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ABSTRACT

Available commercial software to simulate flowsheets incorporatingrying is
reviewedbriefly. Such software can be very cadfective in the design, analg,
troubleshooting as well as control and optimization of drying systeinsiew
comprehensivalrying softwaresuite is proposed and analyzdcky factors to the
success of drying software products atiscussed.Motivation, principles and
applications 6 the new drying software packageSimprosys which representa
major step towarddevelopment of acomprehensive dryingoftware suite, are
presented.
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INTRODUCTION

Sincethe emergence of modern electronic computeesaity 198@ ,dnowledge
developedin science and engineering has foundeadyand effective way tobe
applied to industal practicewith the help ofcomputes. Computersoftware made
solutionsto difficult and complex problemseadily available In almost all industrial
sectors engineetsdayusecomputersoftwareevery dayto do ther calculatiors and
designtasksinstead of going througtozers of handbookgo look up the needed
engineering data ando the calculatios i manual | yo o+designedi ng cust
programs Properly designedoenputer softwareanhelp increa® significantly the
efficiency and productivity of not only industry but also acadeasiavell

Over the past 30 yearspnsiderablesffort has been devotedb the development
of various software programapplicable tothermal drying [1-4]. However, few
commercialsoftware package®latal to drying and dryingystemdesignhave been
develomdsuccessfullyand well accepted by industry.

In view ofthe necessity to reduce greenhouse gas emisgia®$o concernsver
global climate change and thapidly escalating cost of energgnergy conservation
technologieswill once again become a focal point for both industry and academia.
Considering dying asa particularlyenergyconsuming unit operatiomuserfriendly



software isneededby industry and academia improve the energy efficiencyf
dryingand redge the carbon footprint of dryimgoducts

COMPUTER SIMULATION OF DRYING SYSTEMS

For thermal drying, the wet material and hot gas passthrough a dryer to
exchangeheat and mas® dry the wetmaterial Such direct dryers constitute over
ninety percent of industrial dryers in operation today according to some estimates.
When theexhaust gasomes out from thedryer,the entrained matexiiin the exhaust
gasmustgo throughsuitabledust collectors such as cyclones and baghouses to get
the entrainedproductcollected ando satisfy theexhaust discharge regulatioi$he
material, dryng gas ad dryer are th&ey componentshat needo be considereih a
drying process

After the requirednaterial properties, product requirements and production scale
are known,appropriate dryer type iselected. Selection of a dryewusttake many
aspects ird considerationNumerousrules and methodologies have been proposed
in the literature on selection of drydrvased ommaterialcharacteristics and product
requirementg29, 30] Dryer selectionis oftenthe most challenging part for the
drying systemdesgn of a materiaind is also critical to the success of the drigas
also necessary to be sure that for the selected dryer type and operating conditions, the
product quality meets customer specifications. This cannot be derived from the
thermodynamic &lculations of heat and mass balance equations.

To designa drying system fora material,lab-scaleexperimens are generally
needed to obtain the material properaes desirable operation conditions once the
dryer type is selected carefull@ncethe design requirementarespecified adrying
flowsheetmust be laid outto meet tle design requirementdNext, heat andmass
balancs of thewhole processeedto becalculatedto obtain the necessary process
parameters such as the air flow rate to the dryee capacity and power
requirements for the blower, the heat duty of the heater, the exhaust dust
concentration of theyclone or scrubber, etéinally, equipmentand processing
conditionscanbe selectedaccording to théalance calculatioresults.

For the design of some dryeascaling up calculation is needed aftee relevant
lab experiment is complete@omputational analysis of inter gasaterial heat and
mass transfessuch as Computational Fluid Dynamic (CFD) analysis offgaticles
two phag flow with coupled heat and mass transfeay be required for better
design anaptimization[5].

When drying is controlled by internal diffusiondrying kinetics analysis
(numerical methodologysuch as finite element or finite differenselutions of
governing equationsof the transientcoupled heat and maggansferinside the
material under different boutlary conditions canrhelp to significantly reduce
experimental cost in determining the drying time and optimal drying conditions.

Basedon variousaspects ofdesign, analysis, troubkhooting as well as control
and optimization of drying systemsomputer software can be helgiul in the
following ways:



1. Processsimulationand control of dryingcentered proces# thermal dryer
needsancillary pieces of guipment,e.g.heates, fans, cyclones, etc.to carry
out the drying operation For spray dryingof liquids, one may need
evaporabrs to concentrate the liquid to a certain degree béfisesent to a
spray dryer.Simulation ofthe drying operationas asystem (or the whole
drying plant) can lead toptimizeddesign and operation

2. Dryer design calculations which include basic heat and mass balance
calculations,andrelatedcalculationssuch asscoping and scalingp, can be
usedto specifythe dryer eqgipment

3. Drying kineticssimulation that predics the transientcoupledheat and mass
diffusion within the material. This iainly used to simulate differedtying
(heating) conditions to determine the drying tink&ar example, His is
particularly usefufor optimization of majormaterias such as monolithic and
prefabricatedrefractory castings[6, 7] and lumber It can also be used to
detemine the drying time of aingledrying particle under thélow and heat
conditiorsin a dryer.

4. Computationalsimulation of the inter gasnaterial heat and mass tragisf
CFD simulation of the gaparticle twephase flow withcoupled heat and
mass transfeis one of the examples of this type of simulatiGuch
simulation is mainly used for detailed design of someipeairyer such as
spray and flash dryers.

