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Abstract
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in exports for 2012 while consumir8® PJ of fossil fuels for process heat. Three
quarters of NZ dairy exports amilk powders. This thesigresentsmethods to
reduce process heat use in Milk Powder Plants (MPP) through improved heat
integration and addresses key technical challenges preventing industrial
implementation My original contributions to literature includel)a novel design
method calledhe Cost Derivate Method (CDNMjat cost optimally allocates area

in direct heat exchange networks, @new design methodology for integration

of semicontinuous process clusters using a Heat Recovery Loop (HRL) with a
Vaiiable Temperature Storage (VTS) system for improved heat recovepn (3)
experimentally validated deposition model for predicting critical air conditions
that cause milk powder fouling, and @)hermoeconomic assessment tool for
the optimisation of indstrial spray dryer exhaust heat recovery projects via a

Liquid Coupled Loop Heat Exchanger (LCHE) system.

By applyind’inch Analysis to an industrial MMP, this work confirms that heat must
be recovered from the milk spray dryer exhaust air (<Zhto acleve maximum
heat integration in MPPs. For staiatbne MPPs exhaust heat is best used to
indirectly preheat the inlet dryer air reducing steam use by 2a.7or a 55C
exhaust outlet. Additional economic heat recovery from condensate and vapour
flows deceased steam use by a furthér %.Application of the CDM tthe liquid

and vapour sections afew MMP maximum energy recovery networks reduced
total cost by5.8% For multiplant dairy factoriesa second industrial case study
showed the exhaust heat ngdbe integrated witimeighbouring plants via a HRL with
VTS to increase siteeat recovery by 10.B1W including 5.IMW of exhaust heat
recovery, compared to 7.8IW using a conventional HRL design method with

constant temperature storage.



A key barrier preenting exhaust heat recovery implementation in NZ MPPs is the
possibility of milk powder foulinddryerexhaust air contains a low concentration
of powder that when exposed to low temperatures at high humidity becomes
sticky. For a heat exchanger facewalocity of 4m/s, experimental data from milk
powder fouling tests of flat plates, tubes and fins indicates particulate fouling
becomes severe when the exhaust air temperature reache¥C553igher face
velocities are shown to lower this critical exhateshperature for avoiding severe
fouling, which gives potential for increased heat recovery but for increased
pressure drop. Lower faceelocities show the opposite effect. Designing exhaust
heat recovery systems entail an acute traolé between heat trasfer, pressure
drop and fouling. Two important design parameters are the number of tube rows
in the exhaust heat exchanger and the face velocity. The outputs of a thermo
economic spreadsheetol suggest LCHE systems for a dryer producingt&28i&
econanic. With a face velocity of /s and 14 rows of finned round tube, the
project had an estimated payback of 1.6 yeamsetpresent valuef NZ$3million

and internal rate of return of 7%. This tool will empower industry with greater
confidence to uptée exhaust heat recovery technology as a vital method for

improving the heat integration of MPPs in NZ.
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Chapter 1

Introduction

1.1. Background

An estimated 3@% ofmanufacturingenergy usen New Zealanderivedfrom coal
natural gasand wood or 32.1PJ,wasconsumed by dairy processihgr process
heat in 2012 Other significantenergy users includepetroleum and chemical
manufacturing pulp and paper and wood processiag shown irFigurel-1. Tre
heat demand of dairy processing ariggsnarilyfrom milk powder productionln
2012 he New Zealand dairy industry procesgedghly18 billion litres of milkto
generake nearly a quarter of national exportse. NZ$B billion (Statistics NZ,
2013) Recent conversions from sheapdbeef farming to dairyingogether with
the construction of new processing plantes fuelled the exponential growth of
dairy processing over the last decade. As a result the total heat demand of dairy
processing igrowing whereasdemand inother industrial sectors, such as pulp

and paper and wood processingcontracting

57 a2

40 1
35

301 Estimated contribution

- — from Dairyprocessing

20 A

19.9
17.1
15.0
15
10 A
6.2
5 1 I 29 2.6
0 B = T T T T - T -_|

Food & Petroleum Pulp & Wood Non-metallic Metals Other
beverage & chemical paper product minerals product manufacturing
product

Energy use by NZ manufactoring in 2012 [PJ]

Figurel-1: Process heat use for manufacturing derived from coatural gas andvood in 2012
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Conversion of raw milk into powdered milk is energy intensive due to the high
energy conteh associated with the vapotliquid phase change of wates itis
traditionally removed by evaporationThe milk powder process involves two
dewatering operations as illustrated irFigure 1-2. The firstdewatering unit
operationis a multieffect evaporatortrain. In the New Zealand dairy industry,
modern evaporator trains are integrated with mechanical and thermal vapour
recompression units for improved heat efficiency. Mitkers the evaporators at
about 10% solids andeavesthe evaporators atpproximately52 % solidsThis
solids level represents the present practical amkerational ceilingdue to the
rheology of the concentratelheconcentrated milk is atomised and dried to form
micron-sizedmilk powderparticlesat approximately96 % solidsn the spray dryer
and fluidised be@perations From these@lewateringoperations three heat source
streamsare generatedeach with a different phasefrom which heat can be
recovered. Maximising heat recovery in the milk powder predseschiefly about

the best utilization of these heat sources.

Steam Electricity Steam
Treated Concentrated Powdered
milk milk milk
:> Multi-effect :> Spray dryer &
evaporators fluidised beds
10% solid 52% solids 96% solids
Condensed Vapour Warm, humid air
water 64C 54° 75°C

Figurel-2: Theconversion of liquidmilk into powdered milk using spragrying.

Industrial process heatonsumption in largescale milk powder plants is
considerablyreducedby heat recovery Howevera recent stug hassuggested
that heat recoveryfrom warmdryer exhaust air flowsould decreassteamuse
by a further10 ¢ 20 %(Atkins et al., 2011which equates t@ savings potential of
2.4 ¢ 4.8 PJlyfor all milk powder production in New Zealand the past recovery



of low-grade heat fromdryer exhaust airflows has been overlooked as an
economic prioritypossiblydue to energy costsn dairy processingepresenting
only a small proportion of the total production coétY f S Y S C008)iin I f &

addition toseveraltechnical challenges.

Increasingglobal concerns over rising energy prickgure energysecurityand
pollution are, however,forcing industriesto look further into the future and
become more energy efficienEigurel-3 shows the costof coal and natural gas
in New Zealanchave beenincreasingfaster than the cost of capitaEnergy
projects that had dour year paybackn 2002will now have a payback of @3
years.Low priority heat recovery projectdrom previowsly ignored streamsare

now being reconsidered and the associatedhnical challengeseedsolutions

| —— Capital index
3000 A —— Coal index _- v
1 —— Natural gas index Phd
P rd
rd
x A _ > 4
T 2000 - _-
£ _ -
ﬁ b L
@}
) e ==
1000 A \ ' J
Linear extrapolation
0 T T T T T T T T T T T T T T T T T T T 1
2000 2005 2010 2015 2020

Year

Figure 1-3: Comparison of food processing capital to energy costdNew Zealandshowing a
linear extrapolation (Statistics NZ, 2013)

The New Zealand dairy industry has been g to uptake spray dryer exhaust

heat recovery. Irthe mid-m gy ,/th@ ®lainsCoOp Dairy Ltdactory installed a

glass tube aito-air exhaust heat recovery system. Energy surveys of its
performance showed heat recovery decreased4®2o after13h of gperation

(Neale, 2014)In 2008,the Edendale dairy factory buift new state-of-the-art

dryer(ED4Y 6 KAOK gl a Ffaz2 GKS g2NIaRdhad f I NBHS A
plans to instalk liquid coupled loogxhaust heat recovergystem The exhaust

heat exchanger was built but never installdde to concerns over milk powder



fouling causing disruptions to plant productio8ince that time an additional
twelve milk powder spray dryers have been built in New Zealand all without
exhaust heat recovery which is evidence that exhaust heat recovery is not

standard industry practice in New Zealand

Economic kat recovery from dryer exhaust air flows nontrivial and faces
several technical challengéisat are both general and site spéciin nature Key
engineering research questions includ&here is the best place to use dryer
exhaust hea? How doesdryer exhaust heat recovesnffectcurrent industrial heat
integration strategie® Will milk powder fouling significantly degrade the
performance of a dryer exhaust heakchange? How does heat recovery impact
on the initiation and rate of foulingheseengineeringresearch questions
representgaps in the knowledgeas well as hurdles to widgpread industrial

uptakeof dryer exhaust heatecovery

The first two questions are related to thetegration of the milk powder process.
The idea oProcess Integratio(Pl)isto take aholisticapproach to process design
and optimisationthat looks at how a collection of processes or systems ast b
integrated. Pl techniques, such as Pinch Analysis (P@Aye beenapplied to
determine the minimunheating and cooling requirements numerousproceses
(Linnhoff and Flower, 1978ncluding the milk powder proce¢soveltSmith and
Baldwin, 1988; Radrtson and Baldwin, 1993 ndto designpractical strategies to
achieve tle minimumenergy targetLinnhoff and Hindmarsh, 1983Ainvolves
the application of fundamental thermodynamic principles to provide
understandingvhere heat recoveryn a processs constraineds indicaéd by so
called hch temperatures from which realistic targets for increased energy
recovery andcost savings may becalculated (Kemp, 2005) Using Pinch
temperatures as a starting point, nesbvious hat exchanger network designs
may be developed to significdgimprove the overall profitability of heat recovery

systems.

Pltechniqueshave been successfulppliedto semicontinuousdairy processes

where plants run for a matter of hours or days befaieaning is required to



guarantee product quality(Y f S Y S O X Totalnsiteo iethodologies have
extended the practical application of PA to improve the heat integration of large
multi-plant/process site® Y SY S O Sl pattiduldr fidirectindeyration of

low temperature processessuch as dairy processessinga Heat Recovery Loop
(HRLyystem has also been investigat@kins et al., 2012aHowever lackingn

the dairy spaceis a thermeeconomic assessmerand optimisationof the
economic profitaldity of increasing heat recovery dairy processg, and more
particularlymilk powder processing. Su@stablishedtechniquesin conjunction
with thermo-economic assessmemay be applied to explain how dryer exhaust
heat may bentegratedon dairy processing siteBloweverthis does not address

the questions relating to heat exchanger fouling.

Deposition
accelerates

Exhaust
T&RH

Stickiness
intensification

-

Constant
absolute humidity

Temperature [C]

Water activity or relative humidity [%]

Figurel-4: Intensification of milk powder stickiness as exhaust heat is recovered.

Particulate fouling of dryer exhaust heatchangesystems is probable and the

most severe casemaylead to plant downtime reducingowder productionand
leading to significant profit losg\lthough very little research has focused air
sidemilk powder fouling of heat exchangers, there have been several studies that
have addressed the problem of milk powder stickiness and deposition in the
context of the spray dryer, fluidised bedyclone and baghouse (filters) unit
operations. The surface stickiness of milkpowder, which is an amorphous
material,isintrinsicallyrelated to the concepts of glass transition temperature and
viscosity(Downton et al., 1982)As a result the stickiness of powder particles can

intensify as heat from the dryer exhaust air is recoveaed the air temperature



is decreasedas illustrated irFigurel-4. The deposition of nik powderparticulate

on wall surfacesis also depenent on the particle impact velocitfMurti et al.,
2010) particle siz€Zhao, 2009andthe wallgeometry, temperature and material
(Woo et al., 2009)At present the literaturdacks a validated model that describes
the primary variables that influence the attachment of sticky milk powder
particles.Gaining a fundamental understanding of milk powder stickinessitand
depositionon heat exchangesurfacess essentiato help determine methods to
mitigate fouling and identify upper boundaries for heat recovery that are

advantageous to stay within.

1.2. Thesis aim

The aim othe research is tinvestigate howto maximiseeconomicheatrecovery

in milk powderproduction The scope of # research includestand-alone milk
powder plans andmilk powder plans co-located withother dairy processesn a
single large siteFocus in the research is targeted for New Zealaild powder
plants and dairy factories, and economics are based orbdst available local
data.Analysis of standlone milk powder plants include the evaporator and spray
dryer sections of the plant, whichlwaysoperate simultaneous$y, but excludes

milk treatment because bperates on a separate schedule and is oftermmeady
highly integrated process with little opportunity for increased heat recovery. Large
multi-plant dairy sites have several independent processes such as milk powder,
milk treatment, butter, cheese, casein, whey, utilities, dtitegration between

the process and utility systems is not considered in this th&sis.hot utility, a
single price is assumed since combined heat and power generation at NZ dairy
factories is rareWhen utility savings are identified, it is assumed there is an equal

reduction in utility generation anditility cost.

To achieve the overall airthe thermodynamic constraints of heat recovery within
milk powder plansare investigated and strategies for improving heat recovery are
designed. Mvel methodologies for the optimis@n of direct heat exchange
networks and the design of HRLs with a variable temperature storage system for
site integrationis developed.The role of dryer exhaustir in increasing heat

recovery is determined and the level of milk powder fouling on heahgfer



surfaces is experimentally tested. key output from this thesis is a spreadsheet
tool that canmodel the performance andeconomic viability ot dryer exhaust

heat recoverysystem

1.3. Thesis outline

Chapter2 thoroughlyreviewsthe key literature and advances in thareas ofPI

and heat exchangers that are most relevant to the thesis. diraxaminesthe
current state of the art for heat integration of the milk powder procesis
highlights that heat recovery from the dryer exhaust air is criticadbievinga
step change imilk powder plantnergy efficiencyEven thougltthere appears to

be no established scheme for how this heat is best utilised for the poikder
plant case Key methodology for analysing how heat recovery from the exhaust is
best integrated into the milk powder process and/or other-site processes is
presented. The second half of Chapter 2 focuses on the challeossd bymilk
powder foulingin an exhaust heat exchanger and its adverse effects on thermal
and hydraulic heat ehanger performanceTo round out the chapterthe

fundamentals of milk powder stickiness and deposition is critically reviewed

Thesubsequensixchapters represent the bulk of theumericalandexperimental
results. Chapter 3 applies convention&ll techniques to investigate how heat
integration in stanealone milk powder plants can be improved. It highlights the
importance of correctly selecting the discharge temperature of streams leaving
the process and the impact thesemperatureshave on heat recoery targes set

by PA A keystone to increasing integration within the milk powder plant is heat
recovery from the dryer exhaust alPractical heat exchanger network structures
are established and compared to current industry practice. Two of these mietwo
structures from Chapter 3are further optimised in Chapte4 where a novel
mathematical method of cost optimal area allocation in heat exchanger networks
is derived from fundamental heat exchanger cost and design equations. This new
method has wider apgal than just the dairy industry: the method is generally

applicable.



Chapter5 places the milk powder plant in the context of a large dairy factory
containing multiple other dairy processemd investigates the potential for
improved heat integration athe total site levelinter-plant heat recovery targets
are set for indirect heat recovery systesroperated with constanteand variable
temperature heat storageUsing historical plant data, the indirect heat recovery
systems are modelled and performanfoeecastsare established, underlining the
improved effectiveness of the new variable temperature approach in unlocking
much greater inteiplant heat recovery potential. Heat from the @mnyexhaust of

the milk powderplants proves to be a highly valuable goe for heating other

low-temperature onsite dairy processes.

After establishing howdryer exhaust heat recoveris best integrated in stanrd
alone milk powder plants and large dairy factoritbg next two chapters focus on
understanding how milk powdemgrained in the exhaust air will interaatith and

foul heat exchanger surfaces. Chapteid@ntifies the underlying mechanisms
driving milk powder fouling by experimentally quantifying the conditions
controlling airborne particle deposition on flat plate& fundamentalcontact
mechanicsmodel describing the collision and attachment of adhesive, elastic
particlesforms the basis for engineering a seempirical model that adequately
expresses the experimental results. Chapter 7 increases the scale of the
experimental work to look at deposition on the face of fins and the front of tubes.
The semiempirical model developed in Chapter 6 is compared to results obtained
in Chapter 7. Particular focus is given to understanding how fast the pressure drop

increasesas fouling occurs in the heat exchanger like geometries.

The final piece of the thesis is Chapter 8, widemonstrates a spreadsheet tool
that has been developed to quickly assess the performance and econothg of
application ofexhaust heatrecovery b a new or existingndustrialmilk powder
plant. Incorporated in the tool is knowledge gained in Chapters 6 atalridiake
predictions for the rate of fouling and its associated impact on dryer exhaust heat
recovery and air flow resistanc€hapter 9 sumnrases the major findings of the

research angrovidesrecommendtions forareasof future work.



Chapter 2

Literature review

2.1. Introduction

The literaturerelevant to tre thesis aim broadly falls into thecloselyrelated
categories oProcess Integratio(Pl)and heat exchangeperformance andalesign
as shown irFigure2-1. These two research fields aemormousand, as a result,
the scope of this literature review chapter is limited to those areas of research that
are considered to be theost relevant to the aimln the first section, important
studies that have looked at heattegration of themilk powder process, either at
the individual plant level or total site level, are critically analy3dak next section
highlights the most sigificant advances in the field &lwith particular focuson
how thesemethodologiesapply tolow temperature processes involving intie@nd
inter-plant heatintegration.The latter half of the review focuses gaseous heat
recovery systems, and itacute designtrade-off between heat transferand
hydraulic resistanceandthe impactof particulate fouling oroverall performance
The review ioncludedby drawing attention to gaps itme knowledge that need

addressingandthe keymethodologies relevant tachieving the thesis aim.

Inter-plant
indirect heat
integration

Intra-plant direct
heat integration

Heat recovery in
milk powder
processing

Gasside heat Thermal and
exchanger hydraulic heat
fouling exchanger design

Heat exchangers

Figure2-1: Key areas relating to maximising heat recovery in milk powder processing.



2.2. A brief introduction to milk drying

A schematic of a typical industrial milk powder plant is illustratdeligare 2-2 with

two distinct dewatering processes: muéiffect evaporators and spray dryer with
fuildised beds. Prior to milk being concentrated in the evaporator units, milk from
the farm is processed in milk treatment. In milk treatment, raw mikejgarated

into skim milk and cream, and its composition standardised. Cream is pasteurised
at about 85°Cand standardised milk is stored below@® until it is required in the
drying operations. Milk treatment is a highly silfegrated heating and cooling
processthat operates independent of the dewatering processes and therefore is
not consider for direct integration. At large milk powder plants and dairy factories,
milk treatment typically has multiple processing trains that run in parallel to each

other.
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Figue 2-2: Milk powder plant schematic.

The first dewatering stage occurs in nudffect evaporators. In this stage
standardised milk at § 10% solids by weight is concentrated to betweerg52%

solids. A common method for iegrating the evaporator units is using Mechanical
Vapour Recompression (MVR) and Thermal Vapour Recompression (TVR) as
shown inFigue 2-2. Low pressure vapous normallybled from the evaporators

to provide additional preheatip of the standardised milk and direct steam

injection is commonly applied before milk enters the evaporatorsniaimise
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microbial growth. Typically evaporatorunit operations are washed every
10¢ 16 hours whereas the spray dryer is washed every two tar faveeks
depending on the product. As a result plants tend to also have multiple todins

multi-effect evaporatorsllowing for continuous operation of the spray dryer.

The next stage of the process is spray drying. In spray drying, milk concentrate is
atomized and sprayed in a large conical shaped chambecu@ent to the milk
droplets, hot air at about 20€C enters the chamber and, in a few seconds, the
outer shells of the milk particles are dried. The majority of the product falls to the
bottom of the chamber while warm humid air exits on the side of the main
chamber anywhere between 7985 °C depending on the operation of the dryer
and the productConnected to thdase of the spray dryes a fluidised bed train,
through whichpowder is conveyegrovidingthe necessary residence time for
NEY2@Ff 2F Y2AaGdaNBE adAtt 4G GKS LI NIAOE ¢
Dry powder leaves at ¢ 6% moisture by weight. The dryer air exhausts through
cyclones and/or baghouses to remove most of theraimed powder before being
emitted to atmosphereThe concentration of powder in the exhaust air ranges
from 2 to 20mg/m? (Zillwood, 201Q)

Demand for process heat at New Zealand dairy factories is typically metditeon
generation of ~4@ar steam using boilers. Most North Island factories use natural
gas as the fuel to the boiler whereas the 8volsland factories and the remainder

of North Island factories use coal. Electricity needs are satisfied by the national
grid. The requirement for 4Bar steam exists to allow heating of the inlet dryer
air to 200°C. The TVR unit operation usesdium pessure (10 bar) steam, while
other processes such as the separation of milk and cream are more heat sensitive
andmayneed hot waterLower temperature hot utility requirements amormally
generated by downgrading 4far steam to 10 bar steam at a {dbwn station
(without a back pressure steam turbine) and by using a stpamered hot water

loop. As a result hot utility at New Zealand dairy factories is priced at the same

rate in terms of $/MWh for 4®ar steam, 1Mar steam and hot water.
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The specific mergy consumption (SEC) of milk powder plants has been reported
in literature on a few occasions as listed Tiable2-1. Xuand Flapper(2011)
provide the most comprehensive collection of SEC data for milk powder
production in terms of thermal and electricahergy use. Love#mith andBaldwin
(1988)conducted an energy use survey of New Zealand plants whereas Robertson
and Baldwin(1993)studied a typical milk powder plant and published what they
calculated as achievable SEC levels. It is important to note thaptnfic details

of the milk powder produ plant configuration, the quality of the measurements,
and the number of plants involved surrounding each of the numbefalie2-1

are not given in the original papensaking it difficult toexplain the cause of such
large &C rangesThe SEC of milk drying is also strongly influenced by the amount
of heat recovery, the concentration of thailk exiting the evaporators, and the
temperature efficiency of the spray dryer.

Table 2-1: Specific energy consumption for industrial milk powder production in various

countries. Sources? Xuand Flapper(2011)  LovelkSmith and Baldwin(1988) ¢ Robertson and
Baldwin (1993)

SEChermal SEElectical

[GI/t] [GI/t]
Australid@ 10.2¢ 20.6 1.4
Europé 28.5¢ 190 0.6¢31.4
Great Britaif 20.7 -
Keny& 11.8 0.9
Netherland$ 8.7¢16.4 -
Scandinavia 12.6 1.6
USA 9.2 1.9
NZ (1984/85) 12.3¢37.8 -
b% 6SI NI @& 7.5¢9.1 -
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2.3. Advances in the process heat integration of milk

powder factories

2.3.1. Stand-alone milk powder plant heat integration

Reducing the energy requirement of evaporator unit operations has been the
focus of numerous studies and included in several chemical engineering books,
e.g.Minton (1986) The majority of literature and industry documentation on the
heat integration of milk evaporators have focused on thelgetand operational

aspects of the evaporator traifwestergaard, 2010)

Figure2-3 is a schematic illustrating the two general principles used in the dairy
industry to desigrand integrate the evaporator unit operation. Method A reduces
steam use by reusing vapour from one effect in the next effect, which requires a
vacuum to be pulled on the product side that must increase from effect to effect
to provide a temperature drivinfprce for heat transfer. Method B uses vapour
recompression technologguch ad'VRandMVRto compress the vapour from one
effect and reuse it in the same effect (or an upstream effect). The compression
increases the pressure and temperature of the vapand, in some situations, a
small indirect steam heater (not shown kigure2-3b) is installed to provide
additional temperature lift after the MRV. In the New Zealand dairy industry,
method A is often found in older plants, wteas method B is found in newer

plants.

At the 2005 World Dairy Summit, Hanneman and Rober{&805)presented an
overview of heat recoverand integrationexamples in the dairy industry. Their
report covered the utility system, the rkiltreatment process, the cream
treatment process, the cheese process, the cleaplace system, and the milk
powder process. For the evaporator section of the milk powder process,
Hanneman and Robertsmompared a five effect evaporator train integratedhv
aTVR to a single evaporator effect integrated vathMVR. Based on an efficiency
of 40% forelectricitygenerationfrom naturalgas their analysis showed the MVR
scheme required 5% less natural gas consumption. However the analgse

to utilise the additional low pressure vapour generated in the TVR units that can
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be integratedas a heat source in the surrounding (or background) process heating

requirements.
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Figure2-3: Common falling film gaporator integration methods in the dairy industry.

Figure2-4 compares on a temperature versus enthalpy graph the differences
between an evaporator integrated with: (a) no vapour recompressiot single
effect, (b) MVR and (c)VR(Westphalen and Wolf Maciel, 2000h Figure2-3a,

the entire evaporation and condensation loads must be done using other process
streamsand/or utility. The efficiency of this systeoan bevastly improvedby
considering multiple evaporator effectwhere the condensing load from one
effect is usedas the evaporation heat input requirement in another eftelct the

MVR case, no heating or cooling loads are needed or generated. Electric motors
generate mechanical work to drive the compressor, which causes a pressure and
temperature lift in the vapourin the TVR case, about two thirds of the vapour
from evaporation is combined wittnedium or high pressure utilityteam, which
results in a vapour mixture with a higher pressure and temperature than the

evaporation load. Thadditionalthird of vapour nd upgraded must be condensed
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using process heating needs or utility to pull a vacuum in the evaponétben
evaporators areintegrated using vapour recompressiamits compared to a
traditional multi-effect evaporator trainfewer effects are needed to heve the

same level of energy efficiency

(a) No recompression (b) MVR
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work
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heating water
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(c) TVR
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[°C] Steam

V" Condensation load 3
Evaporation load
TVR

Cooling
water

Process
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Figure 2-4: Heat integration of evaporator systems with the background process heating and
cooling requirements.

Substantial gains in energy efficiency has been realised in other industries when
evaporator systems are purposefulliesigned to effectively integrate with the
background proces§Smith and Jones, 1990pperating temperatures, vapour
bleed rates and the flash condensate systems are modelled in terms of
temperature and enthalpy and comparé¢d the heating and cooling demands of
the background proceg¥Vestphalen and Wolf Maciel, 200Q@)singPItechniques,

such as Pinch Anaig (PA) researchers have demonstrated that such a systems
design approach can lead to further reducing utility usethe order of30 %

depending on the applicatiorFor exampleAxelsson et al(2008)looked at the
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integration of evaporators in hardwood and softwood mills and identified an
economic steam savings of 36 andWestphalen and Wolf Maci¢2000)found a
steam savings of 2& fa a threeeffect evaporator system at erystal glucose
plant. For this systems design approach, focus is given to understanding how
process heating and cooling needs can help supply heat to or utilise waste heat
from the evaporator systemF{gure 2-4). However the design procedure of
evaporators must also give consideration to the product and, in particular, how

operating temperatures affect its quality.

The temperature operating window of milk evaporator trains is tightly constrained
to between45¢ 68 °Cdue to milk beinga heatsensitivematerial (Westergaard,
2010) Above68 °Cdenaturationof milk proteins occurs degradinbe quality of
the final product whereagl5°Cis the practical lower limit for the operating
temperature of thefinal evaporator effect. Besides the increased technical
difficulty of pulling larger vacuums, lactose (ajomdy component of skim milk

solids) may crystallize at temperatures below°ds

Robertson and Baldwii1993) applied PAto look at the integration of milk
evaporators with the spray dryer and milk treatment plants. Their results based
on a composite curve energyargeting approach showed a potentiapecific
steam savings @.48 GJ/t, (based on one tonne of product), which werpuivalent

to a6 %steam utility savingsHowever Robertson and Baldwdid not report the
development of HENSs to achieve the potentisavings. In an earlier work, Lovell
Smith and Baldwi1988)appliedPAbased on minimum temperature differense
contributionsto obtain a potential savings of 24 for milk powder plants. The
study recommends to the dairy industry a number of possible energy savings
projects. However, like Rertson and Balwin, the work of Lovelbmith and
Baldwin does not clearly present the entire HHN.both studies the pinch
temperature of the milk powder process is reported to be aroundGhowever

the stream dataused to calculatehis pinch temperture is not obvious in either
LoveltSmith and Baldwifi1988)or Robertson and Baldwi1993) Recently Olsen
and Wellig(2011)appliedthe PinCH Engineering software packag@eoorm a

thermo-economicassessment of heat recoveryammilk powder plant case study
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In particular Olsen and Welligemonstrated using composite curvebe
importance ofintegrating the milkevaporators with MVR unitsd upgradethe
temperature oflargesecionsof the hot composite curvenabling heatecovery

to significantly increase.

Spray dryers are typichl poorly integrated due to the low temperature of waste
heat contained in the exhaust aidoweverseveralcasestudies onspray dryer
heatintegration for a range of industrie¥ N2 Y (i K<Sibsisisey by Sh&IKQ &
energy efficiency demonstration schersRowed 2- 4 years as a typical payback
and a steam savings of $9(Mercer, 1986; Reay, 1982n the United States,
many milk powderplants have installed exhaust heat recovery systems fof pre
heating the inlet airBesides heat recovery, anothkeenefit for this practiceis to
minimiseinlet dryer air humidity. For these plants, hot &r dryingis generated
using direct fired natural gas combustion, which combustion reaction increases
0 KS loksth® éonteit. Inlet air préweating reduces the fuel consumptipn
which reduces moisture in the air, whialaximises the drying capacity of the air.
New Zealand plant$jowever, favour indirect heating method®f the dryer air
using steam omdirectgas fired air heaters. The additional benefit of lower inlet

air humidity is not present in the New Zealand case.

Three methods of exhaust heat recovamngillustratedin Figure2-5. Option A is
direct heat recovery of the exlat air to a process stream. A barrier tiois
method isthe distance between the exhaustir streamand the potentialheat
sink. Spray dryer exhausts amermallylocated above the main drying chamber
whereas all sink streams are located several flootsweln the case of the inlet
air, it may seem reasonable to provide a direct air to air preheat at the top of the
chamber shortly before the air enters the dryeuch options areoften less
economicfor existing plantgdue to space constraints caused the substantial
cost of the building that houses tligyer. Option B is, therefore, theost practical
option for using exhaust heat recovery to preheat the inlet asr wasrightly
recognised by Atkinst al. (2011)
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Figure2-5: Options of spray dryer exhaust heat recovery.

Atkinset al. (2011)focused on thebenefit of spray dryer exhaust heat recovery
using a liquid coupled loop heat exchanger system (also often calledaound
coil),i.e. option B, to overall heat recovery in the milk powder process. The inlet
air to the dryer (25C), site hot water (15C) and raw milk (10C) were considered

as possible heat sinks for the recovered exhaust heat and their results are
summarised inrable2-2. Atkinset al. concluded that splitting the exhauair to

heat the inlet air and SHW achieves haghlevel of heat recovery with limited

complexity.

Wangand Cleland2011)investigated option C iRigure2-5. Their results showed

the conventional akair heat exchangehnas potential to recovet5 % of the inlet

air heating requirement and the heat pump system added an addition&b2b

heat recoveryHowever the electricalinningcost of the compressaeduced the

overall cost savings to 2@, which implies aet heat pump savingsf about5 %.

Wangand Cleland2011)recommended the use of-R34 as the working fluid and

0KS KSI{ LdzyLilQa O2STTA CIBOSwAsbetden 348ANIF 2 NXY | y OS

The COP is greatest for sniathperature lifts. As the temperature lift is increased
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implying greater steam substitution, the COP falls significafiiiye cost savings
for heat pumps issensitive to the margin betweethe COP and the ratio of
thermal to electrical power pricesvhichis traditionally about 3When the margin

is small, the additional saving struggles to justify the significant capital expenditure
and risk for implementing an industrial scale heat pump systBmaddition
particulate fouling of an exhaust heat exchangetensifies with lower exhaust
outlet temperaturesresulting from increased heat recoveiy. G. Walmsley et al.,
2013a) With significantly grear capital cost for the heat pump system compared
to conventional heat recovery technigues, theat pump option at presentas
longer paybackiimes than conventional heat recovery techniqueBherefore
focus is directed towards conventional heat recoveaagdheat pumpoptions for

spray dryeiintegration are deemed out of scope for this thesis.

Table2-2: Summary of hot utility savings for the several heat recovery scherfekins et al.,
2011)

. Heating Additional Exhaust air Condensate
Sink for :
exhaust heat requirement heat recovery Tout water Tout
(kW] (kW] [°C] [°C]
N/A (Base case) 32693 - 75 20
Inlet air 28524 4169 51 20
Site hot water (SHW) 27677 5016 46 20
Split exhaust to

inlet air and SHW 25893 6800 38 20
Raw milk (with mass 25733 6960 38 26

integration)

Previous studies on the heamtegration ofthe milk powder plantontaina few
weaknessesBesides the work of Atkins et §011) the studies failed telearly
reportaHEN for an integrated milk powder plant. Ther®@nomicassessments
were based purely on utilitgnd capital cost targets calculated from the composite
curve, not on HEN desigrihe heat recovery schemesAtkinset al. (2011)were

a step forward but since the studyolelyfocused on how heat from the spray
dryer exhaust air can bétegrated with the rest of the process, it missed

additional heat recovery opportunities from liquid condensate waftesm the
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evaporators which may be more economiétkinset al. (2011)correctly noted

that milk powder fouling of an exhiat heat recovery system is likely to be an issue

since the outlet temperature of the exhaust air for some of the heat recovery

a0KSYSa ¢SNB Ofz2asS G2 GreS SEKIdzAG FANRE RS

Another limitation of the previoustudies on the integration of #1 milk power
plantisno corsideration was given to optimirgy the soft process stream datia
GKS YAf]l LR26RSNI LINPOSaazr az2vysS 2F (KS adNBI
flow or temperature values can vary without impactitige product quality the
process,and its safety. Variations to present stream data may be achieved in
several ways, such as by applying new controjpsétts to the existing process.
Designers can use this flexibility to their advantage by varying soft data within a
defined range ¢ obtain a minimum energy use target. This principle is called the
plusminus principle(Linnhoff and Hindmarsh, 1983poft data selection can
significantly impact theenergy targetsand the development of heat exchanger
network structures. A classic example in the milk powder process of a stream with
a soft target temperature is the exhaust air from the spray dryer. Selection of this
temperature significantly affects thenergytarget and the location othe so
calledpinch tenperature (Walmsley et al., 2012a}t is important, theefore, to
apply a systematic approach to selecting soft data to ensure the best solution is

found for the milk powder process.

The milk powder process, like many other processes, contains liquid, condensing
vapour and gaseous process streams, which havg ddferent heat transfer
resistances and film coefficient§/hen analysing the milk powder plant, it is
therefore important to account for these differencaa heat transfer film
coefficients to ensure the energy targets are meaningful and the solution

minimises total cost.

Even with all the analysis of milk powder plagmgkinset al. (2012b) suitably
observed that the heat integration scheme tbe milk powder plantvaries from
plant to plant and that there appears to be no standard, i.e. best practice,

integrationschemefound in industry or literatureThere appears also to be value
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affects the energy targets and the development of a HBEMWvelopment of a
standard (best practice) integiah scheme for themilk powder plantis,
therefore, of significant engineering research valige industry for new and

existing plants.

2.3.2. Total site heat integration for dairy factories

Significant improvement itotal site heat recovery can be achieved thgbutotal

site heat integratioro Y f SY S O SEffectivelydapplymgfiraditionabtal site
integration technigues to semcontinuous dairy processes is a significant
challenge due to the time dependency of the process stre@ Y SYSO S
2008) LoveltSmith and Baldwitj1988)looked at the site integration between a

milk powder plant, butter plant, casein plant andility service plant. After
generating the heat recovery options, Lov@thith and Baldwin recognised that
plants may haveitferent operating hours rendering direct integration ineffective

at times.

Atkinset al. (2010b) addressedthe challenge of integrating necontinuous
processes where the milk powder plant formed part of an illustrative example that
also included butter and cream plantdhe challenge of integrating non
continuous processes arises from the facts that a process will shut for cleaning
while others are still running, and milk supply in New Zealand varies throughout
the year. As a result the heat demand and supply of daioggsses significalyt

vary with time making direct integratioat the total site level, i.e. inteplant,
uneconomic. Atkinstal. proposes that indirect heat recovery through the
application of an indirect heat recovery system, i.e. Heat Recovery HRIp)&s
illustrated inFigure2-6 is most practical under such circumstancA&ddRL can be
integrated with the hot water utility system amun as an independent system.
Thermal $orage relaxes the Ilimitation of heat interchandeetween time
dependent streams and provides operating flexibility to the system. High heat
capacity liquids like water are the most suitable heat transfer medium for low

temperature processes (<100 °C).
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There are several aspects to the design of a HRLn#ned to be consideredlhe
major design decisions ar@ no particular order) (1)selection of streams to
include on the HRL, (2ariability and availability of the streams, &3lection of
the hot and cold storage temperatures, (4) capacity of thermhal storage,
(5) areas of the heat exchanged (6) control andoperation of the HRLSome

of these aspects have been investigated in previous studigns et al(2010b)
applied a graphical pinch based techniqueatdairy case study to demonstrate
how the selecthn of HRL storage temperatiwgenay be variedthrough-out a
productionyear to maximiseghe heat recovery returnBased on a similar case
studyAtkins et al(2012a)analysed the thermal storage requirement of the HRL,
whichis neededto facilitate HRL operation and to improve heat recovery in the
face of plant disruptions and stream variabiliy. R. W. Walmsley et gR013b)
looked at the effect of sizing HRL heat exchamgebased on varios
characerisations of aprocess streaf2 #ow rate. Their study concluded that
basing the heat exchanger area on the time average flow rate gave the highest

heat recovery for a range of totakatexchanger areas the HRL
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|/ Process C \I
| |
O
Cc1
Thermal \ ! l
storage ——TT -
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Cold >
storage Cold return L »
3 4
Hot supply
Hot >
Storage Hot return Y ] P
rd
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Figure2-6: IndirectHRLintegration system with storage.

For rigorously scheduled batch processéshenandCiou (2009) looked at the
concept of a HRL wittaviable temperature; variable mass storagdlixed Integer

NonLinear programming formed the basis of the novel design generated by

22



ChenandCiou Their results showed a variable temperature storage system is able
to recover more heat for the sametotal heat exchanger areahan the

conventional constant temperature storage operation

The concept of &IRL with variable temperature storagashnot been applied to a
dairy factoryor semicontinuous processe®evelopinga graphical method based

on PAfor designing a HRL with variable temperature storegeiewed as a step
forward. HRIs also contain much of thHeumping, piping and storage irfstructure
needed for industrial solar. Harvesting renewable selaergyis one method for
replacing steam derived from fossil fuels, which effectively increases the process

heat efficiency of the milk powder plant and site.

Total site heat integration mabe further improved by more efficientutility
production At most New Zealand dairy factorilesv pressure steam is generated
by letting downhigh pressure steamEfficient electricity production from a back
pressure steam turbine is feasible, but thec@gon for installing a turbine is
controlled by economicsBoiler efficiency could be improved lmpnsideringa
condensing economiser as opposedite standardnon-condensing economiser,

but again this is largely an economic question.

There arelogicalreasons forrestricting closer integration between the process
and utility systems. The two systems are physically separated and isbletadse

the cleanliness requirement for food production is paramadmansferring waste
heat from dairy process streas such as the milk dryer exhaust air to the utility
system is less effective thamproving the intraplant integration ofthe utility
system. For example, since the boiler exhaus{-di80 °C) exits at a much higher
temperature than the dryer exhaustrgi75°C) it would be more economical to
preheat the boiler air using a condensing economiser instead of directly or
indirectly using heat from the dryer exhaust. As a reshis tthesis takes the
approach of minimising process heat demand by improvirigairand inter

process heat integration as the primary method for increasing energy efficiency.
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2.3.3. Process Integration techniques

Pl is a systems approach to process design and optimisation encompassing
systematic methods and techniques to analyse and deteenmow to minimise
specific process demand for heating, cooling, electricity, water, and other utilities.
Pl studies arenormally comprised of three general steps: (if)lity targeting,

(2) network design, and (F)rocess and network optimisation.

The nost significant contribution in this field over the past four decades has been
the development ofPA(Linnhoff and Hindmarsh, 1983Jhe pinch concept was
originally applied to heat integration problems as a graphical approadie&d
exchanger network synthesis. Now, three decades later, it has a proven track
record for achieving energy savings in a range of indusares applications
OYft SYSO SBeside$ hed integration BA has been successfully applied to
mass integration problems to minimise the consumption of utilities such as water
(Wang and Smith, 1994nd hydrogen(Towler et al., 1996 Both heat and rass
integration have received considerable attention from researchers and industry,
and have been included in many textbod®! I f 6 3A>X HnncPA YE SYSO:X
has also been extended to problems in general that can be represented by supply
and demand profiles that contain both a quality and quarsiigh as supply chasn
(Singhvi and Shenoy, 2002arbon emissiongTan and Foo, 200,7andnational
energy sectorgWalmsley et al., 2014)

Extensions to the original method, such as targeting total apeégh processes
(Linnhoff et al., 1988heat exchanger shell@®hmad and Smith, 198)ressure

drop (Polley et al., 1990and utility systemé&Dhole and Linnhoff, 1993 ave been
developed to improve its industrial relevance and profitability. The literature also
contains numerous computer programming based network synthesis techniques
(Zamora and Grossmann, 199&)sing algorithms such as the transhipment
model, computer programs have been created to cycle through hundreds of
possible networlcombinationsto decide on the best network structergiven the

process data and constraints.
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For a critical review and further information regarding the development of HEN
synthesis up to 2002 refer tainnhoff (1993) Smith (2000) and Furman and
Sahinidis (2002) Pl together with PA and its application have been
comprehensively covered in references documents and books by LinA9a(2)
Shenoy(1995) Biegleret al. (1997) Gunderser{2000) Smith(2005) ElHalwagi
(2006) Kemp (2007) Seidertal. (2009) For upto-date methoddogy
development refer to the recently published Handbook of Process Integration
6YEt SYSOS HnamoU

2.3.3.1. Pinch Analysis

PAis a graphical approach to Bhd may be applied to a wide variety of heat,
energy and mass integration problemss cornerstons ae the construction of

the composite curve Rigure 2-7a), shifted composite curve (b) and grand
composite curve (¢yogether with the identification of pinclpoints. For heat
integration problems hese curves express the heat glyp and demand of a
process in terms of temperature and enthalpy. In this approach the hot and cold
AUGNBIFY O02YLRAaAAGS Odaeéhére nTwNB thenfinkiimi SR o6&
approach temperature. A key element of BAheat integration problemss the
identification of pinch temperatures, which indicate where heat recovery is most
constrained. Designers can use this system decomposition to successfully design
heat exchanger networks that reach heat recovery and utility use targets

expressed by the compositurves.

