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Abstract 

The spray drying process is used in many industrial applications to produce powders with different 
characteristics. Drying models based on the reaction engineering approach (REA) have been found promising 
due to its simplicity and high accuracy at different drying conditions. In this work single droplets of silica-water 
nanofluids were dried in an acoustic levitator under different experimental conditions of initial solid mass 
fraction (0.02 < YS < 0.20), pH value (2 < pH < 10), salt concentration (0 M < [NaCl] < 0.05 M), air temperature 
(80ºC < T < 120ºC), and initial droplet volume (0.3 μl < V0 < 0.8 μl). The drying curves (X=f(t)) were 
experimentally obtained for each test conducted and the REA model was used to model the experimental data. 
The grains were collected and observed by SEM in order to measure the thickness of the shell formed. Finally, 
the packing of particles inside the droplet was checked to be constant and equal to the random close packing. 
This packing can be obtained from the modelling of the viscosity data to the Quemada equation. The final 
diameter and the packing fraction were used to calculate the shell thickness. Experimental results from the SEM 
micrographs and theoretical results show a good agreement. 

 

 
Introduction  

 
In many industrial applications such as ceramics, food products, detergents and pharmaceuticals, the spray 

drying process is used to produce powders with different characteristics. The main objective of the researchers in 
this field is to know the effect of the variables that influence the drying process on the final properties to be able 
to control them and therefore to produce granules of desired characteristics suitable for each application. 

Depending on the final application of these grains and their later handling and processing, different micro-
structures can be required. That makes of great importance to know the influence of all the variables involved in 
the drying process on the crust formation, the packing of the particles, the hollowness of the final grain, etc.  

The drying behaviour of a liquid-solid suspension droplet can be divided into two stages [1-3]. In the first 
stage, also known as constant rate period, particles move towards the inner part of the droplet to minimize its 
surface energy [4, 5]. The surface energy of the liquid-vapor interface is lower than the solid-vapor one so, parti-
cles move allowing the droplet surface to be fully wetted and the liquid to evaporate at the droplet surface. As a 
consequence, the mass transfer rate equals that of an equally sized pure liquid droplet. The diameter, d, decreases 
following the d2-relation and the maximum drying rate value is achieved. At the critical moisture content, the 
entire droplet surface cannot longer be maintained saturated by moisture migration and the second drying period 
begins. In this period, called falling rate period, a shell is formed at the droplet surface and the evaporation oc-
curs through the pores of the shell. The drying rate continues to decrease as the thickness of the shell increases. 
If the particles have been able to move or they have had enough time to diffuse inside the droplet before the shell 
formation, a compact grain will be formed. However, if the particles cannot easily move due to the suspension 
characteristics or the drying is so fast that there is no time for the particles to diffuse, they will remain in the 
outer part of the droplet and the external shell will be formed before. As a result, the grains will have a hollow 
morphology and a higher diameter. 

Authors have found the drying models based on reaction engineering approach (REA) promising due to its 
simplicity and high accuracy at different drying conditions [6-12]. The main theory of the model considers the 
drying as an activation process in which an energy barrier has to be overcome for moisture removal to occur. In 
the mathematical expression of the model, the vapor concentration gradient is considered the driving force for 
the drying. The water removal process is represented by an activation energy which value is zero when the solid 
is fully covered by water, and increases as the moisture content decreases, due to the difficult of water removal 
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for low contents. However, the model uses a correlation for the activation energy that depends on the material 
and drying conditions, and has to be determined experimentally. 

Drying models predicting the drying kinetics of single droplets can be used to relate the final powder proper-
ties (such as the final grain diameter, mean porosity, compacity, morphology, microstructure, etc.), with the 
spray dryer design and process parameters. From the drying kinetics the critical moisture content can be deter-
mined and the final grain diameter can be calculated [13]. If the packing fraction of the particles inside the shell 
is known, the degree of hollowness can be predicted. 

The packing fraction of the particles in the shell is constant and closer to the maximum packing that particles 
can achieve, i.e. the random close packing [14, 15]. The maximum packing fraction that the nanoparticles system 
can achieve (RCP) corresponds to the fluidity limit, φm. Below this value the nanofluid behaves like a liquid 
while above the fluidity limit the nanofluid has the properties of a solid. The graphical representation of viscosity 
versus the volume fraction allows obtaining the fluidity limit, concentration at which the viscosity takes infinite 
value. Krieger and Dougherty, and Quemada [16, 17] proposed equations to model the viscosity of numerous 
suspensions with particles different in nature, that allows the knowledge of the fluidity limit, and hence the ran-
dom close packing, for each particulate system. 

In this work single droplets of silica-water nanofluids were dried in an acoustic levitator under different ex-
perimental conditions of initial solid mass fraction, YS, pH value, salt concentration, [NaCl], air temperature, T, 
and initial droplet volume, V0. The drying curves (X=f(t)) were experimentally obtained for each test conducted 
and the REA model was used to model the experimental data. The fluidity limit and the maximum packing frac-
tion were obtained for this system using the Quemada equation to model the viscosity data. The packing fraction 
and the final diameter were used to calculate the shell thickness. The dried grains were collected to observe the 
internal microstructure by means of scattering electron microscopy and the shell thickness was measured and 
compared to that previously calculated.  

