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The discrete phase model (DPM) has been widely used in CFD simulations to track discrete particles or
droplets in a continuum fluid filed. This powerful technique, however, may face tremendous difficulty
in tracking droplets flying through chambers with significantly different sizes. In such cases, it becomes
very challenging to develop effective mesh for the big and small chambers together with the transition
zone that can ensure solution convergence within reasonable computational time. In this work, a system-
atic method is introduced to tackle this problem. This method allows simulation of different sized cham-
bers separately to avoid the meshing difficulty. A unique coupling approach offers smooth transition of
droplets from one chamber to the other with rigorous conservation of their mass, energy and momentum.
The effectiveness of the method is demonstrated through the simulation of skim milk droplet drying in a
mono-disperse droplet spray dryer (MDSD), where droplets must pass through a small dispersion cham-
ber before entering the main big drying chamber. For the first time, droplet drying process from exiting
nozzle to the arrival at the dryer outlet can be simulated. The new model can be used in the future to
optimize the spray drying process.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction
Spray drying is a conventional technology for converting large
quantities of liquid into powder products in short time with many
industrial applications such as foods, pharmaceuticals, and chemi-
cal industries, etc. (Liu et al., 2011; Rogers et al., 2012; Vicente
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Nomenclature

Ap droplet/particle surface area (m2)
aw water activity
C GAB isotherm model parameter
Cp specific heat under constant pressure (J kg�1 K�1)
d droplet/ particle diameter (m)
DEv apparent activation energy (J mol�1)
DEv,b equilibrium activation energy (J mol�1)
DHL latent heat of water vaporization (J kg�1)
h heat transfer coefficient (Wm�2 K�1), enthalpy
hm mass transfer coefficient (m s�1)
Jj
!

diffusion flux of species j
K GAB isotherm model parameter
keff effective conductivity
m mass (kg)
_M mass flow rate (kg/s)
n droplet number in computational mesh cell
N collected droplet number
RH relative humidity
R universal gas constant
T temperature (K)
w0 monolayer moisture content (kg kg�1)

W moisture content (wb) (kg kg�1)
X moisture content (db) (kg kg�1)

Greek symbols
a coefficient for linear shrinkage models
q density (kg m�3)

Superscripts
w water
s solid

Subscripts
b bulk
e equilibrium
p particle
s surface/solid
v vapor
w water
0 initial
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et al., 2013; You et al., 2014). Frommerely producing huge capacity
of powders it is traditionally known for, spray drying has advanced
to the present stage of controlling the functionalities of the parti-
cles (Ré, 2006; Baldwin and Truong, 2007; Sagadin and
Hriberšek, 2017). In response to the new desire, immense efforts
have been invested into the design of the modern-day spray dryers
and nozzle jets. This of course, is aimed towards facilitating easy
dispersion of droplets into a spray with consistent morphology
and achieving sufficiently dried outlet powders to meet specified
standards (Xiao et al., 2018). Uniform particle size is also, for
instance, desirable in maximizing the potency of drug delivery sys-
tem (Ré, 2006). As much of the progress that has been made in
terms of increasing production output, improving powder quality
and reducing costs, full understanding of the process and a robust
control implementation strategy, yet remain the challenges facing
both the designers and users (Huang et al., 2003; Woo et al, 2008;
Xiao and Chen, 2014; Yang et al, 2015; George et al., 2015; Xiao
et al., 2018).

Depending on the material feeds to be dried, two main cate-
gories of spray dryers are commonly being employed, i.e.
counter-current and co-current types. Readers are referred to
(Baltas and Gauvin, 1969; Shakiba et al., 2016) for more details
about the dryers operation. The latter types have largely been
applied for heat sensitive materials, e.g. milk, and is considered rel-
evant in this discussion. Usually, the liquid feeds are passed in the
same direction with the streams of hot gas; where simultaneous
exchange of mass and heat results in the removal of excess mois-
ture (Vicente et al., 2013). The fate of each outlet particle is deter-
mined by its trajectory experience within the dryer. Under a
relatively high intensity of air flow in a typical spray dyer, droplets
trajectories might not be uniformly controlled (Jin and Chen,
2009b). This constitutes a huge problem in particle quality control.
These challenges led to the development of a simple and robust
set-up that provides precise control of the spray drying operation,
known as mono-disperse droplet spray dryer (MDSD) (Woo et al.,
2012;You et al., 2014; Yang et al., 2015; Foerster et al., 2016).

A schematic arrangement of a mono-disperse droplet spray
dryer, comprising of the nozzle, the dispersion chamber and the
main drying column is displayed in Fig. 1. The unique nozzle
design allows generation of mono-dispersed droplets. A uniformly
controlled particle drying history can be ensured (Woo et al.,
2012). Furthermore, each atomized droplet in a typical MDSD
passes through the dispersion chamber, then to the main chamber
where rigorous drying takes place. This dryer arrangement is often
a prerequisite to produce completely dried powders for MDSD sys-
tems. To be more specific, the outcomes of the reports from past
experiments show that (i) absence of droplet pre-dispersion can
result in an inefficient drying (i.e. wet particles), and (ii) operating
settings of the dispersion chamber significantly affect the distribu-
tion of droplets. These observations led to further studies on the
subject matter to address the effects of droplet pre-dispersion in
the dispersion chamber on the final particle condition. However,
due to experimental limitations, the dispersion dynamics cannot
be readily observed. The key factors that might influence droplet
dispersion remain vague and un-probed. Exploring this phe-
nomenon by resorting to numerical simulation becomes necessary.