In Figure2-7a, the gap between the hot and cold composite curves indicate the
temperature driving force available for heat recoveipe composite curves are
shifted bynTmin/2 on the temperature axis and overlapped on the enthalpy axis
such that thetwo curvestouchwithout crossing oveeach other Where the hot

and cold shifteccomposite curves toucim Figure2-7b is call a pinctemperature

A process can have multiple pinemperaturesandnea pinchtemperaturesthat
constrain opions for heat recovery around those temperatures. The horizontal
distance between the hot and cold composite curves indicates the amount of
excess heating or cooling available at individual temperatures. These differences

are expressed using the grand cposite curve inFigure2-7c. The red lines on
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Figure2-7c imply excess heat is available and the blue lines imply excess cooling is

present.

Targeting and Heat Exchanger Network (HEN) design based on the selection of

NTmin is an estabfihed part ofthe PA method. HENgenerated using pinch

methodology effectively compensate for pinch temperature regions where heat

recovery is most constrained. As a result sabvious HEN structures are often

developed that are naturally efficient for heat recoveFpr further informaton
NEIFINRAY3I GKS GK2g (2¢ 2 meferiokh®HandbgoloK 5SaA 3y

of Process Integratiod Y SYSOSX HAamMoU

One of the importanenhancemens of the original PA method is the application

2F | O2yUNROdziAZ2Y YAYA Ygg¥as dirépMdeldadd far dzZNBE RA F T
the globalY A Y A YdzY (i SYLISNI TgzN@hcei xoFpfodubSmyoeS = n
meaningful utility targets and process insigf@nith, 2005)Where streams have

f2¢ KSIG OGNIFyaFTSNI NBAAAG xS Beledted 0 O2y RSy 4 A
the other hand gaseous streams are much more resistant to heat transfer and
0KSNEF2NE Kln@SCKSKAINSNIGREY2FFYHKOKSER aidNBI
A& Sl dzA @hinf Sughlia modHicatjon is critical when analysing the milk

powder plant, which contains liquid, vapour and gaseous streams.
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Figure 2-7: Relationship between ke composite curve, shifted composite curve and grand
composite curve

| 26 SPS N B 83n) monstraintdoes not ensurecost optimal HEN area
allocationwithin a HEN structure generated using &&d PDM This is partially

due to differences in uiily prices, stream heat transfer film coefficients, heat
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exchanger types and flow arrangements, heat exchanger capital costs, and heat
SEOKI Yy3ISNJI | LILNE I OK i SY LISINdrdiagaNdd thidugf A Y LI S
dual minimum approach temperatures, where $nTgn is selected for heat

NEO2 @SNE &I NAS (A Ippled B individual efciakgdrslJhgve

been proposed to provide flexibility at the heat exchanger area sizing stage
(Shenoy, 1995However such a method vastly rplies the degrees of freedom

of a cost optimisation.

Relatively few studies have focused on optimising the distribution of heat
exchanger area in a HEMNth a fixed structure (i.e. stream matche#it-Ali and
Wade (1980) mathematically derived conditions to determine the optimal heat
recovery area allocation in multi stage heat exchanger systems with any number
of exchangers in series. The derivation was based orotirenean temperature
difference fi ¢v) heat exchanger design method. Key limitations of the method
are that it only applies to mukstage heat exchanger systems (not HENs in
general), assumes counter flow heat transfer and does not account for cost. Focus
is directedtowards achieving maximum heat recovery for a given total area, which
does not necessarily equate to minimum total cddsideshe method of AHAl

and Wadg1980) theliterature contains a few studies that have applied computer
programs tofind optimal solutions by brute force afm smart heuristics and

algorithms which are reviewed later in this chaptersection 2.3.31.

2.3.3.2. Batch integration

Batch procesesoperate with discete units of material being processed stage by
stage over apecifiedcycle time and materials do not continually leave and enter
the process(Douglas, 1988)Instead thereare numerous starups and shut
downs and stream variables regularly change in a prescribed mambegration

of batch processes is therefore more cumbersome than integration of continuous
processes(Obengand Ashton, 1988and normally requires an indirect heat
integration approach with storage for successfully iApeocess integration.
Methods for designing indirect heat recovery systdordatch systembave bea
proposed by numerous authorélthoughthese methodsare tailored forbatch

processes, but the principles also apply for seomtinuous processesuch as
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diary processesspecially when integrating across multiple plants on the same site
(Morrison et al., 2007)

Linnhoffand ceworkers(Linnhoff et al., 1988; Obeng and Ashton, 19&&lied

the conventional PA metho@innhoff and Hindmarsh, 1988) energy targeting

of a simple batch process using a Time Slice M@deM)but presented no HEN
synthesis. At a similar timéemp and MacDonald 988, 1987and later Kemp and
Deakin(1989)extendedthe TSMapproach to heat integration of batch processes
including development of a HENh this method the integration of individual
production time slices are consider before being amalgamated into a single HEN
that successfully meets the heat recovery targets for each time sWegious
programming techniques such as Mixed Integer Linear Programming (MILP) have
also been applied to improve the integration of batch processes by attempting to
optimize the scheduling andENdesign(Jung et al., 1994; Lee and Reklaitis, 1995;
Papageorgiou et al., 1994; Vage et al., 1986) The basis for integrating batch
processes is that the process is operated in a cyclic fashion and the scheduling of
the operations are interdependent and constrained. Rescheduling of the
operations may be permitted depending on the stmaints of the process and

final product.

Stoltzeet al. (1993)presenteda simple method to target the number of heat
storage tanks and their temperatures to miaxse heat recovery savings. Later
Stoltzeet al. (1995)proposed a combinatorial approach called thermutation
method where a search is performed among a set of feasible operating
temperaures of heat storage tanks and a ssét of process streams to be
integrated, to find the most costffective configuration of process streagrtank
matches. The storage tanks are assumed to be fixed temperattagable mass
systems and the feasible emting temperatures of the tanks were based on the
supply and target temperatures of process streams. The heuristic rules restricted
the solution domain to enable an exhaustive search. The method was further
developed by Mikkelse(l1998)using a posbptimisation stage for fine tuning the
sysem variables but the method has been difficult to apply in practitaiable

temperature and variable mass storader indirect heat recoveryhas been
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investigated by CheandCiou (2009) for batch systemBhe constraint of fixed
temperature heat storagevas shown to reduce heat recovery for the same size
storage tanks. MILP was used find the optimal storage volumes for minimal

external utility and total annual cost for theverall heat recovery system.

Pouraliet al. (2006)extended the idea of problem table decompositioto batch
processes. By carefully considering process specific operational and economic
constraints, they applied a TSM approach with the extension of imduenergy
storage to a batch process case study to yiafdintegration solution with

improved energy recovery and productivity.

A graphical Pinch based methodology for indirect heat recovery using constant
temperaturec variable mass heat storagmas be@ articulated by Krummenacher
and Favrat(2001) This methodused the Time Average Model and composite
curve to identify storage temperatures and hot and cold utility targEtgure2-8

is taken fromKrummenacheand Favra{2001)showing how the method is able

to design a HRL wittour storage temperature levels. From the composite curve
plot, the storage temperatures are obtained, the heat flow between the storage
tanks is known and the total heagcovery may be determined. Previous studies
on total site integration for day factories have applied the method of
Krummenacher and Favrab design a suitable HRL. Further examples of the
practical application of this method is presented . R.W.Wamsley et al.
(2013a) At present the graphical technique for designing HRLs with constant
temperature storage has not been extended to look at HRLs with variable

temperature storage.
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Figure2-8: Indirect heat integration using multiple Heat Storage Units (H8&Pummenacher and
Favrat, 2001)

2.3.3.3. Total Ste Analysis

Total Site Analysis was also developed to integrate emtioeessing sites or
groups of sites that are serviced by a centralised utility sy$teinmcreased overall

heat recovery and reductions in utility use and carbon emissi@iwle and
Linnhoff, 1993; Linnhoff and Dhole, 199Bhe TSA concept is to use the sitele

utility systemas an indirect heat recovery system between different plants and
factories.Total Site source and sink profiles combine the GCCs (minus the internal
heat recovery portions, or heat pockets) from individual plants to calculate Total
Site targets for heat recovery, and utility use and temperatary t SY&.0 S
1997) By using the utility system as a means to indirectly transfer heat from one
plant to another plant, the method overcame the impracticalities of integrating
streams that separator by some distance and prevented the development of large

spagheti HENSs for an entire site.

Insight based techniques! KYII R | yR | dZAX mdbpdmMT C2R2NI Sid |
HnncT Yt SYS GandSniathematidal prograpning basedchniques
(Bagajewicz and Rodera, 2002, 2000; Kralj et al.,, 2005, 2002; Rodera and
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Bagajewicz, 199%ave been developed and applied to theoplem of Total Site
Integration. Both approaches have their relative merits and weaknesses and can

be employed iteratively or simultaneousy { A Sy Adzi& Ol | yR WSd 2¢
Methods have also been developed to apply and extend traditional pinch analysis
tobatchd YSY LI wHAanTT Yk $énbdontBiousityped af plantsn y 0
(Atkins et al., 2012b, 2010b; Becker et al., 20VHrbanov andy f S Y2612)
investigated how renewable energy sources may be integrated into TSA as a way

to further reduce fossil fuel use. Integration of renewables via the utility syste

sensible as a way to counteract the variability of the renewable energy soiirce.
modified pinch analysisimilar to TSAO Yt SYS O S {andlthe dach mpdpT 0
integration method oKrummenacher and Favré2001)has been applied to heat

recovery targeting of a large mupiant dairy processing site with a HRL for

different operating states throughout the yeghtkinset al.,, 2010)

2.3.3.4. Computer programming techniques

Computer programming has been applied to desigropgmal heat exchanger
networks. Escobar and Trierweileg2013) provide a succinct history of the
application of computer programming td&l One of the most significant
contributions to this field was made byee et al(Yee and Grossmann, 1990; Yee
et al., 1990a, 1990b)n a three part paper series. Yee et aldeveloped a
superstructure approach to HEN syntheassshown inFigure2-9 and applieda
Mixed htegerNonlinearProgramming (MINLP) modél 2 FA Y R (GHWES &2 LJGAY
design. The network superstructure was organised into stagmsd streams
entering a stage were split so thalmost anycombination of matches was
possible. As a result the superstructuedfectively containsnearly all possible
process stream matches. In the modelkecessaryconstraints for a feasible
solutionwere imposedso that the heat exchanger loads were balanced, the heat
exchanger temperatures were thermodynamically feasibded the target
temperature of all streams were met using heat recovery/andtility. Additional
constraints, such as restricted matches and no stream splitting, were easily
included in the computer progranifter inputting the required data the MINLP

model atempts to find the solution that minimises total cost.
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Figure2-9: Example of a network superstructure for streanfEscobar and Trierweiler, 2013)

Extensions and variations of théee et al. superstructure approaemd other
computer programming approacheare numerous. However thprogramming
approacheshave failed to gain significantise inindustry due to the significant
scaleissu® { A Sy A dzii @ O1 | \ARthe\stI@ &f théi probleém increasep O
the required computational time grows exponentialAs a result, recent efforts
have focused on applying melkeeuristic optimisation methods thelp solve this
well-known issue(Furman and Sahinidis, 200Bnother solution has been to
decompose the integration problem into independent ssdts so that less
computationally demanding linear programming techniques can apply
(Pettersson2005)

To an extentPAalso has difficulty scaling to large problenespeciallyfor heat
exchange matches away from the pinch temperatutdsinga hybridcomputer
programmingand heuristics approach to synthesis and HEN dasjdherefore,

one mettod to achieve the best of both approaches to HEN synth@sijr
Bandpy et al., 2011Heuristics can be derived from insight based methods such
as thePDM
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2.4. Performance and fouling of gaseous heat recovery

exchangers

Two significant problems are encoungerin gaseous heat recovery: (1) high heat
transfer resistance of gases and {29 presence of entrained particulate matter
causing fouling and increased resistance to heat transfer on the gas side of the
exchanger. As heat transfer resistance increalseat exchanger duty decreases,

for constant area, and heat becomes more expensive to recover. In a boiler
recuperator, a particulate foulant layer 2 mm thick can reduce the overall heat
transfer coefficient by 36 (Stehlik, 2011) Foulant layers also increase heat
exchanger pressure drop, which increases the energy input requirement of fans
and blowers tomaintain a constant gas flow rate. To restore heat exchanger
performance after fouling, heat exchanger surfaces require cleaning. Depending
on the particulate and the foulant bond strength, foulant layers may prove difficult
to remove. Where extended sates, such as fins need to be rigorously cleaned,
deformation of the fins may occur and the letgym performance of the
exchanger will be compromised. This section reviews some of the fundamentals
of heat exchanger design and performance including thespisal for particle

fouling in a gaseous flow heat recuperator
2.4.1. Heat exchanger fundamentals

2.4.1.1. Heat exchanger sizing and rating

The most commonly used heat exchanger sizing methods ar@ themethod

and the effectivenesy dzY 6 SNJ 2 F {i NFU) dethSd¥aysafid Libridon

1998) In their complete forms, the two methods are mathematically consistent
although the required inputs are differenEq.2-1 presents the fundamental

equation for thep v method and EqR-2 presents theS |j dzk G A 2 y-NTE2 NJ G K S

method.
Q= F(UADTLM ) (2-1)
Q=eC, DT ., wheree=f(NTU,C*), NTU= g—A, C*= EL (2-2)

min max
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whereFisa heat exchanger correction factor for the heat exchanger arrangement.
The relationship betweer¥ and NTU is also heat exchanger arrangement
RSLISYRSY (i I QR ralafiovistiigsyare presented in ApperBixGiven
FandUA then ¢wmethod requires inptiof the four temperatures in and out of
GKS KSI G SEOKI y-NT3Ndetbol EeNitds dhe infuSof keat
exchanger inlet temperatures and heat capacity flow rates of the two streams. A
1Se& I RGI y (-NTWSnetBod is ifisaldlity 4o directly calate unknown
outlet temperatures, which is not possible for thei method (Kays and London,
1998)

L'y 20 KSNI YS (K2 NT@&mehadiislthdtempratir& effectiveness P
NTU method. When the flow rates of streams vary signifigaittcan be difficult
to know which stream &s the minimum and maximufas required byl K NTUY
method. In these situations it is advantageous to base effectivenesdNakbtbn
one of the streams instead of the stream with the minim@This is the basis of
the PRNTU method. The relationships beden P and NTU for various heat
exchanger arrangements are the same as the effectiveNdsd relationship$or

0 K SNTW methodKakag and Liu, 2002)able2-3 compares the definitions for
STTSOUGAODSYSaaNTU gnd NBWMethddy G KS &

Table2-3:/ 2 YLI NR &2y 2F RSFAYAGAZ2Yya-NRRaNIRSTU M&H0dsA O3Sy Sa a

Effectiveness Number of Transfer Units
E-NTU P-NTU 8-NTU P-NTU
out _ in out _ in
sream1 o2 CT) o TUT pys VA gy VA
Cmin DTmax DTmax Cmin C1
in _ out in_ out
sroamz o2 T T) o T s VA py s UA
Cmin DTmax DTmax Cmin Cz

A key component of heat exchanger design equations is the overall heat transfer
coefficientU. Theinverse of theoverall heat transfer coefficient), in Eg.2-1 and

2 based the sum dfieat transfer coefficients anghermal resistanceRR is

1 1
:h—h+ Rf'h+RW+Rf’c+h_

C

1
5 (2-3)
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wherethe subscrips refer to various resistancelis the hot sidew is the wall,c
isthe cold sidef is the fouling layerTypically the thermal resistance of the wall
and fouling are small and many casesan be ignoreqKays and London, 1998)

The definition olU is the same for all heat exchanger sizing and rating methods.

Correlations relating heat transfer amaessure drop to fluid flow and exchanger
surface characteristics have long been established in the literature. Kays and
London(1998)providesthe mostcomprehensiveresentationof correlations for
various compact heat exchanger surfaces obtained by their research team
addition to severafound in the literatureat the time Correlations are normally
presented in terms athe nondimensional Colburpfactoror NusseltNu, number

for heat transfer and th&anning friction factorf, for pressure drop. Thgf ratio

is significant as it isigkctly proportional to theh/E, whereh is the heat transfer

film coefficient andEis the pumping power as shown in B2g8. Thej/f ratio is

termed the surfac&soodness factofKays and London, 1998)

h 20, ., ]
£ @z Uy @4

o

The Goodness factor i@ measure to comparghe efficiency of different heat
exchanger surfacesn aper square meter basiof heat transfer arealrhere are,
however, other factors that need consideration when selecting the heat
exchanger surface such as the cost per square mdtes heat exchanger

compactness and the heat exchanger flow arrangement (e.g. counterflow).

2.4.1.2. Liquid coupled loop heat exchanger systems

The concept of diquid-coupled loop heat exchanger system (LCHHE)ndirect

heat transfer is presented ifrigure 2-10. Thisindirect heatexchangesystem
consissof two heat exchangers cougl@ising an intermediate loop fluidrhe loop

fluid transports heat from the source stream to the sink stream. LCHE systems are

most applicable to situations where source amksstreams are physically distant.
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Figure2-10: Liquid couple loop heat exchanger system.

The governing overall effectiveness)(relationship for the performance of LCHE

systemsaccording toKays and.ondon(1998)is

min,c

Cmin,o/ Crinn 4 mino (2-5)
e, C

where 8 is heat exchanger effectivenesS,is the heat capacity flow rate and

subscriptsh refers to the hot fluidcrefers to the cold fluid antlrefers to the loop

fluid. Holmberg1975)derived the optimum loop heat capacity flow reassuming

counter-flow heat exchanger arrangement,

UA), + (UA),
= ok : ok 26

cC. C

[

where U is overall heat transfer coefficient amlis heat exchanger area.

If it is assumed that A >>(UA), thenGin Eq.2-6 approache<. The reverse is
also true; if UA): >>(UAM, then G approachesx. Thusthe optimumG always falls
somewhere betweenG, and G. Using a simple spreadsheet, @eliminary
investigation into theapplicabilityof Eq.2-6 to non-counterflow heat exchanger
arrangements has been uadaken.The investigation looked at cases where the
LCHE system involved tlweat exchangeswith the same arrangement and varied
the UA values for théeat exchangeracross a wide rang&esults showed that

Eq.2-6 is sufficiently aagrate to predict the optimum loop flow rate to achieve a
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heat transfer within 0.26 of themaximum possible. The maximum heat transfer

was determined using Ex¢¥Iolver.

Holmberg(1975)also derived for counteflow heat exchangerthe optimum ratio

of the heat exchangeareas ina LCHE systemas

ﬁ:_ = fﬂﬂ (2-7)

For the case wheréJ=Umin=Umnax, the optimum area ratio of the twdeat
exchanges isunity, i.e. An =Ac. It is important to note that ER-7 is only cost

optimal if the capital cost correlations for the tweat exchagersarethe same.

2.4.2. Factors affecting heat exchanger particulate fouling

The five dominant + OG 2 N&B F FFSOGAY 3 | LI Nigi Of SQa ¢
surfaces are (1)particle surface stickiness, (@) velocity, (3) impact angle

(4) particle sizeard (5) wall properties At present the literature lacks studies on

milk powder fouling of gaseous heat recovery systems. There is, however, a
significant body of work that focuses on minimising milk powder foudingpray

dryers (Chen et al., 1993; Kota arndngrish, 2006)fluidised bed dryergZuo,

2004)and cyclone separation uni{intipunya et al., 2009Although this body of

work stops short of developing a validated model that fully describes the
interaction between a single particle and aNy and the conditions that lead to

attachment and fouling.

2.4.2.1. Surface stickiness of amorphous powders

The stickiness of food and dairy powder surfaces is intricately related to the

concepts ofglass transition temperature and viscos{fownton et al., 1982)in

amorphous materialssuch as milk powdethe glasdransition temperature,Tg,

identifies the boundary between the material being in a rsiitky glassy state or

a sticky rubbery state. The major amorphous component in skim milk powder

(SMP) is Lactose, which accounts for about half of SMP by wEmtticle surface
GraO02aArie Aa F YSIFadaNBE 2F (GKS THoasl 0 Af A (¢

temperatures belowly, the surfaceviscosity is high and molecular movements of
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surface lactose are subdued. Abdkg molecular mobility rapidly increases while
the surface viscosity lowers. Liquid bridges may then readily form between two
particles and between particles and solid surfaces. Further temperature increases
above Ty continues to lower viscosity. The amount the air temperature is above
Ty, i.6.T-Tg, is logarithmicallyelated to viscositysnas described by the Williams
LandeiFerry (1955) equation (or WLF equation)where Dy is a dimensionless
constant andD; is a temperature constant for a given amorphous composition.

Hence,T- Tgyis a nonlinear measure of stickiness through viscosity.

o ~

|og%ﬂ8: M

B0 D, +(T-T,) &9

The glass transition temperaturef a material is strongly dependent on the
moisture content and water activity at the surface of the particle. Boo
component substance§ordon & Taylo(1952) suggested a motied rule of
mixtures equationto calculate the glass treition temperature otthe material
which for SMRnay beapplied to lactose and watéHennigs et al., 2001).e. the
GT model

- T, +kXe T, 2-9)
1+k X,
whereTgis the glass transition temperature of SN{g,is theequilibriummoisture

content on a dry basidg,andTgware the glass transition temperatures of lactose
andk is a constant. The value &fmay be determind by plotting Ty versusXeq
(Figure2-11). Experimental data ifrigure2-11 have been amalgamated from
several studiegHaque and Roos, 2004; Hill et al., 1998; Lloyd et al., 1996; Omar
and Roos, 2007; Ozmen and Langrish, 2002; Schmitt et al., 1999; Silalai and Roos,
2010; Thomsen et al.,, 200%at used a Differential Scanning Calorimeter to
determine Ty for lactose and SMP (where indicated). Johari f18187)found the

glass transition temperature of watefTgw, to be-137 °C, whereas for lactoség

isan average 0103°Cfrom the above list of sources
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Using a least squares method and all data showFRigure2-11, constantk is
evaluated as 6.83A difficulty with measuringly when aw is above 0.575
(XeqF 0.13g/q), islactose experiences thermalstability (Thomsen et al., 2005)
A transition n the molecular structure from amorphous to crystalline will also
occur at highaw (Roos, 2002)As a result there is a noticeable lack of data for

equilibrium data greater than 0.1¢/g moisture.
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Figure2-11: Relationship betweeny and Xeq.
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Figure2-12: Sorption isotherm for skim milk powder.
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Isotherm curves relate equilibrium powder moistumdntent, X to water
activity, aw, which assumed to be equal to the air relative humid®aterson et

al., 2007a) Moisture adsorption and desorption isotherms of SMP has been
obtained in many studies over the last decaeshown irFigure2-12, although
only two studiesarried out the tests above room temperature, 90 °C(Kockel

et al., 2002; Lin et al., 2005)

SMP has been shown to best follow the Guggenli@indersorgde Boer GAB)
(Bell and Labuza, 20089rptionisotherm model,

Ly a b,

K= M U e N ba, +a )

(2-10)

WhereXeqis the equilibrium moisture content on a dry basfsjs the monolayer

moisture content. In the above equatidhandi are exponential functions of

temperature,
aDH

a=a e>qoae—18 (2-11a)
C RT =

b= b, exp‘é‘eDio (2-15b)
c RT =

where [H is material specific activation energy on a per enbhsis,R is the
universal gas constant anflis absolute temperature in Kelvin. From the data
presented in Figure 2-12, constants X, (0.073274g/g), "o (0.16969, nH:
(9791.9J/mol), bo (3.9469 and nHx (-4197.0J/mol) are solved using a least
squares technique and ExE&élSolver. Table 2-4 shows that thenew GAB
constants provide the most accurat&q values across a wide range af

compared to three models from literature.

An estimate forTg may be calculated from air temperature and humiditying
EqQ. 2-13 in conjuction with Eq2-14. Since Xeq is weakly dependent on
temperature, Brook$2000)successfully developed a polynomial model to relate

aw (or RH to Ty with high accurcay,
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T, =53066a +65206a7 - 36633a, +99458 [0<a, <0575 (2-12)
Table2-4: Summary of sorption isotherm constants.
R R
Source Model <040  aw<0.80

This work GAB 0.969 0.972

Lin et al(2005) GAB 0.678 0.926

Jouppila et al(1994) GAB 0.917 0.557

Papadakis et a{1993) SPS 0.930 0.506
| 26 SOSNI . Nr21aQ Sljdz2 G6A2y A& fAYAGSR

0 2

this range, the model is unreliable. Whereas equations based on the GT model

(Eq.2-13) may be applied to predicly for high values ofay with greater

confidence because the model is seempirical.Paterson et al(2007a)provide

clear evidene that different air temperatures and humidities resulting in the same

T-Ty value have the same surface stickinessg(re 2-13). Several other

researchers agree with this conclusion such as ZB@089)and Murti (2006)
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Figure2-13: Effect ofT ¢ Tg on percent depositiorfor whole milk powder (compared the amount
of powder tested)obtained using the particle gun teswith a reported air velocity of 2am/s.

Data taken from Patersoret al. (2007a)
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2.4.2.2. Effect of air velocity and particle impact angle on fouling

The simplest method to redecparticulatefouling is to increase the airsidesat
exchanger faceelocity. Highe velocities result in higher energy particulaigoe
impacts reducing foulin@legla €al., 2010) Increasing velocity also increases the
chance of resuspension of attached particulates into the airflow. Resuspension is
the result of random turbulent eddies impacting the surface with greater energy,

which dislodges and rentrains the paticulate (Rogers and Reed, 1984)

A recent tool developed to atthe design of heat exchangers subject to particulate
fouling is the limiting fouling velocityy (Abd-Elhady et al., 2004 his tool defines
the velocity at which deposited particles begin to roll and becomenteained
into the air flow. Nimerical estimates and lagcale experimental results af have
been found to be in close agreemefbdElhady et al., 2004; Jegla et al., 2010;
Zhang et al., 2000)To find vir, Jegla et al(2010)recenty defined the rolling

moment,RM, as
;% d 0]
F,28.399 P 5" ado
Q -

RM = J
(Fa+Fg+FeI+Fcap_ I:b_ FI) %

(2-13)

where Ry is the drag forcek is the force of adhesiork is the electrostatic force,
Feap is the capillary forcely is the buoyancy forcek; is the lift force,d; is the
particle diameter,dis the maximum partle deformation distance, and: is the
contact diameter between the particle and wallhe numerator in E®-21 is
related to the hydrodynamic rolling moment and the denominator is related to
the adhesion resting moment. The limitirffguling velocityis the air velocity
required to makeRM=1. Additionally, ifRM > 1, then it is assumed fouling is
limited because particles will fentrain into the gas flow. Under these
circumstances, the high air velocity acts as adelining mechaism and results

in minimum depositionIn the case of milk powder, no electrostatic force is

applicable.

Using the limiting fouling velocity tool for a distribution of particle sidegleet al.

(2010) carried out a numerical technical economic assessmergevkral heat
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exchanger design configurations. The goal of the numerical modelling avas t
understand how the overall annual cost of the exchanger, which included
investment, maintenance and operating components, varied with different
designs. The face area and required duty of the exchanger were held constant.
Results showed that the benegtined from increasing the superficial gas velocity,
from 7.6¢ 25.6ms?, (i.e. less fouling and lower maintenance costs) outweighed
the energy and cost penalties incurred from higher air and water side pressure

drops.

Recent studies on milk powder depibsn have focused on the effect of impact
velocity using the particle gun te@turti et al., 2010; Zhao, 2009)Research on
measuring the déct of velocity is limited because, apart from the particle gun
test, milk powder depositioniests lack the ability to control thair velocity over a
significantrange. Some tests, such as the fluidised bed test, have the ability to vary
a superficial viecity, but are limited to a small test range (&®.5ms?'). As a

result, the effect of velocity in such tests has not beeriear focus

Murti et al. (2010) and Zhao(2009) showed a higher article velocity would
decrease deposition on a flat plate and would require stickier surface conditions
to achieve the same level of depositioRarticle gun studies have assumed a
particle travels at the same velocity as thecompassing air velocityzigure2-14
summarises the stickiness initiation points; (Ty)crit, for a range of velocitie3he
resultsof the two studies are significantly different. This difference is the result of
changes to the test saip, which is reviewed in detail later in thisview chapter

in section 2.4.3

Murti et al. (2010)also investigated the effect of particle impact angle by changing
the jet impingement angleand reportedthat the angle & impingement had no
significant effect onT- Tg)crit. HOwever as the angle of impingement moved away
from being normal to the plate, the rate of deposition decreased, which has been

interpreted as the probabily of depositing has decreased.
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Figure 2-14: Effect of velocity on T- Tg)erit of SMP using the particle gun techniqu&ledian
particle size for Zhao (2009) w&d > Yand Murti (2006)did not report a particle size

2.4.2.3. Effect of particle s ize distribution on particle deposition
Commercial spray dried powders have a range of size, shape and density particles.
Average bulk particle density for powders also varies with fat con(Boima,

1965) Shape and roughness of particles have been found to be influenced by the
drying temperature of the inlet ailNijdam and Langrisf2005)used sanning
electron microscope (SEM) investigate the influence drying temperature has on

the shapeof milk powder particlesWith inlet temperature greater than 20T,

which is common in industry, the milk powder particles are spherical and smooth
as shown inFigure2-15a. However at lower ilet temperatures, the particles

appear shrivelledRigure2-15b).

The milk powdeparticle size distribution entrained in the exhaust air is likely to
be smaller than the bulk product. Milk spray dryers have attached to the dryer air
outlets cyclones and/or baghouse filters. Both unit operations attempt to separate
milk powder from theair flow before being emitted to atmosphere. The particle
size distribution also depends on whether a product is agglomerated of non
agglomerated. Measurement of the particle size distribution in the exhaust air is

therefore important to consider.
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Figure2-15: SEM photos of milk powder particles dried using varying inlet air temperatures into
a lab scale spray drydiNijdam and Langrish, 2005)
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SMP, results from particle gun te¢Zhao, 2009)
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The recent thesis of Zhg@009)agreed with thesarlier study ofChenet al. (1994)
showing thatfine particles are more likely to deposit than cearmparticles fothe
sameair conditions. Zhao summarised his preliminary results by plotirg¢)crit
against a measure of surface amasy as shown irFigure2-16. Besides the work

of Zhao(2009) the effect of particle size on particle deposition appears to have
been over shadowed by focus on testing different types of products, which may

or may not have different particle size distributions.

2.4.2.4. Wall geometry and properties

Surface properties of the wall influence the strength of the bond between the
particle and the wall. Amorphous particles attached to walls by liquid bridging
(Downton et al., 1982) The strength of the bridge is related to the degree of
wetting that occurs between the particle and the wall. Wetting angle is dependent
on the interfacial surface energy of the wall material. When theaswgfenergy of
0KS gl f¢ KFa + AAIYAFAOFLyGte f2¢SN]
energy, the contact angle is high and wetting is poor, resulting in weak interfacial
adhesion bonding. Metals have high surface energy (stainlessGs6#dlN/m).
Therefore in theory powder should tend to stick more easily to stainless steel
compared to Teflon, which has a surface tensio.6£8 N/m. Coating walls with
Teflonwere predicted toaid in reducing milk powder depositidiBhandari and
Howes, 2005)

OzmenandLangrish(2003)studied deposition in a scaled down spray drytere

in different tests the chamber walls were coated withn-stick food grae nylon,
powder and bare stainless steel. Their resushowed no significant change in
amount of wall deposition per unit area for the various wall conditiolhdater
study at the same University by Kota ahéngrish(2006) however, produced
results showng surface energy does affect depositiafter the chamber was
coated with NylonMurti et al. (2010)studied several different wall materials and
like Ozmenand Langrishreported that the wall material had no effect on the
particle deposition. However, in the case of a Teflon surface, it was obsbywed
Murti et al. that particles repelled further to the edge of the target surface (a

75mm diameter disc) before depositinif.the studyhadused a small deposition
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collection plate,the results may have proven to be differeftor milk powder
deposition the introduction of low surface energy wall does not appear to

significantly affect the deposition of milk powder.

The tempergure of the wall may affect milk powder depositiddhenet al. (1993)
insulated a viewing window of a scaled down spray dryer and recorded that
depositionin the window areadecreased. Cheet al. remarkedthat the less
deposition was a result of no condgation forming on the window. This
conclusionappears to overlookhat the dew point temperature of the air was
likely significantly lower than théemperature ofun-insulated viewing window.

On the other hand Ozmen andingrish(2003)showed insulating the spray dryer
wall in the conical section had no effect on depositishereasinsulating the

straight section of the dryer slightly increased the deposition.

The geometry and design of the heat transfer surface is also a critical factor
affecting depositionHeat transfer enhancement is a populasearcharea for
innovative ways to increase heat transfer and simultaneously reduce fouling
(Siddique et al., 2010)Tubes with superior heat transfer, pressure drop and
fouling characteristics that standard round tube include: elliptical tulBeauris et

al., 2001) eggshaped tubegBouris et al., 208), dimpled tubegKukulka et al.,
2011) tube bank inerts (Stehlik, 2011)tube bank winglet¢Tiwari et al., 2003)

etc. Although not present in the process industry, elliptical tube banks with and
without fins have found application in aerospace applications where low pressure

drops for high heat transfer is seen as critical.

2.4.3. Powder stickiness and deposition characteris ation

techniques

Initial research on dairy powdestickiness andieposition looked at stickiness
development in situations where contact between particles occurred for extended
periods of time resulting in powder cakifigennigs et al., 2001; Wallack and King,
1988) Focus was given to meafg tempeature and humidity conditiorthat
caused sudden coalescing of particles and agglomerasahown irFigure2-17.

Stickiness is expressedBs Ty, whereT s the air temperature andg is the glass
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transition tempeature of the powder Recent trends have wided the research
scope and looked at reducing deposit build up in powder plant transport ducts and
cyclones where particle impacts on processing chamber and duct walls are more

dynamic(Intipunya et al., 2009; Murti et al., 2010, 2009; Zhao, 2009)
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Figure2-17: Initiation of stickiness curve for whole milk powder measured using the partigie
test (Zuo, 2004)

The majority of powder stickiness characterisatiotests focus on critical
conditions at which particles begin to cohesively stick to each other.
Lazaret al. (1956)produced one of theifst studies focusing on the agglomeration

of tomato powder using a resistance stir test to identify critical air conditions that
leaded to agglomeration. Since then, there have been several developments,
improvements and creation of new experimental metlso Recent studies using
agglomeration type testfor milk powdershave included: mechanical stir test
(Hennigs et al., 2001; Kockel et al., 2002; Kudra, 20@Jised bedsimulation

test (Chatterjee, 2004; Chen et al., 2004; Kockel et al., 2002; \fesfuet al.,
2006) viscometer tes{Ozkan et al., 2002unconfined yield strength tegChen

et al., 2004) flowability test(Kim et al., 2005)blow test(Paterson et al., 2005)

and centrifugal stickiness teg¢Goula et al., 2007)Boonyakt al. (2004)gave an
excellent review of stickiness measurement techniques and compared several of
these methods. They also showed thistoricaldevelopment of some techniques,

such as the mechanical stir test.
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Caking an@gglomeratiorstickiness characterisatidaests are less relevant to this
thesis because the majority giarticle attachmenthat occurs on the aiside of
heat exchangers isn a much shorter time scal&ey factors such as air velocity
cannot be satisfactally accounted for using caking arajglomeation stickiness

characterisatiortests.

Particlewall adhesion is the rootauseof deposits found in regions of high air
flow. Very few testsin literature focus on understandingarticlewall adhesion
with short contact times (4s). In recent yearsasearchers have realidehe
merits of understanding this more dynamic mode of particle deposi{handari
and Howes, 2005)he three main tests that look at partieleall adhesions the
scaled down spray dryer tefChen et al., 1993; Kota and Langrish, 2006; Nijdam
and Langrish, 2005; Ozmen and Langrish, 200@®) cyclone stickiness test
(Boonyai et al., 2006; Intipunya et al., 2008nd the @rticle gin test(Murti et al.,
2010, 2009; Paterson et al., 2007a, 2007b,20@. R. W. Walmsley et al., 2010;
T. G. Walmsley et al., 2010; Zhao, 2009; Zuo et al., 2007 pf these three tests,
only the particle gun test has the ability tsolate individual factors that affect
deposition The other two tests are focused mave bulk trends that are specific

to a unit operation

Several recent studies have applied treeticle gun test to characterise deposition
that occurs in an impingement jet against a flat plate. Ingh#icle gurdeposition
test, powder is injected int@ preconditioned airflow that impinges against a
target plate giving the powder particles an opportunity to stick or rebound. The
quantity of deposition on the collection plate is weighed. Powder particles are
assumed to have surface conditions in epuibm with the conditioned air and
impact the plate at the same speed and angle as the impingin@Metti et al.,
2010) An important advantage of the test is manytloé most important factors
influencing deposition are controlled and may be isolated; e.g. powder
composition, air temperature and relative humidity, particle impact veloaitgt

angle, particle size and shape, and plate material and temperature.
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Patersm et al. (2007a)studied how air temperature and humidity affects the
initiation and growth of deposition of skim and whole milk powalen a70 mm
diameter circular colleabn plate. Patersomt al. (2007b)further characterised

the deposition propensities of high fat powders. Muetial. (2009)analysedthe
robustness of parts of the guticle gun test method andlater looked atthe
influence jet velocity, impingement angle and plate matenhaleon deposition
(Murti et al., 2010) These original studies by Patersomd ceworkers used a
vertical jet impingement, a horizontal plate, and an anemometer (unspecified
diameter) to measure the air velocity. In reviewing and repeativartwork Zhao
(2009)observed that at times powder would sit on the collection plate due to
gravity, not adhesion, and as a result Zhao changed the orientation of the
impingement to be horizontal and the plate to be vertical. There are also questions
surrounding thecorrectnes of the airflow measurements reported by Paterson
and co In these works an unspecified size vane anemometer was used to measure
the air velocity at the end of the tub&Vhen the vane diameter iargerthan the

air flow diameter, theaccuracy of therelocity readings reduced

Zhao(2009)performed experimental and numerical investigations based on the
particle gun test and studied the effect of particle size distribution and
documentedfor the first time for the particle gun teshe presence of ring shaped
deposit morpholgies. Through visual observation and Computational Fluid
Dynamics modelling, Zhao demonstrated that the ring deposit morphologies were
caused by milk particles impacting the plate multiple times before finally
attaching. As the stickiness of the particles, T - Ty, was increased, Zhao showed
the central deposHree zone shrunk until eventually it disappearédgure2-18).
Further increases iif - Ty concentrated the deposition in the centre of the plate
indicating most particles were sticking on first impact, which eliminated the

possibility of deposition on the outer area of the plate.

Previous deposition studidsased on theparticlegun test defined T ¢ Tg)crit as the
deposition onset point on a deposition % ver3esTggraph e.g.(Zuo et al., 2007)
| 2 6 S PSS NR00HIIulBs rblied hat the deposition % is influenced by the

size of the collection plate. The air conditiaytemperature, humidity and velocity
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¢ that the particles experience away from the jet are also difficult to precisely
know and may not be assumed to be the saméhasaverage jet conditions. As a
result inclusion of deposits not at the centre of the plate in determinihg Tg)crit
skews its value to appear lower than its true value for the given jet conditions. For
example, one may be led to determine uskigure2-18that (T ¢ Tg)crit iS less than

26 °C since deposition is occurring at the periphery of the plate. However, this
critical temperature differences valid to be associated with the stated jet
conditions. In view of these issues, a different approadh be needed to

determine [ ¢ Tg)crit that is independent of plate size.
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Figure2-18: Determination of(T ¢ Tg)erit* USing a clear ring diameter. Test conditiorty.s61> Y X
normal impingement and jetelocity 15.0ms?, data from Zhaq2009)

2.4.4. Approaches to modelling particulate transport and

deposition mechanisms

There are two general approaches to modelling the fouling of surfaces. The first
approach focuses on bulk effects using mass transfer principles to derive
fundamental models that describe the estimated depdsiild-up on heat transfer
surface with time and its effects on heat transfer and pressure drop. Mass transfer

coefficients are calculated from experimental results and are specific to a specific
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combination & heat exchanger geometry and particulate. The second approach
gives closer attention to the interaction between a single particle and a solid
surface. Models are constructed to acutely describe the particé collision that
may predict the conditionsof when a particle sticks or rebounds. This approach
is specific to a particulate type, but can be independent of heat exchanger
geometry. This section reviews these tejgproacheto modelling deposition and

the traditional applications of these approache

2.4.4.1. Bulk m ass transfer approach to modelling fouling

KakaandLiu(2002)state that the fouling heat transfer resistand, for a plain

wall is
R 1 (2-14)
kf

where X is the deposit thickness aridis the thermal conductivity of the foulant
layer. Fouling can be categorised into five types: particulate, crystallisation,
corrosion, biofouling, chemical reaction, and sii@tion. For the application of
fouling in spray dryer heat recovery exchangers, the major fouling type is

particulatedeposition

According to WeblandKim(2005) the buildup of deposits is described by

D= G h ol 1) whee r =¥ 219

In the above equatiom is the mass of foulingis the probability of stickindis
the mass transfer coefficienG, is the concentration of the foulant in the bulk air
flow andAis the surface ared is a tme constant fw is the wall shear stresnd

ko is aproportionality constant Eq.2-15 is rewritten with R as the subject by
dividing by the density | and thermal conductivity of the foulant

R; :% - exp('%)) (2-16)
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Eq.2-16 suggests that the buildp of deposits and increase in resistance due to
fouling is asymptotic, which means the rate of fouling decreases over time until
the rate of deposition and removale similarExperimental testing can be applied

to find the sticking probability, time constant, and mass transfer coefficient in
Eq.2-24. This approach is specific to a heat exchanger design and the sticking
probability is related to the powder stickise Wall shear stress is assumed to be
the controlling mechanism fateposition The mass transfer approach has limited
application to predicting deposition iheat exchanger geometries artksigns

that have not beerexperimentally tested.

