding only the use of indirect heating (ideal

case), which is not always used for a spray dryer (direct heating).

The assumption that the dryer acts in a similar way to an evaporator (Equation 2-27) only
accounts for part of the inevitable loss, or part of the task. What this situation implies is
that, based on evaporation alone, a dryer is an efficient method of only doing evaporation.
Considering the mass-transfer component changes this situation significantly (15% Factor 15
to 39% Factor 14 inevitable loss), which means that the dryer is more efficient for one part
of the task it is undertaking (solids drying), but less efficient for evaporating water. These
two tasks may seem similar, and for many indirect dryer operations, they would be the
same. Due to the nature of spray drying, however, the loss associated with mixing the
evaporated moisture and the hot gas generates significant losses; these mixing-based losses
demonstrate the importance of efficiency factor selection. The evaporation potential
decreases significantly along the length of the dryer as the moisture content in the solids
increases and the humidity increases, which also reduces the evaporation driving force
within the system. The longer the dryer the lower the evaporation efficiency becomes, even
while the evaporation total increases, this is what is the main implication of saying the dryer
is good at drying the solids (total evaporation), and not as efficient at evaporating water

(evaporation energy).

The difference between the results of the gas side assumption (equilibrium between final
solids and the outlet gas), and the overall calculations (Equations 2-27 and 5-2 vs. Equations

5-3 and 5-4), is less than 5%. This small difference shows that the gas-side assumption is a
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reasonable method to simplify the calculations in this case. This situation may not be the
case for other [non-drying] systems, particularly those that have high chemical exergy that is

used within the system.

The hybrid methods that use the INE factor in an efficiency calculation (Factors 9 to 11) can
lead to some informative results since the INE factor describes the minimum or ideal loss for
a unit operation. This situation allows a maximum efficiency factor (based on the current
conditions) to be determined, and to use this factor to explore optimisation pathways for
this unit operation. For example, the optimal point may change due to the way that INE is

calculated (gas in and out condition assumptions) for the dryer.

Another point to note is the check calculation of INE (Equation 5-6) that resulted in a similar
number to the Exioss.ip. This similarity is an important confirmation of the INE calculation,
where the actual loss of exergy is lower (the ideal dryer assumption is that it reaches
equilibrium). In this case the dryer that reaches equilibrium is less energy efficient than the
tested dryer (ATout=20°C) (20 kW INEoss better off). This situation arises because for the
ideal system more energy is used to evaporate more of the water at a lower efficiency. This
situation also increases the amount of water vapour being discharged thus increasing the
outlet diffusion potential exergy. This result may lead to considering multi-stage drying

options where practical.

Detailed Factor Methods
Since it is possible to determine the inevitable exergy loss (INE), it is also possible to

estimate the maximum possible efficiency. In this case 1-INEjoss/Exin is used (Factor 14),
providing a value of 39%. Comparing this value with the task efficiency (Factor 17: 38%)

leads to a similar result.

Improvement potential is another useful method, because the improvement potential gives
a scale for the inefficiency, not just the percentage value. The IP value uses the task
efficiency to back-calculate the lost exergy due to the inefficiency (Equation 2-6). Having a
scale is important when targeting where the largest losses are, or where the easiest changes
can be made. For this comparison the task efficiency, or the INE efficiency, is useful to target

the largest exergy inefficiencies.
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Sample Calculations for Table 5-3
These factors, and data used to calculate them is shown below in Appendix B.

Evaporation per gas feed flow

Factor 1 May _ Myoyr ~ My _ 12240125 1099 _
me,y me, 21 21 '
Ideal evaporation rate
_ May _ May _ May
o Navip.g MAV b o 26—25 QGZV ~ Qéery,,
HAV@TSIN
_ 1.099 _ 1.099 _ 1.099 — 939
(3831.0 —1053.4) 2777.4 1.178
2357.7 2357.7

Avoidable Exergy Loss Quotient using a modified Carnot equation for the

gas side only
1 1

™ -

INE, _ Qaiy X Too X (TOUT,D TGIN)

Factor 3 - QTM -+ ™
GIN GIN
1—298.15 ( 1 1 >
=1- . X —

341.26 488.15

=1-0.246 =75.4%

Avoidable exergy Loss Quotient on a Thermal basis only

™
Factor 4 B INE _1- 2669.9 x 0.246 _1- 658
Q;ntm 4079.5 4079.5
=1-0.161 = 83.9%
Evaporation to gas energy in ratio (Evaporation Energy Efficiency)
AQay  May X Ahyyar,y,  1.099 X 2353.2
Factor 5 QGIN QGm 3831
_ 25857 _ o
~ 3831 77
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Factor 6

Factor 7

Factor 8

Factor 9

Factor 10

Evaporation to gas energy in ratio (Evaporation Exergy Efficiency)

AExpy  may X (Ahaveryy, — TASaveroyr)

Exg,y Exg,y
1.099 x (2353.2 — 2094.41)
- 751
_ 28 57 0u
751

Simple Exergy Efficiency
Exoyr 25,691

= = 9709
Ex;y 26,516 o
Thermal based avoidable loss ratio
INE™™ | 658 _ oo
ExtM — 7331 77

Avoidable loss ratio excluding chemical based exergy

INE INEST + INESY s
I 2
= _M: 1_£: 32.2%
1358.3 1358.3
Gas side based avoidable loss ratio
INE;
Exg,y
Exg,y
_ Qo x 29815 (5176~ 7815
Exg,,
—1_ 3,831 x 0.246
751
=1- % = —26%
751

NOTE 5-1: The value is negative since the INE term is based purely on
temperature change, and this does not take the evaporation into account
correctly. As a result, the INE value is larger than the exergy input
value. This value was taken as positive in the table.
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Factor 11

Factor 12

Factor 13

Factor 14

Factor 15

Transiting based inevitable loss ratio

INE

- Trans
Exy

=1

784

T e505+5331 |

=1-0.662 =33.7%

Omega Value based on the exergy change of the gas side relative to

energy feed

Simple exergy ratio

713 o0,
~ 7331 7

Non-chemical potential loss factor

1

EXposs
—CH
Ex;y

AEx; + AExgq

©1,183.7

ExjcH
291.8 + 533.1
1,358

The two-step assumption efficiency ratio

) INERT -
ExGIN

=1 638—150/
T 751 07
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Factor 16

Factor 17

Factor 18

Factor 19

Factor 20

Factor 20a

The transiting exergy efficiency
Trans Trans
Ex;n™"™ — Exour
Trans
Exy

Trans
Exour

- Trans
Ex;y

The task-based exergy efficiency
The task is determined by the unit operation, in this case evaporation

AEXAV
ExGIN

Nrask = Factor 6 =
=38%

Improvement Potential on a Transiting basis
(1 _ nz;anS)(ExIT;\?;ans _ Exgz%ns
= (1—70%)(1,184 — 359) = 250 kW
Improvement Potential on a Transiting basis
(1 = I ) (Ex;y — Exoyr)
= (1 —38%)(26,516 — 25,691) = 722 kW

Improvement Potential (simple)

(1 = Nex)(Ex;y — Exoyr)

Exoyr
= (1 - Ex;y ) (Exiy — Exour)
= (1 25’691> (26,516 — 25,691) = 26 kW
B 26,516/ " SN

Improvement Potential (TM)
™ ™ T™
(1 —nex )(Exiy' — Exour

EXSAL;IT
<W (Ex[}' — ExGUr
71.3

= (ﬁ) (733.1-71.3) = 64 kW
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5.1.4The Effect of Inlet Gas Temperature on Efficiency

65% -
60%
)
S~
» 55% v 7
“ 50% é’;
2
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40% ‘ | ‘ ‘ ‘ 0
180 200 220 240 260 280 300
Inlet Gas Temperature (°C)
~-e--INE_Boil/Ex_INATrans o |P_Trans/Ex_IN -+ |P_task/Ex_IN
—-—T out_ S ——X_out —o—T _Sticky

Figure 5-1: The effect of the inlet gas temperature (Tc.n) on selected efficiency factors and outlet
parameters.

Figure 5-1 shows the effect of the inlet gas temperature on several efficiency factors and
outlet parameters. The first one to note is the outlet moisture content, which decreases
with increasing temperature. The two temperatures shown are the outlet solids
temperature (20°C less than the outlet gas temperature) and the sticky-point temperature
(a physical property). The result shows that, at higher temperatures, any benefit to energy
would be negated by the solids fouling the walls of the dryer and downstream equipment

including the separator (this occurs at a gas feed temperature of around 280°C).

A point of interest is just after 185°C, when the solids outlet temperature is 60°C. This point
is important because the dryer acts isothermally (on an external view, not internally), as the
solids appears to not change temperature within the dryer, and this point is the basis of the

two-step calculation method discussed earlier.

The three other factors shown here are important since they have maxima (while all the

other studied factors have a monotonic relationship with the inlet temperature). These
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three are the ratio or inevitable energy loss (INE) to exergy feed (INE/Exin), the ratio of
transiting improvement potential to exergy feed (/Prrans/Exiv) and the task improvement

potential to exergy feed ratio (/Prask/Exin).

The INE/Exiy factor shows that a gas feed temperature between 220°C - 250°C leads to the
highest proportion of inevitable loss to the feed exergy input (there are two losses here: one
to the environment and the other associated with the process). The effect of temperature
changes the INE/Exy factor within a range of 60% - 63% over the range of temperatures
considered here, with the maximum ratio occurring on the high end of typical operational

conditions for this type of dryer (190-230°C inlet gas temperature).

The maximum is preferred in this case as it is suggesting that the loss is significantly related
to the task of the dryer, and this occurs around 220°C. The reason for this is likely connected
with the solids moisture content and outlet solids temperature trade-off. As the outlet
solids temperature increases, energy is wasted heating it, while evaporation decreases as

the inlet temperature increases.

Another factor shown is the ratio of /P (on a transiting basis) to the exergy feed. This factor
indicates that the process has the highest improvement potential at a higher temperature
range (250°C - 280°C) than the INE ratio. The range of the IPr.ans/Exiv ratio within the
potential operating range is from 41% to 46%, which is quite a small range, indicating that
drying in general is inefficient in terms of exergy. While the ratio of INE to exergy feed ratio
gives an indication of how much exergy from the feed is being wasted, the /P to exergy feed
ratio gives an indication of how optimised the process is. The higher the IP, the further from

ideal is the system.

There is a slight difference between the transiting IP and the task /P ratio, with the Taske
ratio showing a similar shape to the INE/Exiy curve. This (Taskip) factor shows a maximum
point even earlier than the other discussed factors. The worst performing temperature
range based on evaporation, which is the task of the dryer, is close to the practical low limit
of operations (185°C - 215°C) with a steady improvement as the outlet moisture ratio
decreases. This maximum is due to the factor being based on the evaporation potential. At
low temperatures, more of the energy will be used in heating the droplets to the

evaporation equilibrium point rather than evaporating the water, meaning the energy is not
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being used for the task. At higher feed temperatures, this becomes a smaller loss

proportionately; the evidence was presented in Chapter 2.

A trade-off on energy/evaporation and energy lost in the solids is evident in these three
factors being discussed. In this case, the aim is for a maximum INE to Exy ratio, and a
minimum /P to Exy ratio. This situation leads to a trade-off between the evaporation task
and the other two factors, leading to an optimal operating point somewhere between

200°C and 220°C (which is typical in industry).

5.1.5Factors Overall Discussion

The exergy-based factors (Level 2) are more numerous than those used for exergy (Level 1).
This situation arises because of the potential to explain more deeply what the exergy is
doing, not just where it is going. Factor 6 is related to Factor 5, comparing the evaporation
with the energy supplied in the gas phase. Factor 6 is used for the task efficiency here

because it explains the system (not just the dryer) in a meaningful manner.

Using a variety of factors to describe a system is important, since there is not really a ‘one-
size-fits-all’ factor that is simple to use. Following the task efficiency path requires critical
thought about what each unit (or the system as a whole) is trying to accomplish, while other
factors determine the closeness to an ideal system. The large range of factor types means
that breaking the factors into these ‘complexity levels’ helps to assess what each factor aims

to achieve and why some factors should be used relative to others.

In summary, the basic procedure to use these factors in a meaningful manner is as follows:
e Consider what each operation is trying to achieve.

e Determine what task is being performed.

e Simplify the exergy calculation to compare with the task only, ignoring what is inert in

the system.

e Determine the meaningful efficiency (task, transiting, TM, evaporation) for each unit

operation (or system/sub-system).

e Target the lowest efficiency areas and determine the scale of the IP.
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e Study ways of improving the targeted area (change of temperature, pressure, utilities).

This process is a simple heuristic approach to using exergy factors to target process
improvements. Other methods (such as graphical ones) exist, such as the Q-H plot [114],
which may make complex process optimisation easier. However, this procedure requires
breaking each type of unit into groups; expanders, for example, require a factor
manipulation to bring the omega value inside the 0-1 range. Another visualisation method

(Grassman diagrams) has been explored in this chapter.

5.2Visualisation Methods

There are several methods to visualise the results of an exergy analysis, the most common
of which is a Grassman diagram. For this unit operation pairing, the diagram is shown in
Figure 5-2. This diagram represents the exergy flows into and out of the dryer (D-1) and

separator (C-1).
From this diagram, the main exergy destruction pathways may be determined for the dryer.

D-1

D-1L
S-09 26,516 088
664 C-1
25,765 1,360 C-1Loss
607 25,881
724 161
S-03
751 S-04
25,881 521-5?95
724

Figure 5-2: Grassman Diagram for Dryer (D-1) and Separator (C-1).

NOTE 5-2: For the solids side (S-09, S-04, S-10) there are two number layers: the top one is the total
exergy, inclusive of the chemical exergy, and the smaller number (bottom) indicating only the thermo-
mechanical exergy. This shows the importance of using a transiting exergy approach.

For more complex systems, the Grassman diagram becomes more useful in helping to
interpret the exergy analysis [37]. In Figure 5-2, there are two numbers associated with each
of the streams that highlight the difference between thermo-mechanical and total exergy.
The significance of the chemical exergy can be seen in the condensed phase streams,
containing the solids. The diagram is drawn with the thermo-mechanical exergy values due

to the scale (when showing 25,900 vs 751, the diagram is meaningless).
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The Grassman diagram shows the potential to separate the efficiency factor clearly, with the
‘waste’ flows showing exergy use and loss for each unit, while the flows into and out of the
system show cost and environmental losses. There is the potential to segregate the
efficiencies in this manner. For example, the waste values are 825 kW, while the loss to the
environment is associated with the gas flue stream (459 kW). This situation means there are
two sources of exergy losses from the system, but the losses from the units (internal) can be
split further into the inevitable loss (INE) and the avoidable loss (AVO), which is a way of
describing ideal process losses. The ideal system loss (ideal or INE) within the dryer chamber
is 662 kW (based on an evaporator assumption presented in Chapter 2 (Two-step calculation
for drying)), which means the avoidable loss is actually only 591 kW (based on evaporation

alone).

Another method of visualising a system in exergy terms is to utilise the omega factor
(mentioned earlier) as a function of enthalpy [39, 98]. Combining this with INE can be
beneficial to illustrate the practical exergy and energy efficiencies. For a single unit

operation, this method is less suitable, but is shown as an illustrative example (Figure 5-3).
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Figure 5-3: The Omega-Enthalpy diagram of the dryer (as a two-step heater, and a mass transfer system).
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For Figure 5-3, the area between the curves represents the loss associated with the driving
force of the system, but does not constitute all of the inevitable losses. The area below
each curve represents the change in exergy. The total change within the system is 825 kWey,
while the shaded area in Figure 5-3 represents 112 kW. This shaded area in Figure 5-3 is an
approximate measure of loss associated with the driving force of the system [39, 98]. The
dark grey curve (offset to the black one) shows only the thermo-mechanical effects for the
system, which shows that the diffusion potential changes are significant for the gas side of
the system, and almost exclusively represent the total exergy changes associated with the
condensed phase. It is possible to split the exergy use value into the avoidable and
inevitable losses to further find an optimum, but that method works better for process

optimisation [39, 98].

5.3Implications and Conclusions

The dryer is inherently inefficient in exergy terms at evaporating the water from the solids.
The losses associated with the task are 38%, while the losses associated with the mass
transfer and heat transfer are 94% (thermo-mechanical IN/OUT) and 30% (transiting)
respectively. This exergy efficiency range is significant considering the overall exergy
efficiency is nearly 100% over the entire exergy spectrum. The IP of 575 kW for the feed of
722 kW shows that the dryer does not appear to be an exergy efficient way of performing
this task, but does not offer an alternative method. The effect of feed temperature for
several key variables shows that, depending on the basis of efficiency, various factors give
significantly different optimal operating points. For this system, the optimum operating
range in terms of the inevitable exergy loss method is between 215°C and 250°C, which is
typical of the conditions currently used in industry [122]. There appears to be no suitable
‘one-size-fits-all’ efficiency factor for an exergy analysis. A variety of factors, which may be
defined as a group, can be used such as the task efficiency (on the task for the unit
operation) and the practical efficiency (based on the task). The INE method is a potential
shortcut technique based on the Carnot efficiency and a first law analysis, but there are
some limitations for processes that are not exclusively thermal, where an entropy balance is
more correct. The INE method still shows potential as a starting basis of comparison
because it shows the scale and the efficiency together, which are both important for

targeting areas of the process to improve, without doing a full exergy analysis.
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Chapter 6 Exergy Analysis of Spray Dryer Systems

This Chapter follows a similar treatment as that presented in the previous chapter, but
applies to larger systems associated with the dryer. This chapter tests a traditional boiler
based system against a Vapour Recompression (VRC) system. This demonstrates the

flexibility of exergy analysis for dealing with non-thermal (VRC) systems.

This is followed by a methods comparison, where a boiler-driven system (Case 1) is
compared with an electrically-driven vapour recompression (VRC) case (Case 2) over a

variety of common factors.

6.1Assumptions
The assumptions for this work are the same as in Section 4.1 and Chapter 5, with the

following additional assumptions covering the other parts of the systems. The minimum

temperature approach for heat exchange has been taken as 20°C for this system, since most

heat is exchanged between two gases. This assumption is reasonable, according to the

literature [61, 69].

e The compressor used in the Case 2 has been assumed to have an adiabatic efficiency of

75%, which is within the typical range for rotary type compressors [123].

e Natural gas fuel has been assumed to be pure methane (CHa) for calculation purposes.

The fuel-to-air ratio used in the boiler system has been assumed to be 1:18 on a mass basis.
This ratio was calculated on the basis of a 7.5% (by mass) excess air requirement —typical of

natural gas systems [124].

The burner used in the boiler system is assumed to have a combustion-to-energy
conversion efficiency of 80% (meaning an extra 20% in fuel requirements has been

calculated for the feed) [124, 125].

The combined dryer and gas solids separator have been assumed to be the base unit around
which the optimisation occurs. These units have been assumed to be fixed and they have

been kept the same between the different case studies.
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e The pressure of the outlet of the compressor was determined based on the temperature

requirements of the gas pre-heater.

6.2Determining a suitable calculation basis

The main factors used to describe the system may be defined on two bases, a total in basis,
or gas side in basis. The difference in the basis may seem significant, but it has been
demonstrated to be insignificant for most calculations [16]. For a full list of methods, refer
to Chapters 3 and 5. There are several efficiency factors used to determine the system (or

unit) efficiency with respect to exergy.

Simple efficiency is defined as the ratio of the outlet exergy to that at the inlet, as shown in
Equation 6-1. This factor may be contrasted with the dryer’s (and thus the system’s) task

efficiency factor given in Equation 6-2.

o = Hoyr and7,, = Exour 5
- -1
¢ Hpy e Ex;y
. Y andn,, = Expy
Q= ex 6-2
HGIN ExGIN

The evaporation values refer to the energy and exergy used (under ideal conditions) to

evaporate the water used within the system (as opposed to the potential to evaporate).

The values associated with the inlet (Hg,, and Exg,, ) refer to the potential energy and
exergy in the gas entering the dryer. These values may be replaced with fuel use when
referring to the system calculations, where fuel refers to the energy added to the system

from external sources (i.e. electricity or the chemical energy from natural gas).

In contrast, the parameters used for Equation 6-1 are associated with the feeds (IN) and
products (OUT) of the system in simple terms. Each of these factors can be further
manipulated to refer to just the thermo-mechanical (TM) flows, transiting factors, or other

factors. These factors were discussed in the previous Chapter (Chapter 5).

The key compound factors refer to the Improvement Potential (IP), the Inevitable loss (INE),

and task efficiency and recoverable energy/exergy factors. The list of useful factors in exergy

162



analysis is significant and can be confusing. The previous chapter discussed several of these

factors in relation to the dryer unit operation. The IP can be defined by Equation 2-6.

IP = (1 — Ngx) (Ex;y — Exoyr) 2-6
Where:

Nex = Exergy efficiency, defined by one of Equations 2-7 to 2-10.

The above efficiency factor takes the entire exergy calculation into account for each unit.
However, this factor may not be useful in determining the true effect of system factors on a
unit. To determine a more appropriate efficiency for these cases, a transiting exergy factor

may be used. The simple transiting calculation is shown in Equations 6-3 and 6-4.

ExXrrans = EX — EXinere 6-3

Trans _ EXrrans.our
Nex = E — 6-4
XTrans.IN

It is important to recognise that part of this calculation is defined by the definition of exergy
(the dead state). If the dead state is not the same as the standard state (typically used in
thermodynamics), the change associated with this unobtainable state is therefore already
removed. Transiting exergy refers to a component that has an insignificant contribution to,

or interaction with the unit operation.

In this work, the INE method is mentioned as a comparison with other factors. This method
has been explored in the previous chapter and is not explored here due to its limited
potential in a system. The INE method uses the Carnot efficiency method to short cut an
exergy analysis for a single unit operation (or system in a limited manner), and gives a
potential exergy loss target. The calculation of an inevitable loss is based on the unit task
and varies with different units. For example, calculating the INE for a compressor is
significantly different to a dryer, and a heat exchanger is different again. Another issue with
the INE method is that it generally excludes non-temperature-based energies using the basic
methodology, and becomes difficult to interpret for more complex systems where a full

exergy analysis is preferred.
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In terms of the INE, the overarching definition is the minimum entropy generation required

to perform the task.

INE = —ToASipmin 6-5

6.3Case Studies

6.3.1Case 0: No heat recovery option

The base case (Case 0) scenario is identical to Case 1, with the difference being the omission
of the economiser (E-1) and boiler system (R-B1, E-B1, E-B2) attached to the dryer system.
This dryer system is used as a common part of the two cases, and allows the definition of a
target. This situation means that this case is an open-cycle system. Since no heat recovery
system is installed in Case 0 it can be used as a basis upon which to justify improvements (in

industry, the current system is typically used).

6.3.2Case 1: Boiler Case

The process shown in Figure 6-1 features humid air (S-01 to S-03) passing through a pre-
heating sequence of exchangers (E-1 and E-2) before entering the dryer (D-1) at 190°C. The
wet solids stream (S-08 to S-09) is pre-heated (E-3) to 60°C before entering the dryer. S-04 is
an intermediate stream between the dryer and solids separation device (C-1), which is a
mixed phase stream of very humid gas and dried solids. In C-1 the solids phase (S-10) and

gas phase (S5-05) are separated and the gas is used to partially preheat the feed gas (E-1).

The boiler plant must run at temperatures over 210°C to preheat the feed gas; this process
requires pressures in excess of 16 Bar. In terms of the utilities streams shown in Figure 6-1
(also shown below), the steam system is linked, in that Uh-3 is the combined flow of Uh-1

and Uh-2, and similarly UD-3 is the combined flow of UD-1 and UD-2.
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Convective Air Dryer with Boiler Plant

Energy Saving Configuration 1 Dryer Base Cas
' und g ‘
S-08 \/Y\
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p 06 uh-2 E-;\L/—>
E S-03
; S-09
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~ E-2 —
E-1 UD-2 — | D-1
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S-B2 510
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¢ S-B6 I( S-B5 Y >
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E-B2 |s.s3 A I Stream List
I\ S-B ' Description
s-B1 )— S-01 Fresh Air Inlet
= X 502 Preheated Air
E-B1 UD-3 S-03 Air Feed to Dryer
9 R-B1 _— ; S-04 Dryer outlet
S-05 Humid Air out
S-06 Exchanged Gas out
S-08 Ambient Solution Feed
. . S-09 Solution Feed to Spray Dryer
Equpment List S-10 Dry Solids Out
Label Description S-B1 Fuel Feed
C-1 Gas Solids Separation Device S-B2 Fresh Air to Burner
D-1 Convective Spray Dryer S-B3 Preheated Air to Burner
E-1 Dryer Economiser S-B4 Burner Outgas
E-2 Steam-Air Preheater S-B5 Spent Burner Exhaust
E-3 Steam-Solution Preheater S-B6 Boiler Exhaust
E-B1 Boiler Tubes UD-1| Solution Preheater Condensate
E-B2 Boiler Economiser UD-2| Dry Air Preheater Condensate
R-B1 Methane Burner uD-3 Boiler Condensate feed
Uh-1 Solution Preheater Steam
Uh-2 Dry Air Preheater Steam
Uh-3 Boiler Steam

Figure 6-1: The steam heated convective air dryer developed in the Pinch Analysis (Case 1).
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6.3.3Case 2: Vapour Recompression Case

The process shown in Figure 6-2 features humid air (S-01 and S-03) entering the pre-heating

heat exchanger (E-1) before entering the dryer (D-1) at 190°C. The wet solids stream (S-08

to S-09) is pre-heated (E-3) to 60°C before entering the dryer. S-04 is an intermediate

stream between the dryer and the solids separation device (C-1), which is a mixed phase

stream of very humid air and dried solids. In C-1, the solid phase (S-10) and gas phase (S-05)

are separated. The gas is fed into a compressor (C-2) to heat the gas to 210°C (S-06) to fully

preheat the feed gas (E-1) and then has its pressure reduced using a valve (C-1) before being

discharged (S-12).