To a very great extent, simulation tools such as COMSOL Multi-
physics, FLOW3D, ANSYS fluent or even MATLAB and EXCEL, have
been employed by many authors to explore dryer-wide spray dry-
ing scenarios (Chen and Lin, 2005; Mezhericher et al., 2007, 2008;
Patel and Chen, 2008; Fletcher and Langrish, 2009; Mezhericher
et al., 2014; George et al., 2015; Kavoshi et al., 2015; Pawar
et al., 2015). Earliest reports on modelling for MDSD can be cred-
ited to Woo et al. (2011). In general, agglomeration, wall deposi-
tion, powder quality degradation, etc. are the commonly
examined phenomena, and have been investigated to a far-
reaching extent. However, the focus of these studies have been
limited to the main drying chamber (Woo et al., 2012; Yang
et al., 2015). Not until the year 2011 was there a first reported case
of modelling work on the dispersion chamber that links the nozzle
jet to the main dryer for MDSD system (Woo et al., 2011). They
examined the unusual characteristics and possible improvements
for MDSD by using four droplet injection points to approximate
the dispersed state of droplets at the outlet of the dispersion cham-
ber, which is also the inlet of the main drying chamber. Based on
this work, Yang et al. (2015) assumed five droplet injection points
in order to obtain a more ‘‘realistic” dispersed state. Nevertheless,
the 2D model of Woo et al. (2011) and the 3D model of Yang et al.
(2015), are unrealistic, since the droplet pre-dispersion in the dis-
persion chamber was not modeled and the dispersed state was



Fig. 1. Schematic diagram of the mono-disperse droplet spray dryer (dimension: mm).
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assumed by the authors. Most recently, Xiao et al. (2018) con-
ducted a comprehensive numerical analysis for droplet pre-
dispersion in the dispersion chamber of an MDSD. The study
allowed the dispersion of droplets in the dispersion chamber to
be visualized. It also offered systematic and quantitative data anal-
yses for improved design of the dispersion chamber. Nonetheless,
the significant size difference between the dispersion and the main
drying columns made numerical coupling of the whole system as a
single unit very challenging.

It has become very apparent that coupling of the dispersion
chamber and main dryer is very paramount for tracking particles’
complete drying process. Numerical simulation of discrete phase
particles flying through distinctively different sized chambers
appears to be largely unexplored. The current work presents an
effective method for tackling this challenging problem. By resort-
ing to this method, the entire MDSD system for drying of skimmilk
droplets can be simulated using ANSYS Fluent with the incorpora-
tion of a reliable drying model, i.e. reaction engineering approach
(REA). The introduced method allows simulation of different sized
chambers separately to avoid the meshing difficulty. A strategic
coupling approach offers smooth transition of droplets from one
chamber to the other with rigorous conservation of their mass,
energy and momentum. To the best of our knowledge, such study
has never been investigated.
2. Modelling and analysis method

2.1. Problem statement and system description

Schematic representation of mono-disperse droplet spray dryer
used in the simulation is shown in Fig. 1. The experience of an indi-
vidual droplet in the main chamber or the fate of each outlet pro-
duct (whether dry or wet) is highly influenced by the dynamics of
the dispersed droplets in the dispersion chamber. Recently,
detailed numerical simulations were conducted to quantify dro-
plets’ dynamics in the dispersion chamber (Xiao et al., 2018). The
study was restricted to the dispersion segment due to the great
challenge in coupling with the main dryer. The volume ratio of
the dispersion chamber to the main drying zone is in the order
of 1:2000. Droplet dispersion is achieved by the introduction of
dispersion air from a ring shaped slit located at the top surface of
the small dispersion chamber. As shown in Fig. 1, the diameter of
the ring inlet is 10 mm and the width of the slit is only 0.1 mm
(i.e. 1/1100 of the diameter of the dispersion chamber, or 1/6030
of the diameter of the drying chamber). Furthermore, the inlet
angle of dispersion air should be adjustable. In order to properly
simulate droplet dispersion under the influence of the dispersion
air, a very fine mesh has to be used for the dispersion chamber.
The total number of cells for this small chamber is 229,152. The
minimum cell volume is 1.068053 � 10�11 m3, while the maxi-
mum cell volume is 4.891153 � 10�9 m3. On the other hand, dro-
plet flying in the drying chamber is influenced by the hot air
whose inlet flow is made uniformly distributed with a downward
direction through the specially designed perforated plate (Fig. 1).
Thus, a coarser grid with 162,904 cells can be used for the drying
chamber. The sizes of the maximum and minimum cells are
respectively 1.450679 � 10�5 m3 and 4.902243 � 10�8 m3. The
maximum mesh cell volume of the main dryer is more than 103

times larger when compared with the maximummesh cell volume
of the dispersion chamber. Therefore, it is not effective or even not
practical to simulate the dispersion chamber and the drying cham-
ber as a single unit.

To circumvent these difficulties, a coupling scheme has been
developed in which the statistics of the droplets exiting the disper-
sion chamber are initially recorded. The recorded droplets are then
mapped to the corresponding inlet locations of the main dryer, and
serve as the input conditions for the main drying chamber. The dis-
crete phase model (DPM) has been combined with the drying rate
model to effectively describe the physical behavior of drying of
skim milk droplets. The model framework is given in Fig. 2. Two
chambers simulated separately are coupled using a special scheme
which will be introduced later with great details.
2.2. Governing equations

In both chambers, a discrete phase model (DPM) has been uti-
lized to track droplets. The bulk fluid is captured by 3D Navier-
Stokes conservation equations integrated with a drying rate model
to describe the air/ particle flow behaviors during mass, energy and
momentum exchange. In this study, reaction engineering approach



Fig. 2. Cross sectional view of two coupled simulation domains with boundary conditions: (a) the dispersion chamber and (b) the main drying chamber (dimension: mm).
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(REA) has been used to describe the physical attributes of droplets
during drying (Chen and Lin, 2005; Chen, 2008; Patel et al., 2009;
Putranto and Chen, 2016; Schmitz-Schug et al., 2016).