Ideally drying software should be a comprehensishg/ing suit@® consisting of
interrelated units that share the same material model, drying gas model, equipment
model and material databaseack unit in the sué covers different aspects for
design, analysis, troubkhooting as well as control and optimization of drying
systems.

Within such adrying suite userscan process their experimental data. They can
alsoselect arappropriate dryer ageta set ofappr@riate dryergecommendeafter
material characteristics(such as moister contents, particle distributioasd
experimental drying curvesand product requirementgsuch as finalmoisture
content, product qualitiequirementsare specifiedThey tiencanperformrelevant
heat/mass/pressure balamadculationsfor not only the dryer(s) but aldor the pre
and posiprocessingstagesof the drying material and theneillary unit operations
Users should be able farther carry out on the basis othe bahnce calculations,
scoping,scalingup of the dryer based o lab experimentresults or dryer rating
Users should further be able to calculate the equipment and operating cost for a
drying system.They should also be able todo advancedsimulations for dying
kinetics analysis andnter gasmaterial heat and mass transfamalysis such as
computational fluid dynamics simulation of gaarticle twoephase flow with
coupled heat and mass transtégpending on the type of dryer

The ideal drying suite shoultbntain fouressentialunits for design and process
engineersand two advanced units foesearchexr and R&D engineers. Theur
essentialnits shouldncludeall the necessary tools needed for the desigiryers
and dryingsystemdy engineers. Theye:



1. An experimeral dataprocessor that can be used to process experimental
data.
2. A dryer selector that can be used to gelist of appropriate dryers
recommendedr appropriate dryer selected.
3. A process simulator that can be used todatydrying flonsheets andarry
out heat/mass balanagalculations With the dryer model of the process
simulator, users should be able to further drill down, on the basis of the
balance calculations, to scoping, scaling up and dryer redinge flows
of air and mateal are involved it is typically necessary to estimate the air
handling power requirements as well.
4. A flowsheet cost estimator that can be use to estimate the equipment cost
and operating cost based on the process simulation results.
The two advanced unitge:
1. A set of simulators that can be used to simulate the coupled heat and mass
transfer within the dryingnaterialfor drying controlledby internal diffusion.
2. A set of simulators that can be usedstmulate the inter gasaterial heat
and mass transfe
The dataprocessor is used to establsmaterial modelwhich isneeed by the
dryer selector and process simulator. The equipment model is shared by the process
simulator and the cost estimator. The material model, drying gas model and
equipment moel can be shared by the processulatorand the simulators in the
two advanced units.
With the fouressentialnits of the drying suite design engineers should be able
design any dryingystemincorporatingany typical dryer process engineers should
be able tosimulate any drying process or drying plant to optimidee drying
operation
With the two advanced units of the drying suite researchers and R&D engineers
can do coseffective simulations for better desigoptimizationand control.With
simulaton of the internal heat and mass transfinying time underdifferent
operating conditions came predicted to helpoth processand dryerdesigrs. With
simulation of the inter gasiaterial heat and mass transfgeometryand details
inside the dryer cabe experimented undedifferent heat and flowconditionsto
optimize and refineryer geometry and drying conditions. Researchbars usethe
two advanced unit® effectivelydevelopinnovative conceptand ideas in dryin{g,
26, 21.

AVAILABLE DRYING SOFTWARE
Available commercial drying software is limitgdr various reason$l]. A
searchidentified onlythreecommercialsoftware packagespecificallyintendedfor
drying. They are Simprosys, dryPAK an®rySel. Here we will discuss these three
paclkagesvery brieflywith some erphasis on the latest one viangrosys.

Simprosys



Simprosysis a Windowsbasedprocess simulatodeveloped by Simprotek
Corporation ywww.simprotek.coq It can be usedfor flowsheet design and
simulationof drying and evaporation systeniscan also be usefr the designof
dryers It is developed using the ntasdvanced software technology videt and C#.

Simprosys 1.01 covers 19 unit operationsvig. solids dryer, liquid dryer
cyclone, air filter, bag filter, electrstatic precipitator, wet scrubber, scrubber
condenser, fanblower, compressor, steam jet ejector, pump, valweater, cooler,
heat exchangewhich canalso beused as arevaporator liquid-vapor separator,
mixer and tee Users can construct any drying and evaporation related prtxess
explore different arrangements of unit operations and experiment with different
operating conditionsSimprosys 1.0kanalsosimulate recycled exhaust gas stream
and product mateal stream irthe process

Simprosys has aiserfriendly and intuitive user interface with maximum
protection to prevent users from making simple mistakes. Users of this software
require minimal seHraining and effort to use it effectively.

