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Abstract: Pneumatic drying has been simulated using a steady state, one-dimensional, two-fluid model that
predicts the literature experimental data. The effect of particle diameter and solid loading ratio are studied
on the profiles of gas pressure and solid moisture content. Dryer height required to achieve desired final
moisture content for various solid loading ratios and particle diameters has also been presented. The study
can be used to determine the optimum operating variables for any pneumatic drying duty.
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INTRODUCTION

Pneumatic drying or flash drying involves co-
current flow of high temperature gas and fine wet
solids through a duct, with short residence times
and rapid drying. Pneumatic drying can be used to
dry particles below the critical moisture contents
as demonstrated in [1,2] while reporting the
industrial data for drying of PVC, limestone and
alumina. Laboratory drying data for alumina and
iron have been presented in [3,4]. Many steady
one-dimensional mathematical models for
pneumatic drying are available in the literature
[2,5-8]. While the models of Matsumoto [5] and
Pelegrina and Crapiste [8] have been derived for
drying of surface moisture, the models reported in
[2,6,7,9] predicted drying behavior in the falling
rate period. Levy and Borde [7] accounted for
particle shrinkage, due to reduction in moisture
content. Different mechanisms for drying in falling
rate regime have been elaborated by Radford [2].
Skuratovsky et al. [10,11] developed two-
dimensional models for vertical, pneumatic drying
and the cross-sectional averaged profiles predicted
were compared with literature data [1].
One-dimensional models have been used to predict
the gas and solid velocity, temperature and

moisture profiles in industrial dryers for drying
PVC, limestone and alumina. The effect of ratio of
dry-solid to gas mass flow rate on the temperature
and moisture profiles along the dryer height has
been simulated by Pelegrina and Crapiste [8] for
drying of potato, and by Matsumoto [5] for wheat,
corn and rape seed in the range of 0.011 to 0.045
and 0.1 to 0.5 respectively. During those
simulations, the inlet moisture content of solid and
gas humidity were maintained constant. However,
Pelegrina and Crapiste [8] has reported that the
initial solid moisture content affects drying rate
profiles in the dryer and hence the final moisture
content. Gas pressure drop, solid moisture content
and the dryer height required are important in the
optimal design of a pneumatic drying system, as
they determine the power consumption and
performance of dryer. Hence, in the present study
the effect of solid loading ratio (ratio of wet-solid
to gas mass flow rate) has been studied on gas
pressure drop, solid moisture content and the dryer
height required for desired final moisture content.
The effect of particle diameter on the above three
is also being reported. The simulations have been
performed based on a simple one-dimensional
model, for the removal of surface moisture only.
Information on the pore structure of the solid to be
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dried is needed to model the removal of internal
moisture and is not attempted here.

COMPUTATIONAL EXPERIMENTS

The model, complimentary equations and solution
algorithm are available in our earlier work [12].
Computational experiments were performed to
simulate the experimental data available in
literature [1]. Upon validation of the model and
solution procedure, simulation experiments were
carried out over a range of solid loading ratios (0.1
– 2) and particle size (100-500 µm).
RESULTS AND DISCUSSION

Figure 1 shows the comparison between the
simulated values of the gas temperature and the

experimental values reported in [1]. The abscissa
is the height of the dryer. It is clear from Fig. 1,
that the model predicts the outlet gas temperature
reasonably well. The figure 2 shows the
comparison between the simulated values of solid
moisture content and the experimental values in
[1]. It is clear from Fig. 2, that the model predicts
the moisture content very well for this condition.
Since the reliability of the model to predict the
experimental data has been demonstrated, the
model can be utilized to study the effect of particle
diameter and solid loading ratio on gas pressure
and solid moisture content profiles.

.

320

340

360

380

400

420

0 2 4 6 8 10 12 14 16

Height of the dryer (m)

Ga
s 

Te
m

pe
ra

tu
re

 (K
)

Baeyens et al
Simulated

mg = 12.91 kg/s;

ms = 1.853 kg/s

Fig. 1. Simulated gas temperature profile and comparison with the experimental data of Baeyens et al.
for the drying of 180 mm PVC particles
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Fig. 2. Simulated gas temperature profile and comparison with the experimental data of Baeyens et al.
for the drying of 180 mm PVC particles
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EFFECT OF SOLID LOADING RATIO