Two-way coupling of the continuous phase and dispersed dro-
plets was implemented in this work. In other words, the interphase
exchange of heat, mass, and momentum between the air and the
droplet has been fully taken into account. This coupling was
achieved through alternately solving the continuous and discrete
phase equations until obtaining converged solutions in both
phases. The RNG k-e turbulent model has been utilized to model
the slightly turbulent flow in the chamber. The discrete droplet
phase has been combined with the gas phase using a particle drag
model (Haider and Levenspiel, 1989; Patel et al., 2010; Zastawny
et al., 2012). The drag and buoyant forces exerted by air, as well
as the gravitational force drive droplet acceleration,

dv!p

dt
¼

CD18lbRe v!� v!p

� �
24qpd

2
p

þ g
qp

qp � qb

� �
ð1Þ

The first expression on the right side of Eq. (1) corresponds to
the drag force per unit mass due to air-droplet relative motion.
The second expression represents the difference between the
buoyancy and gravitational forces per unit mass. The velocity vec-
tors (m/s) of droplet and gas are respectively denoted as v!p and v!.
An empirical correlation (Patel et al., 2010) was used to calculate
the drag coefficient, Cd by relating Reynolds number (Re) to Cd.
The virtual mass force, lift force and Basset force were not taken
into account. The virtual mass effect is significant when the sec-
ondary phase density is much smaller than the primary phase den-
sity. However, the primary phase in this work has a much lower
density. The Saffman’s lift force is recommended to be used only
for submicron particles, which is not applicable to this study. The
size of a particle in this work is more than ten times larger than
1 mm. The influence of the Basset force can be neglected when
the fluid-to-particle density ratio is less than 0.002 (Vojir and
Michaelides, 1994; Song et al., 2016). The ratio in this study is less
than 0.001 (i.e., the air-to-water density ratio). This ratio decreases
as drying proceeds due to the increase of droplet density (from wet
to dry). Thus the Basset force can be safely neglected as well. The
transfer of momentum from the droplet to the air was then imple-
mented as a momentum sink in the continuous phase momentum
balance equation.

The shape of a falling droplet has been assumed spherical, thus
drying causes uniform shrinkage of the droplet diameter, dp. A lin-
ear shrinkage model proposed by Lin and Chen (2004) was deemed
suitable to estimate droplet shrinkage behavior. The droplet diam-
eter, dp, is linearly related to its moisture content, X,

dp

dp;0
¼ aþ 1� að Þ X

X0
ð2Þ

where dp,0 and X0 are the droplet’s initial diameter (m) and initial
moisture content (kg/(kg, db)) respectively; a is 0.59 for 20 wt%
skim milk droplets.

The driving force for drying is the difference between the dro-
plet and gas vapor concentrations according to REA (Patel and
Chen, 2008). The conservation of heat between the droplet and
gas involving moisture removal can be calculated by using the fol-
lowing equations (Yang et al., 2015):

dTp
dt ¼

hAp Tb�Tpð ÞþDHL
dmp
dt

mwCp;wþmsCp;s

@
@t qEð Þþr� v! qEþPð Þ

h i
¼r� keffrTb�

P
jhj J

!
jþ s!eff � v!

� �h i
�ndmp

dt hH2O gð Þ

8><
>:

ð3Þ
where Tp and Tb are the droplet and air temperatures (K) respec-
tively; h is the heat transfer coefficient (W/(m2�K)) (Ranz and
Marshall, 1952a, 1952b); n is the number of droplets in a computa-
tional mesh cell; hH2O is defined as the vapor specific enthalpy (J/
kg); mp corresponds to the mass of one particle. The last term on
the right hand side of Eq. (3) (i.e. second expression) corresponds
to energy sink due to drying.



Table 1
Initial and boundary conditions for the dispersion chamber.

Fluid parameters:
Inlet flow rate of dispersion air (L min�1) 0.5
Initial hot air temperature (�C) 90, 111, 135, 157, 183
Initial dispersion air temperature (�C) 25
Inlet angel (�) 43

Droplet parameters:
Initial particle size (lm) 191, 195, 200, 186, 181
Mass flow rate (kg s�1) 3 � 10�5

Initial velocity (m s�1) 1
Initial droplet temperature (�C) 25
Initial moisture content (%) 80

Table 2
Initial and boundary conditions for the drying chamber.

Central inlet of hot air:
Mass flow rate (kg s�1) 2.478e�3
Direction Normal
Water vapor mass fraction (kg H2O/kg air) 0.01
Temperature (�C) 90, 111, 135, 157, 183

Annulus inlet of hot air:
Mass flow rate (kg s�1) 7.816e�4
Direction Normal
Temperature (�C) 90, 111, 135, 157, 183
Water vapor mass fraction (kg H2O/kg air) 0.01

Outer annulus inlet of hot air:
Mass flow rate (kg s�1) 1.152e�5
Direction Normal
Temperature (�C) 90, 111, 135, 157, 183
Water vapor mass fraction (kg H2O/kg air) 0.01

Outlet:
Gauge pressure (pa) 0
Backflow temperature (�C) 25

Wall:
Convective heat transfer coefficient of the
insulated region (Wm�2 K�1)

2, 2, 2, 2, 2

Convective heat transfer coefficient of the
non-insulated region (Wm�2 K�1)

5, 8, 8, 8, 8

Room temperature (�C) 25
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Evaporation causes the transfer of moisture from the droplet to
the gas phase. This is denoted mathematically as (Yang et al.,
2015),

�ms
dX
dt ¼ hmAp qv;s � qv;b

� �
dmair
dt ¼ nhmAp qv;s � qv ;b

� �
8><
>: ð4Þ

The rates of moisture removal and moisture gain from the dro-
plet and bulk gas are given respectively in Eq. (4). The mass trans-
fer coefficient, hm (m/s) can be obtained from the modified form of
the Ranz and Marshall correlations (Ranz and Marshall, 1952a,
1952b). The bulk gas vapor concentration (kg/m3) is qv,b, and qv,s

denotes the vapor concentration at the droplet-gas phase bound-
ary (kg/m3) given as,

qv;s ¼ exp �DEv
RTp

� �
qv;sat Tp

� � ð5Þ

The apparent activation energy, DEv, can be quantified from the
equilibrium activation energy, DEv,e and the droplet moisture con-
tent, X as;

DEv
DEv ;e

¼ a � exp �b X � Xeð Þc� 	 ð6Þ

where a = 0.998, b = 1.405 and c = 0.930 are the material dependent
constants for 20 wt% skim milk (Rogers et al., 2012). The equilib-
rium moisture content of particle in the bulk gas phase, Xe can be
obtained using Guggenheim-Anderson-de Boer (GAB) desorption
isotherm model given as (Lin et al., 2005),

Xe ¼ w0
CKaw

1� Kawð Þ 1� Kaw þ CKawð Þ ð7Þ

where aw is the water activity in the bulk gas; W0 is the monolayer
moisture content; parameters C and K are functions of gas
temperature,

C ¼ C0 � exp DH1
RTb

� �
K ¼ K0 � exp DH2

RTb

� �
8><
>: ð8Þ

where for skim milk, W0 = 0.06156; C0 = 0.001645; K0 = 5.71;
DH1 = 24831 J/mol; DH2 = –5118 J/mol.

