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Abstract

In this analytical study, spray drying of detergent particles of diameters 0.4-1 mm by using counter-current air heated
at around 300°C is investigated using Matlab®. Particle drying using hot gases is a mature process with a vast variety
of applications ranging from dried food to powdered detergent production. The study shows a strong relationship
between the drying process (final water content) and particle size, drying gas temperature, as well as the tower
dimensions since cross-sectional area of the tower has a direct control on vertical gas velocity, thus heat and mass
transfer coefficients while the height of tower is closely related to residence time of particles in tower which guarantees
the targeted drying level. The conclusions of this study can be a guide to have a better set of drying parameters such
as inlet temperatures and humidity/water content as well as exit temperatures and humidity/water content and valuable
information on how these relate to heat energy consumption necessary to heat the air from atmospheric conditions to
the desired drying gas temperature. It is also worth indicating that the measurement of the absolute humidity in tower
exhaust is a good parameter to control the drying process in an effective way.
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1. Introduction

Particle drying is a complex phenomenon involving
coupled heat and mass transfer as well as particle kinematics
caused by vigorous mixing in a drying tower. Heat transfer
occurs mainly in convection mode while mass transfer is an
outcome of water vapor migration due to evaporation of
water caused by concentration difference between the water
content on the surface of the particle and the drying medium.
As the drying takes place at the surface of the particle, there
also occurs a mass transfer of water from the internal part of
the particles to its surface due to the concentration gradient.
This process continues until the particle dries to the targeted
water content. Research in the area is vast ranging from
analytical studies to experiments as well as numerical
simulations. Mujumdar and Jog [1] proposed a simple
procedure for the design of a spray drying tower especially
suitable for drying of skim milk where drying gas
temperature is at the vicinity of 200°C and the powder
dimension is about 100um. Despite the simplicity of the
design process and the assumptions, they point out that their
model can accurately predict the required tower and nozzle
dimensions as well as power requirements. The model
studied in this paper is checked with their data for
comparison. However, some deviations are found mainly
because their tower has concurrent flow as opposed to
counter-current studied herein. Wawrzyniak et al. [2]
presented in their paper both theoretical and experimental
determination of hydrodynamics of drying air in the
industrial counter-current spray dryer. They compared
experimental and theoretical results and showed that the
developed CFD model of counter current spray drying
process can be used for a reliable estimation of the tower
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performance. Ali [3] investigated the simple plug-flow
model in a pilot counter-current spray drying tower in his
PhD thesis by comparing the results of numerical
simulations to those of experiments performed by previous
researches. According to his findings; the simple plug-flow
model has the advantage of being cheap in computational
resources and can be used to determine the influence of
various operating parameters. Afolabi and Onifade [4]
developed a fundamental model that can be used to predict
the air residence time distribution of spray droplets in a
counter-current spray dryer. Their simulation results show
that most of spray evaporation is completed within a short-
time interval meaning that the mean size of the pure liquid
spray increases with time due to the rapid completion of
evaporation of the smaller droplet sizes in the spray. They
also indicate that there is a close agreement between the
simulated result and experimental data. Ali et al. [5]
implemented a steady state, three-dimensional, multiphase
CFD simulation of a pilot-plant counter-current spray drying
tower with an emphasis put on the modeling of particle-wall
interaction. They found that the particle-wall interaction was
one of the critical factors influencing the predicted average
dried powder characteristics. Crosby et al. [6] investigated
the effects of particle size on drying performance. They
concluded that cascade control of the mean particle size,
based on manipulating the mass flow rate of gas, resulted in
tighter, more responsive control. They also indicate that
changes in slurry rate caused complications, as the impact on
particle size growth in the dryer is non-linear and difficult to
predict. Gonzalez-Gallego et al. [7] investigated a co-current
flow spray drying tower for maltodextrin drying using an
analytical and numerical model in their study. They indicate
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that their proposed model differs from a classic counter-flow
model as it can predict dynamic changes even with a
dispersed phase with variable velocity and it is able to predict
composition, temperature and velocity of both phases,
continuous and disperse, at axial points in the tower.
Hernandez et al. [8] presented a novel CFD model in which
different levels of deposition and Reynolds numbers for
swirling-flow industrial-scale spray-drying towers are taken
into account. They initially compared steady-state and
transient simulations, then calibrated their CFD model using
