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THESIS ABSTRACT 

Mathematical modelling and simulation of a drying system requires a series of preliminary 

studies to generate strong scientific data that describe the transport phenomena, 

engineering properties of the product, and changes in thermodynamic properties of the 

drying medium. Superheated steam (SS) drying has been proven to be a suitable choice for 

drying biological materials especially, in the cases where the use of air as a drying medium 

has its limitations, such as oxidative reactions and chances of combustion. Thus, the use of 

SS for drying of wet byproducts from bio-processing plants is more suitable than hot air 

drying. Distillers spent grain (DSG), a byproduct of bio-ethanol production (from cereal 

grains), is generated in the form of a wet paste with high moisture of 75-80% wet basis 

(wb). This wet product is dried to safe storage moisture of about 10% (wb) to overcome 

the challenges associated with its transportation and storage. The focus of the present 

research is to develop a drying model for SS drying of DSG. The product of interest (i.e. 

DSG) has two components - coarse grain fraction and distillers’ solubles. To mimic the 

industrial drying process, compacted cylindrical pellets of the coarse grain fraction (with 

and without solubles) were coated with solubles to increase the surface area for drying and 

then dried in SS. 

Thermo-physical properties of the coarse grain fraction of DSG with various levels (0, 10, 

30, and 50% w/w) of solubles concentrations and different moisture contents (25, 35, and 

45% wb) were determined experimentally. The experimental values of density, thermal 

conductivity, and specific heat were in the range of 898.8–1136.7 kg/m3, 0.17–0.42 

W/(mK) and 1.76–3.47 kJ/(kgK), respectively. Thermal conductivity and specific heat 

were found to increase linearly with an increase in moisture content, soluble concentration 
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of the sample, and temperature of the drying medium. The regression equations for the 

thermo-physical properties as a function of moisture content and temperature were 

determined and used for simulation of SS drying. The effect of the operating parameters 

(SS temperatures 120, 135, 150, 165, and 180°C and velocities 0.5, 1.0, 1.5 m/s) on the 

effective moisture diffusivity of DSG pellets with various levels of solubles (0, 10, 30% 

w/w) was also determined from the experimental drying characteristics. The average 

effective moisture diffusivity of the solubles and DSG pellets was in the range of 3.3×10-10 

- 3.7×10-9 and 4.1×10-9 - 4.2×10-8 m2/s, respectively. The coefficients describing the effective 

moisture diffusivity with temperature and moisture content for all selected operating 

conditions of SS drying were obtained with a minimum R2 value of ≥ 0.78 and  a mean 

relative percentage error ≤10%.  

The initial condensation of SS on a DSG pellet for the same set of operating conditions as 

selected for the diffusivity studies was modelled using the energy and mass balance at the 

surface of the pellet. The film condensation coefficient on the cylindrical surface was computed 

for each operating condition based on the pellet’s surface temperature. The prediction accuracy 

of the film condensation on a pellet was determined. The maximum mean square error 

between the predicted and experimental mass condensate values was 0.20.  The 

experimentally determined coefficients were expressed mathematically and used for 

simulating SS drying of two types of DSG pellets - coated with solubles and non-coated. The 

three-dimensional modelling of SS drying of a single DSG pellet (12.4±0.5 mm diameter and 

25.5±0.5 mm length) was performed using a computational fluid dynamics (CFD) software 

package (ANSYS CFX Version 16.2). The simulated CFD model was validated against 

experimental results. Model parameters were tested for sensitivity by varying mesh 
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configuration and initial conditions of SS and the pellet (coated with solubles and non-coated) 

to yield minimum mean relative percentage error (≤10%). The model used Reynolds-Average 

Navier-Stokes (RANS) equations for SS flow and diffusion equations for the DSG pellet 

with solubles coating. The validation results show an agreement with a maximum mean 

relative percentage error of 9.1 and 7.8%, for the temperature and moisture predictions, 

respectively. Overall, the simulation model developed for SS drying of DSG pellets (with 

or without coating) could be used as a tool for designing and optimizing the SS drying 

process for high moisture solids dried with inert material in multi-layer configurations. 
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CHAPTER 1. THESIS OVERVIEW  

1.1 Scope of research 

Superheated steam (SS) drying is a complex process accompanied by heat and mass transfer, 

vapor-solid interaction, and turbulent flow. It has widespread applications in drying of 

biomass and byproducts such as wood fiber, paper, sugar beet pulp, spent grain, vegetables, 

lumber, fish meal, industrial waste, sludge, etc.(Chryat et al., 2017; Defo et al., 2004; 

Hoadley et al., 2015; Kittiworrawatt and Devahastin, 2009; McCall and Douglas, 2006; 

Nygaard and Hostmark, 2008; Zielinska et al., 2009). To select and optimize design 

parameters of drying systems, a thorough knowledge of drying kinematics including heat 

and mass transfer phenomena is necessary. The proposed research focuses on the utilization 

of SS as a drying medium for distiller’s spent grain (DSG), a fiber and protein-rich byproduct 

from breweries, distilleries, and biofuel industries. Value addition of this byproduct from 

biofuel production is essential to keep the economics of biofuels cost competitive with fossil 

fuels in the market.  