Deposition of articles may result from a combination of several discrete transport
processes and mechanisr{GGuha, 2008)These processes are largely dependent

on the dimensionless particle relaxation tigné

* \2

whererpis the density of the particle; is the density of the fluidj, is the particle
diameter,u” is the wall friction velocity, andis the kinematic viscosity of the fluid.
The particle relaxation time repsents the time scale with which the particles
respond to changes in the slip velocity. Typically, three general transport regimes

are identified:

1. Turbulent diffusiont*<0.1
2. Turbulent diffusioreddy impaction, 0.kt*<10

3. Particle inertia moderated;" > 10

In the turbulent diffusion regime, deposition is a mass transport problem
RSAONAOSR o0& CAO1Qa flgd ¢KS aSO2yR
particles that fall in the particle inertia regime respond slowly to changes in
velocity flow fidd changes as indicated by the largeEstimates for theparticle
relaxation timeof milk powder particles bases anparticle density of 154Ky m?
(Hayashi and Handa, 197#)id viscosity of 2.0% 10° PaSand particle diameter

of 14.8em (which approximately corresponds to the 1l@ercentile of particle
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diameters by volume in skim milk powdeéndicate thedominant transport regime
is inertia moderated.This also suggests that wall shear stress may have less

influence on the depositionf particles.

2.4.4.2. Contact mechanics approach to modelling deposition

Contact mechanics has been the subject of several studies over the past century.
The elementary study on contact mechanics of spherical bodies was conducted by
Hertz (1896, 1881)Extensions to the Hertz theory are very common in the field.
The most significant extension is the Johns@ndalRoberts (JKR) theory
(Johnson et al., 1971According tdScopusthe JKR theory is cited byerthree
thousand articles and K.L. Johnson, the lead aythas continued to expankiis
original treaties in thefollowing years, e.g.(Greenwood and Johnson, 1981;
Johnson and Greenwood, 1997; Johnson, 1998, 1996, 1BR#E recenly, the
ThorntonandNing(1998)theory built on the earlier Hertzian antKR theories to
derive a model for predicting the normal restitution behaviour of adhesive efastic

plastic spheres.

Brilliantovet al. (2007, 1996)and Hui et al.(1998)also used results from the
Hertzian and JKR theorids derive a normal restitution model of adhesive
viscoelastic spheres colliding. In general, food powders are considered as a
viscoelastic materia(Palzer, 2005) The distinguishing feature of viscoelastic
materials is their ability to relax in time, which lowers the stress and gives out heat
when placed under @onstant strain. However, for short collision contact times
where very little stress relaxation has time to occur, twmmplexsolutions of

viscoelastic models can be simplified by ugtasgticplasticcontactmodek.

In short, the particlevall collison models require knowledge of several materials

LINR LISNIIASayYy &adzNFIFOS SySNHeé> LI NIGAOES Yl aa
Y2Rdzf dzZA4X t2A&aaz2yQada NI{iA2 IyR @8ASfR aiGNBaao
dynamic quantity because it is heavily influendeyl the air temperature and

humidity surrounding the particlderivations for describing the contact between

a particle and rigid wall are normally based on a simplified energy balance of the

collisionand have mostly focused on normal particle impalgeoring energy lost
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to acoustic waves, friction, etdhe energy balance of a partiekurface collision

is
E. =E.; *W, +W,, +DE, (2-18)

where K andE are the initial and final kinetic energy of a particle colliding with

a surfaceWa is the work of adhesionyq is the energy of plastic deformation,
and nEot is change in rotational energfyvhich is often ignored)Expressions
essential to finding the work of plastic deformation have been proposed by Davies
(1949)based on a limiting elastic velocibeyond which plastic deformation (as

opposed to elastic deformation) occurs.
2o I/
az2 g L (2-19)

where r is the particle density, ¢ is the elastic yield limiand Y is amodified

. 2 dzy 3 Q4. LiKedviRedekpdzssions for the work of adhesion based on a critical
sticking velocity suggested IBrofessa K. L. Johnson, which is cited in theory of
Thorntonand Ning(1998)

/6

a g a
Ve =1.8487 8 (2-20)
Q 3Y 2.5 2

whereais the surface adhesion energy and the particle radiudJsing these two
critical and limiting velocitiesThorntonandNing concluded by deriving an

expression of the@ormalcoefficient of restitutionof a particle.

A g
° _—pd fo)
_ 6\/:_3% 15‘Vpdozgaeaf; Vi 6 BV @ (2-22)
T s 2 6, B ) . oge0 &8
¢ O T, 86 1408 6
&y, & 5 80 8
C n c G Vn = =

ThorntonandNing (1998) showed the validity ofEq.2-30 by carrying outa
Yy dzY SNR O f addzRe 02 a2t @S Thed npdel2 gTQ a
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ThorntonandNing is limited to describing normal particle impacts on a rigid

surface.

For nonnormal impacts 2 dzf 2 Yo Qa t1F g 2F FNAOGAZY Kl a o
approximate the tangential coefficient of restitan of rebounding sphereNu

et al., 2003)/ 2 dzf 2 YO Q& sirhplegrelationship between the normal

coefficient of restitution,\,, and the tangential coefficient of restitutios,

f(l+x,)
tang

x =1-

t

(2-22)

wheref is a constant relating to friction (generally around 0X8)is the normal
coefficient of restitution and' is the impact angle. Assuming thais known from

one of the previously presented normal restitution models, may be

approximated provided a good estimatefdf & | @F A€t | 6t S® | 2 SOBSNI / 2«

of friction has less applicatoto understanding the critical conditions that result
in a particle stickingo a surface. Predicting the deposition of particles impacting
at obliqgue angles requires an understanding of how the tangential impact force

affects whether a particle attaches detaches

Savkoor and Briggd977)described mathematically the effect of the tangential
force on the size of the contact area between a particle and a surfdesr T
expressions showed the contact area reduced with increasing oblique impact
angles indicating less normal force (i.e. velocity) was needed to break a particle
free from the bond. At some critical ang&avkoor and Briggs argued that slip
would occur béween the particle and surface making attachment impossible. A
difficulty with applying the equations of Savkoor and Briggs is to know how the
tangential force of a particle is stored and releagedzNA y3 | LJ NI A Of SQa
Recent studies such &onsandopoulos(2006)have proposed the calculation of

a critical impact angle beyond which deposition ceased. This provided a simple
method to overcome the weaknesses of focussadely on normal forces when
predicting the deposition/rebound of a particle while still somewhat accounting
for tangential force contribution. This approached alsmited the need to

dzy RSNARUGI YR K2g¢g GKS GFy3aSyaaln F2NOS JF NAS
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2.5. Conclusion

Although the literature and industry offer no standard solution for maximising
heat recovery in milk powder process, it is clear that heat recovery from the spray
dryer exhaust idikely needed to achieve maximum heat recovery. Techno
economic analysis of heat integration options needs to be performed to justify
which solution should be the standard, or if there is some new integratibeme

that is better. Minimising total ost through optimalarea allocation is rarely a
feature in hat integration studies and the literature is void offendamental
method to maximise the benefit of heat exchanger area. When milk powder plants
are co-locatedwith other dairy processes on a singsite, there is opportunity for
inter-plant heat integraion to boost overall site heat efficiency. Conventional
techniques have been applied to dairy examples to illustrate the potential

benefits.

An important technical barrier preventing spray dryer exhaust heat recovery is the
potential for heat exchanger tding. The stickiness of milk powder has been
investigated in the context of spray drying and fluidised bed drying but the
literature lacks a model that fully describes the critical conditions that result in a
particle depositing on a wall and/or anotheanicle. A clear gap in the knowledge

is an investigation on the interaction between milk powder particles and heat

exchanger surfaces.
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Chapter 3
Improving heat recovery in stand-alone

milk powder plants

3.1. Introduction

A

Galye RIANE LINPOSA arSams aBUREROSE 61 ad S f A

H.Hanneman and.. JRobertson
IDF World Dairy SummRQ05

Previous studies on an integrated milk powder plant and site have calculated a
pinch temperature of about 50C(Atkins et al., 2011; Loveimith and Baldwin,
1988; Robertson and Baldwin, 199@hich is strongly affected by the exhaust air
stream temperature selectiofWalmsley et al., 2012a)Vaste leat below this
temperature is considered not useful for heat recovery and hence the statement
of Hanneman and Robertsq2005)is understandable. With such a high pinch
temperature the value of dryer exhaust heat recovery is questianalice its
heat is low temperature after heat recoverfs a resulheat recovery from the
dryer exhaustmay beperceivedasunnecessary, as anly add to the already
excessvaste heatin liquid streamsin thischapterthe premise that there is little
opportunity for heat recovery in dairy plantand especially the dryer exhaus,
challenged andheat integrationopportunities withina standalone milk powder

plant are examined

This chapter investigathow best to integrate standlone industrial mk powder

plants for maximunineat recovery. Using this analysissitletermined whether or

not dryer exhaust heat recovery is technically feasible awbnomically
advantageous. As the basis of the analysis, process and utility stream data from a
local dary plant has been extractedThe stream data for this plant is
representative of a typical milk powder plardisingPA utility and heat recovery

targets are calculated assuming steady stream flow rates and temperatures while
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the dryer is in operationSane stream data for the processed 32 FG ¢ X YSI yAy 3
that some flow or temperature set points or target values can vary without

impacting the process, product quality and safety. As a result soft stream data is

varied to analyse the effect on the targets. digners can use #sedegrees of

freedom to their advantage by varying soft datahin defined rangeso obtain a

minimum energy use target. After targeting, HENs are developed for the

evaporator and spray dryer sectionstbé milk powder process

3.2. Indus trial milk powder production process

Themilk powder plantanalysed isllustrated inFigure3-1 with evaporator and
spray dryer zonesand a common heat recovery networ&leanin-place CIR
water is shown as a third zone. It is important to note that standard industry
practice forNew Zealand factories to not recovery heat from the sprayyer

exhaust air and to not include CIP water as a heat sink.

Milk Powder Plant
Evaporators N Spray Dryer

Milk Concentrate
Exhaust Air

e
:

| Jo1eiodeng
=
WA
Joresodens
==
Jo1eiodeny }‘J
_—
A

! I

Bag
House

1 TVR

8 Steam
0
H

H Water
i Vap.(3)

Spray Dryer

Dry
Powder

(@) mod

Condenser
cow (3)

Std Milk

-~
T— [ N\Oi|
g A

(" Clean-In-Place (Hot Water) *

Source stream H
i CIP
Sink stream o i L
i Powder

Figure3-1: Milk powder plant schematic including current HEN.

&

3.2.1. Extracted heating and cooling process demands

Specific stream data (one tonnemductbasig for a large industrial milk powder
plantwith a maximum throughput a23.5t,/h operatingfor 5000h/y is presented

in Table3-1. The stream data is presented in specific terms so that it can relate to

any plant poduction rate.The streams include the evaporation and condensing
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streams inside the three evaporator effeci®he vapour side streams have been
upgraded in temperature using mechanical or thermal recompression. The
acronym COW is short for condensatendiey and refers to water that is removed
from the milk during the evaporation stage®\s a process requirement
immediately prior to milk being fed into the evaporator, a small amount of steam
is directly injected into the milk raising its temperature fr@8.4°C to 69.9C.
Steam used for direct steam injection is not showiable3-1. The heat demand
for the four air streams are showseparatelyalthough there is opportunity to(1)
heat all four air streams collectives the air enters the buildingand/or (2) the
fluidised bed air streams collectivelyhe inlet air temperature varies depending
on the month and as a result an average temperature has been determ8udt.
data are identified usingt f. €ypical industrialtility pricesfor 2011 are used
steam utility $45MWh, cooling tower water $0.BMWh and chilled water
$35/MWh.

Table3-1: Process stream data extracted for the industrial milk powder plant. Soft temperatures
indicated using *.

Hot/ Ts Tt 1 nH
Zone Stream Cold State °C] °Cl [MJtp°C] [MJ/ts]
Evap. Standardised milk C Lig. 8.0 63.4 42.7 -2362
Evap. Effect 1 after MVR (vapour side  H Vap. 75.0 74.9 12321
Evap. Effect 1 (product side) C Vap. 69.9 70.0 -12375
Evap. COW 1 (from effect 1) H Lig. 67.5 13.0* 22.3 1215
Evap. Effect 2 after MVR (vapour side  H Vap. 67.0 66.9 7320
Evap. Effect 2 (product side) C Vap. 619 62.0 -7353
Evap. COW 2 (from effect 2) H Lig. 61.0 13.0* 13.1 630
Evap. Effect 3 after TVR (vapour side H Vap. 59.0 58.9 1495
Evap. Effect 3 (product side) C Vap. 53.9 54.0 -1495
Evap. Condenser vapour H Vap. 54.0 539 370
Evap. Condensate (condenser) H Lig. 53.9 13.0* 0.7 27
Evap. COW 3 (from effect 3) H Lig. 549 13.0* 2.0 81
CIP CIP hot water C Lig. 15.0 55.0 6.0 -238
Dryer Milk concentrate C Ligp 54.0 65.0 6.0 -65
Dryer Dryer inlet air C Gas 15.0 200.0 18.4 -3411
Dryer FB inlet air (1) C Gas 15.0 49.0 1.6 -53
Dryer FB inlet air (2) C Gas 15.0 45.0 2.3 -69
Dryer FB inlet air (3) C Gas 15.0 32.0 1.7 -29
Dryer Exhaust ai, dew point 39°C H Gas 75.0 55.0* 25.7 -513
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3.3. Methodology

PAhas been applied to callate specific utility and recovery targets for milk

powder production. Site utility and heat recovery targets are calculated by shifting
AYRAQGARdzZI f Tadd WNich Xré estom@tedbasgd on the state of the

stream, the best available heat exchangechnology and designer experience

The nTeont applied are presented imable 3-2 and the overall heat transfer

coefficients together with th&-NTUcorrelation and cost equations are presented

in Table3-3®@ ¢ KS YAYAYdzY || LILINB vadds dapeéhdingl®emd G dzNBS = n
GKAOK aGNBIYa | NB YI ThdkaS R F yiRK S kaSi NS aYLaS RIEAG

heat.

Table3-2Y L yToidasdighment.

State NTeont [o C]

Vapour 3.0
Liquid 2.5
Gas 10.0

For large industrial sites, it is normally most economical to maximise heat recovery
within individual zones before transferring heat intsonally. Intrazonal targets

are found by applyingPAto each zone. Intezonal targets are derived from an
analysis of the entire site, where the source and sink sections of the zonal grand
composite curves that require utility are combined to form total site source and
sink profiles. These profiles can be pinched to providertagimum heat recovery
target for direct interzonal heat exchange. Soft stream data is varied within
defined limits to minimise utility targets. Preference is given to heat recovery from

liquid streams over gaseous streafigalmsley et al., 2012a)

HENs are formulated using tiRDM(Linnhoff and Hindmarsh, 1983 xchanger
areas are calculated using theNTU method using the correlations presented in
Table3-3 (Kays and London, 1998; Navarro and Cab&asez, 2005)Overall
heat transfer coefficientd,), are taken fronKaka@nd Liu(2002) Heat exchanger
cost equations as a function of ared) (have been adapted frorBoumanet al.
(2005) and multiplied by a Lang factor of 3.5. In retrofit situations a more

appropriate Lang factor may be 5.0. Cost equation coeffisiamtable3-3 have
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been annualised usingtgpicaldiscount rate of 186 and an expected life time of

10 years.

Table3-3: Overall heat transfer coefficient§Kakac and Liu, 2002-NTU corréations (Kays and
London, 1998; Navarro and Cabez@$mez, 2005and cost functiors (Bouman et al., 2005jor
various types of heat exchangerRefer to AppendiB for 8-NTU correlations.

Type Purpose u Explanation of Cost
[W/m2-°C] 8-NTU correlations [$/y]
Gasket
plate heat Lig./Liq. 2000 Counterflow exhanger 1800 + 20A
exchanger
Both fluids unmixed
Gas/Gas 35 crossflow exchanger 500A0-815
] with two passes
Finned Both fluids unmixed
tube heat Gas/Liq. 70 crossflow exchanger 500A%-815
exchanger with two passes
Gas/Vap. 80 One fluid condensing 500 A0815
exchangr
Shell and Liq.Vap. 1500 One fluid condensing 11004957
tube condenser exchanger

3.3.1. Solution constraints

The limits of the soft target temperatures of the COW and exhaust air streams are
presented inTable3-4. The liquid COW stream must discharge below@8o
meet environmental regulations. The lower limit discharge temperature is
determined by the supply temperature of the coldest process stream and the

minimum allowable approach temperature.

Table3-4: Soft temperature limits.

Tt [°C]
Soft Stream Data Lower limit Upper limit
Cow 13 28
Cond. loop return 13 38.5
Exhaust air 55 75
Exhaust loop return 13 42.5

The exhaust air stream is constrainecketot a possible recuperator above 56 to

limit the potential of excessive foulingT. G. Walmsley et al., 2013&xhaust heat
may be recovered ging an ahto-air or airto-liquid heat exchanger system. In
existing plants there is often a significant distance between the exhaust and inlet
air ducts. Aito-air heat recoveryis economically difficult to justify due to the

excessive ducting requirdd bring the exhaust and inlet air streams together and
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the tight space constraints in and around the building enclosing the spray dryer.
The exhaust air duct typically exits out the top of the building whereas the inlet air
fan and duct is located sevéravels below the exhaust duct within the building.

Air-to-air heat recovery systems may prove economical for Greenfield plants
where the building and equipment may be arranged to accommodate such a

system.

This workappliesan ndirect liquid coupled lop integration systemfor heat
recovery from the dryer exhaust air. A liquid couple loop system employs an
intermediate fluid such as water to recover heat from the exhaust air, which is
then used to heat a cold stream such as the inlet air. Indirect heabvery
systems are more compact than-&ir-air heat recovery and are equally applicable
to Greenfield and existing plant®ther indirect integration methods, such as heat
pipes and heat pumps, are not considered in this wdtke supply temperature of
this liquid loop iset at 62.5°C, which is the exhaust air supply temperature; 5

Y A Y dza Tmi fisr$reanexchange between gas and liquid streams. The return

temperature of the loop is a soft temperature.

Options for direct and indiredteat exchange for matches betwe#re condenser
vapour and milk product are investigated. There are concerns in industry that
direct heat exchange between the condenser vapour #redstandardisednilk
may result in productontaminationif a leak in the heat exchanger were to
develop Swch contamination isictuallyunlikely since the vapour is at low pressure
and if a leak were to occur, the flow would be from the milk into the vapour, which
apart from a small amount gfroductlosswould not affect the productOptions

for indirect matches between the condenser paur and milk are requiretb use

a liquid coupled loopheat exchanger systemThe maximum loop supply
temperature is 48.53C. The loop return temperature is a soft temperatufehe
condenser is matched to any stream in the/&lr zone, this heat exchge must
also be done indirectly adrdct heat exchange is impractical due to the distance

between the condensesind the dryer zone air streams.
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3.4. Stream analysis and energy targeting

3.4.1. Site energy analysis

The composite curves fothe entire process, including the evaporation,
condensing and temperature upgrading that occurs in the evaporators, is
presented inFigure3-2. Soft temperatures have been set at the lower limit values
for the respective stream@able3-4). The site pinch is 107, although this is not
representative of the pinch temperatures in individual zonesere the pinch
temperature of the evaporator zone 5.5°C andthe ClPand the spray dryer

zones areboth threshold problens.

The multieffect evaporators can be separated from the background process and
plotted on a grand composite curve as showrFigure3-3. MVR and TVR units
upgrade vapour removed from the milk to a higltemperature and pressure,
which allows the vapour to be recycled to the shell side of the evaporators and
boil water on the product side. In the TVR, about two thirds of the vapour leaving
the third effect is combined with direct steam injection to incseathe
temperature. The final third of vapour, not upgraded in the TVR, is sent to a

condenser.
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Figure3-2: Composite curve for entire site including the evaporators including the MVR and TVR
units. Soft temperatures: exhaust aii is 55 °C and COW is 13 °C. Pinch temperature at 10.5C.
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Figure3-3: Grand composite curve for evaporators and background process. Soft temperatures:
exhaust airTt is55°C and COWW is 13 °C. Pinch temperature at 10.%C.

3.4.2. Soft temperature selection

Two soft temperatures aré of the exhausair and COW streams. Figure3-4a,

the exhaust aifl; is constant at 78C i.e. no exhaust heat recovend the COW

Ty is varied with theT; achieving the maximum heat recovest 13°C. In
Figure3-4b, the exhaust aifl; is varied with the COW, set & 13°C. The optimal
exhaust aift is the lower temperature limit of 53C This lower temperature limit
was set for the exhaust air to avoid excessive fouling as suggested by
T.G.Walmsleyet al. (2013a) In reality it may be possible to go below %5 to
increase heatrecovery through low fouling heat exchanger designs arke
subject of milk powder fouling in heat exchangers is considered in greater detalil
in Chapter7. There is also a thermodynamic limit to exhaust heat recovery for the
given minimum approach temperatures.Rigure3-4b, a dotted line ahnexhaust

air Ty of 38.7°C, which is marginally below the dew point temperature of 3&0

is drawn to indicator the limit of exhaust heat recovery. For éxisaust aifT;, the
analysisshowstwo pinches: 10.8C and50.5°C. Rcovering heat below 38.7C

for the exhaust aieffectively add$eat below thenew pinchtemperature which
causes an increase in coldlity and no further reductionin hot utility. It is also
important to note thatFigure3-4 is valid for both caseof directly and indirectly

integrating the evaporator condenser.
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Figure 3-4: The effect of the soft target discharge temperatures on heat recovery and utility
targets.Graph a ¢ exhaust airTt is 75°C and kb COWT is 13 °C.

The liquid coupled loop between the condenser and sink streams has a supply and
return temperature. The supply (hot) temperature of the loop is constrained by
the condenser pressure and temperature andixed by the selected minimum
approach temperature. The cold return temperature from the sink(s) to the
condenser, however, is soft since the network is yet to be formulated. Using the
pinch targets he effect of the soft condenser loop return temperatufe-p on

heat recovery is shown ddgure3-5a. To maintain the maximum heat recovery
target, Tcrmustbe higher than 18.8C Figure3-5a). WhenTcris 18.5°C, a pinch
between the shifted total sitgrofiles occurs Kigure3-6). Setting Tcrto below

18.5°C requires utility cooling and results in a loss of heat recovery.
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In a similar manner heat from the dryer exhaust is recovered using a liquid coupled
loop. The supply teperature exiting the exhaust heat exchanger is constrained
by the supply temperature of the exhaust air whereas the return temperature to
the exhaust heat exchanger is soffthe effect of the exhaust loop return
temperature {Tep on heat recovery is shown Figure3-5b. WhenTeris 27.5°C, a
pinch in the dryer zone occurs between thgof the inlet air streams and the
exhaust loop. Iferis set below 27.8C, cooling utility would be required to reach

the specifiedlerand heat recovery is lost
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Figure3-5: The effect of the soft return temperature on heat recovery and utility targets for the
condenser loop (a) and the exhaust loop (b). Soft temperatures: exhaust@as55°C and COW
Ttis13°C.
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The find soft temperature is the inlet air entering the building, from whichair
is drawn into ducts for use ithe dryer and fluidised bedsThe inlet air
temperature to the building varies depending on the month of the year and
location of the dairy factoryin this work the inlet air temperature is set at 4G,
which is representative of an average air temperature for the entire dairy

processing season including day/night variations in the North Island of New

Zealand.
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Figure 3-6: Total site profiles. Soft temperatures: exhaust alris55°C, COWIt is13°C, and
condenser loop returrilt is 18.5°C.

3.4.3. Modified stream data

In summary, the modified stream dataBéble3-1 are presented imable3-5. The
return temperature of the condensearoupledloop is still a soft temperature that
may be optimised later in the analysis. The individual evaporator effects streams
have been excluded. The streamata is modified to combine the liquid COW
streams into a single streawf a weighted average temperatureTreating the
three COW streams as stream resul§ in a reduction of at least two heat
exchangerswhen the minimumnumber of heat exchanger units targeted
Preliminary argeting results further suggest that combining the COW streams has

no effect on the energy targets or optimum selection of soft temperatures.
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Table3-5: Modified process stream data. Soft data indicated using *.

Hot/ Ts T 1 nH
Zone Stream Cold State °C] C]  [Mtp=C] [MIlts]
Evap. Standardised milk C Lig. 8.0 63.4 42.7 -2362
Evap. COW H Lig. 64.3 13.0 38.1 1954
Evap. Condenser vapour (direét) H Vap. 54.0 539 370

: - Lig. 485 18.5* .

Evap. Condenser lig. loop (indirect) H/C (18.5%) (48.5) 12.3 370
CIP CIP hot water C Lig. 150 55.0 6.0 -238
Dryer Milk concentrate C Lig. 54.0 65.0 6.0 -65
Dryer Dryer inlet air C Gas 15.0 200.0 18.4 -3411
Dryer FB inlet air (1) C Gas 15.0 490 1.6 -53
Dryer FB inlet air (2) C Gas 15.0 450 2.3 -69
Dryer FB inlet air (3) C Gas 15.0 32.0 1.7 -29
Dryer Liquid loop from Exhaust air H Lig. 62.5 27.5* 14.7* -513

“the condenser maye directly or indirectly integrated into the process.

3.4.4. Inter - and Intra -zonal targets

Using the modified stream data dfable3-5 heat recovery targets for the milk
powder planttreated as a single zone or as three separate zoaee reported in
Table3-6. Treatingthe problem as a single zone means heat can be transferred
between any streams regardless of location. Whereas the zonal approach divides
the plant into zones, in which intrzaonal heat recoery is maximised before inter
zonal heat exporting is considered. In addition, the target for the limiting case of

NTeont (Or NTmin) @approaching zero is given.

Results suggest thdly treating the powder plant as a single zahis possible to
achieve hat recovery of 2.87 GJ/t, which is 72.3%6 of the absolute maximum
heat recovery3.923 GJ/t, which occurs whemTmin TH0 °C. Without any inter
zonal integration, the total heat recovery targets are 2&&J/t, for the case of
direct condenser integratiorand 2.68 GJ/t, for indirect condenser integration. If
inter-zonal integration is allowedafter intrazonal integration,between the
evaporator and CIP zones, heat recovery can rise t87Z8/t, with direct
condenser integration, and 2.8@J/%, with indirect condenser integratiorA
further 0.037 GJ/t, of heatrecovery is possible when heat is exportedm the

evaporator zone to the dryer zone.
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Table3-6: Inter- and intra-zonal heat recovery targets.

Intra-zonal Max. inter-zonal exports
Tt,cow Tt,exh
Target or Zone ccl [l o ToEvap To CIP To Dryer
[GI/ty] [GI]  [GIy]  [GIlty)
NTminlb n ¢/ 8 36 3.923
Totally integrated site 13 55 2.837
Evaporator (condenser 0.184
directly integrated) 13 2.140 0.184 (0.0)
CIP - - 0 0 - 0
Dryer - 55 0.513 0 0
Total Zonal 1 13 55 2.653 0 0.184 0
Evaporator (condenser 0.206
indirectly integrated) 13 i 2117 i 0.170 (0.037)
CIP - - 0 0 - 0
Dryer - 55 0.513 0 0
Total Zonal 2 13 55 2.630 0 0.170 0.037

3.5. Heat exchanger networks

3.5.1. Maximum energy recovery networks

Maximum Energy Recovery (MER) networks have been develgegstandard
pinch network design fes (Linnhoff and Hindmarsh, 1983jigure3-7 presents
two options for direct condenser integratiofMER A and Band Figure 3-8
presents two optionsfor indirect condenser integratiofMER C and D)n
developing the networks, priority was given to maximising kzoaal heat
recovery, before allowing intezonal integration. Guidance for this approach was
provided by the intra and interzonal heat recovery targetsTéble 3-6). The
options also present two methods for preeating the milk seam by using a
streamsplit (MER A and @y cyclic matcing (MER B and Djs suggested in the
grid diagram, the FB air streams enter the building together and there is

opportunity to provice some heating while together.

The match between the COW and kndtreams is critical for achieving the soft
target temperature of 13C for the COW stream, which was shown during
targeting to be essential for maximising heat recovery. Applying a stream split to

the milk allowed for heat recovery from the condenser eapto the milk stream
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while still providing sufficient heat capacity flow to the milk/COW match for the
COW stream to leave at & (MER A and C). A welbwn alternative strategy

for removinga stream split is to introduce a cyclic match (MER B and D).

After maximising heat recovery into the milk, the condenser vapour is matched to
the CIP stream. For the indirect condenser integration options, any remaining heat
in the condenser stream is matched with the combined fluidised bed air flows. The
specificduty of this heat exchanger on the liquid coupled loop is low with only
0.037GJ/t and is unlikely to be economic in practice. Removing this heat
exchanger and using the cold COW stream as a pseoodlkng utility is one
method for relaxing the networkwith indirect condenser integration as shown in

Figure3-9. The relaxation incurs a 0.0&d/t, reduction in heat recovery.
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Figure3-7: Heat exchanger network grid and flow diagrams for the milk powder plarith direct
condenser integration
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MER C: Split milk & indirect condenser integration
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Figure 3-8: Heat exchanger network grid and flow diagrams for the milk powder plamith

indirect condenser integration
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HEN E: Split milk & indirect condenser integration after relaxation pinch
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Figure 3-9: Heat exchanger network grid andofv diagrams for the milk powder plant with
indirect condenser integration after network relaxation.

In the MER networks the exhaust air is always matched to the dryer inlet air.

Figure3-10 shows the possible sinks for heat oeery from the exhaust air, after

integration of the evaporator and CIP zones (with direct integration of the

condenser, and the exhaust air heat soyrcehe best heat sink choice is naturally

the dryer inlet air. A second option is to split the exhaushaat to the dryer and

FB air inlet streams, which option would maximise the temperature driving force,

but is also capital intensive due to the additional heat exchanger unit(s) and

additional ducting and the like.
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Figure3-10: Heat sink options for indirect exhaust air heat recovery.

3.5.2. Costing and comparison to current industry practice

In the dairy industry there are two common methods for integrating the
evaporator and spray dryer section$ the milk powder procesg-{gure3-11).
Older plants tend to employndustry method A, whereas newer plants favour
Industrymethod B due to its increased heat recovery. At face valdastryB may
appear highly beneficial. Hawver by preheating the inlet air, the temperature
driving force for potential exhaust air heat recovery, which would give another

step change in energy efficiency, is dramatically reduced and becomes less cost

effective.
( \/ )
Industry A Industry B
Water ,
8 8 vap. 3) |
§ % Condenser 8 8 V\;V;tg)
b N COW (3) (T \= ; 2 g
N—" = = Condenser |
A = T cow( o
) 40| |49 « -«
64 54 To drain s
\J 64
8 Std Milk \ 19
54 8 Std Milk e
ﬁCOOIing . .
tower _D_rye_r Ele_tﬁir 15 27_»
\_ VAN J

Figure3-11: Schemes for evaporator zone integration including CIP water.

By applying the same minimum approach temperature difference, the overall heat

recovery potential of industry practigecalculated andire comparedin Table3-7
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to the MER naworks that were developedin addition, Table 3-7 includes

calculation of thedegree ofheatintegration, which is defined as

/7 — Qr(act)
o Qr (DTmin - O)

(3-1)

where Qacy) is the actual heat recovery ari@ 0 Fminl 1) is the maximum possible
heat recovery for a process (value givenTiable 3-6). The degree of heat
integrationdescribes how close the heat recovery is to thermodynamidimit.
Using the cost data iffable3-3 and the current utility prices, estimasdor the

annual utility, capital and total costs may balculated andcompared.

Table3-7: Comparson of proposed MER networks to current industry practinetworks based
on a dryer producing 23.5/h.

HEN Heat Heat .Degree' of Total Utility  Capital Total
Scheme exch:_;mger recovery  integration area cost cost cost
units [GJty] " HR [m?] [$/t o] [$/t o] [$/t0]

MER A 12 2.837 72.3% 8,692  42.37 9.92 52.29
MER B 13 2.837 72.3% 8,224  42.37 9.28 51.65
MER C 14 2.837 72.3% 9,071 4237 10.53 52.90
MER D 15 2.837 72.3% 8,883 4237 10.06 52.43
HEN E 14 2.800 71.3% 8,936 42.83 10.32 53.15
HEN F 15 2.800 713% 8,750  42.83 9.86 52.69
Industry A 12 2.116 53.9% 3,968 51.40 4.96 56.36
Industry B 10 2171 55.3% 4600 50.67 5.66 56.33

In terms of heat recovery, implementireny one of the MER networks would
increase specific heat recovery by @over Indusy A and 3®6 over Industry B.
Subsequently utility cost decrease, although at the expense of a rise in annual
capital costandanincrease irthe number ofheat exchanger unitdMER B, which

is direct integration of the condenser and cyclic milk matchaeyjeves the lowest
total cost, which i9.1% less than Industry A arl0 % less than Industry B.
Removing the indirect match between the condenser and fluidised bed air streams
in MER @nd D reduced total cost, even though utility costs is slightatgr for

the relaxed networks.

Thedegreeof heatintegrationsuggests there is significantly more heat recovery

that can be gained from the process. An extra 0.6 of heat recovery can be
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A AYSR  FNERY Tmid diJzéfodtd §ied milk/lCOW matchvhereas the
remainingheat recoveryopportunity is tied up with the exhaust air stream, from
which an additional 0.896J/t, of hed recovery is possibleith I Tgin of zera In
this work, a limit of 55C on the outlet temperature of the exhaust air was
imposed which means onl9.513GJ/t, of heatis recovered It may bepossible
that the 55°C limit may be lowered through low foulingheat exchanger design

to increase heat recovery.

3.5.3. Impact of p roposed HENs on product quality

It is well understoodrom the literature that Iquid milk process streams have
acceleratedhermophile and microbial growth in the temperature range ofd5
60 °C(Rademacher et al., 1995) short residence time in this terapature range

is therefore desirablefor maintaining product quality over long operating cycles.
Factors that increasenicrobial growthwill lead to decreased product quality
and/or require shorter run lengthswvhich is undesirablerhe ircreased cleaning
costswhich can result fronslightly increased microbigrowth is very difficult to
estimate.Microbial growth is often viewed as a barrier to increasing heat recovery
for milk preheating or coolingThe integration scheme Industmpethod A uses
heat reovery to preheat milk to 58 C, which is not too dissimilar to theaximum
temperaturereachedin the MER network$59 °C) Further invesigation into the
effect of using increasedheat recovery for préneating milk entering the

evaporatorson product qudity is needed althoughout of scope of thishesis

3.6. Conclusion

The mlk powder process lsalow pinch temperature (10.8C)and therefore any
waste heat above 10.8C has availabla sink streamfor the heatto be placed.

Heat exchanger networks havediedeveloped that return the maximum energy
recovery targets for industrial milk powder production. Comparison to industrial
practice has shown that there is potential to economically increase specific heat
recovery by at least 3% with a specific cost pnovement ofabout 9 %for the

most energy efficientHEN in New Zealand milk powdgrants Spray dryer

exhaust air heat recovery is necessary to achieve maximum energy recovery and
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should be matched to preheat the dryer inlet air stredtheat exchangerare sized
oFaSR 2y (& LIaOHEN el@ibng rdal Be infpfovegh by optimising

the HEN area allocation so that total annual cost is minimised.
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Chapter 4
Cost optimal area allocation in

milk powder plant HENs

4.1. Introduction
Akey elementoPAistheconS LJ0 2F | YAYAYdzy I TA@R2IF OK S

NTeon). ThenTmin cOncept, in conjunction with the composite curve diagram,
enables heat recovery and utility targets to be spitaich temperatures to &
identified, and effective HES\to be designedThiswas demonstrated in Chapté&r
for the milk powder plantHoweverthis strength of PAcanalsobe a weakness
ThenTmin constraint fornearly allproblems results in nowgost optimal HEN area
allocation due taften substantiallifferences in utility coststream heat transfer
film coefficients,Heat Exchanger(HE)types and flow arrangement$JEcapital
costs, and approach temperatureBo an extenii K § contribution concept for
AYRAGARdzZE £ &G NBI YTanpwas\dgvelopedo @court férlarge 3 € 2 0 | f
differences in film coefficientsalthough optimal area allocation is not ensdiey
this methodd { A YLX S Y Sié KeRBoRation thr@ublkd dpal minimum
I LILINE I OK (S Y LIS NI TiindzsBettad fob est KeBovedy yagyeting
I YR U K Shnin®s iagplBdNtd individual exchangers, hawéso been proposed
(Shenoy, 1995) In addition, the literature also contains pure computer
programming based optimisation techniqudsut lacks afundamental and
generalisecequation basednethodfor optimising the area allocation within HEN

structures.

The contribution of this chapter is the development a novel method cost
optimal area allocation within a HEN structure. The mettsodpplied to the MER
networksfor evaporator/CIP zonesf the milk powder planto obtaincostoptimal

area allocationandis ramed the Cost Derivative Method (CDNlhe intention is

for this method to be applied after HEN structures are developed by PDM or some

other approach. The approach attempts to adeinove and shift area to recovery
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exchangers (RE) where the greatest cost benefit is returned. Effectiveness
number of transfer units relationships for sizing exchangdisays and London,
1998)forms an essential part of the methodhe CDM method isurrently only
applicable to directheat integration networkYMER A and B;igure3-7, from
Chapter 3pnd, therefore, cannot be applied to the liquid coupled |dtEsystem

that is proposed to recover heat from the spray dryer exhaust. As a result the spray
dryer zone is left out of the CDM optimisation. In addition to the milk pawde
plant, the new method is also applied tone literature non-diary case stug to

demonstrate its effectiveness

4.2. Derivation of the Cost Derivative Method for cost

optimal area allocation

This section presents the derivation of fundamental equations theag e applied

to a HEN to optimally allocate HE area (and duty) so that the total annual cost of
the system is minimised. The scope of the derivation includes both utility and
capital cost but ignores pumping and piping costs. The intention is for thisadet

to be applied to a HEN during the design stage. Significant structural change to the

heat recovery side of the HEN is not considered.

Necessary conditions for optimal area allocation are derived by focusing on how
incrementally adding area to a singlaffects Total annual CosSEQ. The overall

goal is to identify whichHES can economicallyfford more area, whereas other

HES may need to reduce in area because the heat recovery cost savings are
insufficient to justify the capital expenditure. A clegdbe in this approach is to
accurately account for the several flesn effects that occur from changing the

area of one HE in a network.

4.2.1. Derivative of a HEs total cost function

Consider the design of a large HEN containing several Recovery Exchanpers (RE

and Utility Exchangers (UE) where RER G KS YIF §OK 0SG6SSy K20 A&l
O2f R Aa0NBlIY deé¢o

The total annual cosTC of the HEN, ignoring piping and pumping costs, is
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TC=CC,. +CC,, +UC (4-2)

where Cds the annualised capital cost, and subscuptefers to utility. Each cost
component is comprised of fixed and variable costs. If the afeaf RE is

Ay ONEB | & héh the Besulting change intotaly y dzl £ 0QiaG > A PSP p
DTC=DCC +@ DCC, - a DS, (4-2)

where Sis the annual utility savings due to heat recovery and subscript 1 refers to

the stream match between streams x and y.

Hot streams

Other
network HE®
T
2 dA "
© i Hy T
o y.t
=
(7]
© -
© dQHy
@)
T
H2
_dCH,ut

Figure4-1: Impact of increasing the area of recovery exchanger 1dby

Figure4-1 illustrates the effects of increasing the area ofi Rk a very small
amount, i.e.dA on the exit temperatures fromRE, which propagates to
downstream REs. As the change in stream temperaturgg,atitl d T, flows on

to the next network RE, it affects the REs duty and outlet temperatures. Eventually
the change temperature propagates to a UE affecting is requiredyutlad and

design area.

After dividing bydA: and converting to derivative form, E42 is rewritten
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dTC _dCC +5 dCC,y Y dS,)

- (4-3)
dA ~ dA dA dA

By settingdT@dAili 2 T SNB G KS 02 a iimaegbeXoied.dayfind I NBI  F2 N

the solution to Eq4-3 each differential element is noanalysed.

The incremental annualised heat recovery savings idBqs the product of the
annualutility price, p, ($/kW-y) and the change in utility consumptiathQuti,

Stn(l) dQut(l)

a dA} a % put(l) 8 where Put = Ett (4_4)

In Eq4-4, [k is the specific utility price ($/kWh) ands the plant production hours
per year (hly). After applying the chain ruledQu/ dA. and recognising that the

new termdQy/dA: is theconstant for all UEs, E4:4 becomes

dsht(i) dqQ . dQut(l) Q )
dAl dAa% put(l) dQl 8 (4 5)

5

We may choose to (newly) define the heat duty flow factor,d, as the ratio of

the reduction in duty of UHo the increase in duty of RE

1ut(i) 1 dQn(i) (4-6)
dQ

The negative sign in E4t6 is included so that positive values fibrepresent an

increase in heat recovery and a reduction initytiise. Substituting E4-6 into 4-

5 gives
ds, _dQ ut() i
a d'01 dAl a (put(l)ql ) (4 7)

The other derivative terms in E4-3 are related to capital cost. The gaal

annualisedHEcapital cost formula is

CC=FC +bA" (4-8)
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where FCis a fixed costh is a positive constant andis a positive constant less
than unity. In the context of this study coefentsFCandb are annualised to take
into account the time value of money. Taking the derivative o#ERwith respect

to area gives

acc_ bnA"™ (4-9)

dA
Eq.4-9 may be applied directly to the RE capital cost component id-Bg.
However, to apply E@-9 to the UE capital cost component requires application

of the chain rule, as presented in Eg10, sincedAc ' dAut).

