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An effective rate approach (ERA) is proposed to achieve a fast and reliable prediction of dryer outlet conditions for a
given single-stage spray drying system operated under a range of scenarios. This approach is improved from existing
methods based on simple mass and energy balances due to the incorporation of a reliable drying rate model, which is
the reaction engineering approach for the material of interest. It allows quick solution procedure without the need to
solve the partial differential equations that govern the heat and mass transfer in the spray drying process. By following
a generic procedure, this technique has been exercised on the experimental results from running a monodisperse droplet
spray dryer, that is, a well-established experimental platform for model validation. The proposed ERA has been shown
to be rather promising. It could become a powerful approach for proactive control and optimization for existing spray
drying facilities. © 2015 American Institute of Chemical Engineers AIChE J, 61: 4140-4151, 2015
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Introduction

Spray drying is an effective process for large-scale powder
production. Although this technique has been widely used in a
variety of industries for many years, proactive control of pow-
der product formation remains a challenge.'™ It is well known
that the dryer inlet conditions that include the feed solution
composition and operational settings all have significant influ-
ences on droplet formation through atomization, the air-
droplet flow pattern, the air-droplet mass, and heat exchange
in the drying chamber, and hence the dryer outlet conditions
(i.e., the size, shape, moisture content, and morphology of the
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palrticles).6’7 The quantitative relationships between dryer inlet
and outlet conditions, however, remain unclear.

Over the past decades, new dryer designs and optimized
operations have been pursued by many research groups to
deepen our scientific understanding of the spray drying pro-
cess and to improve our control over powder formation
dynamics. Counter-current spray drying towers are suitable for
thermally stable products such as detergents and ceramics as
the hot gas comes in contact with dry particles just before the
particles exit the tower. Cocurrent spray dryers are the best
choice for heat sensitive products like milk powders, where
thermal degradation and aroma retention are of concern. Hot
gas comes in contact with the droplets at the top where the
droplets have maximum moisture content and are at the wet
bulb temperature.&9 With this configuration, the driest par-
ticles are eventually coupled with the lowest temperatures
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(i.e., the outlet temperatures). A single-stream monodisperse
droplet spray dryer has been used recently by Rogers et al.,
Woo et al., Wu et al., and You Xiangm_17 to investigate the
spray drying phenomena. This special set-up gives a better
controlled spray drying operation so the experimental data are
more useful to validate a range of spray drying models.

Modeling and simulation are effective techniques that pro-
vide insights into various spray drying systems and could lead
to powerful tools for prediction, control, and optimization.
Spray drying process is typically modeled following two con-
trasting extremes. In the most simplistic manner, the modeling
typically follows a “black-box” approach in which the powder
coming out from the system is assumed to be completely
dried.”'® These methods are based on simple mass and energy
balances, which can hardly offer comprehensive and reliable
predictions. The other extreme is to use advanced fluid flow
modeling which captures very detailed phenomena in the pro-
cess at the expense of time and resources required for com-
puter simulation. Hence, before a decision is reached as to
which approach to select for a particular modeling operation,
the required level of flexibility, time frame or validity goal,
available resources, and the number of approximations that is
acceptable, have to be considered.’

Note that a comprehensive mathematical model of spray
drying operation is very difficult to obtain as a result of high
complexity of the physical, chemical, and mechanical proper-
ties of such a system. These include for instance, not only the
heat and mass transfer within the particle at the boundary
between the solid phase and liquid phase but also that between
the particle and surroundings. Another important aspect of this
complex process is the accounting for the various entrances of
the drying medium into the spray dryer and the resulting flow
patterns for the gas and the particles.’ In literature, a signifi-
cant number of efforts have been reported to characterize the
spray drying process using numerical methods, for examples
Ali et al;® Jin and Chen;'"2' Mezhericher et al.;**> Patel
et al.;”!® Straatsma et al.;* Wang and Langrish;6 ZbicifiskiZ.
Wall deposition, agglomeration, powder quality degradation,
and so forth, have commonly been studied using Computa-
tional Fluid Dynamics (CFD) package ANSYS FLUENT or a
version of CFX for both lab or pilot, and industrial-scale spray
dryers.'”*"*7*7 These modeling methods all involve consid-
erable iterations which may or may not lead to stable results,
and hence can be hardly adopted for proactive process control
and system optimization.

In the review work published by Langrish,?® he categorized
well-mixed dryers into coarsest scale modeling. In realizing
his approach, he made some assumptions that the outlet gas
and the outlet particles being virtually in equilibrium with
each other, so that the gas and solids outlet temperatures are
almost equal. Neglecting energy losses from the dryer and
also assuming that the outlet solids moisture content to be in
equilibrium with the gas humidity and gas, he was able to
obtain simple expressions for energy and mass balances.
While this technique might be suitable for some specific dryer
heights and operations, it cannot universally describe mass
and energy balancing procedures for spray drying systems.

