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Abstract: The aim of this work was to analyze the effects of feed rate and residence 
time in rotary dryer using steady-state and unsteady-state plug flow models. Partial 
differential equations describing heat and mass transfer in the rotary dryer were derived 
from shell balance. Analytical methods were used to solve these partial differential 
equations using Matlab facility. Some dimensionless groups are used and came up with 
dimensionless equations. Validation of the computation results was carried out using the 
pilot rotary dryer data of a fertilizer factory. The computation results were also compared 
with the experimental data. The results revealed that evaporated ammonium sulphate’s 
moisture content in Plug Flow Back Mixing model was lower than in Plug Flow model. 
More than 5 % rate of dusting could be occurred in rotary dryer processes and rate of 
dusting depends upon feed rate and residence time. 
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INTRODUCTION 
 

Dusting in a rotary dryer was an important factor to limit the amount of air for drying 
materials. The amount of dust in a rotary dryer processing increased along with drying air 
velocity and depended on the slope of the dryer. The allowable amount of dust in a rotary dryer 
was 5 % to keep uncontaminated environment of the dryer. Usually materials in rotary dryer are 
flied to the higher part of the rotary dryer by the effects of the flights and then fall to the lower 
parts, and back mixing of the solid is occurred (Fig. 1). Previous workers have used experiment 
to get heat transfer coefficient and operation variables effects in drying process and confirmed 
the heat transfer test [1]. Modelling of drying process in rotary dryer for a certain material was 
developed by some researchers [2-4]. They developed model and assumed rotary dryer as a 
plug-flow reactor. A special solid axial dispersion in rotary dryer was found [5]. Granule could be 
transported at steady-state in a horizontal rotary drum with inclined flights. However, heat 
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transfer and mass transfer with axial solid dispersion simulation research were not available. 
Heat and mass transfer phenomena in the rotary dryer should be studied well in order to analyze 
and to design rotary dryer. Therefore, mathematical model and simulation in rotary dryer was the 
concern of this research. Drying phenomena will be useful in design process and determining 
optimum rotary dryer conditions. The aim of this work was to analyze the effects of parameters 
on environment of rotary dryer, such as feed rate or rate of drying air and residence time in rotary 
dryer using steady-state and unsteady-state plug flow models. 

 

 
 
 

Fig. 1: Flows in a rotary dryer 
 

MATERIALS AND METHODS 
 

Drying in rotary dryer has been used widely in industries, because it produces good mass 
and heat transfer properties. A rotary dryer consist of rotating cylinder which has an angle to the 
horizontal where input material from one end and output product from the other end. Dry air was 
used as a drying media. A rotary dryer was used in this work with 12.2 m length, 2.418 m 
diameter, 4.5 % slope and 3.5 rpm and ammonium sulphate feed.  

Experiment and simulation were used in this work. Tray dryer was used in this experimental 
method to find the drying rate of the solid. The result of rotary dryer’s model was a system 
differential equation which could be solved analytically by separation variables method. Steady-
state and unsteady state mass transfer conditions as well as solid and air dryer’s moisture 
content were used as a model approach. Volumetric heat transfer coefficient and residence time 
were estimated [1, 6] as presented in equation (1) and (2)  
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Where G = air mass rate (kg s-1m-2), D = rotary dryer diameter (m), k1  = constant value ranging 
from 0.3 to 0.5, k2 = constant value ranging from 0.8 to 0.9, H* = holdup (kg), τ   = average time 
of passage (s), Uv = heat transfer volumetric coefficient (kJ m-3.K-1.s-1), W = feed rate (kg s-1). 

Steady-state plug flow modelling can be developed from shell mass balance of system as 
described in Figure 2. 
 
 

 

                                 
                                   
                                
                                 
                                      
                                                      

 
 
 
Fig. 2:  Cross sectional area mass balance in a rotary dryer. 
 
The shell mass balance could be written as follows: Mass convection input rate – Mass 
convection output rate + Mass evaporation rate = Mass accumulation rate. Then it arrived in 
steady-state equation as follows: 
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Where L = dryer length (m), Rw = drying rate (1 s-1), Vs = solid linear rate in axial direction (m s-1), 
X = mass of moisture per solid mass (-), z = axial distant (m). 
  
Using boundary conditions: 
BC 1 at   z = 0,    X = X0            (4)      
and dimensionless group 
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Where F = dimensionless moisture content, ξ = dimensionless length, 
0XV

LR

s

w=φ = a constant. 

Substitution these dimensionless groups into equation (3), it follows: 
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For non steady-state plug flow modelling by mass balance calculation on a cylindrical shell, the 
following equation was obtained: 
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Where t = time (hour) 
  
Boundary and initial conditions for partial differential equation were described in equation (8) 
through (10).  
 
BC 1 at z = 0,  X = X0                           (8) 
BC 2 at z = L,  X = finite                                           (9) 
IC at t = 0, X = X0             (10) 
 
Analytical solution of equation (7) with their boundaries could be described as follows: 
First we define dimensionless groups  

           
     
 

 
Where θ= dimensionless time. 