Solid loading ratio (m) is known to influence the
temperature and moisture profiles in pneumatic
drying [8,10].  Review of reported industrial
drying data indicates that the range of solid
loading ratio lie between 0.1 and 1.1 for the drying
of alumina and PVC particles [1,2]. Laboratory
data for drying of iron and alumina have also been
reported in the range of 0.4 – 1.3 in [3] and [4]
respectively. Skuratovsky and his co-workers [10]
performed simulation at solid loading ratios of 2
and 50, the later clearly indicating dense phase
regime. Simulation of pneumatic drying at solid
loading ratios in the range of 0.05 – 1 have not
been reported.
In the present study, simulations were performed
for drying of alumina particles of 180 m
diameter, with an initial moisture content (X) of
0.26 kg/kg at a flow rate of 1.853 kg/s. The initial
air temperature was taken as 126 C. To study the
effect of solid loading ratio, simulations were
performed by varying gas flow rates for constant
solid mass flow rate to get different solid loading
ratios in the range of 0.1 to 2. The simulated
profiles of gas pressure with height for different
solid loading ratios are shown in Fig 3, from
which rapid decrease in absolute pressure with
height is noticed for higher ratios. With higher
solid to gas mass flow ratios, the drag between the
phases is more, due to higher solid concentration
and higher relative velocity. This contributes to

gas pressure drop and hence the pressure decreases
steeply at higher solid to gas mass flow ratios.
Also, it can be observed that in the initial portions
of the duct decrease in pressure is rapid due to
acceleration of particles from a very low velocity.
This region lies within 0.5 – 1 m of the conveying
duct. After the acceleration region, pressure
change is linear with the height at all solid loading
ratios. The pressure change in the fully developed
region is also more with higher solid loading ratios
due to higher drag as evident from Fig. 3.

Figure 4 shows the changes in pressure drop with
solid loading ratio for alumina particles of 180 µm
size at the gas inlet temperature of 126 C and
initial solid moisture content of 0.26 kg/kg.
Pressure drops between the feed point and various
heights along the duct are indicated in Fig. 4. It is
clear from Fig.4 that the pressure drop decreases
initially with solid loading ratio and reaches a
minimum, before starting to increase. This trend is
visible for pressure drops calculated between the
feed point and at 2 m, 5 m and 10 m. Also, the
minima in the pressure drop curves lie between the
solid loading of 0.1 and 0.2. Total pressure drop
from the feed till a height of 2 m shows a clear
minimum, indicating the impact of solid loadig
ratio in the acceleration region. This analysis can
be utilized to determine the optimum solid loading
ratio, which would lead to minimum pressure
drop, provided the required heat duty is achieved.
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Fig. 3. Pressure profiles in the duct for various solid-gas mass flow ratios
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Fig. 4. Variation of pressure drop with solid-gas mass flow ratio

To study the effect of solid loading ratios on the
performance of dryer, in terms of solid moisture
contents, profiles of solid moisture contents with
height for various solid loading ratios are
illustrated in Fig. 5. It is clear from Fig.5 that the
solid moisture content falls rapidly at loading ratio
of 0.05, due to the availability of large quantity of
air to lose heat and gain moisture. Also at a solid
loading ratio of 0.25, the solid moisture content
falls relatively very slowly, due to the presence of
small quantity of air. For the ratios between 0.1
and 0.2, the moisture profiles intersect at some
intermediate height in the dryer.

With lower solid loading ratios, solid moisture
content falls rapidly in the acceleration region and
hence the driving force for mass transfer decreases
rapidly. Also under these conditions, the surface
area per unit length of dryer, for mass transfer is
less reducing the drying rate.  Hence, after a
certain height of the duct the rate of mass transfer
becomes less, leading to slower decrease in
moisture content. For higher solid loading ratios,
decrease in moisture content in the initial portions
of the duct is less, leading to larger driving force in
the subsequent sections. The combination of larger
driving force and higher solid concentrations
enhance drying rate and hence, the decrease in
moisture content is rapid for these solid loading
ratios. As Fig.4 shows a minimum in pressure drop
between solid loading ratios 0.1 and 0.2, the
observations from Fig.5 can be utilized for
optimizing the performance of the dryer. The plots
for large difference in solid loading ratios are