In summary, spray drying operation is the prime powder
production route from liquid. It consumes huge amount of
energy. It is desirable to have a powerful strategy for imple-
menting process control and optimization. Model-based pre-
dictive control and optimization has not succeeded in industry
although it is expected to have great potential. One of the
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major reasons is that there is hardly a simple and easy way to
characterize a complex system with a model that is fast
enough to be used online and can represent accurately the dry-
ing process. In other words, modeling of spray drying is com-
plex and the models employed have been too time-consuming
for online predictive control purposes. Therefore, considerable
efforts have been spent recently on a mid-path: finding models
and methods that can be worked out with fundamental param-
eters rather quickly yet they have sufficient fundamental
meaning to predict the process well. This is a significantly
challenging task. This work is an important attempt to develop
a special predictive methodology called as the effective rate
approach (ERA) based on the concept of “effective rates.” Dif-
ferent from the commonly used black box approaches includ-
ing the artificial intelligence, neural network approach and
genetic algorithms,zg’30 this novel method incorporates a reli-
able first principle drying rate model (i.e., reaction engineering
approach, REA) and allows quick solution derivation without
the need to solve drying-kinetics-relevant PDEs.

Effective Rate Approach

An effective rate approach (ERA) is introduced in this sec-
tion to predict the outlet conditions for a given spray drying
system operated under a range of scenarios.

ERA model derivation

A set of partial differential equations (PDEs) that govern
the dynamic drying process should be developed. For a one-
dimensional (1-D) drying process, these PDEs can be simpli-
fied as a set of ordinary differential equations (ODEs).”'®
Mathematically, this 1-D model can be written as a set of
coupled ODEs in a general format

Ezfl

dX2 _

? _f2
: 1

v, i (D
dr '

oy _

dt

N

where x1, x5,. . ., and xy are key variables defining a spray dry-
ing process in a particular spray dryer. In the case study of this
work, for instance, six variables are respectively the particle
moisture content, particle temperature, air temperature, parti-
cle velocity, air humidity, and dryer height.

This model can be numerically solved using some iterative
methods, such as the classical Runge—Kutta method, once the
initial conditions listed in Eq. 2 are given

x1(t0)=x;
x2(to)=x5
xi(to)=x} @
xy(to)=xy,
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Although detailed process dynamics throughout the drying
process (i.e., x;(t), t€[ty, t,]) can be generated, numerous itera-
tions need to be involved before getting the outlet conditions
at the time instant ¢,.

Instead of solving an ODE set, we propose to use a set of
coupled algebraic equations to quantify the outlet conditions,
that is

Xi(te) =x; +f; X (te —t9) i=1, 2,...,N 3)

where f; is the effective rate of evolution of the ith variable x;.
Determination of the effective rates under different operating
conditions becomes one key task in ERA. According to Egs. 1
and 3, the effective rate is actually a mean rate, that is

J[p Fdi

o i= 1
te—1o

“)

.fi:

As long as f; is a continuous function from ¢, to ¢., Eq. 4 can
be further written as a weighted mean of the initial and final
values of f;, that is

Fi=wixfi(te)+(1—w)Xfi(t) i=1,2,....N (5

where w; is the weight, whose value depends on the evolution
path of f; from its initial value to the final value (i.e., the shape
of the f; vs. t curve). Substituting Eq. 5 into Eq. 3 yields the
ERA model

Xi(te)=x;+ (Wi Xfi(to) + (1=w;) Xfi(t.)) X (te—19) i= 1, 2,...,N
(6)

with
f;'(l‘()):Fj(XT,X;,"'7X;/,l‘()) (7)
ﬁ([e):Fi(xl (te)v)CZ([e), T 7xN([e)7 te) (8)

where F; is a known function given in Eq. 1. For a specific
spray drying system operated under a specified scenario, the
initial conditions (at 7y = 0) are usually given. If the weight w;
can be determined, the outlet conditions at time instant 7, can
be readily obtained by solving the ERA model, that is, the
coupled algebraic equation set listed in Eq. 6. Compared with
the ODE model, the ERA model predicts outlet conditions
without the involvement of numerical iterations and hence sig-
nificantly reduces the computational effort. It should be noted
that some ODEs may be solved very fast. However, solving
algebraic equation systems as formulated in ERA is much
faster. The computational time difference between solving one
ODE set and one algebraic equation set may be negligible. In
advanced model-based control and optimization, however,
using an ODE model or an algebraic model may lead to signif-
icant differences in computational efforts. Because one then
has to solve a tremendous amount of ODE sets or algebraic
equation sets before obtaining an optimal solution.