the experimental swirl intensity values under different levels
of deposits. The methodology is only applicable to steady-
state solutions; since the dynamic equilibrium between
deposition and re-entrainment is achieved and the deposits
are constant, in terms of time. They point out that it does not
consider the simultaneous interaction between the deposits
generated and the effect that they create on the flow. Xia et
al. [9] investigated the heat and mass transfer performances
of the spray drying tower under different pressures in order
to explore the optimum pressure in the drying tower. They
developed a three-stage heat and mass transfer model for
single-droplet in their simulation to show the effect of
pressure on tower height and inlet air temperature required
for droplet to be completely dried. They found that the
optimal pressure is increased with the increase of inlet air
temperature. However, when the tower height is fixed, the
inlet air temperature required for drying droplet firstly
decreases and then increases with the increase of pressure.
They also indicate that it is feasible to achieve complete
drying in spray drying process by reducing the pressure in
the tower with low inlet temperature. Jamil Ur Rahman et al
[10] presented in their research an experimental analysis of a
counter flow spray drying process using water and skim milk
as feed. They performed their study by examining the droplet
size distribution of sprays and the temperature profiles in the
dryer. They evaluated the influence of air inlet temperature,
air mass flow rate, feed flow rate, and droplet size on air
temperatures in the dryer. Their results show that it is
possible to have a process intensified spray drying
technology in a counter-current setup using an elevated air
temperature of 260-360°C. They point out the main problem
for the high-temperature milk spray drying in a small volume
is the accommaodation and control of various size droplets
with different velocities and drying rates, and the separation
of such droplets/particles before they impinge the walls.
However, the introduction of swirling flows at these
locations should reduce the problem. Sefidan et al. [11]
investigated in their study the spray drying process of whole
milk by providing statistics on droplet conditions at exit and
first impact with the surfaces of the chamber using a
numerical model. They validated a four-stage droplet
evaporation model against an experiment and then coupled
to an Euler—Lagrange model for simulating the milk droplet
trajectories inside a dryer. Their results show that larger
droplets remain for a shorter residence time in the tower and
contain more moisture on exiting. According to their
findings regarding the drying conditions, the residence time
is not affected by a decrease in the airflow inlet temperature
from 200°C to 150°C. However, since the evaporation rate
decreased, the result was more droplets leaving the dryer
with a higher moisture content. Jubaer et al [12] assessed in
their work, five different turbulence models in CFD
simulations of a lab scale counter-current spray drying
process. They concluded that the tested turbulence models
with default settings are unlikely to provide a good
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agreement between the simulation and measured data,
particularly for a lab scale dryer, where the flow field might
not be entirely turbulent, despite the available low Reynold
number corrections. They also point out that their work will
prove extremely useful in simulating spray drying
applications in a lab scale as well as industrial spray dryers,
since the choice of an appropriate turbulence model can
considerably improve the accuracy of the prediction.
Hernandez et al. [13] evaluated in their study the single
droplet drying (SDD) of detergents. They used experimental
data are to validate a theoretical multistage model.
According to their findings, drying appears to take place in
three stages: The first stage being a surface drying stage with
a shrinkage of the droplet until the surface gets saturated, the
second stage where the drying is governed by the diffusive
resistance of water through the pores and the third stage
controlled by boiling temperature until the final equilibrium
moisture content is achieved. Chen et al. [14] proposed a
one-dimensional mathematical model for the drying process
of calcium chloride solution in a co-current spray separation
tower based on the four-stage drying model of single droplet.
Their simulation results show that air mass flow rate, inlet
solution concentration and solution mass flow rate have a
greater effect on the thermal efficiency than other inlet
parameters while the inlet solution concentration plays a
pivotal role on the drying strength. According to their
conclusions, the air mass flow rate, inlet solution
concentration and solution mass flow rate have greater effect
on the thermal efficiency than other parameters. Also, there
exists an optimal dry air mass flow rate at which the drying
strength and volumetric heat transfer coefficient are the
maximum values, while the dry air mass flow rate has
negative effect on the thermal efficiency, and the most
significant impact on the volumetric heat transfer coefficient
is the inlet solution concentration heat transfer coefficient.

In this study, the physical and process data of an example
tower are considered for the analysis of the drying
performance of a counter-current spray dryer. It is believed
such an analytical study presented herein can make it
possible to fine tune the tower to optimum operating
conditions especially towards the energy efficiency of the
drying tower.

