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Solid state fermentation of finger millets: 
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pressure drop and gas holdup of finger millets bed 
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Abstract 

The solid state fermentation was carried out on the finger millet bed using Aspergillus oryzea (MTCC 

3107) at various bed thicknesses of 0.075, 0.15 and 0.225 m. The air was continuously supplied to the 

finger millet bed at three velocities of 0.12, 0.24 and 0.36 m/s. The pressure drop and gas holdup of 

finger millet bed were measured during solid state fermentation. Both the pressure drop and gas holdup 

was found rising up to 60 h of fermentation and thereafter started declining as increase in the air velocity 

and bed thickness. A correlation models were developed to predict the pressure drop and gas holdup of 

the finger millet bed during fermentation using dimensional analysis. The developed models were 

effective in predicting the parameters within the experimental domain (higher R2 (>0.97) and lower SE 

values (<0.02)) which are in line with the experimental results. In conclusion, the developed models can 

be utilized for monitoring the solid state fermentation process of finger millet. 
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1. Introduction 

Solid state fermentation (SSF) is one of the promising bioconversion methods for grains, 

oilseeds, agricultural wastes and other lignocellulose materials. It effectively depolymerize the 

cellulose and lignocellulose present in substrate by producing more enzyme consortiums [8]. 

Generally solid state fermentation is carried out in a tray fermenter with the substrate bed 

thickness up to 0.10 m. In SSF, more than 0.10 m height of substrate bed thickness causes high 

metabolic heat accumulation in the bed. Accumulation of heat in the bed destroys the enzymes 

produced during fermentation and makes the substrate in to a hard mass. Addition to that, 

higher bed thickness causes poor oxygen and humidity transfer which limits the large scale 

operation of solid state fermentation [13]. Proper aeration to the substrate bed regulates the 

temperature of the bed by removing generated metabolic heat [23] and provides sufficient 

oxygen to the organism for its growth [9, 31]. Besides, aeration enhances the mass transfer rate 

through increased oxygen diffusion in inter- and intra phase and regulates moisture content of 

the bed by maintaining humidity [30]. The efficacy of aeration process is highly depends upon 

pressure drop and gas holdup of fermentation bed. The pressure drop and gas holdup of the 

substrate bed influences the heat and mass transfer in the bed and efficiency of the 

bioconversion of substrate. Furthermore, pressure drop and gas holdup can be used for 

indicating extent of bioconversion of the substrate. High pressure drop slows down the air flow 

to the bed whereas low pressure drop causes fluidization of particle [25]. Hence an optimum 

pressure drop and gas holdup must be required for effective solid state fermentation process. 

Designing the solid state fermenter for a required capacity and operating condition depends on 

the pressure drop and gas holdup [7]. For fermentation scale up, influence of parameters like, 

fermenter geometry, substrate physical properties and air velocity density on pressure drop and 

gas holdup must be evaluated [7]. 

During fermentation, pressure drop and gas holdup of substrate is influenced by growth of 

fungal biomass, bed thickness, air velocity, grain fill method, presence of debris, moisture 

content of substrate, surface and shape characteristics of substrate [30, 35, 1] stated that the 

pressure drop is an alternative on line indicator of macroscopic change occurring in the bed of 

substrate during SSF. Gas holdup of bed directly influence the mass transfers such as oxygen 

transfer between supplied air to microorganism; nutrient transport between microorganism and 

substrate during fermentation [12] and determines the residence time of the air in the bed [19, 20]. 
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Decrease in gas holdup significantly reduces the air film 

thickness surrounded on the particle of substrate and deprive 

the minimum moisture content required for the growth of the 

microorganism and it decreases the overall mass transfer 

coefficient between microorganisms and substrate [14]. Gas 

holdup determines the gas (air) residence time in the bed.  

Pressure drop and gas hold up are highly substrate specific 

and very difficult to estimate because of changing bed 

properties during fermentation. For packed bed columns and 

fluidized beds, the pressure drop is measuring using Ergun’s 

equation which is suitable for the conditions like low air 

velocity to the bed and stable substrate particles in the bed 

without any turbulence [10, 33]. Both of these conditions are not 

suitable in case of solid state fermentation, why because solid 

fermentation needs cohesive particle movement without 

affecting the physiological growth of the culture organism. 

