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Abstract. Aiming a further automation of a pneumatic conveyor dryer, the purpose of this work is to analyze the modeling of the 
drying process in a pneumatic conveyor.  The analysis was performed by simulating the fluid dynamics behavior of gas-solid flow in 
a vertical duct. The two-fluid one-dimensional model has been applied to describe the flow.  Four equations of momentum and mass 
balances for the solid and fluid phases were numerically solved to provide estimates of the flow pressures, voidages and phase 
velocities along the tube. An analysis of the physical consistency of the equations and of the simplifying assumptions adopted was 
presented, considering aspects such as the smallest representative control volume and the use of Eulerian approach to model the 
solid phase as a continuous fluid. The results obtained by the simulations were compared with experimental data in order to check 
the performance of the equations for predicting the fluid dynamic variables and the expected behaviors in gas-solid flow. The results 
show that the model is successful in predicting variables such as the pressure gradients at dilute flow for different ranges of 
operational conditions.  The model can also provide good estimates of the transition velocity between dilute and dense-phase 
transport, as well of the entrance length. 
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1. Introduction  
 
 Pneumatic conveyors are often applied in drying operations, particularly for drying of food granules and powders 
that require low residence times in contact with a high temperature fluid. An important aspect to be considered in the 
design and operation of food drying equipment is the necessity of preserving the quality and characteristics of the 
original material. In pneumatic transport the particles are conveyed by a heated air stream in a vertical duct, being 
continuously dried. During the process, several parameters need to be carefully controlled in order to ensure the product 
quality. Because the materials are thermal sensible, the air flow rates must be high enough to ensure very low residence 
times, the air temperatures cannot reach extremely high values in order to avoid product degradation and the moisture 
content in the final product must be reduced until the recommended value for stocking purposes (usually lower than 
3%). The use of automation and on-line control in such kind of operation is not widespread yet, but with the recent 
developments in such techniques, they appear as promising alternatives for process optimization and improving of 
product quality. A reliable model to describe the complex problem of coupled mass, momentum and energy transfer 
involved in the drying process is essential for implementation of automation and control systems. In spite of being 
representative, the model must be simple enough to allow fast responses from the system when corrective actions are 
required to keep the stipulated values of the controlled variables.  
 The interactions between a discrete particulate-phase with a continuous fluid in a turbulent flow is characterized by 
complex physical phenomena acting simultaneously on the boundary layers developed around the solids (Berker, 1963; 
Clift et al., 1979).  A detailed simulation aiming the prediction of local variables, such as the particle and fluid 
velocities and local particle concentration may become a very complicated task.  The modeling of particulate two-phase 
flow is usually performed by using either a Lagrangian model or a Eulerian approach.  In the first case, the particles are 
modeled as a discrete phase and the motion of solids, as well as the collision effects are predicted by solving the 
Newtonian equations of motion for each suspended solid particle (Hoomans et al., 1996; Huber and Sommerfield, 1998; 
Ouyang and Li, 1999).  The fluid motion and effects of turbulence are considered by the conservation equations applied 
to the continuous fluid phase.  In the Eulerian approach, both the particles and the fluid are considered to be continuous 
and are described in terms of separate sets of conservation equations with appropriate interaction terms representing the 
coupling between the two phases (Gidaspow, 1994; Niewland et al., 1996; Enwald and Almstedt, 1999; Levy, 2000).  
Whatever approach is adopted, specification of the proper initial and boundary conditions are required.   
 The choice of the model depends primarily on what kind of application the simulation will be used for.  In the 
Lagrangian approach, a direct solution of the whole set of conservation equations requires powerful computational tools 
and the number of particles in the flow may be a limiting aspect to be considered (Graham and Moyeed, 2002).  All the 
forces affecting the flow, such as drag, centrifugal and lift forces may be incorporated into the model and the particle´s 
trajectories can be estimated at every position.  The model validation, however, requires detailed measurements of local 
variables for each phase, and is often difficult to be performed.  

On the other hand, the two-fluid models obtained from the Eulerian approach cannot recognize the discrete character
 of the solid phase.  The resulting equations are usually simpler to be solved than those obtained from the Lagrangian 
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approach.  In spite of all the simplifying assumptions, a great number of authors has been successfully applying two-
fluid models to understand the physics underlying two-phase flow systems, such as in fluidized beds (Gidaspow, 1986; 
Kuipers et al., 1992; Boemer et al., 1995; Enwald et al., 1996). The equations representing the Eulerian model contain 
empirical submodels and, thus, a procedure to compare the solution from the model with experimental data is required.  
The model validation in this case is facilitated because the measured variables are those from the gas-solid mixture. 