          
The dimensionless groups were combined with equation (7), and then an equation with three 
variables was obtained. 
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Solving the equations, then it found 
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Steady-state plug flow modelling with back mixing was obtained from the mass balance in 
cylindrical shell, and then an equation was obtained. 
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Where Dz = axial dispersion coefficient   (m2 h-1)                

Boundary conditions: 

BC 1 at z = 0, then X = X0                          (14) 

BC 2 at   z = L, then X = finite                        (15)                            

The following dimensionless groups were defined: 

XFX
X

X
F ∂=∂→= 0

0

 

e

s

z

z

s

e

s
w

s

w

P

LV
D

D

LV
P

L

XV
R

XV

LR

zL
L

z

=→=

=→=

∂=∂→=

φφ

ξξ

0

0

        

  Where   
z

s

e
D

LV
P = = Peclet number                     (16) 

The dimensionless groups were substituted into equation (13) 
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From equation (19), the following equation was formed: 
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RESULTS AND DISCUSSION 
 
Computational works 

The computational results obtained from this study showed the rotary dryer performance 
under steady-state and unsteady-state conditions and using plug flow and plug flow with back 
mixing modelling. Figure 3 presented a plot between moisture content versus dryer length in a 
non-steady state plug flow modelling. In  30 seconds, outlet moisture content in solid was 0.75 
%, while in 949.8 seconds, output moisture content was 0,138 %. Figure 4 presented a plot of 
moisture content versus drying time in a non steady-state plug flow modelling, at several point in 
the rotary dryer. Moisture content in the solid will change significantly in 300 seconds and 
cotinuously increase until 949.8 s where finally it reached 0,138 %. It would be better using rotary 
dryer time process more than 949.8 seconds to get solid moisture content product lower than 
0.138 %. It was concluded that moisture content in solid particles was more than 0.1 % during 
949.8 seconds. 

 

 
Fig. 3: Moisture of solid (%) and dryer length 
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Fig. 4: Moisture of solid and drying time 

 
Figure 5 is a plot of dimensionless moisture content versus dryer length, describing the 

steady-stste (SS) and non steady-state (Non SS) plug flow modelling. Using steady-state plug 
flow modelling, it would be approached a non steady-state plug flow values in 600 seconds, while 
in 949.8 seconds (fertillizer’s factory time in pilot data of rotary dryer processes) non steady-state 
plug flow modelling was better than steady-state plug flow modelling.The coputational resuts of 
non steady-state plug flow modelling as seen in equation (7) was described by  moisture content 
in a solid as function of axial distant and time. Figure 6 presented a plot of dimensionless 
moisture content versus dimensionless dryer length, where steady-state and non steady-state 
plug flow modelling was compared. We could conclude that a rotary dryer’s developed model 
based on heat and mass transfer was needed to recover this deviation by using some rotary 
dryer’s parameters model in industrial processes. 

 

 
Fig. 5:  Dimensionless moisture content and dryer length in steady state and non-steady state 

modelling 
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Fig. 6: Dimensionless moisture content and dimensionless dryer length  
 
Effects of ammonium sulfate’s  feed rate 
 

Figure 7 presented plot of moisture content (%) versus rotary dryer dimensionless length. 
High feed rate and low feed rate processes are plotted in Fig. 7(a) and (b) respecticvely. It could 
be concluded that at high feed rate (32,000 kg h-1), moisture content of ammonium sulfate rotary 
dryer’s outlet is higher than at lower feed rate (22,000 kg h-1), but the increased is not significant. 
For example, if ammonium sulphate feed rate increased by 45 %, than increasing outlet 
ammonium sulfate’s moisture content only 0.02 %. It was concluded that the second feed rate 
was better than the first one, because dusting effects on environment were acceptable. The 
amount of dusting increased slightly with increasing feed rate. 
 

 
 
Fig. 7: Profile of solid moisture content (X), air dryer’s moisture content (Y) and dimensionless 

length of rotary dryer  ξ for high feed rate (a) and low feed rate (b) 
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Fig. 8: Profile of solid moisture content (X), air dryer’s moisture content (Y) and dimensionless 

length of rotary dryer  ξ for high (a) and low drying air flow rate (b) 
 
The different between evaporated ammonium sulfate’s moisture content in a high air dryer rate 
(12,000 m3 h-1) and a low air dryer rate (7,000 m3 h-1) was not significant. In Figure 8, if air dryer 
rate increased by 71 %, than increasing ammonium sulphate’s moisture content only 3 %. Effect 
of drying air on dusting was plotted in Fig 9 and in Table1.       
 

 
Fig. 9: Dusting and drying air flow 
 

Dusting of ammonium sulphate increased with feed rate of air flow (Table 1). Figure 9 was a 
plot of dusting versus drying air flow. If material feed rate 22,000 kg h-1 then we have dusting rate 
of 44 to 1210 kg h-1. When ammonium sulphate feed rate of 32,000 kg h-1, then dusting rate of 
64 to 1760 kg h-1 were occurred. Environment of rotary dryer was polluted by this process. 
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Cyclone usually equipped to rotary dryer to collect dusting and also flow of drying air control is 
needed. This experiment reported that effect of modelling on dusting was not significant. 
Table1: Effects of drying air on dusting (% of feed)  
 

Flow of drying air Dusting 

m3 h-1 kg h-1 m-2 % of feed 

3000 790.85  0.2 
4000 1054.47 0.5 
5000 1318.08 1.0 
6000 1581.70 1.5 
7000 1845.32 2.4 
8000 2108.93 2.6 
9000 2372.55 3.5 

10000 2636.17 4.0 
11000 2899.78 4.8 
12000 3163.40 5.5 

 
 
CONCLUSION 
 

The current research found that the increasing rate of dusting of more than 500 kg h-1 did 
not decrease moisture content significantly. Increasing air rate of 71 % resulted in increasing 
ammonium sulphate’s moisture content of 3 %. Feed rate and residence time affected dusting 
rate. 
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