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Abstract

The assessment of a characteristic drying curve for milk powder for use in computational fluid dynamics modelling is reported in this
work, for particle sizes and drying conditions typical of those in spray dryers. A review of previous literature, with particle diameters
greater than 2 mm, has shown that a linear falling-rate curve is an acceptable approximation for the hindered drying of this material. For
the diameters of milk particles in spray dryers, the drying times are predicted using a linear falling-rate curve to be of the order of 1 s
compared with residence times of 20–80 s in full-scale equipment. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Spray dryers are widely used in the chemical, pharmaceu-
tical and dairy industries, and are the core components of
a milk powder production plant, where the basic configura-
tion usually features cocurrent flow of milk powder and air.
Significant requirements include reducing both the deposi-
tion rate of particles on walls and the time lapse between
cleaning cycles, thereby enhancing plant availability. With
over 230,000 t manufactured in 1997, the production of skim
milk powder is an important sector of the Australian dairy
industry, and the production rates of individual spray dryers
range from 3 to 28 t of dry powder per hour, so these wall
deposition problems are significant.

Although remedial measures, such as air sweeps around
walls and hammers at the wall, are possible and are used to
reduce these rates [1], another approach is to simulate the
air and particle flow patterns inside the chambers in order to
understand the deposition process in more detail. This under-
standing, based on the use of computational fluid dynamics
(CFD) techniques, may then be used as the basis to change
the patterns (by altering the amount of inlet swirl, for exam-
ple) so that the deposition rate is reduced. Implicit in such
simulations is the need to assess the fate of particles that hit
the walls, and the particles only become sticky (and hence
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adhere to walls) above particular temperatures and mois-
ture contents. Hence, it is necessary to predict the particle
temperatures and moisture contents by including a heat and
mass-transfer model within these CFD simulations. In this
work, we produce such a heat and mass-transfer model. The
essential feature of this model is that it is simple and com-
putationally efficient enough to be used in a CFD model, yet
faithfully captures the essential features of particle drying.

One possible mass-transfer model is the use of a charac-
teristic drying curve. This approach assumes that, at each
volume-averaged free moisture content, there is a corre-
sponding specific drying rate relative to the unhindered
drying rate in the first drying period that is independent of
the external drying conditions. The relative drying rate is
defined as

f = NV

N̂V
(1)

where NV is the drying rate, N̂V the rate in the first dry-
ing period (when the drying rate is limited by the rate of
heat transfer to the surface), and the characteristic moisture
content is

Φ = X̄ − Xe

Xcr − Xe
(2)

where X̄ is the volume-averaged moisture content, Xcr the
moisture content at the critical point, and Xe that at equilib-
rium. Thus, the drying curve is normalised to pass through
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Nomenclature

A particle surface area (m2)
B constant in Eq. (11) (K−1)
CP specific heat capacity (J kg−1 K−1)
dP particle diameter (m)
DV diffusivity of water vapour through

air (m2 s−1)
f relative drying rate (–)
HV latent heat of vaporisation of water (J kg−1)
k thermal conductivity (W m−1 K−1)
K1, K2 constants in Eq. (12) (kg kg−1, –)
m mass (kg)
MW molecular weight (kg mol−1)
Nu Nusselt number (–)
NV drying rate (kg m−2 s−1)
pV vapour pressure (Pa)
Q ratio of molecular weight of water to that

of air (–)
Sh Sherwood number (–)
t time (s)
T temperature (K, ◦C)
X moisture content (kg kg−1)
y mole-fraction concentration (–)
Y gas humidity (kg kg−1)

Greek symbols
β1, β2,
β3, β4 mass-transfer coefficients

(s m−1, s m−1 kg−1, K−1 s−1, kg m−2 s−1)
ρ density (kg m−3)
Φ characteristic moisture content (–)
Ψ relative humidity (–)

Subscripts
cr critical
e equilibrium
G dry bulb, bulk gas
ref reference
S saturated, above fully wetted surface
wb wet bulb
W water
V vapour

the point (1, 1) at the critical point of transition in drying
behaviour and the point (0, 0) at equilibrium.