Aiming a further automation of a pneumatic conveyor dryer, the purpose of this work is to analyze the modeling of 
the drying process in a pneumatic conveyor.  The analysis will be performed by initially simulating the fluid dynamics 
behavior of gas-solid flow in a vertical duct. The one-dimensional two-fluid model will be applied to describe the flow 
(Soo, 1967; Capes and Nakamura, 1973; Deich et al., 1974; Arastoopour and Gidaspow, 1979; Telles and Massarani, 
1980).  In this model, four equations of momentum and mass balances for the solid and fluid phases are considered. The 
equations will be solved in order to provide predictions of flow pressure, voidage and phase velocities along the tube. 
An analysis of the physical consistency of equations and of the simplifying assumptions adopted will be carried out, 
considering aspects such as the smallest representative control volume and the use of Eulerian approach to model the 
solid phase as a continuous fluid. The results obtained by the simulation will be compared with experimental data in 
order to check the performance of the equations for predicting the fluid dynamic variables and expected behaviors in 
gas-solid flow. 
 
2. Fluid Dynamics Equations  
 

 In steady state flow, the continuity equations for the gas and solid phases can be written as: 
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In these equations, ρf and ρs are the fluid and particle densities, vf and vs are the fluid and particle interstitial 

velocities, ε is the volumetric mean voidage, defined as the relationship between the volume occupied by the fluid phase 
and the volume of transport tube and z is the flow direction.  

The transport momentum equations may differ depending on the simplifications adopted by each author.  A 
summary of the most common equations applied to vertical gas-solid flow is given in Table (1).  In Equations (3) to 
(11), P is the pressure, g is the gravitational acceleration, Fd is the gas-fluid drag force, Ff and Fp is the wall-friction 
forces for the gas and particles, respectively.   

In the model proposed by Soo (1967), the pressure gradient is considered only in the equation for the fluid-phase.  
A drag force was included to consider the interaction between the solid and the fluid phases.  In the uniform flow model 
proposed by Capes and Nakamura (1973) similar equations are written for each phase.  It is assumed a partial pressure 
gradient acting in each phase and the contribution of each phase to the total pressure gradient is considered to be 
proportional to the volume fraction occupied by the phase in the transport tube. The volumetric mean voidage, ε, is used 
to define the volume fraction of each phase.  Empirical equations must be provided for the fluid-dynamic drag force and 
for the wall friction terms, Ff and Fp.  Deich et al. (1974) adopted the momentum equation for the gas-solid mixture and 
also considered a pressure gradient acting in the solid phase, corrected by the volumetric voidage. These two last 
authors did not consider the presence of wall-friction forces. Arastoopour and Gidaspow (1979) proposed an equation 
for the solid-phase that is based on the slip velocity between the phases, and a momentum equation written for the gas-
solid mixture.  They consider a term for the fluid-wall friction force, but the solid-wall friction force was neglected and 
only the drag force appears on the solid-phase momentum equation.  Telles and Massarani (1980) proposed the use of 
equations for the fluid and solid phases, and the interaction between the phases are accounted by a resistive force, m, 
which must be determined empirically. This model was applied for both pneumatic and hydraulic conveying.  In this 
later case, the empirical equations for the resistive force were obtained by Massarani and Santana (1994) from 
fluidization experiments. 

The system of four equations composed by the continuity and the momentum equations can be solved 
simultaneously by numerical integration on the axial direction, providing estimates of voidage, pressure, gas velocity 
and solid velocity as functions of the tube length.  One of the difficulties in solving this system is the need of reliable 
constitutive equations for estimating the interaction forces: the drag or resistive force between fluid and solids and the 
wall friction forces.  The wall friction forces for the fluid and particulate phases (Ff and Fp) are usually written in terms 
of fluid-wall and particle-wall friction coefficients, ff and fp, assuming that the Fanning equation classically employed 
for a continuous phase can be also applied for the particulate phase, so: 
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where Dt is the transport tube diameter. 
 

