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ABSTRACT

Drying kinetics of skim milk solutionisinvestigated inthiswork. Dry oven
method used to determine the characteristic drying curves. The experi-
mentsare carried out at two temperatures of 45°C and 60°C and three differ-
ent initial solid contents. The obtained characteristic curvesfor drying rate
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are normalized, based on asimple masstransfer model in which the drying
rate is considered as a first order reaction. These normalized curves are
independent of temperature and initial concentration and coincidetogether.
The obtained experimental dataare applied to identify asimple masstrans-
fer model parameter. Finally a relative humidity factor f, is obtained as a
function of ¢, characteristic moisture content. This model can be used in
CFD modeling of spray dryersfor simple and efficient calculations.
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INTRODUCTION

Dehydration operations are important steps in
chemica and food processingindustries. Regardingthis
fact, drying technol ogies along with better control and
operationa strategieshave contributed to abetter qua-
ity dried products. Spray dryingisawe I-known method
for drying that nowadays coverslarge number of appli-
cationsfor productsranging from food to minera ores
and chemicals. It isthe core component of amilk pow-
der production plant. Themoisture content of milk pow-
der isoneof the predominant factorsfor preservingthe
quality of theproduct!®. Thereisagreat need for dry-
ing model sto describethe drying processwhich hel ps
initsoptimization and can be useful in effectivedesign
of dryersor improve existing drying systems”. A dry-
ing process can be described compl etely by using an
gppropriate drying model, which usually includes dif-

ferentid equationsof heat and masstransfer intheinte-
rior of theproduct and a itsinter-phasewith thedrying
agent!®, Having mixed amasstransfer model withthe
knowledge of thedrying kinetics, theca culation might
be simpleand efficient. Drying kineticsof the products
arethe most important required datafor design and
simulation of air dryerd3. Also these models can be
used in CFD software to reduce calculations and
achieve moreredigtic performance.

Infact characteristic drying curvewhich expresses
thetimehistory of temperature-moi sture content could
be used to propose a mass transfer model®®. In the
recent years, severd investigationshave been conducted
on thedrying kinetics of different food and chemical
materials. There have been more than 200 drying ki-
netics modelsoffered for variousfoodsin thelitera-
ture, whichareformally characterized by two different
physical and empirical approaches”. But theexisting
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differencesamong themodd formulations can be con-
siderable. Chen & Lin@ havestudied air drying of milk
droplet under constant and time-dependent conditions.
An attempt has been made to examinetwo significant
model sin amore comprehensive manner. One model
isthe characteristic drying rate curve approach and the
other (new) model isthe reaction engineering approach.
Themodd predictionsarecompared against avery wide
range of experimentd resultsincludingisothermd and
time-varying temperature conditions. Both modelspre-
dict and cover theexperimenta resultsreasonably well.
Besides, theresultsindi cated that the reaction engineer-
ing approach modd isbetter than theothers. The char-
acteristic drying rate curve approach assumes before-
hand thefalling ratein all kindsof conditionsfor milk
droplet drying, whereasthe reaction engineering model
amply reflectstheexperimentd resultsclosdy. Zbianski
et a.® have devel oped amethod for measuring drying
kineticsof different productsin adispersed sysem. They
used phase doppler anemometry (PDA) techniqueto
determineinitia spray atomization parameters, thestruc-
ture of spray during drying, particlesizedistribution,
velocity of the particlesand mass concentration of the
liquid phase, etc.

Themain objectiveof thisresearchistoformulate
an accuratemode for analyzing thesimulated drying
kinetics of skim milk samplesbased on agood fit on
the corresponding moisture content. Thiskineticsmodel
isto beusedin CFD modeling of aspray dryer used
for skimmilk drying to reduce computationa timeand
accurate calcul ations. For determination of drying ki-
netics, thedry oven method ismuch easier anditsdu-
ration may vary considerably depending onthedrying
temperature. Therange of the studied parameterswas
near tothoseused inindustrial spray dryers.