This representation is attractive because it leads to a sim-
ple lumped-parameter expression for the drying rate, namely,

NV = f (N̂V) = f [β1(pVS − pVG)] (3)

Here β1 is the external mass-transfer coefficient (s m−1),
pVS the vapour pressure above a fully wetted surface, and
pVG the vapour pressure in the bulk gas.

In particular, the concept of a characteristic drying curve
states that the shape of the drying-rate curve for a given

material is unique and independent of gas temperature,
humidity and velocity. Drying-rate curves for the same
material at different operating conditions should be geo-
metrically similar, according to this hypothesis. Eq. (3) has
been used extensively as the basis for understanding the
behaviour of industrial drying plants owing to its simplic-
ity and the separation of the parameters that influence the
drying process: the material itself f, the design of the dryer
(β1), and the process conditions (pVS − pVG).

Keey and Suzuki [2] have explored the conditions for
which a characteristic curve might apply, using a simplified
analysis based on an evaporative front receding through a
porous mass. Their analysis shows there is a unique curve
when the material is thin and the effective moisture diffu-
sivity is high. Characteristic drying curves might then be
expected for small, microporous particles dried individually.

Keey [3] has summarised experimental data for the ap-
plication of a characteristic drying curve to the drying of
loose and particulate materials. The concept was found to
work well for modest ranges of air temperature, humidity,
and velocity for a number of these materials. Significantly,
no characteristic drying curve was observed in the drying
of large particles (>20 mm in diameter) [4,5]. With fibrous
materials, scatter in drying data may also be attributed
to uncertainties in measurement with thin layers of loose
stuff [6]. There is, nevertheless, a sufficient body of data to
suggest that a characteristic drying curve may be found to
describe the drying of discrete particles below 20 mm in di-
ameter over a range of conditions that normally exist within
a commercial dryer. The review of Keey [3] includes some
agricultural products, and an example of the application of
a characteristic drying curve to other agricultural products
is given by Laws and Parry [7].

Recently, Fyhr and Kemp [8] compared the characteristic
drying curve with a Fickian diffusion model for small parti-
cles of softwood, ceramic clay, silica gel and purolit. They
concluded that, in most cases, the predictions of the char-
acteristic drying curve were as good as or sometimes even
better than those from a diffusion model, lending credibility
to the characteristic curve approach.

Some drying kinetics data exist in the literature for milk
droplets. In 1976, Keey and Pham [9] analysed the data of
Trommelen and Crosby [10] for the drying of 2 �l (about
1.6 mm diameter) milk droplets at air temperatures of
150–155◦C, finding that a linear falling-rate curve could be
fitted to the drying rates. This analysis, based on data from
this one work [10], was used by Keey [3] to support his
statement that the linear falling-rate model is applicable to
the drying of suspended skim milk concentrate. However,
there have been other works on skim milk drying since then
that have taken different approaches to modelling the drying
kinetics [11–15], and a re-evaluation of the experimental
data in these works is necessary.

Ferrari et al. [11] reported the drying kinetics for 10 mm
diameter milk droplets immobilised in agar gel at tempera-
tures from 50 to 90◦C. The effect of the gel on the drying
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kinetics behaviour is not clear, but the data will still be anal-
ysed in the next section of this paper. Ferrari et al. used a
kinetics model based on Fickian diffusion to fit their mea-
sured kinetic data. Straatsma et al. [12,13] also used such
a diffusion-based approach to modelling the drying kinetics
in their numerical simulations of spray dryer performance.

The drying of skim milk droplets of 3–8 mm in diameter,
with initial solids concentrations of 20–40%, air velocities
from 0.49 to 0.98 m s−1, air temperatures from 20 to 91◦C
was studied by Hassan and Mumford [14]. However, in many
cases, their data suggest that the droplets were not evaporated
to complete dryness, making the subsequent analysis of the
measured drying kinetics difficult.