Table 1. Momentum equations on two-fluid one-dimensional models. 
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While the gas-wall friction coefficient can be easily obtained from one of the several correlations available in the 

literature (e.g. Blasius or Colebrook, in Bird, 2002), the same is not true of solid-wall friction coefficient.  A review of 
some of the expressions for predicting the solid-wall friction coefficients can be found in Marcus et al. (1990).  Most 
correlations are adjusted from measurements of pressure gradients and experimental mean voidages.  Many correlations 
are reported, but there is a large discrepancy between the expressions, because they are strongly dependent on the flow 
conditions, particle characteristics and even the transport tube configuration.  Some authors (Arastoopour and 
Gidaspow, 1979 and Littman et al., 1993) claim that the contribution of solid-wall friction forces in the momentum 
balance is expected to be small for dilute-phase transport.  However, except by some few works that report the existence 
of a particle-free zone in the near wall region (Lee and Durst, 1982), there is little experimental evidence to support the 
generalization of such an assumption. 

The drag force is normally correlated with the slip velocity through an effective drag coefficient defined for the 
two-phase flow using a similar concept to the classical drag coefficient defined for a single particle falling at steady 
state in an infinite medium. Assuming that the fluid dynamic drag force is proportional to the square of the slip velocity, 
a volumetric drag coefficient, β, is defined by the equation:  

 
                        (15) 2

sfd )vv(F −β=
 

Different equations may be used to relate β and the standard drag coefficient, defined for the falling of a single 
spherical particle, Cds. Gidaspow (1994), proposed the use of following expression:  
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The values of Cds are obtained from one of the many empirical correlations available in literature for spherical 

particles.  The expressions are functions of the particle Reynolds, Rep.  Some equations are presented in Table (2).  
 



  

Table 2. – Empirical equations for Cds   
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An alternative approach to estimate the drag forces is the use of empirical correlations for the slip velocities, such 

as the one defined by Richardson-Zaki (1954) for liquid fluidized systems and sedimentation.  Although the use of 
Richardson-Zaki relationship is often extended for pneumatic transport (Capes and Nakamura, 1973), its application for 
gas-solid mixtures with mean voidages usually greater than 0.95 is doubtful, since it was not adjusted for this range of 
voidages.  

 
3. Results  

 
3.1. Physical analysis of the two-fluid model  

 
A consistent formulation for the problem of two-phase flow through a pipe of constant diameter D and length L, for 

the situation in which both fluids are continuous, is presented by Bird et al. (2002).  The authors assume that a shear 
stress acts on the fluids interface.  A pressure drop is established in the flow and defines a pressure gradient, (PL-P0)/L 
which represents the flow driving force for both phases. In the two-fluid model, basically the same formulation is 
applied to the gas-solid flow through a pipe, assuming that both the gas and the particles behave as continuous fluids 
and are homogeneously distributed over the cross section of the transport tube.  The conservation of mass and 
momentum may be applied for each phase for a control volume which is a tube section of diameter D and length ∆z, 
leading to the two continuity equations written for each phase, Eqs. (1) and (2), and to the two momentum equations, in 
which are included the forces acting on an individual phase, such as in Eqs. (5) and (6), for instance. The voidage, ε, 
represents the volume fraction occupied by the gas and (1-ε) is the volume fraction occupied by the particles in the tube.   

The concept of a continuous fluid assumes that a control volume of dimension ∆V contains a sufficient number of 
molecules to make statistical averages meaningful for the macroscopic properties that are being considered (such as 
density, velocity, pressure, etc.).  The value of a property at a particular point of the fluid is mathematically defined as 
being the function limit when ∆V→0, with ∆V being the smallest volume surrounding the point for which statistical 
averages of this property are meaningful.  While for a pure fluid this condition is easily satisfied by choosing a length 
∆z significantly larger than the mean free paths of fluid molecules, for a dispersed phase it is not well defined.  
According to Drew (1983), a two-phase system is characterized when a volume is occupied by two distinct materials, 
with different individual properties.  The mixture average properties wold be a result from the partial contribution of 
each phase.  Considering a gas-solid flow, for a control volume to be representative of the whole gas-solid mixture 
behavior, it should include a significant number of particles.  In this case, this requirement is hardly accomplished by 
choosing a volume with an infinitesimal length ∆z, because even a single particle has macroscopic dimension.  For a 
two-phase system constituted by a fluid and particles, the limit ∆V→0 must be replaced by a new definition of 
∆V→∆V0, where ∆V0 is the smallest volume with meaningful and representative average properties for this system (for 
a detailed analyis of representative control volumes for porous systems, see Bear, 1972).  So, where the momentum 
equations written for the fluid and the mixture are well defined and accepted by all the authors, the momentum equation 
for particulate phase is controversial, and the resulting equation is often modified by the authors leading to different 
mathematical formulations for a single physical model.   