2.3. Boundary conditions

The boundary conditions for mass, momentum and heat conser-
vation equations are shown in the cross-sectional view of the
cylindrical dispersion and the main drying chambers (Fig. 2). A cir-
cular slit with a thickness of 0.1 mm opens the passage for the dis-
persed air flow into the dispersion chamber (see Fig. 2(a)). The
lower end of the chamber is the outlet with a gauge pressure. A
constant hot air temperature is used for the solid walls to satisfy
the requirement of heating up the column to a steady state before
introduction of droplets in experimental MDSD. Atomized droplets
with certain initial size, temperature, mass flow rate and moisture
content are injected vertically downwards into the dispersion
chamber. The bottom of the column leads droplet passage directly
to the main dryer. The ‘escape’ boundary condition can be imple-
mented in ANSYS Fluent through a boundary selection, and is used
to discontinue the activity of such droplets hitting the boundaries.
As soon as droplets touch the surface, their trajectory calculations
are terminated. The specific values of boundary conditions used in
this study for the dispersion chamber are listed in Table 1.

The location, size, temperature andmoisture content of droplets
exiting the bottom surface of the dispersion chamber are recorded
and mapped to a certain number of droplet injections for the main
dryer (Fig. 2). The coupling scheme will be introduced in the next
section. The main tower is divided into two parts with different
levels of thermal insulation, i.e. convective insulated and non-
insulated regions (Fig. 2(b)). Particles are collected at the bottom
outlet with a gauge pressure. Unlike in the dispersion chamber
where an ‘escape’ condition is used, the ‘reflect’ boundary condi-
tion in ANSYS Fluent has been used for particles hitting at all walls
in this dryer segment. The velocity of particles is obtained by (Jin
and Chen, 2009a, 2009b).

V
!

n;out ¼ �V
!

n;in

V
!

t;out ¼ V
!

t;in

(
ð9Þ

where V
!

n;out and V
!

t;out are normal and tangential velocity compo-
nents to the wall after reflection respectively. All the boundary con-
dition values can be found in Tables 1 and 2.
2.4. Coupling the dispersion chamber and the main drying chamber

This section introduces an effective scheme to couple DPM
models for chambers with distinctively different sizes. Simulating
the complete drying process from droplet generation to particle
collection in a mono-disperse droplet spray dryer becomes
possible.
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2.4.1. Data collection for droplets exiting the dispersion chamber
In order to provide droplet inlet conditions for numerical simu-

lation of the main drying chamber, the property data of all droplets
exiting the dispersion chamber are collected at the outlet plane.
These date include droplet location (x; y; z), velocity (v!p), temper-
ature (Tp), diameter (dp), moisture content (W), and mass (mp). In
addition, the total number of collected droplets (N) at the outlet
plane is also counted.
2.4.2. Identification and division of droplet-occupied area
Droplets exiting the outlet plane of the dispersion chamber are

plotted in that plane based on their locations (see Fig. 3(a)). In this
particular case, droplet diameter (dp) is represented by the color
bar. Fig. 3(a) shows that most droplets occupy an area close to
the center of the surface. A circular area with a radius of rmax can
be readily identified that can cover majority droplets (e.g., 98%)
(see the area circled by the black line in Fig. 3(b)).

Following the determination of droplet-occupied area, this area
can be further divided into a number of zones. In each zone, dro-
plets’ statistics can be used to design a droplet injection, which is
expected to generate a stream of droplets demonstrating the same
statistics as those droplets collected in the zone. Four different
schemes have been designed to divide the area, and used to couple
the dispersion chamber with the main dryer (see Fig. 3(c)). An
injection can be created in each zone which continuously gener-
ates droplets into the main drying chamber. The circular area of
radius rmax is divided into k layers with each layer containing four
sub-division zones represented by ‘‘j” (refer to Fig. 4 for illustration
on slice division). In the design scheme 1, a total of 12 zones are
obtained and the thickness of each k layer is equal (see Fig. 4(a)),
i.e.,
1.930
1.932
1.934
1.936
1.938
1.940
1.942
1.944
1.946
1.948
x 10-4
dp (m)

110 mm

(a)

X

Z

Fig. 3. Identification of the droplet-occu
rmax

3
k� 1ð Þ < r � rmax

3
k k ¼ 1;2;3 ð10Þ

In the design scheme 2, another layer has been added to the
innermost circle as shown in Fig. 4(b). Since majority of the dro-
plets are concentrated around the central region (see Fig. 3(b)),
scheme 2 has been developed in order to make the number of dro-
plets in each zone more uniform. The distance of each spaced layer
from the circle center can be obtained from,
0 < r � 1
6 rmax k ¼ 1ð Þ

1
6 rmax < r � 1

3 rmax k ¼ 2ð Þ
1
3 rmax < r � 2

3 rmax k ¼ 3ð Þ
2
3 rmax < r � rmax k ¼ 4ð Þ

8>>><
>>>:

ð11Þ

Sixteen injection points are generated on top of the main dryer
for scheme 3, with each layer corresponding to 25% of the total
number of droplets (see Fig. 4(c)). The design scheme 4 is similar
to scheme 3 on the basis of equal number of injection points and
spacing of each layer. The injection location is, however, rotated
by 45� (see Fig. 4(d)).