Chen et al. [15] report drying kinetics measurements for
2 mm diameter droplets of skim milk suspended at the end of
a fibre at dry-bulb temperatures from 70 to 150◦C, wet-bulb
temperatures from 7 to 16◦C, and air velocities from 1 to
1.3 m s−1. They used a kinetics model based on a receding
evaporative plane to fit their data. These data will also be
analysed in the following section.

In all these studies, the droplet diameters were around
two orders of magnitude larger than those normally seen in
spray dryers because of the practical need to perform exper-
iments on droplets giving measurable mass losses. However,
based on the assessment of Keey [3] that smaller diameters
are likely to improve the applicability of the characteristic
drying curve, if the concept applied to these relatively large
droplets, then it should apply to the droplets of milk in real
spray dryers.

1.1. Analysis of drying kinetics data from previous
researchers

The lumped-parameter expression for the drying rate
given in Eq. (3) can be rewritten in the following form, for
a material with a linear falling-rate curve (relative drying
rate f proportional to the free moisture content (X − Xe))
and having no constant rate period (so that the drying rate
begins to fall immediately from the start of drying):

NV ≡ −d(X − Xe)

dt
= (X − Xe)[β2(pVS − pVG)]

∼= (X − Xe)[β3(TG − Twb)] (4)

since the vapour-pressure driving force (pVS−pVG) is virtu-
ally proportional to the wet-bulb depression (TG −Twb), and
the wet-bulb depression can be estimated from the informa-
tion provided by Chen et al. [15]. Eq. (4) may be integrated
between the initial moisture content (Xi) at time t = 0 and
any moisture content (X) at time t to give

ln

(
X − Xe

Xi − Xe

)
= β3(TG − Twb)t (5)

Chen et al. [15] show three drying kinetics curves for skim
milk droplets with a solid content of 20 wt.% for dry-bulb
temperatures from 70 to 110◦C. As shown in Figs. 1–3, these

Fig. 1. Comparison of fit given by the linear falling-rate curve with the
drying kinetics expression of Chen et al. [15] for a dry-bulb temperature
of 110◦C, a room temperature of 20◦C, a relative humidity at room
temperature of 45%, a solids content of 20%, and an air velocity of
1.3 m s−1.

Fig. 2. Comparison of fit given by the linear falling-rate curve with the
drying kinetics expression of Chen et al. [15] for a dry-bulb temperature of
90◦C, a room temperature of 20◦C, a relative humidity at room temperature
of 50%, a solids content of 20%, and an air velocity of 1.3 m s−1.

curves can all be fitted (using least-squares) by a value for β3
of 1.69×10−4 K−1 s−1. The degree of fit is comparable with
that given by the multi-parameter equation, based on a reced-
ing evaporative interface, given by Chen et al. Furthermore,

Fig. 3. Comparison of fit given by the linear falling-rate curve with the
drying kinetics expression of Chen et al. [15] for a dry-bulb temperature of
70◦C, a room temperature of 20◦C, a relative humidity at room temperature
of 50%, a solids content of 20%, and an air velocity of 1.3 m s−1.
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Fig. 4. Comparison of the extrapolated linear falling-rate curve fitted in
Figs. 1–3 with the drying kinetics expression of Chen et al. [15] for a
dry-bulb temperature of 150◦C, a room temperature of 25.5◦C, a relative
humidity at room temperature of 57%, a solids content of 30%, and an
air velocity of 1 m s−1.

when this fitted value of β3 is used to extrapolate the
linear falling-rate curve to conditions outside the range
(150◦C) over which the constant was fitted (70–110◦C),
the linear falling-rate curve still performs as well as the
receding evaporative interface expression, as shown in
Fig. 4.

