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Recently, several studies have been published on the spray drying of sucrose and
other low-molecular-weight sugars which are typically sticky materials. Sticky materi-
als can not be processed under normal drying conditions and may require addition of
high-molecular-weight carbohydrates such as maltodextrin. Predicting appropriate dry-
ing conditions are however difficult due to the unavailability of drying kinetics. In this
article, we have formulated the drying kinetics model using the reaction engineering
approach (REA) for the drying of aqueous sucrose and aqueous maltodextrin (DE6)
droplets. The relative activation energy was empirically obtained based on experimen-
tal measurements. To model the drying of droplets containing both solutes (sucrose
and maltodextrin), a new ‘‘composite’’ REA has been established and presented here
for the first time. Results demonstrated that the composite REA forms a reliable frame-
work to model the drying of aqueous solutions of pure carbohydrates and their mix-
tures. � 2008 American Institute of Chemical Engineers AIChE J, 55: 217–231, 2009
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Introduction

Sucrose and their derivatives are widely used as sweet-
eners in various food, beverages, bakery, and confectionary
products. Amorphous sucrose is commonly used in food and
pharmaceutical industries to enhance the dissolution of bulk
powders and to carry flavor, drug, and vitamins molecules.1,2

The amorphous form has also been reported as essential for

maximizing the stability of proteins, vitamins, and other bio-
active molecules in dried products.3 When bioactive mole-
cules are trapped within the rigid amorphous structure, natu-
ral degradation processes can greatly be retarded. If crystalli-
zation occurs during processing, the water rejected during
crystallization may trigger physical changes, chemical reac-
tions, and biochemical degradation leading to a degraded
sticky product. Unwanted crystallization is frequently
encountered during freeze drying of sugar-rich products
which contain low-molecular-weight carbohydrates such as
fructose, mannitol and sucrose.

Spray drying is a fast and economical process to manufac-
ture amorphous sucrose because this technique allows for
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the rapid removal of water from droplets during processing.
Sucrose is considered to be a sticky material and hence the
drying of sucrose is not straightforward.4 An attempt to dry
sucrose in a pure form will lead to the formation of a sticky
material or large lumps/cake.5,6 The sticky behavior of prod-
ucts can result in heavy deposition of the product on dryer
walls, lower yields, difficulty in handling the product and
can also pose fire hazards. These problems are normally
overcome to a certain extent by mixing drying aids with su-
crose solutions before drying. Partially hydrolyzed starch
derivatives such as maltodextrin are commonly used as dry-
ing aids during spray drying of sugar-rich materials such as
fructose, glucose, sucrose, honey, and acid-rich foods such as
fruit and vegetable juices.7,8

Prevention of stickiness during drying of sugar-rich materi-
als such as sucrose requires knowledge of the drying charac-
teristics of materials with respect to the dryer’s humidity and
temperature, as well as knowledge of the conditions that gov-
ern the stability of the product. To understand the sticky
behavior of amorphous carbohydrates and other low-molecu-
lar-weight sugars during spray drying, the glass transition
temperature (Tg) has frequently been used in the literature.

4,9–15

When the product temperature of the amorphous glassy struc-
ture reaches the corresponding Tg, a glassy state transforms
into a rubbery state with a sudden reduction in the material
viscosity. This leads to a rapid increase in the moisture mobil-
ity within the solid matrix, promoting drastic changes to phys-
ical and chemical properties of the material.11,15 To obtain a
stable nonsticky product, the product temperature must be
lower than the corresponding Tg by 10–208C.4,9,13 It is there-
fore essential to evaluate transient changes in Tg during spray
drying. Prediction of Tg following the complete drying pro-
cess requires the drying kinetics model because Tg is mainly
affected by the droplet’s moisture content.

The main aim of this study is to formulate a simple and
effective drying kinetics model for the convective air drying
of aqueous sucrose solutions and maltodextrin solutions. An
accurate drying kinetics model can deliver optimum drying
conditions which may favor higher-stability products and
minimum wall depositions in the dryer. In the literature, few
studies have reported the formulation of comprehensive
drying kinetics models for the drying of aqueous sucrose or
sucrose/maltodextrin mixtures. Adhikari et al.4,9 evaluated
drying kinetics of sugar droplets using a diffusion model.
Predictions by this diffusion model requires solving partial
differential equations and careful estimation of moisture dif-
fusivity that should be a function of the droplet’s temperature
and moisture content. The diffusion model was validated
using data measured from laboratory experiments on the hot
air drying of single suspended droplets. The average and
maximum relative errors when matching measured droplet
moisture content data and predicted data were reported to be
4.5–6% and 9–11%, respectively.4,9 It was observed in their
work, that the predicted moisture content profiles using the
diffusion-based drying kinetics model overestimated meas-
ured moisture content profiles under laboratory conditions
tested by Adhikari et al.4,9

In this study, we aim to formulate the drying kinetics
model for the convective drying of sucrose, maltodextrin,
and their mixtures using the reaction engineering approach
(REA). The REA is a simple and effective approach to

model the drying process for aqueous materials. This kind of
model is normally desirable for fast and effective modeling
of drying processes by various process computation tools.
The REA was first reported around 10 years ago by Chen
and Xie16 to model the air drying of small droplets and thin-
layer materials. Over the last decade the REA has success-
fully been used to develop drying kinetics of common dairy
materials such as skim milk, whole milk, cream, lactose and
whey proteins concentrate.17–19 To model the drying of drop-
lets containing two solutes, i.e. sucrose-maltodextrin mixtures
of different weight proportions, a new ‘‘composite’’ REA is
developed in this article. Unlike the previous REA, the effect
of the initial moisture content on the drying rate is taken into
account. Experimental data reported by Adhikari et al.4,9

were used in this study to formulate the REA-based drying
kinetics model. The fundamental basis and the governing
equations of the REA are briefly described in the ‘‘Mathe-
matical model’’ section.