Schemes 1 and 2 would offer significantly different numbers of
droplets from each injection. Specifically, the number of droplets
generated from an injection in the outer layer could be signifi-
cantly smaller than that from an injection in the inner layer. How-
ever, schemes 3 and 4 would offer injections that can generate
droplets of the same flow rate. Thus the characteristics of droplets
in the outer layer could be better captured by such kind of uniform
mass flow rate based division scenario. Compared with ‘‘X” shaped
distribution of injections in schemes 1–3 (Fig. 4), the ‘‘star” (*)
shaped distribution in scheme 4 may better capture the dispersed
state of droplets in the dispersion chamber.
Design scheme 1

Design scheme 2

Design scheme 3

Design scheme 4

(b) (c)

pied area together with its division.



Fig. 4. Illustration of spatial division schemes for the droplet-occupied area.
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2.4.3. Creating injections
One injection can be created in each zone to generate a stream

of droplets to be injected into the drying chamber. The settings of
the injection should be calculated based on the conservations of
mass, momentum and energy for droplets passing across the cou-
pling interface. Droplets are not uniformly distributed in each
zone, thus the location of the j-th injection is taken as the average
location of all Nj droplets collected in the j-th zone, i.e.

x
�
j ¼ 1

Nj

PNj

i¼1xi;j

y
�
j ¼ 0

z
�
j ¼ 1

Nj

PNj

i¼1zi;j

8>>><
>>>:

ð12Þ

Droplets conserve momentum while passing through the cou-
pling interface. The initial velocity of droplets from the j-th injec-
tion is then,
u
�
j ¼ 1PNj

i¼1
mi;j

PNj

i¼1mi;jui;j

v
�
j ¼ 1PNj

i¼1
mi;j

PNj

i¼1mi;jv i;j

w
�

j ¼ 1PNj
i¼1

mi;j

PNj

i¼1mi;jwi;j

8>>>>>><
>>>>>>:

ð13Þ

Although the residence time of droplets in the dispersion cham-
ber is short, solvent evaporation and rising of the droplet temper-
ature also occur in the dispersion chamber. The temperature,
moisture content and diameter of droplets from the j-th injection
can be obtained respectively through,

T
�
j ¼

PNj

i¼1 mw
i;jCpw þms

i;jCps

� �
� Ti;j

Nj mwCpw þmsCps

�� � ð14Þ
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W
�

j ¼
PNj

i¼1mi;j � NjmsPNj

i¼1mi;j

ð15Þ

d
�
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNj

i¼1 di;j
� �3
Nj

3

s
ð16Þ

To ensure continuous supply of droplets to the drying chamber,
the mass flow rate of each injection needs to be defined. The total
mass flow rate of mono-disperse nozzle is known, i.e. _M0. The mass
flow rate of each injection ( _Mj) can be determined by,

_Mj ¼
PNj

i¼1
mi;jPN

i¼1
mi

_M0 1� Mvap
Nm0

� �
Mvap ¼ Nm0 �

PN
i¼1mi

8><
>: ð17Þ

where m0 and N are the droplet’s initial mass (kg) and the total
number of collected droplets respectively; the total evaporation in
the dispersion chamber is Mvap.
Fig. 5. Multi-phase flow field in the dispersion chamber: (a) stre
2.4.4. Procedures for the coupled scheme
Procedures taken to couple the dispersion model and the main

drying model shown in Fig. 2 are summarized by the following
steps.

Step 1. Develop a 3D dispersion chamber model to solve the
mass, momentum and energy conservation equations for
jjv!pjj, W, dp and Tp. Continue this step until pre-specified num-
ber of droplet samples have been ‘‘collected” at the outlet plane
(i.e., the bottom surface of the dispersion chamber, see Fig. 3
(a)).
Step 2. Identify the droplet occupied area and divide such area
into a number of zones based on an appropriate scheme.
Step 3. Create an injection in each zone and calculate the param-
eters as inlet droplet initial conditions of the main drying cham-
ber using Eqs. (12)–(17).
Step 4. Develop a 3D model for the main drying chamber and
adopt the parameters obtained from Step 3. This step should
amline and contours of the air flow, and (b) flying droplets.
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continue until a pre-specified number of droplet samples have
been ‘‘collected” at the outlet plane (i.e., the bottom surface of
the main dryer).

2.5. Numerical implementation

ICEM CFD is used to mesh the dispersion chamber and the main
drying chamber (see Fig. 1). Based on grid independency study,
229,152 mesh cells are used for the dispersion chamber (Xiao
et al., 2018), and 162,904 mesh cells are adopted for the main dry-
ing chamber (Yang et al., 2015). All models can be solved using
ANSYS Fluent. The RNG k-e turbulence model has been selected
to simulate the air flow in both chambers. This turbulence model
is known to accurately describe the flow pattern in the spray dryer
(Huang et al., 2006). After stability of the air flow, the discrete
phase model (DPM) is enabled to characterize the injected droplets
in the continuous gas phase. The REA and droplet shrinkage models
are coupled via the user-defined functions (UDF).
3. Results and discussion

Numerical simulations of the mono-disperse droplet spray
dryer (MDSD) have been carried out to demonstrate the efficacy
of the introduced methodology. For the first time, this method
allows us to investigate the effect of operational settings on droplet
pre-dispersion in the dispersion chamber and hence on the mois-
ture contents of the final particles collected at the dryer outlet.
The initial air and droplet conditions used are listed in Tables 1
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Fig. 6. 2D plots of droplet distribution in the (x, z) outlet plane in which the colorbar repre
droplet size.
and 2, and closely represent the real experimental scenarios. The
conditions of the base case correspond to 195 lm droplets spray
dried at an inlet air temperature of 111 �C. It will serve as an imple-
mentation example of the method as well as a comparison base for
other cases under different drying temperatures.
3.1. Charactering flying droplets in the dispersion chamber

Before the injection of atomized droplets, the dispersion air
flow needs to attain a steady condition. A stable flow field is shown
in Fig. 5(a). The injected mono-dispersed droplets fly in this air
flow field. Due to air-droplet interaction, dispersion of droplets
can be observed (see Fig. 5(b)).