Convective Air Drver with VRC

/—Energy Saving Configuration 2 UEZ ~ /—Dryer Base Caseﬁ
S-08 S-09
S-12 S-07
¢ ><K E-3
V-1
S-01 4 S-03
N
E-1 |so0s
UE-1 -
........................... co — | D-1
S-05
S-04
. M
Pipeline List C-1
Displayed Text Description S-10 >

501 Fresh Air Inlet - J
S-03 Air Feed to Dryer . o
S-04 Dryer outlet Equp ment List
5-05 Humid Air out| | Displayed Text Description
S-06 Pressurised Humid Air C-1 Gas Solids Separation Device
S-07 High Pressure Exhaust C-2 Air Compressor
S-08 Ambient Solution Feed D-1 Convective Spray Dryer
S-09 Solution Feed to Spray Dryer E-1 Dryer Economiser
S-10 Dry Solids Out E-3 Electrical-Solution Preheater
S-12 Exhaust Gas V-1 Let Down Valve
UE-1 Compressor Electricity
UE-2 Solution Preheater Electricity

Figure 6-2: The system in Figure 6-1 with a VRC system installed to replace the boiler system (Case 2).
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6.4Results and Discussion

6.4.1Energy flows

Case 0
Hg, = 3,525 kW Exg, =720 kW

H,Exg, = energy or exergy given to the gas side of the system in total = S-01to S-03
Note: in the case of the TM basis, this is identical given the feed is at 25°C

These Case 0 values provide a basis for comparison with Cases 1 and 2.

Case 1
HIM =362 kW ExIM =0kwW
HINTOt = 27,54‘7 kw ExINTot = 29,74‘5 kW
HITo"s = 3,941 kW ExITo"s = 4,484 kW

Note that these numbers do not balance the energy from the feed. The following outlet
energy numbers refer to losses to the environment in the products and flue streams. The
main difference in the TM result is due to the conversion of fuel (chemical energy) to

thermal energy within the system.

Hbyr = 4,070 kW Exbyr = 26 kW
HOUT.TOL’ = 27,370 kW ExOUT_TOt = 25,763 kW
HOGF™ = 3,774 kw Expyt™® = 503 kW

These results may be compared with the inlet values to illustrate the change within the

system:

AH™ = —-3,709 kW AEx™ = —26 kW
AH = AHT™*S = 177 kW AEx = AExTT"s = 3,982 kW

While the raw numbers (IN and OUT) for transiting values are significantly different to the
total, and the TM values, the overall change within the system is the same as the overall

change. This allows for a better picture of what the system is doing. The change is generally
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used in many efficiency factors, and the context given with the transiting values are

important to analyse improvement opportunities.

If the calculation were repeated only on the gas side of the system, it would be possible to
determine which phase is the most limiting in the system, and which part of the system

requires a greater focus.

AHIM = —3,649 kW AExIM = —23.7 kW

AHg 7or = AHETO™S = 236 kW AExgro = AEx(™™ = 3,462 kW
The reason for checking whether the gas side calculation is close to the actual change (an
important step towards simplification) is that it can lead to less complex calculations and
still provide meaningful results in terms of the optimisation potential for the dryer. In this
instance, the gas side accounts for 98% of the change on an energy basis and 90% on an

exergy basis.

Case 2
HIM = 4,714 kW ExTM = 4,455 kW
HIN.TOL' = 28,014‘ kW ExIN.TOt = 30,238 kw
HTrans = 4,408 kw Ex[rans = 4,977 kW

Note: These numbers do not ‘balance’, and the following outlets refer to losses in the
products and other outlets (i.e. the outlet is not at the same temperature and pressure as

the inlet due to unit inefficiencies on energy losses).

HIM. =1,873kW ExIM. =123 kW
HOUT,Tot = 25;173 kW ExOUT.TOt = 25,4‘74‘ kW
HErans = 1,567 kW ExI7ans = 213 kW

These results may be compared to give the change within the system:

AH™ = 2,842 kW AEx™ = 4,443 kW
AH = AHT"™*"S = 2,842 kW AEx = AExTT"S = 4,763 kW

NOTE 6-1:* The exergy is high since the electrical energy was added to the TM calculation for simplicity.
If the calculation were repeated on just the gas side of the system, it would be possible to

determine which phase is the limiting one in the system:
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AHIM = AHgror = AHE™™ = 2,653 kW AEx{M = 4,196kW
AExG 1oy = AEXE™ = 3,995 kW

Summary
It is important to note that Case 2 has a higher energy (4,408 kW versus 3,941 kW) and

exergy feed (4,977 kW versus 4,484 kW) load than Case 1, meaning that for the same task,
Case 1 has a lower energy and exergy cost. Another important aspect of these results is that
the outlet thermal energy being sent to the environment is significant in both systems and is
higher in Case 1 than Case 2 (3,774 kW versus 1,873 kW energy) and (26 kW versus 12.3 kW
exergy). The overall loss is higher due to the change in composition from the feed
(environmental) air. The difference in the thermal and total loss to the environment is

important and leads to the recovery potential metric discussed below.

6.4.2Evaporation Potential

A metric that can be used to define efficiency is the task efficiency. To determine this
metric, the evaporation potential must be established first. This assessment can be done by
assuming that all the energy spent within a process is used to evaporate water under ideal

conditions.

Comparing the evaporation potential with the actual evaporation from Case 0 can lead to

some meaningful results.

Case 0
Actual (calculated) evaporation values:

m= 118kg.s™ ! n = 0.065 kmol.s™?!

Hyy = 2,591 kW Exny =272 kW
The evaporation potential is a useful calculation for a dryer (and can be translated to the
system), as it relates to the task of the dryer and the linked systems. Using the values for the
evaporation energy and the exergy of water at the constant temperature of the preheated
wet solids stream (S-09) (60°C), it is possible to determine the evaporation potential of
water using the two-step method outlined in the two-step calculation. The values of AHay,
and AExay at 60°C (2,360 kJ/kg and 144 kl/kg, respectively) can be used to determine the

potential to generate evaporate water using the two-step calculation of the dryer outlined
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in [2]. The evaporation potential can then be compared with the actual evaporation

produced by the dryer to obtain the evaporation efficiency.

nAV..act
NAV.HG v = —nAV.pot =79% 66
POLQ
nAV..act
= e— 0,
Nav.ExTM, AV pots 41% 6-7
. X
c o (TIN IN
Where . _ Ny Coe(Tg" —Ts™)
AV.potp — 6-8
¢ AH yy@riv
a2 IN IN TCI;N
And mGINCpG (TG - TS - TO 11’1 (TTS,W))
May potg, = 6-9

AH averiN T ToAS Av@TiN

The evaporation potential efficiency determines the task efficiency of the dryer on both an
energy and exergy basis; these efficiency factors determine one of the optimisation targets

for the system.

Case 1
It is also important to consider the fuel energy (energy added to the system that is not part

of the processing streams, e.g. natural gas and electricity) fed into a system. This is the
energy value of the natural gas or electricity added to run a system, which is generally
higher than what is used to preheat air for a dryer. The results of lost efficiencies within a
system, be it fuel burning or shaft losses, means the total energy and exergy required to

drive a system will naturally be higher than the ideal requirement for just a dryer.

The main losses associated with losses from the fuel to the product are conversion losses.

These losses are associated with an 80% burning loss along with heat transfer effectiveness,
heat loss to the environment and performing other tasks. Heat recovery and pressure-work
recovery are ways of minimising these losses, but can only partially minimise the increase in

fuel use. These increased numbers for Case 1 are:

Hpyer = 3,885 kW EXpyer = 3,959 kW

The evaporation potential associated with these fuel values, given the same conditions for

the dryer stated above, provide the following values:
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1

Nav fuetq = 0.0928 kmol. s~ Nav fuetex = 0.8882 kmol.s™t

It should be noted that the calculated values above, of evaporation potentials, are
determined by the energy available within the fuel-source dedicated to the task of
evaporating water at the solids inlet temperature. These values lead to system-wide

evaporation efficiencies of:

— 0 _ 0
nAV.Hfuel =71% UAV_Exl’l;'gcellns =7.4%

Both efficiencies drop significantly when compared with Case 0 (79% to 71% and 41% to
5%). This result is expected since more energy is needed (in the form of fuel) than the

recovery using the economiser.

The maximum heat recovery potential is around 84% of what is needed to pre-heat the feed
(at the current conditions), considering that the burner in the boiler system is assumed to
be 80% efficient, and that the heat recovery in the system is quite low (20% of maximum

potential), the extra heat losses associated with the system are significant.

Another reason why the fuel-based factors are lower is that the boiler section of the case is
not 100% efficient. Given this information, the resulting amount of fuel energy is higher

than ideally required.

Case 2
It is also important to consider the ‘fuel’ energy fed into the system. This is the energy value

of the natural gas or electricity added to run the system, and is generally higher than what is
used to preheat the drying gas for the dryer. The result of lost efficiencies within a system
means that the total energy and exergy required to drive the system will naturally be higher

than the ideal requirement for just the dryer. These increased numbers for Case 2 are:

Hpyer = 4,408 kW EXfyer = 4,455 kW
The evaporation potential associated with these fuel values, given the same conditions for

the dryer stated above, gives the following figures.

1

Nav. fuero = 0.104 kmol. s~ Nav fuetex = 0.999 kmol.s™!
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It should be noted here that the above calculated values of evaporation potentials apply if
all the energy available within the fuel source were dedicated to the task of evaporating
water at the solids inlet temperature. These evaporation potentials lead to system-wide

evaporation efficiencies of:

— 0, — 0,
nAV.Hfuel = 63% nAV.Ex}:Eglns = 6.5%

Summary
As the required heating in Case 0 is added using utilities (i.e. with no attempt to use heat

recovery), the energy and exergy costs are quite high, and the exergy lost to the
environment is high (due to the extra fuel required for the utilities and warm dryer flue gas).

This situation is useful as a base case for comparison with proposed improvements.

Based on the overall factors, the energy utilisation may be defined as the ratio of the energy
input to the energy added to perform the task. On an item-by-item basis, this definition is
refined to be closer to the task efficiency. On an energy basis, it is appropriate to define this

value as the energy added to the system per kilogram of evaporated water.

Table 6-1: Summary of Energy flows for the base comparison.

Case 0 Case 1l Case 2

HIM = 3,773 kW

HIM = 362 kW HTM = 4,714 kW

H,y = 27,379 kW
Hy,y = 27,547 kW H,y = 28,014 kW

HIrans = 3 774 kW
Hpyer = 3,885 kW Hpyer = 4,408 kW

NOTE 6-2: The He.n term is a close representation of the Hin™ term. The 248 kW difference is
associated with the solid stream (S-09) being above ambient temperature (60°C).

Each of the three cases perform the same amount of evaporation. The H1 term used for
the three cases is difficult to use due to the difference in the nature of the energy sources.
In Case 1, the fuel used in the boiler is counted in the fuel and the total value, but is
chemical in nature and is not counted in the TM energy. In Case 2, electricity is the fuel and
is included in the TM energy. Given this difference, it is important to use a comparable
information set. The Hy,,; values for Cases 1 and 2 are equivalent, and this parameter

shows a much higher energy requirement for Case 2 than for Case 1 (13%).
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Comparing these values with the energy required for the dryer, there is an energy
requirement improvement in Case 2. The higher fuel energy requirement for Case 1 also

indicates a higher rate of energy loss per task.

6.4.3Flue Gas Recovery Potential

The flue gas recovery potential is calculated by:

AHgec = Hg our — HG.OUT@TO 6-10

AExgec = Exgour — EXxg.ourar, 6-11
Case 0

The energy (and exergy) recovery potential is important in defining the system. Based on
the gas side of the dryer, the excess energy is associated with the heat in the increased
temperature of the outlet (compared with the raw air feed temperature of 25°C). In the

case of the dryer:

AHpoe = 2,992 kW AExpe, = 274 kW
AExTM = 69 kW

It is important to note that the exergy-based recovery potentials are different. This
difference is due to the composition change. A significant amount of exergy is lost to the
environment in the form of diffusion losses. What is more important is that a large amount
of the energy potential is associated with the condensation of the water at the reference
temperature (25°C). Since the gas outlet has a dew point of 43.1°C, potential condensation

energy (to a dew point of 25°C) is included.

While the exergy factor considers the composition (and the TM value does not), a driving
force exists with the environment in terms of the water content being close to (or at)
saturation conditions, rather than at dead state conditions. This driving force is considered

to be an unrecoverable loss.
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From this potentially recoverable exergy, only 25% (69 kW of 274 kW) is recoverable as
heat. While using this energy is not practical (reusing heat close to the dead state
temperature is difficult), it provides a target to aim for when applying the same method to

the systems in the other two cases.

Case 1
Other areas of interest are environmental and system losses. For Case 1, the lost energy to

the environment is in the form of flue gas from both the dryer air and boiler system flue gas.
These losses are significant, with the heat loss from the cooled air being used to preheat the

feed gas.

AHg,. = 2,485 kW AEXpe. = 223 kW
AExIM = 18.6 kW

A significant proportion of the lost energy is not associated with thermally-based energies
(only 18.6 kW of the 223 kW). This result means that the majority of the lost energy is
unrecoverable (92%) using simple heat exchange, and is due to the change in the air
composition within the system. Also, if we compare this 18.6 kW to the potential 69 kW
from just the dryer, 27% of the potential energy is not recovered. This result is due to the
limitations given by the approach temperature (AT=20°C) and its effect on heat exchangers

within the system.

Case 2
Other areas of interest are the environmental and system losses. For Case 2, the lost energy

to the environment is in the form of flue gas from dryer air. This loss is significant and more
complex than that of Case 1 due to the use of the valve V-1. Prior to V-1, the gas
temperature is 62°C and contains significant amounts of water vapour, and the pressure is
also significant being at 3.56 Bar. After V-1 the conditions change to ambient pressure and

22.5°C, which is significant in that the outlet temperature is below ambient (25°C).

AHg,. = 2,883 kW AExg,. = 56.9 kW; 2,721 kW (pre valve)
AExEM = 10 kW; 2,516kW (pre valve)
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A significant proportion of the lost energy is not associated with thermally-based energies
(only 10 kW of the 56.9 kW). This result means that the majority of the remaining energy is
unrecoverable (82%) using simple heat exchange. Also, comparing the 10 kW to the
potential 69 kW from Case 0, 85% of the potential energy is not recovered. The main loss for
this system is associated with pressure since an adiabatic valve has been assumed at the
outlet of the system. A pressure recovery expander (turbine) may be installed in a real
system to minimise this loss further at an increased cost. The loss associated with this valve
on exergy terms is 2,664 kW. This valve also has the potential to condense the excess water

vapour, leading to this large energy loss.

6.4.4Solids Heat Recovery Potential

It is important to discuss the loss of energy associated with the product stream (dried solids)
as it is difficult to recover the heat from this part of the system. The solids stream leaves
Case 0 (and subsequently Cases 1 and 2) at 48.8°C which is significantly higher than the
ambient temperature (25°C). This leads to an extra 88 kW of enthalpy which is wasted from
the feed heaters, equating to 7 kW of TM exergy being wasted. The solids may still attempt
to absorb moisture from the environment unless further cooling takes place, and this has
the potential to waste up to 72 kW of diffusion energy (if the solids behave in a
thermodynamically ideal manner). This result is not significant when compared with the

recovery potential of the gas and will not be considered further.
6.4.5Improvement Potential

Case 0
The factors discussed above are simple in interpretation and calculations, with many of

them not requiring exergy to be calculated at all. However, many factors based on exergy in
literature are not as straightforward to interpret. One such method, IP, is another way of
interpreting losses within a system. IP does not provide a target, but it does have the

potential to be used for optimisation through case studies.

IPTesk = 490 kW IPTrens = 542 kW
IP = 598 kW
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The IP shifts the efficiency factor back into the scalar domain by utilising the lost exergy (or
entropy generation) value. This approach is similar to the INE method. However, since this is
determined in the exergy domain, it has the potential to be more informative (since INE is
more of a ‘short-cut’ method). The other benefit of IP over the INE method for systems is
that the definition is applicable on the simple efficiency basis, or task, depending on the
level of information required. The INE factor is only suitable for use on an item-by-item
basis, because the calculation of the inevitable loss is based on the unit task and varies with
different unit operations. For example, calculating the INE for a compressor is significantly
different to the dryer, and a heat exchanger is different again. These differences mean it is
actually more meaningful to assess the system as a whole. INEs for individual unit

operations will be discussed later.

It is important to note that the INE value for the dryer is 669 kW [2], which is the theoretical

minimum exergy loss associated with the ideal process of drying.

Case 1
The evaporation and recovery potentials are useful in explaining how the expanded system

reduces the overall efficiency of the dryer when changing the basis from the dryer-based
factors to fuel-based factors. The effects of including the system (as opposed to on an item
by item basis) on the other factors such as the IP, INE, and other efficiency factors are

significant. These are explored here.

The INE of the system is challenging to define. For example, it may be defined relative to the
sole task of drying (in which case it is the same as that of Case 0), or it may be defined per
plant zone (the boxed areas of the plant diagrams), or defined as a combination of individual
unit operations. The INE method is best defined as the third option (each unit separately
defined) and this is explored in the work of Feng [39, 98].The IP is a useful factor for a

system.

IPTesk = 3,668 kW [pTrans = 3708 kW
IP = 3,711 kW
These results are significantly larger value than that of Case 0, which is due to the increased
complexity of the system, with extra losses associated with the conversion of fuel in the

process (similar to the change in evaporation potential).
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Case 2
For consistency between the cases, the evaporation and recovery potentials that are useful

in explaining how the expanded system reduces the overall efficiency of the dryer are

explored here. The following results for IP were obtained.

[PTask = 4 146 kW [PTTans — 4 559 kW
IP = 4,457 kW

Each of the IP values are significantly larger than that of Case 0, and this is due to the
increased complexity of the system, with extra losses associated with the conversion of fuel

in the process (similar to the change in evaporation potential).

The improvement potential is 20% higher than Case 1 (3,711 kW vs 4,457 kW). This result
means that Case 2 is less effective at the task overall, but at this level it is hard to pinpoint
why (although the valve is the major concern), or what part of Case 1 is the main
contributor. An item-by-item analysis is required for a better understanding, and this is

explored later.
6.4.6Efficiency Factors

Base factors
Many efficiency factors that can be used to describe a system are simple, while others

require interpretation, each giving insight to the process; the simple efficiency factor (for
example) provides an indication of exergy use within a system compared with what is
entering a system. The following factors (with differing calculation bases) are calculated

using Equation 12.

Ex;y — Exour

NEx.simple = Ex;y 12
Table 6-2: Summary of simple efficiency factors.
Case 0 Case 1 Case 2
™ _ ™ _ ™ —
77Ex.simple =90.3% nEx.simple =99.5% T/Ex.simple =99.9%
ng;.cgzrsnple = 65'7% ngzc%?rsnple = 88.8% ng'cirilrsnple = 95'7%
NEx.simple = 3.1% NEx.simple = 23.5% NEx.simple = 15.8%

177



The energy recovery within each system results in an improvement in efficiency. While the
efficiency values are lower overall for Case 2 than for Case 1, the remaining losses occur to
the environment. These results provide a starting point for sensitivity analyses. Case 1 has a
higher overall simple efficiency — implying that it involves a higher exergy use within the
system (i.e. less wasted exergy), but a lower transiting efficiency (i.e. it has a greater loss to

the environment than Case 2).

Task Factors
The previous factors assessed the overall energy and exergy loss within and around a

system. However, systems are designed to perform a task — in this instance, evaporating
water to dry a solid sufficiently. For the task of evaporation, the dryer performs quite poorly

on an exergy basis (and as a result, typically occurs in a relatively compact unit).

Table 6-3: Summary of task factors.

Case 0 Case 1l Case 2
— — 0 — 0
nAV.HGJN - 79% r]AV.Hfuel - 71 A) TIAV'Hfuel = 63 A)
— 0, _ 0 _ 0
NavExEM, = 40.5% Nav exTrops = 7.4% Mav.exlraps = 6.5%

Both systems have reduced task efficiencies, particularly on an exergy basis. The lost
effectiveness is lower in Case 2 — i.e. less exergy loss is associated with the task, so more of
the loss is associated with the rest of the system. However, the target is to meet (or exceed)

the results of Case 0. As such, Case 2 is a better option due to its higher task efficiency.
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6.51tem-by-Item results

6.5.1Case 1
Table 6-4: An item-by-item analysis of Case 1.
Hn | Task | Hras T(f/:‘)k IP AV(%'N Exn | Exour | Task T(f/:)k 1P 'F('D//:)N
E-1 3,714 | Heat | 507.7 | 13.7 |3,206 | 0.00 428 397 19.2 4.5 408.5 | 95.5
E-2 4,580 | Heat | 3,018 | 65.9 | 1,563 41 1,439 | 1,599 | 700.3 | 48.7 | 7386 | 51.3
D-1+4C-1 | 3,774 | Evap | 2,777 | 73.6 | 996 6.6 1,255 | 430 | 7836 | 62.4 | 471.4 | 37.6
E-3 249 | Heat | 2485 | 99.9 | 0.3 8.9 566 535 13.5 2.4 552.8 | 97.6
E-B2 866 | Heat | 315 | 36.4 | 551 0.4 215 196 69.9 326 | 1446 | 674
R-B1 4,256 | Rxn | 3,547 | 83.3 | 709 34.3 4,032 | 2,648 | 3,360 | 83.3 | 672.1 | 16.7
E-B1 5,239 | Heat | 3,270 | 62.4 | 1,970 | 15.3 3,606 | 1,754 | 585 16.4 | 3,022 | 83.8
The key results from Table 6-4 indicate that the dryer economiser (E-1), the dryer (D-1+C-1)
and the boiler heat recovery exchanger (E-B2) have the lowest task efficiencies on an energy
basis. The solids preheater (E-3), the economiser (E-1), and the boiler steam heater (E-B1)
are the worst task performers on an exergy basis. However, looking at the IP for these units,
the large-scale losses are associated with the steam exchanger (E-B1), the dryer gas
preheater (E-2), and the boiler reactor (R-B1). From these results, the focus on improving
the system lies in the boiler package part of the system.
AVO/IN has been calculated based on the energy transfer per unit as defined in the work of
Feng [39, 98] for the AVO (1-INE) value and the value of the transiting exergy feed per unit.
The higher this number, the worse the performance — which means similar results to that of
the IP. The INE/AVO method may present a reasonable short-cut estimate on a unit-by-unit
analysis, but is challenging to define for entire systems.
6.5.2Case 2
Table 6-5: An item-by-item analysis of Case 2.
Hin Task Hrask .I;:)k P AV(OOA)/)IN Exin Exourt Task 1;?/:)'( IP ITQ;\I
E-1 7,042 | Heat | 3,525 | 50.1 | 3,517 0.2 3,793 | 3,595 | 719.5 | 19.0 | 3,073 | 81.0
C-2 7,042 | Comp | 3,328 | 80.0 | 1,575 24.6 4,634 | 3,793 | 3,365 | 80.0 | 927 20.0
D-1+4C-1 | 3,774 | Evap | 2,777 | 73.6 | 996.3 6.6 1,255 | 430 | 783.6 | 62.4 | 471 37.6
E-3 249 Heat | 248.5 | 100.0 0.0 9.6 770 535 13.5 1.8 757 98.2
V-1 3,551 | Expand | 2,048 | 57.6 | 1,507 71.2 2,875 | 211 | 2,664 | 92.7 | 211 7.3
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The key results from Table 6-5 indicate that the valve (V-1), the economiser (E-1), and the
dryer (D-1+C-1) are the worst performers on an energy task basis. The solids pre-heater (E-
3), the economiser (E-1), and the dryer (D-1+C-1) are the worst performers on an exergy
task basis. However, looking at the IP for these units, the large-scale losses are associated
with the economiser (E-1), the dryer (D-1+C-1), and the valve (V-1). From this, the focus on

improving the system lies in improving these three units.