Canada is the fifth largest producer of ethanol in the world with an annual ethanol 

production of 1.7 billion litres (Natural Resources Canada, 2014). Husky Energy, western 

Canada’s largest producer of ethanol, produces approximately 260,000 tonnes per year 

of dried distillers’ grain with solubles (DDGS), which is about 35-40% of the grain input 

per annum. Figure 1.1 depicts the generation of DSG as a byproduct in the commercial 

production of bioethanol. Whole grain is mashed and goes through the fermentation 

process. The whole stillage after centrifugation contains thin stillage fraction and coarse 

grain fraction, called wet distillers’ grain (WDS). The WDS has a moisture content >70% 

wb and a maximum shelf life of 4-5 days. Storage and 
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unloading of this wet material is highly challenging because of caking and bridging 

(Ganesan et al., 2008; Johnson et al., 2013a).  Hence, WDS is dried to safe storage 

moisture content of about 10 to 12% wb, either by itself or by mixing it with thin solubles 

to prolong its shelf life and enable better transportation. Drying of WDS, with or without 

solubles, is generally done in large rotary drum dryers at high temperature (250-600°C). 

The final products obtained are dried distillers’ grain (DDG) and dry distillers’ spent 

grain with solubles (DDGS) as shown in Figure 1.1.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Process flow chart for the production of DDG and DDGS (modified from 

Bonnardeaux, 2007). 
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Drying of WDS in rotary drum dryers is challenging because of its paste-like consistency. It 

was reported by Tumuluru et al. (2010) that by increasing the bulk density of the material 

through densification, handling limitations could be overcome. Moreover, rotary drum drying 

takes place at high temperature in the presence of oxygen making the process extremely 

susceptible to fire and explosions. High heat also damages protein structure and causes 

discolouration of the product (Stroem et al., 2009). Superheated steam drying, on the other 

hand, takes place in the absence of oxygen, making the process safer from an operational 

perspective. The presence of SS in processing is known to reduce the level of mycotoxins, if 

present in DSG, making the product safe to consume by both animals and humans (Cenkowski 

et al., 2007).  

Several studies have established that SS drying is advantageous than hot air drying.  The SS 

technology has been tested successfully to dry products such as carrots, potatoes, cauliflower, 

celery, oat groats, shrimp, asparagus, leek, seeds, meat, herbs, spices, pork, paper, rice, 

noodles, soybean, brewers spent grain and distillers’ spent grains (Head et al., 2011; 

Kittiworrawatt and Devahastin, 2009; Prachayawarakorn et al., 2006; Pronyk et al., 2008a; 

Taechapairoj et al., 2006; Tang and Cenkowski, 2000; Tang et al., 2005; Uengkimbuan et 

al., 2006; Van Deventer and Heijmans, 2001). Because of the slurry-like nature of WDS and 

the need to improve its drying efficiency, the industry tested extruders that produce 

cylindrical spent grain compacts/pellets of about 30% wb moisture content. In industry such 

pellets or granules are either directly introduced into a dryer as such or are coated with the wet 

solubles (with high moisture) first and then dried together. This forms a multi-layer 

configuration (particles with multiple layers of material with different moisture content and 

thermo-physical properties) when dealing with the heat and mass transfer phenomena. These 
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attempts have only been partially successful because of the lower compaction pressure and 

stress relaxation, and due to the steam condensation that results in the disintegration of the 

compacts (Johnson et al., 2015; Ramachandran et al., 2017b). In this study, the wet solubles 

with a moisture content of 83% wet basis (wb), which is in the form of thick paste was coated 

over the formed DSG pellet (25% wb) and dried in SS. To better understand the transport 

phenomena occurring during drying of a multi-layer product where each layer has different 

moisture and thermo-physical properties, a single element modelling approach was chosen. A 

single element refers to a single solid which is either a core pellet or a coated pellet surrounded 

by a fluid medium (SS). In this approach, the heat and mass transfer phenomena and the 

thermo-physical properties of a single solid sample which in this case is a DSG pellet or a 

coated DSG pellet, would be studied. The selected geometry of the element in the numerical 

simulations of this study resembled the geometry of feed pellets available in the market. 

Despite the large number of published papers in the area of SS drying, there is limited scientific 

data on the mathematics of superheated steam drying of such high moisture multi-layer 

materials. To capture the different transport processes (such as initial condensation) occurring 

during SS drying of multi-layer materials, advanced computational tools such as 

Computational Fluid Dynamics (CFD) software can be used. The presence of two arbitrary 

boundary layers for the coated pellets: (i) the layer between the solubles coating and the drying 

medium (i.e. SS); and (ii) the layer between the solubles coating and the relatively dry core, 

makes the computation of moisture and temperature profiles non-trivial. Simulation and 

modelling of such problem domains can be done using commercial CFD packages such as 

CFX (ANSYS software company, Pennsylvania, United States). The CFD package has 

necessary features for generating different geometries, meshing, initial and boundary 
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conditions, setting the solid (sample to be dried) and fluid (drying medium i.e. SS) domains, 

solving the mathematical model for heat and mass transfer of multi-layer materials, and post-

processing of spatial and temporal simulation results. 

