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Abstract

A steady-state, three-dimensional, multiphase CFD modelling of a pilot-plant counter-current

spray drying tower is carried out to study the drying behavior of detergent slurry droplets. The

software package ANSYS Fluent is employed to solve the heat, mass and momentum transfer

between the hot gas and the polydispersed droplets/particles using the Eulerian-Lagrangian

approach. The continuous phase turbulence is modelled using the differential Reynolds stress

model. The drying kinetics is modelled using a single droplet drying model[1] which is

incorporated into the CFD code using user-defined functions. Heat loss from the insulated tower

wall to the surrounding is modelled by considering thermal resistances due to deposits on the

inside surface, wall, insulation and outside convective film. For the particle-wall interaction, the

restitution coefficient is specified as a constant value as well as a function of particle moisture

content. It is found that the variation in the value of restitution coefficient with moisture causes

significant changes in the velocity, temperature and moisture profiles of the gas as well as the

particles. Overall, a reasonably good agreement is obtained between the measured and predicted

powder temperature, moisture content and gas temperature at the bottom and top outlets of the

tower; considering the complexity of the spray drying process, simplifying assumptions made in

both the CFD and droplet drying models and the errors associated with the measurements.
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1. Introduction

1.1 Background

Spray drying of atomised solutions or slurries is one of the oldest and the most commonly used

unit operations for the production of a range of particulate products in the chemical, food,

household and personal care products and pharmaceutical industries[2]. The process involves

spraying of a solution or slurry using a single or multiple atomizers into a hot gas, which is

typically hot air, flowing through a tower. The contact between the droplets/particles and the hot

gas is either co-current or counter-current. The co-current spray drying towers are suitable for

drying of heat sensitive materials such as food and pharmaceutical products. The hot gas comes

in contact with the droplets at the top of the tower where the droplets have a maximum amount

of moisture and are at the wet bulb temperature. The gas loses most of the heat in the top region

of the tower in vapourising the moisture from the droplets. The counter-current spray drying

towers are used for thermally stable products, for example detergents and ceramics, as the dry

particles come in contact with the hot gas just before exiting tower. These towers are thermally

more efficient than the co-current towers because of better heat utilisation due to a higher

temperature difference between the two phases through most of the tower height.

Despite being a prevalent drying technology, the design of spray drying towers and the drying

process development, optimisation and scale up rely heavily on the past experience of the

designer, the operator and the experimental data from the laboratory- and pilot-scale dryers [2-7].

Experimental trials and data analysis, particularly in pilot plants, are difficult, expensive and time

consuming. Thus it is not possible to study experimentally the effect of major design

modifications in the tower for optimum performance or scale up of the drying process.

Mathematical modelling of spray drying towers can reduce the process development, design and

optimisation time and costs. The modelling of spray drying towers is very challenging because

of the complexity associated with the integration of the droplets/particles drying process with the

fluid dynamics of drying gas accounting for the heat, mass and momentum transfer between the

two phases. This is further exacerbated due to the interactions between the polydispersed

droplets/particles, which results in droplet coalescence, particle agglomeration and breakage, and

the droplets/particles and wall interaction resulting in the deposition on the wall. Due to the

complexity of these interacting processes, the multiphase computational fluid dynamics (CFD)

is deemed as an appropriate approach for the modelling of spray drying towers.

Most previous CFD modelling studies focused on the co-current spray drying towers[8-27]. In

these studies, the Eulerian-Lagrangian approach with coupling between the two phases using the
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Particle-Source-in-Cell method of Crowe[28] was used. A review of these studies carried out until

2010 can be found in [29]. In contrast, comprehensive CFD modeling studies of spray drying in

counter-current towers, which is the subject of this paper, are scarce despite many industrial

applications[8,30-34]. It is a poorly understood process compared with that in co-current towers[35].

According to Zbicinski and Piatkowski[35], complex aerodynamics resulting from a strongly

swirling turbulent gas flow and associated droplet/particle trajectories, intensive

coalescence/agglomeration, scarcity of experimental spray towers and difficulty in gathering

reliable data for model validation are the major factors responsible for lesser modelling as well

as experimental research work on counter-current spray drying towers.

1.2 Previous CFD studies

Crowe[30] carried out steady-state, two-dimensional modeling of slurry droplets drying in a

counter-current spray tower (4 m in height and 1 m in diameter) with drying kinetics obtained

from a characteristic drying curve (CDC) model. The turbulent gas flow was modelled using the

k-ɛ turbulence model. The model predictions were not validated against experimental data.

Livesley et al.[8] used the same approach for the modelling evaporation of water droplets and

drying of zeolite slurry in a pilot-plant counter-current spray tower with a height and diameter of

9 m and 1.8 m, respectively. Unlike Crowe[30], the dispersion of the droplets/particles due to gas

phase turbulence was included in the simulation. The predicted mean droplet/particle size along

the tower radius was compared with the measurement at 0.3 m below the atomiser for pure water

droplets and 1.3 m for zeolite slurry. In the case of zeolite slurry, a CDC model was used for

droplet drying kinetics. In general, the mean droplet/particle size was underpredicted because the

model did not account for coalescence and agglomeration. However, it was severely

underpredicted for the zeolite slurry spray. The predicted radial gas temperature profiles were not

validated because of the lack of experimental data. It was unclear how the droplet/particle and

wall interaction was modelled. Zbicinski and Zietara[31] carried out two-dimensional, steady-state

CFD simulation of the spray drying of an aqueous solution of maltodextrin in a counter-current

tower of 9 m height and 0.5 m diameter using the Reynolds Stress turbulence (RST) model. The

coalescence and agglomeration processes were included in the model using a stochastic approach

for determining the probability of collision[36]; however the detail of the modelling of

droplet/particle and wall interaction was not given. The predicted temperature and humidity

profiles of gas and the moisture content of particles were compared with measurements at various

axial locations. Overall, a good agreement was achieved, but at some axial locations significant

discrepancy prevailed, which was attributed to the measurement errors.
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Wawrzyniak et al.[32] developed a novel approach for the three-dimensional, steady-state CFD

modelling of heat and mass transfer in an industrial counter-current spray drying tower having a

height of 37 m and a diameter of 6 m, used for detergent powder manufacture. Turbulence was

modelled using k-ε model. The modelling approach was based on a negative heat source term in

the gas phase energy transport equation which reflects the energy necessary for the evaporation

of moisture from the droplets and particles. This approach required estimation of the total energy

consumption of the drying process and the determination of a power density distribution function

in the dryer. The drying kinetics of the discrete phase was not included in the CFD model. The

source term in the energy transport equation was obtained from the heat and mass balances using

the measured temperature data at different locations within the tower. It should be noted that an

accurate measurement of gas temperature in the spray drying tower posed difficulties due to the

presence of droplets and wet particles, which can stick to the thermocouples, as well as the highly

transient nature of the gas flow.