The contribution of each phase to the average properties of the mixture is another point to be analyzed. The driving 
force for transporting the phases is the total pressure gradient, dP/dz, which can be obtained from measurements of 
static pressures along the transport tube.  For dilute pneumatic conveying, where usually ε>0.95, an analysis of the 
magnitude of the pressure gradients and voidages indicates that:  
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Considering the contribution of each phase to the total pressure gradient, an analysis of magnitudes indicates that 
for high voidages, the pressure gradient of the solid phase is very small as compared to the contribution of the fluid 
phase, so it is the continuous phase that really defines the mixture behavior, which explains the good predictions 
obtained for macroscopic variables with this model.  The pressure gradient in the solid-phase equation may be 
considered as only a closure term for the balance, with few physical meaning.   

The neglecting of the solid-wall friction force in the solid-phase momentum balance may also be justified by this 
analysis, since the signficance of this term is doubtful considering the small volume fractions occupied by the solids 
phase. Littman et al (1993) investigated the conveying of 1.0 mm glass spheres in a 28.5 mm transport tube.  Based on 
prior evidence provided by other authors, they claimed that the contribution of Fp fraction on the total pressure gradient 
was expected to be much less than 8% in their system, so they neglected this term in their flow modeling.  This 
assumption is not supported by authors who estimated the friction forces based on experimental measurements of 
pressure gradients and voidages.  As an example, Ferreira (1996) investigated the conveying of 1.00 mm particles in a 
53.0 mm transport tube and estimated solid wall friction forces from experimental measurements of voidages and 
pressure gradients at different experimental conditions.  Comparing the fraction of the total pressure gradient consumed 
by each force, the author observed that the solid-wa   ll friction force may be responsible for up to 60% of the total 
pressure drop, depending on the operational conditions, even with the experimental voidages being always greater than 
0.97.  Considering the lack of physical evidence to justify the high values of Fp, the author suggested that including this 
force in the solid-phase momentum equation might be only a form to fit the results to the experimental measurements.  
It must be noted also that radial variations of particle and air velocities, voidage or pressure are not considered in the 
one-dimensional model.  The use of averaged cross-section values to estimate the slip velocities and voidages employed 
in the adjustement of empirical equations for Fp is a simplification and may not be representative of the whole system, 
introducing errors in the prediction of the solid-wall friction forces. 

The two-fluid one-dimensional model cannot be considered a phenomenological model, essentially because the 
assumption that the particulate phase can be treated as a continuous fluid has no physical meaning.  In spite of its 
deficiencies, the two-fluid model its simplicity make it rather attractive for predictions of macroscopic variables, such 
as the pressure gradient or the mean voidage and it also allows the prediction of flow regime transitions, effects of 
variation in the operational conditions and other relevant information from a technological point of view.  Since we are 
interested in a simple, yet representative model for prediction of controlable variables, this model was selected to be 
investigated here by comparing predicted and measured values of the main variables recquired to caracterize the gas-
solid flow in pneumatic conveying.  

 
3.2. Model Equations and Analysis of the Simulated Profiles 
 

From the models available, the equations proposed by Arastoopour and Gidaspow (1979), given by Eqs. (1), (2), (9) 
and (10), has been widely applied to simulate pneumatic conveyors (Rocha, 1988, Campanha, 1987) and was chosen to 
be simulated in this work.  In this model, a fluid-wall friction force is considered in the mixture momentum balance (Eq. 
9), but the solid-wall friction force is neglected.  The pressure gradient term appears only in the momentum balance for 
the mixture, while the momentum balance for the solid phase includes the contribution of a relative velocity between 
the phases, a drag force and a gravitational force acting on the solids.  The particles are assumed to be uniform in size, 
shape and density, the fluid is incompressible and the particulate phase is diluted and uniformly disbrituted over the gas 
phase. 