1.2 Objectives 

The main objective of this research was to develop a numerical model to describe the transport 

phenomena involved in SS drying of DSG pellets using a single element approach. This was 

achieved by completing the following specific objectives: 

• To determine the input parameters for computational modelling of SS drying of DSG 

pellets under different operating conditions of SS. The important input parameters 

specific to the DSG pellets were: 

1. Thermo-physical properties of DSG and solubles. 

2. Effective moisture diffusivity of DSG and solubles. 

•  To develop a numerical model for describing the initial condensation and determine 

the effect of SS operating conditions on initial condensation on DSG pellets. 

• To develop a three-dimensional model for describing the SS drying of a single wet 

DSG pellet. 

• To develop a three-dimensional model for describing the SS drying of a single DSG 

pellet as the core material coated with distillers’ solubles. 

1.3 Structure of thesis 

The present thesis is structured in a manuscript format, in which each chapter is based on 

either a published article or an article submitted to a journal as listed in the publications 

section of the thesis. The chapters in the thesis were arranged following the specific 

objectives (Section 1.2). An overview of the thesis is described in the flow chart below. 
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Figure 1.2 Thesis chapter flow chart. 
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CHAPTER 2. LITERATURE REVIEW 

This chapter is based on the review paper published by Springer Nature in Food and 

Bioprocess Technology on 18 Dec 2017, available online: www.springer.com/ 

[doi.org/10.1007/s11947-017-2040-y]. 

2.1 Abstract 

Powerful computational tools such as computational fluid dynamics (CFD) have now replaced 

the classic method of numerical analysis of drying processes based on experimental models. 

Its capabilities include the adaptability to model different flow processes such as drying, with 

high spatial and temporal resolution facilitates and an in-depth understanding of the heat, as 

well as mass and momentum transfer. CFD complements the experimental and analytical 

approaches by simulating a range of complex flow problems. Although CFD has immense 

industrial applications in fluid dynamics, its use in different drying simulations is still in early 

stages of development. This paper presents a thorough review of the computational power of 

CFD packages and their application in the drying process simulation. The review also covers 

different mathematical approaches used in drying models, the commonly available commercial 

CFD codes, and the turbulence models used in simulations of drying problems. The factors 

contributing to the complexity and computational load of such CFD-based models are 

discussed. The later sections of the paper discuss various bottlenecks in the application of CFD 

in drying, such as the complexity of the models for convoluted geometries, and the limited 

description regarding the turbulent interaction between different phases. 

Keywords: Computational Fluid Dynamics, Drying models, CFD packages, Turbulence 

models. 
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2.2 Introduction 

Drying is an antiquated unit operation in the food and bio-processing industries with its 

history dating back to the works of pioneers such as Fourier, Fick, and Darcy (Hall 1987), 

who formulated mathematical expressions for heat and mass transfer in continuous media. 

The process of drying is governed by temperature and moisture gradients with a combined 

heat and mass transfer phenomenon. Even though a substantial level of research and 

development has been done in the drying technology, researchers are still compounding ideas 

and transforming the existing drying models with a detailed emphasis on fundamentals and 

innovative approaches to solve industrial drying bottlenecks and to further develop efficient 

drying techniques (Wu and Mujumdar 2008). Attempts to develop/modify a drying method, 

optimize drying conditions, and improve the efficiency of the drying systems are still 

continuing with an intention to enhance product color, minimize shrinkage, increase drying 

rates, improve nutritional qualities, etc. (Johnson et al. 2013). 

Traditional didactic methods of experimentation and analytical modelling for solving fluid 

flow problems are now supplemented by new powerful simulation tools such as computational 

fluid dynamics (CFD). Its computing efficacy, coupled with manageable costs of CFD 

software packages for most engineering applications, makes it a reliable technique to provide 

effective and efficient design solutions (Norton and Sun 2006; Mujumdar and Wu 2008). 

Modelling of drying is a complex process that touches on multidisciplinary areas with a fusion 

of transport phenomena, material science, and fluid and solid properties. Its mathematical 

description is still far from being perfect and hence, needs some improvement. There is a wide 

range of empirical models that describe the drying process of various materials which are 

proven to be suitable for predicting the overall drying process. For example, more than two 
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dozen different drying models were reported by researchers to describe the thin layer drying of 

fruits and vegetables (Onwude et al. 2016; Erbay and Icier 2010). These models are only 

capable of describing the effective/average drying characteristics of the materials being dried 

and are frequently used in research. Still, such models are the basis for advanced drying models. 

For example, Fick’s law of diffusion, which is based on the experimental moisture content, is 

still used for determining the effective moisture diffusivity of agricultural products, which is 

one of the input parameters for CFD-based drying modelling (Ramachandran et al. 2017a). But 

with the use of CFD, the resolution of the information on the temporal and spatial variation in 

transport phenomena and material properties during drying could be improved significantly. 