The coefficient (β3) should be equal to the external
heat-transfer coefficient divided by the product of the mass
of dry solids per unit surface area, the initial free moisture
content (mass of water per unit mass of dry solids) and the
latent heat of vaporisation. The latent heat of vaporisation
for water is about 2.2 × 106 J kg−1, the initial free moisture
content is 4 kg kg−1 and the amount of dry milk solids per
unit initial volume of droplets is around 250 kg m−3. Chen
et al. [15] state that the particles were approximately 2 mm
in diameter, and in view of this approximate figure for the
diameter, it is reasonable to fit a heat-transfer coefficient.
With these assumptions, the fitted value of the coefficient
(β3) from the data of Chen et al. (1.69 × 10−4 K−1 s−1)

gives a fitted heat-transfer coefficient of 124 W m−2 K−1.
This heat-transfer coefficient is reasonable, given the rel-
ative velocities between the particle and the air quoted by
Chen et al. of 1–1.3 m s−1, since the Ranz–Marshall equa-
tion for these conditions gives heat-transfer coefficients of
around 85 W m−2 K−1.

Ferrari et al. [11] give no information about the humidity
of the air used in their experiments, so it is not possible to es-
timate the wet-bulb temperatures that they used. Hence their
data for moisture contents as a function of time for dry-bulb
temperatures between 50 and 90◦C have been transformed
into drying rate against moisture content curves, as shown
in Fig. 5. Although the curves are slightly sigmoidal, the
shapes are not highly non-linear, even though the particle
diameters used by Ferrari et al. of 10 mm were even larger
than those of Chen et al. of 2 mm, and Ferrari et al. used agar
gel to immobilise the large drops of liquid milk. Both the
experimental data of Ferrari et al. and Chen et al. therefore
lend support to the use of a linear falling-rate curve.

Fig. 5. Drying rate curves extracted from the moisture content against time
curves of Ferrari et al. [11] for dry-bulb temperatures from 50 to 90◦C.

2. Theory

The most important outputs from any drying kinetics
model are the temperatures and moisture contents of the par-
ticles, so the physical approach to implementing the drying
model and the particle energy balance will be outlined here.

During drying, the characteristic drying curve means that
the mass-transfer rate from particles is reduced below that
for unhindered drying if the characteristic moisture content
is less than unity, as shown in Eqs. (1) and (2). The approach
to estimating the unhindered drying rate is outlined in the
next section. For higher characteristic moisture contents, the
relative drying rate may be set to unity, while for a moisture
content equal to that at equilibrium, the mass-transfer rate is
zero since both the free and characteristic moisture contents
are also zero.

2.1. Mass-transfer rate for unhindered drying

For mass transfer through the boundary layer above a
fixed surface where the solids do not hinder the mass-transfer
rate, the integration of Fick’s law [16] gives the following
equation for the mass-transfer flux:

N̂V = β4 ln

(
1 − yG

1 − yS

)
(6)

where y is the mole-fraction concentration and the subscripts
S and G refer to the conditions just above the particle surface
and in the bulk gas, respectively.

On introducing the particle surface area (A) and the molec-
ular weight of water (MW), Eq. (6) gives the rate of mass
loss from the particle as

dmW

dt
= Aβ4MW ln

(
1 − yG

1 − yS

)
(7)

Eq. (7) may be rewritten in terms of the particle diameter
(dP), the Sherwood number (Sh), the diffusivity of water
vapour through air (DV) and the vapour density (ρV) as

dmW

dt
= πdP Sh DVρV ln

(
1 − yG

1 − yS

)
(8)
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This equation can be expressed in terms of gas humidity
(mass of water per unit mass of dry gas) as

dmW

dt
= πdP Sh DVρV ln

(
Q + YS

Q + YG

)
(9)

where Q is the ratio of the molecular weight of water to that
of dry air (0.622). The Sherwood number in Eq. (9) and the
Nusselt number for heat transfer have both been estimated
from the Ranz–Marshall equation [17].

2.2. Particle energy balance

An energy balance for a particle that is drying gives the
following equation:

mPCP P
dTP

dt
= πdP Nu k(TG − TP) + HV

dmW

dt
(10)

where k is the thermal conductivity of the gas and HV the
latent heat of vaporisation for water.