For solving the equations, it was necessary to estimate the gas-wall friction force, Ff  and the drag force, Fd.  Ff was 
estimated using Eq. (13), and the friction coefficient, ff, was calculated using the Blasius equation for smooth tubes 
(Bird et al., 2002), because most of experimental data obtained in our laboratories satisfied this condition.  Fd was 
estimated from Eqs. (15) and (16), and the standard drag coefficient, Cds, was obtained from Eqs. (17) and (18).  The 
use of the standard drag curve to estimate the drag coeficients might be questioned, since the conditions for which these 
equations were obtained are quite different from those in pneumatic conveying.  Although a correction was introduced 
to consider the effect of particle population in the transport tube, there are other variables which were not considered, 
such as the turbulence intensity in the fluid phase, the deceleration provoked by particle-particle and particle-wall 
collisions, and even the effect of a particle size distribution.  However, the use of these equations are widespread and 
very few specific correlations for gas-solid turbulent flow are available in the literature, most of them obtained for 
conditions very different from those which will be analysed here.  So this procedure was adopted for a first analysis of 
the model.  

The simulations were carried out considering initially the conveying of spherical glass particles of particle diameter 
dp=1.10 mm and density of 2,500 kg/m3. The operational conditions and particle characteristics used as input values for 
the simulations were obtained from the experiments conducted by Ferreira (1996) and are given in Table (3).   

The physical properties for the air were estimated at the mean temperature of the experiments.  The set of equations 
was solved by Lourenço (2002) using a 4th order Runge-Kutta algorithm (Press et al., 1996), for different conditions of 
gas and solid flow rates. The integrations were performed backwards, with initial values of P and ε at z=L obtained 
from the measured values reported by Ferreira (1996) at fully developed conditions.  The author measured the voidage 
in a 1.2 m long trap located at the non-acceleration section of the pipe using two quick closing electromagnetic valves.  
The values of vf and vs were obtained by applying the continuity equations at the fully developed region, which leads to: 
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where Wf and Ws are respectively the air and solid flow rates, and A is the cross-section area of the transport tube.  Note 
that this approach avoids the use of arbitrary values as initial conditions, since there are no measured values at the 
position z=0.   
 
Table 3. Input values for the simulations. 
 

Variable Value  Accuracy Observations 
Tube diameter (m) 0.0534 ±0.5 mm Galvanized iron 
Tube lenght  (m) 2.88 ±0.5 mm - 
Solid flow rates (kg/s) 0.081-0.139 ±3% Experimental range 
Air flow rates (m3/s) 1.499-2.799 ±0,8% Experimental range 

 
Typical profiles are shown in Fig. (1).  In this simulation, the initial values adopted at z=L were vf=19.5 m/s; 

vs=7.01 m/s; P=451 Pa and ε=0.9968. 
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Figure 1. Graphs of (a) fluid velocity, (b) particle velocity, (c) voidage and (d) pressure as functions of axial position, 
glass spheres, dp=1.10 mm, Ws=0.124 kg/s; Wf=0.0414 kg/s; L=2.88 m and Dt=53.4 mm.  

 
The results show consistent qualitative behaviors for all the variables.  The solids velocity decreases linearly from 

the initial value, until reaching a value of vs≅3.00 m/s at z=0.  The voidage profiles decreases smoothly from the initial 
value of 0.9968 at z=L to 0.9935 at z=0, while P decreases consistently as the axial distance is increased.  The air 
velocity varied from 19.56 to 19.50 m/s, which is a practically constant value, considering the expected accuracy of an 
experimental measurement. The small variation of vf values in the whole tube length is probably because the mass of air 
into the tube is much larger than the mass of particles, so the air velocity is practically unaffected by the transfer of 
momentum to the solids. The experimental pressure profile obtained by Ferreira (1996) and shown in Fig. (1d) for 



  

comparison indicates that the simulated profile agrees very well with the experimental.  The large deviations are 
observed at the entrance region, but even there, they were always lower than 8%.  Such good agreements for the 
pressure profiles were obtained always an experimental value was adopted as the initial value of z=L. 

For flow inside tubes, the development of an accelerating region, caused by the wall-shear effects is well known 
(Dzido et al., 2002).  The entrance length is characterized by the presence of velocities and concentration gradients, and 
by a non-linear variation of the pressures with the axial distance, since in this region the particles are being accelerated 
by the fluid.  Inspection of Fig. (1d) shows that a linear pressure profile can be observed from z≅1.5 m.  Ferreira (1996) 
reported that, for the range of experimental conditions investigated, it was possible to identify a linear dependence of 
the pressures on the axial distance at the positions located between z=0.595 and 0.830 m. So the entrance length 
obtained from the simulated pressure profile is reasonably close to the experimental value, considering the uncertainties 
involved in experimental measurement.     