Effective rate determination

The key for the success of ERA is a reliable value of the
effective rate. Specifically, in the current ERA model (i.e., Eq.
6), the weight w; should be determined rationally. It is under-
standable that different inlet conditions will lead to different
process dynamics, that is, different effective rates. Specifi-
cally, initial values of a number of variables in Eq. 6, which
include precursor solution compositions and operational set-
tings, simultaneously affect the drying dynamics. In this work,
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we focus our efforts on the cases where different drying
dynamics are caused by the change of initial values of two key
variables.

To determine effective rates, we first calculate w; using Eq. 6
with outlet conditions measured in experiments under prespeci-
fied initial conditions. Then, the weights under other conditions
can be determined through linear/nonlinear interpolation.

ERA-based calculation procedure

The following procedure can be followed to predict the out-
let conditions of a given spray drying system.

Step 1. Develop a 3-D PDE model and simply it to a 1-D
ODE model (i.e., Eq. 1) for the spray drying system.

Step 2. Transform the ODE model into the ERA model
(i.e., Eq. 6).

Step 3. Identify two key operating variables (i.e., x; and
x;) as well as feasible ranges of their initial values (i.e.,
[x;min,x_;f_max] and [x}:_min,x;max]). These variables can be the
ones that are conventionally manipulated to control the out-
let conditions.

Step 4. Design a set of representative experiments that can
cover the ranges identified in Step 3. Each experiment refers to
a specific combination of xJ’-‘ and xj, where x;‘E[x;min ;max]
and x; €[x; . X .. ]. For each experiment, measure the outlet
conditions (i.e., )%,(ft) and 7,) and obtain w; by solving Eq. 6.

Step 5. Derive w; for spray drying cases under any combi-
nation of x7 and x} using linear/nonlinear interpolation.

Step 6. Predict the outlet conditions using Eq. 6 with the
weight values obtained in Step 5.

Results and Discussion

A single-stream monodisperse droplet spray dryer was
investigated in this section to demonstrate the efficacy of the
general ERA method in outlet conditions prediction. The
advantage here is to make sure the initial droplet size is uni-
form to eliminate the effect of a wide droplet size distribution
which usually detriments the validation of a modeling exer-
cise. By resorting to this pilot scale spray dryer developed by
Chen and coworkers,'*>'® uniform-sized droplets experience
similar drying history, which allows a definitive study of the
influences of different spray drying conditions on the product
characteristics. This facility has demonstrated unique potential
in validating a set of predictive models (from 1-D to 3-D),
which has led to an improved understanding of the spray dry-
ing system,19-21:28:31-33

Process description and system specification

Three basic steps are usually involved in a spray drying pro-
cess: the atomization of the feed into a spray of fine droplets,
the evaporation of droplets by a stream of heated gas and
finally, the separation of the dried powder from the gas stream
at the dryer exit. For the monodisperse droplet spray dryer
investigated in this work, a schematic of its main drying cham-
ber is given in Figure 1.

Any liquid feed entering the dryer is first atomized using
a microfluidic nozzle into single streams of fine droplets.
Hot air is introduced with variable temperature heat guns at
the top of drying chamber. An air dispersion plate with
small holes is utilized to evenly distribute the airflow
throughout the column. The total mass flow rate of air going
into the chamber is 8.98 X 107> kg s~ ', making it about
538:1 relative to the liquid flow rate. Key variables defining
this spray drying process include the particle moisture
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Figure 1. Schematic of the monodisperse spray dryer.

™

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

content, particle temperature, air temperature, particle
velocity, air humidity, and dryer height (see Figure 1). Their
initial values for a skim milk drying process are listed in
Table 1.

Inside the dryer, flying droplets interact with the hot air
through simultaneous exchange of momentum, energy, and
mass, which causes rapid surface evaporation. Toward the
lower part of the dryer, where the temperature is relatively
low, evaporation slows down and becomes limited by diffu-
sion of liquid from the center to the surface of a droplet. For
this reason, it is always preferable to spray dry heat sensitive
products using the concurrent configuration as shown in
Figure 1.
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At the outlet, most particles reach equilibrium, so their
moisture contents are limited by the equilibrium moisture con-
tent given by the Guggenheim—Anderson—deBoer (GAB)
model. For a well conserved system, mass and energy losses
are usually neglected. This particular spray dryer is insulated
with a fiberglass lagging system, so overall heat loss coeffi-
cient across the dryer is limited to approximately 1.5 J s~ *
m 2K ™' It is a critical parameter to determine the air temper-
ature and particle temperature at the outlet.