These models with appropriate input parameters (most of which are experimentally 

determined) and boundary conditions are capable of describing the local moisture and 

temperature history of the product during any stage of drying. Also, they have the versatility 

of application in any solid subjected to any operating condition of the dryer. For instance, if 

the solid exposed to a drying medium is a multilayer product where each layer has different 

moisture contents and thermo-physical properties as in the case of encapsulation or nucleus 

drying, the CFD-based models are the most suitable. A reliable CFD model could simulate the 

physical processes occurring during drying to any level of details, depending upon the accuracy 

of the physical definition of variables, selection of mathematical equations, numerical methods, 

boundary and initial conditions, and empirical correlations (Jamaleddine and Ray 2010). The 

attempts of Richardson (1910) to procure insight to the fluid motion led to the development of 

a powerful mathematical technique for the advanced numerical description of all types of fluid 

flows. His work was the pioneer accomplishment which resulted in the present widespread use 

of CFD techniques (Shang 2004). Later, in the 1960s, there was a wide range of developments 
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and applications of CFD in different aspects of fluid dynamics. However, the entry of CFD 

into the fields of food processing happened with an increase in demand for convenient and 

high-quality foods and efficient food processing techniques (Scott 1994). As CFD has the 

ability to deal with the complex phenomena that govern thermal, physical, and rheological 

properties of food materials, the technique is now widely used in modelling various food 

processing unit operations such as mixing, drying, cooking, sterilization, chilling, and cold 

storage (Xia and Sun 2002). A simulation of such flow processes with a higher spatial and 

temporal resolution is a more reliable tool for the industries to optimize their design parameters 

or to modify the existing design to accommodate versatility and efficiency in an operation 

rather than relying on a pure empirical (experiment-based) model. 

The objective of this paper is to review and synthesize the research work done in numerical 

modelling of drying processes using CFD. This paper coalesces the physics behind drying of 

biological materials and the different ways in which various researchers used this 

computational technique in describing the drying process. The first half of the review focuses 

on the major modelling approaches for drying, and the classification of models. The second 

half gives more insight to the advantages of CFD, governing equations of CFD, the 

mathematical formulation used in CFD, commercial CFD packages, and different turbulence 

models used for simulation of drying processes. Additionally, factors contributing to the 

complexity of CFD-based modelling, applications of CFD in different drying systems, and the 

existing research gaps are discussed. 

2.3 Major modelling approaches for drying 

Generally, drying processes can be modeled using two different approaches: (i) modelling 

based on principles of physics and mathematics, and (ii) modelling based on an empirical 
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approach. The first type of modelling requires information on the material to be dried and 

drying media, such as its thermo-physical properties and complex interactions between the 

two, which is very difficult to quantify. This difficulty typically limits the relevance of such 

models. Hence, in most studies researchers rely on empirical or semi-empirical models as it 

often gives the direct relationship between the average moisture content and the drying time 

(Ertekin and Firat 2017). But these cannot define the underlying physical principles of drying 

such as the mass transfer mechanism. The physics-based models, on the other hand, generally 

define the heat and mass transport phenomena and thereby are used to determine the associated 

drying parameters (Yi et al. 2016). Empirical drying models or experiment-based drying 

models are comparatively easier to compute and are simpler to interpret mathematically and, 

therefore, worthwhile mentioning. These antiquated models form the basis for almost all 

currently existing drying models. The development of a simple empirical model requires an 

experiment in which the specific input parameters (temperature, relative humidity, and air 

velocity) are varied. The set of experimental data is then used to derive a mathematical 

relationship between variables and the drying time or moisture content of the material. Such 

models only consider average conditions of moisture content and temperature (Heldman and 

Lund 2007). 

Numerous research studies have been done in the field of empirical modelling of the drying 

processes for different biological products using different drying media such as air (Velic et 

al. 2004; Baini and Langrish 2007; Rayaguru and Routray 2010), microwave (Omolola et 

al. 2014), and superheated steam (St. George and Cenkowski 2009; Bourassa et al. 2015). 

Based on various experimental trials, several empirical and semi-empirical models have been 

developed by individuals including Lewis (1921), Page (1949), and Newton (Hall 1975), and 
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their models are represented in Equations 2.1-2.3, respectively. Besides these simple empirical 

models, many others have been developed, for example, the logarithmic model, parabolic 

model, two-term exponential model, and modified Page model. The aforementioned models 

were developed with specific assumptions and boundary conditions (Garavand et al. 2011; 

Ghazanfari et al. 2006). 

)* = ,-,.
,/-,.

= exp(−5	')             (2.1) 

)* = exp(−5	'8)   where, n is the coefficient of drying    (2.2) 

9,

9:
= −5() −);)         (2.3) 

Besides their simplicity, these models were not successful in describing the complex drying 

processes.  For example, the empirical model developed for drying shelled corn by Thompson 

et al. (1968) and Wang and Singh’s model for drying rough rice (Wang and Singh 1978a; 

1978b) give a function of moisture ratio and drying time but the function does not explain the 

drying process itself. Hence, a different view towards some robust mathematical model for 

drying kinetics was later considered. The new models are normally based on physical 

mechanisms such as the effect of air temperature, air humidity, and air velocity, and 

characteristics of solids (Shahari and Hibberd 2014, Shahari et al. 2014). These models are 

quite useful for determining the overall moisture content and drying time for different 

agricultural products dried using different drying systems. The results of these models have 

greater acceptance in the field of research and science. But, they are not capable enough for 

providing detailed design criteria for industrial dryer manufacturing.   