Hence, the models for predicting the pressure drop and gas 

holdup of the substrate bed during solid state fermentation 

need to be developed. Dimensional analysis was used to 

develop the models to measure and predict the pressure drop 

of spouted bed dryer for cardamom drying [2], fluidization 

velocity and riser liquid holdup in fluidized bed reactor for 

non Newtonian fluid [17]; gas hold up of a three-phase 

fluidized bed reactor for water and glass bead [22]. 

Finger millets are rich source of calcium, dietary fibre, 

balanced protein and amino acids. It is also claimed that 

finger millets products have cholesterol lowering property and 

lowers the glycemic index when compared to wheat products 
[27]. Finger millets are guarding the consumers against the 

nutritional insecurity caused by various agronomic, socio 

economic and political factors in the developing countries. 

Even though it is nutritionally richer than all other cereals, it 

did not gain any commercial importance in food industries 

due to presence of anti nutritional components and its poor 

functional properties. So, there is an immense potential for 

processing of finger millets into value added food products 
[32]. Traditionally finger millets are processed either by 

malting or fermentation for preparing weaning food, instant 

mixes, beverages and pharmaceutical products [28]. Solid state 

fermentation has been used for starch isolation from finger 

millets [29], modification of swelling power and solubility of 

finger millet flour [5], for mobilizing the total phenolics to 

enrich the antioxidants activity in the foods prepared from the 

finger millet (Geetanjali yadav et al., 2013), for producing 

value added products from finger millet (Venkateswaran and 

Vijayalakashmi, 2010a); for production of anti-

hypercholesterolemic metabolites (Venkateswaran and 

Vijayalakashmi, 2010b); to improvise the chemical and 

organoleptic qualities of Jand (Dhan Bahadur Karki and 

Ganga Prasad Kharel,2010). Despite of these reports, as per 

the knowledge, no study has been reported about pressure 

drop and gas holdup of finger millet bed during solid state 

fermentation. Presently solid state fermentation is gaining 

importance for value addition of grains. However, 

development of solid state fermenter and its hydrodynamic 

informations are very fewer. Hence, this work aimed to study 

the pressure drop and gas holdup of the finger millet bed 

during SSF in a fixed bed solid state fermenter and to develop 

a model using dimensional analysis for prediction of pressure 

drop and gas holdup. 

 

2. Materials and Methods 

2.1 Design of fixed bed solid state fermenter 

A 10 kg capacity, cylindrical shaped fixed bed fermenter was 

designed for solid state fermentation of finger millets. 

Diameter of the fermentation chamber and height of the cone 

diffuser were calculated using the equation 1 and 2, 

respectively [6]. For aeration, a blower is required to overcome 

the resistance offered by the grain to air flow while passing to 

the substrate. Blower capacity was calculated using equation 

3 [33]. The bulk density and terminal velocity of finger millet 

at 30% of dry basis moisture content used for calculation were 

935.32 kg/m3 and 4.92 m/s, respectively [26]. Design 

parameters were presumed based on the empirical knowledge 

such as shape of the fermentation chamber, head space of the 

fermentation chamber provided for substrate suspension 

(40%), height and diameter of the plenum chamber. Frictional 

and transportation loss of blower assumed for calculation of 

blower capacity was 30%. 

 

D = √
C×4

× h × (1−Hs) × ρg

   … (1)

  

hc =
Dt−Db

2
× tan θ    … (2)

  

Q
b
=Ut×Ab × (1+𝑓𝐿)   … (3)

  

where, D is the diameter of fermentation chamber; c is the 

capacity of fermenter, Kg; h is the height of fermentation 

chamber; Hs is the head space of the fermenter, m; g is the 

density of grain, kg/m3, hc is height of the cone diffuser, m; Dt 

is the top diameter of cone diffuser, m; Db is bottom diameter 

of the cone diffuser, m;  is angle of air diffusion, degree; Qb 

is the blower capacity, m3/h; Ut is the terminal velocity, m2/s; 

Ab is the area of bed,m2; db is the diameter of bed, m; and fL is 

the frictional loss of air. 