Version 1.01of Simprosyscurrently covers only the awater system and is
usedmainly for heat and madsalance calculations. Extension to other-gaganic
liquid systemsto dryer scaling ugs under development

dryPAK

dryPAK is a DOS basedryer desigrsoftwae packageleveloped bylechnical
University ofLodz

dryPAK 3.6 doeslryer desigrealculations including heat and mass balance and
drying kinetics calculationsThe equilibrium method or the characteristic drying
curve method can becombined to model # process kinetics. Mass transfer
coefficients and other kinetic data can be entered to calculate the dryer length.
Drying kineticsis based orFickd giffusion equation for three basic geometries
(plate, cylinder and sphere) and two types of boundaryitonsl for isothermal or
adiabatic casdt can also do rcillary psychometric calculation$t covers not only
air-water system, but also many other -gatvent systemsinterested readersan
refer to [9] for details abouhis software package.

dryPAK is a good dryingspecific software package. Howeviérwas developed
ontheDOSplatformand has not been upgraded to Windgets

Dry Sel

DrySel is an expert system marketbg Aspen Technology for dryer selection.
It lists and compares many options &ser 50 different types of dryer to perform a
chosen drying dutyit is a proprietary softwarngackage

DrySel can providea range of promising dryenwith their advantages and
disadvantagedt is an expert systembut also corgtins some numerical cal@tion
capabilities After input data isobtained mjor choices are then addressed; batch or
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continuous mode, contact or convective heating, basic type of feed and options for
feed or product modification. leach case, theoftwaretells uses what factors
should be considered when making theice, and offers advicelsels may keep all
options open or concentrate on a selectidre softwareevaluates the overall merit
factors for the selected dryers, based on over 50 rules covering material properties,
specified throughput and moisture content, safety and environmental factors. The
output data is extensive and a numbeoptfons are providedryers may be ranked
in order of merit score, and both graphical antherical displagareprovided.

As is well known, selection of dryers isnore of an art andexperiencethan
engineering and sciencevén top dryer expertsight makedifferent choices for the
same material and design requirements since it relies much on the experience and gut
feeling. Software aplication has been proven very effective fargameering and
scienceproblems. It is less effective for problems featured by art and experience due
to its fuzzy andindeterminationcharacteristicsHowever, DrySel is still a useful
software tool to helprpcess engineeraake goodiesigndecisions.

Other Drying Related Software

Many authors have developed CBBsed models of dryers e.g. spray, fluid bed,
flash, impinging jet etc. Most are developed as parts of R&D projects in academia
and are not openlyvailable and often not usétiendly. They are also of limited
validity over parameter ranges tested. Such models give detailed quantitative
description of the flowfield, temperature and humidity fields, local particle
temperatures and moisture conterits 8uch information obtained by solution of the
governing differential equations of conservation of mass, energy, momentum and
species along with equations describing turbulence, particle motion, thermophysical
property variations etc. For dryer scopingls detail is often not needed.

For spray dryer simulation many research groups have carried out CFD studies.
For general purpose use, NIZO food researcle (Watherlands) has come up with
general purpose spray dryer modeling softwaaekagecalled DnSPEC2(DRYer
System for Property and Energy Control), which models the processing conditions,
energy usage, powder properties etc. fovadtage spray drying systerid. This
model uses heat and mass balance equations, sorption equations etc. anahmeeds s
calibration data before parametric studies can be carried out. This software has been
successfully tested in spray drying of milk, whey permeate etc. It has been used to
raise capacity by up to 20% and hold product moisture content within 0.05%. For a
detaiked model based on CFD, NIZOdalsodeveloped softwarepackagesntitled
DrySim. Such a model can be very useful in examining effects of geometry, flow
conditions etc which can be useful for troubleshootif&B]. Models for
agglomeration are alsacluded in this software.

In existingprocess snulatoss, Hysysdoes noincludea dryer unitAspen Plus
includesa dryer unit which appears to be too simplistidoe ofmuchpractical use
Popular pocess simulatarlike Hysys, Aspen Plus ProSm were designed mainly
for materials of very well definecchemical compositions Thdar fundamental



calculationsare based orc 0 mp o nliqurdivapdr equilibriumwhich is calculated
accordingo gas state equation. Therefore, flseindationof theseprocesssimulators
the stream modeis based orthe flash calculations gbressuretemperatureand
enthalpy.Such astream modeis extremelydifficult to deal with drying related
simulations sinceghey needspecific state variables such as @bt and relative
humidity, wetbulb and dew point temperature. The stream model of these process
simulators also has difficulties dealing withsuchmaterialsas food and agricultural
products which do not have a well dafed molecular comition. Even if Hysys
and Aspen Plus would be able to include reasondyler unit operatiors they are
not affordable fomost, if not all, of thedrying audiencesincethe liceneng feesof
these software packages eather steep

It is worthwhile to mention that a web-based online librarycalled Process
Manual includesdrying as one of the 10 technical are@sictly speakingProcess
Manualis an electronic libraryatherthan asoftwarepackage

Anther effort worthwhile to mention ishat Microsdt Excel combinedwith
Visual Basids used to modednd simulae dryer design$l1]. However, this canat
be regarded as mainstream of drying softvediteough the approach may have some
potential

Althoughsomesoftwarepackages aravailablefree on heinternetfor humidity
and psychromeic calculations, they all aref very limited value since real world
calculations related to drying is much more complicated than only humidity and
psychrometricalculations.