shown in Fig.6. It can be noticed from Fig. 6 that
the moisture content profiles as different solid
loading ratios do not intersect. This is due to large
differences in solid loading ratios simulated.
Hence, it can be inferred from Fig. 5 and Fig.6 that
the profiles of solid moisture contents at different
solid loading ratios would intersect, if the ratios
chosen are closer to each other.
Since, solid loading ratio affects the drying rate
and hence the moisture content profiles, its effect
on the dryer height required for achieving final
solid moisture contents of 0.175, 0.15 and 0.125
(all above critical moisture content) is shown in
Fig. 7. It can be observed from Fig.7, at lower
solid loading ratios, in the range from 0.05 to 0.1,
the required dryer height increases sharply. The
role of solid loading ratio in determining required
dryer height is pronounced, for higher final
moisture contents. This is due to its higher impact
in the acceleration region or in the initial region,
where the moisture content is reduced from a very
high value to a relatively lower value. Above the
solid loading ratio of 0.1 and the final moisture
content greater than 0.15 kg/kg, the dryer height
required decreases initially with solid loading ratio
before increasing further. To achieve lower final
moisture contents, larger dryer height will be
required, leading to the possibility of intersection
of the moisture content profiles of different solid
loading ratios. From the above discussions, it is
clear that the optimum solid to gas mass flow ratio
for a specified solid feed rate and desired final
solid moisture content can be decided on the basis
of pressure drop and dryer height required.
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Fig. 5. Profile of solid moisture content for various solid-gas mass flow ratios
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Fig. 6. Profile of solid moisture content for various higher solid-gas mass flow ratios
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Fig. 7. Effect of solid-gas mass flow ratio on the required dryer height.
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EFFECT OF PARTICLE SIZE
Figure 8 shows the effect of alumina particle size
on the gas pressure profiles in the dryer, with the
solid and gas mass flow rates being 1.853 and
12.91 kg/s respectively. The initial solid moisture
content is 0.26 kg/kg and the initial gas
temperature is 126 C. The particle sizes simulated
are 100, 140, 180, 250 and 500 µm, but Fig. 8 has
been drawn only for the particles of 100, 180 and
500 µm. One may observe the rapid decrease in
pressure with 100 µm particles, when compared
with that of particles of 180 µm and 500 µm.
Smaller particles have larger drag [13, 14] and
hence the pressure drop is more. In the
acceleration region, pressure decreases rapidly for
all the particle sizes, after which the decrease in
pressure in linear. Also the pressure profiles for
different particle sizes tend to intersect and cross
each other near a height of 9-10 m.

Figure 9 shows the perturbations in pressure drop
with particle size, at different heights. Generally,
at all the heights the pressure drop decreases with
particle size. In the acceleration region, pressure
profiles for different particle sizes differ
appreciably. At a height of 10m, very little
difference in pressure drop is observed, leading to
the conclusion that the particle size influence on
pressure drop is restricted to shorter ducts or in
acceleration region.

Figure 10 shows the influence of particle size on
the solid moisture content in the initial heights of
the dryer, from which a rapid decrease in solid
moisture content with height is noticed for 100 µm

particles, and the rate of decrease of solid moisture
content with height, decreases with increasing
particle size. Figure 11 shows the moisture content
profiles along the dryer height for all the particle
sizes simulated. It can be observed from Fig. 11,
that after a height of 1.5 m, the fall in moisture
content is rapid with 500 µm particles, when
compared to other particle sizes simulated,
indicating higher drying rates with larger particles.
This contradicts the variation of drying rate with
particle size in the initial portions of the dryer and
can be explained using the formulation described
in our earlier work [12].
In nutshell, the gas-particle heat and mass transfer
is a function of Dp

n, where n ranges from –0.5 to
1.0, depending on the value of particle Reynolds
number. ‘Dp’ represents particle diameter. At
short distances from the solid feed point, the slip
velocity between the phases is more, as a result of
which high particle Reynolds numbers are
observed over a height of 0.5m from the bottom of
the dryer. In this range of particle Reynolds
number, the value of ‘n’ is negative. Hence
increasing the particle size decreases the heat and
mass transfer rate and hence lower drying rates
and higher moisture contents are observed with
large particles. After a certain height of the duct,
the slip velocity is constant and lower than that in
the acceleration region, and hence will be in low
Reynolds number regime (n is positive). This
results in enhanced heat and mass transfer rates
with increase in particle size as shown in Fig. 11,
for data after 1 m.
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Fig. 8. Pressure profiles as a function of particle diameter
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The effect of particle size on the height of dryer
required to attain desired final solid moisture
contents is evident from the Fig.12, where the
dryer height are calculated for the final moisture
contents of 0.175, 0.15 and 0.125. With increase in
particle size, the height of the dryer required for
achieving desired final moisture content decreases,
while all other conditions remain same (Fig. 12).
The effect is pronounced for particle sizes in the
range of 100 to 250 µm, but increasing the particle
size by 100% after 250 m shows very little
difference in the height of the dryer required for all
the desired final moisture content.

CONCLUSIONS

The following conclusions may be drawn from the
present computational study on the influence of

particle diameter and solid loading ratio on gas
pressure and moisture content profiles in a
pneumatic conveying dryer:
(i) There exists an optimum solids loading ratio

at which the dryer height required for a fixed
degree of drying is minimum. This depends
on the particle size, initial & final moisture
content.

(ii) The influence of particle size on height of
the dryer required is predominant only at
small particle sizes. Hence if particle size
reduction is carried out to achieve higher
drying rate, the size must be reduced to such
a value that is influential in determining
dryer height.
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