Mathematical Model

Reaction engineering approach

The reaction engineering approach (REA) is a semiempiri-
cal model that holds a physical meaning of the droplet drying
process. The REA predicts average characteristics of the
material during drying and hence may be classified as the
‘‘lumped-parameter’’ model. The REA was formulated based
on the reaction engineering concept, which considered evapo-
ration as an activation process that must overcome the energy
barrier for water removal during drying, whilst wetting is not
an activation process and therefore does not encounter such
an energy barrier.16

Chen and Xie16 originally proposed the REA to model the
convective air drying of kiwifruit skin, apple, and potato
slices and silica gel particles. Chen and Lin17 modified this
approach to form a more accurate model by measuring key
drying/droplet parameters directly from single droplet drying
experiments. Chen and Lin17 compared predictions delivered
by the REA and the characteristic drying rate curve (CDRC)
model for the drying of skim milk and whole milk droplets,
and found the REA to be more accurate compared to the
CDRC model for all sets of drying conditions tested in the
laboratory. The fundamentals of the CDRC model and the
REA are comprehensively elaborated and compared by
Chen.20 Recently the REA was successfully employed to pre-
dict the drying behavior of lactose, cream and whey proteins
concentrate with high accuracy.18,19 Patel and Chen21–23

employed the REA-based drying kinetics model to conduct
detailed spray drying modeling and dryer-wide simulations
using industrial spray drying conditions for the drying of
skim milk, lactose, and whey proteins concentrate. In their
studies the sensitivity of the REA to important drying param-
eters and droplet characteristics was examined. The REA
was found to be sensitive to all process and feed parameters,
and useful to understand the variations in product properties
upon changing operating conditions and feed parameters.

To formulate a mathematical expression the REA used a
vapor concentration difference to characterize the driving
force for the removal of moisture from the droplet surface.
Under drying conditions the drying rate can be expressed by
the following formulae:
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� dmp

dt
¼ hmApðqv;s � qv;bÞ (1)

where qv,s (kg m23) is the vapor concentration at the droplet
surface, qv,b (kg m23) is the vapor concentration of bulk dry-
ing gas, hm (m s21) is the mass-transfer coefficient, Ap (m2)
is the droplet’s surface area and mp (kg) is the droplet
weight. The rate of change of droplet weight during drying
requires these time-dependent parameters to be known during
drying. The negative sign on the left hand side of Eq. 1 indi-
cates the reduction of the droplet’s weight during drying.
The parameter qv,s is difficult to measure from experi-
ments due to the rapid change in the moisture content at the
droplet surface. However, it is known that qv,s should be
equal to the saturated vapor concentration (qv,sat) when
the droplet surface is fully saturated with free water (i.e. dur-
ing constant drying rate period), and should be smaller
than qv,sat during the falling drying rate period. The parame-
ters qv,s and qv,sat can be correlated, and the relationship
between qv,s and qv,sat was expressed using the following
expression16–19:

qv;s ¼ RHsqv;satðTsÞ (2)

where RHs (in fraction) is the relative humidity or water ac-
tivity at the droplet surface and Ts is the surface temperature.
The droplet surface temperature Ts may be considered as the
average droplet temperature (Tp) if temperature nonuniform-
ity within the droplet is negligible. The surface relative hu-
midity (RHs) is clearly a function of surface water content
and surface temperature and was expressed using the follow-
ing expression16,17:

RHs ¼ exp � DEv

RgTp

8>>:
9>>; (3)

where DEv (J mol21) is the parameter which can be corre-
lated with the average moisture content of the droplet/
particle. The parameter DEv was quoted as the apparent acti-
vation energy that represents the extent of difficulty when
removing moisture from the droplet during drying. From
Eq. 3, the apparent activation energy for drying (DEv) can be
expressed as:

DEv ¼ �RgTp lnðRHsÞ (4)

Thus, the apparent activation energy reflects the vapor con-
centration depression (RHs 5 qv,s/qv,sat) at the droplet sur-
face during drying. Using Eqs. 1–3, the relation between the
drying rate and the apparent activation energy can be
expressed as:

� dmp

dt
¼ � dmw

dt
¼� msolids

dX

dt

¼ hmAp qv;sat exp � DEv

RgTp

8>>:
9>>;� qv;b

� �
ð5Þ

where mw (kg) is the mass of water in the droplet and X (kg
water kg dry solids21) is the droplet’s average moisture con-
tent. The first term on the right hand side of Eq. 5 (qv,sat

terms) is the zero order drying ‘‘reaction’’ that is the activa-
tion process.16 The second term on the right (qv,b terms) is
the first order wetting ‘‘reaction.’’16 Thus, the rate of mois-
ture removal was seen as a competitive process between dry-
ing and wetting reactions. The drying rate of the liquid drop-
let can be estimated using Eq. 5 if DEv is known as a func-
tion of the droplet’s moisture content. If DEv for the specific
material is unknown, it can be determined by obtaining
required parameters dmp/dt, hm, Ap, Tp, and qv,b from the
droplet drying experiment. Eq. 5 may be re-written to esti-
mate DEv from experimental measurements:

DEv ¼ �RgTp ln
qv;b � dmp=dt

hmAp

qv;sat

8>>>>>:
9>>>>>; (6)

The vapor density of the drying medium (qv,b) may be esti-
mated using the ideal gas law and gas temperature condi-
tions. The saturated vapor density at the droplet surface
(qv,sat) can be estimated using the droplet surface temperature
(Ts). The relationship between qv,sat and Ts (K) may be
expressed using the following correlation24:

qv;sat ¼ 4:8444 3 10�9ðTs � 273:15Þ4

� 1:4807 3 10�7ðTs � 273:15Þ3

þ 2:6572 3 10�5ðTs � 273:15Þ2
� 4:8613 3 10�5ðTs � 273:15Þ þ 8:3420 3 10�3 ð7Þ

Equation 7 was formulated by correlating qv,sat and tempera-
ture data (for 273.15 K \ T \ 430 K) reported by Incropera
and DeWitt.25 In Eq. 7 Ts may be replaced with Tp if temper-
ature distribution within the droplet is negligible. The mass-
transfer coefficient (hm) of the spherical droplet may be
approximated using the following correlation26:

Sh¼ hmdp
Dv

¼ 1:63þ 0:54ðReÞ1=2ðScÞ1=3 (8)

where Dv (m2 s21) is the air-vapor diffusion coefficient. For
materials which do not have the apparent activation energy
measured previously, it can be estimated using Eq. 6 and
measured droplet weight, temperature, and diameter profiles
from the droplet drying experiments.