A comprehensive three-dimensional, steady-state CFD modelling of an industrial counter-current

spray tower having a height of 37 m and a diameter of 6 m for detergent manufacture was carried

out by Wawrzyniak et al.[33]. The RST model was used for the modelling of gas phase turbulence.

The droplet drying kinetics was modeled using a CDC approach. To take into account the

variation of particle size distribution due to agglomeration, a transition function was applied to

the measured initial droplet size distribution to match the predicted size distribution of dried

powder with the measurement. A good agreement between the modelling results and the

measured gas temperature, humidity and velocity was obtained despite highly transient nature of

the flow in the tower.

Jaskulski et al.[34] carried out experimental and three-dimensional, steady-state CFD study of

spray drying of maltodentrin solution (50% wt/wt) in a pilot-scale counter-current tower having

a height of 8 m and diameter of 0.5 m. Experiments were carried out at different gas to feed ratios

to assess the influence of operating conditions on the level of agglomeration and the gas

temperature profile. The Reynolds stress turbulence (RST) model for was used. The drying

kinetics was modelled using a CDC approach. Agglomeration was modelled based on the

Sommerfeld’s approach[36] as used by Zbicinski and Zietara[31]. A good agreement between the

predictions and measurements was obtained for both phases temperature and humidity profiles

along the tower height. Some discrepancies were found in the predicted mean particle size along

the tower height, compared to the measured data and was believed to be due to breakage of

particles, which was not accounted in the model.
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Previous CFD modelling studies of counter-current spray drying towers cited above have shown

the potential of the Eulerian-Lagrangian approach for modelling the complex interacting

transport processes inside the spray drying tower. However, there are still many aspects of the

spray drying process modelling that require further attention. This includes a comprehensive

assessment of turbulence models for accurate simulations of swirling gas flow profiles, modelling

the solution/slurry drying process using a validated single-droplet drying model instead of a

simplified CDC approach, particle-wall and particle-particle interactions. The effect of the initial

spray conditions, e.g. droplet injection velocity and size distribution, on the predicted final dried

powder properties, such as average moisture content, average powder temperature and bulk

density, have not been investigated in the earlier studies.

1.3 Scope of the study

In this study, steady-state, three-dimensional CFD modelling of an industrial counter-current

pilot-plant spray drying tower is carried out. The tower is used for the process development for

manufacture of detergent powders at the Procter and Gamble (P&G) Technical Centres,

Newcastle Upon Tyne, UK. The multiphase CFD model is based on the Eulerian-Lagrangian

approach. The continuous phase turbulence is modelled using the RST model which was

validated using measurements in strongly swirling flow in the same tower[37]. The roughness of

the tower wall caused by the deposition of materials is taken into account through modifying the

wall functions. The drying kinetics is modeled using a detail slurry-droplet drying model[1],

which is coupled with the CFD code via the User-Defined Function (UDF). Heat loss from the

tower wall was simulated using a heat transfer model integrated with the CFD via an UDF. This

paper particularly focuses on studying the influence of the restitution coefficient used in the

modelling of the particle-wall interaction on the predicted particle trajectories, considering the

rebound scenario. The model predictions are validated using experimental data including dried

powder average moisture content, average powder temperature and exhaust gas temperature

collected from the pilot-plant spray drying tower at P&G.

2. Experimental Setup

2.1 Spray drying process

The industrial pilot-plant counter-current spray drying tower at the P&G Technical Centre is used

for assessing the effect of detergent slurry formulations and operating conditions on the final

dried powder properties. Recently, a series of trials has been conducted for a slurry composition

to assess the influence of operating conditions on the dried powder characteristics. The collected

data is used to validate the modelling results. The data was collected at the top and bottom exits
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of the tower.

The process flow diagram of the spray drying process is depicted in Figure 1. The tower has a

single centrally located pressure-swirl hollow-cone nozzle. The slurry can also be sprayed using

multiple nozzles at various heights. However, experiments carried out using a single nozzle were

simulated in this study. The drying air is heated in a direct fired furnace using natural gas. The

resulting hot gas - a mixture of air and flue gas - flows into the distribution ring to which a number

of tangential nozzles are attached which supply the gas to the tower and impart swirl to the flow.

The temperature of the hot gas is measured at the inlet of the distribution ring using a k-type

thermocouple. Some cold air is entrained from the bottom of the tower due to the tower operating

at 300 Pa below atmospheric pressure. The exhaust gas leaving the tower from the top exit

contains water vapours and entrained fine particles. The exhaust gas temperature is also measured

using a k-type thermocouple in the exhaust gas duct (not shown in Figure 1) at a location about

3 m away from the tower exit. The spray drying tower and the associated piping/ducts are

insulated using fibre glass.

The dried particles leaving the tower from the bottom fall onto a conveyor belt. An infrared

temperature probe is used to record the temperature of the powder about 3 m away from the

bottom exit. Several tests were carried to characterise the dried powder taken from the sample

collection point located at a distance of about 50 m. These included particle size distribution,

which is carried out by sieving, powder bulk density test, measurement of particle moisture using

gravimetric analysis, and bulk compression test to measure the powder strength. Sampling of

powder just at the outlet of the tower could not be made due to inaccessibility of the equipment.
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Figure – 1: Process Flow diagram of the pilot-plant set up at the P&G Technical Centres,

Newcastle Upon-Tyne.

The spray drying tower is a tall-form tower which is characterised by the height to diameter ratio

greater than 3. Figure 2 is a schematic of the tower. The hot gas inlets are angled downwards and

at an angle to the radius, the latter generates a tangential velocity component to the hot gas and

consequently causes swirling flow within the tower. The axial distance in the tower is normalised

(due to confidentiality reason) by dividing with the tower height (Z), with 0 representing the

bottom and 1 representing the top of the tower and the radial distance within the cylindrical

region is normalised by dividing with the radius of the cylinder (R).
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Figure – 2: Schematic of the spray drying tower.