.. 4CCy _ .. 8dCG,, dA, dQut éleﬁ
Z T le)
47 3%, dQ, dQ AD

(4-10)

Eq.4-11 is obtained by substituting E46 and 9 into Eg4-10 and once again
recognising thedQ/dAs is the same for all Uk

. dCC,,, albnA"* v G
a Cut(l) - dQl aa:( Ut(l)ql 8 (4_11)

dA dA ™ & dQ, /A,

Each component of E4-3 has now been analysed. Substituting4£&d, 9, and 11
into Eq.4-3 and simplifying gives

dTC n-1 é ut(l)é (bnAn 1)Ut(l 8.8
dA (bnA ) a ?1 ?Ut(l) dQut I)/dA”(I @ (4-12)

By settingdTG@dAto zero and rearranging, E4:12 becomes

(bnAn 1)m(l

(bra-t) = < 5 e %)m(l)
g dQut(l /dAht

d

o
2> O
O -QJO

a0
S LL O ¢ ¢ -
90 (4-13)

Eq.4-13 represents the cost to savings trad# where the left hand sidés the
incremental RE capital cost aride right hand side is the incremental heat
recovery and UE capital savings. Three elements id-Eg.that need further
analysis to be able to solve for area are:d®@)/ dAs, (2)dQuy dAui) and (3)d.
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4.2.2. Analysis of dQ/dA for HEs

4.2.2.1. Case 1: Heat recovery exchangers

When area is added to a heat recovery exchanger, the duty increaseshand t

outlet temperatures change, whereas the stream flow rates are constant. The

expression fodQ¥ dAis obtained by substituting the definitions fQ and A from

i K $\TWdesign methodKays and London, 1998hile assuminghe overall heat

transfer coefficient()), the difference ik yf SG GSYLISNI G dihd 2F GKS &
and the flow rates of the streams, are unaffected by the additional area. As a result

Eq.4-14 is obtained.

Q_ypr 9

max gy (4-14)
dA dNTU

The tem R KdNTUis specific to aHEflow arrangement. The derivative of the
O 2 dzy i S-NIWUfretatonship is

de

dNﬂJ:@-@@-eCﬂ,[o¢c*¢ﬂ (4-15)

4.2.2.2. Case 2: Utility heat exchangers

The second case alQdAis for UEs whe a change in inlet temperature of a

process stream affects the required utility duty, utility flow rate and exchanger

area. For a UE, the outlet temperature of the process streatypisallya fixed

(target) temperature and the inlet and outlet tempetaes of the utility are also

fixed. In cases where a target temperature is soft, the temperature provides a

degree of freedom in defining the problen LG Qa AYLR2NIFyYyd G2 y2i
derivation (presented in Append® uses temperature effectivenesB, in place

of effectiveness¥, because the stream witkmin is not always obvious”RNTU

relationships are the same &adNTU relationshipsThed@Q dAexpression for utility

exchangers is

dP, DT C
dQ_UDTuw %%\ here P=—", R =2 (4-16)
dA  1- P, dNTU, DT C,

The counterflow solution fodRy/dNTU) is
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®___ RERRR) oer, . 1l (4-17a)
dNTU, P, R In|1- PR, |
1-PR, 1-R, |1-P, |
P, , )
dNTLp =@-p P, [R =1 (4-17b)

4.2.3. Heat duty flow -on factor

4.2.3.1. Origin, propagation and termination  of the heat duty flow -

on effect

The heat duty flowon factor,d, as defined in E@-6 needs to be determined to
find the minimum total annual cost solution of a network. In this section, a
RSNA DI GA 2y -NTU &aSdANTR)ymetlol iS psented to demonstrate

how network specific equations fafmay be quickly formulated.

/ Origin \ / Propagation \ / Termination \

Hot stream Hot stream Hot stream

Cold - dT

stream °
Q,
d

out
- Tn,v

Cold
stream +

- d

Figure4-2: Analysis of heat duty flowon throughHENSs

Origin of heat duty flow -on Cffect6
WhendAis added to REthe change in outlet temperature of hot stream x (Eg.

18a) and cold stream y (E4+18b) are

dTs =- dC—Ql xi hot stream: (4-18a)

X

d'I'lf’y“‘:(z:—Ql, yl cold stream: (4-18b)
y
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The change in outlet temperature of streams x and y frompREpagates through
the network affecting the inlet temperatures to and duties of downstream

recovery exchangers.

Heat duty flow -on through downstream heat recovery exchangers

Now congler recovery exchanger n, REhat is positioned at the intersection of
two other streams, v and w, which is downstream ofi REd illustrated in
Figured-2. It is important to note that the change in inlet temperature for stne

v isdTny, whereas for stream w the change in inlet temperatud®, ., is zero.

The total duty of RHS
Qn = (eCmin DTmax)n (4'19)

The derivative of E@i-19 with respect to émperature, recognising and Gnin are

constants, is

dQn = (eCmin )n dTin

nyv?

wheredT!", =d(DT,,) (4-20)

The change inlet and outlet temperatures of stream v to/from & related by

energy balance

dTo" =dT" - dQ, (4-21)
’ ) CV

Substituting Eg4-20 into Eq4-21 and simplifying gives

AT =dTA - B,) where,, = (€Conk: @22)

C

v

Using temperature effecteness,P, in the above equation enables useful
simplification. Eg4-22 may be modified to account for stream splits. Consider if
stream v is split intonumber of streams and each branch passes througisRE >
REi, then the change itemperature before and after the stream split is

out _ in 1 I
dTn,vt - dTn,v - C_ a d(?n(i) (4_23)

v ig=l
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By substituting Eqd-20 into Egq4-23 and simplifying gives

' _ (ecmin )n(i) 1 Cv(i)
a bv(i)Pn,v(i) . where nv(i) _C—’ bv(i) C_ (4'24)

io : v(i) v

- QOO

In Eq4-24,bis the split fraction. Egl-24 is correct for splits on either hot or cold

streams.

The next part of the analysis focuses on how the outlet terapee of stream w

is affected Figure4-2). The energy balance for stream w is

dTou =dT" + da, (4-25)
) , CW
SincedTr:f‘VVis nil, then substituting E¢-20 into Eq4-25 simplifies to
) eC._.
dT. =dT P,,, whereP, = m (4-26)

w

It is important to note that the values &,y andP,walways fall between zero and
one, which implies that théeat duty and temperature floven effects from RE

are dampened as the change in temperature propagates through the HEN.

Termination of heat duty flow -on effect

Eventually the change in exchanger duties and temperatures propagates to a UE

(if required) where utility stream flow rates are adjusted to ensure the process
A0NBFYQa Gl NBSG O BiyuteSMHIChadgssSn head duty fiokhA S S R
RE may propagate along multiple different downstream paths to the same UE.

Each flomon path may be treated independently and summed to find the
combined effect on utility use. We now consider how the change in inlet
temperatures to the UEs on streams x and y affect its duty, assuming ti€s&

are caused bynumber of flowon paths. The change in utility duty for the heater

and cooler may be expressed as

T
dQ,,=C, g dT;

oy Xl hot stream: (4-27a)

jo=1
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i _ .
dqQ,, =-C,a dT},. Yl cold stream: (4-27b)
jo=1
Steps for deriving complete heat duty flow -on factor equations
Eq.4-18, 24, 26 and 27 provide a framework to construct formulas for individual
heat duty flowron factors br a RE/UE match. The steps for constructing equations

for dare:

1. Identify flowron pathways between selected REorigin) and Uk
(termination)

2. For one pathway, write the energy balance foriEing Eq4-27

3. Move toward the RE usingpfv-on pathway by substituting in E4-24 or
26 fordT

4. Once the RE is reached, apply £48 for RE

5. Rearrange to form an equation foras defined in Egl-6 for the flowon
path.

6. If applicablerepeat steps 2; 5 for other flowon pathways

7. Sum equations for the different pathways to fidd

Examples of constructing equations fibare provided in Appendi&.

4.2.3.2. General principles for finding the heat duty flow -on factor

The generalormulaspresented in previous section are the foundation for finding
heat duty flowon factors.In addition to these equations, there are a few general
principlesthat are usefulfor forming equations fothe heat duty flowon factor

and implementing the factor as paof a computer program

The generasedformula for a heat duty flowon factoris

- 0Qy oz 8Cu ) ~ O
gyt =" = &G (429
dQn é&:n,s(i) 9

where subscriptut,p refers to the process stream being cooled/heated by utility,
n,srefers initial stream that the heat duty flown effect is propagated along, and
i refers to the selectedheat duty flowon pathwg. FunctionGis used to describe
the heat duty flowon effect along a pathway with an unspecified number and

arrangement of REs such that
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dT*=G, dTY", whereG, =P (P,,1- P (4-29)

For the general case, the inlet tem@ature toGis from RE, i.e. the RE wherdA
iIs added, and the outlet temperature froi® is the inlet temperature of the

process stream to UE

Heat duty flowon factors for a single pathway may be positive or negative. This
sign may be determined usirtige rules inTable4-1. For example, if the heat duty
flow-on effect is propagated from the origin RE along a hot stream to a hot utility,

then the sign oheat duty flowon factor is negative, i.e. utility increases.

Table 4-1: Sign of heat duty flowon factor. Positive is increased heat recovery, negative is
increased utility use.

Hot stream Cold stream
(origin RE) (origin RE)
Hot utility - +
Cold utility +

The heat duty flowon factor of RE often has commorflow-on pathways with

other RE to some downstream WEas illustrated irFigure4-3.

Hot streams

Cold stream

Figure4-3: Heat duty flow-on pathways

In general, the heat duty flowwn factor for REto UE: is
t— t t
% =Gy * Gy (4-30)
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which is the sm of the heat duty flowon effects along streams x andfhe heat
duty flow~on factor for pathways along streams x and y may be related to the heat

duty flow-on factors for downstream REs 2 and 3.

~

a Q
t - — t t t — t t
qllzx) = %' a bx(i)Ps,x(i) 8qau(x) B P3,y1 q;(yl)’ where Q: —%u(x) +(—7;(y1) (4-314)
C =

i=1

~

i Q
ut  — P ut ut ut — ut ut
Oy =%~ A by(i)Pz,y(i)g%(y) - Ba oy WHeEreq, =qy,, + Gy (4-31b)
o= ks

o

Relating the heat duty flowon factor of REto the heat duty flowon factor of
downstream RE& and 3 Figure4-3) is very useful from a practicabmputer

programming implementation point of vievdy effective se ofthese equations
one mayeliminate the need to derive complete heat duty flama factor equations
from every RE to every UE in a netwdtkoofsfor Eq.4-31a and bare provded in

AppendixC.

4.2.3.3. Heat duty flow -on for closed loops z a special case

The idea of heat loops in a HEN is a detwn PAconcept.In many cases it is
advantageous to break a heat loop to reduce the numbeHBunits often as a
trade-off for reduced hearecovery.Figure4-4 is a schematic of two simple HENs
that contain a norselfinteracting loop(i.e. open loop)a) and aselfinteracting
loop (i.e.closed loop(b). Arrows are included to highlight the important heat duty

flow-on pathways.

Figured-4 illustrates the differences between an open loop and closed loop in the
context of a HEN. IRigure4-4a, the heat duty flowon effects do not interact with
itself whereas irfFigured-4b theheat loop interacts with itself. In a szalled closed
heat loop, adding dA to one of the REs affects at least one of the inlet
temperatures to the same RE. Slferacting closed heat loops presents an
interesting challenge for determining an exact egjaa for the heat duty flowon
factor. In addition, interacting loops also presents a significant process control
issue due to the closed loop feedback that occurs for disturbances in temperature

or flow rate in any RE forming the loop.
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(a) Non-self-interacting open loop
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Figure4-4: Non-self-interacting open heat loops(a) and self-interacting closedheat loops(b).

For the closed loop situation, it is necessary to clarify the definition of the heat
duty flow-on factor,i.e. the ratio of dQu: to dQi. Normally whendQ: is calculated

the dQsolely occurs due the increase in area étibffectiveness. However, when
there is a closetheatloop, the heat duty change flows around the loop affecting

the inlet temperature to RE which implies

dQ =dQr) *+ € Crinad(DT)  Where dQuy, = CriniDTrmade, (4-32)

min1

One portion ofdQ: is directly attributed to the change iRE effectiveness,
whereas the second portion ofQ, is due to the change in an inlet temperature to
RE. To be consistent with the previous cost derivativibg heat duty flow one
factor for closed loops is based d@u e, i.e.-dQu/ dQuetn, rather than the actual
dQfor RE.

Figure4-5 presents four generalised HEN cases where the heat dutydiofactor
is affected by a clesl heat loop. For each casehigure4-5, dAis added to RE
which is the match between streams s and t. Streams s and t are labelled so that
the heat duty flowon effect primarily flows along stream s to kIECircles in

Figure 4-5 represent individualHES whereas rectangular boxes represent a
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function G that describes the heat duty flown effect through an unspecified
number and arrangement of REs (B&9). Table4-2 presents the generalised
heat duty flowon factors relating to the four situations outlinedkiigure4-5. The

derivations of these equations apFesented in Appendig.

A . B N
+dA t
s G p +dA
1 S P
ROS Aol
G2 GZ
o %
c . N
+dA
S
G, G, G, —»@—»p
G2
+dA
s G, G, —b@—b p
t Gz
. J

Figure4-5: Heat duty flowon inthree generalself-interacting closed heat loops.

Table4-2: General formulas for heat duty floven factors n interacting closed heat loops where

G is the funcion describing the closed loop an@oLis the function describing the open loop.
Refer to Appendix C for examples.

Position of RE General Formula
(MG 2NYS oo Cutp G ah-G 9 @33
fa closed | 1 1 0 ’
of  osed lop C.. 89,068
B)6 9 RIS qut_oCut,pGa (1- Pl,t)- G @2 @34
fa closed | 17 1 0 ”
ot a closed loop Cl,s c\Y- Pl,t)(l' GL)+
(C)Upstreamor C G
in other positions gt =0 P oL (4-35)
of a closed loop Cl,s 1- G,

It is interesting to note thatEq. 4-35 bears some resemblance to the general
formula for closed loop tranfers functions in process control. The ratio of heat

capacities at the front of the equation is analogdas proportionality constat.
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In process controlte numerator ighe closed loop fudion and thedenomeitor

is one plus the open loop function.

The term 1¢ G_appears on the denominator of all three generalised equations in
Table4-2. SinceG.must ke a positive value less than unity, it is deduced that the
presence of the closed heat loop tends to amplify the heat duty-ftowactor. It
maybe, therefore, possible to find a situation where an individual heat duty-flow
on factor is greater than oneJthough the sum of individual heat duty flean

factors to all heaters or coolers must collectively be less than one.

4.2.3.4. Overall heat duty flow -on factor

It is useful to define the overall heat duty fleon factor,d,

ataq’=aq" (4-36)

where subscriptl refers to the RE and superscrigisand c refer to the heaters
and coolersUsingFigure4-3, the overall heat duty flovon factor may be also
described in terms of downstream flean factors,

J

¢.=1-a (by(i)Pz,y(i)%(i))' a (bxuﬂ,x(j)%(j)) (430

ip=1 jo=1
The derivation 0£q.4-37 is presented in Appendix C.
Two important properties of thedmat duty flowon factor are:

(1) The heat duty flowon factor is nearly always independent of the area of
the RE where heat duty floan effect originates, i.e. RE

(2) The overall heat duty flowon factor has the limits ofl and 1 where
negative oveall heat dity flow-on factorsindicate that a stream match is

actually detrimental to network heat recovery.

Sincedfor RE is nearly always independenf the area of RE i.e. its own areait

follows that the heat recoveryQadqd, unique to REis

Q.ud = Gre Qre»  WhereQpe = Q. + Quu4 (4-38)
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In the above equationQugis the porion of REQ& Rdzié GKIF G 3I2S8a G2 Ay
total network heat recovery an@etis the portion of RE2a Rdzié (GKIF &G A& adz a
heat recovery from other REs in the network. Such a breakdown of a REs duty

assumes the area and effectiveness of all otR&sn the networkis constant.

When the heat duty flowon factor is negative, it follows th&kddis also negative

even thoughQhet and Qremay both be positiveEq.4-38 does not hold true in the

case of a RE in a closed heat loop where the HE area foloR& affect the heat

duty flow-on factor.

4.2.4. Modifications for m inimum HEN total annual cost
Calculating solutionbased on the costptimum areas for each indivical REi(e.
the solution toEq.4-13 as presently interpretefin the networkdoes not ensure
the overall minimum total cost for the entire HEMwo commorHENSsituations

wheresuch is the casare:

1. The size of REareconstrained by asNB I YQ&a GF NBSG &S YLISNI G dzN
2. A smallduty UE may be eliminated by shifting the utility load to REs or

other UEs, thus saving a significant fixed installatixed cost

To illustrate thefirst situation, consider the simple HEN kigure4-6. Thecost
optimum areas of the two REs are calculasetl applied However the target
temperature of stream ¥ exceedednd as a result the area of REscaled back

such thatdTG@dAis less tharzera

The second situation is encountered when theal temperature of a process
stream (after heat recovery) does not quite reach its target temperature and
requires the installation of a small UE, which incurs a significant fixed capital cost.
In this situation it is sometimes possible to obtain a lowaal cost solution by
increasing the area of REs in the network and eliminating the need of the UE.
However there is a tension between eliminating UEs to reduce capital cost and the

controllability of a networKYoung et al., 2006)
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Figure4-6: The impact of target temperature constraints ddEsizing.

4.2.4.1. Recovery exchanger s asterminal recovery exchangers

When a stream is able tthermodynamicallyand economicallyeach its target
temperaturewith heat recoverythe final RE otthe stream may be viewed as a
pseudoUE. InFigure4-6, REis unable to achieve its optimum area because of the
target temperature constrainbn stream y As a result REnay be treatecasa UE
such thatits area is sized to obtathe remaining required dutyThe final RE on a
stream not needing utility, e.gRE on stream vy, igeferred to as aTerminal

Exchanger B to distinguistthese exchangrs from regular REs and UEs.

Figure4-7 presents two general cases of hawanges in area on two upstream
REs (1 and 3) affect the duty and outlet temperatures fronE€). In case AJA

is added to REwhich lessens the required duty diz. In turn, the area ok is
reduced savingane capital cost, but no additional utility savings on stream y are
gained. In case BlAis added to R which affects the inlet temperature toE.

¢ KS OKI Thar TR gifects the required area and capital cost Di
although the duty ofTE remains constant. In Appendix C, these two cases are
analysed in detail and expressions for the capital cost savingdCi&lA, and the
heat duty flowon factor forTEs are obtained, which may be used to reinterpret
Eq.4-7 for utility cost savings and E4:11 for capital cost savings resulting from

addingdAto a REThe summary of the detailed analysis in presente@ahle4-3.
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Figure4-7: Impact of increasing area of RE 1 and 3 on the duty of fREt is constrained by a
target temperature.

96



Table4-3: Expression foterminal recovery exchangers for two cases presentedHigure4-7.

Obijective Case A Case B
dCC,, dcc, _ dQ (nAt)g?  doG _ dQ (bnA™)g?
dAce dA ~ dA (dQ/dA). dA ~ dA (dQ/dA),
sz 1 U DT, di,
[} ~ dP —_ max X!
adQa dQ, _ UDTp, 9%y dA P, dNTU,
GdA—TE da,  1- P, dNTUy
where dQ),, = C,dT,},
a dP o dP dR,
=\1- P )1- P —=—={1- P )\1- P
CNTUS,  dNTU, b-p)e-pR) dNTU,, (1 Pa)l- PaRy)
out out C:y in out in
dTTE de,xl - C_ de,y de,xl - dT2x1
x1
Qe G =G q; =G,
Gre g =- GG, gt =G, G

4.2.5. Solutions accounting for future utility an

ratio changes

d capital price

For purposes of capital cost estimation, utiliprices (p) and capital cost

coefficients(k) are normally indexed to a particular base year. Indicese a non

dimensional way of presenting trends in price for various caities. Eq4-13

may be modified to includetility price (l.) and capital cosflcap) indicesusingthe

same basegear andndex, l,

o

a | 60
Ql & :é I°ap (bnAn l)ut(l) o
ca n- & uyi u
g%”bnA 18 =—3 % “)aq " Pugy + 88 (4-39)
A dQU'[(I)/dAJ'[(I)
£ g 8
¢ N
which ismultiplied by lo/ Icap to obtain
(bnAn 1)1 — d_Ql a é ut(l)&I ut p (bnAn 1)ut(l) E); (4 40)
dAi g ' éacap Ut(l) dQut(l)/dAht(l)

97



Eq.4-40 demonstrates the importance of the ratio of utility to capital cdéthe
initial valuely lcap is unity, theninputting valuesgreater than one represents the
fact that utility pricestend to rise over time whereas capital is paid for
immediately. Higher utility to capital cost ratios result in HEN solutions with

increased heat recovery due to increased justifiable capdat.

4.3. Application of the Cost Derivative Method

The conditions arising from the previous derivations may be applied to find a cost
optimal solution for area allocation for a given HEN structure. In this study, the
CDM has been applied in an Ex¥ebprealsheet. A flow diagram of the method

Is provided inFigure4-8. For the case studies analysed, théial HEN structures

were generated using thd®DMand supplied as the main input, together with
stream and cost data, into theésCa @ t NB @A 2 dza ColstrdintsifrdimiAh8 R n
PDM are removed, althoughEduties and areas may be used as initial values prior

to optimisaton. In the model, zero duty WEare added to streams not requiring
utility to ensure target temperatures are rmehile the model iterates through to

find an overall solution.

The spreadsheet iteratively solves for the cost optimal area allocation in a HEN. In
the spreadsheet, the value dfy dAfrom Eq.4-8 for eachHEis determined based

on sone initial sizing values (obtained in this case from the PDM solution). Using
Eq.4-14 and4-15 together withdQ dA, the required effectiveness of the recovery
exchanger is calculated, from which the NTU Bifithrea isdetermined. The new
HEareas and duties are now used to recalculd€dAforming an iterative loop.

After a few iterations, the changes to the calculated areas are negligible and a
solution is found. If the solution contains a limiting target temperatangl/or a

small duty UE that can be thermodynamically removed, the total cost of the
solution may be potentially reduced by identifying some REs as TEs. TEs are not
sized according to Eg-13 but according to the remaining duty required for a
stream to achieve its target temperature. It is important to note that£&fj5 may

0S &adzadAiddzi SR ¢ A G KNTWKeftioFshipNdpplicadkeSdNed | G S 2 F |

specificHEtype. These relationships are given in Appendix B.
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Sdutions to the CDMwere obtained in less than a few seconds. In practice, the
CDM may be repeated for different RE network structures and the minimum cost

solutions compared to decide on the final netwatesign.

Pinch Design Method Cost Derivative Method
Stream Add UE& to all
data streams
00] IS i Find d for RE®
A N Pinch to UE®
targets
Cost |V ¢
data e
Initialisation
GJ %
= e
3] _ w
2 Iteratively solve o
17 T 5
(O]
£ T 8
T 5 8
(%3]
HE' HEN e
selection structure Yes
Relax Yes
network?
HEN design(s) HEN design
using oor ., (CDM)

Figure4-8: Flow sheet of Pinch Design Method and Cost Derivative Method.
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4.4. Milk powder plant case study

In this section, the CDM solutisfor area allocation iMER A and Brepresented
and compared to the PDM solutions from Ghar 3. The current CDMs only
applicable todirect heat recovery exchangers and natlirect heat recovery
systems, e.diquid coupled loopsAs a result tharea allocationn the other HEN
presented in Chapter 3, which involves significant amountsndirect heat
exchangehas not been optimisedin particular focus igjiven to the evaporator
and CIP zonder MER A and ®here heat recovery is direct. The optimisatiisn
based onthe utility prices and capital cost functions presentedTiable 3-3 of
Chapter 3.

4.4.1. Comparison of the CDM and PDM solutions

A feature ofMERA is the split of the milk stream to match with COW and the
condenser vapourHigure3-7). The stream split fraction is a degreefafedom
that may beutilisedto minimise total annual cosT G of HEN of the evaporator
and CIP zoneg&igure4-9 presentsT Cof the PDM and CDM solutions for milk split
fractions between 0.0 and 0.2, where the fraction is foe tilk/condenser match.
For the PDM, a slight improvement (24 is gained over thariginalsolution. The
CDM applies a significant lower milk split fraction while attempting to optimally
allocate HEN area anthe CDM solution ($5.56,) givesa 5.8% total cost

reduction compared to theriginal solution($5.91/t ).

8 -
4
4
— [« PDM ’
& S -
P 7 S o Minimum TC
3 split fractions
©
>
e
C
©
T 6 1
(o]
= o Split fraction
. ! «——forinitial
: ' PDM solution
1 '
5 T = T 1
0.00 0.05 0.10 0.15 0.20

Milk split fraction to the condenser

Figure4-9: Optimising the milk split fractiorto milk/condenser vapour match
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Figure4-10 compares theHEarea solutions for the PDM and CDM of MER A. The

lower milk split fraction in the CDM is reflect in the allocation of area and duty

in the HEN. The duty of the R&increased by 220N whereas RHEs decreased

by 298kW in the CDM compared to the PDNVaple4-4). The economic balance

in the CDM favoured increasing thatg of REby 28 kW in compensation for the

reduction in duty on the REThe CDM solution viewed the CIP/condenser match

as aterminalNB 02 S NE SEOKI yISNI LTywinIRYBWT f G KS
appears to have been conservative as indicated byftt®e g FINdapn Ay GKS [/ 5a
and the negativedT€dA values. For this particular HEN, the heat duty flanv

factors for all the heat recovery exchangers were all uditg to the split and the

temperature effectivenessh of the condensing fluid being close zero, i.e. no

temperature change

(2) PDM
64.3°C 12748 kKW 13°C
COW |— D 2
£4°C T 1214 kKW 1198 kW £3.0 °C
73 /2 :
Vap. 2 \3 3 ) >
1452 kW
63.4 °C 8°C
) -
,»'\r
4
357 kW
55 °C 15 °C
) )
«— U CIP
(b) CDM
64.3 °C 12977 kW 12.1 °C
COW |— (1) S
5400 T 916 KW 1496 kW £3.9 °C
/3 /2 :
Vap. J\ \2( \3 3 ) >
1521 kW
63.4 °C 8°C
@ W, Milk
\ HA
/S
59 kW
55 °C 15 °C
) )
< (Hy) W, Clp

Figure4-10: Heat exchanger network design solutions of the PDM and CDMM&R A Duties
based on a milk powder plant producing 2g/h.
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Table4-4: A detailed comparison of PDM and CDM solutions KER A

Duty Area NTm dq dT/dA

HE [KW] [m?] [°C] 1 [$/kW Y]
POM CDM PDM CDM PDM CDM PDM CDM PDM  CDM

1 12748 12977 1275 1297 50 5.0 100 100 21 0
2 1214 916 42 58 191  10.6  1.00  1.00  -219 0
3 1198 1496 41 114 197 88 100 100 225 0
H 1452 1521 25 26 292 293
He 357 59 19 7 9.6 45

The CDM solution for MERrBduced total cost by 5.% from$5.45/t,, for the
PDM to $5.16t,. These two solutionare comparedin Figure4-11. In the CDM,
there is a significant shift of 279 kW fromgR& REb compared to the PDM. This
allows a rebalance and increase in total duty for the cyclic matches between
milk/COW streams. As a result the duty otRIEEreases by 1008W, although &

the expense of a 548W reduction on REIt is important to note that the final

temperatures of the COW stream in the two CDM solutions are slightly different.

(a) PDM
64.3 °C 2686 kW 10061 kw 13°C
CcCOow |— (A) (C) >
54 0C T 1214 kW T 1198 kW £3.9 °C
Vap. (B) (D) —>
63.4 °C 8 °C
< &) O—uU—0 Milk
357 kW J\
55°C 15 °C
< () U CIP
(b) CDM
64.3 °C 2137 kW 11065 kw 112 °C
cCow |— (A) (C) >
54 °C \‘/ 935 kw T 1476 kW £3.0 °C
Vap. (B) (D) —>
63.4 °C 8 °C
< &) O—UO—0) Milk
58 kW
55°C 15 °C
N J\
< (H) W, CIP

Figure4-11: Heat exchanger network desigsolutions of the PDM and CDM for MER B. Duties
based on a milk powder plant producing 23h.
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A detailed comparison including duty, area,-logan temperature difference,

heat duty flowon factor anddTQdA for individualHEs is presented iffable4-5.

Although the duty of REis less in the CDM, its area is increased byo3tb

compensate for & 2 ¢ SIMD N¢ Rabof Rz and REare also lower requiring

significantly more area on B deliver an increase in duty. The heat duty flow

on factorsfor the PDM and CDM are similar.gREdentified as éerminalrecovery
exchangerand the cyclic match on the milk stream forms an interacting closed
heatloop[ A1S GKS t5a 7T2NJ aRowgenedlly apiedrs @ St SO A
have been too conservat as indicated by the negati CdA valueswhereas

the dTQ@dAvalues for the CDM are zero

Table4-5: A detailed comparison of PDM and CDM solutions KR B

Duty Area NTm q dTQ dA

HE [KW] [m?] [°C] 1 [$/kW Y]
PDM CDM PDM CDM PDM CDM PDM CDM PDM CDM

A 2686 2137 241 211 5.6 51 0.72 0.76 -600 0
B 1214 935 108 145 7.5 4.3 0.56 0.56 -1232 0
C 10061 11065 723 1063 7.0 5.2 0.31 0.26 118 0
D 1198 1476 41 94 19.7 10.4 1.00 1.00 -3594 0
Ha 1452 1277 25 22 29.2 28.8
Hs 357 79 19 8 9.6 5.0

4.4.2. Solutions based on different utility -capital cost ratios

The relationship between utility and capital costs is dynamic. Utility prices are
normally expected to rise although new discoverie$ resources carlead to
dramatic reductions in price due to increased confidence in long term energy
supply. A prime example of this has been the rapid growth of shale oil and gas
recovery in the United States and Cana@am the other hand, @st estimation
invariably inwlves significant errors even with the best available data. It is
important, therefore, to test a wide range of utildgapital ratios i(e. lut/ lcap from

Eq.4-40) to understand the impact on the final solution.

Figure4-12 presents the results for total area aride degree ofheatintegration
for utility-capital ratios between 0.05 and 1.95. A utHaspital ratio of unity is the
solution for the currentosts Thedegree ofheatintegration is defined in E@-1

andis based on a maximum heat recovery of 16&Wifor the evaporator and CIP
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sections of the milk powder plant (excludes the spray dryer zowbjch was
obtained using A Y OK (I NHx% (A oL Hor thekeiitike rgmge of utility
capital ratios Figure4-12 showsthe MER Bsolutions which uses a cyclic match to
preheat the milk instead of a splitesult in slightly more heat recoverydah MER

A, but at the expense of slightly increased total area.

2,500 1+ - 100%
" HR—>
2,000 4 I 80%
1,500 - <— Area L 60%
E o
o I
$ .
<C 1,000 - - 40%
500 - — _MER Al 20%
—MERB
0 T T T 0%
0.0 0.5 1.0 1.5 2.0

Iut/ Icap

Figure4-12: The impact of the utilitycapital ratio on the total area and heat recovery of the CDM
solution for MER A and B.

100% -
90% -
£ 80% -
0% Industry 1
b
A
X<—Industry 2
60% T T T T 1
0 500 1000 1500 2000 2500

Area [n?]

Figure4-13: Degree oheatintegration versus totalHEarea for CDM solutions and PDM networks
from Chapter 3

A direct comparison betweethe degree otheatintegrationand area for the CDM
and PDM solutions is preset in Figure4-13. This representation of the data

highlights that MER B also give a more area efficient solution compared to MER A
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for the same level of heat recovery. This better area efficiency will also tend to

result in lowe total cost solutions.

4.5. Smple distillation case study (non-dairy)

Process and utility stream data for the simple distillation process from Gundersen
(2000)are given iMTable4-6. Heat exchangers are assumed to be counterflow and

exchanger capital costs are estimated using

CC =4000+500A°% (4-41)

Table4-6: Process and uity stream data for a simple distillation process from Gunders@®00)

Stream Code ] [°C] [KW/°C] [KW] [KW/m2°C] [$ly -kKW]

Reactor outlel H1 270 160 18 1980 0.5

Product H2 220 60 22 3520 0.5

Feed C1 50 210 20 3200 0.5

Recycle C2 160 210 50 2500 0.5
Steam HU 250 249 2.5 200
Cooling water CU 15 20 1.0 20

To select an initial (pkR S & A 3y 0 Tofd, IGEindeSsenzaplied a super targeting
I LILINE | OK {iTRin=00°C. Bstzfreisult e HEN structurdrigure4-14is
0l &SR Tm? ¥10°@ Thiswork also calculates a postetwork synthesis
2 LJO A Y A & Tnid of 2¥6°C 2o0Furtlyer minimise total cost. The CDM is applied
to the HEN structure iRigure4-14taken fromGunderser(2000)to solve for near

cost optimal area allocation.

(a) PDM (b) CDM
754 1000 226 1166 814
H1 A B @—» H1 A B >

1044 2200 276
z @
43) U c1
702
N
U c2

Figure4-14: Heat exchanger network for a distillation process using RBM withnTmin =12.5°C
and theCDM Duties are in kW.
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The CDM solution achieves a similar level of heat recovery to the PDM solutions

although the CDM soluidn has one less cooler and one extra heater than the PDM.
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Table 4-7 compares the duty, area, 0§SI'y (G SYLISNI G diN RAFFSNBY
overall heat duty flown2 y  F | dDan@dNGdA, for eachHEin the two solutions.

In both soilitions RE has the highest dutwith the PDMassigning auty of

2200kW and the CDM allocating 1988V. As suggested by the positive value for

dTCdA of $111/kW -y for R in the PDM solutionthe additionalHEduty and

area allocated tdRb in the PDMsolution compared to the CDM soluti@momes

at the expense of increased total cost.

Table4-7y ! RSGFAf SR 02 hEL28IChahy/CDM Folutiohisaor thendistillation
process.
Q A NTim y dTQdA
HE [lw] [m?] [°C] ! [$/KW Y]
POM CDM PDM CDM PDM CDM PDM CDM PDM  CDM

A 754 1166 51 119 60 39 0.15 0.23 21 0
B 1000 814 264 210 15 16 1.00 1.00 4 0
C 1044 1159 179 254 23 18 0.77 0.71 -126 0
D 2200 1933 516 312 17 25 0.24 0.31 111 0
H 0 453 0 22 - 50
He 702 175 36 10 46 41
G 226 0 5 0 149 -
G 276 428 17 25 49 52

Interestingly the duty of R&En the PDM is onlg5 % ofthe duty of Rkin the CDM
solution; yet the value ol TGdA is positive for the PDM angerofor the CDM,
which may appear counterintuitive. However one should note the significant
difference in the overall &at duty flow2 y T I d)whichday pe applied to
calculate Quda (EQ.4-38). Only 11%W for Rk in the PDM is additional heat
recovery Qadd) compared to266kW for the CDM solutiorin calculatinghe CDM
solution, REisa terminalrecovery exchangetue to utility G being nil.Using the
concept of the final RE on some streams as & Was possible to achieva@TGdA

of zero for all REs in the CDM solutaord obtained the lowest total cost.

The PDM and CDM solutions are compktieefour solutions for the same problem
generated by NotLinear Programming, Superstructure, Hyperstructure and
Synheat computer programming HEN synthesis methddslé 4-8) given in
Escobar and Trierweild2013) The CDM solution requiresl % less HEN area,
recovers a similar quantity of heat, and save6 %. of the total cost when

comparedi 2 G KS t Thias 1266AC0 e grogramming synthesis methods
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developed new HEN structures that reduced total cost. Even so, for this case study

the CDM obtained the lowest total cost using the same structure as the PiEM.

programming methodslso increased network complexity as indicated by the

increased number of stream splits and exchanger units, whereas the CDM focuses

solely on cost optimal area allocation within a HEN. However the programming

methods were constrained to obtain the same heataeery target as the PDM

% A UTKin=j10°C and, as a result, the total costs of programming methods do not

necessarily represent the best solution the method could find without such a

constraint.

Table 4-8: Comparison of heat integration solutions for the distillation process. Nbimear
Programming (NLP), Superstructure, Hyperstructure and Synheat solutions are taken from
Escobar & Trierweile2013)

CDM , PDM PDM NLP Super Hyper Synheat
0 it opt.) structure  structure model
NTmin (°C) 7.3 125 10.0 10.0 10.0 6.9 9.9
RE 4 4 4 4 4 4 5
UE 3 3 3 3 2 2 2
Splits 0 0 0 2 2 4 3
1A(M?) 952 1,067 1,244 1,170 1,148 1,105 1,065
Q (MW) 5,072 4,998 5,100 5,100 5,100 5,100 5,100
Cqsly) 222,037 235,242 261,486 251,120 247,842 232,927 239,047
UC($ly) 134,139 150,396 128,000 128,000 128,000 128,000 128,000
TC($ly) 356,176 385,638 389,486 379,120 375,842 360,927 367,047

4.6. Method lim itations and future developments

In this section a few of the limitations of the CDM are highlighted knowing that

future work may resolve some of the issues.

1 Optimisation methods rely on obtaining accurate stream data, utility

prices, and capital cost fuions. Gaining an additional% cost savings

through optimisation can only be translated to actual industrial savings by

supplementing the optimisation witQuality information.

The method does not deal with synthesis of the HEN possibleto apply

the CDM tofamilies of HENgeneratedusing PA or another synthesis

technique

Solutions to the CDM are calculated iteratively. Like most programming

synthesis methods, there is substantial incentive to automate procedures



and algorithms to find the besbsution for a given method. The CDM may
be implemented insoftware such askExcelV, Matlab™, GAMIM to
automatically iterate and solve the necessary equations.

The method looks at only the variable cost components of the total cost
function. To an extentthe method overcomeshis problem by viewing
some RE as aterminal recovery exchanger that is required to recover
sufficient heat for the stream to reach its target temperature.

Stream split fractions are optimised individually, which increases the
degrees of freedom.

Heat transfer film coefficients andHE pressure drop are assumed
indepencent of HEarea. Thesassumptiors are made because the trade

off between heat transfer and pressure drop is strongly dependent on the
physicalHEdimensions, which imost cases iandeterminedat the time

of designing the network. If the information is available, correlations
between overall/individual stream film coefficients and area may be
included by making the necessary adjustments to the derivatia(QbiA

A carelation between pumping costs, i.e. pressure drop, and area may also
be added to the overall cost derivativ&his is an area of future
development of the method.

The controlability of a network is not considered in the present method.
The CDM attemptdo optimally allocate area based on a number of
simplified constraints and often eliminates the need of some utility
exchangers. However by doing so, the network solution may encounter
control difficulties. For example if the solution increases théEsor
decreases the number of heat loops, there is an increase in the degrees of
freedom resulting in improved controkuture work may look at how the
controllability of a HEN and the cost of process contesl be included in

the overall optimisation.One posikle method is to incorporate a
controllability index(Westphalen et al., 2003p identify solutions with

serious control issues so that these issues/rbe resolved.
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4.7. Conclusion

This chapter successfully derives an optimisation method for minimising total cost
for aHENthrough optimal area allocatiomNew fundamental equationpresented
provide interesting insight to the HEN problem. The method is agpb the milk
powder plant and distillation case stig$to demonstrate tis broad applicability.
The MER networks from Chapter 3 are optimised such that total farsthe
evaporator and CIP sections of the milk powder plameduced by 5.8 for MER

A and 5.4% for MER B compared to the PDM solutions. In the distillation case
study, a total cost savings of @6 is generated and the CDM betters four
programming methods applied to the same problenesented in literature st
reductions between &, 6 %omay appear trivial; however, the CDM has much wider
appealsincethe CDM is generally applicablie industries such as oil refining
where energy represents are larger portion of the total production cost and the
scale is a couple of magnitudes larger,-8&%6 savings can be in the order of tens

of millions rather than tens of thousands.
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Chapter 5
Increasing total site heat integration In

large multi -plant dairy factories

5.1. Introduction

New Zealand milk powder plants are often clustered on the samensiteother

dairy processes presenting the opportunity for inf@ant heat integration to
improve overall site energy efficiency. Difficulties associated with plant and
stream variability and availability and distanbetween heat sourcesand heat
sinks can b@vercome by using indirect heat integration technologies, such as a
low-temperature HRLsystem as shown inFigure 5-1. The HRL conceptas
common hot and cold supply/return lines for all sources and sinks acting like a
closed utility system. There is al® option of heat storage as a buffer to counter
short-term differences in heat supply and demarndeat exchaners on a HRL are

controlled to return fluid to the storage tanks at a desired-petnt temperature.

( Processing Site h

Process A Process B Process C

Thermal 4_@_@)_ H1 4@@)_ H2 c1 _(@_®_>

storage

Cold supply o

Cold gl
storage )‘Cold return v ,
- 7

Hot supply o

Hot =
storage )‘ Hot return Y v ,
- 4

\ Yy 3 A
Process D Process E Process F Spray Dryer

- J

Figure5-1: Heat recovery loop network including the milk powder plant spray dryer.

Heat from the spraydryer exhaust air in milk powder plaimay be indirectly
integrated with other onsite dairy processes using a HRL system. Detailed analysis

of a standalone milk powder plant in Chapt&concluded thatthe spray dryer
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exhaust air is best matched indatty to preheat the dryer inlet air via a liquid
coupled loop heat exchanger system. This solution requires the installation of two
air-to-water compact heat exchangers in the exhaust and inlet ducts, which is
capitaly intensive. Supplying heat recovempin the spray dryer exhaust air to a
HRL presents itself as an attractive, less expensive option for largeptaumitisites

since it only requires one aio-water heat exchanger.

Total site heat integration using a HRL with storage also gives rise posisility

of solar heating as an additional source. The economics of solar heating systems
are often poor due to thesignificantinfrastructure required to not only collect
radiation heat, but also to store the heated fluid overnigituijera and Labidi,
2013) Seeing that HRLs already have most of the infrastructure needed for solar
heating there exists a nexus between the two concepts that may be utilised for

their mutual advantage.