In the literature the apparent activation energy (DEv) was
normalized using the ‘‘equilibrium’’ or ‘‘maximum’’ activa-
tion energy (DEv,b), thus yielding the ‘‘relative activation
energy’’ (DEv/DEv,b). The apparent activation energy (DEv)
becomes the ‘‘maximum’’ or ‘‘equilibrium’’ activation energy
(DEv,b) when the relative humidity at the droplet surface is
in equilibrium with the bulk drying gas relative humidity. At
this equilibrium point the drying rate will be zero. The rela-
tive activation energy (DEv/DEv,b) can be correlated with the
droplet’s average moisture content (X2Xb), as previously
done in the literature17–19:

DEv

DEv;b
¼ f X � Xb

� �
(9)

where Xb is the equilibrium moisture content (kg kg21, dry
basis) that can be obtained from the moisture isotherm model
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of corresponding materials.16,17 When the droplet surface is
saturated with free water (i.e. X is high), the relative activa-
tion energy (DEv/DEv,b) and hence the difficulty in removing
the free moisture is expected to be very small. The relative
activation energy gradually increases to a larger value when
the droplet’s moisture content is reduced during drying. At
the zero free moisture content (i.e. X 5 Xb), DEv/DEv,b is
expected to be unity. Here, the relationship between the rela-
tive activation energy (DEv/DEv,b) and the droplet’s moisture
content (X2Xb) under drying conditions can be viewed as a
characteristic property or a ‘‘fingerprint’’ of the individual
material. This characteristic property must be obtained from
the experimental work for any specific material of concern.
Once the relationship between the relative activation energy
and the material’s moisture content defined by Eq. 9 is estab-
lished, the drying rate or the average moisture content of
moist materials can be predicted at any location in the spray
dryer using Eq. 5. This REA-based drying kinetics model,
developed from laboratory experiments, may be used for
simulating industrial spray drying of the same material for
product characterization, process optimization, scale-up, and
designing purposes.

The parameter DEv,b in Eq. 9 was correlated with the gas
relative humidity (RHb) and the gas temperature (Tb), and was
expressed using the similar expression presented by Eq. 4:

DEv;b ¼ �RgTb lnðRHbÞ (10)

where

RHb ¼
qv;bðTbÞ
qv;satðTbÞ

(11)

Chen and Lin17 performed experiments on the drying of skim
milk and whole milk droplets using hot air of constant air tem-
perature (variation 60.48C) and humidity (negligible varia-
tion) to evaluate the relative activation energy-moisture con-
tent relationship. As an example, the ‘‘fingerprint’’ of skim
milk was described using the following correlation17:

DEv

DEv;b
¼ C1 exp �C2ðX � XbÞC3

h i
(12)

where C1, C2, and C3 are model coefficients, which were
reported to be 0.998, 1.405, and 0.93, respectively for the dry-
ing of skim milk droplets. The relative activation energy was
estimated using Eqs. 6 and 10 and experimental data collected
from the isothermal drying of skim milk droplets of 20 wt %
(X0 5 4.0 kg � kg21) and 30 wt % (X0 52.33 kg � kg21) initial
solids contents. The single correlation was employed by Chen
and Lin17 to evaluate the fingerprint for skim milk droplets of
two different initial moisture contents as shown in Figure 1.
This approach is reasonable to model the material with high
initial moisture concentrations. However, when drying the
droplets of low initial moisture contents, as an example X0

51.0 kg kg21, the single fitting curve shown in Figure 1 may
introduce some errors during the earlier drying stage because
the model would predict a high relative activation energy at
the beginning of drying. The relative activation energy should
be close to zero due to the presence of some free moisture on
the droplet surface at the beginning of drying. Therefore, the

single correlation approach is likely to overestimate the rela-
tive activation energy, and hence underestimate the average
drying rate during the earlier drying stage for the drying of
droplets of low initial moisture contents. Experimental results
(see Figure 1) of Chen and Lin17 suggest that the relative acti-
vation energy should be a function of the droplet’s initial mois-
ture concentration. In this study, an attempt is made for the first
time to account for the effect of the initial moisture content ex-
plicitly on the REA-based drying kinetics model.

Heat transfer model

The time-dependent temperature profile of spherical drop-
lets was approximated by evaluating heat balance over the
single droplet considering the droplet is a binary system
made of solids and water:

dTp
dt

¼ hApðTb � TpÞ þ DHv
dmw

dt

ðmsolidsCp;solids þ mwCp;wÞ (13)

The use of Eq. 13 requires the assumption of uniform tem-
perature within the droplet to be justified. In this work, ex-
perimental data on the drying of sucrose-maltodextrin drop-
lets were obtained from Adhikari et al.4,9 They assumed uni-
form temperature within droplets of the initial diameter in
the range of 2.2–2.4 mm when formulating the drying
kinetics model in their studies. For the same droplets and
drying conditions used in this study, Adhikari et al.4,9

reported the average heat-transfer Biot number during the
entire drying period varied from 0.07 to 0.11. The modified
Biot number analysis,27,28 which is more logical for the drop-
let drying process and accounted for the evaporative effect,
would yield Biot numbers even lower than those predicted
by Adhikari et al.,4,9 thus giving more ‘‘freedom’’ to use the
assumption of uniform temperature within the material.29

The heat-transfer Biot number was close to the critical value

Figure 1. The relative activation energy (DEv/DEv,b)
against the droplet’s moisture content for
the drying of aqueous skim milk droplets of
different initial moisture contents.17

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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of 0.1 during the drying process, hence it is reasonable to
adopt the heat-transfer model described by Eq. 13.

During the droplet drying experiment in the laboratory, the
droplet is normally suspended on a thin glass filament. It
is expected that a fraction of the heat may be conducted
through the filament during drying. Adhikari et al.4,9

accounted for the heat conducted through the filament when
formulating the heat-transfer model in their studies. It was
found during simulations in this study that the average differ-
ence between predicted droplet temperatures with and with-
out considering the heat conduction through the filament was
only 0.58C. Therefore, the heat conduction through the glass
filament was assumed to be negligible during all simulation
runs in this study.

The heat-transfer coefficient h (W m22 K21) in Eq. 13
was estimated using the following modified Ranz-Marshall
correlation26:

Nu ¼ h � dp
kb

¼ 2:04þ 0:62ðReÞ1=2ðPrÞ1=3 (14)

The required drying gas properties (viscosity, thermal con-
ductivity, density, and water-air diffusivity) for estimating h,
hm and other thermophysical properties were calculated using
appropriate correlations presented in Table 1.