3. Integrated Multiphase CFD-Drying Process Model

3.1 CFD model

Continuous phase equations

The continuous phase comprises the hot gas, which is treated using the Eulerian approach. The

flow is calculated using the Reynolds-averaged continuity and Navier-Stokes equations. The

continuity equation is given by:

mi

i

Su
x





)( (1)

and the Navier-Stokes equation is given by:
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where ܨ⃗ is the source term arising from the exchange of momentum between the

droplets/particles and gas. As the gas flow in the spray drying tower is turbulent and swirling, it

is necessary to use a turbulence model that is capable of reproducing the correct flow profiles. In

a supplementary study[37], the predicted distributions of the mean velocity components and

turbulence intensity in single phase, isothermal swirling flow in this tower obtained using the

eddy-viscosity and RST models were compared with measurements. The latter model provided

the best agreement with data and hence it was used in this study. The general form of the Reynolds

stress transport equations is given as:

   
nDissipatio

strain
PressureDiffusion

Production
Stress

transport
Convective

_____
''
)( ijijTijijjik

i

DPuuu
x

 



 (3)

The diffusion term (DTij) is modelled via a gradient-diffusion approximation[38]. The dissipation

tensor term ( ij ) is assumed to be isotropic and is modelled in terms of the rate of dissipation of

turbulent kinetic energy () as ij =
ଶଷij. The pressure-strain redistribution term (ϕij) is modelled

using the linear approximation[39] and includes the wall-reflection term. The following model

constants are used:

C =0.09, 1C =1.44, 2C =1.92,  =1.3,
1C =1.8,

2C =0.60, '

1C =0.5, '

2C =0.3

The modelling of flow near the wall is carried out using the standard wall functions modified for

rough surfaces[40] due to the deposition of materials on the wall causing surface roughness:

BByu   ln
1


(4)

where  (= 0.4) is Von Karman’s constant and B is an additional constant with a value of 5.5[41].

The term B is expressed as[42]:

)1ln(
1  sskCB


(5)

where 
sk is the dimensionless sand grain roughness height given by:


uk

k s
s 

(6)

The roughness height (ks) and the roughness constant (Cs) are specified to be 2 mm and 1.0,

respectively, based on the single phase flow modelling study[37].
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The transport of scalar quantities, including the gas enthalpy and water vapour, is modelled using

the Reynolds-averaged scalar transport equations given in a general form by:

   SJ
x

u
x i

i

i









)( (7)

The variable in equation (7) represents the mass fraction of water vapour and gas enthalpy. S

is the source term representing the mass of water vapour added to the gas phase due to the

vaporisation of moisture from the droplets/particles in the species transport equation and the rate

of heat transfer from the gas to discrete phase in the enthalpy transport equation. J represents

the corresponding turbulent mass and energy fluxes which are modelled using a gradient-

diffusion approach.

The gas enthalpy is related to the enthalpy of individual components (air and water vapours)

using the following equation:





N

i

iig hYh
1

(8)

The gas temperature is related to enthalpy as follows:


g

ref

g

g

ref
g

T

T
mixp

h

h

Tch d,d (9)

Specific heat is considered to be constant with respect to gas temperature as it does not vary

significantly within the range of temperatures considered. The density of the drying gas is

considered to be a function of temperature and composition and is calculated using ideal gas law,

given by:

gg

N

i

iiw

g
TR

YMP
 1

,

 (10)

Heat transfer due to thermal radiation is neglected in the simulation as the gas/particle

temperature in the spray dryer is low (< 600 K).

Modelling of heat loss from the wall

The heat loss due to conduction through the insulated wall of the tower with a layer of deposited

materials on the inner surface is considered. The heat flux through the wall is given by:

)( ambdep TTUq  (11)

The overall heat transfer coefficient (U) is given by:
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The surface temperature of the deposits layer (Tdep) in contact with gas is calculated using the

log-law of the wall for thermal boundary layer[59], which for the deposit layer surface reduces to:

Po

p

P

dep T
c

UC
T 

24/1Pr

2

1 
(13)

where TPo is the temperature of the grid node next to the wall.

Discrete phase equations

The discrete phase consisting of droplets and particles is modelled using the Lagrangian approach.

The trajectories of the droplets/particles are calculated by solving the equation of motion for

individual droplet/particle, which is given by:

p

gp
pd

p g
uuF

t

u



 )(
)(

d

d 






(14)

where ሬ⃗ݑ is the instantaneous gas velocity, which is sum of the time-average ( iu ) and fluctuating

( '

iu ) velocity components. The first term on the right hand side is the drag force per unit mass,

the second term represents the gravity and buoyancy force per unit mass. The drag force is given

by:

24

Re18
2

D

pp

d

C

d
F







(15)

where Re is the particle Reynolds number defined as:



 uud pp




Re (16)

CD in equation (15) is the drag coefficient. The widely used correlation for the drag coefficient

for droplets and particles[58] is used, which is applicable to smooth spherical bodies:

2

32
1

ReRe

aa
aCD  (17)

where a1, a2 and a3 are constants with values depending on the particles Reynolds number and is

applicable for Re ranging from 0 to 50000.

The droplet/particle dispersion caused by fluctuating velocities of gas is taken into account using

the discrete random walk model[57], in which the discrete phase is assumed to interact with a

succession of eddies. The interaction with each eddy lasts until the particle residence time in the
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computational cell exceeds the eddy crossing time for the particle (the distance traversed by the

particle is larger than the eddy length) or the eddy lifetime. The fluctuating gas velocity

components are sampled by assuming a Gaussian probability distribution and are given by:

_____
2''

ii uu  (18)

where  is the normally distributed random number.

It should be noted that in common with most previous studies the droplet/particle-particle

interactions leading to coalescence and agglomeration are not considered in the simulation.

Reliable methodologies for modelling these highly complex processes are not yet well

developed[34]. Although in a few studies[31,34] these processes were modelled using the stochastic

approach of Sommerfeld[36], the predicted particle size distribution in this approach is sensitive

to the number of parcels used in particle tracking as well as the CFD mesh size.

Modelling of particle-wall interaction

The collision of wet particles with the wall commonly results in deposition on the wall and the

deposited particles undergo drying as well as agglomeration before being re-entrained by the hot

gas[55]. The period of retention on the wall, size distribution and moisture content of the re-

entrained particles is difficult to predict as it depends on many factors including impacting

particle moisture, size, existing deposit layer moisture, near-wall velocity and material properties.

Particles can also rebound after colliding with the wall with a velocity less than or equal to the

impact velocity. In previous CFD modelling studies cited in Section 1.2, only the rebound of

particles was modelled using the restitution coefficient (defined as the ratio between the velocity

of a particle after and before impact on the wall) with a constant value of typically 1.0.

In a recent experimental study[55] in the spray drying tower at the P&G Technical Centre, it has

been observed that around 20% of the dried powder originated from the deposited material on

the wall and most large agglomerates in the product are a direct consequence of wall deposition.

