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Abstract- Applicability of fluidization methods in rewetting low moisture polished rice was investigated using a recirculating fluidized 

bed. The sphericity of polished rice was calculated using Ergun's equation to determine the effective diameter. The calculated frictional 

pressure drop agreed well with the observed data. The sorption characteristics were investigated under fluidizing conditions at different 

air temperatures and relative humidities. Sorption data were fitted to the first falling rate period drying equation with a standard error of 
estimate of the moisture content of polished rice ranging from 0.06 to 0.14% d.b. and the sorption coefficient followed the Arrhenius 

type temperature dependency. The results showed that the fluidization techniques could be effectively used for rewetting low moisture 

polished rice.  

 

Index Terms- Adsorption, fluidized bed, polished rice, moisture  

 

I. INTRODUCTION 

oisture content of paddy after harvest may vary from 18 to 30% d.b. and it is necessary to lower the moisture content down to 13 
to 14% d.b. for safe storage [1]. Hulling and polishing operations reduce certain amount of moisture due to heat generation. This 

type of normal processing operations produce polished rice containing moisture less than 16% d.b. Moisturizing rice can have a 

substantial positive effect on the cooking and eating qualities of milled rice [2]. The moisture content of polished rice can be increased 

by rewetting. The absorption characteristics of polished rice has recently gained interest in rice processing research. The present major 

constraint in rewetting in commercial scale is the difficulty of achieving sorption uniformity in bulk. The other concerns are the 

complexity of the equipment, length of the process, and the cost. This study focuses on the fluidization technique as a possible mean of 

circumventing the above difficulties. 

 

Fluidization is the operation by which solid particles are transformed into fluid like state through suspension in a gas or liquid. 

Fluidization can be carried out by liquids or gases and different forms of fluidization occur depending on the fluidizing medium and the 

properties of the particulate materials. Fluidized beds are extensively used in a wide variety of industries because of its larger capacity, 

low construction cost, easy operability, and high thermal efficiency [3]. There are number of food specific applications of fluidization, 
such as freezing, blanching and cooking [4, 5]. Shilton and Niranjan [8] have reviewed the use of fluidization in food industry. Rios et 

al. [7] reported the use of fluidized bed for roasting of coffee beans, resulting in improved quality compared to traditional drum roasting 

method.  

 

The fluidizing characteristics of the bed facilitate smooth solid handling, especially in continuous operation. Kunii and Levenspiel [3] 

define a dense phase bed as one in which there is reasonably clearly defined bed surface whether the fluidizing medium is gas or liquid. 

Geldart [8] classified four clearly recognizable types of particle behavior from smallest to largest; cohesive, aeratable, sandlike, 

spoutable. The relationship between terminal velocity and the solid hold up has discussed by Joshi [9] and Lali et al. [10]. At velocities 

above bubbling fluidization occur, the nature of contact between gas and solids changes significantly [11]. Although, bubbling may 

cause passing of gas, it also causes intensive solid mixing with nearly homogenous bed temperature and relative humidity. This helps 

to control the temperature and relative humidity of the bed.  
 

Compared with other sorption techniques fluidized bed sorption of granular solids offer many advantages. High heat and mass transfer 

rates are possible because of very good contact between particle and gas [12]. In gas fluidized beds rapid and vigorous mixing takes 

place in the area just above the distributor facilitating easy exchange of heat and mass between the fluid and the solid [13]. In case the 

sorption rate is limited by diffusion inside the particles, long residence time of solids are required, which can be achieved easily in a 

fluidized bed; the apparatus still remains relatively small, because of its large hold-up of solids. The apparatus is rather simple as there 

are no moving parts. Due to abrasion and friction between rice grains the surface of grain becomes smooth improving the appearance. 

In this study, fluidizing and sorption characteristics of polished rice under fluidized conditions were studied. 