2.3. Equilibrium moisture content

For predicting the equilibrium moisture content of skim
milk powder, Stafford [18] identified parameters in an equa-
tion of the form:

Xe(T , Ψ ) = Xe(Tref , Ψ ) exp[−B(T − Tref)] (11)

where Ψ is the relative humidity. For the term Xe(T, Ψ ),
which represents the behaviour at a reference temperature
(Tref ), the following equation, proposed by Halsey [19], was
used:

Xe(Tref , Ψ ) = K1(ln Ψ )K2 (12)

Here, K1 and K2 are the constants at a particular temperature.
Stafford [18] reviewed equilibrium moisture content data for
skim milk powder at 14, 34 and 45◦C. At a temperature of
34◦C, two data sets were found, and these agreed well over
a relative humidity range from 0 to 80%. In this work, since
the particle temperatures are usually above 50◦C, values of
the constants obtained by Pixton [20] at 45◦C (the highest
temperature, used here as the reference temperature, Tref )
have been used (K1 = 0.047 and K2 = −0.787).

In Eq. (11), Stafford [18] proposed that the parameter
B should be proportional to the relative humidity, varying
from 0.012 to 0.0215 as the relative humidity increases from
0.1 to 0.5. The basis of this proportionality was not clear,
and the treatment of conditions outside this range of relative
humidities was also not specified.

3. Discussion

This theory has been assessed for a particle with an
initial diameter, velocity, temperature and moisture content
of 80 �m, 0 m s−1, 293 K and 1 kg kg−1, respectively. The

Fig. 6. Calculated free moisture content (actual moisture content
− equilibrium moisture content) as a function of time for a particle with
an initial diameter, velocity, temperature and moisture content of 80 �m,
0 m s−1, 293 K and 1 kg kg−1, respectively, in air with dry- and wet-bulb
temperatures of 353 and 305 K, respectively, and an air velocity of
10 m s−1.

particle size of 80 �m is representative of particle sizes seen
in spray dryers [21]. The gas conditions included dry and
wet-bulb temperatures of 353 and 305 K, respectively, and
a velocity of 10 m s−1. The coefficient (β3) in Eq. (5) was
estimated to be 0.084 K−1 s−1 for this situation, from the
external heat-transfer coefficient divided by the product of
the mass of dry solids per unit surface area, the initial free
moisture content and the latent heat of vaporisation. From
the Ranz–Marshall equation, the heat-transfer coefficient
was estimated as 1340 W m−2 K−1, and an 80 �m diameter
particle has a surface area of 75,000 m2 m−3. Then, from
the coefficient β3, the wet-bulb depression of 50 K and the
initial moisture content of 1 kg kg−1, the drying behaviour
has been calculated and is shown in Fig. 6. A significant
feature is that the drying of this 80 �m particle is virtually
complete within 1 s, which is short compared with typical
residence times inside spray dryers (from 20 to 80 s [21]).

The use of a characteristic drying curve (which involves
only the average moisture content) has some disadvantages,
since strictly speaking, the moisture content at the surface of
the powder governs the fouling of spray dryer walls. How-
ever, the calculation of local moisture contents within parti-
cles is currently impractical with CFD calculations of tran-
sient, three-dimensional flow patterns in spray dryers. Such
flow patterns have been shown to be key features of the per-
formance of these dryers [22]. In addition, the short drying
times shown here for particles of the size typically encoun-
tered in spray dryers, compared with the residence times of
particles, mean that the particles are essentially in equilib-
rium with the gas, so for the purposes of estimating wall
deposition, the moisture gradients are likely to be small.

4. Conclusions

A linear falling-rate curve is an acceptable approximation
for the hindered drying of milk powder, as shown by a review



74 T.A.G. Langrish, T.K. Kockel / Chemical Engineering Journal 84 (2001) 69–74

of previous literature where particle diameters have been
greater than 2 mm. For the diameters of milk particles in
spray dryers, the drying times are predicted using a linear
falling-rate curve to be of the order of 1 s, compared with
residence times of 20–80 s in full-scale equipment. Such a
model is in a form which can be, and indeed has been, used
in a CFD model to predict particle behaviour in milk spray
dryers.
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