However, due to the complexity associated with the modelling drying of deposited materials,

period of retention and size of re-entrained particles, these phenomena are not considered and

only the rebound scenario is taken into account in the present study. To evaluate the effect of the

restitution coefficient on the particle trajectories and the drying rate, two cases are considered. In

the first case, a constant value is specified, which is taken as 0.4. This value is based on the

measurement of the restitution coefficient for the dried detergent powder by Hassal[49]. In the

second case, a variable restitution coefficient, which is a linear function of the droplet/particle
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moisture content, is used. By taking the restitution coefficient of initial droplet to be 0 and the

dried particle equal to 0.4, the following linear relationship is obtained:

4.04.0
,













ol

l
r

w

w
C (19)

3.2 Drying process model

Droplet drying kinetics

A single droplet drying model developed in-house by P&G is used to describe the drying kinetics

of the droplets/particles. It is based on the numerical model proposed by Hecht and King[50].

Different stages of drying are depicted in Figure 3. The droplet is allowed to shrink in the first

stage (saturated surface drying) due to evaporation of moisture. The particle diameter is fixed in

the second stage (diffusion controlled drying stage). The particle is allowed to inflate in the third

stage (heat transfer controlled drying) of drying due to internal vapourisation of moisture. The

size of the particle in this stage is increased up to the initial droplet diameter. Once the particle is

dry, only sensible heat transfer takes place in the fourth stage. This model has been evaluated

using a plug-flow model of the same spray drying tower in our earlier study[45], in which the

model is described in more detail. The major assumptions in the droplet drying model include:

1. No temperature/concentration gradients exist inside a droplet/particle. The

droplets/particles are very small (ranging from 100 µm to 2300 µm), therefore the

temperature variation can be neglected (Biot number is small < 0.1).

2. The droplets/particles are assumed to be spherical. However, the shape of the particles may

undergo changes due to morphological development during drying, agglomeration,

particle-wall interaction and breakage of particles.
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Figure – 3: Different stages of drying of a slurry droplet[45]

The change in temperature of the droplet/particle is calculated using the following energy balance

equation:



moisturethe
zingin vapouri

consumedHeat

convectionby
rticledroplet/pa

thetoinputHeat

rticledroplet/pa
thebyabsorbedHeat

,
d

d
)(

d

d

t

M
hTTA

t

T
cM l

fgpgp

p

droppp 
(20)

The heat transfer coefficient (α) in equation (20) is calculated from the Ranz and Marshall[51]

correlation. The moisture content in the droplet is calculated using the equation proposed by

Hecht and King[50]:
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The change in droplet radius due to evaporation of liquid in the first stage of drying (see Figure

3) is given by:
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The initial slurry droplet drying rate based on surface drying is given by:
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The mass transfer coefficient (kc) in equation (23) is calculated from the Ranz and Marshall[51]

correlation. The transformation from the first stage of drying to the second stage occurs when the

solid crust is formed at the surface. The surface drying time can be approximated by considering

the diffusion of liquid moisture from the surface of a semi-infinite slab. Using the solution given

by Crank[52] for the mass transport equation and assuming that the surface is dry when the surface

moisture concentration reaches 90% of the equilibrium moisture content, the following equation

for the surface drying time is obtained:

2
5.5










c

WSsd
kK

Dt (24)

Once the surface is dry (step C in Figure 3), the drying rate becomes dependent on the internal

diffusion of moisture to the surface. Hecht[1] developed an algebraic equation for this step by

fitting results from a full numerical model for droplet drying rate previously developed by Hecht

and King[50]. The drying rate for this stage is given by:
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where A, B and C are constants with values of 18.9, 0.2 and 17.7, respectively.

The drying rate in the third stage of drying is dependent on the heat transfer to the particle. An

energy balance on the particle yields the following equation for the drying rate:
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It can be seen from equation (26) that the drying rate is dependent on the boiling point of the

slurry which is a function of moisture content. This was determined experimentally and the data

was fitted using the exponential relationship given by[45]:
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Source terms in the scalar transport equations

The source term that appears in the continuity and species transport equations (equations 1 and

7) arises from the exchange of mass (water vapour) from the droplets/wet particles to the gas

phase due to evaporation, and is given by the following equation:
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The source term appearing in the gas enthalpy transport equation (equation 7) is due to the

exchange of heat between the droplets/particles and the gas phase; it is given by the following

equation:
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2.3 Numerical solution method

The conservation equations for the continuous and discrete phases were solved using CFD

software ANSYS Fluent v.12[42]. The gas phase conservation equations were discretised using

the finite-volume discretisation method. The second-order upwind discretisation scheme[41] was

used for the convective terms. For the pressure-velocity coupling PISO scheme[56] and for the

pressure interpolation, PRESTO! Scheme[41] were used which is recommended for swirling

flows[42]. The calculation of heat loss from the tower wall (equations 11-13) was incorporated

into the CFD solver code through the UDF.

The droplet size distribution was approximated by 25 discrete sizes in the simulation. The

discrete phase was represented using 3750 parcels (150 droplets/particles for each size). Droplets

of each size were injected from 150 locations at the nozzle tip. The modified restitution

coefficient (equation 19) and the droplet drying model (equations 20-29) are incorporated into

the CFD code using UDFs. In order to facilitate convergence, the calculation of droplets/particles

trajectories together with the drying model parameters were initiated using a converged solution

of the gas phase non-isothermal flow field. The trajectories were updated after each iteration of

the continuous phase calculation. The under-relaxation factors given in Table 1 were used to

ensure a stable solution. A convergence criterion of normalised residual of 1 × 104 was specified

for each equation. The target residual was satisfied for all equations except for the continuity and

Reynolds stresses which were of the order of 1 × 102 and 1 × 103, respectively. In order to

ensure that the solution has converged, the mass weighted average gas temperature at the outlet

of the spray tower was monitored with iterations as this indicates the total amount of heat
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exchange between the two phases, thus a useful indicator to check convergence of the simulation.

The solution was taken to be converged when the variation in exhaust gas temperature was less

than 2 K about the mean value. Typical errors in overall mass and energy balances at the end of

the simulation run were 0.5 and 1%, respectively. A typical run time for the simulation was 1

week on a quad core processor (2.8 GHz) with 16 Gb ram.

Table – 1: Under-relaxation factors.

Pressure Momentum k  t

0.3 0.5 0.8 0.8 0.5

Reynolds stresses Energy Species Density Discrete Phase

0.5 0.95 0.95 1 0.5

3. Application of CFD-Drying Process Model

4.1 CFD model input specifications

The model was applied to simulate one of the trails carried out in the pilot-plant spray drying

tower as mentioned in section 2. Simulations were carried out using two values of the coefficient

of restitution: Cr = 0.4 (referred to as Case 1) and Cr = f(wl) (Case 2). The operating conditions

and the specifications of the tower wall used as an input to the CFD model are listed in Table 2.