An aspect to be noted is the extremely small variation of the voidage over the tube length, from 0.9935 to 0.9968.  
For voidage measurements using the trap valves technique, Ferreira (1996) estimated the measurement accuracy as 
being ±0.15%.  In spite of being a very small number, for the high dilute conditions of pneumatic conveying, it is 
significant, since the whole variation depicted in Fig. (1c) is practically in the range of experimental uncertainty.  The 
value of vs predicted at z=0 (≈3.0 m/s) is also worthy note.  For the most common solid feeding systems, the solids are 
introduced in the transport tube from the rest and such a high velocity at the tube entrance is most improbable. 

According to Lourenço (2002), similar behaviors to those observed in Fig. (1) were obtained for the other 
conditions simulated, which included 12 runs in the range of conditions indicated in Table (3).  The author reports 
however that the profiles are strongly dependent on the initial values adopted in the numerical integration, and different 
numerical solutions can be obtained for a single set of operational conditions depending on the initial values.   

To check the model versatility for other kind of particles, some simulations were performed varying the particle 
diameter and density, by choosing arbitrary values of dp and ρp, keeping the same operational conditions of Fig. (1).  
The profiles of P, vs and ε are shown in Fig. (2a), (2b) and (2c), for values of dp from 0.37 to 3.3 mm. The profile of vf 
is not shown because it was not affected significantly by the variation on the particle diameter.  
 

 
(a) 

 

 

(b) 
 

 
(c)

Figure 2. Graphs of (a) particle velocity, (b) voidage and (c) pressure as functions of axial position, glass spheres, 
Ws=0.124 kg/s; Wf=0.0414 kg/s; L=2.88 m and Dt=53.4 mm.  
 

An increase of static pressures is expected as dp increases, because at a constant solid flow rate, the larger particle 
volumes result in higher drag and gravitational forces.  This tendency appears clearly in Fig. (2a), but it is worth note 
that the increase in the pressures is much more accentuated for the smallest particle diameters (0.37 and 0.55 mm).  
Increasing dp from 1.1 to 2.2 mm caused a variation within the experimental uncertainty in the pressures and a further 
increase of dp to 3.3 mm practically did not affect the pressures.  Figure (2b) shows that the solids velocity decreases as 



  

the particle diameter is increased, but for the largest dp (2.2 and 3.3 mm), vs stays practically constant and near to zero, 
indicating that there is no solids transport at these conditions.  The pressure profiles shown in Fig. (2a) for these largest 
particle diameters are in fact due to the fluid flow alone, thus explaining their small dependence on the particle diameter 
variation. The voidage profiles showed in Fig. (2c) present a consistent behavior, with the voidages decreasing as the 
particle diameter increases, but again the variations are much more accentuated for the smallest particles.  The variation 
of particle density in a range from 834 to 7509 kg/m3 provided similar profiles to those presented in Fig. (2), but for 
concision they will not be reproduced here (details can be found in Lourenço, 2002).  The results obtained by varying dp 
and ρp indicate that the model equations can not be applied for a large range of conditions without a careful analysis of 
its performance and prior validation.   

In experimental systems, the measurement of static pressures can be easily performed and there is a great number of 
pressure gradient data available in the literature.  Graphs of pressure gradients versus air velocity are important because 
they allow the knowledge of how the system responds to variations in the air and solid flow rates, and also provides 
information concerning the conveying regime and transition from dense to dilute flow (Marcus et al., 1990).  The 
pressure gradients can be obtained from the slope of the curves of P versus z, calculated at the region of linear behavior 
(full-developed flow).  In order to validate the model, the pressure gradients predicted by the model are compared to 
experimental results reported by Narimatsu (2000).  The results are shown in Fig. (3).   
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Figure 3. Experimental and predicted pressure gradients versus air velocity in the transport tube, glass spheres, dp=1.00 

mm; Ws=0.041 kg/s (experimental data from Narimatsu, 2000). 
  