As the discussion on numerical modelling of drying process proceeds in the following sections 

of the paper, the fluid domain refers to the drying medium and the solid domain refers to the 

material to be dried. 
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2.4 Classification of thermal process models 

The existing mathematical models of various thermal processes such as sterilization, drying, 

refrigeration, etc. taking place in food and bio-process industry can be broadly divided into 

four major groups (lumped-capacitance models, diffusion models, models based on porous 

media theory with an equilibrium approach, and non-equilibrium models). The choice of 

mathematical models of drying among empirical models or lumped models, models based on 

heat and mass transfer, models based on porous media theory with an equilibrium approach, 

or non-equilibrium models, depends on the complexity of the flow problem (Shahari et al. 

2014). This selection is also dependent on the level of insight required from the model which 

in turn is determined by the intended use of the model. 

2.4.1 Lumped capacitance models 

The lumped parameter models and diffusion models are collectively considered as experiment 

based models as they are based on empirical equations which are capable of predicting average 

moisture content as a function of drying time. The lumped-capacitance models are suitable for 

a specific product and specific processing conditions (Jurumenha and Sphaier 2011). Such 

models are limited and cannot be used even in a slightly different processing condition (Wang 

and Brennan 1992). In modelling of drying, the lumped capacitance models are used for 

determining the average heat transfer coefficient (Cunningham 1992; Salagnac et al., 2004; 

Rizzi et al., 2009). Honarvar and Mowla (2012) used the lumped capacitance model (Equation 

2.4) to determine the heat transfer coefficient and an analogy of heat and mass transfer was 

used to define the mass transfer coefficient (Equation 2.5). They used these coefficients with 

the one-dimensional equation of heat and moisture diffusion in the solid to obtain the 

temperature and moisture distribution (Equation 2.8 and 2.9). These equations form the basis 
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of the second group of models (so called diffusion models) which is discussed in detail in the 

following section. Their computational results of heat transfer coefficient were comparable 

with the data published in literature.  

        (2.4)

         (2.5) 

Where,  and  are the ambient and initial temperature,  and are the Schmidt and 

Prandtl number, respectively.  

As the lumped parameter models are purely empirical, attempts were made to improve the 

prediction power by combining the reaction engineering approach (REA) with the lumped-

capacitance approach. The REA was first proposed by Chen and Xie (1997) for modelling 

convective drying of agricultural materials under constant environmental conditions. In the 

REA, evaporation is considered as an activation process with an energy barrier. The concept 

of activation energy can reflect the degree of difficulty for removing water from a solid while 

drying (Chen 2008). Gao et al. (2016) used a combination of the lumped-capacitance approach 

for heat balance and the REA for mass balance equations to study the drying kinetics of green 

peas. They used the concept of the change in activation energy with the change in moisture 

content and heat balance in lumped-capacitance, which can be expressed by the following 

equation (Gao et al. 2016): 

        (2.6) 

Where the surface vapour concentration,     (2.6a) 
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       (2.7) 

The correlation between the activation energy and moisture content was found to have good 

agreement with R2 value of 0.9 (Gao et al. 2016). 

2.4.2 Diffusion models 

The second group of models (diffusion models) consists of improved models that assume a 

conductive heat transfer phenomena for energy and a diffusive transport of moisture. These 

models use a transient diffusion equation where the effective diffusivity is determined 

experimentally. They incorporate evaporation using a surface boundary condition in the heat 

transfer equation while neglecting the evaporation inside the food domain. These types of 

models typically predict moisture content that varies with time and space (Equation 2.8), and 

they explain the physical transport of moisture within the material, giving a more fundamental 

value than pure empirical models (Shahari and Hibberd 2014). They used the diffusion model 

with a shrinkage effect for heat and mass balance as shown in Equations 2.8 and 2.9, 

respectively. However, they found that the empirical model had better predictability than the 

mathematical model with shrinkage. In the diffusion model, the effective diffusivity has to be 

determined separately, usually by using drying curves. The effective moisture diffusivity can 

be incorporated into the diffusion model either as a constant value or as a function of 

temperature. The assumption of constant diffusivity might affect the accuracy of prediction 

(Ramachandran et al., 2017b). Also, the shrinkage of the solid associated with drying and its 

corresponding effect on thermo-physical properties affects the accuracy of determination of 

diffusion coefficient. Whereas, the well accepted and widely used empirical models (eg: 

exponential models for drying) assume negligible resistance to moisture movement to the 

surface of the material leading to the more simplified relation between drying time and 

( ) ( ) l
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dMmTTAh

dt
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moisture content (Aregbesola et al. 2015). A comparative study by Baini and Langrish (2007 

and 2008) of the diffusion model versus the empirical model for drying bananas found that, 

pragmatically empirical models are simpler than the diffusion models, and they are 

comprehensively applied to food drying. The diffusion models rely on the effective diffusivity 

of the material which in turn varies with the operating condition of the dryer. These models 

predict the internal moisture movements in the material during drying, while empirical models 

describe only the change in average moisture content with time by fitting the drying curves 

with exponential or polynomial functions (Da-Silva et al. 2013).  

      (2.8) 

      (2.9) 

Where,  is the shrinkage of the solid.  

2.4.3 Models based on porous media theory with an equilibrium approach 

As drying is a coupled phenomenon involving a simultaneous transfer of mass and heat in both 

the solid and the fluid phases (De-Bonis and Ruocco 2012), the diffusion of liquid may not be 

the only mechanism responsible for the moisture migration inside the solid. Cloutier et al. 