Moisture desorption isotherms

The equilibrium moisture content for the drying of pure
sucrose droplets was estimated using the following Norrish
model, which is a semiempirical modification of Raoult
law4,31,32:

aw ¼ ww exp
��KNð1� wwÞ2

�
(15)

where ww is the molar fraction of water in a single droplet,
aw is the water activity of the droplet and KN is the Norrish
equation coefficient. The equilibrium moisture content can be

calculated from ww. For pure sucrose, the coefficient KN was
reported to be 2.6 by Norrish,31 2.7 by Toledo32 and 6.22 by
Adhikari.33 In this work, the KN value reported by Adhikari33

was chosen. To obtain the equilibrium moisture content for the
drying of aqueous maltodextrin (DE6) droplets, the following
Guggenheim-Anderson-deBoer (GAB) model was used4,33:

Xb ¼ m0CKaw
ð1� KawÞð1� Kaw þ CKawÞ (16)

where Xb is the equilibrium moisture content, and m0, C, and
K are equation coefficients. These equation coefficients were
measured through independent experiments by Adhikari
et al.,4 and reported as m0 5 0.04, C 5 30, and K 5 0.98 for
pure maltodextrin (DE6) droplets. The range of air tempera-
ture and relative humidity for validating the aforementioned
model is however not reported by Adhikari et al.4 GAB param-
eters C and K are normally expressed as a function of the
material’s temperature, but such expressions are not available
in literature for aqueous maltodextrin (DE6). The equilibrium
moisture content (Xb) of the aqueous droplet containing two
different solutes, for instance sucrose and maltodextrin, were
calculated using the equilibrium moisture content and the
mass fraction of each solute as:

Xb;mixture ¼ xsucroseXb;sucrose þ xmaltodextrinXb;maltodextrin (17)

The estimated equilibrium moisture content of aqueous drop-
lets containing sucrose, maltodextrin, and their mixtures under
the drying conditions used in this study is reported in Table 2.

Shrinkage model

Formulating the drying kinetics model requires the drop-
let’s shrinkage behavior during drying. Empirical or semiem-
pirical shrinkage models are not available in the literature for
the drying of aqueous droplets containing sucrose, maltodex-
trin, and their mixtures. The change in droplet diameter

Table 1. Thermophysical Properties Used in Calculations

Heat capacity (J kg21 K21)
Air* 1.9327 3 10210T4 2 7.9999 3 1027T3 1 1.1407 3 1023T2 2 0.4489T 1 1057.3

(295 K\T\ 800 K, R2 5 0.9995)
Water (liquid)* 1.9211 3 1026T4 2 2.5648 3 1023T3 1 1.2905T2 2 289.55T 1 28586

(295 K\T\ 370 K, R2 5 0.9992)
Sucrose† 4.4369T 1 1121.3
Maltodextrin (DE6)† 3.5242T 1 1319.7

Air* Viscosity (MPa s21) 20.00003T2 1 0.0687T 1 0.885 (250 K\ T\ 400 K, R2 5 0.9996)
Thermal conductivity (W m21 K21)
Air* 0.0000778T 1 0.00274 (250 K\ T\ 400 K, R2 5 0.9996)
Water (liquid){ 0.57109 1 0.0017625T 2 6.7036 3 1026T2

Sucrose† 0.277
Maltodextrin (DE6)† 0.187

Density (kg m23)
Air*,§ (273.15 3 qair at 273.15 K)/T
Water (liquid){ 997.18 1 0.0031439T 2 0.0037574T2

Sucrose† 1587
Maltodextrin (DE6)† 1410

Vapor-air diffusivity* (m2 s21) 1.963 3 1027T 2 3.33307 3 1025 (293 K\ T\ 373 K, R2 5 1.0)
Latent heat of vaporization* (J kg21) 3,158,100 2 2401.8T (290 K\ T\370 K, R2 5 0.9997)

*Correlations were obtained by plotting the temperature and the property reported by Incropera and DeWitt.30
†T is in 8C, obtained from Adhikari et al.4
{T is in 8C, obtained from Choi and Okos.25
§At T 5 273.15 K, qair 5 1.2928 kg m23.
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during the drying of single sucrose-maltodextrin droplets
were not reported by Adhikari et al.4,9 Adhikari et al.9 how-
ever presented the images of aqueous droplets of three differ-
ent sucrose-maltodextrin compositions at the beginning and
end of drying processes (refer to Figure 2 from Adhikari
et al.9). Based on these images, the droplet diameter was esti-
mated using the ImageJ (1.37 v) software at the start and end
of drying. It was assumed that the relative droplet diameter
(d/d0) varies linearly with the relative droplet moisture con-
tent (X/X0) during the drying of aqueous sucrose-maltodextrin
droplets. Based on this assumption, the following linear
shrinkage model, similar to that evaluated by Chen and Lin17

and Lin and Chen,18,19,34 was worked out for the drying of
droplets containing both sucrose and maltodextrin:

d

d0
¼ bþ ð1� bÞ X

X0

(18)

where the parameter b is the empirical coefficient. The
parameter b for sucrose-maltodextrin droplets of different
initial compositions is illustrated in Table 3. As Adhikari
et al.9 did not report the images of pure sucrose droplets and
pure maltodextrin droplets during drying, the parameter b for
aqueous droplets of individual solutes could not be eval-
uated.

In this study, both the perfect shrinkage model and the lin-
ear shrinkage model were employed to estimate the change
in droplet diameter for one drying case in order to compare
their effects on the prediction. The shrinkage model which
provides higher accuracy of prediction will be used for all
other simulation runs. The linear shrinkage model, illustrated
by Eq. 18, may give the upper bound of the droplet diameter,
whilst the perfect shrinkage model is likely to estimate the
lower bound of the droplet diameter during drying. The drop-
let diameter profile and the sensitivity of both shrinkage
models were compared and checked for one drying case in
the ‘‘Discussion’’ section.

It was assumed that the droplet remained spherical dur-
ing the entire period of drying. It should be noted that the
droplet may lose its spherical shape as drying proceeds
during single droplet drying experiments.4,9,26,33–35 This
deviation from the sphericity may affect the effective area
for heat and mass transfers. However, it is difficult to mea-
sure the deviation in the droplet’s sphericity from experi-
ments for the size of the droplets used in the laboratory or
in the industry. The spherical particle assumption is nor-
mally considered to be reasonable for modeling the droplet
drying process.

Experimental Data

Precise measurements of drying parameters from the
experiments are crucial to formulate an accurate correlation
between DEv/DEv,b and X2Xb. Experimental data on the dry-
ing of single suspended droplets of sucrose (S), maltodextrin
(M), and their mixtures (S-M) are provided by Dr. Benu
Adhikari (senior lecturer, Ballarat University, Australia).
Drying conditions and initial droplet characteristics for indi-
vidual materials used in this study are listed in Table 4.
These experimental data have been published in various liter-
atures.4,9,33 The experimental set-up, the air humidity mea-
surement procedure and the droplet’s temperature and weight
measurement techniques during the drying of single sus-
pended droplets are described by Adhikari et al.4,9 and are
not reported here. In this study the drying kinetics model is
formulated for the drying of pure sucrose solution (S:M 5
1:0), pure maltodextrin solution (S:M 5 0:1) and three different
compositions of sucrose-maltodextrin mixtures (S:M 5 4:1,
S:M 5 1:1, S:M 5 1:4; all weight ratios). Changes in the
droplet’s temperature and weight were recorded for aqueous
droplets of 1.5 kg kg21 and 1.0 kg kg21 (dry basis) initial
moisture contents. Droplets were dried using hot air of 1.0 m
s21 velocity and two different temperature and relative hu-
midity (RH) conditions: (1) 63 6 18C with 2.5 6 0.5 %RH;
and (2) 95 6 28C with 2.0 6 0.5 %RH. Reported deviations
during recording air temperatures (61–28C) and air RH
(60.5%) may significantly influence the air absolute humid-
ity and hence the model prediction. The sensitivity of the
model prediction to these deviations during the measurement
of air properties are not reported by Adhikari et al.,4,9 but
will be checked in this study.