KEY STO SUCCESS OFDRYING SOFTWARE

It is well recognizd that applicationof properly designedirying softwarenot
only makes engineers much more productibet alsoleads tobetter desigrs and
optimizedoperatiors. However, fewcommercialdrying software products have been
developed and weklccepted by the dryingppmmunity Kemp [1, 2]attributedthe
lack of drying software to the following four reasons: ¢@inplexity of calculations
(2) difficulties in modding solids (3) limited market and lack of replicability(4)
changes in operatirgystem software
In authos @pinion, this is due to one major reason. The process of software
developmenso farlacks thenvolvementof theglobaldrying industry. If engineeés
needs amot be accurately captured, no matter how much effort is devoted
development of drying software would be difficultiboplement commercially
Inappropriaterequirementcaptue is the major reason ofofware project
failures. Accuraterequirementsmust come from thse who need the software.
Software developers cantha | w aguess what usersneed. Theyneedrelated
domain expedandpotentialusersactivelyinvolved soas toknow whattheyreally
needand toreceivevaluable feedbackGettingdrying industryto be involvedn the
process of software developménthe key to success tie resultingsoftware
Easyto-use is an important factorfor success ofany drying software. An
intuitive and easyo-use interface will make uséigarning curve much shorter



Making the softwareaffordableis another key to theuscess of anydrying
software productAlthough drying competes with distillation as one of the top
energy consuming unit operat®rdistillation centered software products such as
ASPEN Plus and Hysys are very successful and well accepted by industyy. Ea
modeling of liquid andeplicability [1] may be part of the reasons for their success.
However, the huge production scale of gasolmel other chemical products to
which these software packages are appisethe major reasonVith such a huge
producton scale as gasolinefor a refinery plant, anymprovementsin energy
efficiency through simulation caproduce huge profit. Thereforegfinery industry
can affordvery expensive software such as ASPEN Plus and Hysys. In contrary,
drying products are sawersified and there is not a single product whose production
scale can be comparahleTherefore, affordability of drying softwareis very
important tothe drying community

MOTIVATION FOR SIMPROSYSDEVELOPMENT

Process simulators such as ysre verypopular in both industry and academia.
Hysys ha very good philosophy to handieserinteraction with the softwardVith
Hysys t is easy for engineers tpickly layoutout a flowsheetanddo thenecessary
heat/masgfressure balance calculatoormhey @an easily study the dkcts of input
parameters omutput parameters in a big flowsheet that costaiozens of unit
operationsHowever, Hysys igil and gas pcess centered

Application of the Hysyphilosophyto drying centered procesarcgeneate an
excellentsoftware tool forhandlingdrying-related problem However, such a tool
was not available heretoforehi® planted the seddr development oSimprosysas
a tool specifically geared to handle dryers and related ancillary equipment in
conplex flowsheetsSince drying is a unit operation found in almost all industrial
sectors, we believe that it has lot of potential applications to improve energy
economics and emission control.

Simprosys was developedusing the most advanced software tedbgy,
Microsoft .Net and C#to fill the void of process simulation for materials thanadt
have a clear definitionf compositionslt is started with drying and evaporation as
its typical target processes. Howeviis doesnot limit the softwareonly to such
processedt is useful for academic as well as industrial use.

PRINCIPLES OF SIMPROSYS
The drying flowsheet model and dryer modef Simprosysare based on
extensive studiegppresented insome of the most authoritative handboés by
Mujumdar [L2], Masters 3] and Perry 14].

Drying GasModel



The calculationsof asolute humidity relative humidity wet bulb temperature
dew point temperaturdumid volume humid heatand lumid enthalpyare based on
information found irPakowski and Mujumdar15].

For airwater systemthe properties (includingaturation pressuyef liquid and
steam ofwater are calculated according thet 1967 ASME Steam Table$he
properties of dry aiarealso based oRerry [L4] (section 2 Physical anl Chemical
Data) For other solvengas systeméwhich arebeing developedguch as aicarbon
tetrachloride,air-benzene andir-toluene the liquid and stam peropertiesf the
solvent are calculated according t@erry [L4] (section 2 Physical and Cheroal
Data).

Dryer Models

Fora continuougonvectivedryerthe heat and mass balansas follows:

W, (Yo - V) =W, =W, (X, - X,) (1)
WG(IGI - IGO) +Qc +W :Ws(lso' ISI) +Q +|I?t +Qm (2)

in which Ws is thegas mass flowrat@dry basis) Yo and Y, are gas outlet and inlet
absolutehumidity, respectivelyWs s the solidthroughput (mass flowrawdry basi3;

X, and Xo arethe inlet and outlet moisture contgdry basis) respectivelyg and
lco are gas irdt and outlet specific enthalpis andlsp are solid inlet and outlet
spedfic enthalpy, respectively). is indirectly supplied to the dryeQ is heat loss
of the dryer q@Q; is net heat carried in by transport deyiQg, is mechanical energy
input.

In the Simprosys dryer modelpy can specifythe gas inkt temperature and
humidity and either the gas outleiemperatureor outlet relative humidity or the
outlethumidity to calculaténow much drying air is neede®ou can alsspecifythe
gas inlet flow rate, temperature and humidityctdculatethe gastemperatureand
humidity. Due to space limit we can not list all the functionalities of the dryer model.
Interestedreaders can go twww.simprotek.comto download a tel version of
Simprosys 1.01 and try it out.

In addition to the heat dnmass balance calculations, the Simprosys dyer also
has a simple scoping model based Kemp [16]. After heat and mass balance
calculation you can input the drying gas velocity in the dryer to get the size of the
dryer calculated.

Material Property Model

Current material modah Simprosyssupports two types of materials. One is
generic material type and the other is generic food type.