The detergent slurry composition is not disclosed due to confidentiality; however, it is very

similar to the detergent slurry studied by Griffith[43] which consists of 28% moisture, with other

major components including surfactant, binder and polymer. Thermophysical properties used in

the drying model are also given in Table 2.
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Table – 2: CFD model input specifications.

Operating Conditions

Slurry mass flux 0.21 kg/m2s

Slurry inlet temperature 358 K

Hot gas mass flux 0.92 kg/m2s

Hot gas temperature 563 K

Entrained air mass flux 0.046 kg/m2s

Ambient temperature 293 K

Tower Wall

Wall thickness 0.006 m

Wall thermal conductivity 18.8 W/mK

Insulation thickness 0.105 m

Insulation conductivity 0.04 W/mK

Deposit layer thickness 0.03 m

Deposit material conductivity 1.3 W/mK

Thermophysical properties

Specific heat of dried particle 1500 J/kg K

Specific heat of solvent 4180 J/kg K

Specific heat of vapours 1900 J/kg K

Density of slurry 1200 kg/m3

Latent heat of vapourisation 2.26 × 106 J/kg

Moisture Diffusivity 3.0 × 10-11 m2/s

Vapours Diffusivity 2.6 × 10-5 m2/s

The air was heated in a direct fired furnace using natural gas as the fuel. However, in the

simulations the hot drying gas, which was a mixture of air and combustion products, is

represented as atmospheric air (O2 + N2) and water vapour (due to humidity of the air and that

generated via combustion). The presence of CO2 due to combustion in the hot gas is neglected

since its mass fraction is very small (~ 0.01). The inlet composition of the hot gas specified in

the simulation is given in Table 3.

Table – 3: Inlet composition of the hot drying gas.

Species Mass Fraction

H2O 0.0229

Air (O2 + N2) 0.9771
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4.2 Initial droplet injection velocity

The slurry is atomised into small droplets using a pressure-swirl hollow-cone nozzle. The initial

velocity of all the injected droplet sizes is taken to be constant and is calculated using the

following equation:
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The above equation requires the radius of the air core (rc) and the spray cone angle (θ). The latter

is taken to be 40o based on the vendor provided data. The air core radius is taken from the data

reported by Nelson and Stevens[44] for various spray cone angles. The ratio between the air core

radius and the radius of the nozzle was found to be 0.22.

4.3 Droplet size distribution

In the absence of measurement of initial droplet sizes, the measured size distribution of dried

detergent particles collected from the bottom of the spray tower is used as the initial slurry droplet

size distribution in the simulation in line with our previous study[45]. This may be a valid

assumption if coalescence and agglomeration occurs in the dense spray region very close to the

nozzle, and the resulting size distribution thereafter remains fairly constant. The size range of

dried particles collected from the tower is from 100 µm to 2300 µm. The particle size distribution

measured on 10 sieves is represented in Figure 4 by discrete points. A Rosin-Rammler

distribution[46], given by equation (31), is fitted to the data (continuous line in Figure 4) using a

size constant (dm) of 750 µm and distribution parameter (us) of 1.35, which is specified in the

simulation.

  su
mpd ddY  exp (31)

Figure – 4: Dried detergent particle size distribution plot on a cumulative mass basis
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4.4 Computational Details

The geometry of the tower and the computational mesh, shown in Figure 5, were created using

Gambit[47]. The size of the mesh used for the CFD simulations was selected based on an extensive

sensitivity study carried out previously in order to examine the influence of mesh size, its

distribution and near-wall mesh size and type on the prediction of single phase gas velocity

profiles[37]. A mesh comprising 1.3 × 106 tetrahedral cells was used.

(a) (b) (c)

Figure – 5: Computational mesh, (a): Tower top section, (b): Tower bottom section,

(c): Tower cross-sectional view[37].

The velocity magnitude obtained from the measured mass flux is specified at the face of the

inlet nozzles as the hot gas boundary condition. In the absence of measurement, the amount of

cold air entering from the bottom of the tower is taken as 5% of the mass flow of the hot gas

based on the data obtained in a laboratory-scale of the spray drying tower[48], and its temperature

is specified as equal to the ambient temperature. The pressure outlet boundary condition is used

at the top of the tower with experimentally measured value of  300 Pa. The inlet boundary

conditions for the turbulence quantities were specified based on 5% turbulent intensity (It). The

inlet turbulence kinetic energy (kin) and energy dissipation rate (in) are calculated from kin =

1.5(UrefIt)
2 and in = Ckin

3/2/ ℓ, respectively; where the mixing length, ℓ, is taken as 0.07 times of

the inlet nozzle diameter[42], Uref is the average gas velocity at the inlets. The components of

normal stresses are obtained as
inkji kuuu 3/2

2'2'2'  , and the shear stresses are taken to be

zero[42].
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4. Results and Discussion

5.1 Aerodynamics characteristics

Figure 6 is a plot of representative predicted trajectories of the droplets/particles, coloured by the

diameter, for Case 1 and 2. The smaller droplets/particles (100 µm) are entrained by the gas

flowing in the upward direction, whereas larger diameter droplets/particles (>100 µm) flow

downwards and impinge the tower wall at z/Z = 0.56 in both the cases. The particles are wet and

when they strike the wall they are more susceptible to deposit there. In Case 1, with Cr = 0.4, the

larger particles (> 200 µm) after striking the wall bounce back and pass through the central region

of the tower towards the opposite wall because these particles have greater momentum compared

to the smaller ones. The smaller particles (200 µm) start to move in the downward direction along

the wall after striking the wall for the first time. In Case 2, i.e., Cr = f(wl), the particles move

along the wall after they strike the wall. In this case, since the values of Cr are less than 0.4 (see

equation (19)), the particles lose most of their momentum upon collision with the wall. The

smaller particles can be seen to come down along the wall with a swirl motion. The angular

momentum of the gas is taken up by the particles as they come down. In a study by Hassal[49],

the concentration distribution of particles inside this tower was measured by Particle Image

Velocimetry, which showed a higher concentration of particles near the wall. Hence Case 2

provides more realistic particle trajectories. In both cases, the particles swirl downwards in the

bottom conical region and exit the tower.
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Diameter (m) (a) Case 1 z/Z (b) Case 2

Figure – 6: Droplet/particle tracks coloured by diameter, (a) Cr = 0.4 and (b) Cr = (wℓ).

Figure 7(a) is a plot of the predicted particle size distribution (PSD) at the bottom of the tower

and Figure 7(b) is the PSD plot of particles entrained by the gas and exit from the top of the tower

for Case 2. The predicted PSD for Case 1 is similar to Case 2 therefore it is not plotted. A fraction

of 200 m particle sizes exit from the top and the remaining exit from the bottom of the tower.