The relative humidity of hot air was measured by Adhikari
et al.4,9 by conducting independent experiments on the drying
of pure water droplets. During these experiments the same
initial droplet volume was used as those reported for su-
crose-maltodextrin droplets. The hot air temperature and
droplet temperature profiles were recorded during the drying
of water droplets. The RH of hot air was calculated using the
dry-bulb temperature of hot air and the corresponding wet-
bulb temperature of the water droplet (i.e. droplet tempera-
ture during the constant temperature period of the drying pro-
cess). This technique is particularly useful when the RH of
hot air is less than 5%. Commercial relative humidity sensors
with available accuracy may introduce large errors when
measuring RH in the range of 1% to a few percentages.

Deriving the Relative Activation
Energy Relationship

Equations 6 and 10 can be used to calculate DEv and
DEv,b, respectively and thus the relative activation energy

Table 3. Empirical Parameter b to be Used in the Linear
Shrinkage Model for the Drying of Aqueous Droplets

Containing Sucrose-Maltodextrin Mixtures

S:M Weight Ratio Parameter b

4:1 0.9132
1:1 0.8141
1:4 0.7820

Table 2. Equilibrium Moisture Content (Xb) for Aqueous
Droplets of Sucrose:Maltodextrin (S:M) Mixtures

S:M
Weight
Ratio

Xb (kg kg21)

RH 5 2.0%
Tb 5 958C

RH 5 2.5%
Tb 5 638C

1:0 0.0270 0.0294
4:1 0.0215 0.0235
1:1 0.0135 0.0147
1:4 0.0054 0.0058
0:1 0.00001 0.00001
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(DEv/DEv,b). As mentioned previously, the droplet’s weight
loss (dmp/dt), temperature (Tp) and diameter (dp) profiles
along with the air temperature (Tb) and relative humidity
(RH) must be used as inputs to the model. In this study, all
required parameters except the droplet’s diameter change
profiles were directly measured from laboratory experiments
on the convective isothermal drying of single suspended
droplets. The droplet diameter profile was obtained using
either the linear shrinkage model or the perfect shrinkage
model, described in the ‘‘Mathematical model’’ section.
Air temperature and relative humidity are assumed to be con-
stant throughout drying. To obtain the relative activation
energy-moisture content relationship, DEv/DEv,b is plotted
against the droplet’s moisture content (X2Xb). In the follow-
ing subsections the relative activation energy relationship is
presented for the drying of aqueous sucrose-maltodextrin
droplets.

Aqueous sucrose droplets

The relative activation energy-moisture content relation-
ship for aqueous sucrose droplets of 1.5 kg kg21 and 1.0 kg
kg21 (dry basis) initial moisture contents which were dried
using hot air of two air temperatures 638C and 958C is illus-
trated in Figure 2. The nature of the experimental relative
activation energy in Figure 2 illustrates that the idea of using
the single fitting curve, as shown in Figure 1, to correlate rel-
ative activation energy data for different initial moisture con-
tents may not be a suitable one. To account for the effect of
the initial moisture content on the drying rate, the individual
curve for the specific initial moisture content should be used.
This approach will provide more accurate predictions. The
following simple correlation was found to be suitable for cor-
relating DEv/DEv,b and X2Xb for aqueous sucrose droplets:

DEv

DEv;b
¼ exp

��ðX � XbÞC1
�� C2ðX � XbÞ2 (19)

where C1 and C2 are model coefficients and can be obtained
from the fitted curve corresponding to the droplet of the spe-
cific initial moisture content. Coefficients C1 and C2 and R2

values for aqueous sucrose droplets of 1.0 kg kg21 and 1.5
kg kg21 initial moisture concentrations are listed in Table 5.
These coefficients C1 and C2 may be expressed as a function
of the material’s initial moisture content (X0). Since experi-
mental data are available for the sucrose droplet of only two
different X0, one can extrapolate only the linear trend.

The relative activation energy curve for the droplet of the
highest initial moisture content can be viewed as a so-called
‘‘mother’’ curve. In the present case regarding the drying of
sucrose droplets, the relative activation energy curve for the
aqueous sucrose droplet of 1.5 kg kg21 initial moisture con-
tent can be considered as the ‘‘mother’’ curve. For materials
of lower initial moisture contents (e.g. X0 51.0 kg kg21), the
corresponding relative activation energy curve seemed to be
‘‘far away’’ from the mother curve during the earlier drying
stage, but appeared to be getting closer to the mother curve
as drying continued, and merged with the mother curve dur-
ing the later drying stage (see Figure 2). This observation
suggests that the degree of difficulty during water evapora-
tion from the droplets of different initial solids contents (or
moisture concentrations) is different during the earlier drying

Table 4. Drying Conditions Used for the Drying of 40 wt % (X0 5 1.5 kg kg
21
, Dry Basis) and 50 wt % (X0 5 1.5 kg kg

21
,

Dry Basis) Aqueous Droplets Containing Sucrose (S), Maltodextrin (M) and Their Mixtures

S:M
Weight Ratio

Air Temp.
(8C)

Air RH
(%)

Initial Drop Diameter (mm) Initial Drop Temperature (8C)

X0 5 1.5 kg kg21 X0 5 1.0 kg kg21 X0 5 1.5 kg kg21 X0 5 1.0 kg kg21

1:0 63 2.5 2.179 2.145 24.48 24.09
95 2.0 2.179 2.145 25.33 28.00

4:1 63 2.5 2.185 2.154 23.33 23.67
95 2.0 2.185 2.154 25.81 26.31

1:1 63 2.5 2.196 2.167 23.41 23.92
95 2.0 2.196 2.167 26.14 25.53

1:4 63 2.5 2.206 2.180 23.52 24.63
95 2.0 2.206 2.180 26.91 25.91

0:1 63 2.5 2.214 2.188 23.56 22.03
95 2.0 2.214 – 25.22 –

Hot air velocity was 1.0 m s21 for all the drying runs.