Comparing these results with those of Case 1 indicates a significant improvement on an
item-by-item basis, while the IP for the economiser is significantly higher (3,073 kW) than
the pre-heating train in Case 1 (409 kW). This result has occurred since the outlet of the
economiser on the discharge side has a significantly higher amount of energy that is not

recovered.

The importance of the results associated with the valve (V-1) in Case 2 shows the
importance of pressure based energy recovery, the exergy being lost to the environment
within this unit (or if it is not even installed) is significant, even if the pressure is not as high

as that of the boiler in Case 1.

6.60verall Discussion
It is important to compare these results to provide a context for potential system

improvements that an exergy analysis may yield for a system that includes a dryer.

It is important to note that while the discussion below is focussed on the inlet gas
temperature, the results are very similar with respect to changing the gas flow rate. Adding
the case study for those does not differ substantially from that of Chapter 4. In saying that,
since the variables being studied are energy-based variables, temperature and flow are
heavily involved in that base definition, which does suggest that changing temperature and

flow in an inverse manner (to keep feed energy constant) will yield similar results.

6.6.1Comparison of case studies

The base case outlines the potential recoverable energy for the system to benchmark the
two cases; its task is focused on evaporating water. When assessing the system as a whole,
this (water evaporation) becomes the task for the entire system, thereby allowing different

cases to be analysed and compared.
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An exergy analysis of the system focuses on other factors outside the heat flow and an
energy balance. For example, on an energy basis, a dryer is a reasonable unit of operation
for the task of evaporating water. However, the amount of lost exergy indicates that the

unit uses significant amounts of high quality energy to perform the task.

e Ontheenergy per evaporation basis, Case 1 is superior. While more of the fed energy in
Case 2 is converted directly into the potential to evaporate water in the dryer (on a fuel
basis), much of it is wasted directly to the environment. In comparison, Case 1 has fuel

losses associated with the conversion of fuel to heat.

e On the energy recovery basis, Case 1 is preferred. While the recoverable energy is
higher in Case 2, sizeable amounts of this energy are due to pressure. Both systems
have low outlet temperatures and identical recovery losses associated with the product

being warm.

e |f only base factors are considered, then Case 1 is superior due to its total exergy use
and loss to environment being lower than Case 2. If the pressure-based exergy is

recovered in Case 2, this result is reversed.
e For task factors, Case 1 is preferred, as the task is based on evaporation.

6.7Implications for the system
Two key variables that may potentially be manipulated are the dryer gas inlet temperature
and the dryer gas feed flowrate. The effects of these changes on several efficiency factors

and quality metrics are shown and discussed here.

To have a basis of comparison with the dryer only, the dryer factors are shown in Figure 6-3.
It must be noted that a dryer gas inlet temperature below 170°C results in the dryer not
reaching the isotherm at equilibrium, and the outlet equilibrium temperature is below the
outlet dew point temperature. This result means that there is not enough energy in the feed

gas to fully dry the solids.
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Figure 6-3: Dryer maximum efficiency, outlet moisture content for the dryer against gas feed
temperature.

Figure 6-3 shows the relationship between the effect of changing the inlet gas temperature
on the maximum efficiency of the dryer, the outlet dryer temperature, and the outlet
moisture content. This relationship is important because it gives two system limitations and

a target for efficiency when dealing with the system.

The maximum efficiency is determined by the boiler assumption used for the calculation of
the INE factor, and this calculation may be found in Chapter 4.The outlet gas temperature is
the outlet gas temperature given the offset of 20°C of the outlet gas temperature above the

outlet solids temperature.

The limits given in Figure 6-3 are inlet gas temperatures of 180°C and 250°C. Below 180°C
there is not enough energy in the gas to effectively dry the solids. The upper limit given
(250°C) arises because, at this temperature the outlet gas temperature reaches 100°C
which increases the risk of over drying or oxidation of the powder. A more reasonable limit
would be when the solids reaches 100°C (so given the offset, 265°C is used as the inlet
temperature). Due to these limits, any optima outside of the range (180°C-265°C) should be

considered impractical.

Based on this information, the maximum efficiency (Figure 6-3) is at its lowest at the lowest

point in the range, and steadily increases to the upper limit of the range.
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Figure 6-4: Inlet and Outlet Energy and Exergy flows for Case 1 (Black) and Case 2 (Grey) against feed
gas temperature.

Figure 6-4 shows the energy and exergy profiles of both cases over a range of inlet gas
temperatures. These are generally following the same shape (Carnot curve) with little
difference apart from system 2 being higher in all cases. Figure 6-4 is important as it is the

basis for several factors such as recovery potential and several efficiency factors.
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Figure 6-5: The recovery potentials of the dryer and Case 1 and 2.

The recovery potential is one of the factors described above that has a significant meaning
in that the recovery is the main way to reduce energy and exergy loss. The results of the raw
recovery potential compared with the inlet gas temperature are shown in Figure 6-5. The
recovery potentials of the dryer are the maximum recovery, while those of the two systems
are similar to each other with Case 2 being slightly higher. It is important to note that both
potential recovery curves move away from that of the dryer as the temperature increases.
Above 270°C the boiler system has issues with generating enough energy at a sufficient
temperature to supply the dryer, and the outlet temperature of the dryer is beyond 100°C
(Figure 6-3) meaning this region is not feasible for drying heat sensitive materials such as

skim milk powder.
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Figure 6-6: Recovery potential as an efficiency.
Figure 6-6 shows the results of comparing Figure 6-5 with Figure 6-4. The recovery potential
within the grey area (practical region in the grey box) is an ineffective way of improving

recovery for either case. Due to the nature of Case 2, the cost of a compressor will increase

significantly as the temperature requirements increase, while on the other side, the
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potential to be able to use a turbine to replace the valve increases. Increasing the feed
temperature for Case 1 is undesirable with the alternate side effect of the steam pressure

requirements becoming increasingly higher to achieve the desired temperature.

The exergy recovery percentage is quite low (compared with the energy recovery) but is an
important result, even if it follows the same trend as energy. This result arises because the
majority of the energy within the system is thermal in nature, and the comparison is based

on overall temperature change.
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Figure 6-7: The Improvement Potential as a function of the dryer gas feed temperature.

The high value of IP shown in Figure 6-7 for Case 2 is due to the ‘inefficient’ valve used to
return the flow from the compressor to atmospheric pressure, while the value for Case 1 is
associated primarily with the utility boiler and its discharge temperature increasing (as the

steam temperature increases).
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Figure 6-8: The pressure requirements of both systems as a function of dryer gas feed temperature.

Figure 6-8 shows the pressure requirements of both systems, the minimum pressure in the
accompanying boiler for case 1 that is required to achieve saturated steam to pre-heat the
feed gas, and the outlet pressure for the compressor/blower in case 2. The high pressure in
case 1 is significant due to the increased cost of generating the steam, and increased
material thickness of the heat exchangers and piping, while the small change in the pressure
required for case 2 indicates system flexibility. On the point of the required pressure for
Case 2, the pressure has a maximum around 240°C as expected. Above this temperature the
outlet pressure appears to decrease, and this decrease is due to the dryer outlet

temperature increasing.
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Figure 6-9: The IP and INE/IN as against dryer gas feed temperature.

The Inevitable loss and IP are important results (Figure 6-9) as they both indicate the
utilisation of energy and exergy within the system. It is natural that these factors are
inverted in their results (shape) since IP determines how much energy or exergy is wasted,
while INE looks at the minimum loss associated with the process. The importance is the
direction of the slope for each of these factors (again only looking at the practical range),
and the optimum point based on these factors gives the minimum point. It is worth noting
that while the INE/IN exergy ratio increases for both systems as the dryer gas temperature
increases, the IP/IN Case 1 has only a small change (0.26% gas basis and 0.29% on a fuel
basis). This result indicates that changing the temperature has a negligible effect on the

change in exergy utilisation within the system.
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Figure 6-10: Task efficiency of case 1 and case 2 compared with the dryer.

Figure 6-10 shows that while the task efficiency of the dryer increases (on an energy basis)
the system inverts it so that the task efficiency decreases significantly as the feed
temperature increases. This makes sense when looking at the moisture content curve in
Figure 6-3, in that more energy is used to evaporate less moisture at higher temperatures,

and this decreases efficiency.

On an exergy basis all three cases are consistent in the way that the task efficiency
decreases as the feed gas temperature increases. The best point for the task efficiency is at
the lowest practical temperature, and this result may lead to multi-step drying systems

being preferred.

With these case studies the results agree that the lowest practical gas feed temperature is
the most efficient operating point. On the other hand, other operational factors may be

more important, such as a desired solids moisture content or dryer size.

The overall task efficiency is linked with the solids moisture content; only the shape of the
relationship between the overall task efficiency and solids outlet moisture content should

be considered here - not the scale (as that would be dependent on the system).

188



The temperature-based profiles indicate that a system-wide optimisation is challenging due
to the slightly interactive nature of the system (heat recovery loops). However, most of the
results indicate that an increase in temperature (and gas flow) are undesired on both the

task and recovery potential basis.

The dryer and parts of the supplementary sections of both cases studied here are limiting.
For Case 1, the pre-heating heat exchanger using steam, and the dryer are the worst
performers on an exergy basis, while for Case 2, the dryer and the exhaust valve are the

worst performers.

Optimisation can be targeted to these areas, in terms of the dryer, the minimum inlet gas
temperature to reach the desired output is preferred. This consideration has several effects
on the system supporting the dryer, pushing the boiler and compressor to require less

energy and less wasted energy within the system as a result.

The energy-based task efficiencies are similar for both systems. The similarity also
demonstrates how linked the systems are and that the dryer is the main item in the system.
For larger systems, targeting the key units is important for optimisation. Further, the
enthalpy-based optimisation is strongly linked to the outlet moisture content as can be seen
in Figure 6-10, in contrast to exergy factors, which are linked to system temperatures and

flow.
These results demonstrate the usefulness of several factors:

e Simple efficiency is more suited for an overall analysis when comparing different systems or
to locate potential areas for further optimisation.

e Task efficiencies are useful for itemised parts of a system and determining if the loss is
desired, or wasteful.

e Many of the advanced factors become irrelevant in small systems such as those studied

here.

6.8Conclusions
The evaporation potential for Case 1 is 13% better than Case 2 on a fuel and overall basis.
However, the recovery potential is higher in Case 2 if the valve is replaced by an improved

recovery unit, mainly pressure recovery. The importance of a unit-based approach along
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with an overall systems approach is evident in the results. For example, the valve is by far
the worst performing unit in Case 2 (more than 50% of total system loss), with the
compressor and dryer the next worst performers. The boiler unit(s) are among the worst
exergy performers in Case 1, along with the dryer. The valve in Case 2 can be replace by a
turbine, that change would involve a higher capital cost than a valve but reduce operating

costs.

The solids pre-heater is inefficient in both systems but has a low overall loss and while its
efficiency improvement may be high, the gains are an order of magnitude lower than the

potential improvement of other units.

Basic factors are useful to simplify larger systems and focus attention to a general area, or
to help select process changes. However, in this study using these factors suggest that Case
2 is superior to Case 1, while both cases are improvements on the base case (dryer on its
own). More detailed factors such as task, transiting, and recovery all suggest that Case 1 is

the preferred system.

From the results, it is clear that Case 1 is a better system than Case 2 while there is potential

to improve both systems.

The effect of changing the dryer feed gas temperature are interesting as they suggest that
an increased temperature would be inefficient for either system, and the same can be said

for flow.

In general, Case 1 is superior in most ways to Case 2, unless the higher energy exhaust from
Case 2 can be recovered. As part of a larger system, Case 2 may integrate better than Case

1, and this has not been studied.

These results show the confusing nature of several factors used within the exergy analysis

literature, while helping with the interpretation of results in several ways.
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Chapter 7 A Comparison of Assessment Methods

The following is an extension of the analyses presented in Chapters 5 and 6. The
visualisation of exergy analysis (ExA) is an important requirement to make the analysis more
readable, and presentable in reports. This outcome has been one of the major benefits of a
Pinch Analysis (PA) in the past. This situation leads into a comparison between PA and ExA,

mainly focussing on difficulty level, interpretation and flexibility of each analysis.

Both PA and ExA have limitations and assumptions (outlined in Chapter 2), so these allow
some generalisations and simplifications to be made. These simplifications are not suitable
for all situations to use in an ExA, so some basic understanding of them is important for

them to be used, unlike in PA, which has a set of simple to follow rules.
The following section (7.1) refers to Case 1 in Chapter 6.

7.1Comparing Pinch Analysis and Exergy analysis

To start with, a quick summary of the set-up for Chapter 6 will help set up the rest of this
discussion. Performing a PA on the open system (Case 0) results in Case 1 (Figure 7-1). The
change is the addition of two heat exchangers, one on the dryer air (E-1), and the other on
the boiler air side (E-B2); both are considered economisers, taking flue gas to preheat the
feed gas. Since these exchangers are gas-gas heat exchangers, they have a large surface area
per unit temperature difference; as such the pseudo temperature difference used in the PA

is 20°C, not the typically assumed 10°C [61].

The effect of this change is to reduce the size of the exchanger since it is not necessary to
achieve such a small temperature difference (or efficient; both in costs and materials and
operating costs) [61] section 3.7. The side-effect is the reduction in recovered energy, a
reduced exergy efficiency, and an increase in utilities to further increase the temperature in
terms of the dryer gas feed. There is also the issue of energy (exergy) losses to the
environment — particularly at higher temperatures where a larger heat exchanger will have a

greater exposure to the environment and proportionally higher heat leak [28, 61, 110, 126].

PA gives an effective indication of heat exchanger placement, but it does not indicate how
efficient the placement is. The assumptions and rules governing PA assist in process

integration.
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ExA, on the other hand, analyses effects not normally considered in PA. The extension of the
pressure and chemical-based energy that exergy allows may lead to more flexible
optimisation beyond just heat exchange systems. The example presented here is a
comparison of a compressor and electric heater replacing the energy needed in the

traditional system, represented by Case 1.

Both Case 1 and Case 2 systems used in Chapter 6 have been optimised using PA prior to the
ExA being applied. As discussed in Chapter 6, exergy analysis shows higher exergy flows to
the environment from Case 1 (Boiler) than from Case 2 (VRC), which is information given by
ExA, but generally ignored while performing PA. Considering that exergy is a measure of
available work potential, the boiler-only system is less work efficient than the vapour

recompression system.

An example of the difference between pinch and exergy analysis is the scale of the efficiency
value, which is a product of excluding unworkable energy in an energy analysis. The dryer is
adiabatic and assumed to almost reach gas-solid equilibrium at the outlet, leaving a small
amount of avoidable energy loss on the evaporation basis, and as a result the evaporation

efficiency is over 90%.

This situation is contrasted with the exergy efficiency on the basis of evaporation being as
low as 38% (Factor 6 in Chapter 6), making the dryer the worst performer of any unit within
this system. Exergy changes associated with phase change and the condensed phases are
small — especially at low temperatures when compared with the changes in the gas phase.
As a result, phase changes and condensed phases are considered insignificant in most

applications.

This difference leads to a useful simplification of exergy analysis. The result of this
simplification (gas side assumption) is discussed above in the gas side assumption (section

2.9.3).

The exergy efficiency is quite low for the dryer systems in Chapter 6, while the energy
efficiency is high. This is due to the energy quality consumption and the energy quality

leaving the dryer. Made simpler: the nature of the dryer is inefficient no matter how energy
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efficient the dryer is. Using high grade energy to rapidly change a low-grade energy is

expensive on an exergy basis, even if the energy efficiency is very high.

For example, if the dryer inlet was a low temperature offset feed (80°C gas feed
temperature with recirculation), the dryer’s efficiency could potentially be much higher (not
plausible for spray dryers, but more suitable for fluidised bed/tray systems). The main
inefficiency here is that the mass transfer requires little exergy, while requiring large

amounts of energy.

The definition of exergy leads to this difference in the result. Since the exergy within
material flows is defined as the work potential to bring the material stream to equilibrium
with the environment, some of the exergy in the feed gas is transferred from thermal to
chemical exergy. The mechanism for this situation is that the water will tend towards

saturation in the vapour phase.

Specifically, the reason why evaporation (at lower temperatures) is low, such as in the
drying of sticky, or food type materials, is that the temperature difference is low. Since
entropy is heavily reliant on temperature difference from the base (dead) state, the closer
to that point at which the evaporation occurs, the closer the entropy comes to equal the
energy of evaporation. This situation results in the exergy of evaporation being much lower

and is demonstrated in the equation expansion below.
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Why Exergy is significantly lower than the Enthalpy for evaporation

AExpy  myy X (Ahpyer,, — ToASaver,,)

AHpy myy X Ahyyer,,
Where:
_ Ah’AV@TAV
ASpver,y, = T
AV

Tay and Ty are in Kelvin

Factor 6 %)

AEx,, ™Mav X (AhAV@TAV =T Toy

AHpy myy X Ahyyer,,

Ty
AExay myy X Ahyyer,, (1 - m)
AHpy myy X Ahyyer,,

AEXAV -1 TO
AH,y Tav

As can be seen, the evaporation ratio is more reliant on the

temperature at which the evaporation occurs.

7.2Pinch and Exergy Scope and Limitations

A PA on Case 0 indicates that two heat exchangers (one on the dryer air and one on the
boiler air side) are possible; both are considered economisers, taking flue gas to preheat the
feed gas. Since these exchangers are gas-gas heat exchangers, they have a large surface area
per unit temperature difference; as such, the pseudo temperature difference used in the PA
is 20°C, not the typically assumed 10°C [61]. The effect of this change is to reduce the size
of the exchanger since it is not necessary to achieve such a small temperature difference.
The side-effect is the reduction in recovered energy, a reduced exergy efficiency, and an
increase in utilities to further increase the temperature in terms of the dryer gas feed. There
is also the issue of energy (exergy) losses to the environment — particularly at higher
temperatures where a larger heat exchanger will have a greater exposure to the

environment and proportionally higher heat losses [28, 61, 110, 126].

194



PA gives an effective indication of heat exchanger placement but does not indicate how
efficient the placement is. The assumptions and rules governing PA assist in process

integration.

ExA, on the other hand, analyses effects not normally considered in PA. The extension of the
pressure and chemical-based energy amongst other energy forms means that exergy may
lead to more flexible optimisations beyond just heat exchange systems. The example
presented in Chapter 6 is a comparison of a compressor and electric heater replacing the
steam energy needed in the traditional system, represented by Case 1. Both Case 1 and
Case 2 systems were optimised using PA prior to the discussion presented in Chapter 6. As
discussed previously, exergy analysis shows higher exergy flows to the environment from
Case 1 than Case 2, which is extra information given by ExA. Considering that exergy is a

measure of work, the boiler-only system is less work efficient than Case 2 for this case.

Another example of the difference between PA and ExA is the efficiency of the dryer used in
this chapter. The dryer is adiabatic and assumed to almost reach gas-solid equilibrium at the
outlet, leaving a small amount of avoidable energy loss on the evaporation basis, and as a
result the energy-based evaporation efficiency is over 90%. This efficiency may be
contrasted with the exergy efficiency on the basis of evaporation being as low as 41%,
making the dryer the worst performer of any unit within this system. Exergy changes
associated with phase change and the condensed phases are small — especially at low
temperatures when compared with the changes in the gas phase. As a result, phase changes
and condensed phases are considered insignificant in most applications. The inevitable
exergy loss within the dryer is high due to the dryer being a simultaneous mass and heat

transfer unit operation.

The exergy efficiency is low while the energy efficiency is high due to the energy quality
used and the energy quality leaving the dryer. In simple terms, the nature of the dryer is
exergy inefficient no matter how energy efficient the dryer is. Using high grade energy to
rapidly heat a low-grade energy flow is expensive on an exergy basis, even if the energy

efficiency is very high.

For example, if the dryer was replaced with a low temperature offset feed (80°C gas feed

temperature with recirculation), the dryer’s efficiency would potentially be much higher
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(not plausible for spray dryers, but more suitable for fluidised bed/tray systems). The main
inefficiency here is that the mass transfer requires little exergy, while requiring large

amounts of energy.

The definition of exergy leads to this difference in the result. Since stream exergy is defined
as the work potential to bring the stream to equilibrium with the environment, the exergy
potential in the feed gas is transferred from thermal exergy to chemical exergy. This change
in exergy form occurs by increasing the water fraction to near saturation in the vapour

phase.

7.3Visualisation tools for an exergy analysis

It is difficult to discuss these two methods (PA and ExA) without considering the useful
visualisation tools presented as part of PA, so finding a similar method for ExA is helpful in
making comparisons. There are two commonly used methods, both are useful in their own
way. From these two exergy visualisation tools, finding a similar method of comparing visual
tools for optimisation potentials and targeting can be achieved. Wall and Gong [24] have
assisted in this study by discussing some interesting limitations of PA and describing the
concept of exergy, mainly focussing on threshold problems in PA. Continuing from that, the
visualisation of the system and results in a similar manner to PA is an important step in

making ExA accessible to more engineers.

Visualising the results may assist in the interpretation of the results. Several methods exist,

and a few examples will be demonstrated here.

7.3.1Grassman Diagrams

One convenient way to visualise results in energy and exergy analysis is the use of Grassman
diagrams, or exergy flow sheeting [30, 31, 91, 110, 127]. Figure 7-2 represents the dryer and
separator, which is common to both systems (and effectively represents Case 0, without the

required utilities).

Each of the case study systems has a different exergy profile, as shown in Figures 7-2 (Case

1) and 7-3 (Case 2).
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Figure 7-2: Grassman Diagram for the Dryer (D-1) and the cyclone separator (C-1) in all systems.
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Figure 7-3: The Grassman Diagram for Figure 6-1 (Case 1).

The Grassman diagram of Case 1 (with a combined dryer and solids separator) indicates that
the largest exergy losses may be found in E-B1 (steam generating heat exchanger), R-B1 (gas
burner) and the dryer unit (D-1+C-1), with small losses found in E-2 (gas pre-heater), E-B2

(boiler economiser) and E-3 (solid-side pre-heater).
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Figure 7-4: The Grassman diagram for Figure 6-2 (Case 2).

The main issue with a visual tool such as Grassman diagrams is scale, especially in the case
where the solids chemical potential is taken into account (the number ~25,200 shown in on
S-08, S-09, S-10, and is also shown on unit operations E-3 and D-1+C1). The scale of the
chemical potential is significantly different to the thermo-mechanical exergy, and this is

another reason why using transiting exergy is an important concept.

It is clear that the system in Figure 7-3 is slightly more complex than if E-1 was not used to
pre-heat the dryer feed gas, but the saved energy is significant as 88 kW of extra exergy
would be vented to the atmosphere, without taking into account the saved fuel (5-B1), as a
similar assessment can be drawn from the use of E-B2. Much of the lost exergy is associated
with the utility side of the system, meaning that optimisation should be focused in that area
of the system. This situation arises because the bulk of the energy loading is in the utility
part of the system. Alternatively, the addition of the task efficiency for each unit can help
indicate if the loss is required, or not for each unit. The method for calculating the INE has

been outlined earlier.

Figure 7-4 shows Case 2, with an electrical heater for the solids pre-heater (E-3) and
Compressor to pressurise and heat the off-gas to pre-heat the feed gas (replacing the need
for a boiler). The solid feed pre-heater is small compared with the air loop in this system
(248 kW vs. 4,450 kW), small enough that the boiler used in Case 1 may be switched over to
a resistance (Electric) heater since the amount of power needed in the system would
require an onsite transformer for the compressor (C-2). The key area of loss here is now the

compressor and valve (V-1), with a much smaller loss associated with E-1. V-1 gives a
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significant loss (~53% of total losses) of the exergy in the system, and this is illustrated in

Figure 7-4.

S-07
2,948 kW (Ex)
[~3 bar]
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Figure 7-5: The exergy lost from using a valve to reduce the pressure back to 1 atm in Figure 6-2.

The loss associated with just V-1 is shown in Figure 7-5, and the loss in the valve is 90.4% of
the fed exergy to the valve, which gives a good indication that a turbine would be a good

addition to this system.

7.3.2Energy Level Diagrams

Energy quality may be defined in several ways. In this case study, the values of Q (exergy to
energy ratio) for both natural gas and electricity are the same (unity), natural gas has a
value close to unity (or slightly higher, so it can be assumed to be equal to unity). This
situation means that exergy and energy have the same values for natural gas and electricity.
Since Q is the ratio of exergy to energy, streams that have low energy contents may have
large changes in the Q value if the exergy changes. These changes in the Q can be
misleading in these cases. This factor has been used in the past to plot exergy as a function

of energy for process modification assessment with a degree of success [39, 98].

Table 7-1: Selected boiler flue gas properties for Case 1.