This chapter investigates the feasibility of integrating the spray dryer exhaust heat
and solar thermal heatvith other common dairy processes using a HRL. Stream
datafor the analysis has been extracted from a local dairy factory. Traditional HRL
design méhods for batch and semtontinuous processes have successfully
applied a composite curve approach for designing HRLs witBorestant
Temperature Sorage (CTSeystemwhere the setpoint of hot and cold return
temperatures are common for the hot side andlad side of the loop
(Krummenacher and Favrat, 2001; S&@zemi and Polley, 1996; M. R. W.
Walmsley et al., 2013b)Iin addition to the constant temperature storage
approach, this chapter reports the development of a novel mettadgb based on

the compogte curve for targeting and designing a HRut with a Variable
Temperature Sorage (VTS)systemfor improved heat recoveryhere the set
point of hot and cold return temperatures may differ for each heat exchanger on
the loop. The idea of using variabke temperature storagesystemhas been
describedin literature for batch processebBased onmixedinteger nonlinear

computer programmingChen and Ciou, 20Q9)
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5.2. Targeting, design and modelling methodologies
for HRLs

5.2.1. Targeting and design methods for inter -plant heat

integration via a HRL based on average data

In this section a graphical Pinch based method for targeting iplkent heat
recovery across multiple sermontinuous plants is presented usingadapted
method to that proposed by Krummenacher and Favf2001)and SadiKazemi

and Polley(1996)for batch processs. Like traditionaPA the composite curve

form an integral part of the targeting procedure. After zonal or iptfant heat
integration is targeted and heat exchanger networks are designed, streams that
still require hot or cold utility are potentialandidates for intefplant integration

at the Total Site level Y SYSO S |t ®X mMdpdpT 0

Inter-plant integrationis complicated by the sengiontinuous operation of dairy
processes. A dairy process often has a number of differentadimgy states such

as on product, off product, and CIP. Variations in production rptecess
demand, and season also have an effect on the flow rate and temperature of some
processstreams M. R.W. Walmsleyet al. (2013b)demonstrated that areffective
method forrepresentingvariablestream flow ratedor designing a HRkbasing

the design ordaily time averagedlow rates which include times a daywhen a
processis on, off orbeing cleanedas opposed to the peak flow rater median

flow rates (Figure5-2). Time average values should only be taken across times
when a plant is in regular operatiaand not shut down for an extended number
of days or weekdDaily time averaged stream data ctlren be used to draw hot
and cold composite curves that showet daily average heating and cooling
enthalpy deficits in each temperature range. How the composite curves are
brought together and pinched is dependent on the operatiQrconstant or

variabletemperature¢ of the storage system.

When targets are obtaineffom composdie curves based on time averaggeam
data, the target is for the daily average heat recovery. The targets assume

intermediateloop fluid storage iontinuouslyavailable, which is not always the
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case in practice. Composites curves basedypical plant operating values may
also be useful in understanding the real time balastoetween soures and sinks.
Time averaged flow rates alessthan or equal taaveragestream flow rates while
on-product (often referred to as plant design valuetblerefore determining heat
recovery targets from design flows often over predicts what can be recovered

especially if there are streams with high flow rates but only operate for a few hours

each day.
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Figure 5-2: Example raw and ordered heat capacity flow rate of a stream. Data taken from
M. R.W. Walmsley et al(2013b)

The algorithms for targeting and designing CTS and VEh&RLbeerdevelped
and implemented into an ExcBf spreadsheet. This targeting and design tool is
automated so that a wide range of designs may be generated basdtnen

averagestream data.

5.2.1.1. Constant temperature HRL storage design procedure

For the case of constant tgperature storagecomposite curvesay beshifted by
I F Thaf of by ilcont,pro+ NTeontloopSince the heat recovery isdirect throughan

intermediate fluid. A pinch occurdbetween a limiting supply temperature of a
stream andthe opposite composite curve as shownkigure5-3. The limiting

supply temperature for the hot composite curve is the lowest supply temperature
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of a hot stream and the limiting supply temperature for the cold composite curve
is the highest supply temperature of a cold stream. The limitingpky
temperatures constrain the feasible storage temperature ranges for operating a
CTS HRIhe supply temperatures of the streams forming the composite curves
may becircled to clearly show when a pinch occu@nce pinched, targets for
indirect heat reoverymay be calculatedThe hot and cold storage temperatures
can also be determined directly from the pinched composite curves, and a sloped
line drawn to span the overlapping heat recovery region representsatiezage

heat capacity flow rate of the HRnhtermediate loop fluid. The pinchedstorage
temperature(Ti) is fixedwhile the other storage temperaturel) may be varied
GAUKAY | ayYltf NJ Yy IN&n cahstrairf Asszimingvericall G A y 3
integration between the hot and cold compositeurves, Tho iS the outlet

temperature of hot streams antois the outlet temperature of the cold streams.
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Figure5-3: Inter-plant composite curve for indirect heat recovery using a HRith CTS Steam
data given inM. R.W. Walmsley et al(2013b)

After identifying the HRL storage temperatures the composite curve heat
exchanger areas are calculated using the time average stream data as was
recommended byM. R.W.Walmdey et al. (2013b)for improved heat recovery

per unit of area. For constant temperature storage operation, the storage
temperatures become the control s@bints for the outlet temperature of the

loop fluid from heat exchagerson the HRLEach heat exchanger in the HRL
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system receives fluid from one storage temperature and is controlled to return the
fluid to the other storage tankat its temperature. Designs for a range of heat
recovery levels are obtained by selecting n@w t dzSEnn, WhEiNi@ags to new

heat exchanger area requirements and new hot and cold storage temperatures.

A comprehensive example ofightargeting and design method for HRLs with
constant temperature storage iavailable inChapter 20of the Handook of

Process IntegratioM. R. W. Walmsley et al., 2013a)

5.2.1.2. Variable temperature HRL storage design procedure

This section outlines a novmethod for targeting and designing a HRL operated
using aVariable Temperature Sorage systemHKgure 5-4). The approach is also
based on thedaily timeaveragecomposite curve and implemented into an

ExcelMspreadsheet

Select T Stream |
Q, add data | Cold Storage Pinch

SNt T

Composite
curves
+ A
Determine Transient

>
To,and T, HRL model

v -

Calculate |
Ciy 3N Cy :
| |
Calculate |
CpT+min

Select
T.and T,

Scale C,

v

Calculate |
HE areas -

Figure5-4: Procedure for targeting and designirgHRL withVTS
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The targetingand designprocedure varies from traditional P that the cold

composite curvds shifted under the hotomposite curveby a selectedfeasible

Q. After Q is selectedthe composite curveare shifted togetheto determine

0KS YAYAYdzy SEOKL Y 3S Nt lhihiNBeth@RTmnm&Y LIS NI { dz
NTeontiS NO longer an input variabbnd thereforea modifiedmethod is neededo

apply nTeont for different stream typedo account for large differences in film

coefficients between streamse.g. gas versus liquid streanWhere necessary

individual streamsre shifted bynTaqq prior to the construction of the composite

curve to peralise streams with poor heat transfer coefficiestsch that

Ts(.) T ® DTy (5-1a)
T| =Ty ° DTy (5-1b)

where the sign depends on whether the stream is a hot or coldastr. In this

& (i dzRqr cpndensing vapour and liquid streams is zgiree the respective
heat transfer coefficients for these stream types are typychighs K S NSdaa n
for gaseous streams is XQ since gas streamsormally have very low film
coefficients (T. G. Walmsley et al., 2013b)his same approach for penalising
gaseous streams, i.e. the dryer exhaust, maybe aggh the CTS method he
composite curve is, therefore, partially shiftadd the actual minimum approach

temperature of a heat exchangerfi3min + NTada.

With the composite curves overlappiby Q:, the hot stream outlet temperature,
i.e. Tho, and the cold stream outlet temperature, i.&o, is determined assuming
vertical heat integration as shown kgure5-4. For the same heat recovery level
these two outlet temperatures for the CTS and VTS methods are the. @noe
these temperatures are foundhe limiting combined loop flow rates based on the
individualhot streamsor the cold streamsi.e.Gn and G, are calculated using

Cim = QL whereQ, C(s(l) max( Thos t(l))) (5-22)

i=1 T s(i) ho
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Co = é_ L whereQ =C, (min(TCO, t*(i))- Ts*(i)) (5-2b)

i=1 Tco (D)
where np is the number of hot streams amat is the number of cold stream#.
Gn <Go, thenthe pinch is athe cold storagevhereas ifGn) > G(g, thenthe pinch
is atthe hot storage.In some case€in) = G andboth hat and cold storages are
pinched. Streams that start outside the vertical overlapping region of the
composite curves are not included in the calculation of the limiting heat capacity

flow rate. The limiting hot and cold heat capacity flow rates define the minimum

and maximum average flow rate boundaries for MiESHRL system.

As demonstrated iffigure5-4, Thoisrelated toTeo i K NP @z@dd the minmum

loop temperature differencenTy nin,

Tco + D-I_min = Tho - D-I_min + DT,

L,min

(5-3)

where the minimum loop temperature difference is a function of the heat

recover level divided by the maximuiimiting combined loop flow rate

Q
DT min = : (5'4)
- max(Cl tCiee )

These equations anearrangel to find an expression fonTmin for a selectedy.

DT :E% ST+ Q
min 2@ ho co maX(Q(h),Cl(c))

O:00O

(5-5)

The feasible range of average storage temperaturay be calculated using

Tco + DTmin ¢ Tlh ¢ Tho - DTmin + Qr (5-6&)
1(h)

for the hot storage temperaturéel, and

Tco + DTmin - Qr ¢ Tlc ¢ Tho - DTmin (5'6b)

1(c)

for the cold storage temperaturdc.
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The designer may chooske average temperature of the negpinched storage
temperature within the range defined in the above equations. The selection may
attempt to minimisetotal heat exchangeareaor minimise the loop flow rateor,

one may simply take the migoint temperature between the upgr and lower
temperature boundsWith the averagestorage temperaturesT, andTic) and the
outlet temperature of the process strean{$h. and Tco) decided the combined

average loop flow rate may be calculated

(5-7)

Focus is now given to the design of individual heat exchangers in the HRL system.
For each heat exchanger, the inlet and outlet temperatures of the process stream
and thehot and cold supply temperatures of the lodpifl have been determined.
However, the flow rate of the loop through an individual exchanger is not yet
known and nor is the outlgreturn)temperature of the loodor an individual heat
exchangerAs a result an additional equation is needed to fulljirt each heat
exchanger. This equation is based on heat and massréte\conservation such

that the loop flow rate through a heat exchanger is

C, = Q ?FQ ’aveg wherd | hotstream: (5-8a)
1) — =+ 0 ) ]
Ts(i) B Tho gcl(h) g
C.. = Q §DC|,ave8 wherd | coldstream: (5-8b)
Q) — * ' ]
Tco - Ts(i) E}Q:'(C) g

In the above equations, the heat capacity ratio provides a scaling factor for the
limiting flow rate for an individual matchApplying the above equations ensure
that the average heat and mass flow rates balardésing the design heat capacity
flow rate for a heat exchanger, the outlegturn temperature of the loop fluid

may be calculated.

. C .
Tisp = Tin - (Ts(i) - Tho)C'—(h), wheréa | hotstream: (5-9a)

| tot
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T

iysp = T

Ic

- \Cio »
+(TCO- S(i))—, whera | coldstream: (5-9Db)
| tot
This outlet temperature becomes a temperature set point for twatrol of the
loop fluid through the exchangerEach heat exchanger will have its own
temperature set point returning fluid to the storagertk, whichthen mixes

together. Hence, the HRL has a variable temperatureage systemWith each

KSIG SEOKFY3ISN) FdzAf t & RSTAYSRINTWiheat I NBI|

exchanger design equatiofisays and London, 1998l design parameters of the

variable temperature storge HRL are now defined.

5.2.2. Method for transient modelling of actual Heat Recovery

Loop performance

An ExcéM based spreadsheet tool has also been developed to simulate the
transient performance of a HRL. The tool usesldop temperature control set
points and heat exchanger areas targeted from the steady state design te step
wise calculate the level and temperature of the hot and cold storage tanks. With
historical orrepresentative transient stream data, the model may be applied to
estimate actual heat reovery for defined volumes of storage. When a stream falls
short of its target temperaturer storage is unavailabletility is consumedn the
model, the capacity of the storage tanks and intermediate fluid properties such as
density and heat capacity ay be specifie@dnd the storage tank is assumed to be
well-mixed In this work, the intermediate fluid is watandthe effect of storage

capacity is investigated.

For this case studyhé model solves nearly 140,000counter-current heat
exchangeproblems Each problem has an unknown loop heapacityflow rate,
process stream outlet temperatur@nd heat duty Inlet loop temperatures to the
heat exchanger are the same as the storage temperature from where it is
withdrawn. Outlet loop temperatures are th@uwtrol set point, which is specified

in the design. Dynamics relating focesscontrol are not modelled in the
spreadsheetGiven a heat exchanger area and overall heatgfar coefficient(),

the heat exchanger problems become fully defined. Howewecdlculate the
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unknownsneither the LogMeanTemperature5 A T T S NIynor$he ©3NTU
method may be applied. The&l.m method requires the temperatures in and out
of the heat exchanger to be defined; whereas th&lTU method requiredoth
heat capacity flow ratesto be known. lnce an iterative approach was
implemented and a generalised solutions table (&@D0) was generatedy
iteratively solving aimple singleheat exchanger model. Looking up the solution
on the table then enabled thélRLmodelto solve quickly in aboutre minute
avoiding the need to iteratively solvlousandsof heat exchanger problems,
which takes a fewhours.To simplify the problem, all heat exchangers, regardless
of type, are modelled as counter current heat exchangerCrossflow heat
exchangers pplied to transfer heat to/from gaseous streams from/to liquid
streams normally have multiple liquid passe$)*o produce a near counter flow

arrangement(Kays and London, 1998)

Fluctuations in process stream flow rates and temperature, which are
characteristic of seratontinuousprocesses, are successfully accounted for in the
spreadsheet model. Heat exchanger areas @esignedaccording to the time
average flow rateof the process stream. When the flow rate of a stream falls
below the design point flow ratd) and Q are reducedand when the flow rate is
above,U andQincrease. To account for this in the modellimglividualU values
are calculated from the corresponding film coefficieritsfOr the process and loop
streamsas afunction of Reynolds number (R&jquids are asgned a design film
coefficient of 4000//°Cm?; vapours are assigned 2400°Cm?; and gaseous
flows are 7IW/°Cm?. Film coefficients havbeenselected to match up with the
overall heat transfer coefficients used in ChapterA8suming the fluids hava
constant viscosity, density, and heat capacity, the ratio of the instantanedos
the designhgp is related to the ratio ofCthrough the Reynolds number, wheee

andn are constants sgcific to a heat exchanger design

.. . h a Re 6n a C C)ﬂ
h=a®e'y - =27°Q @9 (5-10)
hdp éa?edp+ g:dp+
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The spreadsheet model developed for the transient study uses a value of 0.58 for
n, which is specific to a plate heat exchan@)&tang et al., 200®ut is notout of

the range ofvalues for finned tube heat exchangers, 0GQ.70, calculated from

the correlations of Kays and Lond@®98) Constanta may beslightlydependent

on fluid properties such as the Prandtl numpemhich is a function of temperature

In thiswork, a is assumed to be constant, as is often the case for liquids with
relatively small temperature lbanges Design point values are based on the
average operating flow rate of a strearAgain, to avoid an iterative solution, a
value forh of the loop side of the heat exchangers was required without first
knowing theduty of the heat exchanger andg. As a result, the loop sidéow

rate was approximated by

CI(i) @Cl(i),dp (5_11)
CprO(i) CprO(i),dp

for the calculation oh and thenU. In a simple test casehé difference between

the estimated and calculated lodpvalues was found to be at most8.

Included in the HRL model is solar heating based on recald& from a local
weather station.Solar collector efficiency and duty has been modelled using the

design equations and constants given by Atlkinal. (2010a)

Q. =AlG- a(T. - Tun)- (T, - Tonf) (5-12)

where Qs is the solar heating duty o is the optical efficiency (0.764)sis the area
of the solar collector,G is the solar irradiancea: (1.53W/m?°C) anday
(0.0003W/m2-°@) are thermal loss coefficient$s is the average temperature of
the collector, andlampis the ambient temperatureThe values ofo, a1, andaz are

specific to a solar collector.
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5.2.3. Principles for integrating solar heating with HRLs

The integration of solar heating with HRLs is logiegialnse both systems need
thermal storage to account for their variable heat supply/demand throughout a
day/night cycle.Figure5-5 illustrates the effect of integrating solar heating into

two general cases, which may be charaised by the location of the pinch.

In the first caseRigure5-5a) the pinch is at the cold storag€S)temperature
indicating a lack of heat sources. As a result solar heating may be integrated as an
additional heat source andither CTS or VTS control may be applied to operate
the HRL. lis advantageout further increase the area of tr&@nk heakexchangers

to ensure that the extra heatgfrom solar idully utilisedby the HRL.

The second cas€&igure5-5b) is where the pinch is located around the hot storage
temperature. Applying solar heating to produce hot water at the pinched hot

storage temperaturefor CTS operatiors totally ineffective and inappropriate

This is analogous to adding a hot tyilio below the pinchtemperature. For VTS

operation with a hot storage pinch, the addition of solar heating is like adding a

K2d dziAftAade | ONRPaa GKS LAYOK GKFG AyONEBI
RSONBI aSa (KS Toydn&aribeeftsSion ddgirg solaghé HRD

fluid temperature needs to be raised above the pinch temperature and some
modificatiors to the HRL design may need to be maxieeh as adding a third

storage tank with the temperature level as indicatedrigure5-5b.

Solar Solar
heating heating
HRL only
3) ) 3)
e e
- ~
. — _ HRL with
- HRL with ' solar heating
\ solar heating HS Pinch
NH [kwW] NH [kw]

Figure5-5: Composite Curves for the integration of solar heating with HRLs for processes with
cold storage pincia) andhot storage pinch(b).
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5.3. Data collection and characterisatio n

Stream data fofour milk powder plants, four othegtairy processes, site hot water

and two utlity units (e.g. compressor) hawmen obtained from a New Zealand

dairy factory for a period of two monthduring peak processirgf intervals of 10

minutes Volumetric flow rates were measured by magnetic flow metansl
0KS 02 Ywiergad @dst tapevatdamiviened a &

measura but not logged. As a resultistorical average temperatures have been

NEO2NRSR

used inmostcases.

Table5-1: Extracted stream data including the spray dryer exhaust and solar heating.

0 e

w

T T Operating Time-average
Stream Type C Q C Q

[°q [*q  [kwrq  [kwW]  [kw/eq [kwW]
Dryer Exhausé HOT 75 55 143 2851 139 2785
Dryer ExhaudB HOT 75 55 75 1497 73 1462
Dryer Exhaust HOT 75 55 45 898 44 877
Dryer Exhausb HOT 75 55 29 570 28 557
Utility Unit A HOT 45 30 10 146 8 120
Utility Unit B HOT 45 30 10 146 8 120
Casien A HOT 50 20 33 999 22 647
Casien B HOT 50 20 49 1477 32 956
Casien C HOT 50 20 49 1485 32 962
Condenser HOT 80 79 993 993 351 351
Cheese A HOT 35 20 120 1797 98 1470
Cheese B HOT 35 20 139 2074 114 1691
Solar Collector HOT 85 - - - - -
Site Hot WateSHW) COLD 16 65 160 7827 160 7827
Milk Treatment A COLD 10 50 104 4159 104 4159
Milk Treatment B COoLD 10 50 104 4159 104 4159
Milk Treatment C COLD 11 50 116 4563 116 4563
Whey A COLD 12 45 20 663 16 522
Whey B COLD 14 45 11 340 9 267

Table5-1 presents the streandlata for the 18 process streams with the addition

of a solar collector. Operating average and daily time average heat capacity flow

rates are calculated and temperatures are averaged for while a stream is in

operation. The daily time average values inclygkriods when a stream is
dzy I @ Af o6t S

product times. Duties based on both heat capacity flow rates are also presented.

i KNR dz3 K 2 dzii
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The solar collector is assigned a supply temperature ¢fC8%and it9 assumed

that solar heating can heat the intermediate fluid up to“€Din evacuated tubes.

Some streams such as the condenlsave a high operational duty (9%3V) but
only operate for around 8ours per day resulting in a time average duty of
351kW. The condenser duty is plotted iigure5-6 using instantaneous values for

a 72hour period and ordered values for the entire two months. On the other hand,
streams like site hot water are continuously available but its supply temperature

and flow rate fluctuates noticeably as showrHigure5-7.

2500 -
2000 A
1500 +

1000 4 Hf- - -~ H- gL L

Condenser duty [kW]

500 A

48 60 72

Hours

2500 -
2000 -
1500 A

1000 4 OPeratingaverage ...

Condenser duty [kW]

500 1 Time average

O T T T
0% 20% 40% 60% 80% 100%
Order values

Figure5-6: Condenserduty for a 72 hour period (a) and as ordered values for the entire two
months (b)
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Figure5-7: Site hot watersupply temperature and heat capacity flow rator a 72 hour period
(a) and as ordered values for the entire two months (b)

Solar irradiance and ambient temperature data recorded at a neanmather

station has been downloaded from New Zdé | Y RQ&a bl GA2y It [ fAYFGS
(NIWA, 2013) Solar irradiance dataof the entire two months is plotted in

Figure 5-8 using time of day as the-axis and showing the day average

(0.43kW/m?), day/night average (0.28/N/m?) and the average of the daily peak

(0.97kW/m?).
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Figure5-8: Solar irradiance recorded by closest wibar stationto the dairy factory(NIWA, 2013)

5.4. Steady state HRL targets and design

5.4.1. Site composite curves

The & A (h8a@riy and cooling demangrofiles may be determinedusing the
stream data inTable5-1 as shown irFigure5-9. The dryer exhaust stream has
been shifted by 10C to reflect itdower heat transfer film coefficient compared

to other liquid and condensing vapour streams. The total heating requirement is

21.5MW on average anthe total cooling requirement i$2.0MW on average.

100 -

Dryerexhaust streams
shifted bynT,4q= 10°C

80 A

60 A

T[C]

40

20 A

Q,=21.5 MW

-y - __C

0 5 10 15 20 25 30 35 40
nH[MW]

Figure5-9: Time averageeomposite curves of available streams fahe HRL. Solar heating is not
included.
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5.4.2. Average heat recovery targeting for CTS

Average inte-plant heat recoverachieved by CTSHRE | NB S (1 S Rmndfa A y 3
5°C.As a rule of thumb, liquid/liquid heat recovery using plate heat exchangers
GSYyR (2 0SS $0&yE ¥iwds derionskratef in Chapsefor the
standalone milk powderplant. Figure 5-10 presents the pinched composite
curves for targeting a CTS Hétlowing a heat recovery &3MW. The pinch is
around the cold storage temperature caused bgite! G At Ade& ! yAd !

commonsupply temperatues.

100 -
80 |
}
I
[}
Cold ! Feasible
60 { storage ! hot storage
'06' : temperatures
- CTS HRL:
40 - ¢ i
[}
}
20 i :
[} [}
[} [}
" Q=83MW !
N >
O N . N T T T 1
0 5 10 15 20 25
NHMW]

Figure5-10Y | SI 4 NBO2 @SNE (I NHS 0 JCICheedeNd andtB{removed S R
from analysis.

Cheese A and B have been removed from the anaysighe composite curve in
Figure5-10to increase heat recovery foryalmin 0f 5 °C Cheese A and B have the
lowest hot stream supply temperature and leaving theseams in the analysis
would limit heat recovery to a maximum of ABVN. Above a heat recovery of
7.5MW, streams Cheese A and B would be encompassed in the overlap region of
the compositecurves causing a hot storage pinch an@&in of less tharb °C.In
general, the stream causing a pinch is removed, which sometimes allows the

composite curves to be fther overlapped indicating increased heat recovery.
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There is a small range of feasible temperatures for the-pimechedhot storage
temperature. The effect of varying thet storage temperature on total area and
the loop flow rate is shown ifrigure5-11. At the hottest feasible hot storage
temperature, the loop flow rate, pressure drop and pumping costs are minimised;
whereas different cold storage temperature minimises total area. From
experience, minimising the loop flow rate produces a more faicatsolution in
terms of loop temperature difference and flow rate whereas optimising for the
minimum area tends to make less of an impact as indicated by the flatness of the

total area curve.
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Figure5-11: Effect of cold storage temperature selection on total area and loop flow rébe a
I ¢{ 1 w[ OFadd®RC.2y I n

5.4.3. Average heat recovery targeting for VTS

A heat recovery target for a VTS HRdegermined!l a a dzY ATyindf 5FCas
shown inFigure5-12. The heat recovery target for the VTS approadii3 MW,
which is considerably higher than CTS approbkigureb-13 presents the effect of
hot storage temperature selection where minimising aresa at odds with
minimising loop flow rate. The CTS method can also reckdv8MW, although it
NEB lj dzA NB &Tminlof 02°ZEa@n8 ehcp a much larger total heat transfer area
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To better compare between the two methods, an understanding of the tiaifie
between heat recoverytotal area andaverageloop flow rateacross a boarder

rangeis needed.
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Figure5-13: Effect of cold storage temperature selection on total area and loop flow rébe a
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5.4.4. Heat recovery , total area and loop flow rate trade -off

In designing a HRL there is an acute traffebetween hat recovery, total area

and the loop flow rate. Heat recovery delivers utility savings, heat exchanger area
is a capital cost and the loop flow rate determines the pressure drop and pumping
costs.The heat recovery performance of CTS and VTS HRLs areredrgraa

NJ Y 3 Smin 2ales jinFigure5-14. In general the VTS methadore effectively
distributes temperature driving forces between heat exchangers resulting in
K A 3 KiSNdlups compared to the CTS meth@iscontinuities in this graph as

well the other graphs in this section are caused by streams being added or
NEY2@SR FTNBY (KS Tihof 5°CRIEAVTSapspoach 2ebdvels n
11.3MW of heat compared to 8.B1W for the CTS design.
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Figure5-14: Heat recovery versus minimum approach temperature.
The heat recovery performance may also be plotted against total network area
including the dryer exhaust heat exchanger aasahown irFigure5-15and total
network area excluding the dryer exhaust heat exchanger area as shown in
Figure5-160 . f I O1 R2GGSR f Ay Sa | N,of/6§0ddr dzZRSR (i F
the two design approaches. Below 9/8V of heat recoveryhe CTS approach for

this problem provides better heat recovery per unit of aredile the VTS
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approach is advantageous above MUV of heat recovenyf the dryer exhaust

area is includedThe maximum inteplant heat recovery for the site,2.0MW, is

feasible to achievadzd A y 3 G KS =+ ¢ { TniYB BKE & which ekt | p
recovery level the composite curves for a threshold probléime CTS storage has

a maximum heat recovery of 1162 ¢ ATaid@ppyoaching zero.
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Figure5-15; Heat recovery versus total area including the dryer exhaust exchanger.

The lower total area achieved by the CTS metheldw 9.9 MW of heat recovery

is mostly due to lowemlet and outlet looptemperaturesfor the dryer exhaust
heat exchangex The lower loop temperatures for the CTS design improve the
temperature driving force of heat exchangers on the hot side of the loop, which
includes the dryer exhaust exchangers. At W of heat recovery the area
required for dryer exhaust heat recowecomprises 506 of the total HRL system
area,which percentage is higher for heat recovery targets less thaM®\QAs a
result heat recovery is plotted against the total area excluding the dryer exhaust
heat exchangers as presented kigure5-16. This graph provides a different
perspective on which design approach is betterFlgure5-16, the VTS system

gives substantially improved heat recovery per unit area for heat recovery greater
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than 7.5MW. Below a heat@covery of 7.9MW, the total area is dominated by
the area required for dryer exhaust heat recovery. As a result the CTS approach in
Figure 5-15 appears to be better at the design stage due to lower loop

temperatures maximisinghe temperature driving force for the dryer exhaust

exchanger.
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Figure5-16: Heat recovery versus total area excluding the dryer exhaust exchanger.

The temperature difference between the hot and cold loomfeeratures is a key
factor affecting the required loop flow rateFigure5-17). Small temperature
differences require large loop flow rates. When selecting the-pimched storage
temperature, the philosophy has been to minimitlee loop flow rate, thus
minimising pressure drop and pumping costs. Several additional curves for both
CTS and VTS methods could be generated by selecting differerimzdred
storage temperatures. When targeting site heat recovery belowMb/2, it is
possible to remove the stream with the limiting supply temperature from the
analysis and improve the final design. As a result Cheese A and B are removed for

the CTS design to show this effect while also being able to achjglignaf 5°C
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Figure5-17: Heat recovery versus heat capacity flow rate of the loop.

5.4.5. Integration of solar heating into the HRL design

The integration of solar heatingith a HRLs beneficialwhen the pnch is around
the cold storage temperaturevhich is the case for the CTS afitSnethods with
I Ty of 5°C Inthis section, themaximum and practicahtegration of solar

heating into the5 ¢ / Tmigsolutionsis investigated.

Figure5-18 shows the maximum amount of solar heat that can be integrated into
thet { | w[ & A (K 2 daihco@sivadntwheteasyigliresilgisSfora VTS
HRL For these cases the pinch at the hot storage tank is causby the solar
heating. For the CTS approach, the hot storage pinch is between the supply
temperature of Utility Units A and B and the cold composite curve as a result of
adding solar to the HREor the VTS approach, the second pinch is related to the
limiting heat capacity flow rate of the loop based on the hot and cold streams, i.e.
Gn and Ge. For a second pinch to occur it is necessary that=G), where
Gnyincludes solar heating as a hot stream afg is based onlco after solar

heating.
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Achieving the maximum integration of solar heating is impractical due to the daily
solar heating cycle requiring excessive thermal storage. By analysing #re sol
irradiance data it is found that 6% of the day/night cycle is below the day/night
irradiance average of 0.28V/m2. To account for the cyclic nature of solar

availability an estimated 30003 of thermal storage is required whereas storage
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for a HRL igypically less than 5063. If the outlet temperature of the solar
collector was higher than 88C, which is the value used in this work, the amount
of required storage could be lessened. There is an acute optimisation between
solar collector temperaturecollector heat loss and storageeeds that may be

analysed as part of future work.

A practical amount of solar heatinthat requires minimal storagecan be
calculated fromQs maxassuming thatk maxis obtained bythe daily averageeak
solarirradiance for which there is sufficient sinks on averages a result tis
maximum duty is scaled down by the ratiod#y/night average todaily average

peak solar irradiancé) to obtain a practical average duty of solar heating

I s,ave
Qs, prac = Qs,max — (5_13)

Is,peak
The practical amount of solar heating is estimass.9 MW for the CTS design
and 1.0 MW for the VTS desigrsolar heating duty is a function of the collector
area If the solar collector size is basedtte day/night solar irradiance average
of 0.25kW/m?, the collector would have insufficient area to achieve the desired
averageheating duty becauséhe averageirradiance value doesot take into
account the optical and heat losses of the collectreiminary analysi®f the
solar collectorsuggests that one square meter can average OKVY&or the
day/night cycle Without correctly taking into account optical and thermal losses
the solar collectowould be undersized by 3%for this caseand unable ® meet
its design dutyThe solar collector needs to B&76m? for the CTS design and
5606m? for the VTS design.

For solar heating, there is always a question of economic competiveness. Since
detailed analysis of solar heatifits in the fringes of theéhesis aim as it relates to

a HRland displacing the use of fossil fuels for generating steachnot a focal

point, the question of economic viability is viewed as out of scope for this work.
Future work in this area should look at the economic optimeatof a HRL
integrated with industrial solar, which may include the selection of siodar

temperature as an additional degree of freedom.
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5.4.6. Maximum energy recovery HRL designs

The design of a HRL requires the specification of heat exchanger areas and
temperature control set points for the return temperature of the loop fluid to
storageas provided infable5-2. These design values provide the details for the
four HRL designs modelled using transient d@ther parameters such as the
operating temperature of the storage units and the loop flow rate may be
determined from these two specifications. Heat eanlger areas are sized based

on the time average flow rate. Maximum heat recovery HRL designs are targeted
to recover 8.3VIW for the CTS design and 1M3V for the VTS design with the

option of integrating solar heating

Table5-2: HRL design specifications.

Loop temperature

return set point [°C] Area ]
Stream CTs VTS Crs VTS
CTS with VTS  with CTS with VTS  with
Solar Solar Solar Solar
Hot streams
Dryer Exhaus 40.0 40.0 60.0 600 1156 1156 1613 1613
Dryer ExhaudB 40.0 40.0 60.0 60.0 607 607 847 847
Dryer Exhaust 40.0 40.0 60.0 60.0 364 364 508 508
Dryer Exhausb 40.0 40.0 60.0 60.0 231 231 323 323
Utility Unit A 40.0 40.0 40.0 40.0 9 9 7 7
Utility Unit B 40.0 40.0 40.0 40.0 9 9 7 7
Casien A 40.0 40.0 45.0 45.0 36 36 60 60
Casien B 40.0 40.0 45.0 45.0 53 53 89 89
Casien C 40.0 40.0 45.0 45.0 53 53 89 89
Condenser 40.0 40.0 75.0 75.0 5 5 10 10
Cheese A 40.0 40.0 299 299 0 0 125 125
Cheese B 40.0 40.0 299 299 0 0 144 144
Solarcollector 40.0 40.0 80.0 80.0 0 4776 0 5606
Total Hot sidéHE area 2523 2523 3822 3822
Solar collector 40.0 40.0 80.0 80.0 0 4776 0 5606
Cold streams
Site Hot Water 21.2 212 217 216 127 158 219 257
Milk Treatment A 21.2 21.2 14.7 14.8 85 100 205 230
Milk Treatment B 21.2 212 147 1438 85 100 205 230
Milk Treatment C 21.2 21.2 15.3 15.3 94 111 221 249
Whey A 21.2 212 170 17.0 13 15 28 32
Whey B 212 212 192 19.2 7 8 14 16
Total Cold sidélE area 411 494 890 1013
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5.5. Transient modelling of HRL performance

5.5.1. HRL performance with 500 ms3 storage tanks

At any instance the combined heat recovery from the sources may not exactly
match the combined heat transfer to the sinks. When that occurs there is a hot
and cold imbalanceMost imbalance are short termonly lasting for a couple of
hours but it is possible that a long ternmbalance issustained for daysvhen

plants cease to run due to a lack of milk production from the far8tsort term
imbalance is accommodated for byng sufficient thermal storage capacity in the
HRL system. Long term imbalance results in one of the storage tanks becoming

completely empty of fluid

The instantaneous storage level and hot and cold storage temperatures across a
14 day period is presentkein Figure5-20 for the CTS desigfrigure5-21 for the

CTS with solar desighRigure5-22 for the VTS design arfélgure5-23 for the VTS

with sola design. These plots demonstrate the réiate transient behaviour of
dairy process streams and their associated heating and cooling demands
impacting on the HRL operatioeven with 500n3 of thermal storage the hot
storage tank can quickly fill or emptiepending on the mix of streams available.
The amount of thermal storage is related to the temperature difference of the hot
and cold storage tank3 &ble5-3). A larger difference on averagetween the hot

and cold storage tankgives increased thermdkensity andcapacity.

Table5-3: Average hot and cold storage temperatures and the associated impact fwermal
storagedensity and capacity

Design AverageTn AverageTic Tn¢Tec Thermal storage

[°C] [°C] [°C] densityincrease
CTS 40.0 21.2 18.8
CTSwith solar 40.0 21.2 18.8
VTS 43.3 17.1 26.2 39 %
VTS with sola 44.6 17.1 27.5 46 %

The effectof adding solar heating to the HRL is visibl&igure5-21 for the CTS
design and-igureb5-23for the VTS desigior the CTS systerthe level of the hot

storage tankises and falls noticeably more th#me design without solarThe rise
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corresponds with daylight hours while tifi@ls relate to night time and the lack of
solar heating.The regular cyclic pattern of the hot storage temperature in
Figure5-23 for the VTSwith solardesignis caused by the day/night variations in
solar availabilityShorte term variations result from the difference mixedloop
return temperatures from the various heat sources on the HRL. The amplitude of
the temperature fluctuations is a function of the amount todt fluid returned

compared to the amount dfot fluid in storage.
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Figure5-20: Thermal storage dynamics for CTS design usingrB®bot and cold storage tanks.
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Figure5-21: Thermal storage dynamics for CTS with solar heating design usingrB0®t and
cold storage tanks.
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Figure5-22: Thermal storage dynamics for VTS desigiing 500m3 hot and cold storage tanks.
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Figure5-23: Thermal storage dynaics for VTS with solar heating desigising 500m® hot and
cold storage tanks.

In contrast to the variable hot storage temperature, the cold storage temperature
is fairly constantMany of thesinks at the dairy factory are vital streams for the
on-going site operation. These sinks include site hot water, which is constantly
being used for washing, and milk treatment streams, wiscl necessary process
for treating the milk before it iprocessed into final productsThe difference in

supply temperaturebetween the sinks is also small (@6 °C).
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The actual combined heat recovery and solar heating withrB®§torage tanks is
about 5% less than the targeted values as showTable5-4. The difference
between these two valuess a loss thatcan be attributed to three areas:

(1) insufficient heat storage (2)flow rate variability, and (3emperature
variability. These root causes for the drop in performance of the HRL compared to

the targets is analysed in the next three sens.

Table5-4: Comparison of combined heat recovery and solar heating targets to actual modelled
performance highlighting the root causes of the difference

Combined leat recovery and

solar heating [KW] Root cause of performancereduction [kW]

Design

Target Actual Insufficient Floyv rg_te Temperf':l.ture
heat storage variability variability
CcTS 8310 7872 223 166 49
(100.0%) (94.7 %) (2.7 %) (2.0 %) (0.6 %)

. 9160 8624 321 157 58
CTSwith solar 1 5 0os) (94.1 %) (3.5 %) (1.7 %) (0.6 %)
VTS 11347 10777 126 350 94

(100.0%) (95.0%) (1.1 %) (3.1 %) (0.8 %)
VTS with sola 12345 11700 121 350 174
(100.0%) (94.8 %) (1.0 %) (2.8 %) (1.4 %)

5.5.2. Effect of storage volume on HRL performance

HRL performanchas been modellefbr storagecapacitiesoetween 0¢ 1000m?
(Figure5-24) as well as the case of infinite storage capaditiRL performance is
characterised byhe combination of heat recovery and solar heating that replaces
the need for steam and hot ater utility. With minimal storage the HRL system
recoversa high percentaged@ ¢ 94 %) of the heat recovery for the same design
method withinfinite storage.lssues relating toteeam variability andavailability

on the required storagappear to beminimisedby a number of sources and sinks
on the HRLAs more sinks and sourcase connected to the HRthe degree of
source to sink imbalance is reduced lessening the storage requirement. If there
were only one source stream and one sink streanthe HRLthen the system
would be out of balance whenever one stream is on while the other is off. But
when a HRL system has multiple source/sink streams, the degree of imbalance is

dampened by the fact the load is spread across more streams.
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Figure5-25: Effect of average thermal storage capacity on HRL performance as a percentage of
the HRL performancwith infinite storage.

Actual HRL performance foneeffective thermalstorage volume may also be
characterised as a percentage of the HRL performance with infinite storage

(Figure5-25). The VTSdesignsrequire much less storageolume to achieve the
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same HRL performangeercentageas the CTS designthe effective thermal
storage energyensities in the VTS systems dnigher due to a larger average

temperature difference between hot and cold storage temperatuieas(e5-3).

5.5.3. Effect of off-design process flow rate s on heat recovery

' & (KS LINEfOWdatachanged B simple feedback temperature control
loop is used to adjust the flow rate of the loop to maintain a constant outlet
(return) temperature of the lop fluid. When the process strediow rate is
aboveits designvalue the heat transfer film coefficients increasee to higher
Reynolds numbers fdhe two fluids exchanging heatThisresults in @& increased
pressure dropand nTuv due to a larger apmach temperature.The duty of the
exchanger isnow greater than the design duty, although at the expense of
increased pumping powelhen the processi i NJ flow €ate is below the
design valueh, U, pressure drop andhe pTuv are decreasedgiving a redced

duty.

Figure5-26 plots the actual heat exchanger duty against teat capacity flow
rate ofWhey B(sinK) using theCTS approachThe CTS design is analysed to remove
any temperature variabilityeffects For Whey B the gply temperature is an
assumed value and is constant for the entaralyse period The difference
between the actualpoints and the dasheddiagonalline (n=1.00, Eq.5-10)
represents theduty loss/gain caused by variabléhey Bflow rates Theaverage

actual duty wad17kw while thetime average targeted duty wak25kW.

The degree to which the exchanger is above and belovattygeetedduty (diagonal
line)is dependent on th& exponent in Eg5-10. The maximum Vae ofnisunity.
As n approachesunity, an increase or decrease above the desigrC of the
process streamresults in a proportional increase or decrease Unhand a
proportional increase or decrease Q. As a result there is needuction in
temperature effectivenesdased on the process streamith transientCvalues for
n approaching unityas shown inFigure5-27. This implies an important, and
perhaps obvious result, thaiverallheat exchanger performance from transient

process streams is alwalgss efficient than from steady process streamith the
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same time average flow rate and heat exchanger dpoesausen is always

significantly less thaonein practice.
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Figure5-26: Actual duty versus heat capacity flow rate of Whey B for CTS design.
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Figure5-27: Temperature effectiveness versus heat capacity flow rate of Whey B for CTS design.

Figureb-27 also showshat temperature effectiveness increases as the flow rate
of the process stream is reduced. In essence, the heat exchangeersized for

flow rates below the design value anddersized foflow rates above the design
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value It mayappear that choosing a heat exchanger design with a high exponent
n is advantageousHoweverthe improved performance at higher flow rates il
always come at the expense ofcreased pressure drop arglimping power,
which has close to a squared relationship witHlocity, which is proportional to

flow rate.

5.5.4. Effect of process supply temperature variability on heat

recovery
The third reason thathe actual HRL performance is lower than the target is
temperature variability.Figure5-28 plots the temperature effectiveness die

Site Hot Water$HW heat exchangeagainstits inlet temperature. The CTS design

is appliedo illustrate the effect of process supply temperature variabiityheat
recovery which ensures the supply and return temperatures of the HRL are
constant. SHW is selected to demonstrate the effect of temperature variability
because its inlet temperateris recorded ands known tofluctuate due to

changingoutside weather conditions gsreviouslyshown inFigureb-7.

When the inlet temperature of SHW is less than toep return set point
temperature, the temperature effectiveness of the heat exchanger has some
scatter. This scatter is caused by the fact the flow rate of the stream also has
variability. © decauple the effects of flow rate variability and temperature
variability, exponentn is set to unityeliminating the effect of flow rate variability
from temperature effectiveness as shown by the red linew SHW inlet
temperatures have high effectiveness damcreased duty, whereas high inlet
temperatures have low effectiveness and low duties times the actual
effectiveness and heat exchanger duine zero because the supply temperature

of the process stream exceeds the return temperaturesaint of the HRL fluid,

which contributes to the amount alecrease HRL performance
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The effect of inlet temperature variability on heat exchanger performance can also
be characterised bghe outlet temperature of SHW as plotted igure5-29. After
decoupling the effects of flow rate and temperature variabitijysettingnto unity,
it is noted that the peak outlet temperature of SHW is achieved when the inlet
temperature is equal to the design value. This peak outlet temperaturams se

the design outlet temperatureThe gap between theed line in Figure5-29 and
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the designoutlet temperature(28.5°C)represents, therefore, the loss of duty due
to inlet temperature variabilityfor the SHWexchangerHowever most (90%) of
the heat recovery loss tied up with the SHW exchangéehe result of high inlet

temperatures causing the stream to be incompatible with the operation of the HRL.