Figure 2. Experimental relative activation energy and
fitted curves for the drying of aqueous su-
crose droplets (S:M 5 1:0) using 63 and 958C
air temperature conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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stage. When evaporating the last small fraction of the mois-
ture during the later drying stage, the difficulty of moisture
removal for the semidried particles which had different initial
moisture contents follows the mother curve.

Aqueous maltodextrin (DE6) droplets

The relative activation energy for the drying of aqueous
maltodextrin droplets of 1.5 kg kg21 and 1.0 kg kg21 (dry
basis) initial moisture contents is calculated using the same
method as for the sucrose droplet. The relative activation
energy-moisture content relationship for pure maltodextrin is
illustrated in Figure 3. The following correlation was found
to be appropriate for fitting experimental relative activation
energy data of aqueous maltodextrin (DE6) droplets:

DEv

DEv;b
¼ �

1� C1ðX � XbÞC2
�
exp

��C3ðX � XbÞC4
�

(20)

where C1, C2, C3, and C4 are model coefficients. For aqueous
maltodextrin droplets of 1.0 kg kg21 and 1.5 kg kg21 initial
moisture concentrations, C1, C2, C3, and C4 are listed in

Table 5. Again, the relative activation energy curves for the
droplets of X0 5 1.5 kg kg21 and X0 5 1.0 kg kg21 were
distinctively different when removing the first fraction of the
moisture (see Figure 3). The relative activation energy curve
as well as experimental relative activation energy data for
the droplet of X0 5 1.0 kg kg21 observed to be merging
with the mother curve (i.e. the relative activation curve for
the droplet of X0 5 1.5 kg kg21) during the later drying
period.

Aqueous sucrose-maltodextrin mixtures

To obtain the relative activation energy-moisture content
relationship for the aqueous droplet containing two solutes,
sucrose and maltodextrin (DE6), a new ‘‘composite’’ REA is
presented in this section. The relative activation energy
(DEv/DEv,b) for aqueous droplets of sucrose-maltodextrin
mixtures of three different compositions (S:M 5 4:1, S:M 5
1:1, S:M 5 1:4, all weight ratios) was obtained using experi-
mental data. Then DEv/DEv,b was plotted against correspond-
ing X2Xb for the droplets of 1.0 kg kg21 and 1.5 kg kg21

initial moisture contents. Figures 4–6 have shown relative

Figure 3. Experimental relative activation energy and
fitted curves for the drying of aqueous mal-
todextrin droplets (S:M 5 0:1) using 63 and
958C air temperature conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 5. Relative Activation Energy Coefficients for Aqueous Sucrose and Maltodextrin (DE6)

Pure Sucrose Pure Maltodextrin (DE6)

X0 5 1.5 kg kg21 X0 5 1.0 kg kg21 X0 5 1.5 kg kg21 X0 5 1.0 kg kg21

Coefficient C1 1.777 2.060 0.03447 0.9438
Coefficient C2 0.05746 0.3593 8.2950 8.8240
Coefficient C3 – – 0.5353 0.6030
Coefficient C4 – – 1.6860 2.0240
R2 0.9986 0.9961 0.9972 0.9966
RMSE 0.01644 0.02103 0.01538 0.02055

Figure 4. Experimental relative activation energy and
fitted curves for the drying of aqueous 80 wt
% sucrose – 20 wt % maltodextrin droplets
(S:M 5 4:1) using 63 and 958C air tempera-
ture conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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activation energy plots for the drying of aqueous droplets of
S:M 5 4:1, S:M 5 1:1 and S:M 5 1:4, respectively. The
relative activation energy curves for aqueous droplets con-
taining both sucrose and maltodextrin were obtained using
the relative activation energy and the mass fraction of each
solute:

DEv

DEv;b

8>>:
9>>;

sucrose�maltodextrin

¼ xsucrose

DEv

DEv;b

8>>:
9>>;

sucrose

þ xmaltodextrin

DEv

DEv;b

8>>:
9>>;

maltodextrin

ð21Þ

where

xsucrose þ xmaltodextrin ¼ 1 (22)

When correlating relative activation energy data for the two-
solute droplet of X0 5 1.5 kg kg21, equation coefficients C1–
C4 corresponding to 1.5 kg kg21 initial moisture contents
were used. Figures 4–6 demonstrate that predictions by the
composite REA are in good agreement with experimental rel-
ative activation energy data for all three sucrose-maltodextrin
mixtures and for the droplets of both initial moisture concen-
trations. The R2 values were above 0.99 when matching ex-
perimental data and relative activation energy curves in Fig-
ures 4–6. Again, the relative activation energy curves and ex-
perimental relative activation energy data for the droplets of
lower initial moisture contents seemed to be merging with
the mother curve as drying progressed towards the final stage
for each sucrose-maltodextrin mixture. In fact, experimental
relative activation energy data on the drying of aqueous skim
milk droplets, whole milk droplets and lactose droplets in the

previous studies17,18 also exhibited a ‘‘merging to a mother
curve’’ behavior as shown in this study. This behavior sug-
gests that the difficulty of moisture removal from the droplets
when removing the last small fraction of moisture follows
the difficulty of moisture removal projected by the ‘‘mother’’
curve. This behavior of the relative activation energy may be
linked with the characteristic behavior of the specific mate-
rial which will lead to one extreme of the difficulty of mois-
ture removal during drying.

Based on this simple approach, the following composite
REA may be suggested for the drying of aqueous droplets
containing multiple solutes:

DEv

DEv;b

8>>:
9>>;

mixture

¼ xsolute1

DEv

DEv;b

8>>:
9>>;

solute1

þ xsolute 2

DEv

DEv;b

8>>:
9>>;

solute 2

þ xsolute 3

DEv

DEv;b

8>>:
9>>;

solute 3

þ � � � ð23Þ

To work out the relative activation energy of the droplet con-
taining multiple solutes, the relative activation energy for
each solute has to be determined separately as a function of
the droplet’s average and initial moisture contents. This com-
position based approach should however be tested using
droplets of more than two solutes to check if the composite
REA yields a good fit for each mixture of different solutes.