THEORY

Thedryingkineticsisgreatly affected by air tem-
peratures, initial and instant moisture content and air
humidity. A mass-transfer model can beintroduced by
using acharacteristic drying curve. Thisapproach as-
sumesthat thereisacorresponding specificdrying rate
relativeto theunhindered dryingrateinthefirst drying
period on each volume-averaged free moi sture content
that isindependent of the externd drying conditiong®.

CHEMICAL TECHNOLOGY

Themeasstransfer betweenthegasand droplet could
be cal culated according to thefollowing first order re-
actionkinetics:

am

dt
whereineq. (1)Ap isthe surface of masstransfer, Y!
andY' arethe equilibrium moistureand air humidity
respectively. Also K, iIsthe masstransfer coefficient
that can be obtained from eq. (2) with suitable coeffi-
cient valuesforn, B, { and & andf istherelativedrying
rateand isdefined aseq. (3).

L =—fA K (Y=Y @

sh =B+ nRe" Sct @
DR
“BR (€)

where DR isthedrying rateand definesineg. (4), DR
istherateinthefirst drying period.
Xp =Xy

- t 2 —_— t 1 (4)
where x isthe moisture content (kg,,,./kg dry solid)
and tisdrying timebetween two successive steps. Pa
rameter f takesonthevauesin Eq. (5)1.
Unhindered moisturef =1; ¢=1 (5)
Hindered moistureo<f<1; 0<¢ <1<

¢, 0 called characteristic moisture content, and de-
fined intermsof critica moisture content.

DR =

X—=Xq

=, (6)
where, X, istheequilibrium moisture content and X is
thecritica moisture content. A uniquerel ationship be-
tweenf and ¢ can befound for any specific material.

Thedryingcurveisnormadized and at critica point,
thereisatransitionin drying behavior. By definition of
correctionfactor f, asmplelumped-parameter expres-
sionfor thedrying rate can be obtained.

MATERIALSAND METHODS

Skimmilk solutionswiththreedifferentinitid solid
contents of 0.05, 0.1 and 0.15 (w/w) were prepared
by adding water to milk powder at 24°C for experi-
ments. Theconcentrated milk samplesthenwere poured
into aglassplatewith 6 cm diameter.

Theexperimenta set-up wasconsisted of adrying
oven (FanAzmaGagtar) with On/Off control and digi-
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Figurel: Drying curvesof skim milk solutions
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Figure3: Dryingratecurveat different initial solid content
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Figure5: Dryingratecurvevs. x for different of initial solid
content

tal indicator. For each experiment, changesinweight of
sampleweremeasured continuoudy using adigital bal-
ance (Sartorius BP 310s model) with an accuracy of
+0.001 gr. Thebalancewas kept outsidethe oven and
the samplewasplaced on aspecia sampleholder which
was hung fromthe balance. Thedryingovenwascali-
brated for temperatureusing acaibrated thermometer.
Inorder to obtain an accurate and uniform temperature
inddetheoven, intensiveair ventilation wasused. All
therequired datawererecorded every 15 min. To de-
terminetheequilibriumweight at aspecified tempera-
ture, the sampleswerekept intheoven until thediffer-
ence between two success ve mass measurements be-
camelessthan 0.02 g.

Beforeputting any sampleinto theoventhedrying
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Figure2: Effect of dryingtemperatureon dryingtime
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Figure4: Dryingratecurveat different initial solid content
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Figure6: Dryingratecurvevs. x for different of initial solid
content

artemperaturewasfixed. It wasassumed that thethick-
nessof themilk solution sampleisquitethin, sothat the
conditionsof thedrying air (temperatureand humidity)
werekept constant throughout thedrying process, while
therelative humidity in theroom condition was 16%.

To consder theeffect of temperatureontherate of
drying theexperimentswerecarried out at Ssmilar con-
ditionsand different temperaturesincluding 45°C and
60°C.