2. Analytical Model

In spray drying of particles such as powdered detergent,
high water content (typically 20-40%) material is forced
through nozzles of small diameters at high pressure by means
of special pumps into a drying tower (Figures 1 and 2). The
numerical values on both figures are either directly excerpted
from production data of Ali [4] or estimated/calculated by
using his data. The wet particle in a drying tower meet air at
average temperatures well over 200°C flowing in the
opposite direction, usually in a swirling motion to enhance
the heat and mass transfer and to help increase the residence
time of the particle in the tower.

Particle kinematics plays an important role in spray
drying. Newton’s second law states that the sum of all
external forces on a body must be equal to a dynamic force
which is the product of mass and acceleration. While the
initial vertical velocity of the particles leaving the nozzles are
quite high (typically at an order of 50-100 m/s), they tend to
decelerate to much lower velocities in a short time due to
drag forces between the particles and gas in opposite flow as
well as a net force between the gravitational and buoyancy
forces. As a result of deceleration, particles slow down a
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velocity of less than 10 m/s. Particles’ residence time is then
determined by this deceleration as well as the increased path
length due to the swirling motion of the hot drying air
supplied from specially directed gas inlets at the cone section
of the bottom of the tower.

Exhaust gases at 105°C, W=0.080 kg/kg, 7345 kg/h

1}

Slurry with 29% water,
1960 kg/h

Air and burnt gases at 290°C,
W=0.018 kg/kg, 6820 kg/h

Powder at 110°C with 3% water,
1960 kg/h

Figure 1. Counter-current drying tower (Mass balance).
(Figure is in color in online version of paper).

Exhaust gases=554 kW

i

Slurry=97 kW

=

=)

Loss=10 kw

Air and burnt gases=577 kW

Powder=130 kW

Figure 2. Counter-current drying tower (Heat balance).
(Figure is in color in online version of paper).

It should be noted that the swirling strength determining
the residence time is an effective vortex indicator in wall
turbulence, and it can be determined based on three-
dimensional (3D) velocity fields. In this context, drying
throughput of the tower is strongly related to its volume
which is calculated by the tower diameter and height. The
smaller the diameter, the higher the vorticity, thus a larger
tower height and a longer residence time. Preliminary design
of a drying tower requires an extensive study of particle
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kinematics. Figure 3 shows the velocity streamlines for fluid
phase in a counter-current drying tower (from an
unpublished work of the author).

0 5.000

10.000 (m)

2.500 7.500

Figure 3. Velocity streamlines. (Figure is in color in online
version of paper).

Once the dimensions of the tower determined using
kinematic principles, methods of heat and mass transfer are
implemented as drying is a result of these two principles. On
one hand, convection occurs between the particle and the
drying medium which is most of the time a mixture of air and
hot gases as given in Equation 1 [15]:

Qconv = hA, (T, — T.) 1)

where h is convection coefficient which is dependent on
many factors such as geometry and surface characteristics of
the particle, flow and/or particle velocity and fluid
properties. T, and T, are particle surface and fluid
temperatures, respectively. On the other hand, water content
of the particle is reduced due to the evaporation caused by
concentration gradients and differences as given in
Equations 2 and 3 respectively, as given by Cengel [15]:

dac
Mairy = —DapA—~ )
Meony = Mimass Ao (Po = Po) (3)

where hmass IS convective mass transfer coefficient and p is
water vapor density with the subscripts o (outer surface) and
oo (far field). Equation 2 is Fick’s law which is analogous to
Fourier’s law in that they both are diffusion phenomena
where the diffusion coefficients and variation of properties
through the thickness of material (variation per unit length of
the material or gradient) are the driving effects. Fourier’s law
gives conduction heat transfer (e.g. kJ/s) while Fick’s law
gives mass transfer (e.g. kg/s) depending on the diffusion
coefficient (mass diffusivity) Dag and concentration gradient
dC/dx. A is the area perpendicular to flow in both equations.
Equation 3 is analogous to Equation 1 in that they both utilize
convective coefficients and differences of temperatures and
concentrations. A, is the surface area of the particle in both
equations. If particle is assumed to be a sphere, Equation 2 is
valid for the drying phenomenon taking place within the
particle due to the water concentration variation through the
radius of the particle (concentration gradient) while Equation
3 is valid for the evaporation phenomenon from the surface
of the particle and the fluid due to the water concentration
difference between the particle surface and the fluid. Dag is
strongly related to physicochemical properties of the particle
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material and usually readily available while hpass is much
more complicated to determine.