(1992) conducted studies on drying vegetables, employing the finite element method, and 

focusing on the basic aspects of the vapor and liquid water depletion and their transport. This 

approach evolved the third group of models (models based on porous media theory with an 

equilibrium approach) in thermal processing. These models are developed based on the 

assumption that there is a sharp moving boundary between the wet and the dry regions of the 

solid. Some researchers refer to these models as receding or shrinking core models (Agarwal 
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et al. 1986, Chen et al. 2000; Hashimoto et al. 2003; Hamawand 2013).  It was experimentally 

proven (Thorvaldsson and Janestad 1999) that, during drying, significant water evaporation 

takes place inside the solid phase as well as on the external surface of a product depending on 

the changes in the sharp moving boundary. In a study conducted by Wang and Chen (1999), 

the effective diffusivity was analyzed based on the coupled effects of the moisture content and 

temperature on mass transfer in capillary flow, evaporation-condensation, and transition 

regions. They concluded that, even though the effect of the moisture concentration on the 

moisture diffusivity was highly significant, the temperature effect cannot be neglected 

especially at lower moisture concentrations. They found that the assumption of evaporation 

front was valid for drying of permeable materials. Shibata and Ide (2001) employed the 

modified receding core model for a combined superheated steam and microwave drying, where 

evaporation occurs not only at the receding front but also within the wet region. This was unlike 

the case in conventional receding front model where the drying mechanism is controlled by 

the surface evaporation (Equations 2.10 and 2.11) mainly occurring during constant drying rate 

period (Looi et al. 2002).  They used equilibrium boundary conditions to determine the drying 

rate (Equations 2.10 and 2.11). A similar moving boundary model was also used in the study 

conducted by Farid (2003) with the inclusion of the shrinkage effect in drying a single droplet. 

The droplet size reduction occurring during evaporation period was described by Equation 

2.12. Both the studies of Looi et al. (2002) and Farid (2003), where the drying curves were 

comparable with the experimental data, had concluded that the surface temperature can be 

significantly higher than that of the average temperature.   

The concept of thermal equilibrium at the interface of solid and fluid has been successfully 

used by many researchers to account for evaporation inside the solid especially in the case of 
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superheated steam drying (Lu et al. 2005; Pakowski and Adamski, 2011; Ramachandran et al. 

2017a). They used the thermal equilibrium approach at the interface to determine the drying 

rate and moisture and temperature history of the solid and concluded that the accuracy of the 

model is dependent on the accuracy of the computation of temperature at the interface. In the 

equilibrium approach, there is a relationship between the solid moisture content and the fluid 

phase vapour concentration which is rarely achieved during drying (Pujol et al. 2011).  Putranto 

and Chen (2015) reported that the multiphase model with equilibrium approach is inferior to 

the model with the spatial reaction engineering approach.  In this approach, the local 

evaporation or condensation rate is modelled with the non-equilibrium approach and the global 

drying rate is modeled with the reaction engineering approach.  They also concluded that the 

spatial reaction engineering approach accurately modeled both convective and intermittent 

drying cases. Hence, another approach of modelling evaporation during drying was later 

developed by researchers (Zhang and Kong, 2012; Warning et al. 2015) called the distributed 

non- equilibrium approach which is detailed in the next section.  

<=

>?@
A = ℎ	CDE − DFG  where,       (2.10) 
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>?@
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IK
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M where,       (2.11) 

9K

9:
= 	 N

OP
CDF − DQRG         (2.12) 

 

2.4.4 Models based on porous media theory with non-equilibrium approach 

The distributed (non-equilibrium) models assume that evaporation occurs over a zone rather 

than at a distinct interface as opposed to sharp boundary models, where a sharp moving 

boundary between the dry and wet zone is assumed in drying (Yamsaengsung and Moreira 

dfs rrr ==

dfs rrr ¹=
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2002; Zhang et al. 2005). It is also possible that the real evaporation zone can be very narrow 

and close to the sharp interface. When there is a high rate of internal evaporation, a significant 

pressure-driven flow can be present for liquid and vapour phases throughout the material. 

These models are also referred as mechanistic models as they consider transport equations for 

each phase in porous media (Datta et al. 2007a). The model is based on the assumption that the 

equivalent porosity is the volume fraction occupied by gas and liquid and hence, porosity 

remains constant (Datta 2007b).  Murugesan et al. (2001) used a conjugate model for 

describing drying of rectangular bricks where full Navier-Stokes formulation was used to solve 

the flow field considering the buoyancy term and the energy and moisture transport equations 

for the brick. They employed Darcy’s and Fick's law of liquid mass flux and diffusion mass 

flux, respectively and the continuity equation for fluid and vapor phases. By comparing their 

simulation results with the results published by other researchers like Oliveira and Haghighi 

(1995) and Yang and Alturi (1984) for the same geometry, the authors concluded that the two-

dimensional model is significantly different than the one-dimensional model with sharp 

boundary-layer approximations on the solid surface. The prediction results of flow 

characteristics were in agreement with that of the results obtained from Yang and Alturi (1984) 

and the temperature and moisture distribution were comparable with that of the Oliveira and 

Haghighi (1995). Murugesan et al (2001) also reported that based on temperature and moisture 

potential, the heat and mass transfer coefficients could act as a good representation of the 

transport processes in drying.  This type of multiphase porous media model for drying with a 

non-equilibrium approach has been used in vacuum drying (Zhang and Kong, 2012) and 

vacuum freeze drying (Warning et al. 2015). They used the non-equilibrium approach for 

modelling the rate of phase change using Equation 2.13. Both the studies were comparable 
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with the experimental results of drying curves and temperature data and concluded that the 

evaporation rate constant affects the model and the computation time.  