 

 

M 
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MATERIALS AND METHOD 

Sri Lankan rice variety BG 1111 was used for the study. Paddy was hulled and polished to a polishing degree of 90%. In order to widen 
the range of moisture adsorption characteristic curve, the initial moisture content was selected as 14% d.b. The moisture content of the 

bulk of 25 kg polished rice was reduced to the desired moisture content of 14% d.b. by slow drying (temperature of the polished rice 

surface was not more than 30 °C). After drying, polished rice was placed in an air sealed container and stored at 5 °C until time for the 

tests. Figure 1 shows the experimental apparatus. The exhaust air was recirculated to keep the desired relative humidity (70% and 80%) 

at high air flow rate. The exhaust air from the bed was sucked by a turbo blower and the temperature and relative humidity of air was 

controlled at desired values. Relative humidity was achieved by adding water vapor to the inlet air by using an ultrasonic humidifier 

(Mammy, MUH 4400, Japan). The method was capable of maintaining relative humidity to an accuracy of ±2% at the bottom of the 

sample. Temperature was controlled to an accuracy of ±0.5 °C. Temperature and relative humidity of air just below the sample and just 

above the sample were measured by T-type thermo-couples and relative humidity sensors (VAISALA HMP115Y, USA) respectively. 

The flow rate of air was measured by an orifice meter (FLC-OP, WIKA, Germany). The height of the fluidizing chamber was 0.3 m and 

was made of transparent plastic. The diameter of the vessel was 0.19 m and it was large enough to avoid flat slugging. 

 
Figure 1: The experimental apparatus 

 

Fluidizing characteristics 

Prior to the sorption test, fluidizing characteristics of polished rice was investigated. In this test 2 kg of polished rice was placed in the 

fluidizing chamber and pressure drop and the flow rate data were collected. The tests were conducted separately for increasing and 
decreasing flow rates. Though polished rice is non-spherical in shape, it is possible to represent a bed of rice by a bed of spheres of 

diameter  𝑑𝑒𝑓𝑓 ,  then the two beds (rice and the spheres of diameter 𝑑𝑒𝑓𝑓) have the same total surface area and same void fraction. The 

resistance to flow in the two beds are same. The following equation was used to estimate the effective particle diameter (𝑑𝑒𝑓𝑓) [3]. 

 

𝑑𝑒𝑓𝑓 = Ø𝑠,𝑒𝑓𝑓 . 𝑑𝑝                                                                                                              (1) 

 

Where 𝑑𝑝 , the intermediate particle is size by screen analysis and Ø𝑠,𝑒𝑓𝑓 is the effective sphericity of a particle. Many food substances 

are non-spherical, for such cases an equation based on the force balance at incipient fluidization can be used. For calculating the pressure 

drop at incipient fluidization, McKay and McLain [14] recommend the use of Ergun’s [15] equation which has modified to account for 

the shape of the particles. Also an extension of the Ergun’s equation for fluidized beds has discussed by Akgiray and Saatci [16] to 

calculate the pressure drop in a given reactor. Therefore the effective sphericity of the particle, Ø𝑠,𝑒𝑓𝑓 was calculated using Ergun's 

equation as follows. 

∆𝑝𝑓𝑟
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For gases operating under low pressure, frictional pressure drop (∆𝑝𝑓𝑟) can be taken as ∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 . The density (𝜌𝑔) and viscosity (𝜇) 

of air used in the equation 2 were calculated using the procedures given in Chronological Scientific Tables [17]. The superficial gas 

velocity at minimum fluidizing condition was calculated equating the drag force by upward moving gas to the weight of the particles.  

∆𝑝𝑏𝐴𝑡 = 𝑊 = 𝐴𝑡𝐿𝑚𝑓(1 − 𝜀𝑚𝑓) [(𝜌𝑠 − 𝜌𝑔)
𝑔

𝑔𝑐
]                                                        (3)   

By rearranging the equation 3, the following expression was obtained.  

∆𝑝𝑏

𝐿𝑚𝑓
= (1 − 𝜀𝑚𝑓)(𝜌𝑠 − 𝜌𝑔)

𝑔

𝑔𝑐
                                                                                      (4)   

Then the superficial gas velocity at minimum fluidizing conditions 𝑢𝑚𝑓 was obtained by combining equations 4 and 2 as given below.  