  

2.2 Solid state fermentation of finger millet in developed 

fermenter  

Cleaned, washed finger millets were soaked for 12 h. The 

excess water was drained after soaking. Based on the 

preliminary studies, soaked finger millets were filled at 

different bed thickness of 0.075, 0.15 and 0.225 m in the 

fermentation chamber. Initial pH was adjusted to 

predetermined level of 4, 5.5 and 7 by adding 1N NaOH. 

Overnight grown culture of Aspergillus oryzae (MTCC 3107) 

inoculum was added to the substrate. Allow the sample for 

fermentation for 2, 4 and 6 days. The air was continuously 

supplied at three different velocities of 0.12, 0.24 and 0.36 

m/s. 

 

2.3 Pressure drop and gas holdup measurement 

The pressure drop and gas holdup of the finger millets bed 

was measured for every 12 h at across the bed thickness of 

0.075, 0.150, and 0.225 m and for three different air velocities 

of 0.12, 0.24 and 0.36 m/s. The pressure drop was measured 

using a glass U-tube manometer (Range 0 to 2.5 kPa). The 

gas holdup was calculated using equation 4 as proposed by 
[16].  

 

 εg =
ρm−ρL

ρL
×

∆z

h
    … (4) 

 

Where, g is the gas holdup, (Dimensionless); m is the 

density of manometric fluid, kg/m3; L is density of air kg/m3; 

z is the manometric fluid height difference, m; h is the 

height difference in the column (Height of column - bed 

thickness), m. 
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Table 1: Variables involved in aerodynamics of fermenter 
 

S. No Variable Symbol Dimension 

1. Pressure drop P ML-1T−2 

2. Air velocity Uf LT-1 

3. Air density a ML-3 

4. Air viscosity a ML-1T-1 

5. Bed thickness Hb L 

6. Cross sectional area of the bed Ab L2 

7. Mass of the grain in the bed Mg M 

8 Gas holdup g -- 

9 Particle density p ML-3 

10 Geometric diameter of the particle dp L 

11 Sphericity p -- 

12 Coefficient of internal friction of particle ip -- 

13 Moisture content, (w.b.) m -- 

14 Porosity of grain  -- 

15 Acceleration due to gravity g LT-2 

16 Percentage open area of the mesh P % 

17 Fermentation time t T 

 

2.4 Dimensional analysis for model development for 

pressure drop and gas holdup 

Possible variables which influence the pressure drop and gas 

holdup of bed were selected for dimensional analysis and 

given in the Table.1. Variables chosen are distinctive and 

convenient for experimental and analytical study. A 

functional relationship was developed between the variables 

to derive the models for calculating pressure drop and gas 

holdup of bed as function of variables. The conditions 

assumed for the dimensional analysis were a) bulk solids 

consist of grains so small in comparison to the bed dimension 

and the grain particles are considered as continuous mass; b) 

grains are uniform in size and shape; c) porosity of the grains 

are uniform throughout the bed; d) all the bulk solids have the 

same physical, mechanical and aero dynamical properties in 

any direction in the bed; e) frictional forces of grains are 

negligible during fluidization; f) grains are uniformly 

distributed in bed g) grain velocity is at par with air velocity 

during fluidization and downward grain velocity is lesser than 

the upward velocity and h) effect of broken, foreign materials 

and bed compaction are not considered for correlation [4] 

stated that if there is a dimensionally homogeneous 

correlation relating “n” quantities defined in terms of “r” 

reference dimensions, then the correlation may be reduced to 

a relationship between (n-r) independent dimensional product 

provided that the members of the references set be themselves 

chosen so as to be independent of one another. For 

dimensional analysis, the repeating variables were diameter of 

particle, minimum fluidization velocity and viscosity of air. In 

the function (Eqn.5), variables arranged in such a way that 

first dependent variable followed by independent variables 

which were easy to regulate experimentally. After 

development of model, the experiments were again performed 

within the experimental domain to check the validity of the 

developed models.  
 