For drying related balance simulatioh a generic materiagyou only need to
provide the specific heat of th®ne dy material. The specific heat of the material
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with moisture content is a weighted average of blome drymaterial and the
moisture

c:WetMat: (10 - W)CDryMat + WCMoisture (3)

Where Cwetvas Corymat, Cwmoisture represent specific heats of wet matertadpe dry
materal, and liquidmoisturerespectively andv stands for the moisture content of
the material.

When evaporation related balance simulation is invqlaedring lines of the
material solution to account for boiling point rigee required as input addition to
the specific heat of theone dry material

For a generic food material the basic compositions of the matexgals to be
specified 5 basic componentsonstitute a generic food material in addition to its
moisture.TheyareCarbohydrate, Ash, FilbeFat and Protein.

The specific heat of a generic food material without mogstcontent is a
weighted average of each of the 5 basic components. The specific heat as a function
of temperature for each of the 5 basic components is listed in Tble18].

Carbohydrate C, =15488+1.9625 10°T - 5.939% 10°T?
Ash C, =1.0926+1.8896* 10°T - 3.6817 10 °T?
Fibe C, =1.8459+1.8306° 10°T - 4.650% 10 °T?
Fat C, =1.9842+1.4733 10°T - 4.8008 10 °T*
Protein C, =2.0082+1.208% 10°T - 1.312% 10°T?

Table 1 Specific Heat of Generic Food Components

The unit of temperature T ¥€ and thaof C, is kJ/kg.°C in Table 1.

For drying relatd balance simulatiogou need tespecifythe mass fraction for
each of the 5 basic componeisobtain the specific heat of the bone dry material.
The specific heat of a generic food material with moesis a weigted average of
thebone dryfood material and the moisture, which can be calculated bgtoag 3.

Other Unit Operation Models
The heat exchanger model Simprosysis based oril4, 1922]. The cyclone
model is based on [14, 23,]2Z he electrostatic necipitator model is based on [14,
24). Thewet scrubber models are based [14, 28 the other unit operation models
of Simprosys are based &erry [L4].
SOME ILLUS TRATIVE APPLICATIONS OF SIMPROSYS

Using the unit operation modulgzrovided by Simprosys one can readily
constructany drying and evaporation related process to model, design and analyze.



One can also readily explore different arrangements of unit openaé and
experiment with different operating conditions to optima&ernatedesigns and
operations.

Design @ginees can useSimprosysto design drying and evaporation related
plants. Based on design requiremeriteey can quickly layout the flowsheet @n
compute the heat/mass/pressoaganceof the whole plant and obtain the necessary
process paraners such as the air flow rate the dryer, the capacity and power
requirements for the blower, the heat duty of the heater, the exhaust
dust concentrationf the cyclone or scrubber, eftheythen can chase equipment
according to theimulation results.

Process engineecsain simulateexisting plant by easily laying otiie plant on a
flowsheetand input the opetimg conditiongo see how efficienturrent operation is.
They can try different operating condiheto optimize the operation.They canalso
use Smprosys as an effective troublooting tol to find which unit is not working
as designed

University instructors will find Simprosys an efficient teacting tool for
undergraduate angbstgraduate students working on design and research projects in
chemical enipeering unit operations, foodgrocess engineering, agricultural
engineeringetc. They canshow students the effects of the input parameterthe
outputparametersf a typical plantWith Simprosysstudents can do whdt analysis
which otherwise would take unrealistically lomigné to accomplish.

Threeexamplesare selectetiereto demonstratepplications of Snprosys The
first example isa two stagedrying flowsheet withthe exhaust gas from the second
dryer mixed with fresh air as the first dr§giinletgas.The second one is a typical
drying flowsheet with a recycled material stream. The third one is a combined two
effect evaporationrad two stage drying flowsheet.

Readers can develop their own flowsheets in a short time efaigling.

Example 1-- A Drying Flowsheet with Recycled Exhaust Gas Stream

The dying materialis liquid. Feedsolid content= 057 kg/kg wet basisFeed
temperature 400 °C. Feedpressure= 101.3 kPa.The materialgoes through a spray
dryer to be dried to a moisture content of 0.08 kg/kg wet basis. Then it goes through
a vibrated fluidized bed dryer to get the product dteetthe finalmoisture contenof
0.0 kg/kg wet basisSpecific heat of théone drymaterial = 1.26 kJ/k§c. Mass
flow rateof wet material= 2000kg/hr.

Drying air. Initial pressure = 101.3 kP#nitial temperature (drpulb) =20 °C.

Initial absolutehumidity = 0009 kg/kg Mass fow rateof humid air= 15000kg/hr.

Drying airgoesthrough an air filtewith a pessure dropf 0.3 kPa. Assume dust
volume concentration is 0.1 gincollection efftiency of the air filter is 98% and
filtration velocity is 2.5 m/s. Drying air thegoes througla blower (the efficiencyis
0.73) to gain4 kPa static pressure, thendhgh a heater to be heatedB®°C before
it is split into two stream, one goes directly to the vibrated fluidized bed dryer; the
other is further heatethrough a heateto 240°C and thengoesto the spraydryer.