Particles lose most of their water content according to
Equations 2 and 3 as they travel from the nozzle from where
they are sprayed towards the bottom of the tower under the
influences of the net vertical force (gravitational and
buoyancy) and drag force caused by the upward swirling air.
If these two equations are set equal to each other, it is
interesting to point out the analogy between lumped heat
transfer and lumped mass transfer in which it is possible to
describe a parameter similar to Biot number in transient heat
transfer. Parti [16] performed an analytical study regarding
the similarity between mass transfer Biot number and heat
transfer Biot number and concluded that all the results and
statements on heat transfer are applicable for mass transfer
substituting the heat transfer Biot number by mass transfer
Biot number.

The heat and mass transfer for the particles within the
tower is a transient process as neither humidity nor the
temperature of the particle remains constant throughout the
process, although the particle temperature variation is much
less compared to water content variation. The evaporation
process causing a reduction in particle’s mass and convective
heat transfer causing a change in particle’s temperature with
the inclusion of particle’s internal energy variation due to the
time dependent nature of physical phenomenon can be
simplified by introducing the following mathematical model
(Equation 4) which belongs to the coupled heat and mass
transfer [7]:

d daT
L=+ hd, (T, = T.) = me— (4)

where L is latent heat of water, or in other words energy
required for the water phase to change to gas phase during
the evaporation and m and c are the mass and the specific
heat of the particle, respectively. Particle temperature may
remain almost constant for most of the process due to the
thermal balance between the evaporative cooling and
convective heat gain, although their temperature tends to
increase fast as their water content become very low towards
the end of the process.

Initial gas temperature T, can be calculated by
considering the adiabatic flame temperature of the
combustion products of natural gas (mostly methane, CHy)
as given in Equation 5 [17]:

CH4+20,+2(3.76)N, =2 CO,+2H,0+2(3.76)N, (5)

where 891 kJ/mol energy is released. The coefficient 3.76
comes from the molar ratio of N, to O; in the atmospheric
air. Above equation belongs to stoichiometric combustion of
methane where the stoichiometric air/fuel ratio is
AFsm:ma|r/mme[hane:2746/16:172 It ShOU|d be nOted that
the chemical energy of combustion is less than 891 kJ/mol
(HHV) due to the fact that product water is vapor, not liquid,
thus it absorbs latent heat required for vaporization. If the
heat of vaporization of water is taken to be i=2260
kJ/kg=40.7 kJ/mol, then for 2 mols of product water to
evaporate, the stoichiometric combustion requires
2x40.7=81.4 kJ per mol of natural gas. Therefore, net heat
energy released during the chemical reaction is taken to be
891-81.4~809 kJ/mol (LHV).
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Two different analyses are performed within this study:
1. Overall mass and heat balance to and from the
drying tower
2. Heat and mass interaction of individual particles as
they travel within the tower
In all drying processes, the target is a predefined water
content of the final product (wp). Mass flow rate of wet
product, or slurry (rig) is measured using a mass flow meter
before it is supplied to tower. The process requires that either
water content of slurry (ws) or mass flow rate of dry product
(m,,) be known. Assuming ws is known, following relation

between riig and ri,, is obtained from Equation 6:
mp =ms(1—w)/(1— Wp) (6)

For the first part of the first analysis, Figures 1 and 2 need
to be taken into account for mass and energy balances:

mg + mgas = mp + Mexn (7)
msis + mgasigas = mpip+ Mexn iexh + Qloss (8)

where Q.5 is the heat lost to the surroundings from the
external surface of the drying tower which may be as high as
20% of the heat input, depending on the overall thermal
resistance at tower’s wall including its thermal insulation and
the temperature difference between the average gas
temperature in the tower and ambient temperature as well as
cold air entrained at the dry product (powder) exit at the
bottom due to the vacuum (in the order of 250 Pa) at the
tower top created by the suction at the exhaust side.
Considering this heat loss, assuming the burner combustion
efficiency and energy carried away by exhaust gases and dry
product, an overall drying process thermal efficiency of 7ary
~50% can be taken into account for initial calculations.
However, this needs to be verified by implementing
Equation 8. Enthalpies in Equation 8 can be calculated from
C, T for wet and dry products as well as gas while for exhaust
gas from Equation 9 as given by McQuiston et al. [18]:

foxn = Toun + Wexn(2501.3 +1.86Texn) ©)

where i is the specific enthalpy.