1.75

𝜀𝑚𝑓
3 ∅𝑠,𝑒𝑓𝑓

(
𝑑𝑝𝑢𝑚𝑓𝜌𝑔

𝜇
)

2

+
150(1 − 𝜀𝑚𝑓

𝜀𝑚𝑓
3 ∅𝑠,𝑒𝑓𝑓

2  (
𝑑𝑝𝑢𝑚𝑓𝜌𝑔

𝜇
) =

𝑑𝑝
3𝜌𝑔(𝜌𝑠 − 𝜌𝑔)𝑔

𝜇2
       (5) 

Sorption test  

In this trial, sorption characteristics of polished rice under fluidized conditions were studied in detail. Table 1 shows the temperature 
and relative humidity conditions used for sorption test. Before introducing the sample, the apparatus was run for 15 hours to get the 

stable relative humidity and temperature. For each test 2 kg sample was used making 0.08 m thick layer in the fluidizing chamber. 

Moisture content measurements were carried out using 10g samples drawn at 0, 1, 2, 3, 5, 7, 9, 12, 15, 19 and 24th hour for the first 24 

hours and thereafter at 12 hour intervals till 72 hours. Weight of the samples were measured using an electronic balance (METLER 

PC2000). All reported moisture contents were calculated using 10 g samples by air-oven method (135 °C for 24 hours) [18]. Simmonds 

et al. [19] found that thin layer drying curves of wheat were well represented by an exponential equation, which assumed that all the 

resistance to moisture transfer was at the outer surface of the kernel. This equation is analogous to Newton's law of cooling and widely 

used in the first falling rate period of drying, given by the following expression.  

𝑀 = (𝑀0 − 𝑀𝑒)𝑒−𝑘𝑡 + 𝑀𝑒                                                                                            (6) 

The observed moisture content data were fitted to this equation using a method of least squares. The accuracy of the equation was 
expressed by the standard error of the estimate. The Arrhenius equation (equation 7) was used to express the temperature dependency 

of sorption coefficient (𝑘).  

𝑘 = 𝑑𝑒
−𝑓

𝑇⁄                                                                                                                         (7)   

Table 1: The air conditions used to collect the sorption data 

Relative 

Humidity (%) 

Temperature (°C) 

20 25 30 

70 ● ● ● 

80 ● ─ ─ 

RESULTS AND DISCUSSION 

Fluidizing Characteristics  

The frictional pressure drop (∆𝑝𝑓𝑟) versus superficial gas velocity (𝑢0) diagram is particularly useful as a rough indication of the quality 

of fluidization. Fluidization mainly depends on the liquid and solid properties used in the system. Figure 2 shows the pressure drop 

versus flow rate characteristic for polished rice. The solid line represents the calculated values by Ergun's equation and the standard 

error of the estimate was 16.3 Pa. For relatively low flow rates in a fixed bed, the pressure drop was approximately proportional to the 

gas velocity and reached a maximum and that was slightly higher than the static pressure of the bed. With further increase in gas velocity, 

the fixed bed ‘unlocked’ in other words axial slugging started resulting in non-homogeneity. In the case of fine solid powders increasing 

the gas velocity beyond the maximum pressure point results in increasing bed height and bed voidage. Then the pressure drop decreases 
to static pressure of the bed. But for polished rice, slugging starts just after minimum fluidization. So there is no smooth fluidization 

phase in polished rice when fluidized by air. The diameter of the bed was selected to avoid flat slugs, therefore only axial slugging was 

observed.  
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According to the screen analysis rice used for the test was -6+8 mesh size particles. The intermediate particle size (𝑑𝑝) was 0.00285 m. 

The effective sphericity of polished rice (Ø𝑠,𝑒𝑓𝑓) calculated using equation 1 was 0.39. For this calculation the measured pressure drop 

(∆𝑝𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) was used as frictional pressure drop (∆𝑝𝑓𝑟). The bed height (𝐿𝑚) was constant at 0.08 m. The particle density measured 

by pycnometer using toluene was 1418 kg·m-3.  Bulk density was 872.2 kg·m-3. The void fraction (𝜀) of the fixed bed was 0.385. The 

Figure 2: Pressure drop versus flow rate of polished rice fluidized in air 

calculated density and viscosity of air were 0.012 kg·m-3 and 1.8×10-5kg·ms-1 respectively. The calculated effective particle diameter 

(𝑑𝑒𝑓𝑓) for the particle size 0.00285 m was 0.0012 m. The value of effective sphericity of polished rice (Ø𝑠,𝑒𝑓𝑓) can be used with the 

measured screen size (𝑑𝑝) to predict frictional losses in beds of any size and for wide size distribution. This method is the most reliable 

measure of particle size for pressure drop purposes. The calculated minimum fluidizing gas velocity was 0.59 ms-1. The value is only 

0.03 ms-1 above the experimentally reported value. Thus the calculated effective sphericity is applicable for pressure drop calculations.  