ERA model implementation

ODE Model Development (Step 1). Most spray drying
models exist as 3-D partial differential equations (PDEs).””” A
1-D model has been established previously for the monodis-
perse droplet spray dryer.”'® In model development, the spray
dryer was treated as a 1-D plug-flow reactor having a cocur-
rent flow and all the spherical-shaped droplets in the dryer at
the same altitude were assumed to have identical properties.
Here, we briefly summarize the 1-D model (i.e., a set of ordi-
nary differential equations). Readers can refer to our previous
papers for detailed derivations.®!'*'>!® All variables together
with their units are listed in the Notation section. The critical
part of this model is the Reaction Engineering Approach
(REA) that describes the drying kinetics

ax B hmAp |:pv,salexp (_ RA&ET‘/,) _pv.hi|
dr my

=fi O]

A brief description of REA has been given in the Appendix.
The droplet/particle temperature and the bulk temperature
dynamics can be obtained based on the energy balance

T, __hA, (Ty—T,) —m X AH,, _

dt My, Cp o +msCh 12 (10
dT, _
=
[=my 2 0C, (T, ~T,)] —0hA,(Ty—T,) —Uv,(nD)(Ty~Tamp) _f
Cpp o
an

Rearranging the equation of motion results in the equation
for droplet/particle velocity evolution

d& _ CDIS,ubRe(vb—vp) L8

dr 24p,d> Pp

(Pp=pp)=fo  (12)

where d), is the droplet diameter, which evolves over time as
well. It has been experimentally validated that skim milk drop-
let shrinkage follows a linear shrinkage behavior, that is, a lin-
ear relationship between the droplet size and its moisture
content."®** Moisture removal from the droplet leads to the
change of the bulk air humidity
dY Omg ‘fj—f
T sdr 13
d fs (13)
The distance traveled by a droplet can be correlated with its

velocity by
dL
0 =f6 (14)

The 1-D drying model to be solved consists of Egs. 9-14
with initial conditions specified below
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Table 1. Inlet Conditions for Skim Milk Drying Using the Monodisperse Spray Dryer

Feed/Gas Parameters

Inlet Gas Conditions

T, (°C) 183 165 157 149 135 111 90
Y* (kg water kg™, db) 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078 0.0078
Flow rate (kg h™ ) 32.33 32.33 32.33 32.33 32.33 32.33 32.33
Inlet Skim Milk Conditions
T; °C) 20 20 20 20 20 20 20
Initial solid concentration (%) 20 20 20 20 20 20 20
X* (kg kg™, db) 4 4 4 4 4 4 4
Vvi(ms 3.53 3.53 3.53 3.53 3.53 3.53 3.53
Flow rate (kg h™ ') 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Droplet initial diameter (xm) 190 190 190 190 190 190 190
200 200 200 200 200 200 200
210 210 210 210 210 210 210
X(to)=X" dryer outlet, the distance traveled by a particle equals to the
T,(to)=T* height of the tower (i.e., L(t,) = L,).
P70 P Key Variable Identification (Step 3). Our monodisperse
Ty(10)=T; spray dryer is equipped with different spray nozzles to gener-
vy(to) = (15) ate different sized droplets from a variety of precursor solu-
P70 tions. One conventionally manipulated operating condition is
Y(to)=Y* the inlet air temperature, which allows droplets to experience
B different drying histories. Thus, the selected representative
L([()) =L"=0

Note that initial values for six independent variables (i.e.,
dryer inlet conditions) have been specified in the system speci-
fication part (see Table 1). The distance traveled by a droplet
at the beginning of the process is obviously zero.

ERA Model Development (Step 2). One can then readily
transform the ODE model into the ERA model based on Eq.
6. The algebraic equation set for outlet conditions is listed
below

X(t,)=X* +(w1><f1(t0)+(l wi)Xfi(t.)) X (t,—to)

Ty(te) =T, + (w2 Xfa(to) + (1—w2) Xfa(te)) X (te—1o)

Ty(t,)= Tb (W3Xf3(t0) +(1—w3) Xf3(2,)) X (t,—19) 16
Vp(te) = vy (wa Xfa(to) + (1 —wa) Xfa(te)) X (te—10)
Y(1e)=Y"+(wsXfs(to) + (1—ws) Xf5(te)) X (te—1o)
L(t.)=(weXfo(to) + (1=we) Xfs(te)) X (te—10)

where 7,—1, gives the particle residence time and the initial
time instant #, is conventionally set to 0. The mathematical
expressions for f; to fs; have been listed in Eqs. 9—14. At the

variables are the initial droplet size (d;) and the inlet air tem-
perature (7). In this study, the initial droplet diameter ranges
from 190 um to 210 um and the inlet air temperature can be
controlled at a value between 90°C to 220°C.

Effective Rate Determination (Step 4 and Step 5). As
stated in the methodology part, a critical step toward a reliable
ERA model is the derivation of effective rates, which are
determined by the weights (w; to wg) listed in Eq. 16. Their
values can be obtained by solving the algebraic equation set
(i.e., Eq. 16) as long as the outlet conditions and the residence
time are given.