Using ideal gas law p=P/(RT), density of natural gas is
calculated, then the mass flow rate of natural gas can be
obtained as 7ncy, =pVey, Where Ve, is the volumetric
flowrate of natural gas.

By revisiting Equation 5, the adiabatic flame temperature
of the stoichiometric combustion can be calculated using
Equation 10 and 11 as given by Pulkrabek [17].

Mceg,t Mgy = Meo, T My, 0 My, = Mg (10)

Mo, Cpco,4Tadiat M, 0 Cp 04T adia Ty, Cp v, AT qdia

=y, (LHV) (11)

Constant temperature specific heats seen in Equation 11
are usually temperature dependent especially at temperatures
such as found in flames. Using constant pressure specific
heat values for Cpco,, Cpu,0and Cyy, as 48.2 ki/mol.K,
31.6 kJ/mol.K and 29.4 kJ/mol.K respectively, the
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calculation vyields an adiabatic temperature of about
Tadia=2350°C. It is therefore possible to calculate the mass
flow rate of ambient (excess) air 1, as given in Equation
12 and 13:

(12)

mgas lgas = Mgto CpTadia + Mexclexc

Thgas: meO + mexc (13)
and the air enthalpies can be calculated as in Equation 12 and
C,=32.4 kJ/mol.K, a weighted average of  C,co,,
Cpm,0 and C, y,. Once m,,. is known, all the mass
flowrates can be calculated.

The humidity content of the above drying gas is very
small when considered as relative humidity at the given
temperature and its adverse effect on drying is negligible.
However, as the evaporation from particles takes place, the
water vapor content (humidity) in gas flowing towards the
exit increases substantially as can be seen from Equations 14
and 15, as evaporated water will be added in gas flow.

MMy = Myper — mdry (14)

Mexn = mgas + m,, (15)

For the second analysis, Matlab® is used for the
calculation of the overall heat and mass transfer between the
particle and the gas. Equation 4 can be solved iteratively by
taking the final humidity target to terminate the calculation.
The most critical part of this equation is the dying rate, or
dm/dt that must be calculated by considering Equation 2. A
better presentation of this equation is given in Equation 16
which is given for a hollow spherical particle:
P1—P2

Myirr = 4mryry, D
dif f Rl R—

(16)

Internal surface of the hollow cylinder can be taken to be
saturated at the given particle temperature which makes it
possible to determine p1. However, the surface water content
p2is not readily available. On the other hand, at the particle-
gas interface mass flow rates due to diffusion and convection
must be equal, i.e. Mg = Mony. This equality makes it
possible to eliminate p,in Equations 3 and 16, however
homass 1S Still an unknown, but it can be calculated using
Chilton-Colburn analogy:

Rheat __ _a 2/3
hmass N Cp (DAB) (17)
where « is the thermal diffusivity, Dag is the diffusion
coefficient of vapor in the air (different from Dag in the
particle which is the diffusion coefficient of water in the
particle) and can be calculated from Equation 18:

T2.072

D,5=1.87x1071°

(18)

hpeq: 1S calculated from Nusselt number (Nu=hd/k) for flow
about spherical surfaces as proposed by Whitaker [19]

Nu =2+ (04Re/? + 0.06Re?)Pro4 (£) (19)

which is valid for 0.71 < Pr < 380,
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3.5 < Re <7.6x10*and 1.0 < (ﬁ) <32

S

Above equations are evaluated sequentially and
iteratively once the required reduction in water content of the
final product calculated, as well as the corresponding energy
requirement. The iterative calculation scheme (flowchart) is
given in Figure 4.

3. Results and Discussion

For simulation purposes, standard atmospheric pressure
and temperature (P, =101.3 kPa and T, = 20°C) with a
relative humidity of RHa = 50% (W,=0.0072 kg of water per
kg of dry air) are assumed. In order to have realistic
simulation results, following production data of Ali [3] is
used. Due to the confidentiality requirements set forth by
author’s institution, some of the following data have been
deducted and may not reflect the actual data. For instance,
tower area is calculated by using mass fluxes (kg/m2.s) and
enthalpy flow rates provided, using the relationships
m''=m/A and ans = Thiges. Once the cross sectional area
of the tower is determined, its height is calculated by using
the scale of tower drawing.