Pressure drop of air ithe first and seconteater is1.0 and 0.6kPg respectively
Pressure drop of air ithe spraydryerand the fluidized bed dryés 12 and 1.0kPa
respectively The exhaust air entran0.1% ofthe total materiain both dryers
Exhaust gas from the spray drygoes through a cyclone to colle@5% of the
entrained dust material. Pressure drogaxd inthis cyclone is 0.6 kPaExhaust gas
from the vibrated fluidized bed dryer algoesthrough a cyclone to collect 95&
the entrained dust material. Pressure drogasf inthis cyclone is 0.6 kPaExhaust
gascoming out of the cyclongoes through hlower (the efficiency of the fan is 0)7
to be compressed to 10Xk#aand then isnixed with the fresh air coming ouf the
Heater2 andsentto thespraydryerinlet.
The established flowsheet using Simprosys is displayed in Figure 1. The

simulated result is shown in Figure 2.
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Figure 1Flowsheet with Recycled Exhaust Gas Stream



[® Edit Flowsheet Data

Close Report Customize.

= a1 [Gas2 [Gas3 Gasd Gas5 [Gar6 Gas7 [Gac8 [Gas9 Gas 10 [Gas 11 Gas 12 Gas13 [ iFiter 1

Mass Flow Rate Wet Basis (ko/h) 15000000 15000000[ 15000000 15000000[ 8773017 8773017 15856474| 15856.474| 6226983  6322687|  6322587| 15095604] 6322587 |Gas Pressue Diop (kPa) 0.300

Mass Flow Rate Diy Basis (ka/h) 14866204  14886204| 14866204 14866.204|  G694764|  8694764| 14866204  14866.204| 6171440  6171.440[ 6171440 14866.204] 6171440 | Collction Efficiency 0.595

Valume Flow Riate (m3/h) 12522086|  12559.287| 12215855| 14901.426|  6715.385| 12559656  15308039| 15398493| 6186062  5774.026]  5767.638| 18339214  5807.870 |Inlet Particle Loading (g/m3) 0,100

Pressure (kPa) 101,300 101.000 105,000 104,000 104,000 103400 102200 101,600 104,000 103.000 103400 103400 102400 | Outet Patticle Loading (g/m3) 0,000

Diy-bulb Temperature ('C) 20,000 20000 23278 85.000 .000 240,000 56,167 58168 .000 50000)  508% 160663 50,001 | Particle Colection Rate (ka/h) 1.246

Wetbulb Temperature ('C) 15.383 15.353 16923 2692 2692 51.270 46952 46848 2692 32,94 33188 45473 32879 | Paticle Loss to Gas Oullet (ka/h) 0.006

Dew Point Temperature (T 12.458 12413 13005 12,859 12858 12770 45602 45487 12,853 28548 28614 21110 28,447 | Fitration Velocity (m/s) 2500

Absolute Humidity (korkg) 0.003 0,009 0008 0,003 0,003 0,003 0.067 0067 0.009 0.024 0.024 0015 0,024 | Total Fitering Avea (m2) 8696

Relative Humidity 0618 0616 0524 0.026 0.026 0.000 0540 0537 0.026 0316 0.304 0.004 0314 Cyclone 1 |Cyclone2

Specific Erthalpy (k/kg) 2377 w2377 45885 108,048 108,048 266,070 217.447 217.447 108,048 10747 111,685 201,400 110,747 | Gas Pressue Diop (kPa) 0,600 0600

Huid Heat (ki/kg *C) 1018 1018 1018 1.022 1.022 1.045 1128 1128 1.022 1.048 1.048 1043 1.048 | Collection Efficiency 0550 0950

Densiy (ka/m3) 1198 1194 1228 1.007 1.007 0699 1.03% 1030 1.007 1.095 1.0 0823 1.089 | Inlet Particle Loading (a/m3) 0.081 0198

i a1 Mat2 Mat3 Mat 4 Mats Outlet Particle Loading (g/m3) 0.004 0010

Mass Flow Rate Wet Basis (ka/h) 2000000 1237.891 1141145 1177 1.085 Particle Loss to Gas Dutlet (kg/h) 0.062 0057

Mass Flow Rate Dry Basis (ka/h) 1140,000 1136.860 137.221 Dryer 1 [Dyer2

Volume Flow Rate [m3/h) Gas Pressure Drop (kPa) 1.200 1.000

Pressure (kPa) 101,300 Heat Loss (kW) 0.000 0.000

Temperature ('C) 100.000 55,000 52,000 Heat Input (kW) 0.000 0.000

apor Fraction 0.000 Work Input (KWw/) 0.000 0.000

Moisture Contert /et Basis (kg/kg) 0.430 0080 0003 Heat Loss by Transport Device (KWw) 0.000 0.000

Moisture Content Diy Basis (ka/kg) 0.754 0.087 0003 Moisture Evaporation Rate (ko/h) 760,670 55,604

Mass Concentration (ka/ka) 0.570 Specific Heat Consumption (kJ/kg) 2831.148 4272023

Specific Erthalpy (ki /kg) 252023 82175 65977 Thermal Efficiency 0.757 0543

Specific Heat (k)kg 'T) 2533 1433 1.263 Dust Entrained in Gas/Material Total 0,001 0,001

Specific Heat Dry Basis (ki/ka.'C) 4443 1.623 1273 Gas Outlet Dust Loading (g/m3) 0.078 0181

Dersity (ka/m3) Fan1 [Fanz
Static Pressure (kPa) 4000 1,000
Total Discharge Pressure (kPa) 4.000 1.000
Efficiency 0.730 0.750
Poveer Input (KW) 13116 2151

Heater 1 Heater 2
Pressure Drop (kPa) 1.000 0600
Heat Loss (kW) 0.000 0000
Heating Duty (W) 259,847 35092
A

Figure 2Simulation Resultfor Example 1



With Simprosyst is easyspecify the absolute humidity of the fresh air instead of
relative humidity, or spafy the heating duty of the heater rather than the air inlet
temperature of the dryer to simulate the flowsh@eiecan also change the material
inlet temperature and/or moisture content to see how the air outlet temperature and
humidity change.