Since different inlet conditions will lead to different drying
kinetics and hence different effective rates, we need to derive
the values of weight parameters for any specific combination
of d; and T}, where d;E[l90 um, 210 um] and T;€E[90°C,
220°C]. The idea is first to get weight values for selected
experimental conditions based on measurement data of outlet
conditions and the residence time, and then to derive weight
values for other conditions through interpolation. A set of rep-
resentative experiments should be designed that can cover the
ranges of d;; and T}. In this work, nine individual in silico
experiments (i.e., the three by three design in Table 2) were
carried out using the validated 1-D drying model (i.e., Egs. 9—
15). Solving the ODE set with the dryer height and initial con-
ditions listed in Table 1, one can readily obtain the outlet

Table 2. Three by Three Design of In Silico Experiments

Parameter®

Initial Droplet Air Inlet

Diameter (um) Temperature (°C) Wy Wy w3 Wy ws We

190 120 0.426835 0.022932 0.048000 0.005602 0.427337 0.018238
165 0.349458 0.030225 0.011235 0.005336 0.349873 0.013238
220 0.276987 0.034816 —0.022699 0.005082 0.277315 0.010921

200 120 0.492606 0.021631 0.054394 0.006705 0.493177 0.024374
165 0.420030 0.030973 0.031221 0.006347 0.420530 0.016022
220 0.334063 0.038222 —0.009635 0.006064 0.334459 0.013191

210 120 0.552512 0.018759 0.061295 0.007925 0.553146 0.031707
165 0.498928 0.030818 0.052929 0.007476 0.499520 0.019342
220 0.399323 0.040353 0.007159 0.007168 0.399798 0.015698

“Values for weighted parameters were obtained by solving the ERA model (i.e., Eq. 16).
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Figure 2. Profiles of weighted parameters as a function of air inlet temperature and initial droplet diameter.

(a), (b), (c), (d), (e), and (f) represent weights wy, w,, w3, w4, ws, and wg, respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

conditions (X (7,),7,(%.), Ts(fe), Vp(te), Y(i.)) and the resi-
dence time (7,) for each experiment. Plugging these data into
Eq. 16 and solving the algebraic equation set, we get the val-
ues of weight parameters (wy, wa, W3, Wa, W5 We), Which are

listed in Table 2 and plotted as filled shapes in Figure 2. For
each initial droplet diameter, linear relationships can be identi-
fied between weight parameters and inlet temperatures (see
straight lines and hollow shapes in Figure 2). Since the range
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Table 3. Values of Weighted Parameters Obtained Using Linear Interpolation

Parameter
Wi Wy w3 Ws We Wy
Initial Droplet Air inlet
Diameter (um) Temperature (°C) Linear Relationship Constant Average
190 90 0.467957 0.020117 0.067301 0.468508 0.019775 0.006412
111 0.436628 0.022585 0.052524 0.437142 0.018262
135 0.400823 0.025407 0.035635 0.401295 0.016534
149 0.379937 0.027052 0.025784 0.380385 0.015525
157 0.368002 0.027993 0.020154 0.368436 0.014949
165 0.356067 0.028933 0.014525 0.356487 0.014373
183 0.329213 0.031049 0.001858 0.329602 0.013076
200 0.303851 0.033047 —0.010104 0.304210 0.011852
220 0.274014 0.035398 —0.024178 0.274338 0.010411
200 90 0.539694 0.017377 0.075776 0.540321 0.026450
111 0.506417 0.020835 0.062251 0.507008 0.024148
135 0.468387 0.024787 0.046795 0.468935 0.021517
149 0.446202 0.027092 0.037778 0.446726 0.019982
157 0.433525 0.028409 0.032626 0.434035 0.019105
165 0.420848 0.029727 0.027474 0.421344 0.018228
183 0.392325 0.032691 0.015881 0.392790 0.016255
200 0.365387 0.035490 0.004933 0.365821 0.014392
220 0.333695 0.038783 —0.007948 0.334094 0.012199
210 90 0.604385 0.013184 0.083700 0.605077 0.034521
111 0.572001 0.017686 0.072108 0.572659 0.031231
135 0.534991 0.022831 0.058861 0.535611 0.027471
149 0.513402 0.025832 0.051133 0.513999 0.025278
157 0.501065 0.027547 0.046717 0.501649 0.024024
165 0.488728 0.029262 0.042301 0.489300 0.022771
183 0.460971 0.033121 0.032366 0.461513 0.019951
200 0.434755 0.036766 0.022982 0.435270 0.017288
220 0.403913 0.041053 0.011943 0.404396 0.014155

of values from experimental trials for w, is significantly
smaller than those for wy, w,, w3, ws, and wg, we, therefore,
adopted a constant average for w, (Figure 2d).