Discussion

The droplet’s weight loss profiles and average temperature
profiles have been predicted using the REA-based drying
kinetics model and compared with those obtained from the
experimental work of Adhikari et al.4,9 The rate of change of

Figure 5. Experimental relative activation energy and
fitted curves for the drying of aqueous 50 wt
% sucrose – 50 wt % maltodextrin droplets
(S:M 5 1:1) using 63 and 958C air tempera-
ture conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Experimental relative activation energy and
fitted curves for the drying of aqueous 20 wt
% sucrose – 80 wt % maltodextrin droplets
(S:M 5 1:4) using 63 and 958C air tempera-
ture conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the droplet’s weight and temperature can be calculated using
models presented by Eqs. 5 and 13, respectively once the
relative activation energy is estimated using the model
described in the previous section. To check the sensitivity of
the shrinkage model and its effect on important droplet char-
acteristics, predictions are made here, as an example, for the
drying of the aqueous droplet of X0 5 1.5 kg kg21 with total
solids of 50 wt % sucrose and 50 wt % maltodextrin (S:M 5
1:1). Hot air conditions were 638C temperature, 2.5 %RH
and 1 m s21 velocity (see Table 4). The droplet diameter
profiles are predicted using the linear shrinkage model and
the perfect shrinkage model. A large variation in the droplet
diameter profiles was observed (see Figure 7a) using two
shrinkage models. The perfect shrinkage model predicted a
lower bound of the droplet diameter, whilst the linear shrink-
age model provided a higher bound. To assess the impact of

this deviation of the droplet diameter, the droplet’s weight
loss and temperature profiles are calculated using both linear
and ideal shrinkage models.

Predictions of the droplet’s weight and temperature profiles
by two shrinkage models are compared with experimental
profiles, as shown in Figure 7b. Results in Figure 7b illus-
trate that a variation in the shrinkage behavior had a small
influence on the droplet’s temperature and weight loss pro-
files. The average relative error of the prediction by two
shrinkage models is calculated here relative to the droplet
characteristics obtained from the experimental work. It was
observed that the average relative errors for the droplet’s
weight loss profiles were 2.0% and 1.0% using the linear and
perfect shrinkage models respectively, whilst the average rel-
ative errors were 1.83% and 2.14% for the droplet’s tempera-
ture profiles with the linear and perfect shrinkage models.

Figure 7. Droplet diameter profiles using the linear
shrinkage model and the perfect shrinkage
model for the drying of aqueous droplets
(S:M 5 1:1) of 1.5 kg kg21 initial moisture
content and 2.196 mm initial diameter, dried
with hot air of 638C temperature, 2.5 %RH
and 1 m s21 velocity.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Comparison of experimental data and model
predictions using 638C, 2.5 %RH, and 958C,
2.0 %RH drying conditions for pure sucrose
(S:M 5 1:0) droplets of initial characteristics
(a) 1.5 kg kg21 moisture content, 2.179-mm
diameter (b) 1.0 kg kg21 moisture content,
2.145-mm diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Because the accuracy of prediction was slightly better for the
perfect shrinkage model compared to the accuracy for the
linear shrinkage model, the perfect shrinkage model is used
to predict droplet properties for the rest of simulation runs in
this study. It is recommended that empirical shrinkage mod-
els such as the linear model should be formulated based on
accurate measurements of the droplet diameter profile from
the droplet drying process, unlike based on the droplet diam-
eter at the starting and end points only as has been done in
this study. This aspect however will not diminish the impor-
tance of the composite REA.

Figures 8–12 have illustrated experimental and predicted
droplet weight and temperature profiles during the convective
drying of aqueous droplets containing sucrose and maltodex-
trin with solute proportions (S:M) of 1:0, 4:1, 1:1, 1:4, and
0:1, respectively. The average relative errors (%) when

matching predicted data and experimental data are calculated
with respect to experimental data, and presented in Table 6
for each drying case. Figures 8–12 and Table 6 reveal that
for the droplets of X0 5 1.5 kg kg21, the average relative
error when matching the droplet’s weight loss profiles is in
the range of 0.87–1.41%, whilst the average relative error for
the temperature prediction was around 0.7–3.0%. For the
droplets of X0 5 1.0 kg kg21, the average relative errors for
the droplet’s weight and temperature predictions were in the
range of 0.6–1.5% and 0.3–2.0%, respectively. The accuracy
of prediction was slightly higher for the droplets of 1.0 kg
kg21 initial moisture contents compared to that of 1.5 kg
kg21 initial moisture contents. In general, model predictions
and experimental data are in good agreement. The accuracy
of prediction by the REA-based drying kinetics model, which
accounted for the droplet’s initial moisture content, is high.

Figure 9. Comparison of experimental data and model
predictions using 638C, 2.5 %RH, and 958C,
2.0 %RH drying conditions for sucrose-mal-
todextrin (S:M 5 4:1) droplets of initial char-
acteristics (a) 1.5 kg kg21 moisture content,
2.185-mm diameter (b) 1.0 kg kg21 moisture
content, 2.154-mm diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10. Comparison of experimental data and model
predictions using 638C, 2.5 %RH, and 958C,
2.0 %RH drying conditions for sucrose-mal-
todextrin (S:M 5 1:1) droplets of initial char-
acteristics (a) 1.5 kg kg21 moisture content,
2.196-mm diameter (b) 1.0 kg kg21 moisture
content, 2.167-mm diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Outcomes from this simulation also illustrate that the average
relative error by the REA-based drying kinetics model is
smaller than the diffusion-based drying kinetics model pro-
posed by Adhikari et al.4,9 for the same droplet and drying
conditions used in this study.

Possible sources for the inaccuracy of prediction in this
work could be an inappropriate shrinkage model, errors in
measuring droplet characteristics and air conditions from the
experimental work and errors in estimating important
thermo-physical properties such as equilibrium moisture con-
tent (Xb). The accuracy of prediction also relies on how accu-
rately relative activation energy data are fitted to obtain the
characteristic relative activation energy-moisture content rela-
tionship for the specific material. Furthermore, the assump-
tion of a spherical droplet during the entire drying period
may not be a good one because the experimental work of

Adhikari et al.4,9 showed that the sucrose-maltodextrin drop-
let developed wrinkles and folds on the droplet surface dur-
ing drying.