𝑓(∆P, Ua , ρa , μa , Hb , Ab , M, εg, ρp, dp, g, φp , φi , m, ε, P, t) = 0 … (5) 
  

 𝑓 (
∆P dp

Ua μa
,

Ab 

dp
2 ,

Hb 

dp 
,

dp g

Ua
2 ,

ρa Ua dp

μa 
,

Ua M

μa dp
2 ,

Ua t

dp 
, εg , m, ε, φp , φi , P) = 0 

  

 𝑓 (
∆P dp

Ua μa
,

Hb 

dp 
,

Ab 

dp
2 , NRe.P ,

1

NFr 
,

Ua M

μa dp
2 ,

Ua t

dp 
, m, ε, φp , φi , P, εg ) = 0 

 

For pressure drop, the equation becomes 

 
∆P dp

Uf μf 

=φ (
Hb 

dp 
,

Ab 

dp
2 , NRe.P ,

1

NFr 
,

Ua M

μa dp
2 ,

Ua t

dp 
, m, ε, φp , φi , P, εg )  …. (6) 

For gas holdup, the equation becomes 

  

εg =φ (
∆P dp

Ua μa
,

Hb 

dp 
,

Ab 

dp
2 , NRe.P ,

1

NFr 
,

Ua M

μa dp
2 ,

Ua t

dp 
, m, ε, φp , φi , P)  … (7)  

 

Where, NFr is the Froude number, 
Ua

2

dp g
 and NRe.P is the 

Reynolds number of the particle, 
ρf Uf dp

μf 
. 

 

2.5 Statistical analysis 

Experiments were performed in triplicates and the data are 

reported as mean ± standard deviation. All the data were 

analyzed for its significance using Analysis of variance 

(ANOVA). Regression analysis was done for fitting the 

observed data and coefficients were calculated. Significance 

of coefficients was analyzed using t test and p value at 95% 

confidence level. The data analysis and graphical 

representations were made using Microsoft Excel.  

 

 
All dimensions in mm 

 

Fig 1: Schematic diagram of fixed bed solid state fermenter 

 

3. Result and Discussion  

3.1 Fixed bed solid state fermenter 

A fixed bed solid state fermenter (Fig.1) was fabricated based 

on the design calculation at Department of Food and 

Agricultural Process Engineering, Tamil Nadu Agricultural 

University, Coimbatore. The fermenter consisted of 

fermentation chamber, plenum chamber, air diffuser, 

electrical air blower, and electrical steamer. Fermentation 

chamber was made up of galvanized iron and the size of the 

chamber was 0.45 m height and 0.225 m diameter. A 

transparent poly vinyl sheet was provided as a window for 

visual observation. A 0.025 m diameter taps were inserted in 

the grain bed to reduce the wall effects during measurement 

of pressure, temperature and humidity of the finger millet bed 

as described by [15]. A water sprinkling set up was given at top 

of the fermentation chamber to maintain sufficient humidity 

in the bed as per the reported in their study by [13]. Bottom of 

the fermentation chamber was closed with galvanized iron 
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screen with the screen opening size of 1×1 mm to prevent the 

grain from falling into plenum chamber. The percentage open 

area of the screen was 64%. A truncated cone shaped air 

diffuser with height of 0.12 m and diameter of 0.225 m was 

provided to prevent the dead zone formation in the substrate 

bed and to supply air form blower to plenum chamber [24]. 

Slant angle for air diffusion is ranged from 45 to 60o at 30 oC 

air temperature [11]. Plenum chamber was provided to 

straighten the flow of air from diffuser to fermentation 

chamber. Height and diameter of the plenum chamber were 

0.10 and 0.225 m, respectively. Two butterfly valves were 

provided to adjust the air velocity as required. A 

commercially available single phase electrical air blower 

(OB2, CLEANTEK, India) of 1500 m3/h capacity running at 

2880 rpm was procured according to the design calculation 

and used for aeration of the fermentation bed. An electrical 

steamer with 1 kW heating coil was attached to the reactor 

with valve control for sterilization. Main frame was made to 

support the whole fermentation chamber with mild steel angle 

of size 35 x 35 x 6 mm. 