Example2 -- A Drying Flowsheet with Recycled Material Stream

The materialto be drieds in the form ofsolid particlesInitial moisture content
= 0.25 kg/kg wet basis. Initial temperature =%0 Product temperature = 78&.
Product moisture content = 0.068/kg wet basis. Specific heat of thene dry
material = 1.26 kJ/k§c. Mass flow rateof wet material= 1000 kg/hr

Drying air has the following conditiongnitial pressure = 101.3 kPanitial
temperature = 26C. Initial relative humidity = 0.3. Mass flow rate of humid air=
10000 kg/hr

Drying air geesthrough an air filter. Pressure drop in the air filter is 0.3 kPa.
Assume dust volume concentration is 0.1 Yj/oollection efficiency of the air filter
is 99.8% and filtration velocity is 2.5 m/s. ybng air then goes through a fan (the
efficiency of the fan is 0.7) to gain 3 kPa static pressure, then through avkitatzr
heating duty of 246 k\WPressure drop of air in heater and dryer is 0.8 kPa and 1.2
kPa respectively. The exhaust air of theedrgntrains 0.1% of the total material into
the dryer6s gas out lam needs to gogheooghadriiteeto g a s
collect the entrained dust material. Collectigfficiency of thebag filteris 99%.
Pressure drop of air in thmag filteris 0.6 kPa.

The dryer requires that the feed moisture contemt pasis)is lessthan 0.15
kg/kg. As is known, initial moisture content (wet basis) of the matsridl25 kg/kg.
Onesolution is to mix a portion of the dried material product with tesHrmaterial
to decrease the moisture content to the requireidture contentevel and then feed
the dryer.
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Figure 3Flowsheet witlRecycled Material Stream
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[§ Edit Flowsheet Data JT @@

Close Report  Customize...
Gas Stieams:| Gas 1 Gas2 |Gas 3 |Gas 4 |Gas5 |Gas6 Air Fitess:| AirFilter 1
Mass Flow Rate Wet Basis (ka/h) 10000.000 10000.000 | 10000.000 I 10000.000 I 10248.497 10248.497 | Gas Pressure Drop (kPa) | 0.300
Mass Flow Rate Dry Basis (ka/h) 9910.803 9310803]  9910803] 9910803  9910.803 9510803 | Collection Efficiency 0938
Volume Flow Rate (m3/h) 8348067 8372858 8199726 10710114  9317.853 9373.013 | Inket Particle Loading (g/m3) 1.000
Pressure (kPa) | 101,300 101.000| 104.000 | 103200 102.000 | 101.400 | Outlet Patticle Loading (a/m3) 0.002
Dry-bulb Temperature () | 20,000 | 20,000 | 22468 110,000 [ 73| 43731 | Particle Collection Rate (kg/h) 8331
Wet-bulb Temperature ('C) | 15,383 15,353 16582 36,866 35.628 35538 |Particle Loss to Gas Outiet (kg/h) | 0.017
Dew Point Tempeature (°C) 12.458 12413 12859 12.741 | 33.923 33817 |Fitration Velocity (m/s) 2500
Absolute Humidy (ka/kg) 0.003 0003 0009 | 0.003 0034 0.034 | Total Fitering Area (m2)
Relative Hurridity 0618 0616 0546 [ 0,010 0550 0587 Bap Fitersi| BagFier 1
Specilic Enthalpy (kJ/ka) | 42.377| 42377| 44868 | 133.368 | 127.287 | 127.287 |Gas Pressure Drop (kPa) [ 0.600
Humid Heat (ki /kg °C) 1.018[ 1.018] 1.018] 1.024] 1,086 1.086 | Collection Efficiency 0990
Density (kg/m3) 1198 1194] 1220( 0934 1.100| 1.093 | Iniet Particle Loading (9/m3) 0161
Material Stieams: [Mat 1 [Mat2 |Mat 3 [Mat 4 Mat5 Mate Outlet Patticle Loading (a/m3) 0.002
Mass Flow Rate Wet Basis (ka/h) 1000.000[  1750.000 1500.002| 750,001 | 750,001 750.000 |Particle Collection Rate (ka/h) 1.486
Mass Flow Rate Dry Basis (kg/h) 750,000 | 1498500 1497.002 743501 748,501 | 748500 |Particle Loss to Gas Outiet (kg/h) 005
Volume Flow Rate (m3/) [ | I [ Fitiation Velocity (m/s) 2500
Pressure (kPa) | [ [ | | | Total Fiteting Area (m2)
Temperature (°C) | 20.000| 37775 | 75.000 | 75.000 75,000 | 75.000 |Bag Diamster (m) 0300
Vapor Fraction | [ [ | | | Bag Length (m) 2000
Moisture Contert \Wet Basis (kaska) | 0.250] 0144 0002 0,002 0.002 0.002 | Number of Bags
Maisture Contert Dty Basis (ka/kg) 0333 0168/ 0002/ 0.002| 0,002 0.002 Diyers:| Dryer 1
Mass Concentration (kg/kg) | | | | Gas Pressure Drop (kPa) [ 1.200
Specilic Enthalpy (kJ/kg) ] 39689 63482 94939 94939 94.939 94939 |HeatLoss(kw) 0.000
Specific Heat (ki kg *C) 1.992| 1.681| 1.268 | 1.268 1.266 | 1.265 |Heat Input (kW) 0.000
Specific Heat Dry Basis (kIkg °C) | 2657 1963 1.268| 1.268 1,268 1.268 | Work Input (k) 0.000
Density (ka/m3) | | | | | | HeatLoss by Transport Device (W) | 0.000
Moisture Evaporation Rate (ka/h)
Specific Heat Consumption (k) kg)
Thermal Efficiency
Dust Entrained in Gas/Material Total 0.001
Gas Outlet Dust Loading (g/m3) 0147
Fans|Fan1
Static Pressure (kPa) | 3000
Total Discharge Pressure (kPa) ’Wﬁ
Efficiency 0700
Power Inpul'[k\A'/l m
[ JHeate: 1
Pressuie Drop (kPa) | 0.800
Heat Loss (K] 0.000
Healing Duty (k)