Input data and stoichiometry calculations:
D = 1.65m (estimated tower diameter)
H = 16.5 m (estimated tower height)
Cs =2100 J/kg.C (Data, slurry specific heat)
Cp = 1500 J/kg.C (Data, powder specific heat)
ps = 1200 kg/m® (Data, slurry density)
mg = 1960 kg/h (Data, estimated)
w, = 29% (Data)
w, = 3% (final water content, typical range 2-3%)
m,, = 1435 kg/h (Equation 6)
s =85°C (Data)
Tgas = 290°C (Data)
Texh =105°C (Data)
d =750um (assumed, average particle diameter)
Analyses:
As is shown in Figure 1, overall mass and heat balance to and
from the drying tower: Mass balance can be obtained from
Equation 7:

1960 + 6820 = 1435 + 7345 (checks)

Similarly, as is shown in Figure 2, heat balance can be
obtained from Equation 20

Mgl + mgaslgas a"lp lp+mexh lexn + Qloss (20)

97 + 577 = 130 + 534 + Qs

It then turns out that Q,,s,=10 kW (~1.8% of the energy
input which includes the effect of air entrainment also).
Drying towers must be insulated against heat loss through the
outer tower walls. The loss percentage is therefore a matter
of insulation level, thus the loss of 20% represents a very
poorly insulated tower. Using the tower data from the
published work, we can deduce that the heat insulation of the
tower used in this study is good. Particle flow rate:

n,=mg/m,=rmg/[p(47r*3)]= 2.05x10° particles/s.
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Figure 4. Flowchart of the iterative calculation scheme.

From this point on, the iterative process mentioned above
is performed and following simulation results are obtained:

032/ Vol. 27 (No. 2)

Figure 5 gives the temperature variation of particle and
drying air for an average particle diameter of 750 zm. The
drying gas temperature is shown to be at the same instant of
particle’s dying process time, i.e., gas temperature at t=0 is
the gas exit temperature, not the inlet temperature. When
targeted w; is reached, the iterative calculation is terminated,
therefore plot for t > 5.3 s is not shown.

Drying time and the particle temperature at the exit
strongly depends on particle diameter. To illustrate this
dependence, it is interesting to investigate Figures 6 and 7.
In Figure 6, the particle diameter is 400 xm while Figure 7
belongs to a particle with a diameter of 1000 gm. Same
reasoning for d=750 um for terminating the iterative
calculation applies also to these cases. It is important to note
that the temperature of the particle drops drastically at the
beginning of the drying process due to the evaporative
cooling caused by very high rate of mass transfer from the
particle to its surroundings. As the drying proceeds,
convective heat transfer becomes more accentuated where
heat flows from the gas to particle causing its temperature to
increase. It is vital to have a control on the exit humidity and
the temperature of the particle, thus its size as well as drying
gas properties are very important. This effect is seen in
Figure 8 where =044,/ Q conv-

300 Temperature variation of drying air and droplet with time

Temperature, C
\
\
\

0 1 2 3 4 5 6
time, s

Figure 5. Temperature variation of drying air (top) and

particle (d=750 pm). (Figure is in color in online version of

paper).

Temperature variation of drying air and droplet with time

(]
o
o

Temperature, C
o
o

=
o
o

0 05 1 15
time, s
Figure 6. Temperature variation of drying air (top) and
particle (d=400 uzm). (Figure is in color in online version of
paper).
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Figure 7. Temperature variation of drying air (top) and

particle (d=1000 gm). (Figure is in color in online version

of paper).
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Figure 8. Ratio of evaporative heat transfer to convective
heat transfer (d=750 um). (Figure is in color in online
version of paper).

In Figure 9, variation of Nusselt number variation is seen.
The value of the Nusselt number decreases almost
monotonically by 15%, due to the increasing dynamic
viscosity of drying gas with temperature.

In Figure 10, variation of heat and mass transfer (x1000)
coefficients are seen. While heat transfer coefficient
increases with increasing time (or gas temperature), mass
transfer coefficient remains relatively constant.

In Figure 11, evaporation rate variation in particles is
seen. The initial very high water (humidity) concentration
difference causes the mass transfer to be very high, however
it falls very fast due to the particle’s evaporative cooling, also
causing its temperature to decrease. Later, with the
increasing temperature difference between the particle and
the drying gas, the drying process speeds up.

In Figure 12, variation of water mass fraction in particles
is seen. As the particle loses water content by evaporation,
the drying phenomenon accelerates due to the increasing
temperature in drying gas as well as increasing concentration
(humidity) difference between the particle surface and the
gas.