ERA Model Prediction (Step 6).  0.02w?>Using the iden-
tified weight values listed in Table 3, Eq. 16 can be solved to

35
¢ Experimental Results (Rogers et al, 2012)
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Figure 3. Particle final moisture content for different air
inlet temperatures and initial droplet diameters
compared with experimental measurements.
Initial droplet diameters used in the experiments are

shown with the labels. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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generate outlet conditions under specified inlet conditions.
Figures 3 and 4 show the final moisture content, particle and
air temperatures, particle velocity, air humidity, and particle
residence time as a function of the inlet air temperature, and
the initial droplet diameter. ERA produced predictions which
were well correlated with experimental measurements for final
moisture content only at one click (see Figure 3). As shown in
Figure 3, the trends identified from experimental data have
been successfully reproduced by the ERA model. When the
initial droplet size is specified, increasing the inlet air tempera-
ture can lead to a decrease of the particle’s final moisture con-
tent. With the same inlet air temperature, decreasing the initial
droplet size leads to lower particle moisture content. Also note
that it is extremely difficult to precisely control and measure
the initial droplet size in experiments. The predictions shown
in Figure 3 should be satisfactory considering the uncertainties
in experimental results. Actually, the prediction precision of
the current ERA model is not lower than that of a comprehen-
sive CFD model (see CFD results in Yang et al., 2015).3!

Discussion

Effective rate approach is undoubtedly a promising tech-
nique for industrial-wide spray drying operations when a quick
assessment of the outlet conditions is desired. In this study, the
input temperature ranges from 90°C to 220°C while initial
droplet diameter varies within 190-210 um, which is a repre-
sentation of typical ranges of spray drying operational settings.
Different initial conditions such as air and particle tempera-
ture, air and feed flow rate, droplet size, and solid concentra-
tion, all have varying outcomes on the outlet state of
particles.®>® Figures 3 and 4 show effects of air inlet temper-
ature and initial droplet size variations on the outlet particle
conditions predicted by our model.
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Figure 4. Profiles of outlet conditions for different inlet air temperatures and initial droplet diameters: (a) outlet
particle temperature, (b) outlet air temperature, (c) particle outlet velocity, (d) particle residence time pro-
files, (e) outlet particle diameter, and (f) outlet air humidity.

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

Effects of Air Inlet Temperature. As shown in Figures 3 each run of air inlet temperature, the outlet particle and air
and 4, the inlet air temperature ranges from 90°C to 220°C temperatures varied from 39°C to 144°C and 49°C to 144°C
with different corresponding particle outlet conditions. For respectively for droplets with an initial size of 190 um (Figures
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Figure 5. Final moisture content profiles of particles
spray dried under randomly selected combi-
nations of air inlet temperatures and initial
droplet diameters.

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

4a, b), similar to the range of skim milk powder results
obtained by Oldfield, et al.*

According to Figure 3, temperature shows a significant influ-
ence on the powder moisture content (e.g., 0.06—-11.67wt % for
190 um droplets). This is due to the fact that, at higher air inlet
temperatures, there is a greater temperature gradient between
the atomized feed and the drying air, resulting in a greater
driving force for water evaporation and thus producing pow-
ders with lower moisture content.>” In addition, an increase in
air inlet temperature is accompanied by a proportional
increase in enthalpy air input. As a consequence, the amount
of heat received by the droplet is also raised, its outlet temper-
ature is higher and the final moisture content is reduced
(Figures 3 and 4a).

Furthermore, higher air inlet temperatures gave rise to lower
outlet particle velocity and higher residence time for droplets
of the same size (Figures 4c, d). This is because drying at
higher temperatures leads to smaller particles with less mois-
ture contents (see Figures 3 and 4e). Smaller particles tend to
have lower velocities. For a given distance traveled by the
droplet, an inverse relationship exists between the droplet
velocity and residence time according to Eq. 14. So, an
increase in residence time is always prompted by a decrease in
velocity.

For the case with 190 um droplets, the outlet air humidity
rose sequentially from 0.009273 kg/(kg, db) at 90°C, then
declined from 0.009334 kg/(kg, db) to 0.009325kg/(kg, db)
between 200°C and 220°C (see Figure 4f). It is believed that at
higher air inlet temperatures (characterized by longer resi-
dence time), rewetting of particles could take place. This phe-
nomenon may affect particle structure, and it is of interest to
quality control in spray drying.3 !