RESULTSAND DISCUSSION

Characteristicdryingcurve
Thedrying behavior of skimmilk solutionasafunc-
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Figure7: Therdativedryingratevs. ¢

tion of timeisshowninfigure 1. It could be seen that
thedrying curveisamost astraight linewith acontinu-
ous decrease of mass by the passage of time for all
concentrations dueto thefact of constant drying rate
period. At find times, adeviaionfromthestraight line
can be observed which may beexplained asthefdling
drying rate period. It also becomes obviousthat skim
milk solutionswith lower initid concentrationshavedry-
ing rate curveswith higher intercepts.

Variations of themoisture content with thedrying
timeat different air temperaturesand initia concentra-
tionsareplotted dsoinfigure2. Asaresult, anincrease
inthetemperatureof thedrying air decreasesthetotal
drying time as aresult of increasing the rate of heat
transfer. Bes des, whenthetemperatureincreasesfrom
45°Cto 60°C, thetota dryingtime decreasesto about
40% of that for the solution with drying temperature of
45°C.

Dryingratecurveasafunction of time

Thedrying rate (DR) of the solutions during the
drying process could be obtained by using eg. (4). Fig-
ure3and4 show thevariation of DR, withtimefor two
different operating temperatures. Asaresult of themois-
turetransfer, the drying rate decreases, with elapse of
time. Approximately entiredrying processtook place
inthe congtant rate period. Thesefiguresillustrate that
for ahigher air temperature, thedrying ratewill bein-
creased and drying will take placed at lower times.

Dryingratecurveasafunction of X

Thedrying ratecurvefor skimmilk can beobtained
also by plotting drying rate vs. moisture content (x).
Figure5and6illustratedryingratecurvevs. x for two
temperature of 45°C and 65°C and initial solid con-

Nomenclature

A particle surface area (m?)
DR drying rate (s%)

f relative drying rate ()

K mass transfer coefficient (kg s™)

Sh Sherwood number ()

t time (s)

T temperature (°C)

X moisture content (kg moisture kgdry solid)
\4 gas humidity (kg kg™)

() characteristic moisture content ()

B,n, & constantineg. (3) ()
Subscripts

cr Critica

e Equilibrium

G dry bulb, bulk gas

tentsof 0.05, 0.1, 0.015 (w/w). These figures show
drying rate curvesof the samples at the selected tem-
peratures, where about 83-87% of water content was
evaporated at theend of constant rate period of drying,
alinear falling rate can be observed at the end of pro-
cesswhichisdueto very low thicknessof samplelay-
ers. It may indicatethat theres stanceto moisturetrans-
portisrelated to thethicknessof solution.

Prediction of f

Figure5and 6 represent drying rateasafunction
of X, accordingto eg. (1). Whenthe characteristic dry-
ing curve became normalized, these curvesareinde-
pendent from thetemperatureand initia solid content.
Figure 7 showstherdativedrying rate asafunction of
¢. Inthisfiguref isonly afunction of ¢. Thesesix curves
at temperature45°C and 60°C and initial solid content
of 0.05, 0.1 and 0.15 (w/w) approximately coincide
together.

Itispossibleto find arelation between rd ativedry-
ing ratef vs characteristic moisture content (¢). Ac-
cording tothe best fitting of six dataseriesof figure5
and 6, eg. (7) can be obtained with R%in the range of
(99-94%).

f =-0.325¢* + 1.83¢° — 3.752¢* + 3.27¢ — 0.031 @

CONCLUSION

Dry oven method gpplied for determination of char-
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acteristic drying curve of skim milk solution. Drying
curveshaveingenerd two stagesafter aninitia warm-
up: constant drying and falling rate periods. Drying
modelsfor constant and falling rate period of skim milk
solution based on the concept of characteristicdrying
rate are proposed, and found auniquerel ationship be-
tweenrdativedrying ratef and characteristic moisture
content for specificmaterid. Thismode canbeusedin
CFD softwarefor smpleand efficient ca culations. In
particular, the concept of acharacteristicdrying curve
statesthat theshape of thedrying-rate curvefor agiven
materid isunique and independent of gastemperature,
humidity and velocity.

Convectivedrying of skim milk solutionswasde-
pendent on temperature, and the drying curve showed
aconstant rate period; only ashort faling rate period
was observed at the end of process.
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