 

 
A 

 
B 

 
C 

 

Fig 2: Effect of various bed thickness and air velocities on pressure 

drop of bed a. 0.075m bed thickness; b. 0.15m bed thickness and c. 

0.225m bed thickness 

 

3.2 Pressure drop profile of finger millets bed during SSF  

Changes in the pressure drop at various bed thicknesses for 

different air velocities are shown as pressure drop profile in 

the figures 2a-2c. In all the cases, increasing trend of pressure 

drop was observed while increasing the bed thickness and air 

velocities. The pressure drop was found rose to 11, 14 and 

17Pa for air velocities of 0.12, 0.24 and 0.36 m/s, 

respectively, at a constant bed thickness of 0.075 m. The 

difference between initial and final pressure drop was 

observed as 19, 21 and 26 Pa at 0.15 m bed thickness and 24, 

29 and 32 Pa at 0.225 m bed thickness for air velocities of 

0.12, 0.24 and 0.36 m/s, respectively. The differences 

between initial and peak pressure drop were found to be 

higher at high air velocities. The results are in good 

agreement with the previous studies on airflow resistance in 

soybean and granular beds packed with cottonseeds [21, 34]. 

From the results, significant increase in pressure drop was 

observed up to 60 h during fermentation. This may be due to 

filamentous growth of fungus Aspergillus oryzae in pores 

space which probably had blocked the air flow inside the bed. 

The similar results were observed by [1] in their study. After 

60 hour of fermentation, decreasing trend in pressure drop 

was found. Continuous supply of air channelized pathway 

thus lead the air to go through easily without any resistance. 

This might be the reason for decreasing pressure drop after 

certain time. This may also be due to turbulence and frictional 

loss of pressure in the bed [2, 30]. 

 
Table 2: ANOVA of regression analysis for pressure drop 

correlation 
 

Particulars df SS MS F Significance 

Regression 12 1137.309 94.776 573835.547 *** 

Residual 101 0.033 0.000 
  

Total 113 1137.342 
   

R Square 0.99 
    

Adjusted R Square 0.94 
    

Standard Error 0.018 
    

*** Significant at 0.001 level 

 

 
A 

 
B 

 
C 

 

Fig 3: Comparison of experimental pressure drop and predicted 

pressure drop by developed model at 0.24 m/s a. for 0.075 m bed 

thickness, b. for 0.15 m bed thickness, c. for 0.225 m bed thickness 

 

A model was developed to estimate pressure drop of fixed bed 

solid state fermenter using a regression analysis (Eqn.8). Only 

the significant coefficients were used to construct the model 

from the analysis of variance (ANOVA) and it is given in the 

Table 2. The model exhibited the higher R2 (0.99) and 

adjusted R2 (0.94) values indicated that all variables chosen 

for the model development defined the fermentation system 

well. 

 
∆P dp

Uf μf 

 =-0.941 (
Hb 

dp 
)

−0.308

(NRe.P )
0.877 (

1

NFr 
)

−1.036

(
Ua M

μa dp
2)

0.161

(
Ua t

dp 
)

0.093

(εg )
0.528

…. (8) 
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For 0.24 m/s air velocity, comparison plots for pressure drop 

between experimental and predicted values obtained from the 

developed model and it is showed in the figures 3a-3c. From 

these figures, it could be observed that all the data points were 

less deviated from the experimental value and the same was 

endorsed by higher R2of 0.99 and less standard error of 0.018. 

These indices indicated that the developed model would be 

best suitable for estimation of pressure drop of bed during 

solid state fermentation in fixed bed fermenter. Similar results 

were reported for cane bagasse bed during mold growth [1] 

and for cardamom bed during drying [2] and for wheat bran. 