 

Materials and Experimental Methods 
 
All the experiments performed in this study were carried out with silica-water nanofluids. Commercial fumed 

silica (Aerosil 200 with primary units of 12 nm) provided by Degussa was purchased in dry powder. The isoelec-
tric point (IEP) was established at pH = 2 from the measurement of the zeta potential at different pH values using 
a Zetasizer Nano ZS (Malvern Instruments). Nanofluids with different particle concentrations were prepared by 
adding distilled water containing different concentration of NaCl salt to the defined amounts of nanoparticles. 
The dispersion was performed using an ultrasonic probe (UP400s from Hielscher Company). Initially, the mix-
ture of nanoparticles with the water or salt solution is submitted to a 3-minute sonication treatment. After this, 
the pH of the nanofluid is modified adding HCl or NaOH solutions. Finally, to ensure a correct dispersion of all 
the components, the nanofluids are submitted to a second sonication treatment during 2 minutes. 

 
The viscosity of the nanofluids was obtained at 25ºC by conducting tests under steady state conditions using 

a Bohlin CVO-120 rheometer (Malvern Instruments Ltd., UK). A double gap (DG 40/50) device composed of 
two concentric cylinders suitable for low viscosity suspensions was used. Before each test, a pre-treatment, in 
which the samples are submitted to a constant shear stress, was applied to the nanofluids for 30 seconds to en-
sure similar starting conditions for all of them. 

 
Single droplets were dried in an ultrasonic levitator modified in order to work at high temperature condi-

tions. The experimental set-up was described elsewhere [18]. The entire system is composed of an ultrasonic 
levitator in which the chamber that contains the droplet is heated by electric heaters. This chamber is isolated 
from the one that contains the piezoelectric transducer which is cooled by forced convection to ensure tempera-
tures lower than 60 ºC and avoid damages in the transducer. An optical system consisting of a CMOS camera 
and back-light illumination system are used to record and measure the droplet cross-sectional area and vertical 
position of the droplet during the drying process. Finally, a gas conditioning system is used to control the tem-
perature, flow rate and relative humidity of the air inside the levitator tube.  

 
The images of the drying process recorded with the camera were processed with Matlab. Thus, the equivalent 

diameter and position of the droplet during all the drying stages were obtained. 
 
The instantaneous mass transfer rate for the first drying period (mL,1) was calculated from the decrease of the 

droplet diameter. This mass transfer rate is defined as, 
 



ICLASS 2012, 12th Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2‐6, 2012 

 3

21

3
2

3
1

1, 6 tt
ddm LL −

−
−= ρπ                   (1) 

 
where ρL is the liquid density and the sub-indexes 1 and 2 denote two consecutive instants during the drying 

process. 
 
The mass transfer rate of the second drying period (mL,2) is calculated using the position of the droplet inside 

the acoustic field. If this position is assumed to be dependent on the droplet density, the mass transfer rate during 
this period can be calculated as, 
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where y21 and y22 are the droplet positions at the beginning and the end of the second drying period respec-

tively, y(t) is the instantaneous position of the droplet, and M21 is the liquid mass content in the droplet at the end 
of the first drying period previous to the shell formation. 

 
With the initial water content and the liquid evaporation rates, the quantity of water present in the drop-

let/grain at each moment, can be easily calculated. The dry basis moisture, X, is defined as the ratio between the 
water and solid contents: 
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where ML is the mass of water and MS is the mass of solid present in the droplet, which remains constant dur-

ing all the drying process. 
 
Finally, the internal microstructure of the grains obtained was observed by means of Scattering Electron Mi-

croscopy using a FEI Quanta 200F microscope. The grains were cut and coated with platinum in order to obtain 
cross sections and to observe the internal shell formed during the drying process, to measure it. Images of the 
shell and the arrangement of the nanoparticles in it were taken. 

 
 

Results and Discussion 
 
Drying tests were carried out under different experimental conditions: initial solid mass fraction (0.02 < YS < 

0.20), pH value (2 < pH < 10), salt concentration (0 M < [NaCl] < 0.05 M), air temperature (80ºC < T < 120ºC), 
and initial droplet volume (0.3 μl < V0 < 0.8 μl). For each of the measured experiments, the evolution of the 
squared-diameter and the position of the droplet were obtained.  

 
For the first drying period and intervals of diameter variation, Equation 1 was used to obtain the mass trans-

fer rate. For the second drying period and intervals of constant diameter, the mass transfer rate was obtained 
from the evolution of position by means of Equation 2. With the initial moisture content and the water evapora-
tion along the process, the droplet/grain moisture content was obtained by means of Equation 3. 