Ṡ = 5∗ V=	
WJ
CXY,E[: − XYG        (2.13) 

2.5 Advantages of CFD modelling 

As discussed in the previous sections, the demand for a detailed study of physical 

phenomena involved in different types of drying techniques still exists. The addition of 

each phenomenon such as internal evaporation, diffusion, shrinkage, etc. increases the 

intricacy in solving the drying problem. The complexity of the drying process with 

multiphase fluid flows, and heat and mass transfer triggered the use of different CFD 

models which are very helpful in the optimization and the development of processing 

strategies. Computational Fluid Dynamics in combination with reaction engineering 

approach (REA) was proven to be a suitable tool to model the multiphase flow (such as in 

spray drying, fluidized bed drying). Also, the CFD models are a powerful tool for a dryer 

design with a better understanding of the drying process in comparison to experimentation.  

When compared to the empirical models, the numerical models for drying process simulations 

using CFD have numerous advantages: The heat and mass flow can be quantified throughout 

space and time.  The sensitivity to changes in operating conditions can be easily detected 

without repeatability problems which are present in experimental methods. Even though there 

is some computational cost and time constraints in capturing random fluctuations in drying 

conditions such as in spray drying, there are certain numerical strategies available in CFD, to 

deal with such transient flows.  The multi-configuration approach for such flows could simplify 

this job to some extent. By running a steady state simulation to establish the flow field which 

forms the initial solution for the transient behavior the simulation time could be reduced (Meng 

*k
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2016). In the case of numerical simulation, there is no limitation for the operating conditions 

(eg. temperature of a dryer), as safety is not an issue. The simulations can be performed with 

the actual scale of the dryer which may not be feasible with the experiment-based modelling. 

Moreover, CFD-based models have the capability to give a deeper insight of the drying process 

with the 3D configuration which is not possible with drying experiments (Defraeye 2014). The 

versatility of CFD models with its application to any size solid being dried was utilized by 

many researchers to model the drying process of a single element (Ljung et al. 2011, Elgamal 

et al. 2014, and Ramachandran et al. 2017a).  Ljung et al. 2011 studied the single element 

drying of an iron ore pellet using a high resolution three-dimensional CFD model. They used 

3D optical scanning equipment for the meshing of the actual geometry of the solid and the 

moisture and temperature distribution during different stages of drying were simulated and the 

model was validated with the experimental data (average moisture content and solid 

temperature). Not only were their simulation results were in good agreement with the 

experimental values, but the model was also able to distinctly describe four stages of 

evaporation of water (evaporation at the surface, surface evaporation coexisting with internal 

drying, pure internal drying with complete dry surface, and pure internal evaporation at boing 

temperature). The hydrodynamic flow in the drying medium can be obtained with any degree 

of resolution in CFD, which can then be used as the boundary condition for the solid to be dried 

(Younsi et al. 2008). However, experiments are essential to develop mathematical models that 

describe physical phenomena of heat and mass transfer and to validate CFD results.  

Occasionally, CFD results can be validated against benchmarked analytical solutions of 

experiment-based models for standard conditions where they exist. 
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2.6 Governing equations of CFD 

The development of a CFD model involves an accurate definition of the variables, a 

selection of mathematical equations and numerical methods, boundary and initial 

conditions, and applicable empirical correlations describing the process (Jamaleddine and 

Ray 2010).  The major governing equations of fluid flow and heat transfer basically rely 

upon laws of conservation of mass, momentum, and energy. These equations relate the rate 

of change of desired flow properties with respect to external forces (Norton and Sun 2006) 

and are described below: 

(i) The law of conservation of mass (continuity equation), which states that the mass flows 

entering a fluid system must balance exactly with the mass leaving the system. In other words, 

mass is neither created nor lost, but transferred from one point to another as explained by Eqn 

14 (Norton and Sun 2006; Bernard and Wallace 2002; Erriguible et al. 2005; 2006). This flow 

is governed by the driving force of concentration gradients. The continuity 

equation/conservation of mass is given by: 

IP

I:
− ∇]]⃑ ∙ (`&]⃑ ) = 0         (2.14) 

Physically, ∇]]⃑ ∙ &]⃑  is the time rate of change of volume of the moving fluid element per unit 

volume, which represents the divergence of velocity. The bar above is a notation for the 

vector quantity. Simplified conceptual model equations are derived with the assumption of 

incompressible flow. For an incompressible fluid for which the density is constant, the 

aforementioned equation can be simplified as:  

∇ ∙ &]⃑ = 0          (2.15) 

(ii) The law of conservation of momentum (Newton’s second law of motion), which states that 

the sum of the external forces acting on a fluid particle is equal to its rate of change of linear 

u
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momentum. The Euler equation for fluid motion in the x direction (assuming the fluid is 

incompressible) is given by: 

I(Pb]]⃑ )

I:
+ ∇]]⃑ ∙ (`&]⃑ ⊗ &]⃑ ) = −∇]]⃑ ∙ CeS⃑G + `f⃑       (2.16) 

Where  is the velocity vector in all (x, y, z) directions. This anachronistic formulation for 

fluid motion has been later modified by introducing viscous transport into the equation. The 

resulting equation, which forms the basis for CFD (Norton and Sun 2007), is termed as Navier-

Stokes equation for Newtonian fluids (Equation 2.16a). 