In this study, a total of �5000 droplets were collected at the
bottom surface of the dispersion chamber. Fig. 6 shows 2D distri-
butions of all collected droplets at the bottom surface, i.e., the (x,
z) plane. As can be observed, the properties such as k v!p k, Tp, W,
and dp for each droplet have been represented by the colour bars
for easy identification. Droplets are mainly located at the plane
center owing to the mild turbulent air flow pattern. Larger size
droplets with higher moisture content and velocity reach the exit
faster. An increase in residence time is always prompted by a
decrease in velocity, and thus lower moisture content and higher
temperature of droplets. Meanwhile, the temperature of larger size
droplets is lower as a result of shorter contact with the air.

Furthermore, in order to obtain a quantitative understanding of
droplets dispersion state, the droplet occupied area has been
divided into three or four circular slices with each slice having four
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zones (schemes 1–4). A 2D statistical analysis of the dispersion of
droplets’ velocity magnitude, temperature, moisture content and
size at each injection for Scheme 4 is shown in Fig. 7. A decreasing
trend can be observed for k v!p k, W, dp and an increasing trend for
Tp from the inner layer to the outer layer (k = 1–4). The data also
suggest that smaller size droplets move towards the edge of the
chamber exit with lower velocity. Temperatures of droplets at
the exit edge are higher resulting to their lower moisture contents.
These observations are also consistent with the 2D plots given in
Fig. 6. Additional information regarding the concentration of dro-
plets at the circular exit is provided in Fig. 8. The data demonstrate
that the number distribution of droplets in each layer is uniform
for Scheme 4 (Fig. 8(a)). The number percentage distribution is
quite similar to the mass flow rate distribution (Fig. 8(b)), because
droplet evaporation is insignificant in the dispersion chamber, i.e.,
less than 0.15% moisture content decrease (see Fig. 7(c)). While it is
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Fig. 7. Droplet distribution at the dispersion chamber outlet divided based on Scheme
droplet size.
quite different from the mass flux distribution (Fig. 8(c)), the mass
flux in the 4th layer is almost 0 due to the large areas of zones in
the 4th layer.

3.2. Creating injections

The droplets exiting dispersion chamber are quite wet. Further
drying is performed in the second column (i.e. the main drying
chamber) to achieve efficient drying. This study provides a realistic
injection scenario of droplets at the inlet of the main drying cham-
ber (i.e., the exit of the dispersion chamber) by resorting to a
strategic coupling approach. The MDSD consisting of two chambers
with big size difference, for the first time, can be simulated as a
holistic unit.

For the purpose of coupling the two chambers, four schemes
have been provided (Fig. 4). A droplet injection is created for each
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4: (a) velocity magnitude, (b) droplet temperature, (c) moisture content, and (d)
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Fig. 8. Droplet distribution at the dispersion chamber outlet divided based on Scheme 4: (a) number percentage, (b) mass flow rate, and (c) mass flux.

Table 3
Parameter settings for 12 injections in Scheme 1 (195 lm droplets of 20 wt% skim milk spray dried at an inlet air temperature of 111 �C).

Zone index Location (mm) Velocity (m s�1) Temperature (K) Diameter (lm) Mass flow Rate (kg s�1) Moisture content (%)

j x
�

y
�

z
�

u
�

v
�

w
�

T
�

d
� _M W

1 0.340 0 0.358 0.0148 �1.573 0.0154 300.9872 194.69 5.481e�6 79.91
2 �0.335 0 0.345 �0.0143 �1.583 0.0148 301.0075 194.68 5.501e�6 79.91
3 �0.346 0 �0.332 �0.0147 �1.558 �0.0140 300.9715 194.69 5.635e�6 79.91
4 0.343 0 �0.341 0.0144 �1.541 �0.0146 301.0035 194.68 5.367e�6 79.91
5 0.973 0 0.970 0.0309 �1.450 0.0308 301.5463 194.59 1.508e�6 79.88
6 �0.999 0 0.970 �0.0323 �1.443 0.0310 301.5595 194.59 1.451e�6 79.88
7 �1.029 0 �0.957 �0.0334 �1.447 �0.0319 301.5785 194.58 1.426e�6 79.88
8 0.975 0 �0.984 0.0313 �1.436 �0.0320 301.5481 194.59 1.560e�6 79.88
9 1.813 0 1.718 0.0434 �1.162 0.0403 302.3840 194.45 3.049e�7 79.84
10 �1.845 0 1.625 �0.0431 �1.173 0.0382 302.3900 194.44 3.303e�7 79.84
11 �1.816 0 �1.620 �0.0431 �1.170 �0.0353 302.4456 194.42 3.620e�7 79.83
12 1.680 0 �1.879 0.0427 �1.179 �0.0433 302.4557 194.43 3.239e�7 79.83
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Table 4
Parameter settings for 16 injections in Scheme 2 (195 lm droplets of 20 wt% skim milk spray dried at an inlet air temperature of 111 �C).

Zone index Location (mm) Velocity (m s�1) Temperature (K) Diameter (lm) Mass flow Rate (kg s�1) Moisture content (%)