Case 1
Gas flow 14 kgs*
Humidity 172 gw.kgoa™
Exergy content 123 kw
Energy content 499 kW
o 0.247

Table 7-2: Selected dryer flue gas properties for both Case systems.

Case 1 Case 2
Gas flow 22.24 kgt 22.24 kgst
Humidity 59 gw.kgoa™ 59 gw.kgoat
Exergy content 409 kw 243 kW
Energy content 3,512 kW 1,813 kW

199



0.116 \ 0.134 \

Since Q is a ratio (exergy to energy), it needs to be considered along with a scale measure,
such as the flow rate. For example, Table 7-2 indicates that for both Case 1 and Case 2, the
quality factor (Q) associated with the discharge gas is similar (0.116 for Case 1, 0.134 for
Case 2) but the absolute magnitudes of the exergy flows to the environment are much
higher for Case 1 (532 kW-ex; 123 kW from the boiler, 409 kW from the dryer) than Case 2
(243 kW-ex). Considering that the outlet temperature of the flue gas from the economiser
on the dryer is higher for Case 2 than Case 1, the dryer in Case 2 has higher exergy and

enthalpy flows to the environment.

The visualisation of Omega (or energy quality) can be done in a variety of ways, Figures 7-5

to 7-8 show some interpretations of the same results.
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Figure 7-6: Actual values of streams in Case 1. Figure 7-7: Actual values of streams in Case 2.

1 1
09 0.9
038 08
07 o7
<) g
F 06 R-B1 306 \
Sos5 Sos
%04 7 ;“Jb
g E— g 04 /
03 03 =
b m ~ i
0.2 m — & 0.2
@ m 0 I'I|'|
=3 b N - &
01 2 oo m 01 oo <
s i i =
0 0
0 2,000 4,000 6,000 8,000 10,000 12,000 0 2,000 4000 6000 8000 10,000 12,000 14,000

Cumulative Energy Value (kW)

Figure 7-8: Energy Level Diagram (first pass) of
Case 1.
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Figure 7-9: Energy Level Diagram (first pass) of
Case 2.
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Figures 7-5 and 7-6 (case 1 and case 2, respectively) show the stream energy quality values
at the actual energy flows for each transition used in the next two stages of the
visualisation. The boiler system appears to be significantly more compact at this point (an
in-out analysis is suitable at this point. It is also apparent that Case 2 (from Figure 7-7) that
the potential to recover energy is significantly higher within the gas (the steep slope
represents the valve). The disjoined component of the steam cycle in case 1 is due to the
steam that is used to pre-heat the solids being assumed to be at a different pressure and

temperature to that required to pre-heat the dryer feed gas.

Figures 7-7 and 7-8 (case 1 and case 2, respectively) show the unit operation energy level
and energy change (transfer) per unit. This representation is useful as it shows quality
loss/gain per unit operation along with quantity. Steep slopes correspond to significant
losses within the unit operation. R-B1 has been overlapped with E-B1 and E-B2 to show that,
while R-B1 is the general source of energy, the heat transfer is via the two heat exchangers,
while one is transferring energy to steam, the other is pre-heating the gas for R-B1. It is also
important to note that, while E-3 may have a steep slope, and relatively high quality-level, it
is small in comparison to those for other units. The effect of steam condensing is counter
intuitive for energy and exergy since the exergy change given by condensing steam is small

while the change of energy is large (as discussed in the previous chapter).

A further look at energy quality visualisation allows for pairing streams that display each
unit operation as a Rhombus (Figures 7-9 and 7-10) to more clearly show what is causing the

slopes in Figures 7-7 and 7-8. This representation is useful as it shows energy and quality
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flows being paired up, and how significant each of the heat exchangers are. Large boxes
correspond to large losses. It is important to note here, that some of the streams have been
flipped in direction to improve visualisation, and to show pairing correctly. This clarification
is more evident in the steam loop of Figure 7-11 when compared with Figure 7-7. It is
generally preferred that the method used for Figures 7-9 and 7-10 be used for energy level

diagrams, with each unit being shifted under the energy source [39, 40, 75, 114].

It is important to point out that Figure 7-10 shows E-B1 and E-B2 within R-B1, and this
indicates (similar to what is shown in Figure 7-8) that cyclic systems are interlinked heavily.
While in the diagram each unit is shown separately, the loss for a more integrated system
may be smaller than each unit taken in isolation (as calculated here). The reason for this
result is that the cold streams (if taking a pinch perspective) are above the hot streams in
this case, so the quality may appear to be transferred from a cold to a hot stream, even
though the energy is being transferred from hot to cold streams. This behaviour is common
when a high pressure cold system is being heated by a low pressure hot system and can be

confusing at first glance.

Exergy is a measure of energy quality as well as energy quantity. Exergy is not directly
connected to costs and, as a result, indicators and correction factors must be used to bring
the exergy analysis into the cost domain. Several methods have been introduced to achieve

this [31, 108, 128].

7.4Heat loss
Heat loss within the drying system is not accounted for within the model, but it is an
important part of the optimisation process. The heat losses associated with a spray dryer

can be up to 25% of the energy input [28], and are less significant at lower temperatures.

This effect should be taken into consideration when producing a sensitivity analysis on the
energy or exergy saving potential of a real system. A heat loss of 25% can be enough to
mitigate significantly more than 25% (minimum) of the heat recovery potential, since heat
loss lowers the outlet temperature of the dryer, while needing the feed temperature to

increase for the same evaporation rate.
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7.5System Complexity

Case 1 has a boiler system which feeds the two pre-heaters for the dryer. The boiler system
has three energy change units, while the dryer system has two heat exchangers, a dryer,
and a gas-solid separator. Case 1 has an energy recovery heat exchanger on the dryer

system (E-1), and the boiler system (E-B2).

Case 2 replaces the gas side pre-heating with the economiser (E-1) and a compressor (C-2).
Thus, Case 2 replaces E-1 and E-2 with a larger E-1 which is a gas-gas heat exchanger, and
the solids side heat-exchanger in Case 1 with an electrical heating coil. In order for this
change to happen, the boiler system is replaced with a compressor and valve. This change

mans that Case 2 is four units smaller than the boiler driven Case 1.

On top of the extra units, Case 1’s boiler is required to generate high pressure steam (19
Bar) in order to reach the temperature of the feed gas, and the same steam source is used
to pre-heat the liquid feed. The compressor in Case 2 is only required to reach 3 Bar by
comparison. In Case 2 however, there is a pressure release device to reduce the pressure of
the dryer flue gas to 1 atm. This device has a significant exergy loss associated with it, as

demonstrated in Figure 7-5.

The large temperature difference associated with the steam for the solids pre-heater (E-3 in
Case 1) leads to a large exergy loss for that heat exchanger, while the electrical resistance
heater (E-3 in Case 2) can be better insulated but may suffer from other issues such as

localised overheating.

A more detailed approach to analysing system complexity may be required in the future, but
it is hard to justify a more detailed analysis on the two cases presented here. The only
conclusion that can be drawn is that Case 2 has fewer losses internally, while having a larger

loss externally (especially if V-1 is not considered).

7.6Conclusions

There are many methods to visualise exergy flows and efficiencies, while they are not as
simple in approach to those of PA, they are useful to focus on areas of higher loss within the
system. Further work should be done on improving dynamic methods of visualisations for

future optimisation methods.
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The base case was established in Chapter 5 to help outline the potential recoverable energy
for the systems studied in Chapter 6, this was done to create a benchmark for the two
cases. It is important to note that the task was defined as evaporating water within the
dryer unit. When assessing the system as a whole, the task is still based on the unit of focus
(dryer) for the entire system, thereby allowing the factors to be compared as was

completed in Chapter 6.

An exergy analysis of the system focuses on other factors outside the heat flow and an
energy balance. For example, on an energy basis, a dryer is a reasonable unit operation for
the task of evaporating water. However, the amount of lost exergy implies the unit uses

significant amounts of high quality energy to perform the task.
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Chapter 8 Time and Cost Analysis for the Systems Methods

The interpretation of results from exergy analysis are far from straightforward. This chapter
goes through a basic cost comparison to demonstrate that combining methods may yield
results that are more straightforward. Performing a costing on a system change, which may
be decided based on an exergy analysis may have positive of negative effects on the capital
or operating costs of the system. This chapter is a costing of the systems described

throughout this thesis (specifically Chapters 4, and 6).

A discussion on the time to complete each method is presented in a conceptual manner is
also presented in this chapter, with a focus on what parts of the analysis take the longest in

my experience preparing the previous chapters.

8.1Costing Basis and Assumptions
In the interest of dating this analysis correctly, at the time of the analysis there exists no
carbon trading or pricing regime for either government or private sector initiation on the

east coast of Australia, meaning that a carbon price could not be adjusted.

One factor that removes many of the benefits of electricity over locally burnt gas (for boiler
systems) is that for the whole nation of Australia (at the time of the analysis) was made up
of 60% coal and 15% natural gas power, with only 17% of power from renewable sources,
the remainder from liquid fuel (diesel) generators (83% fossil fuel usage for power) [129-

131].

8.2Case 1

8.2.1System Costing

It is important to compare the systems on a cost basis; exergy efficiency improvements
must be reasonable and significant on a cost basis to make changes to real systems. This
procedure also allows for a comparison of cost methods for energy reduction without going
into the complex exergo-economic analysis methods [29, 31, 42, 108, 132]. It should be
noted that the methods used to generate an exergo-economic analysis are not
straightforward. A full understanding of the basic exergy and exergy methods is essential
before using more integrated and advanced tools. The interpretation of the results is the

key challenge in exergy analysis, and adding an integrated cost method only adds to the
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challenge. For this case, a stand-alone simple cost analysis has been completed to support

the exergy analysis results.

The preliminary capital costing (Capex) was sourced from Matche [133], and a commonly
used book for design cost estimates [134]. These cost estimates have been corrected to
2019 prices using the (Chemical Engineering Plant Cost Index) CEPCI metric [135, 136]. The

results may be seen in Table 8-1, and more detailed tables may be found in Appendix 8B.

Table 8-1: Capex estimates for Case 1.

HX's $130,000
Boiler $250,000
Blower $630,000
Total $1,0110,000

The cost estimate includes two finned-tube heat exchangers with one rated at 1 Bar with a
500 m? transfer area (E-1) and the other rated at 20 Bar with a 112 m? transfer area (E-2).
The boiler heat exchanger was not costed independently, as it was considered to be part of
the boiler package. The boiler section was costed as a package including the burner, the
boiler (primary heat exchanger), and an economiser rated at 20 Bar with no superheater
system. The blower for the Case 1 has been costed based on a power requirement of 1,520
kW (22 m3.s'! with a maximum pressure increase of 0.6 Bar), the blower is not shown in

Figure 6-1.

In terms of the operating expenditure (Opex), there are a few simplifying points to make the
comparison less confusing. Limiting the operating cost assessment to just the energy supply

cost is enough to compare important aspects of both systems.

Natural gas costs of 85.8 c/day plus 2.76 c¢/MJ(gas) (9.93 c/kWh) [137] mean that 3,810 kW
costs $9,100/day for the boiler in Case 1, and the blower electricity costs are substantial, at
$13,000/day (1,770 kW at 33 c/kWh plus 177 c/day). The estimated operating costs are
likely to be higher than a real plant of this scale [138, 139], since the cost estimates have
been based on the small business standing offer with Australian Gas Light company (AGL)
[137, 140]. These offers apply for users using less than 20 MWh/annum of electricity

(54.8 kWh/day, the blower requires 36,500 kWh/day), and less than 1.4 TJ/year of natural
gas (3.81 MWh/day, the boiler requires 91.44 MWh/day).
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Although the operating costs for other considerations have not been added, it is important
to note that a moderate pressure boiler (such as the one required for this system) has a

significant maintenance cost.

8.2.2Carbon Dioxide Production
Another important part of costing, particularly on an environmental point of view, is carbon

accounting.

For Case 1, the amount of CO; that is produced is calculated directly from the on-site boiler,

and indirectly from the electricity used for the blower and pumps.
The CO; emissions have been calculated based on the following data and assumptions:

e Theinstalled power production in the state of NSW, Australia was recorded as 17.4 GW with

an average emission rate of 83 MT CO,-e/year [129-131] for 2018.

e The energy requirement for the blower and pump for Case 1 was estimated to be 1.5 MW

(22.03 m3/s, 0.7 bar AP).

e The boiler was assumed to be 80% efficient, so this changes the amount of natural gas burnt

to produce the required energy (0.093 kgcha/s).

This results in 0.256 kg.s™ produced from the boiler and 0.214 kg.s* produced off site from
the electrical requirements of the blower on the dryer. This situation gives a total of

0.47 kg.s! of COz produced by Case 1.

8.3Case 2

8.3.1System Costing
The preliminary capital costing was sourced from Matche [133], and a common text for
design cost estimates [134] and corrected to 2018 prices using the CECPI metric. The results

may be seen in Table 8-2.

Table 8-2: Capex estimates for Case 2.
HX’s $250,000
Electric Heater $24,000
Compressor $1,400,000
Total $1,674,000
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The cost estimate includes one finned tube heat exchanger with a 3,890 m? surface area
rated at 3 Bar. This area is likely to be oversized since condensation occurs under the
studied conditions, while it was assumed to be purely gas-gas in the calculation here.
However, a more detailed estimate is unnecessary since the cost of the heat exchanger is
over six times smaller than that of the compressor. The electric heater was costed based on
a power requirement of 250 kW (The power requirement of this electric heater may seem
excessive but is small in context, since the compressor in this system will require a
transformer as it requires 3.3 MW, adding 250 kW would not be difficult at that stage).
Considering that the cost of the heating element is an order of magnitude lower than that of

the boiler package ($24,000 vs $250,000) it is unlikely to be a significant difference.

In terms of the operating expenditure, the energy supply cost is enough to compare both
systems. Electricity costs of 11.3 ¢/kWh(e) plus 177 c¢/day [140] mean that 3,810 kW costs
$26,720 /day for Case 2.

Since none of the equipment is rated at a high pressure (4 Bar maximum), the maintenance
costs are likely to be significantly cheaper than in Case 1. Replacing the valve (V-01) with an
energy recovery turbine would increase the capital cost and reduce the operating costs, but

this replacement option has not been costed for this case.

8.3.2Carbon Dioxide Production
Another important part of costing, particularly on an environmental point of view, is carbon

accounting.

For Case 2 all the countable CO; production is from the indirect source due to the high

amount of electricity used for the compressor and pumps.
The CO; emissions have been calculated based on the following data and assumptions:

e The installed power production in the state of NSW, Australia was recorded as 17.4 GW

with an average emission rate of 83 MT CO;-e/year [138, 139, 141] [129-131] for 2018.

e Theenergyrequirement for the blower in Case 2 was estimated to be 3.4 MW (22.03 m3/s,

2.7 bar AP).

e The energy requirement for the thermal heater in Case 2 was estimated at 250 kW.
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This situation results in 0.513 kg.s™ produced off site from the electrical requirements of the

compressor.

This amount is almost 20% higher than that of Case 1, and this may decrease as the amount

of fossil fuel-based power generation in Australia is reduced in the future [138, 139, 141].

8.4Discussion of Costing

While assessing just the energy and exergy effects of each system it is also important to
keep thinking about the likelihood of implementing changes, and the fastest way to do this
assessment is to consider the costing of systems and any changes that are to be made on a
cost basis. Focussing on the operating and capital costs of the systems discussed in this
chapter, the boiler only system (Case 1) is superior in terms of both capital and operating
cost factors. Moving the costing into the carbon scale is highly dependent on the source of
the local electricity generation. In the case of Australia, the power generation consists of a
significant percentage of coal power stations, and this means that the carbon cost of
electricity is quite high, even when compared to a locally installed gas boiler unit. In areas
where power is generated from lower carbon sources, Case 2 would become significantly

more attractive for investment.

Table 8-3: Cost summary of the two case studies in Chapter 6.

Case 1 Case 2
Capital (AUS) $1,010,000 | $1,674,000
Operating (AUS/day) $22,005 $26,714
Carbon Emissions (T CO2-e/day) 40.61 44.34

The consideration of non-thermal optimisation does enable alternative methods to be
assessed for process changes. This combination of energy, exergy and costing has the
potential to be significantly better for process optimisation, the environment and process

costings than just thermal optimisation.

A comparison to a case 0 system with no energy recovery is not necessary, as that system
would consist of each heating and cooling application having its own utility heat exchanger.
This option, while impractical, would allow for smaller heat exchangers with better utility
matching options than the pinched system. It would also have one (or two) fewer heat

exchangers, bringing the CAPEX down, but the OPEX would be about 20-30% higher (to
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account for no energy recovery), but this may be partially offset on the cooling side by

discharging the exhaust directly to the atmosphere (at around 60°C). Pinch analysis is

generally enough to justify not considering this option.

8.5How Costing Compares with Pinch and Exergy

Units Dryer Dryer with | Superheated Boiler-Air Air Vapour
Only no Steam System Recompression
heat System” System
recovery
Unit Operation Count 2 4 dryer 3 dryer 5 dryer 5+ let down valve
+2 boiler +3 boiler +3 boiler loop | or paired turbine
loop loop
Energy Required kw 4,079 5,298 2,842 4,121 4,714
Exergy Required kw 765 5,051 860 3,867 4,486
Energy Discharged kw 4,005 5,027 2,784 3,045 1,734
Exergy Discharged kw 457 724 608 521 233
PA Energy Saving kW - - 2,473"% 1,177 584
ExA Energy Saving kW - - 4,191*% 1,184 565
Discharge Reduction** kw - - 1,221 957 2,286
Capital Cost AUS $988,000 $1,010,000 $1,674,000
Operating Cost AUS/d $21,550 $22,010 $26,720
Carbon Emissions T CO»- 38.58 40.61 44.34
e/d

NOTE 8-1": The value for energy and exergy required is based on fuel values determined in Chapter 6.
Values for discharged is gas side exhaust only (including boiler system where appropriate). Saving is
when compared to dryer with no heat recovery. Full details of the costing are in Appendix B to Chapter

8

NOTE 8-2**: Compared to dryer only, improvements from no recovery options are inflated. VRC system

inclusive of valve V-1 (reduction excluding valve is 178 kW)

NOTE 8-3*: Steam recirculation system and higher outlet temperature give the large saving, heat
recovery only exists to preheat the solution phase, natural gas boiler and recirculation blower used.

The steam system was costed with the basis to be the same as that of the boiler-air system

but with the boiler replaced with a superheating boiler running at a lower pressure. The cost

savings compare closely with the results of chapter 4 in that the superheated steam system

has significantly higher heat recovery potential, due to its higher outlet temperature, and

recirculation of steam. Other issues exist with the superheated steam system, which are

discussed in that chapter. The operating costs are lower than the boiler-air system since not

as much steam needs to be raised to heat the gas side of the dryer. The capital cost is lower,

again due to the boiler not needing to be as large.

The cost of the VRC system in Chapter 6 is around 67% higher than the boiler driven system

for the equivalent task, and also has an operating cost and carbon emission penalty of 21%

under the current power generation case in Australia. In the future, this is likely to change,
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even to the point of reversal, as power is gradually migrated to lower and zero carbon

production sources.

On an exergy basis, the discharge exergy is significant in all systems, and only the VRC
system (with valve) has a lower environmental discharge. However, all systems are
improvements on the base case. The more expensive systems on a capital basis appear in
this case to have a higher energy and exergy requirement, and since this is for the same

task, they have a lower effectiveness ratio.

The results of a preliminary costing tend to compare closely with the results of PA and ExA,
which is expected, since reducing energy and energy quality requirements will reduce
operating costs considerably. Capital costs on the other hand tend to be linked more to the
number of unit operations, and the scales of each operation. The gas-gas heat exchangers in
the air system are significant in their scale and cost within those systems, and the steam
recirculation heat exchanger has the potential to save significant costs (as demonstrated),
due to the differences in properties of superheated steam and air under the same

temperature and pressure.

8.6Costing Summary

The results of the PA and ExA rankings are also aligned with the results of a preliminary
costing analysis. While a boiler driven air dryer system has a lower thermal cost overall, it
has a high environmental loss ratio, since the loss to the environment is at lower
temperatures (low quality), it has a low recovery use and further recovery would result in

higher costs.

The VRC system has a high electricity cost, low thermal cost, and a loss to the environment
which is significant in either configuration (valve or not), however, part of this may be
negated with the replacement of the valve (V-1) with a pressure recovery turbine to help
drive the compression unit. The environmental losses without this unit have a high
temperature and pressure (which has a high recovery potential), and this is an important

optimisation point for that system.

The costs for the superheated-steam recirculation system are slightly lower than the cost of

the boiler driven air system, and adding a VRC to the exhaust steam of this system may yield
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improved results again. However, the cost for a system with a higher mechanically driven
heat cycle is significant when compared with a chemically driven (combustion boiler) in the

case of the other two systems being studied.

A preliminary costing of both systems is also informative for revealing that Case 2 is costlier

both initially and to run with the utilities as costed.

Due to the difference in utility types (natural gas vs electricity), a carbon accounting was
completed (with natural gas being an onsite emission, while electricity being an offsite one).
The results of 0.470 kg.s™ for Case 1 and 0.478 kg.s* for Case 2 mean that based on current
power generation in NSW, Case 1 is less environmentally damaging than Case 2, but this
result is dependent on the mix of power generation within the area, and would be different

in countries with a lower percentage of coal and gas power generation.

8.7Discussion of the time to complete each method
The methods for each method are outlined in Chapter 2 of this study. The time to complete

each method relies on several aspects, the first being data collection.

8.7.1Data Collection

Table 8-4: Required information summary table

Information types Mass Inversion Energy Pinch Exergy Costing
Balance Temperature Balance | Analysis Analysis
Flows/mass Yes Yes Yes Yes Yes Yes
System model Partial No Yes Partial Yes Yes
Temperatures No Yes Yes Yes Yes No
Heat Capacity No Yes Yes Yes Yes No
Heat of Evaporation No Yes Yes Yes Yes No
Pressures No Yes Yes No Yes Yes
Chemical Potentials No No Yesh No Yes No
Potential energy No No No No Yes* No
Dead State/Standard No No No No* Yes No
Conditions

NOTE 8-4”: In the case of reactions, can be ignored otherwise.

NOTE 8-5%: In most cases, this can be ignored, but systems with significant height changes can lead to
energy recovery from potential energy. Kinetic energy can be gained from flow profiles and pipe sizing.
NOTE 8-6*: While no, it is useful to separate sub-ambient systems from above ambient systems when
performing PA.

Table 8-4 shows the increased level of information as the complexity increases. While most
of the information is readily available for each of these information types, flows,
temperatures and potential energies are process specific, heat capacities, evaporation
energy and chemical potential are material specific and dead state properties are

environmental specific (contains chemical equilibrium conditions). None of the information
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is challenging to gather, and assumptions (stated in Chapter 2), help to simplify and reduce

the time taken at this stage of each of the analysis methods.

The definition of the dead state for exergy analysis can be tricky when dealing with
materials that can decompose to the environment, especially if they contain compounds not
found in significant proportions. However, aqueous phase chemical potential (condensed
phase equilibrium with the environment) has a low impact on exergy values; unless the
guantity is extreme or harmful to the environment, this is generally considered insignificant

enough to ignore.

In all, most of the methods require an idea of what the system is, so a basic system model is
required for most of these to be completed. A mass and energy balance are generally

completed around the same time, so no extra information is realistically required.

Costing unit operations is more reliant on having a model built and basic information handy.
A costing of chemical plants can be rapid (based on scaling existing plants cost information),
to a more detailed unit-by-unit costing, including those for heat exchangers, reactors, dryers

and filters.

8.7.2Modelling/Simulation
The modelling and simulation of systems is a time-consuming aspect of any system design.
Inversion temperature requires minimal modelling as it is just a comparison of simple

kinetics data.

A PA model is relatively easy to put together both graphically and using basic spreadsheets
or by hand and only requires thermal data. Minor data manipulation and analysis is required
to start with to prepare the cascading energy tables for PA, but that is simple and not time-

consuming.

Preparing a model for an ExA is time-consuming due to the complex set of assumptions and
simplifications employed for each unit operation, specifically with regards to chemical
potential utilisation unit operations and the interactivity of temperature and pressure. This
is quite a long process if using spreadsheets. This step is not as straightforward as the
previous two methods as the change of results in case studies are seldom linear in nature.

With the addition of exergy in some process software (natively or by coded addons), this can
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be simplified significantly (care must still be taken at the next stage if relying on this data

though).

The results of the ExA should also be tuned to a set of factors (outlined in Chapters 5 and 6)
for interpretation. Deciding which factors are suitable for the system being studied is

important for the next stage.

For a preliminary costing to be completed, a basic sizing of each unit operation is required,
this requires a little bit of work. The main thing to understand is that the cost of a system is
unlikely to be a smooth curve as parts of the model change, especially if buying

prefabricated units.