All particle sizes > 200 m diameter exit from the bottom of the tower. 75% of the entrained

particles by mass comprise 100 m particles.

Figure 8 is a plot of discrete phase concentration along the tower radius at two axial locations. It

represents the mass flow of the discrete phase passing through a computational cell per unit cell

volume. The discrete phase concentration is highest near the wall and minimum in the central

region of the tower in both cases. In Case 1 however, the concentration is relatively more

uniformly distributed compared to Case 2 (see Figure 8 (a)), since the particles in Case 1 travel
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a larger distance away from the wall after particle-wall collision, hence more dispersed. As the

particles flow further downwards, the concentration distributions become similar for both cases

(Figure 8(b)) since the centrifugal force on the particles arising from the swirling motion of the

gas acts to retain the particles in the proximity of the wall.

The predicted distributions of the magnitude of the mean velocity vector of the gas, presented in

normalised format, for Case 1 and 2 are plotted in Figure 9. It is interesting to note that the bend

at the top exit of the spray drying tower (see Figure 2) does not affect the symmetry of the air

flow pattern and the velocity profiles are similar in both x-z and y-z planes. The exit from the top

of the tower is a pipe extending into the top region of the tower and then exiting by a right angled

horizontal pipe. The presence of this inner pipe extending into the tower prevents the upper most

flow becoming asymmetric. The CFD simulations confirm the symmetry of the flow patterns. As

can be seen that the velocity distributions are very similar in both cases in the region downstream

of the nozzle up to the first particles impingement point at z/Z  0.56. However, further

downstream the velocity distributions are different due the variation in particles trajectories as

shown in Figure 6. In the region z/Z < 0.4, a lower velocity near the wall and at the centre occurs

whilst a high velocity in the annular region is observed and the flow is generally symmetrical.

The gas flow becomes asymmetric as it approaches the nozzle. This asymmetry persists in the

top region of the tower above the nozzle. In Case 1, the low velocity zone in the centre of the

tower below the nozzle (at z/Z  0.45) becomes wider because the particles pass through the

centre after bouncing from the wall. The flow of gas becomes almost stationary in this region

due to the exchange of momentum between the two phases. In Case 2, the high velocity annular

region becomes narrower with height, which eventually disappears at z/Z  0.5 and the velocity

becomes more uniform over the cross-section except near the wall where the low velocity exists.

Figure 10 is a vector plot of the gas flow pattern near the spray nozzle (0.58 < z/Z < 0.67). Just

below the nozzle, a jet of gas in the downward direction is established due to the entrainment of

the surrounding gas into the spray by the high velocity droplets. Further downstream, this gas jet

is re-entrained upon impinging on the primary flow in the counter-current direction and thus

establishing recirculation zones at the outer edge of the spray. The gas flow distribution around

the nozzle is somewhat asymmetric. This is undesirable as it can lead to deposition of the droplets

onto the wall below the nozzle.
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(a) (b)

Figure – 7: Size distribution of particles exiting from the (a) bottom and (b) top of the spray

drying tower (Case 2).

(a) (b)

Figure – 8: Discrete phase concentration along the tower radius, (a) at z/Z = 0.5 and (b) at z/Z =

0.3.
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Figure – 9: Predicted contours of the normalised gas velocity magnitude.
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Figure – 10: Gas flow pattern near the nozzle.
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Figure 11 is a plot of swirl number calculated using the predicted mean axial and tangential

velocities along the dimensionless tower height for Case 1 and 2 and for the case with gas flow

only (without particles). The swirl number characterizes the strength of a swirling flow and is

defined as the ratio between the angular and the axial momentum fluxes[60]. The swirl in all cases

decays as the gas flows up the tower. The swirl number without particles is significantly larger

as the gas does not lose momentum due to interaction with particles. The swirl number below the

spray nozzle (z/Z < 0.67) is greater in Case 1 compared to Case 2 because the tangential gas

velocity in the near wall region along the tower height is higher in the former case. As discussed

previously, in Case 1 the droplets/particles after collision with the wall do not flow close to the

wall (see Figure 6) where the tangential velocity is maximum, therefore the transfer of angular

momentum from the gas to the droplets/particles in Case 1 is less than that in Case 2. Above z/Z

= 0.67, the swirl number in both cases is close to zero as most of the angular momentum is

transferred to the droplets/particles in this region. A high swirl number along the tower height is

desirable as it results in an increased turbulence intensity which favours higher heat and mass

transfer rates[53,54].

Figure – 11: Swirl number along the tower height.
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residence times in Case 2 are smaller for the particles less than 500 µm, while they are greater

for larger particles. Since the gas velocity near the wall in Case 2 is smaller compared to Case 1.

This is because all the particles in Case 2 start to move downwards close to the wall upon collision.

The downward moving particles exert momentum on the gas flowing counter-current to the

particles. This exchange of momentum causes the gas flow to become almost stationary near the

wall. For sizes greater than 500 µm, the residence time becomes greater in Case 2, since the larger

particles have greater moisture and loose more momentum upon each collision with the wall as

they move downwards, although the gas velocity near the wall is smaller. In Case 1 however,

most of the particles after striking the wall bounce back towards the centre and do not flow close

to the wall at most of the tower height. Therefore relatively higher gas velocity exists near the

wall. Hence the smaller particle sizes in Case 2 reach the bottom outlet much quicker compared

to Case 1. The larger particles in Case 1 have greater momentum because particles after striking

the wall do not lose all the momentum (as they have higher restitution coefficient) and thus move

faster, this results in a lower residence time of the larger particles in Case 1.

Figure – 12: Residence time of the particles at the bottom outlet.
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(z/Z = 0.61 to 0.67) in both cases. This indicates that maximum evaporation occurs in this region.