j x
�

y
�

z
�

u
�

v
�

w
�

T
�

d
� _M W

1 0.210 0 0.208 0.0096 �1.523 0.0091 300.8857 194.70 2.978e�6 79.91
2 �0.201 0 0.205 �0.0083 �1.539 0.0091 300.9071 194.70 3.156e�6 79.91
3 �0.203 0 �0.196 �0.0094 �1.538 �0.0088 300.8466 194.71 3.245e�6 79.91
4 0.195 0 �0.201 0.0089 �1.482 �0.0085 301.9072 194.70 3.003e�6 79.91
5 0.494 0 0.536 0.0208 �1.632 0.0228 301.1080 194.66 2.504e�6 79.90
6 �0.514 0 0.533 �0.0223 �1.643 0.0225 301.1426 194.66 2.345e�6 79.90
7 �0.540 0 �0.518 �0.0219 �1.585 �0.0211 301.1413 194.66 2.389e�6 79.90
8 0.531 0 �0.518 0.0213 �1.617 �0.0224 301.1257 194.66 2.364e�6 79.90
9 0.973 0 0.970 0.0309 �1.450 0.0308 301.5463 194.59 1.509e�6 79.88
10 �0.999 0 0.970 �0.0323 �1.443 0.0310 301.5595 194.59 1.451e�6 79.88
11 �1.029 0 �0.957 �0.0334 �1.447 �0.0319 301.5785 194.58 1.426e�6 79.88
12 0.975 0 �0.984 0.0313 �1.436 �0.0320 301.5481 194.59 1.560e�6 79.88
13 1.813 0 1.718 0.0434 �1.162 0.0403 302.3840 194.45 3.049e�7 79.84
14 �1.845 0 1.625 �0.0431 �1.173 0.0382 302.3900 194.44 3.303e�7 79.84
15 �1.816 0 �1.620 �0.0431 �1.170 �0.0353 302.4456 194.42 3.620e�7 79.83
16 1.680 0 �1.879 0.0427 �1.179 �0.0433 302.4557 194.43 3.239e�7 79.83

Table 5
Parameter settings for 16 injections in Scheme 3 (195 lm droplets of 20 wt% skim milk spray dried at an inlet air temperature of 111 �C).

Zone index Location (mm) Velocity (m s�1) Temperature (K) Diameter (lm) Mass flow Rate (kg s�1) Moisture content (%)

j x
�

y
�

z
�

u
�

v
�

w
�

T
�

d
� _M W

1 0.137 0 0.134 0.0063 �1.459 0.0063 300.8188 194.71 1.601e�6 79.92
2 �0.137 0 0.140 �0.0054 �1.498 0.0066 300.8166 194.71 1.881e�6 79.92
3 �0.133 0 �0.130 �0.0058 �1.451 �0.0055 300.7587 194.72 1.990e�6 79.92
4 0.121 0 �0.143 0.0062 �1.469 �0.0064 300.7835 194.72 1.843e�6 79.92
5 0.325 0 0.327 0.0152 �1.627 0.0142 300.9733 194.69 2.021e�6 79.91
6 �0.324 0 0.331 �0.0141 �1.589 0.0142 301.0693 194.67 1.804e�6 79.91
7 �0.341 0 �0.332 �0.0155 �1.651 �0.0332 301.0197 194.68 1.791e�6 79.91
8 0.331 0 �0.331 0.0136 �1.523 �0.0139 301.0798 194.67 1.702e�6 79.91
9 0.533 0 0.579 0.0217 �1.616 0.0243 301.1432 194.66 1.841e�6 79.90
10 �0.549 0 0.570 �0.0237 �1.666 0.0240 301.1491 194.66 1.816e�6 79.90
11 �0.576 0 �0.549 �0.0233 �1.581 �0.0224 301.1529 194.66 1.841e�6 79.90
12 0.578 0 �0.549 0.0234 �1.631 �0.0235 301.1544 194.65 1.816e�6 79.90
13 1.105 0 1.101 0.0327 �1.401 0.0325 301.6856 194.56 1.833e�6 79.87
14 �1.156 0 1.092 �0.0343 �1.393 0.0323 301.7135 194.56 1.782e�6 79.87
15 �1.186 0 �1.088 �0.0354 �1.394 �0.0326 301.7503 194.55 1.801e�6 79.87
16 1.096 0 �1.136 0.0333 �1.393 �0.0340 301.7026 194.56 1.890e�6 79.87

Table 6
Parameter settings for 16 injections in Scheme 4 (195 lm droplets of 20 wt% skim milk spray dried at an inlet air temperature of 111 �C).

Zone index Location (mm) Velocity (m s�1) Temperature (K) Diameter (lm) Mass flow Rate (kg s�1) Moisture content

j x
�

y
�

z
�

u
�

v
�

w
�

T
�

D
� _M W

1 0.137 0 0.134 0.0063 �1.459 0.0063 300.8188 194.71 1.601e�6 0.7992
2 �0.137 0 0.140 �0.0054 �1.498 0.0066 300.8166 194.71 1.881e�6 0.7992
3 �0.133 0 �0.130 �0.0058 �1.451 �0.0055 300.7587 194.72 1.990e�6 0.7992
4 0.121 0 �0.143 0.0062 �1.469 �0.0064 300.7835 194.72 1.843e�6 0.7992
5 0.464 0 0.0174 0.0197 �1.627 0.00047 301.0134 194.68 1.836e�6 0.7991
6 0.0198 0 0.464 0.00129 �1.603 0.0205 301.0136 194.68 1.925e�6 0.7991
7 �0.465 0 �0.332 �0.0208 �1.661 �0.00105 301.0226 194.68 1.836e�6 0.7991
8 �0.0062 0 �0.475 0.00018 �1.540 �0.0201 301.0869 194.67 1.721e�6 0.7991
9 0.533 0 0.579 0.0217 �1.616 0.0243 301.1432 194.66 1.841e�6 0.7990
10 �0.549 0 0.570 �0.0237 �1.666 0.0240 301.1491 194.66 1.816e�6 0.7990
11 �0.576 0 �0.549 �0.0233 �1.581 �0.0224 301.1529 194.66 1.841e�6 0.7990
12 0.578 0 �0.549 0.0234 �1.631 �0.0235 301.1544 194.65 1.816e�6 0.7990
13 1.538 0 0.0224 0.0463 �1.406 �0.00039 301.6747 194.56 1.884e�6 0.7987
14 0.00016 0 1.571 0.00062 �1.400 0.0468 301.6942 194.56 1.699e�6 0.7987
15 �1.607 0 �0.0043 �0.0472 �1.382 �0.00028 301.7164 194.56 1.941e�6 0.7987
16 0.0069 0 �1.598 0.00079 �1.393 �0.0472 301.7668 194.54 1.781e�6 0.7987
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zone. Settings of droplet injections can be obtained by Eqs. (12)–
(17). Those settings for each scheme are listed in Tables 3–6. The
mass flow rates of droplets injected at the central layer using
schemes 1 and 2 are about ten times more than the droplets
injected at the outer layer (see Tables 3 and 4). Whereas, those
for schemes 3 and 4 are uniformly distributed across the division
layers of the exit plane. The mass flow rate variations for different
design schemes may impact the final moisture of the particles.