8.7.3Interpretation of results

Most of the analysis methods provided here yield little flexibility with respect to the results,
a mass balance either balances or not, an IT gives a single temperature, an energy balance
either balances or not, PA gives a temperature and minimum thermal utility requirements,
and costing gives an estimate of capital and operating costs. On the other hand, ExA
depends heavily on which factors were chosen at the previous step. Some factors should be
maximised, some minimised, each factor explains different aspects of energy utilisation
within the system. The primary initial focus should be to target areas and specific unit
operations for closer inspection and optimisation, followed by investigating what
implications those changes have on the extended system. It is this last part that means a

flexible and detailed model for the system is required, more-so than for PA.

8.7.4Finalising Optimisations
This step of the optimisation hierarchy is more about determining if the change is worth

making (to an existing plant, this is harder to justify generally).

For PA, deciding on which heat exchangers to implement, and which ones to exclude from a
final system come down to costing, or more specifically, energy saved per transfer area. If a
heat exchanger saves a small amount of energy but is quite large (an example is a gas-gas
heat exchanger that reduces heating utilities by less than 2% for that line), it is not worth

implementing.
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For ExA, determining if a change is worth integrating (mechanical equipment such as heat-
pumps, vapour recompression, turbine/compressor pairing) is similar in the way that PA’s
decision tree works, if it takes up a large area and budget for a small gain, then it is not

worth adding.

It is just as easy to justify adding (or not) a heat exchanger or mechanical device by looking
at a basic costing than to determine suitability based on raw recovery potential using PA and
ExA, the main reason for this is that the equipment is required to be sized, at least on a basic

level, even for a preliminary costing.

8.7.5Summary of time usage in each method

Table 8-5: Time taken per analysis summary table.

Time per stage Inversion Mass Costing Pinch Energy Exergy
Temperature Balance Analysis Balance Analysis

Data Collection Short Short Short Short Short- Short-
Moderate | Moderate
Modelling/Simulation Rapid Short- Moderate Short Moderate | Intensive

Moderate

Interpretation Short Short Short Short Short Intensive
Optimisations N/A N/A Short Rapid Short Moderate
Overall Rapid Short Short Short Moderate | Intensive

Table 8-5 gives an approximate summary of the above discussed stages for each analysis
method, maintaining that due to the available complexity of optimisation pathways
available in ExA over the other methods, the modelling aspect of that analysis is quite time
consuming. The difficulty in interpreting the results of an exergy analysis is outlined in

Chapters 5 and 6.

As Exergy becomes more required, its addition into more sophisticated modelling programs
and as methods and the broader understanding in practitioners improves, the less intensive

on time use the method is likely to become.
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Chapter 9 Concluding remarks

There are multiple levels of analysis for a simple drying system in this work. To understand
the complexity and simplicity of each analysis, the scope and methods were defined and
briefly explained in Chapters 1 to 3. Each of the tools used here have been demonstrated

with the use of case studies to highlight the benefits of each analysis.

The Inversion Temperature for the system(s) in Chapter 4 was estimated at 182°C. Since this
is just below the temperature (184°C) where the steam dryer reaches a feasible outlet
condition (outlet solids temperature above the dew point), superheated steam dryers are
likely to be smaller than air dryers for all feasible drying conditions, while the air system

allows for lower inlet temperatures to be used.

For evaporative systems, such as dryers, the use of an Inversion Temperature can assist in
drying gas selection when designing a drying system. Pinch Analysis excels at minimising
wasted heat from the process, with the caveat that work has already been done to insulate
the process from heat losses via equipment to the environment. Exergy Analysis has the

potential to be a far more powerful optimisation tool than those currently used in industry.

The recoverable (saved) energy from both the air and steam systems is high using PA at the
studied conditions. Pre-heating the feed gas and solids with the dryer outlet gases yields
energy savings of 18% for the air system and 8.4% for the steam systems. The steam system
has an extra 86.6% of recoverable energy from the condensing of excess steam (a total of
91%), which can be integrated throughout an extended system. This result shows that this

rapid analysis can identify a sizable energy saving using the two techniques —IT and PA.

Other key results from Chapter 4 are that the steam dryer sets the pinch temperature, while
the air dryer does not set the pinch temperature but rather the fresh inlet gas temperature
does this task. This result means that steam drying, when run at 1 atm, works across the
Pinch, while the air dryer works above the pinch on its own, i.e. the steam dryer is easier to
integrate into other systems. The steam system also has less sensitivity to temperature and
flow changes in terms of energy requirements than the air system. This outcome is due to
the steam circuit being a recycle stream rather than a once-through system which is

commonly used for air drying.
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The primary outcome from Chapter 4 is that for rapid assessments, IT and PA are
complementary and they provide an engineer with quick assessment tools that compare the
potential fixed and variable costs associated with different drying gases. This method
indicates the superheated steam dryer has both a faster drying rate (in the unhindered

drying period) and a higher energy recovery potential than the air system.

As the need for better energy efficiency and energy effectiveness increases over the coming
decades, exergy has the potential to be a leading tool in assisting in these improvements.
However, challenges still exist in creating a more streamlined method by which to apply and
interpret the results of the analysis. The first principles approach used in this work, which
compares the results with other methods such as Preliminary Costing and Pinch Analysis is
an important step in demonstrating the power of the tools, and to hopefully make Exergy

Analysis more accessible.

Chapter 5 applies an exergy analysis to a dryer unit to highlight some of the challenges with
various factor types and the interpretation associated with the variety. The chapter
concluded that the dryer is inherently inefficient, in exergy terms, at evaporating the water
from the solids. The losses associated with the task are 38%, while the losses associated
with the mass transfer and heat transfer are 94% (thermo-mechanical IN/OUT) and 30%
(transiting) respectively. This exergy efficiency range is significant considering the overall

exergy efficiency is nearly 100% over the entire exergy spectrum.

The IP of 575 kW for the feed of 722 kW shows that the dryer does not appear to be an
exergy efficient way of performing this task, but this analysis does not offer an alternative
method. The effect of feed temperature for several key variables shows that, depending on

the basis of efficiency, various factors give significantly different optimal operating points.

For this system, the optimum operating range in terms of the inevitable exergy loss method
is between 215°C and 250°C, which is typical of the conditions used in industry. There
appears to be no suitable ‘one-size-fits-all’ efficiency factor for an exergy analysis. A variety
of factors, which may be defined as a group, can be used — such as the task efficiency (on
the task for the unit operation) and the practical efficiency (based on the task). The INE
method is a potential shortcut technique based on the Carnot efficiency and a first law

analysis, but there are some limitations for processes that are not exclusively thermal,

217



where an entropy balance is more correct. The INE method still shows potential as a starting
basis of comparison because it shows the scale and the efficiency together, which are both

important for targeting areas of the process to improve without doing a full exergy analysis.

Chapter 6 extended the analysis from Chapter 5 to include some systems to feed the dryer,
a chemically sourced energy from a thermal boiler was compared with an electrically
sourced mechanical compressor to highlight where an exergy analysis may yield results over

more traditional methods.

Chapter 6 concluded that the evaporation potential for a natural gas boiler-driven dryer
system (Case 1) is 13% better than an electrically-driven Vapour Recompression system
(Case 2) on a fuel and overall basis. However, the recovery potential is higher in Case 2 if the
valve is replaced by an improved recovery unit, mainly pressure recovery. The importance of
a unit-based approach along with an overall systems approach is evident in the results. For
example, the valve is by far the worst performing unit in Case 2 (more than 50% of total
system loss), with the compressor and dryer the next worst performers. The boiler unit(s)
are among the worst exergy performers in Case 1, along with the dryer. The valve in Case 2
can be replace by a turbine. That replacement would involve a higher capital cost than a

valve but reduce operating costs.

The solids pre-heater is inefficient in both systems but has a low overall loss. While its
efficiency improvement may be high, the gains are an order of magnitude lower than the

potential improvement of other units.

In terms of utilising optimisation factors, basic factors are useful to simplify larger systems
and focus attention to a general area or to help select process changes. However, in the
case study given in Chapter 6, using these factors suggest Case 2 is superior to Case 1, while
both cases are improvements on the base case (dryer on its own). More detailed factors

such as task, transiting, and recovery all suggest Case 1 is the preferred system.

From the results, it is clear Case 1 is a better system than Case 2, though there is potential

to improve both systems.
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The effect of changing the dryer feed gas temperature are interesting as they suggest that
an increased temperature would be inefficient for either system —and the same can be said

for flow.

In general, Case 1 is superior in most ways to Case 2, unless the higher energy exhaust from
Case 2 can be recovered. As part of a larger system, Case 2 may integrate better than Case

1, and this has not been studied.

These results show the confusing nature of several factors used within the exergy analysis

literature, while helping with the interpretation of results in several ways.

There are many methods to visualise exergy flows and efficiencies, while they are not as
simple in approach to those of PA, they are useful to focus on areas of higher loss within the
system. Further work should be done on improving dynamic methods of visualisations for

future optimisation methods.

Chapter 8 presents the results of the PA and ExA rankings that are aligned with the results of
a preliminary costing analysis. While a boiler driven air dryer system has a lower thermal
cost overall, it has a high environmental loss ratio since the loss to the environment is at
lower temperatures (low quality), it has a low recovery use and further recovery would

result in higher costs.

The VRC system has a high electricity cost, low thermal cost, and a loss to the environment
which is significant in either configuration (valve or not). However, part of this may be
negated with the replacement of the valve (V-1) with a pressure recovery turbine to help
drive the compression unit. The environmental losses without this unit have a high
temperature and pressure (which has a high recovery potential), and this is an important

optimisation point for that system.

The costs for the superheated-steam recirculation system are slightly lower than the cost of
the boiler driven air system, and adding a VRC to the exhaust steam of this system may yield
improved results again. However, the cost for a system with a higher mechanically driven
heat cycle is significant when compared with a chemically driven (combustion boiler) in the

case of the other two systems being studied.
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A preliminary costing of both systems is also informative, by revealing that Case 2 is costlier

both initially and to run with the utilities as costed.

Due to the difference in utility types (natural gas vs electricity), a carbon accounting was
completed (with natural gas being an onsite emission and electricity being an offsite
emission). The results of 0.470 kg.s* for Case 1 and 0.478 kg.s™ for Case 2 mean that based
on current power generation in NSW, Case 1 is less environmentally damaging than Case 2,
but this result is dependent on the mix of power generation within the area, and would be

different in countries with a lower percentage of coal and gas power generation.

A discussion of the time taken to complete each analysis is presented in Chapter 8, and this
was done in a conceptual manner, suggesting that short-cut methods and sophisticated
computer programs may assist in making Exergy Analysis more accessible than it currently
is. While Exergy Analysis is not new, it is still considered in its infancy with respect to usage

in optimisation and methodology, especially when compared with Pinch Analysis.
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A.Abbreviations

9.1Key Variables

What each variable means:

Task: on a systems basis, this can be defined by the key item or reaction. In this case the
drying of solids is the key function, while saving energy/exergy is the key of the analysis. (l.e.

Task=evaporation efficiency)

Effective INE: the minimum theoretical loss associated with the task, calculated on a purely

ideal basis.

Product Investment: how much of the energy is fed into the final product (in this case, on a
solids basis, since this factor uses the solids side of the equation, the change is minimal, and

not really useful).

Thermomechanical: temperature and pressure effects only. This definition is satisfactory for
most systems without reactions or composition changes (heat exchangers, some phase
change is taken into account, and is not important if no outlets are mixed with the

environment, in this case diffusion potential changes will cause calculation problems)

Transiting: these factors are representative of the non-inert aspects of the unit operation or
system. In this case, the solids chemical potential energy is considered inert and removed
from all calculations. This definition is important for systems with high chemical potential

that is not used. Using a transiting calculation basis helps focus the analysis on useful areas.

IP (Improvement potential): This is a compound factor which takes the total exergy change
and the chosen efficiency factor (transiting-task is best here, in concert with transiting
totals) and gives a scale of the inefficiency. Combining this with a factor of IP/IN allows for
both scale and importance, i.e. is it better to focus on 10kW @ 4% (i.e. a 4 kW

improvement) or 1kW @ 80% (0.8 kW) improvement, so scale is important.

Fuel basis: this refers to the total energy added to the system (inclusive of solution

preheating to 60°C).
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Gas side basis: a very high percentage of energy associated with exergy change is associated
with the gas side of most systems, which is due to phase change calculations favouring the
vapour side of the equation, and the condensed phase only focussing on simple heat (or
total mass changes). Also, based on the definition of exergy (energy-entropy), the change of
entropy is significantly higher in the gas phase than in the condensed phases. Using the gas
side basis for calculations can lead to good estimates, but a more detailed analysis may be

required. (possibly appropriate for targeting with a first pass analysis).
Task potential: in this case evaporation potential can be determined on several bases:

Fuel use: If all the (above 60°C) energy fed into the system is given the task of evaporating

water @ the solids inlet temperature, how much water can be evaporated.

Gas side: If only the fuel used to preheat the gas side is considered (assume solution is
preheated already, this assumption is suitable in this study since the solution preheater
takes 250 kW to heat from 25-60°C, which is less than 1% of the total energy used within
the system). This factor is the energy from burner fuel/compressor used on the gas side pre-

heating. This factor is very close for both systems (as expected)

Simple efficiency: OUTrot/INTot (On an exergy basis should be less than unity, on an energy
basis this should be unity due to “energy balance”. Can be split to be expressed for each

phase. Product investment is a good alternative on an energy basis, task is better)
TM efficiency: OUTrwv/INTwm (either energy or exergy basis)

Transiting efficiency: OUTrrans/INTrans (€ither energy or exergy basis)

Investment: Invested/INtrans (either energy or exergy basis)

INE: userrans™" (on an energy basis, shortcut exergy calculation, does not make sense when

exergy is used in the calculation)
Evap potential: Fuel/Latent Heat@Ts.n (either energy or exergy basis)

Improvement Potential: The amount of exergy not used to perform the task. It can be
calculated on several bases- ideally it should be done using a transiting basis for the task

(commonly used is a total or gas basis using the simple efficiency).
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Comparing the inlet vs. the change?

It is important to compare the exergy and energy factor bases in a consistent manner, and

this can be achieved on an inlet basis, most factors are ‘change/IN’.
Key Terms:

Efficiency: Percentage of energy or exergy used for the process
Effectiveness: Percentage of energy or exergy used to perform the task
Potential: Maximum available on an ideal basis.

Actual: What occurs. This amount is typically lower due to losses through equipment walls,
equipment design and constraints, non-ideal behaviour, and non-assumed behaviour (in this

case ATsolids).

What this means is that comparing the potential value with an actual value gives a

useful comparison, and a potential to find which one of the above behaviours is the issue.
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B.Appendixes
9.2Appendix A to Chapter 5

9.2.1Calculation error analysis
Most of the base figures used in the calculation are accurate to at least two significant

figures.

The case study presented in the later part of this chapter shows a smooth curve (except at
the point where the outlet temperature reaches the boiling point of water (which occurs at
an inlet temperature of around ~270°C) At an inlet temperature of 270°C, the calculation

changes to a slightly different form.

On the effect of changing key variables (outside of what was used in the case study), the
only parameters that resulted in more than a 1% deviation from the shown results were the
inlet gas flowrate and the solids feed moisture content on a thermomechanical
(Temperature and Pressure only) basis. Considering that the majority of the key results are
percentages, the error propagation is typically subjected to the same variation on both sides
of the ratio. The difference between hand calculations (on a very basic level), more detailed
calculations, and the results from a sophisticated process modelling software resulted in a

variation of +/- 0.5% for Factor 16 in Table 5-3 (D7-qns)-

The main error, which is largely not used in this chapter, except to explain the need for
transiting exergy calculations, is the chemical potential energy of the skim milk powder, with
the simulation software estimating a chemical potential energy value of 17,000 KJ/kg
compared with the 20,000 KJ/kg calculated using the estimation method provided (up to a
20% error for the chemical potential energy component of exergy).This large relative error is
the result of comparing an estimation method (used for fuels) and a sophisticated method

integrated within an advanced simulation package.

9.3Appendix B to Chapter 5

9.3.1Several factors which can be used in the analysis of the dryer
Based on the information given in Table 5-1, and the assumptions made in Table 5-2, Table

B-1 provides additional supplementary information.
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Table B-1: Energy and Exergy values used for calculation of the factors in Table 5-3.

Energy (kW) Comment Exergy (kW) Comment
AQTY . -2,780 | Change of energy from AExTY, -6.4 Change of exergy from
evaporation in the gas evaporation in the gas phase
phase taking only the taking only the TM exergy into
TM energy into account.
account.

AQTM, - 2,590 | Change of energy from AEXIM, - 657 Change of exergy from TM
TM change in the gas change in the gas phase taking
phase taking only the only the TM change into
TM change into account.
account.

A0 oo 109 | Change of energy from AEx s 4.1 Change of exergy from
evaporation in the evaporation in the condensed
condensed phase phase taking only the TM
taking only the TM change into account.
change into account.

AQM ) s 80 Change of energy from | AExiM, o 7.2 Change of exergy from TM
TM change in the change in the condensed phase
condensed phase taking only the TM change into
taking only the TM account.
change into account.

AExfgg -359 Change of exergy from
evaporation in the gas phase
taking only the diffusion change
into account.

AEleig&L 522 Change of exergy from
evaporation in the condensed
phase taking only the diffusion
change into account.

AExIM. 657 Temperature based exergy

= AExIM, ¢ change on the gas side.

AEx M cer 4.1 Temperature based exergy

= AEx} Yo change on the condensed side.

AEXTY. 0 Pressure based exergy on the
gas side.

AEx Yser 0 Pressure based exergy on the
condensed side.

AExIY 2.3 AEx]). + AEx ) cer

AExM 651 AEx M + AExIMce,

AToyr =0

25| 163 2537 + 3BTy,

AEx,y 161 AExSTT + AExTY

AEx™ 662 AExIM + AEx]Y

*AEX 055 825 AEx™ + AExTT
Or
AExIM + AEx,y,
*NOTE B-1:4Ex4; = AEx}Y + AEx%) due to the simplifying assumption that the mass transfer occurs
isothermally, AExLY is the same asAEx 7.

Qin 27,400 | Total energy fed to the Ex;y 26,500 Total exergy fed to the dryer
dryer (including (including chemical potential of
chemical potential of solids).
solids).

M 4,080 | Total TM energy fed to ExT 733 Total TM exergy fed to the
the dryer. dryer.
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e 3,830 | TM energy fed to the Ex}V% 720 Total TM exergy fed to the dryer
dryer in the gas phase. in the gas phase
Qour 27,400 | Energy balance. Exoyr 25,700 Total exergy leaving the dryer.
py 4,080 | Energy balance. Ex>Vr 71.3 Total TM exergy leaving the
dryer.
oM. - 4,020 | Gas side energy out.* ExIM. . 69.0 Total exergy leaving the dryer on

the gas side.*

*NOTE B-2: Important for energy loss to the environment targeting (waste flue energy)

Exldléff 625 Diffusion exergy fed to the
dryer.
Exldl\;fg 31 Diffusion exergy fed to the dryer
in the gas phase.
Exg[i};f 462 Diffusion exergy exiting the
dryer.
Exgng_G 390 Diffusion exergy exiting the
dryer in the gas phase.
Calculated Variables
AQ v min 2,590 AAV{.AQAV}@TS.OUT AEXpy min 284 {4Exy}@Ts our X myy
X My
AQuv.act 2,670 AQi + AQ s AExf) qct -2.3 AExzy + AExzy s,
INET™™ | 47 | INE using Qiys — AExg/ et 163 AExp/E + AExg/L,
Qbltr* |
INEIM 943 | INE using Q¥':* AEXpy qct 161 AExSTT  + AExTM .
INE,, 657 INE using 4Qay act* Exkrons 101 Exergy which is not influenced in
the dryer and separator in the
gas phase (i.e. can be ignored in
analysis).
INERT . 638 | In-text Equation 2-27. ExIgens 25,200 | Exergy which is not influenced in
* the dryer and separator in the
condensed phase (i.e. can be
ignored in analysis).
INEZY . 490 | In-text Equation 5-2. * ToASgenin 845 Ideally equivalent to INE,,
INELT 657 | In-text Equation 5-3. * ToASgen.act 825 Equivalent to INE.
INEyY, 471 | In-text Equation 5-4. * _INEg 75.4% | Inevitable energy loss ratio.
GIN
INEp;yer 1,128 | In-text Equation 5-5. AExpy 1p 11.0% Ratio of evaporation exergy use
AQ v 1p (not particularly useful).
INEpryera 1,129 | In-text Equation 5-5. Qgryer 0.08 Unit quality ratio (abstract).
AEx
QG IN

*NOTE B-3:Assuming the INE definition for a boiler suits that of a dryer with Tsourcemax=T.in and

Tsine=Tor.(vIN).

9.4Appendix A to Chapter 6

9.4.1Value table

T P §n(total) gn_DA §n_$ §y() §x() §n_Wub §H_TM §H_tot §H(-trans) §Ex_diff §Ex_TM §Ex_tot §Ex"-CH §Ex(-trans) §Trans Ex §TvansH
Shared Streams
S-01 298.2 1.0 0.730: 0.723 - 0.010 0.0: 0.0: 0.0: 0.0: 0.0: 0.0: 0.0: 0.0: 0.0: 0.0:
S-03 463.2 1.0 0.730: 0.723 - 0.010 - 3,525.2: 3,525.2¢ 3,525.2 0.0: 719.5 719.5¢ 719.5 719.5 0.0: 0.0:
S-03a 341.9 1.0; 0.730; 0.723 - 0.010: 935.0 935.0 935.0 0.0 62.6: 62.6: 62.6 62.6 0.0 0.0
5-03-60c | 33320 1.0 0.730: 0.723 - 0010 - - 7478 7478 7478 00 407 407  40.7 40.7 0.0 0.0
S-05 341.9 1.0 0.791: 0.723 - 0.094 - 3,688.5! 3,688.5! 3,688.5 514.3: 394.4 908.7: 908.7 908.7 0.0 0.0
S-08 298.2 1.0: 0.073 - 0.004: - 19.000 0.0: 23,300.0 0.0: 593.7 0.0: 25,751.2: 593.7 521.9¢ 25,229.3! 23,300.0
S-09 333.2 1.0 0.073 - 0.004: - 19.000: 0.033: 248.5i 23,548.5 248.5¢ 593.7 13.5{ 25,764.7: 607.2 535.4 25,229.3: 23,300.0
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S-09a 321.9 1.0 0.073 - 0.004 - 2.019; 0.017; 2,808.1; 26,108.1; 2,808.1 759.3; 198.7: 26,115.4; 957.9; 886.1; 25,229.3; 23,300.0:
S-10 321.9 1.0 0.012 -i  0.004: - 2.298 - 59.6: 23,359.6 59.6 71.8 2.3i 25,231.6 74.1 2.3i 25,229.3 23,300.0
S-04 335.0 1.0 0.803; 0.723: 0.004;: 0.098 1.450 0.071: 3,744 3,744.8 586.8 350.3: 26,094.5 937.0 865.2; 25,229.3: 23,300.0
5:05-25c | 2982 10 0791 0.723 - 0032 -..0045 6961 6 6961 21720 00 2172 2172 2172 0.0 0.0
Boiler Case Streams
S-02 321.9 1.0 0.730{ 0.723 -i 0.010 - - 507.7 507.7 507.7 0.0: 19.2 19.2 19.2 19.2 0.0 0.0
S-06 320.4 1.0 0.791 0.723 - 0.094 - - 3,180.8: 3,180.8: 3,180.8: 514.3 198.9 713.1; 713.1 713.1 0.0 0.0
Uh-1 483.2; 19.1 0.007 - - - - 0.007 364.6 364.6 263.5 83.7 157.7 2415 241.5 156.9 84.5 101.1
UD-1 483.1: 19.1 0.007 - - - - 0.007 101.1 101.1 0.0: 62.1 22.4: 84.5 84.5 0.0: 84.5 101.1
Uh-2 483.2; 19.1 0.088 - - - -i 0.088: 4,426.7: 4,426.7: 4,325.6: 1,016.7; 1,915.3; 2,932.0: 2,932.0 2,847.5 84.5 101.1
UD-2 483.1; 19.1 0.088 - - - - 0.088: 1,227.6: 1,227.6 1,126.5 754.0 272.6;: 1,026.5: 1,026.5 942.0 84.5 101.1
Uh-3 483.2i 19.1 0.095 - - - - 0.095: 4,791.2: 4,791.2 4,690.1; 1,100.5 2,073.0 3,173.5! 3,173.5 3,088.9 84.5 101.1
uD-3 483.1i 19.1 0.095 - - - - 0.095: 1,328.7: 1,328.7 1,227.6 816.1 295.0: 1,111.1i 1,111.1 1,026.5 84.5 101.1
S-B1 298.2 1.0 0.007 - - - - - 0.0i 6,480.6 6,480.6 43.8 0.0! 6,608.8: 43.8 6,608.8 0.0 0.0
S-B2 298.2 1.0 0.077 - - - - 0.001 0.0 0.0 0.0 1.8 0.0 1.8 1.8 1.8 0.0 0.0
S-B3 483.2 1.0 0.077 - - - - 0.001 417.0: 417.0 417.0 1.8 92.6; 94.4; 94.4 94.4 0.0: 0.0:
S-B4 2,354.2 1.0 0.082 - - - - 0.012: 5,692.4; 5,692.4i 5,692.4i 173.0; 3,649.6: 3,822.6: 3,822.6 3,822.6 0.0 0.0
S-BS 503.2 1.0 0.082 - - - -i 0.012: 1,001.0: 1,001.0: 1,001.0: 173.0: 269.8 442.8: 442.8 442 .8 0.0 0.0
S-B6 326.2 1.0 0.082 - - - - 0.012. 552.5 552.5 552.5 173.0 43.4 216.4: 216.4 216.4 0.0: 0.0:
VRC case Streams
S-06 483.2 2.5 0.791i 0.723 -i 0.094 - -i 7,016.3i 7,016.3 7,016.3 514.3i 3,569.0: 4,083.3; 4,083.3 4,083.3 0.0 0.0
S-07 308.2 2.5 0.791i 0.723 -i 0.094 - 0.052i 2,893.3: 2,893.3 2,893.3 514.3i 1,899.0: 2,413.3i 2,413.3 2,413.3 0.0 0.0
S-12 406.8 1.0 0.791i 0.723 -i 0.094 - -i 5,216.4i 5,216.4i 5,216.4 514.3i 1,005.5; 1,519.8: 1,519.8 1,519.8 0.0 0.0
U-E1 - - - - - - - -i 3,327.8; 3,327.8¢ 3,327.8 0.0 3,327.8; 3,327.8: 3,327.8 3,327.8 0.0: 0.0:
U-E2 - 248.5 248.5 248.5 0.0: 248.5 248.5 248.5 248.5 0.0: 0.0:

NOTE B-4: The rows W|th aat the end refer to intermediate calculations, the rows with - ##c refer to a
temperature change variant, n_Wub refers to unbound water (water which is independent of air or
solids)

9.5Appendix A to Chapter 8
9.5.1Pump Power and Discharge Pressure Requirements
Given a particular outlet temperature, the compressor outlet pressure and compressor

power estimates may be calculated using Equations B-1 and B-2, respectively.

k
T,\E=1 B-1
POUT PIN <T_1) [15]
And

L
k=

Act T
POUT UCOmpressorPIN T
1

Powerdia. — (1000 (k a 1) P,Q: [(i j) (%) _ 1]) B-2

And

rove = (222 (25) e () () -
ower, = ) —
Fst. nCompressor k 1 ! k
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9.6Appendix B to Chapter 8

9.6.1Costing

Since the basis of comparison is the dryer and the separation system, the only part(s) of the
plant that have been costed are the capital cost of the heat exchange network, boiler
system and compressor, with the operating cost being exclusively a comparison between

the electricity for the compressor and the natural gas for the boiler system.

