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Abstract 

The present study shows the effect of the diffusivity of the material of the internal 

inclined sheets on the drying of granular anhydrous lactose with an average particle 

diameter of 1.68 mm in a continuous powder dryer with adjustable inclined sheets. 

It was reduced the heat losses in the equipment with an insulator, maintaining the 

air inlet temperature in 100ºC. To increase the solid-air contact, perforated plates 

were designed in a square arrangement in line. They were adapted inside the column 

with an inclination angle of 60º. It was found that the diffusivity of the material, the 

insulation, and their interaction have significative effects on the drying obtaining a 

statistical p-values lower than 0.05. The heat losses in the equipment were reduced 

in 13%. 
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1. Introduction 
 

Drying is one of the oldest processes used in the industry. Throughout history, it 

has been implemented to a great extent for the conservation of food, eliminating the 
water present in fruits, meats, cereals and minerals. In addition, it has a great influence 
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in the chemical [1], metallurgical [2], pharmaceutical [3], ceramics [4], agricultural 

industries [5], among others, where the main objective is to remove the greatest 

amount of moisture from the raw material, without affecting its quality [6]. 

However, this process generates a high energy consumption and many of the 

existent dryers can cause damage to the final product due to the exposure of the 

material to high temperatures for a long period of time and can change the particle 

diameter of the solid during this process [7]. In order to achieve a uniform and 

efficient drying of the lactose, without affecting the granulometry of the final 

product, a novel continuous fluid bed dryer with adjustable angular sheets was 

designed. This type of dryer operates continuously, which in turn favors a uniform 

drying of the granular material without affecting its physical structure. In addition, 

it has a series of sensors that help to monitor all the variables that could affect the 

percentage of moisture removal of the final product  [8]. 

This paper presents the effect of the sheet material and the type of column insulation 

on the final moisture content of granular anhydrous lactose in the continuous 

vertical fluid bed dryer. 

 

2. Methodology 
 

The experiments were carried out in a continuous dryer of adjustable angular sheets 

with the dimensions shown in Table 1. The solid used was anhydrous granular 

lactose with a particle diameter of 1.68 mm. 

 

Table 1. Dimensions of the continuous vertical fluid bed dryer 
PARAMETER  PARAMETER  

Tower material Acrylic Sheet material 
Aluminum 

Acrylic 

Wall width 4 mm Inclination angle  60º 

Transversal area 225 cm2  
Number of holes of 

each sheet 
192 

Insulation material Foam Material diffusivity  
Aluminum: (97.1) mm2/s 

Acrylic: (0.0242) mm2/s 

 

The dimensions of the perforated sheet used are shown in Figure 1. 

 

 
Figure 1. Dimensions of the perforated sheet 
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The operating conditions are shown in table 2. 

 

Table 2. Operating conditions of the dryer 

 

Parameter Value 

Air inlet temperature 100ºC 

Relative humidity 2.0278 %Hr 

Air entry velocity 7.53 m/s 

Lactose flow 12.0594 kg/h 

Average lactose temperature 27.5ºC 

Initial moisture of lactose 11.18% 

Mass flow of dry air 96.78252Kg/h 

 

Figure 2 shows the scheme of the system with the parameters used to perform the 

mass and energy balance. 

 

 
 

 

Figure 2. Representative scheme of the dryer 

 

Where, �̇�𝑆 represents the mass flow of dry lactose, 𝑋 the absolute humidity in dry 

basis, 𝐻𝑤 the enthalpy of water present in the solid, ℎ𝑦 the enthalpy of the air, �̇�𝑆 

mass flow of air dry, 𝑄 the heat transferred to the environment.  

 

The mass balance of water is as follow: 

 

�̇�𝑆𝑋1 + �̇�𝑆ℎ𝑦2
=   �̇�𝑆𝑋2 + �̇�𝑆ℎ𝑦1

                                  (1) 
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3. Results and Analysis 
 

In table 3, the average moisture removed from the solid is shown based on the two 

repetitions proposed in the experimental design. The factors used were: material of 

the perforated plates and type of insulation in the tower, keeping a constant average 

particle diameter of 1.68 mm. 

 

Table 3. Percentage of humidity removed in the solids 

 

Material diffusivity 

(𝑚𝑚2/𝑠) 

Insulation % of humidity removed 

97.1 Yes 68.69 

97.1 No 63.79 

0.0242 Yes 47.81 

0.0242 No 43.48 

 

Loss of heat in the dryer without insulation 

 
To calculate the heat losses inside the dryer, equation 2 was used. 

 

�̇� =
∆𝑇

∑ 𝑅𝑇
=

𝑇∝1 − 𝑇∝2

1
ℎ𝑖𝑛𝐴𝑇

+
𝐿𝑎𝑐

𝑘𝐴𝑇
+

1
ℎ0𝐴𝑇

                                               (2) 

 

where, ℎ𝑖𝑛 and ℎ0 refer to the coefficients of convective heat transfer inside and 

outside the tower, respectively. 𝑘 is the thermal conductivity of the acrylic material, 

𝐿𝑎𝑐 is the thickness of the acrylic and 𝑄 is the heat lost. 