 
Drying curves were modeled using the REA model (Reaction Engineering Approach): 
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where X is the dry basis moisture content, hm is the mass transfer coefficient, A is the droplet area, R is the gas 
constant, Td is the droplet temperature, ρv,a is the vapor density in the drying air, ρv,sat is the saturation vapor con-
centration (evaluated at the droplet temperature, Td) and ΔEv is the activation energy for the drying process to 
take place, which depends on the material and the drying conditions. 
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The mass transfer coefficients were previously obtained experimentally from the evolution of the diameter of 
pure water droplets under the experimental conditions tested in this work. The values obtained were used to 
model the drying curves of the nanofluids. 
 

Figure 1 shows the experimental data and the theoretical curves obtained by means of REA model.  
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Figure 1 Drying curves: experimental data and REA model. (a) Ys=0.02, T=80ºC, (b) Ys=0.02, T=120ºC, (c) 

Ys=0.20, T=80ºC, (d) Ys=0.20, T=120ºC.  
 
 
 

The dried grains were collected and observed by Scattering Electron Microscopy. Figure 2 shows grains ob-
tained from the drying of droplets under different experimental conditions. The shell thickness for all grains col-
lected in each experiment was measured.  

 
The shell thickness, s, can be theoretically calculated with the Equation 5. However, the packing fraction of 

the particles inside is needed. 
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where rG is the grain radius, r0,d is the initial droplet radius, ρ0,d is the initial density of the droplet, YS is the solid 
mass fraction and φShell is the packing fraction. 
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Figure 2 Grains dried at different drying conditions: (a) YS =0.02, pH =2, [NaCl]=0, T=120°C, V0=0.3 μl, 

(b) YS =0.20, pH =10, [NaCl]=0.05 M, T=80°C, V0=0.3 μl. 
. 

 
 
 
 
In order to calculate the fluidity limits and the maximum packing fraction of the particles, Quemada equation 

was used to model the viscosity data at different solid contents for the two pH values studied (2 and 10).   
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where ηr is the relative viscosity, η, is the viscosity of the nanofluid, ηF is the viscosity of the base fluid and φm 
is the fluidity limit. 

 
Nanofluids where prepared at volume fractions ranging from 0.002 to 0.132, which corresponds to mass frac-

tions from 0.005 to 0.25. These solid contents cover a wide range of viscosities and that makes possible the fit-
ting of the data to the equation. To model the evolution of the viscosity results with the solid content, effective 
volume fractions are needed [19].  
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where rp is the radius of the primary particles and κ-1 is the thickness of the electrical double layer which can 

be calculated from the ionic strength of the medium, I: 
 

I⋅= −− 91 10·215.0κ                        (8) 
 
In Figure 3 experimental data are represented together with the theoretical curves corresponding to the Que-

mada equation. It can be seen that the viscosity results are in good agreement with the model.  
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Figure 3 Evolution of relative viscosity with effective volume fraction and pH. Experimental data and mod-

elled curve. 
 

As can be seen, at pH=2 (IEP) the maximum value for the fluidity limit is achieved (φm = 0.33), which repre-
sents the Random Close Packing and equals the packing fraction of the particles inside the shell formed. In this 
case Van der Waals cohesive forces are predominant. These forces restrict the relative movement of particles 
resulting in agglomerates with presence of large pores and worst packings than in the case of hard spheres. When 
the pH value is increased, particles get negative charge and an electrical layer is formed around them. The repul-
sion generated between particles leads them to remain apart from each other resulting in higher viscosities (sec-
ondary electroviscous effect) and less compact packings. 

 
Results obtained from Equation 5 for the shell thickness were plotted versus the ones measured from the mi-

crographs. Figure 4 shows the fitting of the data in which a very good agreement between theoretical and ex-
perimental results can be observed. 
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Figure 4 Shell thickness determined experimentally and theoretically. 

 
Therefore, the packing of the particles in the shell can be said to be constant and equal to the maximum pack-

ing that particles can achieve: random close packing. The packing fraction in independent on the solid content, 
the drying temperature, the pH of the suspension, the salt content and the initial droplet volume. 
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Summary and Conclusions 
 
Single droplets of silica-water nanofluids were dried under different experimental conditions of solid con-

tent, pH value, salt concentration, drying temperature and droplet volume. Experimental drying curves were 
modeled using the REA model. Theoretical curves showed a good agreement with the experimental data.  

All the grains collected were observed by means of SEM and the shell thickness was measured. In order to 
calculate the theoretical thickness, the packing fraction was needed. This packing of particles inside the droplet 
was checked to be constant for a particular system and equal to the random close packing. Its value can be ob-
tained from the modelling of the viscosity data to the Quemada equation. For nanoparticles the value of the pack-
ing fraction is lower than for hard microparticles due to the presence of cohesive forces that difficult the move-
ment and rearrangement of particles. 

Finally, experimental and theoretical results for the shell thickness were compared and the results showed a 
good agreement. 

As a conclusion, from the drying curves, knowing the packing of the particles in the shell, the final grain di-
ameter and the shell thickness can be obtained in order to evaluate the degree of hollowness of the grains pro-
duced. 
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