A= A B-3
- UAT,y
AT, = (Tur = Tue) = (Teu — Tec)
LM LN (THH - THC) B-4
Ten —Tec

Table B-2: Cost estimations for the two systems major components (excluding the dryer) (summary table,
from Table 8-5 to 8-12).

Case 1 Case 2
HX S 130,000 | S 250,000
Boiler S 250,000 -
Blower S 630,000 -
Compressor - S 1,400,000
Coil Heater - S 24,000
Total $ 1,010,000 | $ 1,674,000

Table B-3: Various basic conversions used for the estimation.
Curr. conv. = 1.7860 | AUS/Pound (2018 average)
1.3394 AUS/USS (2018 average)

CEPCI (1982)= | 314.0
CEPCI (1991)= | 361.3
CEPCI (2002)= 395.6
CEPCI (2007)= 525.4
CEPCI (2016)= | 546.6

CEPCI (2018)= 603.1
NOTE B-5: CEPCI from[136] and related sources.
NOTE B-6: Exchange rates calculated from [142, 143].

Table B-4: Pressure correction factor and plate are multiplier used in heat exchanger calculations from
Peters, Timmerhaus, West, p 687, figure 14-28 [134].

Operating Pressure 1 20 3 Bar
Pressure correction factor 1 2.4 1
mZ
~ plate area (25% total 130.0 30.0 975.0
area) 25% m?/m?
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Table B-5: Sizing calculations for the 3 heat exchangers.

Case 1 E-1 ‘ Case 1 E-2 ‘ Case 2 E-1

LMTD(counter-flow)

cLMTD= 21.02 68.19 27.56 K
R= 1.11 8.16 0.54
0= 0.50 0.42 0.15
NTU2= 2.23 4.20 18.42
P= 0.47 0.00 0.89
F= 0.88 - 0.65
LMTD (cross-
flow)
cLMTD (cross)= 18.50 17.91 K
UA Calculations
U= 100 800 100 W.mZK**
Q= 465 3,046 3,512 kw
A=Q/U.LMTD
A= 503 112 3,925 m?
A= 510 120 4,000 | m*»
Vri= 39.8 19.2 26.5 m?.s
V= 39.9 27.7 33.7 m’.st
Q/dT= 25,200 44,700 196,100 | W.K*

*NOTE B-7: First pass estimation values from Hewitt, Shires, Bott, p229 Table 4.5 [144]
~NOTE B-8: Size rounded up to the nearest two significant figures.

Table B-6: Heat Exchanger Costing from Hewitt, Shires, Bott p229 Table 4.5 [144].

Exchangers | Case 1E-1 Case 1 E-2 Case 2 E-1
C_est= 0.650 0.480 0.650 £(1982)/W.K
* LP Gas | * Cond. ST|” HP Gas
p.229t.4.5 | Q/dT~1000 | Q/dt~30,000 | Q/dT~30,000
C_est= 3.982 2.941 3.982 $(2019)/W.K
Q/dT= 25,843 44,553 193,433 W.K!
Cost= $ 100,142 | $ 131,390 | $ 780,790 $(2019)
$ 231,533
Base  $420,000 Cf#
P-Corr. A $ 100,142 | $ 315337 | $ 780,790 5(2019) VRC  $790,000
$ 415,479 CR 1.88

#NOTE B-9: Cost factor method.

~NOTE B-10: Using the pressure correction factors shown in Table B-4.
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Table B-7: Heat Exchanger Costing from Peters, Timmerhaus, West p684 Figure 14-20 [134].

Exchangers | Case 1E-1 | Case 1E-2 | Case 2 E-1
A (trans.) 503 112 3921 m
p.684
£14-20 | $ 20,000 | $ 18,000 | $ 120,000 US$(2002)
$ 40,839 | $ 36,755 | $ 245,036 S(2019)
S 77,595
graph #
Base $ 130,000 finned-tube
P-Corr. © S 40,839 | S 88,213 | $ 246,036 VRC $ 250,000 FH exchanger
$ 129,052 CR 1.92

#NOTE B-11: Graphical interpolation method.
~NOTE B-12: Using the pressure correction factors shown in Table B-4.

Table B-8: Package Boiler Plant costing with no superheat from Peters, Timmerhaus, West p892 Figure

b-3 [134].
Case 1B-01 Case 2 B-01
Boilers (0 deg superheat) (0 deg superheat)*
Boiler Basic Basic p.892 f.b-3
Steam Gen 1.73 0.11 ke/s
2 0.8 kg/s
Pressure Required 19.07 1.22 Bar
Used P 2,860 1,825 kPa
Temperature 230 125 C
Used T 447 405 C Base
Cost (2002) $ 120,000 S 25,000 VRC
Cost (2019) S 245,036 $ 51,049 CR

$ 250,000
$ 52,000
0.21

*NOTE B-13: A check to see if a boiler is worth having.

Table B-9: Cost of electric immersion heaters from Peters, Timmerhaus, West p624 Figure 15-29 [134].
(extrapolated to be 2x125 kW heaters)

Electric heater

Rating 250 kw
Cost (2002) $ 8,500
Cost (2019) S 23,300

Table B-10: Compressor and blower costing for the systems [133].

Blowers and Compressors

Case 1l
Blower

Case 2
Compressor #
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Ve=

Quote AP
Req. AP
Power (E)

Cost (2007)
Cost (2019)

22.08

46,792

0.69
0.6
2,040

1,521
$ 409,600 S
$ 629,760

22.08
46,792
8.62

2.61
4,515
3,367
1,057,000
1,625,138

m?/s

ft3/min

Bar

Bar

HP

kw Base $ 630,000
VRC $ 1,400,000
CR 2.22

#NOTE B-14: Pressure requirement not low enough for a blower, if Req. AP was below 2.1 Bar the cost
would be $1,330,000.
~NOTE B-15: Estimate Only.

9.7Appendix C Sample Calculations for a Dryer

Air System

Raw Data

Table B-11: The constants used within the calculations

Reference State Properties

To 298.14
Py 101,325
Constants
@ 28.97
% 35.59
Cp. 75.35
Cps 513.43
mmpy 28.970
mmy, 18.015
mmy, 18.015
mmg 342.29
R 0.008314
13 997
Ds 1530

K
Pa

kJ.kmolt.K?
kJ.kmol1.K1
kJ.kmol1.K1
kJ.kmol1.K1
kg.kmol?
kg.kmol?
kg.kmol?
kg.kmol?
kJ.kmolt.K?
kg.m3 (at 20°C)
kg.m3 (at 20°C)

Too
Poo
RH,,
YDAy
Yoo

Gas

Phase Dead State Properties
298.14 K
101,325 Pa

27 %

0.996

0.004
Calculated Constants

55.35 kmol.m3
0.0181 m3.kmol*
4.47 kmol.m3
0.2237 m3.kmol*?
0.000287 kJ_kg_K'lNOTE B-17

0.000462 KJ.kg.K? NOTE B-18
0.000207 K1
0.001098 |1 [145] p709-710

NOTE B-16: The properties of the solid are taken to be those of a-lactose monohydrate for simplicity

[146].

. . R
NOTE B-17: RDA IS m

NOTE B-18: Ry is ——
mmy

The sample calculation for steam 4 (S-04 in Figure 4-4, Figure 4-7, Figure 6-1, and Figure 6-2)

in the process (the dryer outlet) is as follows.

Table B-12: The raw data

Raw Stream Properties, Point 1

T, 330.37
P, 101,325
Mpa, 20.87

K
Pa
kg.s!

Calculated Stream Properties, Point 1

Npa,

0.7204

kmol.s?
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My, 1.21 kg.s ny, 0.0672 kmol.s?
My, 0.17 kg.s? n, 0.0094 kmol.s?
Mg, 1.25 kg.s? ng, 0.0037 kmol.s?
M 235 kg.s? nr 0.8007 kmol.s?
Calculated Stream Properties, Point 1 Calculated Stream Properties, Point 1
Xpa, 0.8998 (eq. B-17) Ypa, 0.9147 (eq. B-15)
Xy, 0.0839 (eq. B-17) Yv, 0.0853 (eq. B-15)
XL, 0.0118 (eq. B-17) Vi, 0.7210 (eq. B-12)
Xs, 0.0046 (eq. B-17) Vs, 0.2790 (eq. B-12)

Now that the stream data is in the four useful forms (mass flow, mole flow, mole fraction,
and molar phase fraction) and the calculation constants are determined, it is possible to

begin the calculation.

Temperature based Thermo-Mechanical Exergy
First, since there are two interacting phases, it is necessary to determine the interaction

using the isotherm calculations. This procedure determines the compositions of point 2 of
the system (To,P). Once this information is calculated, it is possible to proceed with the

exergy calculations for the temperature-based thermo-mechanical exergy.
Using Equation B-5 to determine the partial pressure of water vapour:
PL' = VLP B-5

Py, = 0.0672 x 101,325
Py, =8,641.3 Pa

The temperature at which this vapour pressure causes dew formation, or Tpp, can be found

using Equation B-6:

3816.44
TDP1 = PV1 + 4412 B'6
18.3036 — In (133_3)
. 3816.44 s
P 183036 — 1 (M s
: n\71333

Tpp, = 314.18 K
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Equation B-7 is used to determine if there is phase change in this pathway. It is also a check
to determine if the result from Equation B-6 is reasonable. Phase change occurs if Ys

(humidity above solids)>Y (bulk in gas). Less generally, usually Te>Ts for drying to occur.

IF TDPl < TO'TDP1 = TO

B-7
IF TDPl = Tl'TDpl = T1
298.14 K < 314.18 K < 330.27K
Tpp,is reasonable
The above statement means that phase change will occur in the system when the
temperature is changed isobarically from T to To. For this the amount of water that
condenses along this pathway needs to be determined.
Equation B-8 determines the saturation vapour pressure at the end-point. This vapour
pressure will act as an upper limit for the amount of water that can be in the air.
3816.44
Sat _ pSat _
PVza = PVoa =133.3 X exp (183036 - m) B-8
P = 133.3 x (18 3036 561644 )
o T 1990 X EXPLS 298.14 — 44.12

P}t = 3,540.5 Pa

Before continuing, finding the limiting flows associated with this point is required, without

calculating the isotherm, as will be explained later.

Equation B-9 can be used to calculate the phase fraction associated with the saturation

pressure, as follows.

I_/Sat
y{;’zatz Ig B-9
sat _ 3,540.5
V2 101,325

vt = 0.0349

And by using Equation B-10 to solve for the molar flow of water vapour, as follows:

241



Sat
sat _ VVZ Npa

ny, (1 ¥ at)

sar _ 0.0349 x 0.7204
ny =~ =
2~ (1-0.0349)

ny = 0.0261 kmol.s™*

B-10

Then by a water component balance, Equation B-11:

Sat _ Sat
np, =Ny, +n,, —ny, B-11

Sat = 0.0672 + 0.0094 — 0.0261
ni?* = 0.0505 kmol.s™!

et adl B-12
y = = -
t (ny +ng)  (xp + x5)

Next an initial guess for the pressure of the system at point 2 is required. The saturation

pressure is known, so it is reasonable to use this as the starting point for the iteration.
pjritial = pgat = 3,540.53 Pa
The iterative part of the calculation can then proceed.

Equation B-13 is used to determine the solids and liquid equilibrium condition.

YLZ s Sat
— = 2.8481 X exp |—2.306 X 107> X Ty X In B-13
Vs, PV2

Yiz _ 58481 x [ 2306 x 1073 x T, x 1 (3’540'5)]

vs, el 0% M\3540.5

Yio _ 5 8481

Vs,

After iteration, a stable solution is reached, as follows:

Vi _ 4 8418

Vs,

Next it is necessary to solve this for n;, which is done with Equation B-14, knowing that the

number of moles of solid does not change, ng, = ng, .
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YL,
=— Xng, B-14

MLz Vs
2

n,, = 2.8481 x 0.0037
n,, = 0.0104 kmol.s™!
After iteration, a stable solution is reached, as follows:
ny, = 0.0177 kmol.s!
Now the solution for n, may be found using a water balance, or Equation B-11.
ny, =Ny, +n,, —ng, B-11

ny, = 0.0672 + 0.0094 — 0.0104
ny, = 0.0662 kmol.s™!

After iteration, a stable solution is reached, as follows:
ny, = 0.0589 kmol.s™!

There is a need to convert this result back into a partial pressure, and this is done by first

finding the gas phase fraction that this molar flow represents, Equation B-15. Knowing that

nDAZ = nDAl'

Yv, = L B-15
’ (an + nDAz)
~ 0.0662
Y2 = 10.0662 + 0.7204)
Yy, = 0.0842

After iteration, a stable solution is reached, as follows:
Yv, = 0.0756

Now by simply using Equation B-5 again, the partial pressure of vapour at this point can be

obtained.

PVZ = VVZP B'S
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Py, = 0.0842 x 101,325
Py, = 8,527.7 Pa

This new Py, gets substituted into Equation B-13 and repeats until the system reaches a

stable solution.
After iteration, a stable solution is reached, as follows:

Py, =7,660.7 Pa
Now it is necessary to check if this is realistic.

Py, =7,660.7 Pa

Pyt = 3,540.5 Pa
And:

ny,(Isotherm) = 0.0589 kmol.s™!
nyt = 0.0261 kmol.s™*

Since nﬁftis the upper limit of the system, the minimum molar value is used, as stated by

Equation B-16.
ny, (Actual) = min(ny, (Isotherm), nj®*) B-16
ny, = 0.0261 kmol.s™*
And by mass balance, or looking up the value that matches it (Calculated above).
ny, = 0.0505 kmol.s™!

To summarise the results:

Table B-13: Data for Point 2

Raw Stream Properties, Point 2 Calculated Stream Properties, Point 2
T, 298.14 K
P, 101,325 Pa
Mp,, 20.87 kg.s? Npa, 0.7204 kmol.s?
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My, 0.47 kg.s? ny, 0.0261  kmol.s?
My, 0.91 kg.s? n, 0.0505  kmol.s?
Mg, 1.25 kg.s? ng, 0.0037  kmol.s?
M 235 kg.s? nr 0.8007  kmol.s?
Calculated Stream Properties, Point 2 Calculated Stream Properties, Point 2
Xpa, 0.8998  (eq.B-17) Ypa, 09651  (eq.B-15)
xy, 0.0326  (eq.B-17) v, 0.0349  (eq.B-15)
X, 0.0631 (eq. B-17) Yi, 0.9326  (eq.B-12)
s, 0.0046  (eq.B-17) Ys, 0.0674  (eq.B-12)

At this point it is necessary to identify the component fractions to which Equations B-18,

B-22 and B-27 apply, and those to which Equations B-20, B-24 and B-28 apply.

Equations B-18, B-22 and B-27 apply to components with no change in heat capacity, so it is
necessary to isolate any phase change part of a component. This procedure is done by

taking the minimum of the values at points 1 and 2.

Npa, = Npa, Either one.
ny, < ny, ny, is the minimal one.
ng,, >ng, n,, is the minimal one.
ng, = Ng, Either one.

The remaining component is designated n,; and is found by a water component balance:

Nay = Ny, — Ny, B-11
nt, =0.0261 kmol.s™ !
AV . .
Hence:
n.
X =— B-17
nr
xiy =0.0513

This component requires the use of Equations B-20, B-24 and B-28.
Applying the appropriate formulae to each component

Equation B-18 components:
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hT = Cp(T — T,) B-18

hzT)A1 = xDAlchA(Tl —T)
hD,, = 0.8998 X 28.97 x (330.27 — 298.14)
hba, = 837 kJ. kmol;!

hgz = xVZC_pV(Tl —To)
hy, = 0.0326 x 35.59 x (330.27 — 298.14)
hy, = 95.9 kJ. kmol;"

hgl = xslc_Ps(T1 —To)
hg, = 0.0046 x 513.43 x (330.27 — 298.14)
h§, = 75.2 kJ. kmol;!

Equation B-20 components: it is necessary to determine the enthalpy associated with the

phase change, Equation B-19. The data required for this are readily found in steam tables.

Ahay = hsatvap(Tpp) — hsatriq(Tpp) B-19

hsatvap (Tpp) = 2,575.4 k]. kg™
hsatriq(Tpp) = 171.8 kJ. kg™
Ahyy = 2,403.5 k].kg™?
Ah,y = 43,299.8 kJ. kmol™?!

Now Equation B-20 can be solved:
hiv = xay[Cpy (T1 = Tpp) + Ahay + CpL(Tpp — To)] B-20

hL, = 0.0513 x [35.59 x (330.27 — 314.18) + 43,299.8
+ 75.35 x (314.18 — 298.14)]
hl, = 2,312.6 kJ. kmol;!

Now that the enthalpy changes of each component have been calculated, it is possible to
add the results together to get the total stream enthalpy change associated with

temperature change under isobaric conditions. For this summation, Equation B-21 is used.
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him = hba, + hi, + h[ + h§ + hyy B-21

hl, = 837.506 + 95.928 + 28.534 + 75.242 + 2,312.59
hl, = 3,349.80 kJ.kmol™?!

Using the same system used for enthalpy (Equations B-18, B-19, B-20 and B-21), the entropy

of each component can be calculated, using (Equations B-22, B-23, B-24 and B-25)

Equation B-22 components:

T
TosT = TyCpln (—) B-22
To

T — (T
ToSpa, = Xpa, ToCPpaln (T_)
0

330.27)

Tospa, = 0.8998 x 298.14 x 28.97 X In (298.14

ToSpa, = 795.4 kJ. kmol;’

T o I
TOSVZ == xVZT()CpV ln T_O

330.27)

TOS]Y,:Z = 0.0326 x 298.14 x 35.59 X In (298.14

Tosy, = 35.4 kJ. kmol;!

T T T1
TOSL1 = xLlToch ln (T_O>

330.27)

Tosi, = 0.0228 x 298.14 x 75.35 x In (298.14

Tosi, = 27.1kJ. kmol;!

T "% n
T0551 = xS1T0CpS ln T_O

330.27)

Toss, = 0.0046 x 298.14 x 513.43 X In (298_14

Toss, = 71.5 kJ. kmol;"

Equation B-24 components, for this it is necessary to determine the enthalpy associated
with the phase change, or Equation B-23. The data required for this are readily found in

steam tables.
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Asay = Ssatvap(Tpp) — Ssatriq(Tpp) B-23

Ssatvap(Tpp) = 8.236 kJ.kg™*. K1

Ssatsig(Tpp) = 0.586 kJ. kg™ . K1
Asyy = 7.650 kJ. kg™t Kt
As,y = 137.8 kJ. kmol 1. K1

Now Equation B-24 can be solved as follows:

- T - _— (T
Toshy = Toxhy [CoyIn () + Bsay + oy In (S22 B-24
DP 0

TosT, = 298.14 x 0.0513

314.18)1

330.27
X [35.59><1n< >+ 137.8 + 75.35 X In (298.14

314.18
Toshy = 2,195.4 kJ. kmol;*

Now that the entropy changes of each component have been obtained, the addition of each
component gives the total stream enthalpy change associated with temperature change

under isobaric conditions. For this step Equation B-25 is used.
Tong = TOSEAl + TOS]T,:Z + TOSZ; + Tosg‘; + TOSZ‘V B-25

TosTy = 795.378 + 35.379 + 27.099 + 71.458 + 2,195.41
Tosty = 3,124.7 kJ.kmol ™1

Similarly the exergy can be calculated with the above results, using Equation B-26, or

directly using Equations B-27, B-19, B-24 and B-28.
etm = hiy — ToStm B-26
el,, = 3,349.80 — 3,124.73

ely = 225.1 kJ. kmol™?!

- — T
el =Cp(T—T,) —TyCpln (T_) B-27
0
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T _ —— T — Tpp
ery = Xav |Cpy |T —Tpp — Ty In T + Cp (Tpp —To —ToIn T
DP 0

B-28

+ AhAV - TOASAV]

Now that the temperature based thermo-mechanical exergy has been obtained, the

pressure based thermo-mechanical exergy can now be calculated.

Pressure based Thermo-Mechanical Exergy
Again, starting with the isotherm and mass balance of the system. Point 2 data can be found

in Table B-13, and the constants can be found in Table B-11.

The dew point temperature is of no consequence here as this is an isothermal calculation;

instead, the saturation pressure at the reference temperature is used.

3816.44
) .

Sat _ pSat _ [ —
Pt = Py 133.3><exp<18.3036 T 4412

Vo

Therefore

P3® = 3,450.5 Pa

If there is a change in pressure in the system, which in this case there is not, the molar
fraction of the vapour in the gas phase will change. At lower pressures it will increase, while
according to the above calculation, which is only dependant on temperature, the total

pressure of the vapour will not.

i.e.
I}S‘at P{/S‘at
Sat Sat 0 2
* and — #+ —
Yvy Yv, P, P,
Therefore

Pyt = 3,450.5 Pa

And calculate the new y;%

Sat

Ve
yiat = Yo B-9
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3,450.5
~ 101,325

yvat = 0.0349

Sat _
Yv,

And by using Equation B-10 to solve for the molar flow of water vapour:

Sat
sat _ VVO Npy

B-1
ny, (1 ¥ at) 0

0.0349 x 0.7204

Sat _

o T T (1-0.0349)
5‘“ =0.0261 kmol.s™ 1

Then by a water component balance, Equation B-11:

Sat _ Sat
np, =Ny, +ng, — Ny, B-11

n;% =0.0672 + 0.0094 — 0.0261
Saf = 0.0505 kmol.s™?

Next the initial guess for the pressure of the system at point 0 is made. The saturation
pressure is known from the previous calculation, so using it as the starting point for the

iteration is suitable.
pjritial = pgat = 3,540.53 Pa
Now the iterative part of the calculation begins.

Equation B-13 is used to determine the solids and liquid equilibrium condition.

Sat
Yo _ 2.8481 X exp [—2.306 X 1073 x Ty X ln< Yo )l B-13
Vs, PVO
Yoo _ 58481 x [ 2306 X 1073 x T x 1 (3’540'5)]
Voo el 0% M\3540.5
Yio _ 5 8481
Vs,

After the iteration reaches a stable solution this becomes:
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147}
Vs,

= 4.8418

Solving for n;, this is done with Equation B-14, knowing that the number of moles of solid

does not change, ng, = ng,.