5.5.5. The contribution of dryer exhaust heat recovery to

improving HRL perform ance and site energy efficiency

The dairy factory has four milk powder plants. Dryer exhaust heat recovery from

these plants contributeabout 70% of the heat recovery in the CTS designs and

about 50% of the heat recovery in the VTS desighable5-5). Integrating the

dryer exhaust with external operations to the milk powder plant is likely
advantageous from a capital cost perspectii@yer exhaust heat recovery
represents the key that is able to unlock a new level of enerfjgi@it dairy
processing. Linking exhaust heat recovery into a VTS HRL with the added possibility

2F a2tk N KSFdAy3 OFy NBR IS, whidh sdilityd A G SQa

costsavings of $2.6 $4.0 millionper annum.

Table5-5: Contributions to hot utility reduction assuming 500 of storage

Dryer exhaust  Other heat

Design heat recovery recovery SOI&EL\?\Zaﬂng '[I'kﬁl
(kW] (kW]
CTS 5639 2233 0 7872
CTSwith solar 5639 2134 851 8624
VTS 5644 5134 0 10777
VTS with sola 5643 5139 917 11700

5.6. Conclusion

Substantial heating and cooling savings can be gained in-paifti dairy factories
through better interplant heat integration via BIRL The site chosen had available

12 source streamsicludingfour spraydryer exhausiand six sink streams. Added

to the mix of streamswas the option of solar heatindn this chapter, a new
method for designing a HRL based on using a variable temperature storage system

IS presented.
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Compared to the corentional HRL design based on a constant temperature
storage system, this new methodives solutions with: (1more effective
distribution of temperature driving forces between heat exchangers resulting in
K A 3 KiS.Ndlugsfor the same heat recovery2)lower average loop flow rates
giving reduced pressure drop and pumping requirementsin@eased average
temperature difference between hot and cold storage temperatures increasing
thermal storage densitgnd capacity, and (4) requires less thermal storages
dairy factory analysed lacked sufficient sourddse addition of the dryer exhaisst
asheatsourceswas a critical factor in gaining a heat recoveryt @88 MW for the
variable temperature storage desigof which5.1 MW was contributed from
exhaust heat recovery. Solar heating also proved to be a valuable source with the

maximumaddition 0of0.9 MW of heating on average.
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Chapter 6
A criterion for skim milk powder

deposition on stainless steel surfaces

6.1. Introduction

Dryer exhaust heat recovery represents a potential step change in energy
efficiency for the dairy industry regardless of whether the heat is usttrally

within the milk powder plant or externally in neighbouring processes. However
industry concerns regarding milk powder fouling of a dryer exhaust heat

exchanger need to be addressed.

The dryer exhaust air contains a low concentration of milk pe@g 20 mg/m?3).

In other unit operations such as the main drying chamber, fluidised beds and
cyclones, the problem of milk powder fouling and deposition on equipment
surfaces is well knowgBoonyai et al., 2004Dryer air tenperatures, humidity and

flow rates are normally manipulated to maximise drying capacity, while
maintaining manageable levels of depositiovhich must be cleaned after two to

four weeks Excessive buddp of deposits on dryer walls, transport ducts, and
cyclones leads tplant downtime. Time onproduct is highly valuable to the dairy
industry, especially during the peak of the season. Exhaust heat recovery presents,
therefore, another possible piece of equipment that could foul causing blockages

and requring additional unplanned process shabwns.

Over the past few decades, milk powder fouling, deposition and stickiness has
been the focus of numerous studies.g.(Chen et al., 1993; Hennigs et al., 2001;
Intipunya et al., 2009; Kota and Langrish, 2006; Paterson et al., 2007a; Zuo et al.,
2007) Bven with all the fantastic effort that has been put into understanding milk
powder stickiness and depositiotine literature review in Chapter 2 showed that

there isa gap inthe knowledge of an experimentally validated model that
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successfully describes ghadhesion of impacting milk powder particles on

surfaces

The contribution of this chapters to develop and experimentally validate a
suitable model to describe the adhesion of Skim Milk Powder (SMP) onto a flat
stainless steel surface. Factors contribgtto deposition that are studied include:

air temperature and humidity, particle size and mass distribution, impact velocity
and angle, and plate temperature. To describe these known effects, a simple
elastic contact model with adhesion is derived arsgddbnstants solved by fitting

the model to experimental datddata from several literature sources are included
when validating the modelThis validated semiempirical model is applied in
Chapter 7 to understand deposition that occurs on fins and tubestarpredict
where and how much deposition will occur in a dryer exhaust heat exchanger as

part of Chapter 8.

6.2. Theory of p article -wall contact mechanics

In this section the derivation of a criterion is presented that describes the collision
of an adhesiveslastic sphere against a solid wall. The criterion is based on the
works of Johnston, Kendall and Robelts971) Savkoor and Briggd977)and
Thornton and Ning1998)to describe the contact kinetics of an elastic particle
impacting a rigid wall, in combination with the work of Williaetsl. (1955)to
describe the temperature dependency of the surface viscosity and adhesion
energy of a particleThe combining of these two baels of work has generated a
functional and novel criterion that describes the attachment of variably adhesive

particles, such as SMP.
The energy balance of a partiegdarface collision is

Ek,i = Ek,f +\Na + Epd + Erot (6'1)

where Ei and E s are the initial and final kinetic energy of a particle colliding with
a surfaceWais the work of adhesiorkqis the energy of plastic deformation, and

N Btis change in rotational energy. If it is assumed &aandn B are zero, then
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a particle sticks when the incoming kinetic energy is less than the work of

adhesion, which may be determined by
W, = F,'dd (6-2)

where R(Qs the equivalent normal forcand is the penetration depth.

Thornton and Ning1998)applied numerichintegration to find the equivalent

expression

W, = 0.9355F, d, (6-3)

s crit

where K is the pultoff force (adhesion force) antyit is the critical (negative)
penetration depth at which separation is ininent. Thornton and Ning1998)
then applied Eg6-3 to normal impacts and produced a model that describes
sticking and restitution of a particle. In this work, we extend the application of
EQ.6-3 to sticking at nomormal impacts, but do not attempt to completely
describe the rebound of particle. It is at this point that the derivation now turns
to the work of Savkoor and Brig@k977)to described when an adhesive elastic
sphere sticks at oblique ipacts given known normalR{ and tangential K)

loadings. Savkoor and Brigd®977)presented the following condition for sticking

to occur
2.2 .2 Y* 25
910 r gs+6anrgs- 4G* Ft 0
_p2 _ 2 _ 2 _p2 (6-4)
where 11 n1+1 nz’ 1 _2-n  2-m
Y* Y Y, G* G, G,

In the above equationsis the surface adhesion bond strengthis the particle
radius,YA & , 2 dzy’ 3 Q¥ aY 2 Rdkfadies/ tieasheAlImiddul@szand
subscripts 1 and 2 refer to propertiesf the particle and surface. As a
simplification, in this work it is assumed ratio of the normal and tangential forces

are related through the normal impact angle and a proportionality consBant

50 ﬁ:-B -
£ gp = Bter(Q) (6-5)
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The adhesion pubff force, K, required to prevent particle detachment at the

boundary between stick/rebound is found when Be is set equal to zero
2.2 Y= Bz e = 6-6
9p?r2g? - 6Fprg, - ﬁtanz(Qn)FS =0, whereF, =-F, (6-6)

which may be rearranged to makethe subject,

Y * B?

*

oy,

tarf(Q, )€ (6-7)

a
szgpfgsl, where/ :28§+\/1+
° 3

-0

Johnston, Kendall and Robe(i®71)derived the puHoff force for normal impacts

as Fyq = gp r g, , which solution is obtained by settigg =0 inEq.6-7.

The solution to the critical penetration depth(iBhornton and Ning, 1998)

asp g, r*?/ g

e = B g+ 0 (6-8)
(; =
Substituting Eg6-7 and 6-8 into Eq.6-3 and simplifying gives

o /3
a1 gl°

Wa = 691%YT8 (6'9)
g -

For sticking, E®-9, the effective work of adhesion in the normal direction, must

equal to or greater than the kinetic energy of the particle in the normaldtioe,

2 4 553
%mvn2 ¢ 6.913%%% ., Wherem= gp r’r (6-10)
(; -

Eq.6-11is obtained by makingthe subject

Y * B 0
e tanz(Qn)g (6-12)

a
g. 2 0.2442r r%vf/SY*%%+ \/1+
G

In this work the adhesn bond strength! s, is related toT ¢ Ty, i.e. particle surface

stickiness, through viscosityo link!sto T¢ Ty, the adhesion bond strengths,
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using the adhesion bond strengét the glass transition temperature as the basis
is postulated to be prportional to the inverse of the ratio of the surface viscosity,

>, of the particle using the viscosity at the glass transition temperature as the basis

such that

am g
% a9 (6-12)
gg 8@7’6 -

where a is adimensionlesproportionality constant andubscript g refers to the
property at the glass transition temperature. Viscosity is relatedTpTy as
described bythe WLF equation(see Chapter 2,Eq. 2-8). Combiningthe WLF
equationand6-12 and rearranging gives
10" a D, (T- T)

=a &— 6-13
g, =ag, T )0 (6-13)
By equating Edg-11 and 6-13, a model is formed that descibes the critical

boundary between adhesion and retnod of particles.

a * B2 0 T * §
0.2442 r~°*5v§/5v*2/5a§+\/1+Y B (ar(Q, )0=ag 100 2~ To)en™ 8
¢ v 0 D, (T Ty * 9
¢ - (; crit =
(6-14)
Eq.6-14is rearranged to make ¢ Ty the subject to obtain
é 3/5 6/5 *2/5 a * D2 66
D, Ioga@2442” Y aq+\/ Y*B® o7, )£
ag 06
(T T )crlt - (5: - ¢ (6 15)
Y505y *25 & * R2
D, - Iogaf92442rr Y 8§+\/ Y B, )QQ
& ag, 2 4G+ 0%

In its present form Ed-15 is a theoretical description of the criticdlg Tg
conditions required for a particle to stick. The following experimental work was
carried out to determine theonstantsa, B, D1, and D in Eq.6-15and to validate

the functional form of the modelt is important to note that the deposition model
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derived encompasses a number of simplifications such as particles are assumed to
be spherical, incoming rotational energy to the collisisnzero, and plastic
deformation is zero. These simplifications are considered to be of a low order of

magnitude compared to effects of as particle size, velocity, etc.
6.3. Experimental method s

6.3.1. Particle gun operation

Theparticlegunis an experimental test tit looks at deposition on a flat plate in
an impingement jet(Paterson et al., 2007a)heparticle gun delivers air at a
controllable temperature (2@ 90 °C),relative humidity (0g 100%) and average
jet velocity (0¢ 40m/s). It functions by bubbling compressed air through a
temperature regulated hot water tank. Depending on the tank water temperature
and pressure (regulator® and Pz in Figure6-1), the air moisture content is

controlled. Adjustind? controls the air flow rate exiting the tank.

Enclosed chamber

P, T | o
_P_owder Target Plate
injection plate heater
. cone
Air heater . Tube o
P Venturi \/ (ID = 11 mm) <
2 . R
>
P * <
1 o T,&RH S—
(4 bar) Heated and v v 16
- .6m
e | T i % | k=
H
,,,,,,,,,,, — - 4 - _— _— _
-w - |
Compressed -
airin \ |
\
Water heater | |—_L|
N @ 7777777777777777 |
~

Figure6-1: Schematic of theparticle gun test apparatus.

After exiting the tank, motsair passes through a 400 heater to reach the
required temperature. Temperaturdly) and relative humidityRH)) readings are
logged immediately before a Venturi. Immediately following the Venturi, powder
is injected through a cone with the aid of alétair suction. A tape heater is
wrapped around the powder injection cone to eliminate condensation forming
and to increase powder flowability into the air. The partidden air then

develops along a 1.:® insulated 1Imm tube (inside diameter), befolienpacting
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a target plate. The particle surfaces are assumed to be in equilibrium with the air
and impact the plate at the same speed as the(faterson et al.2007a) Air

Reynolds numbers ranged from 42Q8800, indicating the air is fully turbulent.

Air temperature and relative humidity are logged before the Venturi. Using this
temperature and relative humidity, the absolute humidity is calculated. Air
temperature (1) is also regularly measured at the end of the tube. By using a water
mass balance around the Venturi, the air moisture content in the tube is
calculated. This mass balance takes into account ambient air sucked in through the
Venturi. Knowindl and the absolute humidity in the tube, the relative humidity
(RH is also determined. At the time of impact with the plate, particles are
estimated to have a surface temperature and water activity in equilibrium With
and RH Plate temperature is measutteusing a Kype thermocouple slotted into

a hole in the aluminium plate. polished 304tainless steel plate, 15Gm square,

is used as the target plate. Jet velocity is measured using ramiSiameter
impeller anemometer, 10nm from the tube end. Anemoster readings are
corrected through the aid of PIV analysis to give a more accurate average jet

velocity across the 1thm tube.

Tests performed analyse the effects of plate (or wall) temperature and particle
size, velocity and impact angle on depositiord @he minimum requiredr ¢ T,

which is a function of air temperature and relative humidity, to achieve deposition.
For each test the amount of deposition at the centre of the collection is weighed,

which helped reinforce the identification of criticék Ty values.

6.3.2. Particle size distribution analysis

Powders used in the deposition tests include agglomerated aneaggtomerated
SMP. Bulk noiagglomerated SMP has a lower particle size distribution whereas
agglomerated SMP has a high particle size didiinbu These bulk powders were
also mechanically sieved to create several size fractibaile6-1). By using both
types of powder a wider range of particle size fractions were able to be obtained
and tested than if only agglomerated or nagglomerated powder was sieved.

The various size fractions are identified by referring to the meddiss; Particle
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size distributions were measured in ipoopanol using a Malvern Mastersizer

2000 according to the method outlined by Pise¢k997)

Table6-1: SMP particle size distribution parameters used in deposition tests.

Agglomerated  dp.) dos) do.9)
(YIN) (>m) (>m) (>m)
N 18 30 57

31 51 87
N 32 61 140
N 39 104 202
Y 66 108 172
Y 101 170 285
Y 98 268 571
Y 164 303 532
Y 410 686 1159
Y 431 893 1488

6.3.3. Visualisation of impingement jet airflow patterns

A PIV flow visualisation technique has been successfully applied to characterise
the impingement jet air flow patterns of thparticle gun setup at average je
velocities of 8.0, 10.0, 15.0, 25.0 and 3B&. PIVusesa thin laser light sheet
orientated parallel to the seeded gas or liquid flow. Dispersion of the light sheet
caused by the seeded particles is captured by a camera fixed perpendicular to the
shed. Two images are taken guick successioff{0> & 0 ® ¢ ¢oBpared andNS
processed using cross correlation computer algorithfm this analysis full
velocity flow fields are obtainedFor further information on PIV, refer to

Raffelet al. (2007)

Impingement jet characteristic dimensions for the PIV analysis mirrored those
used for the powder adhesion tests. Fine paraffin liquid particles were seeded into
the air jet by a Flow Tracker 700 CE fluid atomiser abar5Afterimpacting the

wall, some particles were observed to stick to the plate, although enough
remained in the air flow to capture the flow field in and around the jet. The light

sheet was produced by a Nd:YAG laser (@B% and position in the jet centre,
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paralel to the jet flow. A Nikon FlowSense 4M MKII camera with resolution 2048

x 2048 pixels was fixed perpendicular to and focused on the light sheet.

For analysis, 200 double frame images afzland 1664 0SG6SSy FNI YSa
captured. These are analysed using an average cross correlation method with an
interrogation area of 3pixels square and an overlap of 9in both the horizontal

and vertical diretions. A NeDC filter, a peak height ratio filter and a moving

average filter were successively applied to remove inconsistent vectors.
Interpolation of the neighbouring vectors replaced deleted vectors. Maximum
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Figure6-2: Normalised velocity profile 10nm (a) and 20nm (b) away from and parallel to the
plate obtained using PIV

For comparison of the different average jet velocities, profile cutsnr® and
20mm away from the plate are ptted (Figure 6-2). Velocities have been
normalised by dividing by the maximum velocBgth normalised velocity profiles
suggest the shape of the jet does not change significantly within the average
velocity range of 8.0 to 38 ms'. ThereforeFigure6-3 is representative of all
average velocitiefResults increased understanding of air flow interaction with the
plate boundary. The normalised velocity contour pkigure6-3, shows the jet
spreads only a little before interacting with the plate. In the centre of the jet is a

stagnation zone.

During deposition testing, the jet velocity was measured using an anemometer

and correlated with the aid of PIV to ensure accuraténeate average jet velocity
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and peak velocityHigure6-4). All reported jet velocities are the average velocity
across the tube exit and they have been corrected using the equations shown in
Figure6-4. In most previougparticle gun studies no correction was made to
account for he difference in size (if there was one) between the jet and vane
anemometer diametergPaterson, 2011)7hao(2009)also used PIV to successful

correct anemometer readings.
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Figure6-3: Normalised velocity magnitude contours of a normal impingement gdttained using
PIV.
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jet.
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6.3.4. Determination of (T Z Tg)arit*

The criticall ¢ Tyis defined as the deposition onset point on a deposition % in the
impingement zone vets T ¢ Ty graph Eigure6-5). Deposition % is the amount of
powder deposied divided by the amount of powder injected into the test rig.
Deposits located outside the impingement zone (approximately the size of the
tube) are not included when measuring the deposition because the conditions, i.e.
air temperature, humidity and vebity, causing the powder to stick is unknown
and may significantly differ from the impingement jet conditions. Plots similar to
Figure6-5 were required to determine the critical ¢ Ty for each test condition

reported in thiswork.

]
1
1
1
30% b )
1 A
1 A
1
1
la 4
1
— 1
S 20% | !
] 1 A
E4 1
8— 1
a=] 1
$ 1
1
1
10% | |
1 A
]
}A
I‘M‘AA & A & 4
A A 1
0% Ny S Y S dhs. .2 WL .
20 30 40 50 f 60 70

F-Ty CC) (T -Ty)i* =57.8°C

Figure6-5: Effect of T ¢ Tg on the deposition % at the centre of the platd.est conditionsdo.s)
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T¢ Tg or stickiness is a function of the combined effects of air temperature and
relative humiditywhere T is taken as the air temperature (dry bulb) aifglis
calculated using the Gordehaylor euation presented in Chapter. Relative
humidity and water activity are assumed to be the same will be shown, the
critical T¢ Ty is affected by the plate temperature that a particle impacts. It is
therefore necessary to make a correction for thiseetfwhen the platg(Te) and

air (T) temperatures are differentTo account for this effect, the following linear

relationship was experimental found
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(T'Tg*)T:T =(r-1,) +026(T-T,) (6-16)

T, T

The determination of T¢ Tg)erit is @ significant point of difference between this
work and previous studies that have employed ffaticle gun test but included
any deposit attached to the collection plate at tead of a run (Paterson et al.,
2007a; Zhao, 2009)As a result, the T(¢ Tg)erit calculated in this work are
differentiated from previous definitions by using a(7.¢ Tg)rit* is standardised

for plate temperature effects using E6+16 so thatT = Tp.
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Figure 6-6: Effect of T¢ Ty on the clear ring diameter. Test conditionglos 61> YZ Yy 2 NI I §
impingement and jet velocity 15.0ns?, data from Zhagq2009)

Using the data of Zhg@009) Figure6-6 is constructed to illustrate that significant
deposition occurs outside the impingement zone at [ow Ty stickiness values
before deposition is concentrated within the impingement zone. It is interesting
to note that after heating the target plat® ensure the jet and plate are at the
same temperature, the deposition at the periphery of the plate almost completely
ceased. Controlling the plate temperature is also a clear point of difference
between this work and previous works by Patersbial. (Paterson et al., 2007a)

and Zhaq2009)
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6.4. Experimental deposition results

6.4.1. Effect of plate temperature on (T Z Tg)ciit*

Results show an increase in plate temperature relative to the getperature

(T¢ Tp), slightly increaseéT ¢ Tg)erit* and decreases deposition, for air apthte
temperatures below 90C (Figure 6-7). Figure6-7 shows trends for 15.0 and
25.0m/s jet velocities andan estimate for a lower velocity of 5M/s using the
same slope. The estimate shows the relative influence of plate temperature

compared to velocity.
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Figure 6-7: Influence of plate temperature on(T¢ To)eit*. Test conditions:des) 267> Y | Y R
normal impingement.

When the plate and jet are different temperatures, the region in front of the plate
has a temperature and relative humidity gradient. The interaction of this region
on stickiness is complefn a macrescale Figure6-7 shows a linear relationship
betweenT- Tp and (T ¢ Tg)crit*. Since the relationship betweely and RH is non
linear, the trend inFigure6-7 suggests that the temperaturergdient in front of

the plate mostly affects the temperature at the surface of the particle; rather than

its water activity.

The effect of plate temperature also has significant industrial application. Where
processing equipmery dryers, transport ducts;yclones and fluidised bedsare

un-insulated and deposition is a key issue, one possible solution is to insulate the
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walls. Insulation effectively increases the wall temperature, which increases

(T¢ Tg)erit* and is likely to result in reduced depositice.g. Chewet al. (1993)

6.4.2. Effect of particle size distribution

Figure 6-8 shows that smaller particles having significantly lowW&K Tg)crit*
values. This result is consistent with the welbwn observation that smaller
particles have greater agglomeration and depositiendencies. Of particular
note is the log scale applied to tlug s)axis to yield a straight line for the data. In
the formation of trend line equationsgo.s) is assumed to be equivalent to a

uniform particle diameterdp.

o
=
=
“e_ 54ms
20 . 15.0 mg
"+, 25.0 mgt
10 O Zhao (2009)*
0
1E+01 1E+02 1E+03

Particle diametex o5 (mm)

Figure6-8: Effect of particle size ofiT ¢ Tg)erit* in @ normal impingement jet. Trends for 5.4 and
25.0m/s are estimates.

When Zhadq2009)published his results, focus was given to calculatiaif QfTg)crit

values where the deposition % was basedatideposits attached to the target

L FGSe® Ly GKAA &adGdzRes 2yfeé RSLRaAada 4 GK
deposition %. Photographs of the deposition morphology were taken by Zhao,

GKAOK KlFra Ffft26SR (GKS | dzi E&nNGe daapoimeS I y I £ 8 & S
in Figure6-8 and later inFigure6-9. Since Zhao did not control the temperature of

the plate, corrections for a difference in temperature between the plate and jet

(23°C) have also been carried out, as indicated using a *, accoadthg slope of
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the trend line in Figure 6-7. Walmsleyet al. (2010) showed that without
temperature control, the difference between the jet and plate temperatures, i.e.
T¢ Tp, is 23.2°C for the same saip as Zhadrigure6-8 also shows trend estimates
for 5.4 and 25.0n/s, drawn using the same slope as the 1m/3 trend line and
offset by the few data points measured. It is worthy to note that work by Paterson

and coeworkers did not focus on the effect of particle size.

6.4.3. Effects of impact velocity and angle on (T T Tg)crit*

In general, higher particle impact velocities, as a result of higher air flow, result in
less deposition. In this analysis it is assumed that particles impact with the same
velocity and angle as thetjes positioned relative to the target plate. When the jet

is at an angle, then both a normal component and tangential velocity component
arise. The effect of normal velocity @gm¢ Tg)crit* is presented inFigure6-9. Of
particular note is the log scale on thigaxis applied to obtain a straight line. Trend
lines for particle size distributions 100 and 50@ have been estimated using

offsets shown irFigure6-8.
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Figure6-9: Effect of normal particle impact velocity ofT ¢ Tg)erit* with normal impingement, i.e.
an impact angle of zero degrees.

The effect of tangential velocity is reported by Muwtial. (2010) and
Walmsleyet al. (2010) although both studies used original definition(dfg Tg)crit
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rather than the newly definedT ¢ Tg)cit*. However the trends are the same.

Figure 6-10 shows that increasing the impact angle for a constant velocity

magnitude requires an increase(ihq Tg)crit* for particles to stick. Alternatively, it

may be rephrased that particles impacting at Aaoormal angles at the same

velocity magnitude a less likely to stick. Konstandopul@906)reports that for

non-normal impacts there may also exist a critical impact angle beyond which no

deposition occurs. However due tperational limitations of the experimental
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65 -
60 - X
X
- X
55 A .
! X m/s
e X
¢21 m/s
50 A
45 L T T T 1
0 10 20 30 40 50

Particle impact angle to the normar)

Figure6-10: Effect of impact angle oI ¢ Ty)crit*. Particle sizelo.5100> Y &

6.5. Validation of deposition criterion

The experimental and literature data are applied to &45 to determine the
constants in the model. Materials properties for SMP and stainless steel are
provided in Table 6-2. Materials properties (other than density) for SMP are
difficult to locate in literature; consequentially, data for lactose is used in its place.
Surface tension energy at the glass transition temperature is estimated from

measurements for stainlesteel and lactose taken at low humidity
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Table6-2: Mechanical properties and constants of stainless steel and amorphous lactvketi,
2006; Perkins et al., 2007; Zhang et al., 2006)

Material property Stainless steel SMP (Lactose)
Particle dasity, "~ (kg/m°) N/A 1050
Shear modulusG (GPa) 73.9 3.49
L 2dzy3Qa YGP®Rd 193 3.57
t 2Aaaz2ywQa 0.305 0.120
Surface tension at
low humidity,! g1 (3/n?) 0.0520 0.0574
Y*(GPa) 3.56
G* (GPa) 0.83
19 (I?) forT< Ty 0.109
10000 - _
Particle gun _ -
Paterson and cavorkers Particle gun :
1000 - [
mE 0O
a
100 -
T Upper bound
Eu; o This work - normal impact

@ This work - oblique impact
X Zhao (2009), corrected

A Murti et al. (2009)
OPaterson et al. (2007)
©Hogan et al. (2010)

W Murti et al. (2010)

& Hennigs et al. (2001)
01 T T T T 1
20 30 40 50 60 70

(T - Tg)crit* [OC]

Figure6-11: Combined effect of particle size, impact angle and velocity on deposition. The work
of Zhao is corrected (*) for plate temperature effects.

10 A

With estimates for the materials properties in Bgl5, the remaining unknowns
are constants, B, D1, andD». These constants are found by plotting layagainst
(T¢ Tg)erit* adjusted for T-Tp =0. In addition to data collected in this work
Figure6-11 includes: fluisedbed deposition data from Murtt al. (2009) and

| 231y FyR @@0)InfedhanBaK btiy test data from Hennigsal.
(2001) and particle gun test data corrected from Zha(2009) Patersoret al.
(2007a) and Murtiet al. (2010) Vertical bars indicating the degree of uncertainty
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in Figure6-11 are estimated from the distribution of particle sizes and impact
velocities of the particles and the horizontalcertainty bars are estimated from
non-stick/stick test conditionsBy applying a least squares approach in tandem
with Excel™ Solver the constants iBg.6-15are solvedand are given ifTable6-3.
Constans for the upper and lower bounds are obtained using the estimated errors

for the experimental data in this work.

Table6-3: Constants for SMP deposition model.

Constant Model Upper bound Lower bound
a 7.7 x10° 1.2 x 1¢ 8.9x 10
B 9.7 104 9.9
D1 14.5 12.2 16.2
D.[°Q 36.4 38.5 34.8

6.6. Conclusion

In thischapterthe key factors that cause milk powder to attach to walls or plates
have been experimentally investigated. These factors include air terperand
humidity, plate temperature, particle sizand impactvelocity and angle. Using
standard solutions to the contact mechanics problem of a spherical adhesive
elastic particle impacting a rigid plate, a seampirical criterion is successfully
derived and fitted to literature and experimental dat@®ne potential application

of the model is to predict the critical angle at which deposition will cease for
curved surfaces such as round tubes, assuming the other variables can be

estimated.
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Chapter 7
Thermal an d hydraulic performance

analysis of fins and tubes

7.1. Introduction

Milk powder Duling can significantly degrade the thermal and hydraulic
performance ofmilk spray dryer exhaudbeat recovery systems as has been
observed inindustrial settings, such as baide(Stehlik, 2011)power stations,
Heating, Ventilation and Cooling (HVAC) systéBedl and Groll, 2011}Jo name
only a few.As fouling initiates and grows, it provides additional resistance to fluid
flow increasing the system pressuleop placing added electrical load on fans or
pumps to maintain aesiredflow rate. A fouling layer is alsotllermal barrier to
heat transfer degrading the overall heat transfer film coefficient ameht

exchanger duty.

The dryer exhaust air containsaav concentration of milk powde2 ¢ 20 mg/m?).

At low temperature and high humidity, milk powder is stickpcreasing its
propensityto deposit on heat exchanger surfaces. The quantity of powder exiting
through the exhaust is also an important facttmr determining the rate of
depositionandthe concentratiornvaries depending on the efficiency of separation
operations (e.g. baghouse and/or cyclones) upstream of a heat recgystgm
(Gabites et al., 2007ppray dryers typically have to keep within resource consent

emission levels that are determined by local municipal and district councils.

This chapterfocuses orunderstandng the practical limits to dryer exhaust heat
recovery when fouling is taken into accour@ritical air conditions leanhg to
fouling and deposition omore complex geometries crossflow is determined
for round, elliptical and turned square tubes, and filkgr each test the air
temperature andabsolute humidityis selectedto mimic various locations within

an exhaust heat recovery system. Tdmapter reports the development af novel
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lab based tessimilar to the particle gun but at a larger scale. The expenially
validated model describing the deposition of milk powder on stainless steel

surfaces from Chapter 6 is comparedhe larger scale experimentegsults.
7.2. Method s

7.2.1. Test rig operation

The experimental setup for thehapteris shown irFigure7-1. The test rig allows
milk powder to be added to an air stream of controlled temperature and humidity.
This powder laden air flow is then contacted in crless with various geometries.

The air temperature is controlled using threeparate thermal operations. First a
plate-fin liquid to air heat exchanger circulates heated water to preheat air. The
air is drawn in by a fan and blown along the test duct. A small amount of direct
steam injection further increases the temperature bktair while achieving the
target humidity. Finally an electric heater connected to a Variable Speed Drive

(VSD) is used as a trimming element to adjust the final temperature of the air

stream.
Powder
Dry steam N
injection cone
Electric
Air heater Fan heater QOrifice plate Test section
WW Air outlet
1 — - L o — e
Air inlet D
- T& RH Filter
—T probe bag
% ra
VéD PID control
feedback loop i

Heated
water tank

;

Condensate Steam

Figure7-1: Deposition test rig schematic.

An orifice plate in the duct provides a pressure drop which is related to the air
velocity in the air duct and used to control the fan spegmia PID feedback loop

to ensure a constant dw rate through the system as fouling on the tubes
occurred. This also creates a region of low pressure immediately behind the plate

where milk powder is injected, aided by a little suction induced by the orifice plate.
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The powder laden airflow then traxgethrough the test duct where fully developed
turbulent flow is to be achieved before contact with the deposition surfaces. To
control the rate of powder injection, a bottle full of powder is mechanically
tapped. On average, powder was added2a4¢ 3.8 g/min and test durations

ranged from 20 to 80 minutes depending on the rate of deposition.

By adjusting the direct steam injection valve, it was attempted in the tests to
achieve an absolute humidity of 5060 g H.O/kgdry ar as this relates directly to

the moisture content in industrial milk spray dryer exhausts. The process of setting
up the initial temperature and humidity of the test system took anywhere up to
three hours. Rigorous stattp and operation procedures for the equipment were
establishedto prevent condensation on thdest section In the event that
condensation was evident, the results were invalidated. Preventing condensation
IS a key reason why it often took several hours to achieve the desired conditions
because temperature and humigitncreased had to be done by small increments.
Once the desire values were achieved and steadied, powder was added. The time

for separate tests varied depending on the rate of deposition.

Throughout the course of the tests, deposition, pressure dropssctioe tube, and

air temperature and humidity are visually observed and/or monitored. In general
a test would be stopped when the pressure drop across the tube reached a
constant level. Temperature and relative humidity were logged at one second
intervalsand T ¢ Tywas calculated for each interval and averaged for the entire
test period Two standard deviations of the temperature and relative humidity
data for each tesare used to estimate uncertainty if ¢ Tg. At the conclusion of
each test thetest asembly was removed from the duct amhotographs were

taken to show the depositiomorphologyfrom various angles.

7.2.2. Bare tube test set-up

Round (25.4 mm), elliptical (22 mm x 39 mm), and turned square (25.4 mm x 25.4
mm) tubes were housed horizontally incaossflow fashion in a section with
transparent acrylic walls enabling visual inspection of the test. Each tube was

tested individually using various temperatures (46to 62°C)to achieve a range
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of stickiness leveld ¢ Ty. Average duct velodgsof 4.5and 6.5m/s areused in

the tests.

Photographs looking down the tubes were taken at regular intervals in an attempt
to observe the growth of deposition over time. These images, depending on the
clarity of the deposition layer, were later analysed t@asure the location of
deposition on each tubeBased on the photos, measurements and the tube
geometry, the average location for the edge of the fouling layer was calculated
using MatLab". This result was then compared with flow simulation
GComputational Fluid DynamicgCFD results Figure7-2) to determine the wall
shear stress at that location where deposition ceased. CFD model included a single
tube in an 80 mm square duct (same as the experimental) using the modelling

parameers outlined by Walmsley et gR012b)
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Figure7-2: Wall shear stress for round (a), elliptical (b) and turned squared (c) tubes using CFD.
Refer to Walmsleet al. (2012b)for CFDmodel parameters.

7.2.3. Fin bank test set-up

A fin bank has been subjected to conditioned air flow with entrained milk powder
and the resulting deposition and its effects are analy@&dure7-3). The fin bank

is a stack of 0.6hm parallel aluminium plates that are evenly spaced and act in a

similar manner to the fins in a finned tube heat exchangeée fin pitch is 13.8ns
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per inch, which is similar to standambmpactair recuperators and the gap
between the fins id.3mm. The fin bank, therefore, represents an extreme case
for fouling due to the closeness of the finEhe air flow rate in all tests has been

kept constant at 28.8/s, which is an average face velocity, of 4.5m/s.

Figure7-3: Photograph of fin bank

7.2.4. Patrticle size distribution

Non-agglomerated Skim Milk Powder is used in all tests. The particle size
distribution was measured in igaropanol using a Malvern Mastersiz 2000
according to the method of Pisecky997) By cumulative volume fraction, the mid
diameter of the powderd(50%),was measured as 10¥m; d(10%)=39nm and
d(90%)=202mm.

7.2.5. Determination of Tz T¢*

Particle stickiness of- Tg* is defined in the same manner as ChaptevttereTis
taken as the air temperature (dry bulb) afd is calculated using the Gorden
Taybr equation presented in Chapter. ®/all temperature effects o - Ty are

accounted for using E§-16 from Chapter 6
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7.3. Experimental results for single tubes in cross -flow

7.3.1. Fouling coverage and location

The stickiness of the milk powdeas quantified byT¢ Tg*, influenced the
coverage and morphology of deposits around the front of the gilfegure7-4
shows photographs of three tests performed on the round tube. Results are
organisedso that the top photographs are for the lowe3tg Tg* condition
progressively down to the bottom photograph for the high&st Tq* condition.
Increasing thestickiress of the powders observed tcsignificantly increas¢he

fouling coveragaroundthe front of the tube and the powder layer thickness

The side angle photographs show the growth of the fouling layer near theAmall.
air flow separation point on the ént of the round tube is suggested by the
deposits attached to the duct wall. Very little deposition was observed during any
of the tests on the rear of the tube&or each the test conditions the wall of the
ducting is seen to make an impactthre amountof deposition near the walSince

the velocity profile is likely to be fully developed after travelling along a relatively
long straight duct, i velocities near the duct wall are slower than in the centre of
the duct.As a result the particle impact beity near the wall is slower increasing

the chance for particles to deposit.

The elliptical tube required highéf¢ Tg* values to result in similar deposition
amount and coverage levels as the round tube for the same bulk air velocity as
shown inFigure7-5. In terms ofmilk powderfouling propertieshe elliptical tube

is, therefore favourableover the round tubeThe low fouling property of elliptical
tubes has been demonstrated for tube bundles by researchers in othdsfiEbr
example, Bouris et a2005)applied both experimental and numerical approaches

to conclude elliptical tube bundles weless susceptible to fouling.

Another benefit associated with the elliptical tube is the lower gas side flow
resistance resulting in lawer pressure dropWalmsley et al(2012b)numericaly
evaluaedthe performance of round and elligtaltube bundles In the models the

same hydraulic aiside diameter and frontal freow area for the two sets of
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tube bundles are constant so that the comparison between the tube geometries
was fair. Their models suggestttht the pressure dro@crossan elliptical tube
bundle is aboutalf of the pressure across a round tube bundle for the same air
side heat transfer coefficientn terms of compactness, the round tube bundle
required about 30% less volume (and heat transfer area) than the elliptidaé
bundle to achieve the same heat transfer, but experienced a%5@reater

pressure drop.

Figure7-4: The effect ofincreasingstickiness orthe frontal depositionfor round tube. From top,
T¢ Tg* conditions are43.3 47.6and 3.6 °C. Photographs were taken at the end of the test.
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Figure7-5: The effect ofincreasingstickiness orthe frontal depositionfor elliptical tubes. From
top, T¢ Tg* conditions are50.0 54.8and 62.5°C. Photographs were taken at the end of the test.

The turned square geometry eéharacterised by two flat 45° angled sides facing
the airflow. It was noticed in testing the turned square tube that no partial
deposition occurred at intermediaté ¢ Tq values, as was seen fthre round and
elliptical tubeslInstead, there was eitherery little deposition(Figure7-6 left), or

a fouling layer completely covering the front face of the tubegure7-6 right).
This result is consistent with the idea that the impact anglerigcal factor
determiningdepositionsincethe sides ofthe turned squareare flat faces at an
angle of 45°The small amount of deposition Figure7-6 (left) near the wallis

likely the result of walklowing the air velocityThe air velocity near the wall is
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slower than in the centre ofhe duct resulting in particle impacts at a slower

velocity.

Figure7-6: The effect ofincreasingstickiness orthe frontal deposition for turned squaretube.
T ¢ Tg* conditions are56.7°C (left) anl 61.2°C. Photographs were taken at the end of the test.

Figure7-7: Deposition morphology on roundnd elliptical tubes T ¢ Tg* conditionsare 52.6 °C
(left) and 54.8 °C. Photographs were taken #élie end of the test.

Figure7-7 presents photographs of the deposition morphology for round tube and
elliptical tube. The surface of the deposition on the front of the tubes typically had
a small rounded peak that extended on angle back to the tube at which point
deposition ceased. The angled sides of the deposition were flat but rough.

Deposition growth and peak was greatest near the duct walls.

7.3.2. Critical wall shear stress and impact angle
The initial focus of th analysigs to investigate how the local wall sheatress
around the profile of various tubes influencgmrticulate deposition. Three

observations were expected in relation to this concept. First, it was expected that
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increasingr ¢ Tg* would require a higher wallh®ar stress to prevent deposition.
Second, fi wall shear stress is a determining factor for deposition, then it is
expected that thee is a cleacorrelation between wall shear stress afid; Tg*

that may beindependent of the tube geometry and average kil flow velocity.
Third, t was expected that depositiomayfavour the rear facing side of the tube

as showrby Pazet al. (2012)for particulate deposition on tube bundles fouled by

a diesel exhaust, which has already been shown to not be the case for milk powder

deposiion on tubes
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ORound tube (6.5 m/s)

2.5 | AElliptical tube (4.5 m/s)

A Elliptical tube (6.5 m/s)
Turned square tube (4.5 m/s)

n
o
1

=
a1
1

|

Critical local wall shear stress [Pa]

|

»
»

o
o

w
o
N
o
[
o
(o2}
o
\‘
o
[0}
o

T T, [°Cl

Figure7-8: Criticallocal wall shear stress plotted againsk ¢ Tg for round, elliptical, and turned
squaretubes.

Based on these hypothesises a unique critical wall shear stress should exist for
each T¢ Tg* value. To test this ypothesis, the local wall shear stress at the
location on the tube where deposition ceased is plotted agairgsty* for round,
ellipticaland turned squar¢ubes inFigure7-8. Results show no clear correlation

for the tests peformed at various face velocities. This lack of correlation suggests
that the size and momentum of the milk powder particles is sufficient to break
through the shear layer around the tubes with little impact. In addition, deposition

at the rear of the tule was observed to be minimal. These results imply that the
transport regimeand mechanisnof the bulk of the particless not diffusion
controlled as was the case for Paz et @012) An underlying reason for the

difference between this work and Paz et al. is the partrelaxation time The

176



literature review in Chapter 2 presented analysis of the particle relaxation time for
milk powder suggesting the transport and deposition mechanism of milk powder
in heat exchangers mrticle inertia moderateahdicating particles rgsond slowly

to changes in velocity flow field changé&n the other hand the particle relaxation
time in the work of Paz et al. was between 0.1 argliddicating particle transport

is turbulent diffusioreddy impaction controlled.

a)

e —_—
‘ Air
How

Figure 7-9: Schematicshowing how the impact angle is defined and how it changes for: a)
elliptical tubes; b) round tubes; durned square tubes.

In the situation where particle motion does not deviate from that of the bulk fluid,
particles impact the tube surface at an angle approximately equal to that of the
bulk flow. The critical impact anglmay bedefined as the angle between the bulk
flow direction and the normal to the tube surface at the point where deposition
terminates The general concept of a critical impact angle was originally suggested
by Konstandopoulo$2006) Figure7-9 illustrates how thecriticalimpact aagleto

the normalis estimatedfor deposition onthe elliptical, round and square tubes.
For the round tube this is merely the angle of the polar coordinate at the surface

location. For the elliptical tube the angle varies from that of the polar coordinat
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as illustrated irFigure7-9a. For the square tube the angle remains constant at 45°

(considering only the positive angles).