 

3.4 Gas holdup profile of finger millets bed during SSF  

The changes in the gas holdup of finger millets bed during 

solid state fermentation for various bed thicknesses at 

different air velocities is depicted form the figures 4a-4c. Gas 

holdup was found rising from 8.8 to 11.3, 12.5 and 12.3% for 

air velocities of 0.12, 0.24 and 0.36 m/s respectively at 

0.075m bed thickness. Gas holdup increased from 11.0 to 

16.6, 17.6 and 18.7% for bed thickness 0.15 m and 14.7 to 

24.2, 26.1 and 27.3% for the bed thickness of 0.225 m at 

velocities of 0.12, 0.24 and 0.36 m/s respectively. The results 

are consistent with the reports of [3] for glass beads and [12] for 

alumina in spouted bed reactor. It was observed that gas 

holdup of finger millet bed increased with increase in bed 

thickness. This may be because of the availability of more 

pore spaces between the grains at higher bed thickness. 

Increasing of gas holdup in the finger millet bed as increase in 

air velocity might be due to occupation of air in the expanded 

space between the particals caused by turbulence of air at high 

air velocity [12, 18].  
 

 
A 

 
B 

 
C 

 

Fig 4: Effect of various bed thickness and air velocities on gas 

holdup of bed, a. 0.075m bed thickness; b. 0.15m bed thickness and 

c. 0.225m bed thickness 

 

 
A 

 
B 

 
C 

 

Fig 5: Comparison of experimental gas holdup and predicted gas 

holdup by developed model at 0.24 m/s a. for 0.075 m bed thickness, 

b. for 0.15 m bed thickness, c. for 0.225 m bed thickness 

 
Table 3: ANOVA of regression analysis for gas holdup correlation 

 

Particulars df SS MS F Significance 

Regression 12 2.320 0.193 595.016 *** 

Residual 101 0.065 0.000 
  

Total 113 2.386 
   

R Square 0.972 
    

Adjusted R Square 0.911 
    

Standard Error 0.025 
    

*** Significant at 0.001 level 

 

A regression analysis was carried out to develop the model for 

estimating gas holdup of finger millet bed during solid state 

fermentation and the developed model is given in Eqn.9. The 

coefficient of each variable was estimated by ANOVA (table 

3) and the model was constructed using the significant 

coefficients. 

 

εg =1.781 (
∆P dp

Uf μf 

)
1.040

(
Hb 

dp 
)

0.584

(NRe.P )
−0.937 (

1

NFr 
)

1.063

(
Ua M

μa dp
2)

−0.147

(
Ua t

dp 
)

−0.008

… (9) 

 

The higher R2 (>0.97) and adjusted R2 (>0.91) value of the 

model indicated that all the variables chosen for the model 

development soundly defined the gas holdup of the finger 

millets bed during solid state fermentation. Gas holdup values 

predicted using the developed model at the air velocity of 

0.22 m/s for all bed thickness were plotted against the 

experimental values of the same experimental domain. The 

comparison plots depicted the less deviation between 

predicted and experimental value and the same is seen in the 

figures 5a-5c. These results explicitly showed that the 

developed model could be used to predict the gas holdup of 

finger millet bed during solid state fermentation. 

 

4. Conclusion 

A fixed bed solid state fermenter was designed and fabricated 

to ferment the finger millets for value addition. The pressure 
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drop and gas holdup of finger millet bed during solid state 

fermentation was measured. Pressure drop and gas holdup of 

the bed was found rising as increasing the bed thickness and 

air velocity up to 60 h of fermentation and thereafter started 

declining. By dimensional analysis method, models were 

developed using experimental data for predicting pressure 

drop and gas holdup of finger millet bed during fermentation. 

These models were analyzed for their predictability and found 

effective (R2>0.97). The developed model could be possibly 

used for the prediction of both pressure drop and gas hold up 

substrate bed during solid state fermentation. The parameters 

predicted from these models will be used for analyzing the 

heat and mass transfer in the substrate bed during 

fermentation. The effect of hydrodynamics on amount of 

enzyme production and degree of bioconversion is to be 

studied for further exploration of using hydrodynamics 

models for online indication of fermentation process. 
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