The droplets initially contain free moisture at the surface and the relative droplet velocity is a

maximum in the spray region. This result in high heat and mass transfer rates and therefore the

evaporation rate is a maximum. The temperature of injected droplets is greater than the wet bulb

temperature; therefore the droplets cool down due to a rapid evaporation of moisture from the

surface resulting in cooling of the surrounding gas in the spray region. Above the nozzle (z/Z >

0.67), the gas temperature and moisture content is fairly uniform indicating that very little

evaporation from entrained droplets/particles occurs. It is observed that the temperature and

moisture distributions below the spray nozzle (z/Z < 0.61) are quite different between the two

cases. In the central region of the tower at z/Z = 0.4 to 0.5, the temperature is lower in Case 1

compared to Case 2. Because in Case 1 (see Figure 6(a)), the particles after colliding with the

wall at z/Z  0.53 bounce back with a higher velocity and pass through this region and exchange

heat with the gas, resulting in an increase in the particle temperature and a decrease in the gas

temperature. In Case 2, the gas temperature near the wall between z/Z = 0.20 and 0.55, is lower

and the moisture fraction is higher as the particles flow close to the wall after the first impact

with the wall resulting in heat and mass exchanges between the two phases. The exhaust gas

temperature in Case 1 is 375.3 K while that in Case 2 is 381.4 K; the reason for this has been

explained above. The exit gas temperature in Case 1 is smaller, hence there is greater heat

exchange taking place between the two phases in Case 1. In Case 1, the particles bounce back

from the wall and move through the central region of the tower, where the gas temperature is

higher, therefore a greater amount of heat exchange take place between the gas and particles

compared to Case 2 in which particle move along the wall and a relatively lower temperature

difference persists between the two phase at most of the tower height.
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Figure – 13: Distributions of gas temperature and moisture fraction. See the online version for

coloured graphics.
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Figure 14 is a plot of predicted temperature and normalised moisture fraction versus size of the

particles that exit from the bottom outlet for Case 1 and 2. In general, the temperature of smaller

size particles is higher compared with the larger particles. The moisture content of smaller

particles sizes is less than that of the larger sizes. The particles up to 800 µm exit the tower at

almost the same temperature, although the residence times of particles in this range are

significantly different, because these particles are completely dry. Due to a high surface area and

lower heat capacity of the small (dp  800 µm), dried particles, they exit at a temperature similar

to the surrounding gas at the bottom outlet. A sharp decrease in the exit particle temperatures is

observed for the particle sizes in the range of 900 µm to 1200 µm. This is because the particle

drying rate in the third stage of drying (see Figure 3) depends on the boiling point of the slurry

which is a function of moisture content (see equation 27). The slurry boiling point increases

exponentially at a low moisture content (at 0 < wl/wl,o < 0.2). The exit moisture content of these

particle sizes lies in that range, hence a large difference in the exit temperatures of these particle

sizes results with small changes in the exit moisture content. The exit temperature of particles

greater than 1200 µm is fairly uniform because these particles exit with a high level of moisture

and the slurry boiling point is fairly constant in that range of moisture content.

It is observed in Figure 14 that the temperature and moisture content of particles up to around

800 µm are very similar for both Case 1 and 2. However in Case 2, the temperatures of particles

between 800 and 1300 µm are lower and the moisture contents of particles larger than 900 µm

are greater than Case 1. This is because the temperature of the drying gas is lower near the wall

for Case 2, as revealed in Figure 13, hence the rate of heat transfer from the gas to particles is

less which reduces the rate of moisture evaporation. The slurry boiling point at high moisture

contents does not vary significantly (see Figure 15) hence the temperature of particles greater

than 1300 µm (having high moisture contents) is the same in both cases even though the exit

moisture content of particles in Case 2 is greater. In Case 1, as the particles bounce back and get

exposed to a higher temperature in the central region of the tower, this results in greater heat and

mass exchange between the two phases and hence the particles of sizes between 800 and 1300

µm have a higher exit temperature. The trend of smaller particles exiting at zero moisture content

is unrealistic and is due to the assumption in the drying model that the particle drying continues

to take place even at below the equilibrium moisture content. In reality, the particle drying will

stop when it reaches the equilibrium moisture content with the surrounding gas. Therefore,

another stage is required in the drying model in which the particles remain at equilibrium

moisture content with the surrounding gas, which is not considered in this study.
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Figure – 14: Particle exit temperature and moisture content at the bottom outlet.

Figure – 15: Slurry boiling point as a function of normalised moisture content.

The predicted heat flux through the wall to the ambient, normalised by heat loss near the inlet,

along the tower height is plotted in Figure 16. The heat flux is highest at the bottom of the tower

and decreases with increasing height, eventually becomes nearly constant at z/Z > 0.67 (above

the nozzle). This is because the inner wall temperature gradually reduces from the bottom of the

tower up to the level of the nozzle as the gas temperature decreases due to heat exchange with

the droplets/particles. The gas temperature is fairly constant above the nozzle (see Figure 13) and

hence the heat flux is also constant. The heat loss to the surrounding up to a height of z/Z = 0.67

in Case 2 is smaller compared to Case 1 due to a lower gas temperature in the proximity to the

wall. However, the heat loss in Case 2 is greater above the nozzle due to a higher gas temperature
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in this region as explained above. Total heat loss from the wall to the surrounding is about 1.2%

of the total heat input to the tower for Case 1 and 1% for Case 2.

Figure – 16: Predicted heat flux through the wall along the tower height.

5.3 Comparison between measurements and predictions

Table 4 lists the predicted weighted average moisture contents and temperatures of the particles

at the bottom outlet together with the exhaust gas temperature and total heat loss for both cases

and equivalent measured values. Case 1 predicts greater heat and mass transfer between the two

phases and hence smaller average particle moisture content and exhaust gas temperature and

higher average particle temperature compared to Case 2. A comparison of the simulation results

with the experimental data reveals that the measured moisture content and outlet gas temperature

are smaller than that predicted. Hence the rate of heat transfer between the two phases is

underpredicted in both simulation cases. One of the reasons for this discrepancy may be due to

the use of dried powder PSD, in the absence of measurement, as the initial droplet size

distribution, which is typically larger than the initial droplet size distribution. A comparison of

measured detergent slurry droplet size distribution at the spray nozzle exit and dried powder size

distribution in the same drying tower is given by Ali et al.[45], in which the measured droplet size

distribution is in the range of 50 to 1000 µm with a sauter mean diameter of 200 µm while the

powder size distribution ranges from 100 to 2300 µm with a sauter mean diameter of 350 µm.

The other reason for the discrepancy is the underprediction of the residence time of the particles

due to the assumption of smooth spherical particles. In reality, the shape of the particles will

change throughout the tower height due to morphological changes during drying and

agglomeration, which can affect the drag force as well as the heat and mass transfer coefficients.

The deposition of wet particles on the walls is also ignored in the simulation. As observed
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experimentally, particles are deposited on the wall and remain exposed to the hot gas for a longer

period before being entrained back into the gas flow.

The particle trajectories, moisture content and temperature vary significantly with the particle

diameter as revealed in Figures 6 and 14. The larger particles exchange less heat and mass with

the gas flow compared to the smaller particles primarily due to smaller residence times (see

Figure 12) and smaller heat and mass transfer coefficients. If the initial droplet sizes are smaller

then the overall heat transfer between the two phases would be greater. As the droplets/particles

flow downwards, the size will increase due to the coalescence and agglomeration resulting in

reduced heat/mass rates. This factor needs to be taken into account for an improved prediction.