Adhikari et al.4,9 reported the accuracy when measuring
temperature and relative humidity of hot air from the experi-
mental work to be 63 6 18C with 2.5 6 0.5 %RH and 95 6
28C with 2.0 6 0.5 %RH. The sensitivity of prediction by
the REA with respect to the accuracy of air temperature and
air relative humidity is also assessed here. The simulation
run is conducted for the drying of sucrose-maltodextrin
(S:M 5 1:1) droplets (X0 5 1.5 kg kg21) using hot air of 95
6 28C temperature and 2.0 6 0.5 %RH. Predictions are
made for 93 and 978C air temperature conditions while keep-
ing the air RH to be 2.0%, and compared with the 958C tem-
perature condition. It was observed from Figure 13a that
938C and 978C air temperature conditions either underpredict

Figure 11. Comparison of experimental data and model
predictions using 638C, 2.5 %RH, and 958C,
2.0 %RH drying conditions for sucrose-mal-
todextrin (S:M 5 1:4) droplets of initial char-
acteristics (a) 1.5 kg kg21 moisture content,
2.206-mm diameter (b) 1.0 kg kg21 moisture
content, 2.180-mm diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Comparison of experimental data and model
predictions using 638C, 2.5 %RH, and 958C,
2.0 %RH drying conditions for pure malto-
dextrin (S:M 5 0:1) droplets of initial charac-
teristics (a) 1.5 kg kg21 moisture content,
2.214-mm diameter (b) 1.0 kg kg21 moisture
content, 2.188-mm diameter.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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or overpredict the droplet’s temperature and weight profiles.
The REA is found to be sensitive to the air temperature ac-
curacy. Predictions are also made for 1.5 and 2.5 %RH con-

ditions while keeping the air temperature to be 958C. The
model is found to be less sensitive to a small inaccuracy in
the air RH measurement, as shown by predicted profiles in
Figure 13b.

In general, it was observed that the REA-based drying
kinetics model is sensitive to the accuracy of the experimen-
tal measurement. The average relative error in the prediction
was small and may be further reduced when a more accurate
shrinkage model, the experimental heat-mass transfer surface
area and the precise measurement of the droplet and air char-
acteristics are employed in the simulation. The influence of
the extent of the average relative error on the prediction
should be checked under ‘‘actual’’ spray drying conditions
before employing the drying kinetics model into dryer-wide
simulations for industrial operations. The REA-based drying
kinetics model has provided a simple and effective frame-
work for correlating drying data of aqueous droplets contain-
ing single solutes as well as two solutes. The REA-based
drying kinetics model that takes into account for the initial
moisture content effect should be used for future dryer-wide
simulations for industrial spray drying operations.

For the drying of sugar droplets containing two solutes,
the success of the composite REA (i.e. the additive approach
based on solute weight fractions) may be related to the
‘‘uniform’’ mixing behavior or the ‘‘homogeneity’’ of sucrose
and maltodextrin molecules within the aqueous droplet. It
would be interesting to assess the performance of the com-
posite REA (Eq. 23) for the drying of aqueous droplets, e.g.
milk droplets, which contain solutes such as carbohydrates
(lactose), fat, proteins, and minerals which largely differ in
their water binding activity, solubility, and other molecular
characteristics (e.g. size and shape). It is expected that the
additive approach based on solute weight fractions to account
for the individual contribution by each solute may not be as
straightforward as illustrated for sugar droplets having two
solutes. The composite REA should be tested against a wide
range of mixtures of different solutes using relevant drying and
feed conditions in order to assess the versatility of the model.

Conclusions

In this study, the REA-based drying kinetics model is for-
mulated for the drying of aqueous sugar solutions containing
single solutes as well as two solutes. A simple ‘‘composite’’
REA is found to be suitable for describing the drying behav-

Table 6. Average Relative Error When Matching Predicted and Experimental Droplet Temperature and Weight Profiles for
the Droplet Drying Cases Presented in Table 4

S:M
Weight
Ratio

Air Temp.
(8C)

Average Relative Error (%)
for Droplet Weight

Average Relative Error (%)
for Droplet Temperature

X0 5 1.5 (kg kg21) X0 5 1.0 (kg kg21) X0 5 1.5 (kg kg21) X0 5 1.0 (kg kg21)

1:0 63 0.92 1.25 2.97 1.92
95 1.41 1.49 1.69 1.81

4:1 63 0.87 1.49 2.55 1.55
95 1.16 1.47 1.66 0.76

1:1 63 0.97 1.37 2.14 1.63
95 1.20 1.31 1.33 1.18

1:4 63 1.10 1.12 2.16 1.28
95 1.15 1.34 1.08 1.33

0:1 63 0.94 0.61 1.35 0.29
95 1.05 – 0.68 –

Figure 13. Sensitivity analysis to check the effect of
variations in the experimental measurement
on particle characteristics for the sucrose-
maltodextrin droplet (S:M 5 1:1) of X0 5 1.5
kg kg21 dried using hot air of 95 6 28C tem-
perature and 2.0 6 0.5% relative humidity.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ior of two solute mixtures of different solute proportions.
This additive approach may be extended to model the drying
behavior of aqueous droplets containing multiple solutes hav-
ing similar molecular characteristics. This first attempt on
formulating the composite REA has provided a platform for
exploring more extensive applications of the reaction engi-
neering approach. Results demonstrated that the REA is sen-
sitive to the accuracy of experimental measurements and
required a carefully controlled data measurement system in
order to formulate an accurate drying kinetics model. The
drying kinetics model formulated in this study can readily be
incorporated into computation tools such as CFD for simulat-
ing industrial spray drying operations. It is believed that the
composite REA-based drying kinetics model can be
employed not only to the drying of food and dairy materials
but may also be used for the drying of other porous and
nonporous materials where convection and evaporation are
significant.
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Notation
Letters

aw5water activity
A5 surface area, m2

Ci5 equation coefficients
Cp5 specific heat capacity, J kg21 K21

d5diameter of droplet or particle, m
Dv5 air-vapor diffusion coefficient, m2 s21

DEv5 apparent activation energy, J mol21

DEv,b5 equilibrium activation energy, J mol21

h5heat transfer coefficient, W m22 K21

hm5mass-transfer coefficient, m s21

DHv5 latent heat of vaporization, J kg21

k5 thermal conductivity, W m21 K21

KN5Norrish equation coefficient
m5mass, kg
Nu5Nusselt number
Pr5Prandtl number
Rg5universal gas constant (8.314 J mol21 K21)
RH5 relative humidity, %
Re5Reynolds number
Sc5Schmidt number
Sh5Sherwood number
T5 temperature, K
Tg5glass transition temperature, K
t5 time, s
X5 average droplet moisture content, kg kg21 (dry basis)
Xb5 equilibrium moisture content, kg kg21 (dry basis)
X05 initial moisture content, kg kg21 (dry basis)

Greek letters

b5 shrinkage model coefficient
x5mass fraction
q5density, kg m23

qv5vapor density, kg m23

w5molar fraction

Subscripts

b5bulk drying gas
p5particle, droplet

s5 surface conditions
sat5 saturated conditions
v5vapor
w5water
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