Y,
) =X g, B-14

ny
Vs,

n,, = 2.8481 x 0.0037
ny, = 0.0104 kmol.s™!
After the iteration reaches a stable solution this becomes:
ny, = 0.0177 kmol.s!
Now solving for ny, by using a water balance, or Equation B-11.
Ny, =Ny, +n,, —ng, B-11

ny, = 0.0672 + 0.0094 — 0.0104
ny, = 0.0662 kmol.s™!

After the iteration reaches a stable solution this becomes:
ny, = 0.0589 kmol.s™!

Converting this back into pressure, is done by first finding the gas phase fraction that this

molar flow represents, Equation B-15. Knowing that np,, = np,,.

Yy = — B-15
° (nVo + nDAo)
~ 0.0662
o = (0.0662 + 0.7204)
Yy, = 0.0842

After the iteration reaches a stable solution this becomes:

Yv, = 0.0756
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Now by simply using Equation B-5 again, the partial pressure of vapour can be determined

at this point.
PVO = YVOP B-5

Py, = 0.0842 x 101,325
Py, = 8,527.7 Pa

This new Py, gets substituted into Equation B-13 and repeats until the system solves.
After the iteration reaches a stable solution this becomes:

Py, =7,660.7 Pa
Now it is necessary to check if this is realistic.

Py, =7,660.7 Pa

Py =3,540.5 Pa
And:

ny,(Isotherm) = 0.0589 kmol.s™*
ny = 0.0261 kmol.s™*

Since n%‘tis the upper limit of the system, the minimum molar value is taken, as stated by

Equation B-16.
ny, (Actual) = min(nVo (Isotherm),ngg‘t) B-16
ny, = 0.0261 kmol.s™!
By mass balance, or looking up the value that matches it (Calculated above).

n;, = 0.0505 kmol.s™!
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To summarise the results:

Table B-14: Data for Point 0

Raw Stream Properties, Point 0

Calculated Stream Properties, Point 0

To 298.14 K

P, 101,325 Pa
Mpy, 20.87 kg.st Npa, 0.7204 kmol.s?
My, 0.47 kg.s? ny, 0.0261 kmol.s?
M, 0.91 kg.st n, 0.0505 kmol.s?
Mg, 1.25 kg.st ng, 0.0037 kmol.s?
My 235 kg.s? nr 0.8007 kmol.s?

Calculated Stream Properties, Point 0

Calculated Stream Properties, Point 0

Xpa, 0.8998 (eq. B-17) Vb4, 0.9651 (eq. B-15)
Xy, 0.0326 (eq. B-17) Vv, 0.0349 (eq. B-15)
XL, 0.0631 (eq. B-17) VLo 0.9326 (eq. B-12)
Xs, 0.0046 (eq. B-17) Vs, 0.0674 (eq. B-12)

It is clear that there is no change in this pathway for the sample calculation, so this next
section is redundant, but is important for systems where there is a change in pressure, so

the calculation method for the pressure based exergy will be described.

At this point the component fractions are identified to which Equations B-29, B-34 and B-40
apply, and to which components use Equations B-30, B-35 and B-41 apply, and those to
which Equations B-31, B-36, B-32, B-37 and B-42 apply.

Equations B-29, B-34 and B-40 apply to the gas phase components with no change in heat

capacity. This step is done by taking the minimum of the values at points 0 and 2.

Npa, = Npa, Either one.

ny. = ny Either one.

0 2

Equations B-30, B-35 and B-41 apply to the solids and liquid phase components with no
change in heat capacity. This calculation is done by taking the minimum of the values of

point 0 and point 2.

n, =ng Either one.

0 2

ng = Ng Either one.

0 2

The remaining component is designated n,; and is found by a water component balance:
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P _
Nay = Ny, — Ny,

nf, = 0 kmol.s™1

xk, =0
This component requires the use of Equations B-31, B-36, B-32, B-37 and B-42.
Applying the appropriate formulas to each component
Equation B-29 components:
Hias = 0 B-29
hpa, = 0 kJ. kmol;!
hy, = 0 kJ. kmol;!
Equation B-30 components:
Hg&L =V —=ToB)(P — Py) B-30

hfz = xsz_L(l —TofL)(P — Py)

h;, = 0.063 x 0.0181 x (1 —298.14 x 0.00021)
x (101,325 — 101,325)

hi, = 0 kJ.kmol;'

hs, = x5,U5(1 — ToPs) (P — Py)

h =0.0046 x 0.2237 x (1 — 298.14 x 0.0011)
x (101,325 — 101,325)

hi, = 0 kJ.kmol;'

Equation B-32 components: for this it is necessary to do some further calculation, in order
to determine the enthalpy associated with the phase change, or Equation B-31. The data

required for this calculation are readily found the in steam tables.

Ahpy = hsarvap(Py) — hsatriq(Py) B-31
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hsaevap(Py) = 2,574.78 k].kg™*
hsatriq(Py) = 170.43 k. kg™
Ahyy = 2,404.35 kJ. kg™*
Ah,y = 43,302.3 kJ. kmol™?!

Now Equation B-32 can be solved as follows:
hEV = xAV[AhAV +7,(1 = TofL)(P — Po)] B-32

hE, = 0 x [43,302
+0.0181 x (1 — 298.14 x 0.000207)
x (101,325 — 101,325)]

hL, = 0 kJ. kmol;!

Now that the enthalpy changes of each component have been obtained, each of them is
added together to get the total stream enthalpy change associated with temperature

change under isobaric conditions. For this step Equation B-33 is used.
him = hpa, + hiy + hi, + hé + hyy B-33
hPy=0+0+0+0+0
hty = 0 kJ. kmol™!

Using the same system for enthalpy (Equations B-29, B-30, B-32 and B-33), the entropy of

each component can be calculated, using (Equations B-34, B-35, B-37 and B-38)

Equation B-34 components:

P _ (P
S¢as = —nRIn (—) B-34
Py

P 7] P,
TOSDA2 == _xDAzToR ln P_
0

101,325)

ToSpa, = —0.8998 x 298.14 x 0.008314 x In (m

ToSha, = 0 kJ. kmol;!

P 7] P,
TosVZ = _XVZT()R ln P_O
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, 101,325
Tosf, = —0.0326 x 298.14 x 0.008314 X ln( )

101,325
Tosy, = 0 kJ.kmol;!

Equation B-35 components are:
SsaL = —BV(P — Py) B-35

Tost, = —x1,ToBLTL (P2 — Py)

Tosf2 = —0.0631 x 298.14 x 0.000207 x 0.0181
x (101,325 — 101,325)

Tos;, = 0 kJ. kmol;!

Tossi = —xslToﬁsv_s(Pz —Py)
Toss, = —0.0046 x 298.14 x 0.001098 x 0.2237
x (101,325 — 101,325)

Tos§, = 0 kJ. kmol;?

Equation B-37 components. For this it is necessary to do some more calculation, in order to
determine the enthalpy associated with the phase change, or Equation B-36. The data

required for this are readily found in steam tables.

ASevap = Ssatvap (Py) — SsatLiq (Py) B-36

Ssatvap(Py) = 8.243 k] kg™1. K1
Ssatnig(Py) = 0.582 kJ. kg™t . K1

Asyy =7.661k]. kg™t K1

As,y = 137.975 kJ . kmol 1. K1

Equation B-37 can then be solved.

_ P S
TOSKV == ToxAV [_R ln (P_) + ASAV - U_LBL (P - Po)] B-37
0
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Tosh, = 298.14 x 0

101,325
X 1—0.008314 x ln(

—101'325) + 137.98

—0.0181 x 0.000207 x (101,325 — 101,325)]
Tosty = 0 kJ. kmol;?!

Now that the entropy changes of each component have been obtained, simply adding them
together to get the total stream enthalpy change associated with temperature change

under isobaric conditions is possible. For this step Equation B-38 is used.
TOS7[~)M = TosIDJAZ + Tos‘l;z + Tosfz + TOS.SF'; + Tosiv B'38

Tosty =0+0+0+0+0

Toshy = 0 kJ. kmol™!

Similarly, the exergy can be calculated with the above results, using Equation B-39 or

directly using Equations B-40, B-41, B-31, B-36 and B-42.

el? = 0 kJ. kmol~1

) _ P
eTMGaS = RTO ln (P_O) B'40
e'IBMs&L = Vgve (P - PO) B-41
_ P -
e;M = Xpy [ToR In (P_> + AhAV - ASAV + U_L(P — Po)] B-42
0

Chemical Exergy
Start with the isotherm and mass balance of the system. Point O data can be found in Table

B-14 and the constants can be found in Table B-11.
The considerations that need to be reviewed first are:

e What restrictions does the system have to work with?

257



o Exergy is considered the maximum work potential, therefore, there is no
resistance to changes. Therefore, the assumption that the water vapour
disperses faster than the water evaporates under isothermal and isobaric

conditions is suitable.
e What basis is to be used for the diffusion coefficient?

o The basis will be to treat the mass transfer component as part of the final

phase and adding the exergy of the change separately.

If there is a change of pressure in the system, which in this case there is not, the molar
fraction of the vapour in the gas phase will change. At lower pressures, it will increase, while
according to the above calculation, which is only dependant on temperature, the total

pressure of the vapour will not increase.

i.e.
Sat PSat
Sat _ ., Sat Va _
Yia =7y, and ——=
POO PO

This value is the same as the result from the pressure-based exergy section.

st =0.0349
ny* = 0.0261 kmol.s™*
S“t = 0.0505 kmol.s™!

Next the final vapour pressure of the system needs to be calculated, Pgo. This calculation

uses a constant value of the dead-state phase fraction of the water vapour defined earlier.
Py, = Yy, Poo B-5

Py,, = 0.0913 x 101,325
Py,, = 968.3 Pa

Using Equation B-13, the solid and liquid equilibrium compositions at the dead state can be

determined.
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YL Pf/qat
% = 2.8481 x exp l—2.306 X 1073 X Ty X In <ﬂ>l B-13

Yso0 PVoo

VLo [ _3 (3,540.5)]
= 2.8481 —2. 1 Ty X In|————

” 8481 X exp 306 X 107° X Ty X In 9683

00
Yioo _ 1 1680
YSoo

Next solving for n;, using Equation B-14. Noting that the number of moles of solid does not

change, the calculation gives ng , = ng,.

Vioo
= —X nsoo
Soo

Loo

ny,, = 0.0043 kmol.s™!
ny, can then be found by using a water balance, Equation B-11.
TlVA == TlVO + nLO - TlLOO

ny, = 0.0261 + 0.0505 — 0.0043

ny, = 0.0723 kmol.s™!

A

To summarise the results:

Table B-15: Data for Point A

B-14

B-11

Raw Stream Properties, Point A Calculated Stream Properties, Point A
T, 298.14 K
P, 101,325 Pa
Mpg,, 20.87 kg.s1 Npa, 0.7204  kmol.s?
My, 1.30 kg.s™ ny, 0.0723  kmol.s™
M, 0.08 kg.st Nioo 0.0043  kmol.s?
Mg, 1.25 kg.s! g, 0.0037  kmol.s?
My 23.5 kg.s1 nr 0.8007  kmol.s?
Calculated Stream Properties, Point A Calculated Stream Properties, Point A
XDy 0.8998  (eq.B-17) Ypa,  0.9087  (eq.B-15)
Xy, 0.0903 (eq. B-17) Yva 0.0913 (eq. B-15)
XL, 0.0053 (eq. B-17) Yia 0.5387 (eq. B-12)
Xs4 0.0046  (eq.B-17) Ysa 0.4613  (eq.B-12)

It is clear that the only change that has occurred here is that some of the water has

vaporised isothermally, and isobarically. The energies involved in such a process need to be

determined in order to completely account for the work or lost work of the system. In order
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to determine the enthalpy associated with the phase change, Equation B-31, the data

required for these calculations are readily found in steam tables.
Ahpy = hsaevap(Py) — hsaeriq(Py) B-31

hsaevap (Py) = 2,512.82 k] kg™*
hsaeniq(Py) = 27.33 kJ. kg™
Ahyy = 2,485.49 k]. kg™!

Ah,y = 44,763.68 kJ. kmol~!

Solving Equation B-43:
hggA = XAv, [AhAV +7,(1 = TofL)(P — Po)] B-43
Since there is no change in overall pressure, this calculation simply becomes:

hgl‘;lA = xAVAAh'AV
hiy, = (0.0326 — 0.0903) x 44,763.7
h%y, = —2,583 kJ. kmol;"

Similarly, to determine the enthalpy associated with the phase change, Equation B-36, the

data required for this calculation are readily found in steam tables.
Asay = Ssatvap(Py) — Ssatriq(Py) B-36

Ssatvap (Py) = 8.987 kj.kg™t. K1
Ssatrig(Py) = 0.099 kJ. kg™t K1
Asyy = 8.888k]. kg™ 1. K!

As,y = 160.1 kJ. kmol™ 1. K1

Solving Equation B-44 gives:

_ P _
Tossy, = ToXay [—R In (P_O) + Aspy — UL (P — Po)] 504

CH _ A
Tossy, = ToXav,ASay

Tosiy, = 298.14 x (0.0326 — 0.0903) x 160.1
TosSH = —2,754.15 kJ. kmol;*
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Similarly the exergy can be calculated with the above results, using Equation B-45.
eg‘l/'IA = hg{;’A - TOSACII/-IA B-45

esv, = —2,583 — —2,754

esy, = 171.3 kJ.kmol™*

The final part of the calculation is the most detailed, which is because the components at
Point A can diffuse and come into complete equilibrium with the environment. This

diffusion has a driving force and can potentially generate work, thus it contains exergy.

The procedure is carried out by taking each individual component and changing its partial
pressure, or concentration, between the two states (Points A and 00) while maintaining the

composition of the other components. This calculation can be written as Equation B-46.

CH _
e = Z('uio - ‘LliOO)TO,POxiA B-46
i=0

Since the liquid and solids components have been taken to a point of equilibrium with the
environment, and each other. The need to determine what the diffusion, or mixing, exergy

is for the gas phase is required. This procedure can be done using Equation B-47.

et =TyRx;, In <Yi> B-47

iGas ~
loo

Recalling the data required to solve Equation B-47, shown in Table B-16.

Table B-16: The Data required to solve the remaining Chemical exergy

Raw Stream Properties, Point A Raw Stream Properties, Point 00
To 298.14 K Too 298.14 K
Xpay 0.8998
Xy, 0.0903
Ypa, 0.9087 YD4go 0.9904
Yva 0.0913 Yoo 0.0096
R 0.008314 kJ.kmol2.K?

Solving for the dry air component gives:

egg = ToﬁxDAA In <)1/DD:A>
00
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- 0.9087
eSH = 298.14 x 0.008314 x 0.8998 X 1n( )

0.9904
et = —-0.1920 kJ. kmol™!

And for the vapour, the solution is:

ey = ToRxy, In <M>

Yoo

- 0.0913
ef™ = 298.14 x 0.008314 X 0.0903 X ln( )

0.0096
eff = 0.5053 kJ. kmol ™!

Now, utilising Equation B-48.
eM =efll +ef” +ef" +eg" +egf, B-48

eM =efi +eg" +0+0+eg),
e = —-0.1920 + 0.5053 + 7.672
el = —7.3589 kJ. kmol™?!

Quality Factor
Now that all of the exergy components have been determined, it is possible to determine

the quality factor for the calculated point in the system. Equations B-49, B-50 and B-51 may

be used to complete this calculation.

h =3,350 + 0 + (—2,583)
h =767 kJ. kmol™!

e=-el, +ekb, +et B-50

e =225.1+ 0 + (—7.3589)
e =217.7 kJ. kmol™?

= B-51

e
h
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2177
T 767
0 =0.284

Values of Omega (£2) are representative of exergy quality. This must be a number between 0

and 1 for systems that have a driving force to the ambient conditions. If the number is
negative, or greater than 1, work must be done on the system, and no useful work can be

extracted from the system [39, 98].

9.8Appendix D Sample Calculations of Carious Factors

9.8.1Calculation data

Data used:
Base Values Molar Masses

Label Value Units Label Value Units
Too 298.15 | K mmp, 28.858 | kg.kmol?
Too 25 c mmy 18.015 | kg.kmol™
Poo 101325 | Pa mm, 18.015 | kg.kmol™
Poo 1.01325 | Bar mmg 342.290 | kg.kmol*!
Pyt 0.03170 | Bar MMyl 16.042 | kg.kmol™

RHyo 27 % mmg, 31.999 | kg.kmol™

YD4go 0.9785 mmy, 28.013 | kg.kmol?
Yoo 0.022 mmeo, 44,010 | kg.kmol?

v, 0.0181 | m*kmol*
Ts 0.2237 | m3.kmol? Ahyyer, 43,987 | kl.kmol™
B 0.00021 | K* ToASyver, | 43987 | K.kmol®
Ps 0.0011 | K*[103] Ahyy@riv | 42474 | K.kmol®
R 831446 | K.kgmolLK™ TOASAV@TS“V 38,013 | klJ.kmol™
ATbryeryy 20 C
Cp Values (mass) Cp Values (mol)

CPpa 1.011 | kl.kgLK? CPpa 29.189 | kJ.kmol*.K?
Cpy 2.000 kl.kgtk? Cpy 36.030 | ki.kmoll.K?
Cp, 4.180 kl.kgt.K? Cp, 75.303 | kl.kmolt.K?
Cps 1.500 kl.kgt.K? Cps 513.435 | ki.kmoll.K?

CPruel 2226 | K.kglK? CPfuel 35711 | kl.kmol.K?
Cpo, 0.918 kl.kgt.K? Cpo, 29.375 | kl.kmol™.K*
Cpn, 1.040 kl.kgt.K? Cpy, 29.134 | kl.kmol™.K*

Cpco, 0.846 | kl.kgtk? Cpco, 37232 | kl.kmoltK?
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Dryer Initial Conditions
My 21 | kes?

Yin 0.006 | kgw.kgoa™
Yinn 0.010 | molw.moloa™
Mg,y 2.5 kg.s™
Xin 1 kgw.kgs™
Xivn 19.00 | molw.mols?
Tpa;y 0.72 kmol.s!
sy 0.0037 | kmol.s™
Tepy 190 C
Te1n 463.15 | K
Tsin 60 c
Tsin 333.15 | K

9.8.2Calculations

Gas side energy and exergy
The following calculations belongs to the results shown on page Energy flows

Case 0 on page 167.

Hg,y = payy CPpa(T — To) + 1y, [Coy (T — Ty) + Ahpyer,| 231

2-32
=MNpa,y (%(T —To) + YIN.n(C_pV(T —Ty) + m))
= 0.72(29.189(463.15 — 298.15)
+ 0.010(36.030(463.15 — 298.15) + 43,987))
= kmol.s™*(kJ. kmol™*. KK
+ kmoly,. kmoly s (kJ. kmol™ . KK + kJ. kmol™1))
= 3,525 kW
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inf 2-30

. 2-39
Exg,, = ¢, | (h—hg) = To(s —so) + Z(lli — Ko)X; 2-40

=0

= Npa,Copa(T — Tp) + 1y, [C_PV(T —To) + AhAV@TO]

T /TN
— Tonpa,Copaln <T_0> — Tony,, [CPV In <_) + Asyver, ]

To
_ T
= nDAIN CpDA T_TO (1+1n (T_O)>

_ T
+Yinn (CPV (T — Ty (1 + In (F))) + Ahyyer, — TOASAV@TO)

0

= 0.72| 29.189( 463.15 — 298.15 (1 +1 (463'15))
- ' ' ' "\29815

+0.010( 36.030 [ 463.15 — 298.15 (1 +1 (463'15)>
' ' ' ' "\298.15

+ 43,987 — 43,987)

= kmol.s™*(kJ.kmol™*. KK
+ kmoly,. kmolyx (k. kmol Y. KK + kJ. kmol™?
— kJ.kmol™1))
= 0.72(29.189(33.6786)
+0.010(36.030(33.6786) + 43,987 — 43,987))
= 719.5 kW

NOTE B-19: The chemical potential has been ignored, and the effect or Pressure on exergy has also been
ignored as the pressure is at the dead state pressure.

Evaporation Calculations

Nay.ace = 1.099 kg.s71;0.061 kmol.s™?1
Calculated using a mass and energy balance with iteration,

o g, Cpg (T —TM)

averdV
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_ Mpa (Cppa + YinnCo) (TN — TIN)

AHAV@TS”V
_ 0.72(29.189 + 0.010 x 36.030)(463.15 — 333.15)
42,474
_kmol.s™'(k].kmol™".K™' + kmoly,. kmoly ;. kJ. kmol™" . K™") (i
k].kmol~1

= 0.06535 kmol.s™ 1

O IN IN TCI;N

mAV..potEx =
AH aveTiN TOASAV@T_,,!N

IN

T,
Npa(Cppa + VinnCpy) (TGIN —T¢" —TyIn (TGW>)
_ 5

AH aveTiN TOASAV@T_,,!N

0.72(29.189 + 0.010 x 36.030) (463.15 —333.15— 273.151n(

- 42,474 — 38,013
~0.72(29.189 + 0.010 x 36.030) (40.009)
- 4,461

_ kmol.s™'(kJ.kmol™".K™' + kmoly,. kmoly ;. kJ. kmol™". K™") (i
- kJ.kmol-1

= 0.1521 kmol.s™1

Nav.act

Nav.Hg v =

nAV..potQ
_0.0610
"~ 0.06535

_ Nay.act

=79%

T™™M —
nAV.ExG_IN nAV i)otE
. X
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9.9Appendix E Visual Basic Code for MSExcel Modelling of a dryer

PLEASE NOTE: any reference to ‘water97_v13’ refers to an excel steam table addon found freely on the
web (https://www.cheresources.com/invision/files/file/34-thermodynamic-and-transport-properties-of-
water-and-steam/).