Figure7-10 plots the critical impact angle relative to the direction of the airflow
against particle stickinesg ¢ Tg*. Vertical and horizontal bars ifigure 7-10
represent the uncertainty of the measurementJncertainty inT ¢ Tg* was the
result of fluctuatingemperature anchumidity measurementsThe uncertainty in
the critical impact angle is @uthe nonuniform deposition along the length of the
tube. When the uncertainty is taken into account, tleposition model for
Chapter 6appeas to besufficiently representative of the experimental data for
single tubes in crosow. At T ¢ Tg* below 65°C, the model provides a close match
to the critical impact angle with the exception of the turned square tube; whereas

at higherT ¢ Tg* the model over predicts the critical impact angle.
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Figure7-10: Estimated critical impactngle for the round elliptical and turned squaretubes.
Models assume a patrticle size of 1p4n.

In the case of the turned square tube, it was found that either the entire face of
the tube was clean or fouled. Increasinigg Tg* after the tube fouled therefore

gave @ apparentd ONR G A Ol f ¢ A ¥sinteGhére Wag Bd iSpacksTat n p
angles greater than 45 The minimum measureti¢ Tg* required to cause the

turned square tube to foul wa61.2°C and the maximum measuré@d; Tg* giving
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no fouling was 56.7C. The critical combination @f¢ Tg* and impact angle lies,
therefore, between 56.7C and 61.2C for the turned square tube. The model
predicts aT ¢ Tg* value of 53.6°C If the T ¢ Tg* uncertainty is taken into account,
the measuredr ¢ T¢*may be as low as 534, which marginallgncompassethe

model.

7.3.3. Modelled fouling coverage

Since thedeposition model from Chapter & representative of critical impact

angle asshown inFigure7-10, the modelis applied to estimate the&eposition

coverageof the frontal tubeface andarea for a range of ¢ Tg* values Figure7-11

predicts the frontal face deposition on the front of the tubes as would be viewed

from the perspective of the airflowFigure7-12 estimates the deposition area

coverage forthe three tube geometriesThe definitions of theéwo deposition

coverag®a | NB Of SIFN¥ & RNIgGY | & lthayfibeSedia 2y 0
that for any givenT ¢ Tg* the round tube is expected to have a higher level of

foulingcoverage in terms of the frontal face and frontal atban the ellipse

In contrast to the round and elliptical tubes, the square tube only has the single
impad angle of 45°%s discussed previously. Whait Tg* exceeds 53.6C the
entire frontal faces of the turned square are full of deposititm designing an
dryer exhaust recuperator, one may think the turned square tube is advantageous
from a fouling poinbf view so long as air exiting the recuperator system is warm
enough to have a@ ¢ Tg* below 53.6°C. However a kadisadvantage of the square
tube is its poor external flow behaviour. Of the three tubes tested, the square
tube had the highesmeasuredbare tube pressure drop by more than twice that

of the round tube.Using CFD models, Walmsley et @012) showed the
performance of a turned square tube requires 2.5 times the pressure drop of the
round tube and 5.4 times the pressure drop of the elliptical tube, to achieve the

same heat transfer duty.
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Frontal face deposition coverage
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Figure7-11: Predicted frontalfacedepositioncoverageversusT ¢ Tg* using thedeposition model
based on an air velocity, i.e. particle impact velocity, of 4.5 m/s

Frontal area deposition coverage
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Figure7-12: Predicted frontalareadeposition coverageversusT ¢ Tg* using thedeposition model
based on an air velocity, i.e. particle impact velocity, of 4.5 m/s
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7.3.4. Pressure drop

The fouling growth rate and pressure drop across the tube are rel&igdre7-13
plots theincrease impressure dropas a percentagér three stickiness levels for
the round tubeand onestickiness level for the elliptical tub&he data suggests
the rate of pressure drop and, therefore, fouling buiid is dependent on the

stickiness leel, with higher stickiness conditions resulting in faster growth.
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Figure7-13: Pressure drop over time across singleround tube for three levels of stickiness
showing a first order exponential approximation with a time constant of 420

A first order exponential approximation of the pressurepmincrease with time is

also plotted inFigure7-13 using the general equation

R

23

DP(%) = DP;,,. (%) 2 - e (7-1)

8

t
tf

i

oy
o

wheret is the time from the start of the test and is the time costant for the
fouling, which is estimated as 420 This time constant was similar for the round
and elliptical tubes Since the powder concentration is fairly low and it is
unexpected to significantly influence the airflow profiles, it may be assumed tha
the supply of powder to heat exchanger surfaces is a key limiting factor for the
rate of deposition. On the other hand the air velocity and stickiness of the powder

determines the equilibrium amount powder attached to a tube. As a result the
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final presswe drop increase is a function of stickiness whereas the time constant
is a function of powder concentration. For different concentrations of powder the

equivalent time constant for the pressure drop rise is estimated using

Cox

Li,=1¢,
Co,2

(7-2)
The final pressure drop increase percentages are plotted agdigskg* in
Figure7-14. The round and elliptical tubdsoth experience increases in pressure
drop with increasing ¢ Tg*. AST ¢ Tg* increases, the deposition coverage around
the tubes grows adding resistance to the airflow. For the s@imé&g* the pressure
drop increase for the round tube is greater than for the elliptical tube. This
conclusion reinforces the idea that thevarage of the frontal deposition for the

round tube is greater than for the elliptical tula¢ the sameT ¢ Tg*.
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Figure7-14: Final pessure dropversusT ¢ Tg* for the round and elliptical tubes
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7.4. Experimental r esults for parallel plates

7.4.1. Pressure drop analysis of the fin bank

The pressure drop across the fin bank is related to the avedage air velocity
immediately prior to the fin banky , and the fraction of open frontal area, as
shown inFigure7-15. To understand this relationship and to form an empirical
model, tests are carried out at high temperatur@bout 60°C) using different
open area fractions. No powder is injected, rather sticky tape is applied to block
off known amounts of frontal area. With no additional blocking, the fin bank alone

is an open area fraction of 0.67, for a fin pitch of 18 per inch.

1000 -
A
g
o Fraction
% 100 - openarea
8 +0.67
L% 00.46
e (0.37
. A0.26
10 T 1
1 10 100

Velocity through open area (m/s)
Figure7-15: Pressure drop across the fin bank for different open area fractions.
The velocity through the open area of the fins, may be defined using the
average duct air velocity and the open area fractian,=ux/ . Resultsin
Figure7-15 were measured by changing the fan speed, which varied the air flow
rate in the duct, and measuring the pressure drop across the fins using an angled
water manometer. The average velocity in the duct is measur@agus 75mm
diameter vane anemometer. The velocity through the open area is calculated from
the measured air flow rate and the known open area fraction. Each air flow rate

has been tested at least three times.

183



Figure7-15 shows hat the pressure drop is strongly influenced by the velocity
through the finbank and weakly influenced by the fraction of open area. The plot
is presented in a loetpg form with the trend lines being powdaw fits. A slight
curve in the data can be se&ith the greatest percentage difference being at the
lower velocity range. Since the slopes of the power equatiorfsgare7-15 are

the very similar, an empirical model for the pressure drop can be constructed

based on the average face velocity (duct velocity) and the open area fraction.

129
u

DP =8.90—= [0.26</ <0.67 and 1.2<u, <9.8m/g] (7-3)

077
/

Eq.7-2 is applied to deposition results, where the pressure drop and face velocity
are known, to work out an estimate of the open area fraction and velocity through

the open area.

7.4.2. Powder deposition on the fin bank

Results from the depositiorests presented ifrigure7-16 show the pressure drop
across the fin bank increased over time as powder deposited. The pressure drop
curve followed a typical asymptotic model with the rate of pressure drop increase
diminishing ovetime as suggested in general particulate fouling mo¢etah and

{ S dzf A.®hotographs ofdhe frontal deposition on the fin bank at the end of
each test are presented iRigure7-17. Open area fractions are estimated using
Eq.7-2. Deposition mostly occurred the lower half of the face of the fin bank
with very minor deposition inside and at the rear of the fin bank. This affinity is
due to gravity causing particles to settle out of the air flow. As a result a greater
share of the injected powder passes thrduthe bottom half of the fin bank.
Deposition and blocking tended to initiate at the bottom of the fin bank face

before moving up the face until the net deposition rate was close to zero.

For high temperatures and low relative humidity, the amount of degms was
minimal Eigure7-17A). As the air temperature was reduced, the amount of fouling
slowly increased (B and C). A decrease in air temperature resulted in an increase
in particle stickiness due to a significant increaseeair relative humidity and a

subsequent fall infg. The net effect onl ¢ Tg* was an increase in temperature
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difference. A further drop in the air temperature resulted in a rapid rise in pressure
drop and reduction in open frontal area. The conceptaotritical stickiness
observed by Paterson et ge007a)and many others, e.dBoonyai et al., 2004;
Intipunya et al., 2009an also be seen for the fouling of the fin bank considered

in this study.
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Figure7-16: Pressure drop eross the fin bank over time. Air temperatures as labelled with air
moisture content constant at 6@/kg.
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Figure 7-17: Photographs of frontal fouling for various air temperatures and a constant air
moisture content of 60g/kg. Photos were taken at the end of each test.
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Particularly apparent in tests D and E is the distinctive asymptotic pressope dr

At this equilibrium, the rate of deposition and the rate of removal are similar,
which indicates the amount of open area remains fairly constant. Powder may
deposit on top or over powder, but the open area to the flow is unchanged. The
reduction in frontal free flow area results in high velocities through the open
sections of the fin bank. The increase in velocity simultaneously causes an increase
in the rate of deposit removal. Blocked areas of the fin bank may then temporarily
reopen. This dynamic degit/removal process is one contributor to the
oscillations in pressure drop Figure7-16. Oscillations in the air flow rate, and

subsequently the pressure drop, also resulted from the PID control loop.

7.4.3. Critical pressure drop, velocity and stickiness

The pressure drop asymptotes frofigure 7-16 are plotted against powder
stickiness,T¢ Ty, as shown irFigure7-18. The criticalT ¢ Ty value after which
deposition initiates is identified ag € Tg)cit* and has a value of approximately
37°C. This(T¢ Tg)erit* value is very close to thearticle guntest results of
Patterson et al., wheré€T ¢ Tg)crit* was 37.5°C, although the reported velocity of
the particle gunair jet was considerably higher at 20 m/s and the powder tested
was Whole Milk Powder. Bhcloseness ofT ¢ Tg)crit* values is probably mere

coincidence.

Applying Eq7-2, estimates for the velocity through the open area of the partially
fouled fin bank are plotted against particle stickine$g, Tg, in Figure7-19. In
essencefigure7-19 represents an equilibrium and critical condition, where the
u, is a function ofT ¢ Tq. For a given face velocity, the curverigure7-19 can be
used to predict a critical ¢ Tg above which deposition i begin to close off small
sections of the fin bank. For example, if the face velocity wasnés7nstead of

4.5 m/s as in the tests, then the initial velocity through the open area would be
10m/s as indicated byu - and the expectation would be thatignificant
deposition would not occur until ¢ Tg is greater thamabout 75°C.The equation

of the linear trend line iFigure7-19is

v*=011(T- T,] +148 (7-4)

|
cri
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Eq.7-3 may be applied to predict the criticl Tg* at which significant deposition
will be initiate. For a given absolute humidity, this criti€allg* may be converted

into a temperature to provide a limit to the exhaust heatovery.
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Figure7-18: The relationship of fin bank pressure drop and particle stickinegsg,Tg*.
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Figure7-19: The impact of particle stickiness,¢ Tg, on the equilibrium velocity through the open
area of the fin bank.
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7.5. Application of experimental results

In the case of milk powder deposition on tubes, tHeposition model from
Chapter 6 adequately predicts the deposition coverage around a tube. Implyrtan
the particle impact angle in the model is taken to be the angle between the bulk
AN FEt2¢6 RANBOGAZY YR GKS y2NXIf G2
Applying the deposition models predicts the impact angle at which deposition
ceases and ttrefore the frontal are that will foul for a given tube shapd&his
model may also be applied tlarge scale tubular heat exchangers to predict

deposition coverage around a tube.

Fouling on the front of compact finned tube heat exchangers applied toustha
heat recovery in industrial spray dryers is demonstrated to be an important issue.
The pressure drop across the lab scale fin bank was shown to increase by as much
65%. A similar percentage increase in pressure drop for an industrial heat
recovery syem may be expected if the exhaust air is driven below@9n the

recuperator and sufficient time passes for powder to deposit.
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Figure7-20: Psychometric plot of the effect of exhaust heat recovery.
Figure7-20 shows the relationship between exhaust heat recovery and stickiness,
T¢ Tg*, using a psychometric plofThe critical stickiness line corresponds to a
velocity through the open area of 58/s, which is alculated from a average

heat exchanger face velocity oh#'s. As heat from the exhaust dryer air (75) is
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recovered, air conditions cross the stickiness liig, Ty = 37°C, at an air
temperature of 56 °C depending on the absolute humidity of the eadst air
Below 56 °C the exhaust finned tube heat exchanger is likely to experience
significant fouling on the frontal face of the firlube rows at the rear of the heat
exchanger will experience increased fouling due to increased stickasetbe air

temperature drops causing an increase in relative humidity

7.6. Conclusion

Deposition results for tubes indicateillnpowder deposition occurs in the particle
inertia moderated regime and is not strongly influenced by local wall shear stress
for averageduct \elocities of 4.5 and 6.81/s. Deposition mostly occurs on the
front face of the round, elliptical and turned square tubes and decreases around
each tube until a critical impact angle to the surface of the tube and deposition
ceases. None of the tube geomniets contained significant deposition on the rear
side of the tube.The critical impact anglenaybe described by the deposition
model from Chapter 6 an$ independent of tube shapé&lliptical tube is shown

to be naturally low fouling due to the shapetbk tube.

Results show that milk powder deposition can cause a rise in the pressure drop
across the fin bank by as much as%5The pressure drop across the fin bank is
strongly related to the fraction of open area available for air to pass through and
the average face velocity. The stickiness level of milk powder is a determining
factor in the severity of deposition and pressure drop increase. Application of the
results to industry may inform the design of a recuperator to intentionally limit
the amount d heat recovery to avoid sticky conditiotiais preventing high levels

of foulingon the frontal face of fins
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Chapter 8
Thermo -economic assessment tool for
Industrial milk spray dryer exhaust to inlet

air heat recovery systems

8.1. Introduction

Economic profitis the ultimate driverbehind implementation of heat recovery
projects.Acquiring approval for capital expenditure is often a competitive process
where various projects are compared and ranked before final seledson
determined. By its very nature exhaustat recoverymay appeatess attractive
than other liquid heat recovery projects due to the expense associated with heat
recovery from a low temperature gaseous flow. Chapter 3 clearly demonstrated
gaseousxhaust heat recovery is essential to achievirgximum heat recovery

and minimum utility consumption.

Figure8-1 explains the design challenge and potential optimisation associated
with spray dryer exhaust heat recovery. Thesige down triangle represents the
possible exhast heat exchanger solutions. On the one hand exhaust heat
exchangerswith a greater number otube rows can recover more heat but this
increases both pressure drop and foulikg@wer tube rowsecover less heatith
lower fouling and pressure drophe airface velocityonthe heat exchanges also
important andmay be manipulatedy changing the duct dimensiongdigh air
velocities reduce fouling and imprewneat transfer butalsoincrease pressure
drop. Lower air velocities have the opposite effect. diimy the right balance
between heat recovery, fouling, and pressure drop is chiefly governed by the
number of tuberows of the heat exchanger, the face velocity and the geometry
the heat exchanger surface. These parametersimgportant degrees of freedm

that may be manipulated tanaximise the economic benefit of an exhaust heat

recovery project.
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Figure8-1: The exhaust heat exchanger design challenge

This chapter repors the development of a therm@conomicassessmentool for
modellinga dryer exhausto-inlet air indirect heat recovery systeso thatkey
economicindicaors such as Net Present Value (NPV) and Internal Rate of Return
(IRR)may be calculated and maximisddcorporated into the tool ian estimate

of the fouling on the heat exchanger surfauased orthe milk powder deposition
model presented in Chapter Giterature correlations fothe Colburnj factor and
Fanningfriction factorf of various heat transfesurfaces are built into the todb
model the heat exchanger system. In the tool, udefined parameters include
heat exchanger geometnheat exchangr surface type, exhaust and inlet air
conditions including the particulate concentration, utility pricesdcapital cost

equations

8.2. Method for modelling indirect exhaust heat

recovery system

8.2.1. Heat transfer and friction factor modelling

8.2.1.1. Heat exchanger system user defined inputs

The exhaustnlet liquid coupled loop heat recovery model is-sgtto allow user
defined inputs for the design and modelling parameters of the heat recovery
system. Figure 8-2 is a screenshot from the spreadsheet of the key design
parameter inputs. Dimensions of the heat exchangers are calculated based on air

mass flow raten conjunction withthe heat exchanger face velocity for the height
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and width, and the number of tudbrows for the depth. The model arbitrarily uses

a height to width ratio of 1:1, i.e. square face, although it is possible to adjust this
ratio elsewhere in the spreadsheet. The user has the option of inputting a specific
loop flow rate orallowing the tod to calculatethe optimum loop flow rateln
Figure 8-2, the tube typenumber refers to a particular tube geometry and
arrangement Each tube geometry and arrangement has bassigned a number

and a new tube type maybe selected by inputting a number or from a drop down

menu
User Defined Design Parameters
Exh. HX Inlet HX
Air Mass Flow Rate 76 56 kg/s
Temperature In 75.0 15.0 °C
Abs Humidity 50.0 10.0 o/kg
Face Velocity 4.0 4.0 m/s
Tube Type 19 6
Tube Rows 10 6
Number of Passes 10 6
Loop Flow Rate Optimum kg/s

Figure8-2: Screenshot of bat exchanger user defined parameteis spreadsheet tool

8.2.1.2. Governing heat transfer equations based on effectiveness
The model uses the effectivenesl§’ U approach to solve the liquid coupled loop
systemfrom Kays and.ondon(1998) The governing aarall effectivenesstg)

relationship for the performance of LCHE systésns

i — Cmin,o /Cmin,c + Cmin,o/Cmin,h Cmin,o
e, e e, C

C

(8-1)

Each heat exchangéas the option tocontain multiple fluid passes to produce a
near counter flonheat exchanger arrangemefdr enhanced heat transfer but at
the expense of pumping powerKays and London provide the following
relationship for determining the effectiveness of a mypléiss heat exchanger unit
based onn number of passes and an effecthass of a pas$,, defined by the
I LILJE A ONITO fr8atioryship, which is the unmixedmixed crosslow

relationship forthis situation. The unmixeeunmixed crosglow correlation is
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selected because there iewy little transverse mixingn both the air and water

sideswithin a pass of inned tubeheat exchanger.

e= — (8-2)

The model contaisa circular referencing/calculation system so that once the heat
exchanger outlet temperatures are known, th& and water properties update
and the system resolves. Air properties are called from the commercial™xcel
add-in package @Aimww.techwareeng.com Water properties are called from
built-in spreadsheet functions powered biye open source XSteam thds

(www.x-eng.con), which are based olAPWS IF97 steam and water properties

Once the model finds a solution, the quality of the solution is checked. The model
checks to ensure the temperatures in and out of the heat exchangers are
thermodynamically feable and the duties of the two heat exchangers are the

same. The model ensures the number of passes is valid for the number of tube
rows. Warning messages appear and are recorded when heat transfer and/or

friction factor correlation limits are exceeded.

8.2.1.3. Heat transfer and pressure drop heat exchanger surface
characteristics

Heat transfer and friction factor correlatiorfsave been formulated using the
tabulated data presented in Kays and Lon{b®98)for staggered finned and bare
tube banksand the datain Walmsleyet al. (2012b)for bare circular anetlliptical
tube geometries A power law based equation provided sufficiently high
correlation for he data of most tube types and arrangemen@srrelations for
bare and finned tubs and plain plate alvater geometriesare built into the
spreadsheet.Table 8-1 provides the essential heat exchanger surface glesi

variables such as tube dianegt tube/plate arrangements, etc.
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Table 8-1: Heat exchanger geometry informatiarKey for heat exchanger surface codes¢C
circular (round); E; elliptical; B¢ bare; F¢ finned; KLg Kays and Londoii1998) W ¢ Walmsley
et al. (2012b) numbers and other letters refer to the specific surface arrangement.

Source Code d, di tube/i)late 0h,air " air n Sr S p';:h Xiin din Y
mm  mm mm mm m7m? mm® mm  mm finssm mm  mm m¥m?
Bare tube- staggered arrangement
KL CB1.5:1.253/8 9.5 6.2 1.7 7.6 0.333 175 14.3 11.9
w CB1.5:1.25 (CFD) 20.0 16.7 1.7 159 0.333 84 30.0 25.0
W CB2:1 (CFD) 20.0 16.7 1.7 25,5 0.500 79 40.0 20.0
w EB1.5:1.25 (CFD) 30.8 275 1.7 159 0.333 84 30.0 385
W EB2:1 (CFD) 259 226 1.7 25,5 0.500 79 40.0 30.8
Circular finned tubestaggeredarrangement
KL CF7.34 9.7 7.2 1.2 4.8 0.538 459 24.8 20.3 289 0.460 234 0.892
KL CF8.72 9.7 7.2 1.2 3.9 0.524 535 24.8 20.3 343 0.460 234 0.910
KL CF8.72¢c 10.7 8.2 1.2 4.4 0.494 446 24.8 20.3 343 0.480 234 0.876
KL CF7.0-5/8J 16.4 13.1 1.7 6.7 0.449 269 313 34.3 276 0.250 285 0.830
KL CF8.7-5/8J (A) 164 131 1.7 55 0.443 324 31.3 343 343 0.250 285 0.862
KL CF8.7-5/8J (B) 16.4 13.1 1.7 11.7 0.628 216 46.9 34.3 343 0.250 285 0.862
KL CF9.053/4J (A) 19.7 16.4 1.7 5.1 0.455 354 39.5 445 356 0.305 37.2 0917
KL CF9.053/4J (B) 19.7 16.4 1.7 8.2 0.572 279 50.3 445 356 0.305 37.2 0,917
KL CF9.053/4J (C) 19.7 164 1.7 13.6 0.688 203 69.2 445 356 0305 37.2 0917
KL CF9.053/4J (D) 19.7 164 1.7 4.8 0.537 443 69.2  20.3 356 0.305 37.2 0.917
KL CF9.053/4J (E) 19.7 16.4 1.7 6.4 0.572 354 50.3 34.9 356 0.305 37.2 0.917
KL CF8.81.0J (A) 26.0 227 1.7 5.9 0.439 299 49.8 52.4 346 0.305 441 0.825
KL CF8.81.0J (B) 26.0 227 1.7 13.2 0.642 191 782 524 346 0.305 44.1 0.825
Plain plate
KL 20T 0.3 14.5 250 19.1 304.8 79 0.813 0.606
KL 3.01T 0.3 10.8 323 19.1 3048 119 0.813 0.706
KL 397T 0.3 8.6 392 19.1 304.8 156 0.813 0.766
KL 53S 0.3 6.1 617 119 304.8 209 0.152 0.719
KL 6.2B 0.3 5.5 669 10.3 304.8 244 0.254 0.728
KL 9.03 SB 0.3 4.6 801 6.4 304.8 356  0.203 0.888
KL 11.1B 0.3 3.5 1024 12.2 304.8 437 0.203 0.854
KL 14.77 ST 0.3 2.6 1378 8.4 304.8 582 0.152 0.844
KL 15.08 SB 0.3 2.7 1358 6.4 304.8 594 0.152 0.870
KL 19.86 ST 0.3 1.9 1841 10.6 3048 782 0.152 0.849

In practicethe average heat transfer coefficient varies from rtmwrow in a finned
tube heat exchangerKays and London, 1998).iterature correlations are
corrected for the row effect so that the reported NusseNu| or j factor
correlation is based on a heat exchanger with infinite rowsr&lare two methods
to account for the roweffect on the heat transfer coefficient: (1) adjust the heat
transfer coefficient and (2)se row specifi¢-NTU relationships. The approach
taken in this work is to apply rospecifics-NTU relationships fronEngneering

Science Data UnfESDU36018cited by Wang et a(2000)

8.2.1.4. Loop flow rate optimisation

The approach appd in the Excel tool to optimise a LCHE system is to select areas
for the exhaust and inlet air heat exchangefée tool therdetermines the near
optimum loop flow rateusing Eq2-6 from Chapter 2With aknownloop flow rate,

G, and heat exchanger aas,the loop temperatures of a LCHE system may be
calculated usingthe temperature effectiveness of the exhaust and inlet

exchangers. Temperature effectiveness is obtained from the unmixecixed

195



crossflow P-b ¢ | eNZ WJrekationship, which is given Appendix C The

respective formulas for the hot and cold loop temperatures are

— PhCh (1' Pc(l))Thl + PcCc Tcl (8-3)
° PhCh (1' Pc(|))+ PCCC
PC,T.,+PC.[L- B, )T
|h: h™~h h1+ [ c( h(I)) cl (8'4)
PhCh(l' P(:(I))+PCCC

The derivatios for the loop temperatureequationsbased on using the optimum

loop flow rateare presented in Appendix D.

8.2.2. Modelling fouling and its effects on heat transfer and

pressure drop

8.2.2.1. Fouling build -up

Figure8-3 shows the inputs to thenodel that relate to the buileup of fouling.
Elsewhere in the spreadshetite user may also input a particle size distribution.
Using these parameters the spreadsheet applies the deposition model from
Chapter 6 to estimate the amount of powder that sti¢ks eachtime step.The
method for estimating the amount of deposition is explainedrigure8-4. After
entering the required inputs, the spreadsheet calculates the overall heat recovery
system duty and estimates the air temperature profile within the exhaust heat
exchanger based on a constant average heat transfer coefficient for each tube row,

which results in a constant NTU for all tube rows.

Fouling and Cleaning Parameters
Concentration 35 mg/m®
Run time 672 h
Time Step 5.0 h
Wash Length 1.0 h
Start Clean? TRUE
Optimum Clean? FALSE

Figure8-3: Screenshot ofduling and cleaning user defined parametefrom spreadsheet toal

The temperature profile is used to calculate a criticgbawt angle(Eq. 614) for

each combination of tube row and particle size, which may be translated into a
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probability of sticking assuming a uniform particle impact distribution across the
frontal face of a tube. The probability of sticking is the probghbihat a particle
which impacts a tube will stick. The probability of impact is the probability that a
particle will impact a tube. The probability of impact is assumed constant and
equal to one minus the frontal freBow area. There is opportunity inture work

to input a probability of impact that is particle size specifit practice smaller
particles are expected to have lower probabilities due to the senadarticle

relaxation times as was discussed in Chapter 2.

The product of the probabilitiesf impact and sticking give the percentage of
particle mass entering row that will deposit. This process of calculating the mass
deposited s repeated for each combination of particle size fraction and tube row
within a single timestep. The effect of th fouling buildup onR andf is discussed

in detail in the next two sections. For each new tistep, the performance of the
heat recovery system and the exhaust heat exchanger temperature profile is
recalculated. Once the rutime is complete, the modalses the cumulative heat

recovery savings and costsdstimate the paybackPV and IRR for the system.

The spreadsheet tool incorporating the fouling model requiredi2dn average
to complete the analysis for one heat exchanger design using a tirpesteh for

a total cycle of 672 h. The fouling model was computed on an"iél3.4GHz
processor. Test cases were used to determine dppropriatetime step as to

minimise its impact on the final solution.

The fouling buildup model makes several ngplifications and assumptions.
Uniform distribution along the length of each tube is assumed although in practice
the particle distribution, which is often related to the airflow distribution, may be
malkdistributed causing a neaniform profile along thelength of a tube.
Deposition is also likely to be heavier near the heat exchanger outer walls as
shown in the experimental work of Chapter 7. The probability of impact is constant
for all rows and particle sizes. The probability of sticking has no re$petie
surface condition and assumes the probability of a particle sticking to the tube wall

is similar to a particle sticking to a particle. This simplification is supported by the
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work of Nijdam and Langrig2006) who found pe-coating the inside of a dryer
with powder had little effect on the rate of deposition builgh.

Heat Fouling and Milk powder

Process . . :
exchanger cleaning particle size

stream data o
geometry parameters distribution

Estimate temperature
profile in HE

Y

Calculate critical impact [
angle —

Y

Calculate tube area
coverage

Y

Calculate probability of
sticking

Calculate input
* particle size
distribution to row

Estimate probability of
impact

Y

Determine mass
deposited

Y

Next particle size

Y

Next tube row

Y

Estimate R, and P

Y

Next time step

Y

Calculate payback,
NPV and IRR

Figure8-4: Heat exchangerduling model flow diagram
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8.2.2.2. Particle size distribution

Figure8-5 shows the particle size distributions of SMP product compared to the
size distribution collect# in the bag house, which is assumed to be similar to the
sizedistribution emitted out the exhaust duche average patrticle size for bag
house powder is significantly lower than bulk product, but the distributions span
similar size ranges. The baghoysevder particle size distribution is entered into

the spreadsheet tool as an input to the fouling model.

100%

80% /

. Bag house /
60% d;(0.5) = 37.5mm /

40% | /

Cumulative volume %

20% ,
Product
dy(0.5) = 104.0mm

0% e S
1 10 100

Particle diametemm)

Figure8-5: Particle size distribution obaghouse and bulk product SMP.

The particle size distributianin Figure8-5 were experimentallybtained using a

light ray diffraction method usig such instruments as a Malvern Mastersizer.
Commonly food powders are added to a solvent and analysed. The standard
method for analysis of milk powders is to place a small sample in isopropanol and
test every two minutes until readings are constghlijdam and Langrish, 2006;
Pisecky, 1997)
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8.2.2.3. The effect of fouling on heat transfer

Fouling on tubes
Fouling affects heat transfer due to adding a layer of resistance. If the fouling was
assumed to be perfectly uniform in thickness around a circular tube, the resistance

due to foulng may be estimated using

o

ar,

(8-5)

QOO

— I’t be
Rf tube — l:_ln
f

G 'tube~

where Rwbe is the fouling resistance using the-gide tube area as the basig|s

the thermal conductivity of the foulant layem,is the radius of the fouling amdie

is the outside radius of the tubés asimplification, it is assumetthat the fouling
build-up on the front of the tubes add a layer of thermal resistance approximately
eqgual tothe same volume ofouling uniformly spread around the outside of the
tube. Thermalconductivity is taken as OW/°C-m (MAF Quality Management,
1996)

The hea transfer resistancedue to milk powder depositioron the front of the
tube is difficult to estimatewithout simplification The presence of deposits in a
heat exchanger are likely to significantly influence the airflow profile and the
overall bulk averag air velocity in the heat exchanger. The fouling layes asta
thermal resistancebut it alsomprovesh and A by channelingthe air flow, which
increaseghe average velocityn the heat exchangemlnd enlarging thesurface

contact area between theiaand the tubewith fouling

Fouling on fins

Fouling on the frontal face of fins has been shown to add little in the way of heat
transfer resistance in other industries. Fouling does impact on the air flow
resistance and, therefore, the velocity and distition of the airflow experienced
inside the heat exchanger. The added pressure aiapcau® a reduction in the
volumetric flow rateif the capacity of the fan has reached its zenithe reduction

in air flowthrough a heat exchanger has been shownbie the root causef
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decreases imeat duty for particulate foutig on the frontal face of fin@Bell and
Groll, 2011)

In this work, atempts are made to stay in heat recovery regions where powder
deposition on the frontal face of fins is avoid€&hapter resenteda relationship
between thevelocity through the open area and milk powder stickiness. Using this
relationship limits are paced on the outlet temperature of the exhaust heat
exchanger which is the point of greatest powder stickiness, minimise the
likelihood of fouling on the frontal face of finds a result only fouling on the
frontal face of the tube is considered in theodel. Future work may look in detail

at the accuracy of this assumption between testing finned tubes of various pitches.

8.2.2.4. The effect of fouling on pressure drop
The effect of fouling pressure drop is estimated based on the experimental
pressure drop datafor single bare tubes in cro$low from Chapter 7.

Differentiating Eq8-1 with respect to time gives

dt t,

O o ~
d(DP(%)) DPfinal(A)) exp% L§ (8-6)
(; -
For a small time step the change in pressure drop beyumerically estimated

using
Q
e (8-7)

The above equation is applied to estimate how the pressure drop of the exhaust
heat exchanger increases overtime. The time constant ir8#§. is determined
using Eq7-2 from Chapter 7, which is applied to scale the time constant to
industrial situations with much lower powder concentratidexperimental results
yielded atime constant of 42@ based on a powder concentratiorf .89 of
powder per kg of airLinear equations relating the final asymptotic value for the
percentpressure drop increase to stickinesgobtained from the data presented

in Figure7-14. Theseequationsare specific to theube shape
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8.2.3. Utility and capital ¢ osting

Utility and capital cost estimates are made based on the parameters presented in
Figure8-6. Capital cost equations are built into the spreadsheet and use the cost
factor as a Lang factoBased on these inputs together with the performance
predictions, the spreadsheet calculatee cost benefit analysis shown in

Figure8-7.

User Defined Cost Parameters

Target Inlet Temp 200 °C
Steam Price $ 30 It
Electricity Price $120 /MWh
' Pump /Fan 0.60

Cost for Cleaning $ 5,000 /wash
Production Hours 5000 hly

Utility Price Rise 5% ly
Discount Rate 15% ly
Accounting Period 10 y
Cost Factor 3.37

Figure8-6: Screenshot of tility, capital and miscellaneousiser defined parameters

The literature and industrial documentation has very few capital cost estimation
equations for finned tube heat exchangers. Furthermore the few equations that
are present do not differentiate between heat @éangers with different fin
pitches and tube or fin thickness and instead total area is used to estimate a capital
cost. As a result the costs of the heat exchangers have been estimated using two
different methods.HE ost method A is based on calculatirthe total mass of
stainless steel and aluminium required to make the heat exchangers multiplied by
individual formindgactors that reflect how easy material will shape. Added to the
material and formingcost is the cost of welding the heat exchanger étiger,
which is dependent on the number of tubes in each exchanger, and the cost of
putting fins on a tube. The sum of tharious cost components relating to the
construction of the heat exchanges multiplied by a Lang factor of 3(Bouman

et al., 2005)HE cost method is based on the total area of the heat exchanger
using the equation presented ihable3-3 of Chapter 3When payback, NPV and

IRR are calculated, the spreadsheet uses the higher of théH&/cost estimates
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(either HX Cost A or HX Cost Blectrical power includes additional electricity
consumed by the inlet fan for the newlet exchanger, by the exhaust fan for the

fouled exhaust heat exchanger, and by the water pump.

Cost/Benefit
Estimated Savings 1289 kw
Steam Savings $290,001 ly
Inlet Air Heat Req. 10,667 kw
%Main Air Heater Duty 12.1%
Electrical Power 44 kw
Electrical Cost $26,242 ly
Cleaning Cost $0 ly
Profit $ 263,759 ly
HX Cost A $521,423 ly
HX Cost B $ 339,528 ly
Pump & Fan Cost $ 33,669 ly
Total Capital Cost $555,092
Payback 2.10 y
Net Present Value $ 1,099,282
IRR 54%

Figure8-7: Screenshot of ast/benefit analysisresults.

8.2.4. Macros for modelling a range of design inputs

Thespreadsheet tool has a simple flexible macro builto enable the user to test

a range of heat exchanger design parametéigure8-8 is a screenshot of the
interface that allows input of which parameter is to be tested, amel tange and

step size for the parameter. The user also specifies the heat exchanger which the
parameter refers to (exhaust or inlet). There are the options to allow the model to
calculate the optimum loop flow rate and determine tH®R which many

comparnes use as a key economic indicator for a heat recovery project.

Input Parameters ‘-ﬂ b ™ Iﬁ

Heat Exchanger Parameters Start Last Step [ Optimum loop?

4 | j | ‘ | [ Solve IRR?
| =l | | MODEL FOULING |
| j | ‘ | RUN |

. I — e

Figure8-8: Interface for setting up a user defined macro for testing a range of inputs
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8.3. Exhaust heat recovery industrial case study

The case study for modelling exhaust heat recovery is the same plant as studied in
Chapter 3. Thexhaust air temperature is 78 with a humidity of 48/kg before

heat recovery flowing at 158g/s on a dry air basis. The inlet air is drawn in at
15°C on average with a humidity of ftkg at 117kg/s on a dry air basisThe
exhaust air flow includeair flow through the dryer and fluidised beds whereas

the inlet air flow is only for the dryer.

In the analysis, a steanost of $45MWh and an electricity price 05120 /GWh
are used. The plant is assumed to operate for 5000er year and the dryer is
washed every four weeksAt a minimum it is hoped that the exhaust heat
exchangerwill not require cleaning while the dryer is on produd®roject
economics are calculated usimagtypicalindustrial discount rate of 186 and an
accounting period of 19ears. Utility prices are assumed to rise at a constant rate

of 5% per year.

8.3.1. Modelling heat exchanger performance with fouling

Heat exchanger performance has been modelled for a four week pevitid
estimates for fouling buildip and its associated effectabed orthe experimental
data gathered irChapters 6 and.Figure8-9 plots one case where thalet heat

exchanger has 12 tubbews and the exhaust exchanger has 14 tube rows.

With no foulingthe finned tube exhaust heat ekangerrecovered 3.2 MW, which

is equivalent to a 14.% reduction in steam use for the main dryer air heater. The
duty of the finned tube exhaust exchanger system fell toN3W at the end of the
dryer production cycle. The finned round tube had the greatamount of
deposition resulting in aB % reduction in heat recovery, which is similar heat
transfer reductions experienced in boile(Stehlik, 2011)and an increase in
pressure drop for the exhaust exchanger dfabwhich is very modesthe bare
round tube exhaust heat exchanger began with a duty of\&WV, which fell to
2.6 MW at the end of the dryerun, and a pressure drop increase o¥%2 The
elliptical bare tube experienced velijtle fouling resultingn only a smalthange

to its heat recovery and pressudzop.

204



The exhaust exchanger with bare round tube recover8olléss bat than with
finned round tube Fouling on the bare round tube is expected to be less than for
the finned tube because thaveragetemperatures experienced in the exhaust
heat exchanger are higher due to less heat recovery compared to the finned round
tube. The elliptical &re tube has a 4% lower pressure drop and &8 higher heat
recovery compared to the bare round tube. The elliptical tube is also low fouling

as was shown in Chapterahd is not expected to have much fouling after four

weeks.
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Figure8-9: Estimated heat recovery and pressure drop for a period of four weeks. Exhaust heat
exchanger with 14 tube rows of eithdinned round tube CF9.05-3/4J (C), bare round tube CB
1.5:1.25 (CFD)and elliptical tube EB1.5:1.25 (CFD)Inlet heat exchanger with 12 tube rows of
finned round tube CF9.05-3/4J (C). Both heat exchangers have a face velocity ah/s.

8.3.2. Optimisation of the liquid coupled loop heat exchanger
system

The fouling with its associated effects haseh modelled for a range of tube
geometries (finned round tube, bare round tube and elliptical tube), number of
tube rows in the exhaust exchanger410), and face velocities for the exhaust
heat exchanger (2 8 m/s). In total over 25,000 time steps vemodelled and the
economics of the exhaust heat recovery sysiwasanalysed in terra of NPV and

IRRbased on average heat recovery and pressure drop values
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Figure8-10plots the results for a finned round tube, bare round éudnd elliptical
round tube usingthe number of tube rows in the exhaust exchanger as the
independent variable on the-axis. Results show it is possible to design an
economically favourable heat recovery system with payback times of about 2
years with IRRalues greater than 5%. The inlet heat exchanger has 12 tube
rows, which could also be a variable to optimise. Hgure8-10the face velocity

of the heat exchanger is set at /1@)s. Each point ifFigure8-10takes into account

fouling whichovertime lowers heat recovery and increaggsessure
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Figure8-10: Number of exhaust tube rows versus NPV and IRR at 4 m/s air velocity for finned
round tube (CF9.05-3/4J (C), bare round tube CB1.5:1.25 (CFD)Rnd elliptical tube EB1.5:1.25
(CFD).

Basedon IRRa designer would seleet ¢ 6 tube rowsfor the exhaust exchanger
whereas NPV indicates 1214 tube rowsis mostprofitable. This difference is
important because IRR gives a good indication of the dleom payback of a
project and NPV focuses on the letggm profit. As expected the finnedube
exhaust heat exchangaffers better IRR and NPV values compared to the bare
tubes. The finned tube arrangement was selected over the other finned tube

geometries in Kays and Lond¢i®98)because of its high Goodness factjf)(

Themodel resultsmay be alsglotted using the exhaust owt temperature as

the x-axis as shown iRigure8-11. The deposition results on the frontal face of fins
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from Chapter 7suggestfouling on the fins initiates andccoladedor exhaust
temperatures below about 5%C for an absola@ humidity of 48y/kg. In this
particular case, the peak of the IRR and NPV curves all occur befo@ ®hich
indicates deposition on the front of the fins should not ocdtigure8-11 shows
the heat recovery savings achieveglbasing the design on NPV is ovef4d@igher

than basing the design on IRR.
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Figure8-11: Exhaust outlet temperature versus NPV and IRR at 4 m/s air velocity for finned round
tube (CF9.05-3/4J (C), bare round tube CB1.5:1.25 (CFD)and elliptical tube EB1.5:1.25 (CFD)
Inlet air temperature to exhaust heat exchanger is 76.

Face velocity of the exhaust air heat exchangernstl@er important design
parameter. Fluid velocity is often a parametbat is manipulated to reduce heat
exchanger foulingt the expene of increased pressure dropigure8-12plots the
peakIRR and NPV values for the three heat exchanger geomédtriali.cases the
number of rows to achieve the peak IRR value compared to the peak NPV value is
different. IRR analysis suggests a face velocity of abouts@s advantageos
whereas the NPV values support the selection of/d. Some dairy plants in New
Zealand have a minimum threshold of an IRR d¥&fdr an energy project to be
actioned. Based on the results, the best LCHE system would use a finned tube heat
exchanger taecover heat from the exhaust air with a face velocity of/4 and

14 tube rows. For this system the NPV is NZ$2.9 million and an IRRGeof 71
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Figure8-12: Heat exchangerdce velocity versushe peakNPV and IRRalues for abare round
tube exhaust heat exchanger and finned tube inlet heat exchanger

8.4. Importance of site selection for dryer exhaust heat

recovery

The econorits for dryer exhaust heat recovery are highly site speciiie
operation, equipment, and construction are slightly different fackmilk powder
plant and spray dryer. The purpose of this section is to highlight some of the
important factors that requie consideration for industrial implementation of
exhaust heat recovery in New Zealand milk powder pldntsdrawing upon

personal experience and observation.