The predicted average particle temperature at the outlet is significantly higher than that measured.

It is expected that the CFD predicted temperature should be lower than the measured value as the

particle moisture content is over predicted. This may be explained by the fact that the particle

temperature was measured at a location on the conveyor belt (see Figure 1) which is 3 meters

away from the tower exit. The temperature of the particles is expected to fall rapidly upon contact

with the ambient air as the dried particles have a low heat capacity. The sample for moisture

content measurement was taken at the end of the belt conveyor. The particles are expected to get

equilibrated with the surrounding air humidity. For a rigorous validation of simulation results,

measurements of the dried powder parameters (e.g. temperature, moisture content) must be made

at the tower exit where the predicted values of these parameters are available. Fortuitously, Case

1 provides relatively better predictions of dry particle properties compared with Case 2 despite

generating unrealistic droplet/particle trajectories due to the use of a constant value of the

restitution coefficient. The heat loss through the tower wall, presented as percentage of the total

heat input was calculated from the measured data, including particle moisture content and

temperature and inlet/outlet gas temperatures, is significantly greater than that predicted. This is

because the inlet gas temperature used in the simulation was measured in the hot gas supply duct

which is away from the tower inlet nozzles and therefore includes heat losses to the surrounding

and could be partly due to poor tower insulation resulting in a greater heat loss from the tower.
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Table – 4: Comparison of CFD simulation results with measurements at the spray drying tower

exit.

Parameter Case 1 Case 2 Measured

Particle weighted average normalised moisture content 0.1 0.16 0.06

Particle weighted average temperature, K 468.2 456.2 356

Outlet gas temperature, K 375.3 381.4 367

Heat loss as percentage of total heat input, % 1.2 1 11*

6. Concluding Remarks

Three-dimensional steady-state, multiphase CFD simulations of a pilot-plant counter-current

spray drying tower used for the manufacture of detergent power have been carried out allowing

heat, mass and momentum exchanges between the discrete and the continuous phase and heat

loss from the tower wall to the surrounding. A single slurry-droplet drying kinetic model is used

to represent the drying process of polydispersed droplets/particles. Calculations are carried out

using two different values of the restitution coefficient (referred to as simulation Case 1 and 2)

in order to examine the effect of the particle-wall collision on the droplet/particle trajectories and

hence on the dry powder properties. The detailed information on the gas velocity, temperature

and moisture profiles as well as polydispersed droplet/particle trajectories, residence time,

temperature and moisture content provides an improved insight into the detergent slurry drying

process and can be used to facilitate optimisation of the spray drying process.

The predicted drying characteristics depend significantly on the value of restitution coefficient

as it strongly influences the droplets/particles post-wall collision trajectories and residence time

distributions, and hence heat and mass transfer rates. A comparison of the simulation cases

reveals that a constant value of restitution coefficient (Case 1) results in unrealistic particle

trajectories; whereas the particles flow close to the wall when the restitution coefficient is a

function of particle moisture content (Case 2) which is consistent with the reported experimental

observation. However, unexpectedly Case 1 provides relatively better agreement with the

measured dry particle properties compared with Case 2. For a fair validation, more precise and

detail measurements are needed. In addition to the moisture content, the restitution coefficient

can also vary with the impact velocity, roughness of the impact surface and the impact angle.

These should be accounted for an accurate estimation of the restitution coefficient. The rate of

heat transfer between the two phases is underpredicted in both simulation cases. This is believed

primarily due to the use of dried powder PSD as the initial droplets sizes in the simulation. Hence

for a more reliable prediction of the final particle properties accurately measured initial droplet
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size distribution must to be specified as the input condition as well as changes in droplet/particle

size due to coalescence and agglomeration also need to be considered. It is assumed that no

deposition of material occurs upon the collision of droplets/particles with the wall. In reality, the

droplets and wet particles are deposited on the wall and may be re-entrained back into the gas

flow; these phenomena though extremely complex[55] need to be considered for a realistic

simulation of the spray drying process.
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Nomenclature

A surface area (m2)

DC drag coefficient

rC restitution coefficient

svC ,
surface vapour concentration (kg/m3)

,vC equilibrium vapour concentration (kg/m3)

Cs roughness constant

pc specific heat (J/kgK)

cp,mix specific heat of gas mixture ൣ= ∑ ௜ܻܿ௣,௜ே௜ୀଵ ൧ (J/kgK)

miD ,
diffusion coefficient for species i (m2/s)

WSD internal diffusivity of moisture (m2/s)

d diameter (m)

dm size constant (m)

dF


drag force (N)

F


source term for momentum transfer (kg/m2s2)

g


gravitational acceleration (m/s2)

h enthalpy (J/kg)

fgh latent heat of vapourisation (J/kg)

J diffusion flux (kg/m2s)

K partition coefficient

kc mass transfer coefficient (m/s)


sk dimensionless roughness height

ks roughness height (m)

M mass (kg)

pm mass of particle in a parcel (kg)

pm mass flow of parcel (kg/s)

Mw molecular weight (kg/mol)

P Pressure (Pa)

Pr Prandtl number

Q slurry volumetric flow (m3/s)

q heat flux (W/m2)
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Rg gas constant (m3Pa/molK)

Re Reynolds number

r radius (m)

ro nozzle radius (m)

rc air core radius (m)

S species source term (kg/m3s)

mS continuity equation source term (kg/m3s)

T temperature (K)

Tboil boiling temperature (K)

TPo temperature at near-wall node (K)

t time (s)

sdt surface drying time (s)

U overall heat transfer coefficient (W/m2 K)

Up velocity at near-wall node (m/s)

u time-average velocity component (m/s)

pu particle velocity (m/s)

u+ dimensionless velocity

'u fluctuating velocity component (m/s)

u friction velocity (m/s)

us distribution parameter

Vcell computational cell volume (m3)

lw moisture fraction

sw solid fraction

x cartesian coordinate axis

Y mass fraction

dY cumulative mass fraction

y dimensionless distance from wall

z axial location (m)

Z total tower height (m)

Greek letters

 heat transfer coefficient (W/m2K)
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 thickness (m)

 change

ɛ turbulence dissipation rate (m2/s3)

 von Kármán constant

 density (kg/m3)

 viscosity (kg/ms)

θ spray cone angle (degree)

 thermal conductivity (W/mK)

 normally distributed random number



Subscripts

boil of the boiling point

c of the air core

dep of the deposit

drop of the droplet/slurry

g of the drying gas

i species, parcel and coordinate index

ins of the insulation

in at the inlet

l of the liquid

o initial value

out at the outlet

p of the particle

ref reference

s of the solid

sup superficial

v of the vapour

w of the wall