It can be seen that as the air velocity is reduced from the highest values, the pressure gradient decreases until 
reaching a minimum value. From this point on, a further reducing of the air velocity causes an increase in the pressure 
gradients.  According to Marcus et al. (1990), the change in the curve behavior is caused by the increasing in the solids 
holdup observed as the air velocity is reduced at a constant solid flow rate. The air velocity at the point of minimum 
gradient, Umin, corresponds to the transition velocity between the dilute conveying, located at the right of the curve and 
dense-phase conveying, located at the left region.   

The agreement between the simulated and experimental values is quite good, particularly at the greatest values of 
U.  The deviations increase as the air velocity is reduced, and at air velocities lower than 20.0 m/s, the model 
predictions always underestimate the pressure gradients.  At the greatest air velocities, the voidages increase and the 
fluid dynamic behavior is affected mainly by the fluid characteristics.  When the air velocity is reduced, the contribution 
of gravitational and drag forces becomes significant and the model do not perform as well.  The great deviation 
observed at U=9.41 m/s is not surprising because it corresponds to a typical point of dense-phase transport, so the 
dilute-phase model adopted here is not to be applied at this condition.  It is interesting to note that the simulations allow 
a good prediction for Umin, which can be considered as very positive result as far a control application is concerned. 

Additional simulations were performed for glass spheres of diameters equal to 1.00; 2.05; 2.85 and 3.68 mm, at 
similar conditions of air velocity and solid flow rates. The results are compared to experimental data reported by 
Narimatsu (2000), as depicted in Fig. (4). The predicted pressure gradients show a good agreement with the 
experimental values, with deviations in the range of experimental error.  Such results confirm that at dilute conditions, 
the fluid dynamic behavior is defined by the fluid phase behavior and the particle characteristics do not affect the results 
significantly.    

A comparison between predicted and experimental pressure gradients obtained for particles of different densities is 
shown in Fig. (5). It can be noted that, in spite of the underestimated predicted values for both particle densities, the 
deviations are relatively small, particularly at dilute conditions and tend to increase as the air velocity is reduced and the 
dense-phase transport regime is reached.  The experimental curve of dP/dz versus z for the glass spheres indicates that 
Umin is located in a range between 18.0 and 21.0 m/s.  In the simulated curves, Umin appears in the same range, agreeing 
quite well with the experimental result.  For the particles of smaller density, however, the simulations did not predict a 
transition in the regimes, which was experimentally observed between 14.0 and 16.0 m/s.  

Another point to be noted is the lack of dependence of the pressure gradients on the particle density, observed both 
experimentally and in the simulations. 
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Figure 4. Experimental and predicted pressure gradients as functions of the particle diameter; U=22 m/s and Ws=0.042 

kg/s. 
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Figure 5. Predicted and experimental pressure gradients as functions of air velocity for glass spheres (ρp=2500 kg/m3) 

and polipropylene beads (ρp=935 kg/m3); dp=3.68 mm; Ws=0.037 kg/s. 
 
4. Conclusions 
 

The two-fluid one-dimensional model cannot be considered a phenomenological model, essentially due to the 
assumption that the particulate phase can be treated as a continuous fluid.  The physical analysis of the model indicates 
that the requirement of a meaningful control volume ∆V→0 is not accomplished by a gas-solid mixture.  Even so, the 
two fluid model provided good predictions of some macrosocopic fluid dynamic variables, particularly at dilute-phase 
conditions.  This possibly occurs because: (i) the empirical constitutive equations themselves perform as fitting 
parameters that in some way correct the model deficiencies, and (ii) at very diluted conditions the fluid-dynamic 
properties are defined, actually, by the fluid phase, and the presence of solids has little effect on the flow behavior. 

The variation of vf, vs, ε and P along the transport tube could be obtained by backwards numerical integration of the 
continuity and momentum equations proposed by Arastoopour and Gidaspow (1979).  The profiles were observed to be 
strongly dependent on the variables initial values.  A good agreement between the predicted and experimental pressure 
profiles was obtained only when the initial values were estimated based on experimental measurements.  The model 
also provided good predictions of pressure gradients and allowed reasonable estimates of the entrance length and of the 
minimum air velocity in which occurs the transition between dense and dilute regimes.   One may conclude that, in spite 
of its deficiencies, the two-fluid model can be considered a simple and effective model for prediction of controlable 
variables in a further automation of a drying process, but it still depends a lot on experimental information. 
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