Public Const T_conv As Double =273.14 'add to C, subtract from K

Public Const P_conv As Double = 100000 'multiply bar, divide Pa

Public Const T_00 As Double =298.15  'K=250C

Public Const P_00 As Double =1.01325 'Bar=1atm

Public Const mfO_02 As Double =0.209818117126608 'Bar partial pressure
Public Const mfO_N2 As Double = 0.789682255754957  'Bar partial pressure
Public Const mfO_CO2 As Double = 4.99627118435682E-04 'Bar partial pressure
Public Const mfO_H20 As Double = 0.0095205709 'Bar partial pressure

Public Const mm_DA As Double = 28.858  'kg.kmol-1
Public Const mm_W As Double =18.015  'kg.kmol-1
Public Const mm_S As Double =342.29  'kg.kmol-1
Public Const mm_o02 As Double =31.9988 'kg.kmol-1
Public Const mm_n2 As Double = 28.01348 'kg.kmol-1
Public Const mm_co2 As Double = 44.0098 'kg.kmol-1
Public Const mm_F As Double = 16.04246  'kg.kmol-1

Public Const Cpa As Double =1.011 'k).kg-1.K-1

Public Const Cpl As Double =4.18276  'kJ.kg-1.K-1

Public Const Cps As Double = 1.5 'k).kg-1.K-1

Public Const Cpv As Double =2 'k).kg-1.K-1

Public Const cpo2 As Double = 0.918 'kJ/kg.K@300K
http://www.engineeringtoolbox.com/oxygen-d_978.html

Public Const cpn2 As Double = 1.04 'kJ/kg.K@300K
http://www.engineeringtoolbox.com/nitrogen-d_977.html

Public Const cpco2 As Double =0.846  'kJ/kg.K@300K

http://www.engineeringtoolbox.com/carbon-dioxide-d_974.html
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Public Const cpf As Double = 2.226 'k)/kg.K@300K
http://www.engineeringtoolbox.com/methane-d_980.html

Public Const Ta As Double = 190 'oC

Public Const Ts As Double = 60 'oC

Public Const R As Double = 8.31446 'k).kgmol-1.K-1

Public Const Cp_DA As Double = mm_DA * Cpa  'kJ.kmol-1.K-1

Public Const Cp_V As Double = mm_W * Cpv 'k).kmol-1.K-1

Public Const Cp_L As Double = mm_W * Cpl 'kJ.kmol-1.K-1

Public Const Cp_S As Double = mm_S * Cps 'kJ.kmol-1.K-1

Public Const Cp_02 As Double = mm_o02 * cpo2 'kJ.kmol-1.K-1@300K
Public Const Cp_n2 As Double = mm_n2 * cpn2  'kl.kmol-1.K-1@300K
Public Const Cp_co2 As Double = mm_co2 * cpco2 'kl.kmol-1.K-1@300K
Public Const Cp_f As Double = mm_F * cpf 'k).kmol-1.K-1@300K

Public Const k_air As Double =1.4 'from compressor power sheet

Public Const spec_v_L As Double =0.0181 'm3.kmol-1

Public Const spec_v_S As Double =0.2237 'm3.kmol-1

Public Const Th_exp_L As Double = 0.00021 'K-1

Public Const Th_exp_S As Double = 0.0011 'K-1 [29] p709-710

Public Const HHV_S raw As Double = 18640 'kJ.kg-1 *Using Formulae

Public Const HHV_f raw As Double = 58780 'kJ.kg-1 *Using Formulae

" *HHV=341C+1,323H+68S-15.3A-120(0+N)

' AMh=1.047+0.0154H/C+0.05620/C+0.5904N/C(1-0.175H/C)

Public Const ExCh_S_raw As Double = 15933 '20126 'kJ.kg-1 A Using Formulae (b*LHV)
Public Const ExCh_f raw As Double = 58332 '59545 'kJ.kg-1 A"Using Formulae (b*LHV)

Public Const HHV_S As Double =HHV_S raw * mm_S 'kJ.kmol-1
Public Const HHV_f As Double = HHV_f raw * mm_F 'kJ.kmol-1

Public Const ExCh_S As Double = ExCh_S_raw * mm_S 'kJ.kmol-1
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Public Const ExCh_f As Double = ExCh_f raw * mm_F 'kJ.kmol-1
Function Tdp(p, n_da, n_wt) 'dew point temperature calculation
If n_da+n_wt=0Then
Tdp=T_00+ 100
Elself n_wt =0 Then
Tdp=T_00
Else
Tdp = water97_v13.tSatW(p * n_wt / (n_da + n_wt))
End If
End Function
Function pp_w_max(t) 'saturation partial pressure at temperature
Ift<T_00 Then
pp_w_max = water97_v13.pSatW(T_00)
Else
pp_w_max = water97_v13.pSatW(t)
End If
End Function
Function isoSkimMilk(t, p, n_da, n_wt, n_s) 'the isotherm limit for skim milk if solids
present
Dim pp, pp_sat, n_vcalc As Double

n_vcalc =n_v(t, p, n_da, n_wt, n_s)

pp_sat = pp_w_max(t)
If n_da=0Then

pp=p
Elself pp = pp_sat Then

pp = pp_sat

Else
pp =n_v(t, p, n_da, n_wt, n_s) / (n_da + n_v(t, p, n_da, n_wt, n_s)) *p
End If
isoSkimMilk = 2.8481 * Exp(-0.002306 * t * WorksheetFunction.ImLn(pp_sat / pp))

End Function
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Function n_v_iso(t, p, n_da, n_wt, n_s) 'isothermal vapour maximum
If n_s=0Then
n_v_iso=n_wt
Else
n_v_iso =n_wt - n_s * isoSkimMilk(t, p, n_da, n_wt, n_s)
End If
If n_v_iso <0 Then
n_v_iso=0
End If
End Function
Function n_v(t, p, n_da, n_wt, n_s) 'maximum n_V at point T,P
Dim n_vset, n_viso, pp_w, pp_wsat, t_dp, n_Vsat As Double
If p=0Then
p=P_00
End If
pp_wsat = pp_w_max(t)
n_v=n_wt

Ifn_da+n_v=0Then

pp_w=p
t dp=373.15
Else

pp_w=n_v/(n_da+n_v)*p

t_dp =Tdp(p, n_da, n_wt)
End If
Select Casen_da=0

Case True

Select Casen_s=0

Case True
Select Caset>t_dp
Case True
n_v=n_wt

Case False
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nv=0
End Select
Case False

Select Caset<t_dp

Case True
nv=0
Case False
n_v=n_wt
End Select
End Select
Case False

If pp_wsat > p Then
n_Vsat=n_wt
Else
n_Vsat=n_da * pp_wsat / (p - pp_wsat)
End If
n_viso=n_wt+1
Select Casen_s=0
Case True
Select Caset>t_dp
Case True
n_v=n_wt
Case False
n_v =n_Vsat
End Select
Case False
Select Caset>t_dp
Case True

If n_wt=0Then
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While n_viso <> n_v And Count < 20
'n_viso =n_v_iso(t, p, n_da, n_wt, n_s)
n_viso = (n_wt-n_s * 2.8481 * Exp(-2.306 * 10~ -3 *t *
WorksheetFunction.Ln(pp_wsat / (p * n_v/ (n_v + n_da)))))
n_v=(n_wt-n_s*2.8481 * Exp(-2.306 * 10 A -3 *t *
WorksheetFunction.Ln(pp_wsat / (p * n_viso / (n_viso + n_da)))))
Count=Count +1
Wend
n_v = WorksheetFunction.Min(n_wt, n_viso, n_Vsat)
End If
Case False
n_v = WorksheetFunction.Min(n_wt, n_Vsat)
End Select
End Select
End Select
Ifn_v>n_wtThen
n_v=n_wt
Elself n_v <=0 Then
nv=0
End If
End Function
Function n_I(t, p, n_da, n_wt, n_s) 'n_L at point T,P by water balance
n_l=n_wt-n_v(t, p, n_da, n_wt, n_s)
End Function
'POINT SPECIFIC VARIABLES, Hsatvap(T), Hsatlig(T), TOSsatvap(T), TOSsatlig(T), H(T), TOS(T)
Function Hsv_T(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, Hsatvapw(T)
Hsv_T = water97_vi13.enthalpySatVapTW(t) * mm_W
End Function
Function Hsl_T(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, Hsatliqw(T)
Hsl_T = water97_v13.enthalpySatLigTW(t) * mm_W
End Function

Function TSsv_T(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, TOSsatvapw(T)
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TSsv_T = water97_vi13.entropySatVapTW(t) * mm_W *T_00
End Function
Function TSsl_T(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, TOSsatliqw(T)
TSsl_T = water97_v13.entropySatLigTW(t) * mm_W * T_00
End Function
Function Hw(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, Hw(T)
Dim pp, pp_sat As Double
pp_sat = pp_w_max(t)
pp = pp_sat
If n_da =0 Then
pp=p
Else
If pp>(p * n_wt/(n_da+n_wt)) Then
pp=p *n_wt/(n_da+n_wt)
End If
End If
Hw = water97_v13.enthalpyW(t, pp) * mm_W
End Function
Function TSw(t, p, n_da, n_wt) 'POINT SPECIFIC VARIABLES, TOSw(T)
Dim pp, pp_sat As Double
pp_sat = pp_w_max(t)
pp = pp_sat
If n_da =0 Then
pp=p
End If
If pp>(p * n_wt/(n_da+n_wt)) Then
pp=p *n_wt/(n_da+n_wt)
End If
TSw = water97_vi13.entropyW(t, pp) * mm_W *T_00
End Function
'ENTHALPY OF THE SYSTEM CALCULATION

Function H_W(t, p, n_da, n_wt, n_s) 'saturated water enthalpy
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If t > Tdp(p, n_da, n_wt) Then
H W =Hw(t, p, n_da, n_wt) * n_wt
Else
H W =Hsv_T(t, p, n_da, n_wt) * n_v(t, p, n_da, n_wt, n_s) + Hsl_T(t, p, n_da, n_wt) *
n_I(t, p, n_da, n_wt, n_s)
End If
If T_00 > Tdp(P_00, n_da, n_wt) Then
H W=H_W-Hw(T_00, P_00, n_da, n_wt) * n_wt +n_v(T_00, P_00, n_da, n_wt, n_s) *
(Hsv_T(T_00, P_00, n_da, n_wt) - Hsl_T(T_00, P_00, n_da, n_wt))
Else
HW=H W-(Hsv_T(T_00,P_00,n_da, n_wt) *n_v(T_00,P_00,n_da, n_wt, n_s) +
Hsl_T(T_00, P_00, n_da, n_wt) * n_I(T_00, P_00, n_da, n_wt, n_s)) + n_v(T_00, P_00,
n_da, n_wt, n_s) * (Hsv_T(T_00, P_00, n_da, n_wt) - Hsl_T(T_00, P_00, n_da, n_wt))
End If
End Function
'ENTROPY OF THE SYSTEM CALCULATION
Function TS_W(t, p, n_da, n_wt, n_s) 'saturated water entropy
If t > Tdp(p, n_da, n_wt) Then
TS_W =TSw(t, p, n_da, n_wt) * n_wt
Else
TS_W =TSsv_T(t, p, n_da, n_wt) * n_v(t, p, n_da, n_wt, n_s) + TSsl_T(t, p, n_da, n_wt) *
n_I(t, p, n_da, n_wt, n_s)
End If
If T_00 > Tdp(P_00, n_da, n_wt) Then
TS W=TS W-TSw(T_00,P_00,n_da,n_wt) *n_wt+n_v(T_00,P_00, n_da, n_wt, n_s)
* (TSsv_T(T_00, P_00, n_da, n_wt) - TSsl_T(T_00, P_00, n_da, n_wt))
Else
TS W =TS_W - (TSsv_T(T_00, P_00, n_da, n_wt) * n_v(T_00, P_00, n_da, n_wt, n_s) +
TSsl_T(T_00, P_00, n_da, n_wt) * n_|(T_00, P_00, n_da, n_wt, n_s))+n_v(T_00, P_00,
n_da, n_wt, n_s) * (TSsv_T(T_00, P_00, n_da, n_wt) - TSsl_T(T_00, P_00, n_da, n_wt))
End If

End Function
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'EXERGY CALCULATION
Function Ex_W(t, p, n_da, n_wt, n_s) 'saturated water exergy
Ex W=H_W(t, p, n_da, n_wt, n_s) - TS_W(t, p, n_da, n_wt, n_s)
End Function
'DRY AIR COMPONENTS
Function H_DA(t, p, n_da) 'DRY AIR enthalpy
H DA=n_da* Cp_DA* (t-T_00)
End Function
Function TS_DA(t, p, n_da) 'DRY AIR entropy
TS_DA=n_da *T_00 * (Cp_DA * WorksheetFunction.Ln(t /T_00) -R *
WorksheetFunction.Ln(p / P_00) * 100)
End Function
Function Ex_DA(t, p, n_da) 'EXERGY of dry air component
Ex DA=n_da * (Cp_DA * (t-T_00 * (1 + WorksheetFunction.Ln(t / T_00))) + T_00 * R *
WorksheetFunction.Ln(p / P_00) * 100)
End Function
'DRY SOLID COMPONENTS
Function H_s(t, p, n_s) 'DRY solid enthalpy
Hs=ns*Cp S*(t-T_00)+n_s*spec_ v.S*(1-T_00*Th_exp_S)*(p-P_00)* 100
End Function
Function TS_s(t, p, n_s) 'DRY solid entropy
TS s=n_s*T 00 * (Cp_S * WorksheetFunction.Ln(t / T_00)) - n_s * spec_v_S * Th_exp_S
*T 00 * (p-P_00) * 100
End Function
Function Ex_s(t, p, n_s) 'EXERGY of dry solid component
Ex s=n_s*(Cp_S*(t-T_00 * (1 + WorksheetFunction.Ln(t / T_00))) - spec_v_S * (p -
P_00) * 100)
End Function
'system calculations
Function Ex_TM(t, p, n_da, n_wt, n_s)  'exergy base complex
Ex_ TM = Ex_DA(t, p, n_da) + Ex_ W(t, p, n_da, n_wt, n_s) + Ex_s(t, p, n_s)

End Function
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Function H_TM(t, p, n_da, n_wt, n_s) 'enthalpy base complex
H TM =H_DA(t, p, n_da) + H_W(t, p, n_da, n_wt, n_s) + H_s(t, p, n_s)
End Function
Function H_w_simple(t, p, n_da, n_wt, n_s) 'simple water enthalpy
Dim nv, nl As Double
nv=n_v(t, p, n_da, n_wt, n_s)
nl=n_wt-nv
H_w_simple =(nv * Cp_V +nl * Cp_L) * (t - T_00) + nv * lambdaH_T(T_00, P_00, n_da,
n_wt)+nl*spec_v L*(1-T_00*Th_exp_L) * (p-P_00) * 100
End Function
Function TS_w_simple(t, p, n_da, n_wt, n_s) 'simple water entropy
Dim nv, nl As Double
nv=n_v(t, p, n_da, n_wt, n_s)
nl=n_I(t, p, n_da, n_wt, n_s)
TS_w_simple =T_00 * ((nv * Cp_V + nl * Cp_L) * WorksheetFunction.Ln(t / T_00) + nv *
lambdaTS_T(t, p, n_da, n_wt) /T _00-nl *spec_v_L*Th exp_L* (p-P_00)* 100)
End Function
Function Ex_w_simple(t, p, n_da, n_wt, n_s) 'simple water exergy
Ex_w_simple =H_w_simple(t, p, n_da, n_wt, n_s) - TS_w_simple(t, p, n_da, n_wt, n_s)
End Function
Function H_simple(t, p, n_da, n_wt, n_s) 'simple enthalpy
H simple =H_DA(t, p, n_da) + H_s(t, p, n_s) + H_w_simple(t, p, n_da, n_wt, n_s)
End Function
Function TS_simple(t, p, n_da, n_wt, n_s) 'simple entropy
TS simple =TS_DA(t, p, n_da) + TS_s(t, p, n_s) + TS_w_simple(t, p, n_da, n_wt, n_s)
End Function
Function Ex_simple(t, p, n_da, n_wt, n_s) 'simple exergy
Ex_simple = H_simple(t, p, n_da, n_wt, n_s) - TS_simple(t, p, n_da, n_wt, n_s)
End Function
Function lambdaH_T(t, p, n_da, n_wt) ‘evaporation enthalpy
lambdaH_T =Hsv_T(t, p, n_da, n_wt) - Hsl_T(t, p, n_da, n_wt)

End Function
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Function lambdaTS_T(t, p, n_da, n_wt) 'evaporation entropy
lambdaTS_T=TSsv_T(t, p, n_da, n_wt) - TSsl_T(t, p, n_da, n_wt)
End Function
'Fuel and Flue COMPONENTS
Function H_flue(t, p, n_o2, n_n2, n_co2, n_f) 'flue and fuel enthalpy
H_flue=(n_o02*Cp_02+n_n2*Cp_n2+n_co2*Cp_co2+n_f*Cp_f)*(t-T_00)
End Function
Function TS_flue(t, p, n_o02, n_n2, n_co2, n_f) 'flue and fuel entropy
TS flue=(n_02*Cp_02+n_n2*Cp_n2+n_co2 *Cp_co2+n_f*Cp_f)
TS _flue =TS_flue * (T_00 * WorksheetFunction.Ln(t / T_00))
Dim X As Double
X = WorksheetFunction.Ln(p / P_00)
TS flue=TS flue-(n_02+n_n2+n_co2+n f)*R*T_00*X
End Function
Function Ex_flue(t, p, n_o02, n_n2, n_co2, n_f) 'flue and fuel exergy
Ex_flue =H_flue(t, p, n_02,n_n2,n _co2,n_f)-TS flue(t, p, n_02, n_n2,n_co2, n_f)
End Function
Function H_Ch(n_s, n_f) 'chemical energy of fuel and SMP
H Ch=n_s*HHV S+n_f*HHV f
End Function
Function Ex_Ch(n_s, n_f) 'chemical exergy of fuel and SMP
Ex_Ch=n_s* ExCh_S + n_f * ExCh_f
End Function
Function T_v_out(n_da, n_wt, n_s, t_in, p_in, p_out, ¢_in) 'valve outlet temperature
Dim resid, dt, dpv, A As Double
n=0
A=Cp DA*n da+Cp V*n wt
dpv=(A*T_00* (p_in - p_out))
dt=dpv/A
t out=t_ in+dt
resid =q_in- H_TM(t_out, p_out, n_da, n_wt, n_s)

While Round(resid, 7) <> 0 And n < 50
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t_ out=t out+resid/A
resid = q_in - H_TM(t_out, p_out, n_da, n_wt, n_s)
If n_I(t_out, p_out, n_da, n_wt, n_s) >0 Then
resid = resid - n_I(t_out, p_out, n_da, n_wt, n_s) * lambdaH_T(t_out, p_out, n_da,
n_wt)
End If
n=n+1
Wend
T v _out=t_out
End Function
Function p_comp_req(t_in, t_out) 'compressor outlet pressure estimate (75% adiabatic
efficiency)
p_comp_req=(P_00 * (t_out/t_in)~ (k_air/ (k_air-1))) *0.75
End Function
Function fuel_req(qg_in1, q_out1) 'fuel requirement estimate (not used)
fuel req=(q_in1-q_outl)/HHV_f raw
End Function
Function T_hx_out(n_da, n_wt, n_s, q_1_in,q_1 out,g_2_in,t_2_in, p_in) 'heat
exchanger outlet temperature estimate, fails if change of state occurs
Dim deltaq, resid, t_est, A, n_cond As Double
deltag=q_1 in-q_1 out
n=0
A=(n_da*Cp DA+n_ wt*Cp V+n_s*Cp_S)
resid = deltaq
t_ est=t 2 in+deltag/A
While Round(resid, 7) <> 0 And n < 500
resid =H_TM(t_est, p_in, n_da, n_wt, n_s)
resid = deltaq + g_2_in - resid
t est=t_est+resid/A
n=n+1
Wend

T hx_out=t_est
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End Function
Function T_hx_out_p(n_o02,n_n2,n_co2,n_wt,q_1_in,q_1_out,q_2_in,t_2_in, p_in)
'heat exchanger outlet temperature estimate (flue), fails if change of state occurs
Dim deltaq, resid, t_est, t_estl, A, n_da, n_cond As Double
deltag=q_1_in-q_1 out
n=0
n_da=n_o02+n_n2+n_co2
A=(n_02*Cp_02+n_n2*Cp_n2+n_co2*Cp_co2+n_wt*Cp_V)
resid = deltaq
t est=t 2 in+deltag/A
While Round(resid, 7) <> 0 And n < 500
resid = H_TM(t_est, p_in, n_da, n_wt, 0)
resid = deltaqg + q_2_in - resid
t_ est=t_est+resid/A
n=n+1
Wend
T hx_out_p=t_est
End Function
Function ex_diffusion(n_da, n_wt, n_s, n_f, n_o02, n_n2, n_co2, nn_|, nn_v) 'diffusion
calculations
Dim inter, mfo, mfn, mfc, mfvw, mflw, ntot As Double
If n_da>0Then
n_o2 =n_da * mf0_02
n_n2 =n_da * mf0_N2
n_co2 =n_da * mf0_CO2
n da=0
End If
'determine change to gas composition from fuel
'solids assumed un-reactive (thus omitted)
If n_f>0Then
no2=2*nf+n o02-2/3*n_f

n_co2=n_co2+1/3*n_f
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nwt=n wt+2/3*n_f
nn2=n_n2+2*08/0.2*n_f
End If
'set-up variables
n_da=n_o2+n_n2+n_co2+n_da
n_wt=n_wt+nn_l+nn_v
ntot=n_da+n_wt
mfo =n_o2 / ntot
mfn =n_n2 / ntot
mfc =n_co2 / ntot
If nn_I>00rnn_v>0Then
mfvw = nn_v / ntot
mflw = nn_| / ntot
Else
mfvw =n_v(T_00, P_00, n_da, n_wt, n_s) / ntot
mflw =n_I(T_00, P_00, n_da, n_wt, n_s) / ntot
End If
'start diffusion calculations
If n_da=0Then
If nn_v=0Then
inter = Abs(n_wt * R * T_00 * WorksheetFunction.Ln(1 / water97_v13.pSatW(T_00)))
Else
If mfvw =0 Then
inter=0
Else
inter = Abs(mfvw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / mf0_H20))
inter = inter + Abs(mflw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw /
water97_v13.pSatW(T_00)))
End If

End If

Elself n_wt =0 Then
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inter = Abs(n_02 * R * T_00 * WorksheetFunction.Ln(mfo / mf0_02))

inter = inter + Abs(n_n2 * R * T_00 * WorksheetFunction.Ln(mfn / mfO_N2))

inter = inter + Abs(n_co2 * R * T_00 * WorksheetFunction.Ln(mfc / mf0_C02))
Else

inter = Abs(n_o2 * R * T_00 * WorksheetFunction.Ln(mfo / mf0_02))

inter = inter + Abs(n_n2 * R * T_00 * WorksheetFunction.Ln(mfn / mf0O_N2))

inter = inter + Abs(n_co2 * R * T_00 * WorksheetFunction.Ln(mfc / mfO_C02))

inter = inter + Abs(mfvw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / mfO_H20))

inter = inter + Abs(mflw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw /
water97_v13.pSatW(T_00)))
End If
ex_diffusion = inter
End Function
Function enthalpy(t, p, n_da, n_wt, n_s, n_f, n_o2, n_n2, n_co2) 'overall enthalpy
calculation
If n_da>0Then
n_o2 =n_da * mf0_02
n_n2 =n_da * mf0_N2
n_co2 =n_da * mf0_CO2
Else
n_da=n_o2+n_n2+n_co2
End If
enthalpy = H_flue(t, p, n_02, n_n2, n_co2, n_f)
enthalpy = enthalpy + H_W(t, p, n_da, n_wt, n_s) 'H_w_simple(t, p, n_da, n_wt, n_s)
enthalpy = enthalpy + H_s(t, p, n_s) + H_Ch(n_s, n_f)
'n_v0=mf0_H20 * n_da /(1 - mf0_H20)
'If n_v(T_00, P_00,n_da,n_wt,n_s)>n_v0 Then
' enthalpy = enthalpy - n_v0 * lambdaH_T(T_00, P_00, n_da, n_wt)
'Elself n_v(T_00, P_00, n_da, n_wt, n_s) <=n_v0 Then

" enthalpy = enthalpy - (n_v(T_00, P_00, n_da, n_wt, n_s) - n_v0) * lambdaH_T(T_00, P_00,

n_da, n_wt)

'End If
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End Function
Function exergy(t, p, n_da, n_wt, n_s, n_f, n_o2, n_n2, n_co2) 'overall exergy calculation
If n_da >0 Then
n_o2 =n_da * mf0_02
n_n2 =n_da * mf0_N2
n_co2 =n_da * mf0_CO2
Else
n_da=n_o2+n_n2+n_co2
End If
exergy = Ex_flue(t, p, n_02, n_n2, n_co2, n_f) + Ex_s(t, p, n_s) + Ex_Ch(n_s, n_f)
exergy = exergy + ex_diffusion(0, n_wt,n_s,n_f,n_02,n_n2,n _co2,0,0)
exergy = exergy + Ex_W(t, p, n_da, n_wt, n_s) ' Ex_w_simple(t, p, n_da, n_wt, n_s)
End Function
Function dryer_tg_o(t_g_in, n_da, yn_in, t_s_in, n_s, xn_in, offset)
Dimlam,n_v2,n v1, T int,t s, T_g, H in, H resid, n_wt As Double
'determine standard variables
n_wt=yn_in*n_da+xn_in*n_s
'Determine goal enthalpy as a check
H_in = enthalpy(t_g_in, P_00, n_da, n_da *yn_in, 0, 0, 0, 0, 0) + enthalpy(t_s_in, P_00, O,
n_s*xn_in,n_s,0,0,0,0)
'starting guesses
T g=t_g in
t_s=Tdp(P_00, n_da, n_wt)
n_vl=yn_in *n_da
n_v2=n_v(t_s,P_00,n_da, n_wt, n_s)

lam = lambdaH_T(t_s, P_00, n_da, n_wt)

n=0
H resid=H_in
'begin loop

While n <100 And H_resid <> 0
'set-up required variables

Tint=T_ g
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n_v2=n_v(t_s,P_00,n_da, n_wt, n_s)
'determine how much enthalpy is not accounted for
H_resid = H_in - enthalpy(T_int, P_00, n_da, n_v2,0,0, 0, 0, 0)
H_resid = H_resid - enthalpy(t_s, P_00,0,n_wt-n_v2,n_s,0,0,0, 0)
‘convert H to temperature on gas phase only
resid_T = (H_resid / (n_da * Cp_DA+n_v2*Cp_V+(n_wt-n_v2)*Cp_L+n_s*Cp_S))*
0.6
T g=T_ int+resid_T
n_vl=n_v(T_g- offset, P_00, n_da, n_wt, n_s)
t s=T g- offset
'progress values
n=n+1
Wend
“flip the result so it is easier to access via cell functions
Dim vector(1 To 4) As Double
vector(1)=T g
vector(2) =t_s
vector(3) =resid_T
vector(4) = n 'check timout
If Application.Caller.Rows.Count > 1 Then
dryer_tg o = Application.Transpose(vector)
Else
dryer_tg o =vector
End If
End Function
Function T_SP(x_n)
Dim x_m, t_Glass_w, t_glass_s As Double
'glass transistion temperature of water -137C, of lactose is 101C
'x_nis in mol/mol, x_m must be in kg/kg
xm=x_n*mm W/ mm_S
t_Glass_w =-137

t glass s=101
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TSP=((1-x_m)*t glass_ s+x_m*t Glass_ w)/(1+7.48*x_m)+23.3

End Function
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