Effects of Initial Droplet Size. Monodisperse spray dryer
provides us with unique opportunities to explore the effects of
initial droplet size on product formation during spray drying.
The shrinkage of a milk droplet follows a linear model, which
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is a function of the droplet moisture content (see Eq. A6). The
different sized droplets in this study, although with the same
initial solid concentration, experienced different shrinkage
behaviors across the temperature range from 90°C to 220°C
(see the different curves of final moisture content in Figure 3).
The Guggenheim—Anderson—deBoer (GAB) model, which has
been fitted at elevated temperatures (up to 90°C) and a wide
range of relative humidity (up to 100%), was used to calculate
equilibrium moisture content of milk droplets (Eq. A17). Par-
ticles exiting the dryers are expected to have reached their
equilibrium moisture content as given by the desorption iso-
therm. Furthermore, during the course of drying, a droplet usu-
ally experiences drag force opposing its flight. The magnitude
of drag experienced by a droplet depends on the droplet size,
shape, speed, and the properties of the fluid, which have
coupled effects on the final product properties.

As shown in Figure 4, smaller droplets with identical
shrinkage behavior stayed longer in the chamber, thereby
experiencing longer drying time. For a situation where the ini-
tial droplet size is reduced, its total surface area and velocity
are reduced. A reduction in the droplet’s Reynolds number
causes the force opposing its motion to be more pronounced,
leading to lesser speed (Figure 4c). This results in extended
mass transfer action because the droplet’s residence time is
prolonged (Figure 4d). Denaturation of proteins in milk drop-
lets has been linked to high temperatures. In other words,
larger droplets generally favor generation of low particle tem-
perature in the dryer (Figure 4a).

Further  Remarks. By  interpolating  within  the
temperature-diameter graphs, respective values of the
weighted parameters can be obtained for other input condi-
tions desired. Further analyses on particle formation were car-
ried out by interpolating for two different initial droplet
diameters (i.e., 195 um and 207 um) spray dried using three
interpolated air inlet temperatures 123°C, 140°C, and 180°C
respectively. As expected, prediction results show consistent
trend of outlet particle moisture contents (Figure 5), which are
comparable with experimental results. Similar findings were
also obtained for other outlet conditions (results not shown)
such as air and particle outlet temperatures, outlet air humid-
ity, residence time, and outlet particle velocity, indicating the
effectiveness of ERA model in providing consistent results.

In this study, we selected two key operating variables, that
is, air inlet temperature and initial droplet diameter, necessary
to control and optimize industrial spray dryers for real time
scenarios. These two are of course very important two. It
should be pointed out that the generic ERA method is not
restricted to predicting dryer outlet conditions under different
combinations of inlet air temperature and inlet droplet diame-
ter. If necessary, other operating variables such as the air flow
rate, liquid feed flow rate, inlet solid concentration and tem-
perature of droplets can be selected as well. As long as only
one or a pair of inlet conditions is manipulated simultaneously,
the same procedure can be followed to uniquely identify the
values of weight parameters from a plot similar to Figure 2.
Hence, effective rates and outlet conditions can be uniquely
determined using Eq. 16. In most cases, it is sufficient to
manipulate two key variables simultaneously for the control
and optimization of a spray drying process. How to uniquely
identify effective rates when more than two operating varia-
bles are involved simultaneously will be addressed in our
future study.
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Conclusions

An effective rate approach (ERA) to a single-stage spray
drying modeling has been proposed and developed in this
work. This method enables a fast estimation of the dryer outlet
parameters such as humidity, moisture content, temperature,
velocity, and residence time. The key idea is to simplify the
partial differential equation set that governs the dynamic dry-
ing process into a set of algebraic equations using the concept
of “effective rates,” so that the time-consuming iterative
numerical scheme for solving PDEs/ODEs can be avoided. A
general procedure has been outlined to implement the ERA
and ensure the effective rates to reflect the droplet drying
dynamics in a spray dryer operated under different conditions.
Necessary equations and solutions were developed which have
been discussed accordingly.

The ERA method requires a drying kinetics model of single
droplet drying of the liquid of concern, such as a REA model,
to be known prior. This is known to be reliable and easy to
obtain for the model parameters. This approach has been vali-
dated using the experimental data from running a monodis-
perse droplet spray dryer. The advantage of this dryer is that
the inlet condition of the spray in terms of the initial droplet
diameter and location can be accurately defined, which is not
possible in other spray drying devices. The predictions are
with respects to changing inlet conditions for air temperature
and inlet droplet diameter for the same kind of material, that
is, 20 wt % skim milk in this work. The estimated outlet mois-
ture contents are found to satisfactorily match experimental
measurements. Detailed analyses have further confirmed that
the process is highly influenced by the inlet conditions, which
has been successfully captured by ERA. More comprehensive
and detailed experiments will be carried out in future work to
test the effectiveness of the ERA concept for industrial-scale
poly-dispersed spray drying systems. Nevertheless this work
has provided a generic framework, by following which outlet
conditions of a spray dryer could be predicted timely on a
desktop computer. The ERA could become a promising tool
for process control and optimization.