Figure 4 Simulation Resulfer Example 2

A tee is required to split the product madérinto two streams One goes
through a ecycle and mixes with the fresh material in a mixer and then introduced
into the dryer material inlefThe estalished flowsheets displayed in Figure 3. The
simulated result is shown in Figure 4.

Simulation resus indicate that one half of the dry product from the dryer needs
to be mixed with the original material to satisfy the material inlet moisture content
requirement.

With Simprosydhe designecaneasilyspecify the absote humidity of the fresh
air instead oftherelative humidity, or specify the air inlet temperature of the dryer
rather than the heating duty of the heater to simulate the flow#hisetlso possible
to change the material inlet temperature and/or moisture content, or the dry product
ratio recycled (e.g. 40% or 60% dry product to be recycled) to see how the air outlet
temperature and humidigre affected



Example3 17 Combined Evaporation and Twot&ge Drying

Liquid material of 50000 kg/hr flow rate is initially at a mass conceimatif
0.13 kg/kg and a temperature of°8. It needs to be concentrated to a mass
concentration of 0.57. Material density is 720 ky/mt room temperature.
Concentration process needs to be performed at around atmospheric pressure.
Specific heat of the matial without moisture is 1.26 kJ/K&. The boiling point rise
of the material solution can be described by the following Durhing érpeessed in
Table2

Table2 Durhing Lines

Mass Start Boiling Point {C) End Boiling Point {C)
concentration Solvent Solution Solvent Solution
(kg/kg)

0.0 50 50 200 200

0.2 50 52 200 203

0.4 50 55 200 207

0.6 50 59 200 212

Concentrated liquid materi& dried through a two stage drying process. It first
goesthrougha spray dryeto be dried to anoisture contet of 0.08 kg/kg (wet basis)
It thengoes througha vibrated fluid bed dryeto be dried to anoisture contenof
0.03 kg/kg (wet basis). The diryg air of the spray dryds at 103.2 kPa and 14.
The exhaust aiof the spray dryeis at 68°C. Dried material from the spray dryer is
at 55°C. The drying air of the vilated fluid bed dryeis at 103.2 kPa and 8G. The
exhaust airof the vibrated fluid bed dryer is at 58C. Dried material from the
vibrated fluid bed dryer is at 5. Part of the secoady vapor from the second
effect evaporator is used to preheat the drying air

Concentrationof the liquid can be achieved by a twadfect falling film
evaporation process. The initial liquid material is first preheated using part of the
secondary vapordm the second effect evaporation to about®5Then part of the
thermally compressed secondary vapor from the first effect is used to further heat the
material to nearly the bubble point of the material. It then goes to the first falling film
evaporatooperating at a pressure of 106 kPa. Water vapor of P@5Skused as the
heatingsteamfor this evapaator. Vapor and liquidnixture coming out of the first
evaporator goes to a liguichpor separator to separate the concentrated liquid with
the vapor. 8condary vapor coming out of the separatarosipressed with a fresh
steamof 350 kPa using a steam jet ejector. A very small potion of the compressed
secondaryapor is used to preheat the feeding matdr@h 85 °C to nearly the
bubble pointas indica¢d before The majorityof the compressedecondaryaporis
used as the heatingteam of the second effect evapovat The secondeffect
evaporator is operating at about 100 kPa. Lieador mixture coming out of the
secondeffect evaporator goes to arnar liquidvapor separator to separdiee



concentrated liquidvith the vapor. As is mentioned above part of the secondary
vapor is use to preheat the feeding material.

The established flowsheet is digged in Figures. The results of the calculation
are shown in Figure Blote that not all results are shown in the table due to space
limitationin Figure 6. Interested reademsy visit www.simprotek.conto download
a trial version of Simprosys 1.01 and load Exaefll in the Tutorial to fully study
this example.
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Figure 5 Combined Evaporation and Drying Flowsheet
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Figure6 Simulation Results dExample3