24 J. Xiao et al. / Chemical Engineering Science 200 (2019) 12–26
Data in Tables 3–6 also show that the closer the droplet position to
the edge of the plane, the higher is its temperature. Meanwhile, the
droplet size becomes smaller towards the edge.

3.3. Predicting particle product property

Temperature profile in the drying chamber directly affects par-
ticle product quality. High temperature can cause skim milk
Fig. 9. The temperature profiles in the main drying chamber under different inlet
hot air temperatures: simulation results vs. experimental data.
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Fig. 10. The droplets’ spatial and moiture content distributions in the dispersion and dryi
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drying chamber, and (e) coupling scheme 4, 16 injections for the drying chamber.
degeneration while low temperature can result in the insufficient
drying. Experimental results of temperature distribution in an
MDSD have been reported by Rogers (2011). The overall heat loss
coefficients for the wall of the dryer have been identified to match
the temperature distribution along the axis of the main drying
chamber with the experimental data (see Table 2). Fig. 9 shows
that the model can satisfactorily predict dryer temperature under
different hot air inlet temperatures.

The moisture content dynamics in the main dryer under differ-
ent coupling schemes are presented in Fig. 10. The present predic-
tions have also been compared with the simulation result of the
case neglecting the dispersion chamber. As shown in Fig. 10(a),
without the dispersion chamber, a single stream of droplets is
directly injected into the main drying chamber, which spreads
out while moving down the tower. Multiple streams of droplets
are injected into the main drying chamber based on the coupling
schemes 1–4 (see Fig. 10(b)–(e)). It is observed that the droplet
cloud in Fig. 10(a) is thinner than others close to the dryer ceiling.

The final moisture contents of particles are shown in Fig. 11.
Neglecting the dispersion chamber results in �2% higher moisture
content. It should be pointed out that 2% difference in the moisture
content for the milk powder product is a ‘‘big” difference. The
moisture content of milk powder on sale is conventionally con-
trolled at a level very close to 4%. Otherwise, it will lead to product
quality problems. Consequently, droplet dispersion should not be
neglected. Droplet dispersion promotes mass transfer and heat
transfer between droplets and the drying air, hence achieving a
lower moisture content without the need to increase the inlet
hot air temperature. Noticeable variations of the final moisture
content for all the coupling schemes can be identified (Fig. 11),
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Fig. 11. Comparison of the moisture contents of particles at the dryer outlet.
195 lm droplets were spray dried at an inlet air temperature of 111 �C.
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especially between the uniform mass flow rate based division sce-
nario (schemes 3 and 4) and the uniform layer thickness based
division scenario (schemes 1 and 2). Thus, selecting appropriate
coupling scheme that could better capture droplet dispersion
states becomes important. Scheme 4 has been chosen for subse-
quent computations. This scheme better captures droplet flux
across the coupling interface and adopts rotated locations of dro-
plet injections between division layers.

The final moisture contents at different inlet air temperatures
and droplet size conditions have been compared with experimen-
tal measurements. As shown in Fig. 12, the trend of predictions is
consistent with the experimental data, i.e., increasing inlet air tem-
perature leads to the decrease of particle moisture content. At low
air inlet temperatures, there is a smaller temperature difference
between the atomized feed and the drying air, resulting in a lesser
driving force for water evaporation and thus producing powders
with higher moisture content (George et al., 2015). The final mois-
ture content is heavily dependent on the initial droplet size while
the measured droplet size has deviations (see the droplet size data
Fig. 12. Particle final moisture content for different sized droplets spray dried
under different hot air inlet temperatures: model predictions vs. experimental
measurements. Initial droplet diameters with deviations used in experiments are
listed. Prediction results are under three sets of initial droplet diameters, i.e., the
maximum diameter (green triangles), the mean diameter (red diamonds), and the
minimum diameter (blue circles). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
listed in Fig. 12). Prediction results under three sets of initial dro-
plet diameters are plotted, i.e., the maximum diameter (green tri-
angles), the mean diameter (red diamonds), and the minimum
diameter (blue circles). It is observed that predicted range covers
the experimental data well at the temperature lower than 140 �C.
A consistent underestimation can be observed for inlet air temper-
atures above 140 �C regardless of the initial droplet size. It is
because dry particles encounter moisture reabsorption during the
moisture measurement process after drying (Yang et al., 2015),
which leads to lower simulated moisture contents than experi-
mental values. A moisture reabsorption model can be included in
the future to take this issue into account.
4. Conclusion

In this study, a systematic coupling approach is introduced to
deal with a type of challenging DPM simulations where discrete-
phase droplets need to fly across consecutive chambers with dis-
tinctively different sizes. The difficulty of solving DPM models in
multiple chambers as a single unit arises from chambers’ geomet-
ric size differences. The introduced method has been successfully
utilized to investigate the spray drying process in the mono-
disperse droplet spray dryer (MDSD), which consists of a small dis-
persion chamber and a big drying chamber. Droplet samples are
collected at the exit of the dispersion chamber, and then used as
the input conditions in the second stage for the main dryer. Four
coupling schemes have been designed to create droplet injections
into the main dryer based on rigorous mass, momentum and
energy conservation laws. For the first time, the MDSD is simulated
as a holistic unit, where droplet drying can be characterized from
the nozzle outlet to the exit of the dryer. Model predictions of par-
ticles’ final moisture contents have been validated using experi-
mental measurements. This model allows future explorations of
optimized droplet dispersion operations towards energy-efficient
and quality-ensured spray drying in the MDSD. One of the most
recent efforts is to introduce swirling flow into the dryer for drying
efficiency improvement (Yang et al., 2018). The general coupling
method is generic and should be applicable to some industrial
practices that need to study flying droplets across multiple cham-
bers with significantly different sizes.
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