Notation

Wi, W2, W3, Wy, Ws, ws = weights in the ERA model
vp = particle or droplet velocity, m s~
t,—ty = residence time, s
d, = particle or droplet diameter, m
¢ = gravitational acceleration, m s?
T}, = air temperature, K

1

T, = particle temperature, K
Tamb = ambient Temperature, K
Cp,w = specific heat capacity of water, J kg “TK!

Cps = specific heat capacity of solid, J kg !

Cp,» = specific heat capacity of bulk air, J kg TR
Mot = total feed mass flow rate, kg s !
m = mass flow rate of bulk air, kg g !

Hitpary = mass flow rate of dry air, kg s

AH|, = latent heat of water vaporization, J kg~

Y = bulk air absolute humidity, kg kg~ ', db

‘1% drying rate pf a single droplezt, kgs!
A, = area of particle or droplet, m

1

h = heat-transfer coefficient, J s m2K!
U = heat loss coefficient, J s 'm?2K!
D = diameter of the chamber, m
L. = length or height of the tower, m
h,, = mass-transfer coefficient, m s !
R, = universal gas constant, 8.314 J kg "K'
AE, = REA activation energy, J kg~
AE, , = REA equilibrium activation energy, J kg~ '
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Xwaier = Mmass fraction of water, kg kg~

Xair = mass fraction of air, kg kg71

Mr = molecular weight, kg kmol '
P = pressure, Pa
m,, = mass of water, kg
ms = mass of solid, kg
P, = partial pressure of vapor, Pa
X = particle moisture on dry basis, kg kg~ ', db
X}, = equilibrium moisture on dry basis, kg kg~ ', db

Greek letters

u= viscosity, kgm ™' 57!
p, = vapor density, kg m~?

0 = number of particles or droplets per second

Subscripts and superscripts

* = initial value

b = bulk air

p = particle or droplet
sat = saturated condition
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energy) is very low (close to zero or zero). The relative activa-
tion energy gradually increases when the droplet’s moisture con-
tent is reduced during drying. When the moisture content
approaches Xj, the relative activation energy is expected to be
close to unity. The relationship between X and AE, must be
determined by experiments for different drying materials.
According to Chen and Lin, f(X—X,) may be expressed as

AE, =a.e(7b(X_Xb)d) (AS)
E,p

where a=0.998, b=1.405, and d=0.930 for skim milk of
20wt %.*!

Correlations used in skim milk drying ode model

Linear shrinkage was assumed and the diameter of the parti-
cle was calculated based on Lin and Chen empirical model as
follows

dp,rp = dp,() |:ﬁ + (1 - ﬁ) X£0:| (A6)

where d, ;. and d,, o represent the droplet diameter at time 7, and
zero respectively, f=0.59 for 20wt % skim milk droplet.

The rate of number of particles at each elevation in the cham-
ber is a constant value due to the plug flow assumption

Mp total /

0: Pp.wet A7
() @
3 2

Density of the wet bulk air was calculated based on an ideal
gas assumption

_ PMrequivalem

= A8
Py RgTh (A8)

The equivalent molecular weight (Mrequivalenr) Was computed
by mass weighting between the molecular weight of water and air
1

Xwater | Xair

Mryaer — Mrai

M Tequivalent — (A9)

Defining the mass fraction of water and air as the following

Y

i (A10)

Xwater =

1

AP = ——— All
My (A1)
On rearrangement
Mry (Y+1
Mrequivalent = % (AlZ)
(Mt 1)

Putting this equation back into the original equation and tak-
ing Mry; =29, Mryyer=18, P=101324

_(353.15 Y+1
P\, ) ety
The saturated vapor pressure was calculated from Nevers
(2002)**

101325 1657.462
Psa[— (W) 10 (794917_ m)

(A13)

(A14)

In applying Eq. Al4, the temperature T is expressed in °C.
With surface saturated vapor density and ambient vapor density
calculated from

PsatMryater
Py gy = o ater (A15)
v,sat Rng
P oM ryater
= PsaMvaer Al6
P v.b RgTh ( )

The equilibrium moisture was taken from the work of Lin
et al. (2005)* following the GAB equation,

CK(0.06156)
(1-Kay,)(1—Ka,+Cay,)

Xp,= (A7)

in which the two temperature dependent constants take the
Arrhenius form

24831
C=0.001645 Al8
exP(RgT,,> (A18)
—5118
K=5.1 Al
5 7exp< R.T, ) (A19)

a,, is water activity expressed as p, /0, q(T5), Mo is monolayer
moisture content set to 0.06156.
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