The tower was divided in 7 stages. The above procedure is repeated until calculating 

the heat losses in the 7 stages of the tower. The results obtained are summarized in 

the following tables: 

 

Table 4. Heat losses in the equipment, without insulation. 

 

Stage 1 2 3 4 5 6 7 

�̇� (KW) 0.891 0.843 0.624 0.581 0.563 0.448 0.418 

Total �̇� 4.3688 

 

 

Loss of heat in the dryer with insulation 

 
To calculate the heat losses inside the dryer with insulation using foam, equation 3 

was used. 
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�̇� =
∆𝑇

∑ 𝑅𝑇
=

𝑇∝1 − 𝑇∝2

1
ℎ𝑖𝑛𝐴𝑇

+
𝐿𝑎𝑐

𝑘𝐴𝑇
+

𝐿𝑓𝑜𝑎𝑚

𝑘𝑓𝑜𝑎𝑚𝐴𝑇
+

1
ℎ0𝐴𝑇

                     (1 ∗) 

 

Where 𝑘𝑓𝑜𝑎𝑚 is the thermal conductivity of the foam, and 𝐿𝑓𝑜𝑎𝑚 is the thickness of 

the foam. 

 

Table 5. Heat losses in the equipment, with insulation. 

 

Stage 1 2 3 4 5 6 7 

�̇� (KW) 0.6208 0.6198 0.5398 0.5365 0.5252 0.4734 0.4572 

Total �̇� 3.7726 

 

The percentage of energy saved is: 

𝑆𝑎𝑣𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 (%) =  
4.3688 𝐾𝑊 − 3.7726 𝐾𝑊

4.3688 𝐾𝑊
∗ 100% = 13.6% 

The saved energy is introduced to the wet powder favoring the moisture removal 

inside the solid. 

 

 

 
 

Figure 3. Effect of the insulation, and the material of the sheets on the 

removal of humidity of the solid inside the dryer 

 

 

As can be seen in figure 3, the higher the temperature of the air, the higher the 

moisture removal. It is obvious because at high temperature the vapor pressure of 

the water increases causing a faster evaporation. Between 30oC and 85oC the slope 

of the lines is low indicating that the effect of the temperature on this zone is not 

significative. However, in the range of temperatures between 85oC and 100oC the  
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slopes of the lines have a sudden increment indicating that it is recommended to 

work in this zone. However, this consideration needs the analysis of other variables.  

This figure shows the effect of the insulation as well. The insulated system makes 

a better drying. This effect is the same no matter the temperature of the system. 

However, the effect of the material is different. It is low at low temperatures but 

increases as the temperature increases. The reason might be the expansion of the 

sheets. If they increase the volume, their contact surface increases. It causes a higher 

heat transfer rate resulting in a faster water vaporization that helps the solid drying. 

So, it is recommended to work with Aluminum in the inclined sheets. 

Summarizing the words, it is recommended to work with an insulated system, at the 

highest possible temperature with aluminum as the material of the sheets.  

 

Now it is made a statistical analysis based on Fisher's LSD test using the 

multivariate ANOVA technique. The following table shows the data obtained with 

a software of statistic. 

 
Table 6. Analysis of variance of the factors 

 

SOURCE 
Sum of 

squares 
DF Mean square F-value P-value 

MAIN EFFECTS      

A: Diffusivity 2542,66 1 2542,66 447110,8 0,000 

B: Type of insulation 129,596 1 129,596 22788,6 0,000 

INTERACTIONS      

AB 0,352838 1 0,352838 62,04 0,000 

RESIDUALS 0,113737 20 0,00568687   

TOTAL 

(CORRECTION) 
2672,72 23    

 

 

As can be seen in table 6, The p-values of the main factors including their 

interactions are lower than 0.05. It means that the diffusivity of the material and the 

type of insulation in the tower are significative. So, it is necessary to consider both 

variables when drying powder in this type of dryer. 

 

4. Conclusions 
 

A set of experiments were run in a continuous vertical fluid bed dryer with a very 

low residence time (2 seconds). It was obtained that the temperature of the air, the 

type of material of the sheets, and the type of insulation of the tower has 

significative effects with p-values lower than 0.05. The highest percentage of 

moisture removal in the continuous dryer exceeds 68.69%. The insulation of the 

dryer causes a decrease in energy loss of 13.6%. This energy can be transferred to 

the solid to obtain a more efficient drying. The insulated system causes a better 

drying. However, this effect is the same no matter the temperature of the system.  
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On the other hand, the effect of the material is different. It is low at low temperatures 

but increases as the temperature increases. The most probable cause of this effect is 

the expansion of the sheets causing an increment in the contact area with the solid 

increasing the heat transfer rate. 
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