1. Inlet air temperature and humidity to the dryer: the temperature and
humidity of the ambient isocation specific. The temperature of the inlet
air as the designated heat sink provides essential temperature driving to
recovery exhaust heat, which is directly related to the size of the exhaust
heat exchangerThe inlet temperature will vary during aag/night and
over the production seasoibess humidity air is advantageous in terms of
dryer capacity, but it also has a lower heat capacity flow rate, which means
less recovered heat and steam is needed to raise the temperature of the

air to approximately\200°C.
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2. Exhaust air temperatureand humidity: dryers with higher exhaust
temperatures are better candidates for energy recovery due to a larger
potential temperature driving forceFor the same exhaust air outlet
temperature after heatrecovery,exhaustair with an additional 5C can
result in 30 % extra heat recovery Humidity is also an important factor
because it affects the stickiness of the milk powder and, therefore, the
amount of fouling. For ease of exhaust heat recovery, a lower humidity is
desimable, but from an overall dryer efficiency perspective, lower exhaust
temperatures at high humidity maximise the drying capacity of the air.

3. Inlet and exhaust fan capacityfor existing sites it is important to
understand where the inlet and exhaust fanseaoperating on the
respective fan curves.aRs with sufficient spare capacity do not require
replacement which for retrofitgs likely to be a significant cost. Where fans
are likely pressure drop constrained, it is smarter to design the exhaust and
inlet heat exchangers to meet a pressure drop target rather than a heat
recovery target.

4. Existing preheatersusing utility: at many sites steam is used to preheat
air entering the building to 3Q 35°C. These heat exchangers are typycal
a few rows deepvith alarge frontal areaanda low face velocityRepiping
an existing inlet preheater exchanger to use heat from the dryer exhaust
likely the mosteconomical opportunity for some sites.

5. EXxisting heat recoveryo dryer inlet air. some sites use wastesht from
flue gasfrom the boileror hot COW water to preheat the dryer inlet air.
Because exhaust heat recovery is heating in similar temperature ranges,
the full benefis of both heat recovery systengse not achievable.

6. Reusable existing ductingif possible it is desirable tavoid thecosts of
fabricating and installing large sectionsrdw ducting.

7. Price of energy heating costs can vary by 3050% fromsite to site
depending on the fuel source and the conversion efficiel@tes in the
South Ishnd of New Zealand typidaburnrelatively cheagoal for process
heat whereas North Island sites mostly use natural gdgch may be in

shortage in the coming decades causing price increases
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8. Operating and production hours:heat recovery savings is dectly
proportional to the hours of production per year.

9. Spacethe building housing the dryer needs to have the room for a heat
recovery system. Modifications to buildings are very costly and risky
potentially causing product contamination.

10.Inlet air heater bottlened<: where the inlet air heater is the bottleneck to
increased production, exhaust heat recovery would provide additional
duty to allow for more airflow into the dryeand additional dryer capacity
In this case, exhaust heat recovery may prevbatneed for increasing the
capacity of the existing steam boiler to meet the higher process heat
demand.

11.Bag filters efficient removal of milk particles from the exhaust air stream
can decrease the risk and potential for exchanger fouling.

12.Good attitude to change the site needs agood attitude to change,

particularly when a technology is being implemented for the first time.

8.5. Conclusion

Exhaust heat recovery is economically justifiable based on current technology and
utility and capital prices. The prtdbility of an exhaust heat recovery project is
closely dependent on the size of the exhaust heat exchanger and its face velocity.
Results from the model indicate thatmd/s face velocity is a good traewsf
between reducing fouling while maintaining ancaptable pressure drop. IRR
analysis suggests the exhaust heat exchanger should contain only a few rows of
tube (4¢ 6 rows)whereas NPV analysis favourtaeger exhaust heat exchanger
with 12 -14 rows. Thespreadsheetool has flexibility to be appliedotany milk
powder plant to optimise the economics of an exhaust heat recovery sySden.
selection for the first exhaust heat recovery projects is important to determine the

sites with the greatest economic benefit.
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Chapter 9
Conclusions and recommendations

for future work

9.1. Conclusion s

New Zealand milk powder plantan economicallyncrease heat recovery by
nearly 20%. Sand-alone milk powderplants havea low pinch temperatureof
10.5°C which is strongly influenced by the selection of the exhaust air targe
temperature Additional heat recovery frortiquid and vapour streams associated
with the evaporator systencanincrease heat recovery by 6%9and the balance

of the heat recovery increase comes from the dryer exhaustFar.standalone
plants exhausheat recovery is best applied to preheat the inlet dryer air using a

liquid coupled loop heat exchanger system.

The economics of heat exchanger networks can be improved through optimisation
of the area allocation using a nhowebst Derivative Method (CDMJy optimising

the liquid and vapour sections of thmilk powder plantMER networks using the
CDM, thetotal cost was reduced by 5.86 for MER A and 5% for MER B
compared to thePinch Design Methodolutions. In the distillation case study, a
total cog savings of 7.86 was obtained and the CDMsolution betters four

programming methods applied to the same problem.

Heat RecoverylLoops (HRLwith a variable temperature storage system can be
applied to nulti-plant dairy factoriesto significanty improve inter-plant heat
recovery Exhaust heat recovery can play an integral part in supplying heat to
neighbouring plants through a HRA.novel method for designing a HRL with a
variable temperature storage system is developed for improved heat recovery.
Realisic heat recovery targets for a HRL can be generated using transient

modelling of historical datandustrial ®lar can be effectively integrated into a
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HRLto take advantage of infrastructure common with HRLs, e.g. pumps, pipes and

storage

Severe milk pader fouling in an exhaust heat recovery system can be avoided by
smart selection of the outlet temperature of the exhaust air leaving an exhaust
heat exchangerThe propensity of milk powder to deposit on heat exchanger
surfaces is strongly affected byetlair temperature As the air temperature in an
exhaust heat exchanger drops, the stickiness of milk powder is increfaseskim

milk powder, an exhaust heat exchanger outlet temperature abov&®sis shown

to minimise particulate fouling.

A semiempirical criterionfor predicating the deposition of milk powder oigid
surfaceshas been developedMilk powder deposition tests on tubes and fins
confirm the applicability of the deposition model for ndélat surfaces.Milk
powderdeposition mostlyoccurson the front face of round, elliptical and turned
square tubesand very little deposition on the rear of the tubesnfirming milk
powder deposition is inertia moderatecElliptical tube is naturally low fouling
while also having a better heat transfer taegsure drop ratio compared to

standard round tube.

The economics of exhaust heat recovang favourable for large industrial spray
dryers With an optimised exhaust heat recovery system based on finned round
tube for a 23.8/h plant, the spreadsheet tobestimates asimplepayback time of
less thanl.6 years, a net present value of nearly IZmillion and an internal

rate of return of71 %.
9.2. Recommendations for future work

Further development of the Cost Derivative Method

The CDM which uses the firstlerivative of the total cost function to optimally
allocate network to minimise cost, have many areas that may be improved and
extended. Some of the CDM concepts, such as the heat duty flow on factor, may

prove valuable to be integrated with programmingn#yesis methods to
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formulate network structure. The CDM may be extended to help optimise the

selection of soft data, such as the target temperature of discharge streams.

At present the CDM only uses the first derivative of the total cost function to
minimise cost. It is possible to also take a second derivative of the total cost
function to confirm that a local minimum on the total cost function is found. The
second derivativef the cost functiommay be usefuto understand the nature of

the first derivaive of the total cost function and identify what may cause an
additional local minimum/maximum to be generated for a specific network

structure and stream data.

The CDM could include functions for variables that are assumed constant, such as
the heat trarsfer film coefficient for individual streams. Such inclusion would
require the designer to preletermine some of the geometric aspects of each
individual heat exchanger as to use the appropriate relationship between film
coefficient and velocity as commagnkxpressed by the Reynolds number. For
example plate heat exchangers have standard heights and widths and chevron
angles. With these geometric parameters fhefined, it is possible to establish
how the number of plates affects the channel velocity, Reber and ultimately

the film coefficient.

Further development of the HRL design method

At present the HRL is designed on average .daltarnativelyit may be possible

to use historic, transient plant data as the basis of design framework to better
select storage temperatures heat exchanger areas, etc. The CDM may be
extended to apply to optimum area allocation in HRLs and may be included as part
of a wider design framework. An investigation into the best number of storage
temperature levels for the largedairy site case may beerformed The

controllability of HRLs as a systeweds attention

Details such as the position of utility exchangers in the HRL system and storage
bypass may be looked into for further cost reductioRsesent industrial HRLs
cortain a significant amount of redundant area for the times when storage is

completely full of cold fluid or hot fluid. A different approach may be to place one
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utility exchanger on each of the HRL supply fluid streams and require a minimum
temperature qualy fluid be distributed to the hot and cold sides of the network.
Some streams to be included on the HRL may have installed balance tanks to even
out flow variability, which would give control and heat exchanger performance
benefits.In this work, industal solar isntegratedas if itwasan extra heat source,

but it is possible fosolar to be integrated as a temperature and enthalpy booster

for selected sink streams.

The next steps of the experimental milk powder deposition work

Milk powders other thanSMP may be testedfor their individual stickiness
characteristics. The cleaability of fouled heat exchanger surfaces may be
investigated. One difficulty faced with l&zale testing exhaust heat exchanger
fouling is the exact same conditions of the edbigair and heat exchanger surface
cannotbe easily simulated. There is an issue with injecting very small particle sizes
into the conditioned airflow without some manner agglomeration between
particles occurring. The concentration of powder in the aiwfis considerably
higher for the lab test in order to accelerate the fouling rate and shorten the length
of a test from a few weeks to a few hours. Generating a lapggntity of hot,

humid air for long periods of time is also costly. As a result furtkesarch in this

area may be best directed to pilot scaleplant implementation where a portion

of actual dryer exhaust air is ducted to pass through a small heat exchanger. Such
a setup could be used tbetter understand the fouling as well as tteade-off
between heat exchanger size and gas velocity, and their associated impacts on

fouling, heat transfer, and pressure drop.

Further development of the thermo -economic assessment tool for
exhaust air heat recovery

Thereremainmany questions around the egracy of the coststimationsand the
effects of fouling. Cost functions for finned tube heat exchangers are notoriously
difficult to find in literature and equally as difficult to obtain from industry. This is
partially due to the fact that economics amwsts are constantly changing and

affected by the state of the market.
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Appendix B

#1 1 | T INTWrelationships and their

deriv atives

This appendix presents commo ¢ ! NBf | G A2y a KA LIER0BNE Y { KI
and theirfirst derivatives TableB-1 contains seven commofNTU relationships
with effectiveness as the subject and, where possiblable B-2 presents the
relationships with NU as the subjecTableB302 Yy (i Aya G KSNTRSNR S G A
relationships, i.eR FANTU as functions of and C*, whereC*is constant, which
is the case for direct heat recovery exchang@iableB-4 provides derivatives of
P-NTU relationships as functions Bfand R,, whereP, and R, are both affect by

an incremental change iINTY, which is the case for utility exchangers.

TableB-1: Heat exchanger effectiveness relationships.

Flow Arrangement e=f(NTU,C*), [o¢C*<1] e=f(NTU), [cx=1]
_ 1- exp- NTU(L- C¥)) _ NTU
Counter Flow 1- C*exp(- NTU(L- C¥)) €T 1eNTU

_1- exp(- NTU(L+C*))
- 1+C*

Parallel Flow e e:%(l— exp(- NTU))

o

e=1- exp(- NTU)- exp(- (1+C*NTU)Z (c*' L)

Crossflow i= =1- _ - g 3
Both Fluids Unmixec 1 & . ANTU"I® e=1- exp- NTU)- exp( 2NTU)Ia:_1(Ln)
whereL, =——+ 8§ % - j+)———8
(R et LR
Crossflow e 1 g
Gonin Mixed, Gax e=1- epg o (- el NTUGﬁ*))[;j e=1- expl- (1- exp(- NTU))]
Unmixed
Crossflow 1
Gnin Unmixed, Gax eza[l— exp(— C*(l- exp(— NTU)))] e=1- exp[— (1— exp(— NTU))]
Mixed
e= 2 2
1-2 TEMAE Shell = TN ARy ==
* w2V o TY @+C ) va . ANTUG
and Tube @+c*)++cr2) cot = 5 (i)? 2+2 coti@—g 78

Condensing and

Evaporating Fluids e=1- exp- NTU) N/A
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TableB-2: Heat exchanger NTU relationships.

Flow Arrangement

NTU= f(eC*) [0¢c* <]

NTU=f(e), [c*=1]

Counter Flow

Parallel Flow

Crossflow
Both Fluids Unmixec

Crossflow
Gain Mixed, Grax
Unmixed

Crossflow
Gnin Unmixed, Gax
Mixed

1-2 TEMA E Shell
and Tube

Condensing and
Evaporating Fluids

- *
NTU = It
1-C* | 1-e
NTU =- In1- e(1+C¥)|
1+C*

Numericalsolution

NTU=- éln‘hc* Inft- ¢

NTU=-1In

1+iln -
C*

Y o
e
where D, =1+C*- 1+ C*2)*,
D, =1+C*+{1+C*?)

NTU =

2- ED

NTU =- In[L- ¢

NTU=_&
1-e

NTU=- 1|n\1- 24
2
Numericalsolution®

NTU =- InfL+Inf1- 4|

NTU =- Infi+InfL- ¢

2- V4

NTU ——In
2+244

2]/2

N/A

TableB-3Y 5 S NA @ INTU rédignshpsFor eonstart* (heat recovery exchanger).
Flow Arrangement dl?l‘iu =f(ec*) [oecr<q dS‘eI'U =f(e), [cr=1
Counter Flow deTU (1- e)1- ec*) dlfli%:( - ef
parallel Flow deTU =1- ef1+C*) deiu =1-2e
dS'T'U =exp(- NTU)+(1+C*)exp(- (1+ C*NTU)Z (C*' L),
Crossflow i=1 de _ . . S0,
Both Fluids Unmixec NTU' & dNTU =exp(- NTU)+2exp. 2NTU)Ia:1 (L)
whereL', = (1 )a % j+)—— 0 (- i+ j)NTU” )8
-1@ =
Crossflow
) de de
Grin Mixed, Grax —€_=(1- er+C*inp- €) —Z€_=(1- e)1+inp- €)
Unmixed dNTU dNTU
Crossflow
; de de
Gin Unmiixed, Gax =(1- s(:*)%+—ln\l EC*\o =(1- e)1+inft- &)
Mixed dNTU dNTU
de 4 D, g
dNTU (1+C*2)M -eD, 2- e1 8 5
1-2 TEMA E Shell de _ .8 2+2 2-2" @
and Tube whereD, =1+C* - (1+c*2)” , aNTU ™ B e2+2") 2 efo- 27)8

Cadensing and
Evaporating Fluids

D, =1+C*+t+C*?)"

de _
dNTU

N/A
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TableB-4: Derivatives of INTU relationships for variable &({utility exchanger).

dP
B iR [Rr, 1
Cow A dNTU, TR T B 1) [r=1]
ow rrangement DT c dNTUp - p) p ~
where P,=—", R =—"
* Dl ° Cu
R, _ P,lL- R, J2-P,) *
dNTU P R, [-PR >-={-R
Counter Flow b T e dNTU, b-rJ
1-PR, 1-R, |1-P,
@, _  R+RJf-P) ®
R P_-1-2p
Parallel Flow dNTU, P -2 In‘l— P+ Rp)‘ dNTU, ’
1+R,

Crossflow
Both Fluids Unmixec

Numerical solution

Numerical solution

Crossflow dF, = Pp(l" PP) dP
Cirin Mixed., Grax dNTU, - By +inl- B iln‘uR inft- B aNTU =6- P Y- )
Unmixed 1+R, - P| R, » g p
a 1 0
Crossflow Bt P,,Rp\g(l- PJi- PR, w*
Gain UnMixed Grax LI J = Y =(t- P+ p- B))
Mixed dNTU, p 41 PR - P,R,| ’
P PpRp PP
de — - (1+ sz)l/z
dNTU, dD, dD. 21|27 PDy
D-R— D,-R —2 R’In P
12 TEMAE Shell L dR R, 2 AP dp 4 24% 22§
) o - . B .
and Tube (2_ Ple) (2_ PDDZ) Pp(1+Rp)(1_ Pp) dNTpU - 2%_ p (2+21/4)_ 2-p (2_ 2]/4)8
whereD, =1+R, - 1+ R, D, =1+R,*+{+R2)", P ’ '
dD, 1 ys dD, 1 .
dR: =1- ;Rp(l" R ™, TR: =1+2Rp(1+ R

Candensing and
Evaporating Fluids

)

dNTU,

R

N/A
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Appendix C
Cost Derivative Method: Derivations |,

proofs and examples

In this appendix three derivations of various parts of the Cost Derivate Method are

presented. Derivations and examples presented(arerder)

(1) dQ dAfor direct heat recovey exchangers

(2) d#/dNTUfor counterflow direct heat recovery exchangers

(3) dQ dAfor utility exchangers

(4) dP/dNTUfor counterflow utility exchangers

(5) Examples of forming network specific heat duty flowfactors

(6) Relationship betweerndividualheat duty flowon factors with conmon
flow-on pathways

(7) Relationship betweenerall heat duty flowon factors

(8) Heat duty flowon factor for closed loops

Derivaives of other common heatexchanger arrangements have beéund
(derivations not presentedgnd are summarised in the Tables qip&ndixB. The

final section of this Appendix provides three examples illustrating how equations

for the heat duty flowon factor may bejuickly formulatedor anyHE

Derivation of dQ/ dA for direct heat recovery exchangers
An expression fodQ dAfor direct heat recovery exchangers is obtained using the
definitions ofQin terms oft and Ain terms ofNTU

d_Q - d(d:min DTmax)

dA | AC. NTUH
d%TO
(;‘, -

, WhereDT,,, =T,"- T, (G1)

AssumindJZ Tmay, andGnin are constant, the bove equations simplifies to

daQ_ uDT, _, _de (G2)
dA dNTU
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Derivation of d¥/dNTU for counterflow direct heat recovery

exchangers
C2NJ O2dzy G SNI Tt 2NFU rBlaiiahshipwtNT BEE the siibjed is ¢
1, |1- | C..i

NTU = In . whereC* =
1-C* | 1- e | C..

(G3)

Taking the derivative with respect tdTUand applying the chain and quotient

rules gives

1 (- e -C*(1- e)de+(1- eC*)de

dNTU= G4
o) @ 9
Simplifying and making kFdNTUthe subject obtains
de
=(1- e)\l- C*), |[0¢CC* ¢ -
g~ 4 el «cr). foecred] (G5)

Derivation of dQ/ dA for utili ty exchangers

When a heat duty flowon effect influences the inlet temperature of a process
stream (Tp1) to a UE, the required utility flow rat&x() is adjusted to meet the
new duty. At the same time the area of the exchanger is adjusted to maintain the
same inlet to outlet temperature difference of the utility stream, while achieving
the target temperature of the process stream. To find an expressiod@bdA of

UEs, it is best to bage NTUand C* on one of the streams (the process stream in
this case) instead of the stream witBnin. This is commonly called theNTU
method.By applying the definiton ®@F N Y G KS G-8TLaSthad, ivezZNS

obtain

5dQg _d(P.C,DT...) DT, C,

e—0 =——— where P, = , R =— C6
CdAS, dA PTDr_' * C, (6)

By applying the product rule and recognising tlult Finax) =dTp1 and G is a

constant, we now obtain
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dTin dP,
+C DT, —— (G7)
dA

Qo
Q.
QO

O
5
>

2l oo

Ut
SubstitutingdQfor G,dTp1 and rearranging to make(QY dAthe subject gives

Cc, DT, dP
=P mx " P (G8)
1- P, dA

dQ
CUAS,

Qo
| o

O

Substituting the definition oNTUfor Aand simplifyng gives

dP
— max P (C—g)
e F>p dNTU,

dQ
CUAZ,

Qo

O
I oo

Derivation of dP,/dNTU) for counterflow utility exchangers

To find an expression faiPy/ dNT) of UEs, it is best to baseNTUandC* on one
of the streams (the process stream in this case) instead of the streanQwithAs
a result he counterflow heat exchanger relationship Ml as a function o,

andRyis

1- PR
NTU, = In‘ oh | oer, 1l (C10)

Rearranging terms gives

p

- PR

p-p

RNTU, - NTU, =In|. (G12)

Taking the derivative d¥ andR, with respect toNTU, and simplifying obtains

PdR +RdP, dP
p RP P~ P _ p (C‘12)
1-PR,  1-P

p

NTU,dP, - (1- R )JdNTU, =

Rearranging terms gives

a Pp 5 dR) a 1 Rp 0 dP
ANTU, - Q +a 0 =(-rR) (13
: 1- P,R,0dNTU, ' @- P, 1- P,R, 0dNTU,

245



An expression fodRy/ dR, is needed ® makedR/dNTU) the subject in the above

equation. The heat balance for the UE is

Q=P,C,DT,, =C,DT, (G149

Taking the derivative leads to

P,C,dT, +C_ DT, ,dP, = DT dC, (G1Y)

Furthermore taking the derivative of the definition for effectiveness gives

DT
P=—® _ dT,=Tm dP, (G16)

P DT, 1 e,

which may be substituted into the previous equation and rearranged to obtain

dP, DT,({t- P,) 617

dC, C,DT,,

u

wheredG, is related todR, by

(G18)

which may be substituted into the previous equation and rearranged to obtain

dp, _ R-R) (G19)

dR, Ry
Having found dRJ/dR,, an expression fordR/dNTY may now be found.

Substitutirg the above equation into EG-13 and simplifying obtains

4 1 R, 0 & P & R @ dP Y
é%- P, 1-PR ,,5 ?TUP 1- PR, 8F>( p )ngTpU =t-r) (€20

which, after substituting in the definition fddT\, rearranges to
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R 1 (G21)

dNTU, P, R,  [1-RR

For the special case whé® =0, e.g. steam ultility, the above equan simplifies

to

% -1k, [R =0 (G22)
dNTU, P

WhenR, =1, the relationship betweeNTY and PR, is

P
NTU, =2 (G23)

1- P,

which implies

P, . )
dNTLp =@-p P, [R =1 (G24)

Examples of forming network specific heat duty flow -on

factors

The steps for constructing equations fbare:

1. ldentify flowron pathways between selected REKorigin) and Uk
(termination)

2. For one pathway, write the energy balance foriEing Eq29

3. Move toward the RE using flean pathway by substituting in EB4 or 26
fordT

4. Once the RE is reached, applq.20 for RE

5. Rearrange to form an equation fafas defined in Edb for the flowon
path.

6. If applicable, repeat steps@5 for other flowon pathways

7. Sum equations for the different pathways to fidd

The HEN ifrigureG1 is used to demonstrate how equations for heat dditow-

on factors may be formulated.

247



Hot streams

Cold streams

FigureG1: Heat duty flowron in heat exchanger networkg example.

Example 1: Find an equation fog?, i.e. the heat duty flowon factor from RE
to Uk a

Step 1: One pathway from REo UE; 1,2,3,H.
Step 2: dQ,, =-C,dT,",
Step 3: dQn,a = CadT3i,na(1_ P2,a)

dQ1,a =- Cadei?a(l- Pz,a)(l- PS,a)

Step 4: dQ,, =- CaO(I:—Ql(l' Pz,a)(l' P:a,a)

step5: ¢**=(- P, JL- P.,)

Example 2: Find an equatio for ¢**, i.e. the heat duty flowon factor from RE

to UE b

Step 1: Two pathways from REo Uk; 1,2,4,C and 1,3,4,C.

Analysis of pathway 1,2,5,C.
Step 2: dQ,;(L25,C)=C,dT,"

Step 3: dQ,,(125C)=C,dT,"(1- R,)

248



dQ,,(L25cC)=Cc,dn.R,, - R,,)

Step 4: dQ,(125,C)=C inP i-m,)

a

. C.
Step 5: ¢°1(1,25,C)=- C_Jpz’j (1- P5,j)

a

Analysis of pathway 1,4,5,C.

Step 6: dQ, (L45,C)= C,dT]
dQ,;(L45,C)=C,dTiR,
dQ,;(L45,C)=C,dTiR, R,

- d
dQ,,(145,C)=C, TQl PP,

C,
gt (1,45,C)= - —Lp,.R;

. . C C.
Step 7: 4" =47 (125,C)+¢/ (145.C)= "R, R, - P, (- By

a

The above results for this example suggests that heat duty-8owthrough
pathway 1,2,5,C causes an increase in utility use fgj, WBereas the heat duty
flow-on through pathway 1,4,5,C causes an reduction in utility use. In effect, the

two pathways patially cancel each other out for this case.
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Relationship between heat duty flow -on factors with common

flow -on pathways

Hot streams

out >
+dT 2y

Cold stream

out
+dT 2,x1 \

—

~—_

FigureG2: Heat duty flowon in heat exchanger networke examge.

Consider the network ifrigureG2 where dAis added to REesulting in a heat
duty flow-on effect through the network to UE For stream y exiting REhe

differential energy balance is
dQ =C,dT;, (G25)

The change in duty of d@s now related to the outlet temperature of stream y

from RE

C AT
d -y 2y G26
Q 1P, (G26)
The heat duty flowon factor forRE is
" - dQ, oury _ - d
qz(ty) — Q t_ dT 1*) e Qut (C_27)

d QZ ° qu;(ty)

WhendAis added to RE the outlet temperature of cold stream y will increase,
which will also inease the outlet temperature of stream y exiting.REkewise,
if dAwere to be added to REhen the change in outlet temperature of stream y

is positive. As a result we set equal these two outlet temperature to be equal
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dTy =dT,y " (G28)
¢KS afé AYRAOINGSE (KS ®&AOIRE DS itsKidvorf & A { dzk

factor may be related to the RESubstituting this result into EG-26 gives

C
dQ=- I (G29)
1- Ry Cyayy

which simplifies to
ut — ~ut (1 P )
Qiy-y) = Tay)\L- 2y (G30)

Now we focus on the heat dutjoiv-on down stream x1 from stream y. Using the

same energy balance as before, we find

C,dT
PZ,xl

dQ = (G3y)
The heat duty flowon factor for REin terms of the outlet terperature of stream

x1is

Gy =t gy =~ 9% (©32)
dQZ Cxqu(xl)

WhendAis added to RE the outlet temperature of cold stream y will increase,
which will reduce the duty of RBnd causetie outlet temperature of hot stream
x1 to also increase. In contrastdiA were to be added to REhen the change in
outlet temperature of stream x1 is negative. Bsfore, we set equal these two

outlet temperature to be equadxpect the relationship isegative,
AT =-dT (G33)

Substituting back into EG-31 gives

C
dq=—r 9% (G34)
I:)2,xl Cxlqz(xl)

which simplifies to
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u u Cx
ql(ty- x1) =- qZ(txl) I:)2,y’ where I:)Z,y = C_l F)2,xl (C_35)

y

The heat duty flowon factor along stream y for R
Gy = By * Gty = Gy - Pz,y)' Gy Pry (G36)

A similar analysis of the possible flmm pathways along stream x from Rjtves

an equation with the same form as above.
ut — ~ut ut — AUt ut
L71(x) _‘71(x- X) +q1(x- yl) _%(x) (1' Ps,x)' q3(y1) R’,,x (G37)

Relationship between o verall heat duty flow -on factors

Theoverall heat duty flowon factor is
g=a¢"=aq¢" (G38)

Usingthe analysis the last section and without specifying whether the -thows

to coolers or heaters, we may write

— A AUt L J Autd)
ql - a qllzx)I + a qllzy; (C'39)
which is expanded to obtain

— A ) LR ) LR ) R ) G40
ql aqlx-x) aql(x-yl) aql(y-y) a.ql(y-xl) ( 4 )

where i refers to each hot (or cold) utility exchanger. Substituting the previous

analysis gives
a=a ( 200 - Pa,x))' a ( 0 Ps,x)*'a ( ) (1' Pz,y))' a (q;(tgl)) Pz,y) (C41)

Respective temperature effectivenesB, valuesare the same for all flowon

pathways, which implies

‘71 :(1' PS»,x)é- ( ;(tg)) P.a (q3u<t§i1)))+(1' ley)a"( ;(tg)))' Pya (q;(t%) (G42)

Whidh is rearrangedo obtain
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¢=a (q;(ts)))J’ a (q;(tg))) P, y(a (q;(tg)))*' a (q;(tgl)) ))

' CG43
2 - p(E (9) & (29) 49

Consider if there was a hot utility on stream y immediately after fREn the heat
duty flow-on factor from REto the heder is unity. Similarly if there were multiple
flow-on pathways along stream y from Rize find that the sum of these flown

factors must also be unity.
&) =1Y & lgy)=1 (G44)

In the case of stream x from REhere cannot be a heater immediately aftersRE

on stream x since it is a hot stream and the utility is always cold utility.

& =0Y & (g9)=0 (G45)

Reversing the situation to look at the flesn to coolers gives the opposite result.

This analysis thereforienplies
a. (qg(til)) a (qg(tS))): 1 (G46)

regardless of whdter the flowon is to heaters or cooler3he overall heat duty

flow-on factors for REand REaredefined as
=4 (¢9)+4 (@9) (G47)

%= 9)+ 4 la9) (c48)
Substituting the above results into EG43 gives
g =1-K,q.- R,q; (G49)

The above equation may be modified to take into account stream splits, which

gives

=1- aI. (by(i)Pz,y(i)qzm) a (bx(np x(,)%(,)) (G50)

io=1 jo=1
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Heat duty flow -on factors for closed loops

In this section, lte derivation of general formulas for describing the heat duty
flow-effect in interacting closed heat loops is presentédurgroups of general
cases have been constructedigureG3) to base the analysis on. In all caseA,

Is added to REwhich is the match between stream s and t. Stream are labelled
so that the heat duty flowon effect primarily flows along stream s to kJESquare
boxes inFigureG3 are used to represent the functioB that descibes the heat
duty flow-on effect through an unspecified number and arrangement of REs.

Circles represent heat exchangers.

AN

AN

AN

FigureG3: Heat duty flowon in interacting closed loops.
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Case 1: RE positioned outside a closed heat loop
For case la and bthe RE initiating the heat duty flean effect is outside the
closed heat loopThe change in duty of WHnay be related to the inletlTes by

moving upstream through the netwostartingat Uk:.

dQut = Cut,pdTuiEp (C'Sl)
dQut = C:ut,p(33 (1_ |Dn,i )GldT(_l‘:; (C‘52)
The inletdTezis affected by theutlet dTQ & & and & that enter RE
10 =(1- P, JATS"+dTS"P, (C53)
Theinlet dTgzis related tooutlet dTesaby the closed heat loap

out — GL in —
dTg, —?dTGg, whereG_ =P, G, P,; G, (G54)

]l

Substituting into the previous equation gives
dT0 =(1- P, AT +G ATy (C55)
whichrearranges to

in - Pii out
dTg = G' dTg, (G56)

L

Substituting EgG56 into Eq.G52 and simplifying gives the following the

eguations.
10, =€, P RIS (©57
L
dQ, =Cy, L P, )f Sg' P )y a7 (G58)
L
1- G, )G,[1- G,,
-dQut:°Cut,pG“( GuJo1- 6.,)G, aq (G59)

1- G, Cis
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From which the heat duty floven factor is found,

g = Cino G(é . whereGy, =G,[i- G, )G,(- G, )G, (C60)

Applying the same procedure as Case lagieeralformula is obtainedor case
1b. As a result, the derivation is abbreviated to show only the most important
steps commentary is omitteénd only the final equation is assigned a reference

number.

dQJt = Cut,pGSPn,i GldTCI;:

GL

dTg =dTg'R, +(1- P ) ~-dTL, whereG, =(1- P, Jo, - P, )G,

]l

in _ I:)Jl out
dTg = G dTg,

- L

G,P,GP, G

dQut = Cut,p _ - d-l_l?sUt
L
u o CUv G
g = ?“’1 %L , whereG,_=G,P,,G,P, G, (G61)

The general formula obtained in cases la arnsithe same.

Case2: RE positioned inside a closed heat loop
The second group of caseskigureG3looks at how a change in area of a RE inside
a closed heat loop affects the load of JJHhe procedure for finding the general

formula for case 2 is the same as caséhk derivation is ableviatedonce again

dQ, =C,,G;1- P, )G dTo"

ut,p

eff
dTyy" = dgl +dT"{1- B,) wheredQ" =C

1,min
1,s

DT, .qde

ou G ou —_
dTGZt:(—)l_ FL’l,S T2, whereG, =(L- R,)G,P, G,
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eff eff
0= 99 sy =99 1
’ Cl,s ’ 1 Cl,s 1- GL
u o CU, G
g = ?“’1 %L, whereG,, =G,(1- P, )G, (G62)

Repeating the same procedure for c&deobtains the following formulae.

dQJt = Cut,pG3 (1- |Dn,i )Gld-ll',:’sm

eff
dTo" = dc?l +dT3"P,, wheredQ™ =C,,,DT,,de
1s
G
dTg" = P—Ld'l'fs‘“, whereG, =BG, P,; G,
1s
eff eff
aren =997 4 g greny dren :_d(?l 1_1G
Ls 1s L
C
gt =0 1P Cor , WhereG, = G3(1- P. )G1 (G63)

Cl.s 1- G,

The general formulaof cases 1a and b and 2a and b is the same:

Cip, G
ut _ o ut,p OL
= G64
-y (G64)

,S

where GoLis the function that describes the heat duty flam effect as if there

were no closed heat loogand G_describes the flowon effect within the loop.

Case3: REDT OEOQOEI T AcArnérd T10O£AA OAT T OAA EAAO 111D
Thefinal setof casesiswhereaREA 2y GKS GSR3ISE 2F GKS Of 2
in FigureG3. The changean duty of Uk may be related to theutlet dT.sof RE&

by moving upstream through the network starting atJE

dQut =C (31d-|—1,03Ut (C'65)

ut, p
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The outletdTof RE is affected bythe change in aread@®) and theoutlet dTof &
such that

eff
d-l_lf)sut = dTCSZUI(l_ Pl,s)_ dCQl ’ Where dQ:I.eT-f = C1,min DTmaxldel (C'66)

1s

The outletdTe2may berelated tothe outletdTi sby the closed heat logp

eff
dTe"=G,dT¢, wheredTd :—dc(;‘)l + P, dTe" (G67)
1t
eff
a1et=6,92 L whereG, =G,R, (G68)
z C, 1- G ’

Substituting . G68 into Eq.G66, which result is then substituted into EG65,

obtains

49 =C. Gap, L L
ut ut,p 1?2 Cl’t 1_ GL

| O&Oz

(1_ Pl,s)_ Ci

1s =

Q" (G69)

which is rearranged to find the heat duty flewn factor

o

o a1 1 1 0
¢ “CwbE gt - Pl,s)g (©70)
and simplified toobtain a general formula
Cut a Pls_ GL Q
qut —o P G e L 0 (C—?l)
' Cl,s léa:)l,s 1- GL)9
Case4:REDT OEOEIT T AA 11 OEA OAACASd 1T &£ A AlT OAA |

The procedure for case 4 is the same are case 3. Like previous cases the derivation

is abbreviated.

dQut = C C-:‘ld-r:l.f:'sUt

ut,p

dT " =dT"P L9 wheredQ™ =C,,, DT .de
1s G, 'Ls C ’ — “Lmin 1

max;1
1s
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eff
dTg" =G,dT, wheredTd = dgl +(1- P, )dng‘”

1t

eff
dTe" =G, dc?l 1 1G , whereG, :Gz(l- PM)

1t -

a1 1 1 o
dQ.=-C, G&—-G P QdQ"
Qut ut,p 162%1’5 2C1[1 GL 1,59 Q.L
C a GP.d

ut _— o ut,pG _ 271t
% C.s 1? 1- GL§

Q
Cl,s fﬁl' Pl,t)(l' GL)g (©72)

The analysis of four general cases has resultéteindentification of three general
formulas for describing the heat duty flean effect through and in interacting

closed heat loops.
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Application to a simple HEN with an interacting closed heat loop

Cold stream

Hot streams

FigureG4: Example of heat duty flowon in interacting closed loops.

Location wheredA

is added Formula
1 ha _ (1' PZ,a)(l' Pé‘»,a)(l' I:)4,a)
' 1- P4,kP2,a(1' Ps,a)
2 ha _ (1' PS,a)(l_ P4,a)
? 1- P4,k Pz,a(l' Ps,a)
ha — (1_ PA,a)
3 % _1' P4,kP2,a(1' P3a)
4 qh,a — I:)4,a - I:>4,k Pz,a(l_ Pa,a)
4

P4,a (1_ P4,k Pz,a (1_ P3,a ))
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Analysis of a terminal recovery exchanger

In this section, two general cases afterminal recovery exchangerTg are
analysedFigureG5 presentshe two cases usinggenericHEN where&lAis added
to REs 1 and 3. Initial sizing of the REs suggesatthet temperature on stream Y

can be achieved by heat recovery.

-

A

~

N

FigureGh5: Impact of increasing area of RE 1 and 3 on the duty of fREt is constrained by a
target temperature.

Caz A

By addinglAto RE, the duty on RESs reduced requiring less area and resulting in
a capital cost saving¥his cost savings needs to be added to the other capital cost
savings from reducing the area of a utility exchangine differential capital
savings of a'E i.e.dCGd dAs, caused by addindA: is

dcG, _ dQ (bnAt)q?
dA  dA (dQ/dA).

(G793

Eq.G73is the same as presentaédEq.4-11 (Chapterd) for UEsAddingdAto RE
increases its duty bgQ:, which flowson throughG; to TEz such that the heat duty

flow-on factor from REto Tk is

2 _ ~ sz
G dQ

=G (G74)
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The expression fordQ/ dA)teis based oM E beingregardedas a Ukvhereas the
slope of the effectivenesNITU relationship is derived based & being viewed

as a RBecausdhe flow rates through the exchanger are constant.

[e]

0 dP dP
d_Q2§ _ UDT ; y whereOI Y :(1- Py)(l- PyRy) (G75)
A Y 1- B, dNTU, NTU,

In Eq.G75 the slope of the effectiveneddTU relationship is presented for a

counterflowheatexchanger.

The utility savings from addirdf to RE is reduced sincéhe target temperature
on stream yis already achievednd thedQ of Uk, is zero. However there is a
flow-on effect to other UEs such as tleld utility on stream x1.To find an
expression for this new heat duty flean factor, the relationship between the

inlet and outlet temperatures of k2 are

c,
dTy =C—ydT2',”y (G76)

x1

Thenew heat duty flowon factor from REto the cooler on stream x1 is

C,X C C
ql'l:'C_XlG.LC_szz'Gle (G77)
x1

y

The incremental utility savings fken calculated using E4-7 from Chapter

based on reformulated heat duty floan factors.

Case B
Focus is now turnetb analysing case B FigureG5 where dAis added to RE
Since the change in duty df is nil, the previous chain rule expansion for the

differential capital savings of B (Eq.4-10, Chapter 4is modified.

dCC, _dCC, ~dA .dQ, .dQ n n
= 0—-0—==0—=, whered =C.dT. -

Substituting known terms into EQ-78 gives
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dcc, __dQ,_[onA™),g2 4

- , whereg? =- (G79)
dA  dA [dQ,/dA),, TdQ
The heat duty flowon factor from REto TR is
_ innX
q; = —dQ: 1 = G3 (C'8O)

An expression for the derivative of the deyea relationship is found byking

the derivative of duty with respect to area fok for case B is

4dQg _d(P,C,DT )
- X max/ — () -81
COAL, A 80

which expression expands to

dT;, .
C,DT.. dF, . P,C,—2%=0, where d(DTmaX) =-dT)}, (G82)
dA dA ‘

UsingNTUto defineAand rearranging gives

dQ', UDT, dpP,

(G83)
dA, P, dNTU,

Case B also has a utility savings reduction dueoctaitility savings contribution

from Uk,y. SncedQ is zerq thisimplies

AT =d T (C84)
The new heat duty flovon factor to the cold utility on stream x1 is

Gt =G, G, (G8Y)

With the reconstructed heat duty flowsn factors, the sum of the utility savings

may be calculated for case B.
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Appendix D
Exhaust-inlet liquid coupled loop

heat exchanger system

Intermediate loop temperatures for liquid -coupled loop heat

exchanger systems with optimum loop flow rate
The loop temperatures may be calculated using tHeTU method assuming a

fixed loop flow rateG. For energy recovery continyitit is known,
Qr:_chthQl (Dl)

The first part of this derivation focused on finding the cold loop temperattge,

Substituting the definition o€ from the-NTUmethod gives
Qr =- ecCc,min (Tcl B Tlh) (5273
The intermediate loop temperatures are related by

Q
Tp =T+ ey (D-3)

Substituting into the previous equation and simplifying gives

0o Qr 6 6
Qr = ecCc,min %c + 68_ Tc18 (D'4)
cC | =+ =
Rearranging fo€) gives

eC. .

- c~“c,min _ D_5

Qr ecCc min (Tlc Tcl) ( )
1_ ,
G

Substituting the definition o€, for Q obtains
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eCCC min
)= T(Tlc - Ta) (D-6)

1_ c —c,mn

G

ehCh,min (Thl - T

Ic

Rearranging fofic and simplifying gies

a eC
ehCh min %' e OT + ecCc m|nTc1
' C
T, = S (D7)
a € Cc min Q
ehCh,mln % 8 c c min
c G =

Assuming the loop heat capacity flow rate is defined, all variables in the above
equation are known and the cold loop temperature is defined. I@8mfiashion a

formula for the hot loop temperature may be found

& e.C, 0
C:h mlnT + eccc min % : c:h'm'“ é.Tcl
T = TR ' (0-8)
ehCh,mln % < 8 cCc,min
¢ & =

Using the formulas for the hot and cold loop temperatures, a formula for the

difference in temperature across the loop may be determined.

(D-9)

Tp-Te =

ecCc,min ehCh,min
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