Adsorption characteristics 

The Figure 3 shows the sorption curves of polished rice. The used moisture transfer equation well represented the sorption characteristics. 

The sorption coefficient and the standard error at each air condition are listed in Table 2. The Figure 4 shows the Arrhenius plot of 

sorption coefficient (𝑘). The Arrhenius parameters for 70% relative humidity were 𝑓 = 0.5976 × 104 𝐾, 𝑑 = 0.1585 × 109 ℎ−1 and 
the standard error of estimate was 0.06187 h-1. 

           

Figure 3: Water adsorption characteristics of polished 

rice under fluidizing conditions 

Figure 4: Arrhenius plot of sorption coefficient (k) at 

70% relative humidity 
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Table 2: Initial moisture (M0), sorption coefficient (k), calculated equilibrium moisture (Me) and the standard error of estimate at each 

temperature and relative humidity condition 

CONCLUSION 

Considerably large amount of gas was needed to fluidize polished rice. Polished rice does not have a smooth fluidizing period. Just after 

minimum fluidization, it starts turbulent-churning and slugging. The diameter of the vessel should be carefully selected to avoid flat 

slugs. According to the fluidizing characteristics, polished rice can be categorized as Geldart D particle, the particle diameter is greater 

than 500µm, spoutable, difficult to fluidize and behaves erratically giving large exploding bubbles. Therefore, spouted beds would be 

more suitable which need much less gas. Even though, the shallow bed with sufficient diameter and gas velocities not more than the 

minimum fluidizing velocity would produce solid mixing effectively. Slugging can be avoided using vessels having larger-diameter 

upper section.  

Fluidized bed sorption of polished rice well followed the first falling rate period drying equation, and the sorption coefficient followed 

the Arrhenius type temperature dependency. The calculated sorption coefficients can be used to predict the moisture contents at 

respective air conditions. The effective sphericity and effective particle diameter is applicable for pressure drop calculations. It can be 

concluded that fluidizing polished rice with moist air can be effectively adopted for rewetting low moisture polished rice.  

Nomenclature 

At cross-sectional area of bed, m2  

d parameter, h-1 

deff effective particle diameter, m 

dp intermediate particle size by screen analysis, m 

ƒ parameter, K. 

ɡ acceleration of gravity, 9.8 ms-2 

ɡc conversion factor, 1kg·m·N-1·s-1 

k sorption coefficient, h-1 

Lm height of fixed bed, m 

Lmf  height of bed at minimum fluidization, m 

M  moisture content at time t, % d.b. 

Me  equilibrium moisture content, % d.b. 

Mo initial moisture content, % d.b. 

T absolute temperature, K 

t time, h 

W mass of solids, kg 

umf superficial gas velocity at minimum fluidizing conditions, ms-1

u0  superficial gas velocity, ms-1 

Greek symbols  

µ  viscosity of gas, kg·m-1·s-1 

ρg gass density, kg·m-3 

ρs  density of solids, kg·m-3 

Δpb pressure drop across the bed, Pa 

Δpfr Frictional pressure drop, Pa 

εm void fraction in the fixed bed 

εmf void fraction in the bed at minimum fluidizing conditions 

φs,eff effective sphericity of a particle 

Temperature 

(°C) 

Relative   

Humidity (%) 

M0  

(% d.b.) 

K  

(h-1) 

Me 

(% d.b.) 

Standard Error 

of Estimate 

20 70 14.442 0.2009 17.703 0.0649 

20 80 14.308 0.2849 19.910 0.1042 

25 70 14.329 0.3858 17.317 0.1825 

30 70 14.141 0.3921 16.851 0.3172 
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