In Figure 13, particle mass variation is seen. Its trend is
very similar to Figure 12, as expected.

In Figure 14, absolute humidity variation (W) of drying
gas is seen. Its trend is also similar to Figure 12.
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In Figure 15, relative humidity variation (RH) of drying
gas is seen. At the exhaust side it is around 12% while it is
almost completely dry at the inlet.

Nusselt number variation with time
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Figure 9. Nusselt number variation for particle (d=750 zm).
(Figure is in color in online version of paper).

Heat and Mass transfer coefficient variation with time
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Figure 10. Comparison of heat (top) and mass transfer
(x1000) coefficients (d=750 wum). (Figure is in color in
online version of paper).
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Figure 11. Evaporation rate variation for particle (d=750
um). (Figure is in color in online version of paper).

The script was run for various final water contents of the
final product to see the effect on the required drying time. It
is observed that the drying time is inversely proportional to
the final water content. The increase in drying time, or in
other words energy consumption is about 3.3% when the
final product water content is reduced from 3.6% to 2.4%.
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Another interesting result obtained from a parametric study
of the analytical model is the effect of the variation of excess
air supply. When the air flowrate (stoichiometric + excess)
is varied between 85%-105% of that of the problem at hand,
the variation in the drying time is only within 0.4% of the
5.27 s obtained from the standard data. However variations
in hot gas and final product temperatures are in the vicinity
of 35°C. Especially the final product temperature may be
very critical as required by the subsequent processes.

Water mass fraction variation of droplet with time
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Figure 12. Water mass fraction variation in particle (d=750

um). (Figure is in color in online version of paper).
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Figure 13. Mass variation in particle (d=750 zm). (Figure
is in color in online version of paper).

Absolute humidity variation of drying air with time
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Figure 14. Absolute humidity variation in drying gas
(d=750 um). (Figure is in color in online version of paper).
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Relative humidity variation of drying air with time
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Figure 15. Relative humidity variation in drying gas (d=750
um). (Figure is in color in online version of paper).

When the numerical results such as drying time, humidity
and temperatures are compared to those provided by Ali [3],
similar trends are observed. According to the researcher’s
plot for “residence time distribution of particles (Fig. 5.7)”
provides a value about 5 s for a particle diameter of 750 um
which coincides with the required drying time.

4. Conclusion

In this study, spray drying of detergent particles of
diameters 0.4-1 mm by using counter-current air heated at
around 300°C is investigated. Due to the complexity of the
drying phenomenon, best operating parameters are usually
difficult to determine resulting in poor quality of final
product, being either too wet or over-dried and consumption
of too much heating energy. The simulation results presented
in this paper based on a mathematical model that takes into
account many aspects of drying kinetics show that, by
observing basic parameters, it is possible to fine tune the
tower to optimum operating conditions which will not only
increase the tower performance but decrease the energy
consumption as well. It is recommended that the absolute
humidity in tower exhaust be measured to be used as a
control parameter for energy input.

Nomenclature

A area [m?]

c specific heat [J/kg-C]

C concentration []

d particle diameter [um]

D tower diameter [m]

Das mass diffusion coefficient [m?/s]

F Force vector [N]

h convective heat transfer coefficient [W/m?2C]
hmass  convective mass transfer coefficient [W/m?C]
H tower height [m]

HHV  higher heating value [kJ]

i enthalpy [kJ/kg]

L latent heat [J/kg]

LHV  lower heating value [kJ]

m mass [kg]

m mass flow rate [kg/s]

n discrete phase flow rate [particles/s]
Nu Nusselt number [-]

0 heat transfer rate [W]

r particle radius [m]

P pressure [Pa]
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Pr Prandtl number [-]

Re Reynolds number [-]

T temperature [C]

0 velocity vector [m/s]

\Y scalar velocity [m/s]

14 volumetric flow rate [m?/s]
w water content by weight [kg/kg or %]
W absolute humidity [kg-w/kg-a]
Greek letters

a thermal diffusivity [m?/s]
U dynamic viscosity [Pa.s]
Yol density [kg/m®]
Subscripts

conv  convection

adia  adiabatic

b buoyancy

diff difference

d drag

dry dry (material)

exc excess

exh exhaust

fg fluid-gas (in phase change)
g gravitational

gas gas

loss loss

NG natural gas

0 outer (surface)

p particle

S slurry

sto stoichiometric

w wet

wat water

© far field
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