I(Pb]]⃑ )

I:
+ ∇]]⃑ ∙ (`&]⃑ ⊗ &]⃑ ) = −∇]]⃑ ∙ CeS⃑Gghhihhj

k

+ l∇m&]⃑gij
m

+ `f⃑n
o

     (2.16a) 

Where, 1 refers to surface force, 2 to molecular-dependent momentum exchange (diffusion), 

and 3 is mass force (gravitational force). 

(iii) The law of conservation of energy (the first law of thermodynamics), which states that the 

rate of change of energy of a fluid particle is equal to the heat addition and the work done on 

the particle. This energy flow is governed by the driving force of temperature gradients. The 

energy balance equation in the x direction is given by:  

`pq
IJ@
I:
+ ∇]]⃑ ∙ C`pq&]⃑ DFG = A∇mDFgij

r

+ sJn
t

      (2.17) 

Where, 4 refer to heat flux (diffusion) and 5 source term for heat addition (transfer of 

mechanical energy to heat). For in-compressible fluids the pressure work is zero. 

Besides these basic three equations, sometimes the density variation within the drying 

medium is also considered, which can be modeled in three different ways: (i) based on the 

Boussinesq approximation assuming that the density differentials in the flow are only 

required in the momentum equations (Ghani et al. 1991), (ii) based on the high temperature 

differential (Ferziger and Peric 2002),  and (iii) based on the method which considers the 

u
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drying medium as an ideal gas and deriving density difference from the ideal gas equation. 

Likewise, the viscosity is another important fluid property which can be quantified via the 

mathematical correlation between the rate of deformation of the fluid and its shear stress 

(Norton and Sun 2007). 

2.6.1 Methods of discretization of the governing differential equations of flow, heat and 

mass transfer 

The choice of an appropriate technique for modelling the fluid continuum is of prior 

importance for the better analysis of numerical data, solving the flow problems, and 

interpreting the solution (Norton and Sun 2006).  Among the different techniques, the most 

important ones are the finite difference method (FDM), finite element method (FEM), and 

finite volume method (FVM). These approaches obtain the same solution at high grid 

resolutions, but have a different range of applications. The finite difference method was 

identified as the simplest to implement, and useful in solving preliminary flow problems and 

for developing mathematical models. However, it was found to have limited application in 

real-time engineering problems due to typical geometrical complexities of the systems used in 

industry. This is because in finite difference method, the domain is usually meshed using 

structured grids and each grid node is assigned with one algebraic equation. Creating a 

computationally efficient structured grid for complex geometries is generally a laborious 

process requiring domain decomposition and other advanced techniques which if not applied 

proficiently, might in many cases result in massive grid nodes and subsequently extremely 

costly computations.  Thus, any complexity in the geometry causes difficulties in creating 

structured grid and thereby causing convergence issues in the simulation (Bono and Awruch 

2007). In contrast, the finite element and finite volume approaches employ sophisticated 
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meshing structures and computational techniques to deal appropriately with an arbitrary 

geometry with appreciable accuracy. Finite element analysis on the solution of discrete 

problems belongs to a function space, and the solution is strongly linked to the geometry of the 

domain (Dick 2009).  Still, there are certain limitations for the commercial finite element 

packages such as the intensity of mathematics involved with no physical significances, which 

undoubtedly create difficulties in the programming and understanding of this technique 

(Ferziger and Peric 2002; Shukla et al. 2011). These difficulties are avoided through the 

implementation of the finite volume method.  When the governing equations are expressed 

through finite volumes, a relation between the numerical algorithm and the principles of the 

conservation of mass, momentum, and energy are clearly defined within the computational 

domain. The numerical algorithm consists of three steps: (i) integration of the governing 

equations of the fluid, (ii) conversion of the integral equations to a set of algebraic equations, 

and then (iii) solving the algebraic equations using iteration methods (Versteeg and 

Malalasekera 1995). The easiness of understanding the concept, simplicity in 

programming, and versatility of the finite volume method has made it the most commonly 

used technique for modelling in food industries. 

2.7 Mathematical formulations used in CFD 

Usually, the motion of fluid particles in space is well represented by Navier-Stokes equation 

which details the change of a vector quantity in 3D space (Al Makky 2012). The simulation of 

the physical processes occurring during drying is done by solving Navier-Stokes equations 

numerically in an iterative scheme, the coupling between the velocity and pressure fields. This 

process encounters long computation time and divergence issues. Hence, some simplification 

in the domain size by introducing the concept of symmetry wherever possible is usually 
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performed. The governing equations are represented by different mathematical formations 

such as Eulerian-Eulerian or two-fluid/two-phase models (interpenetrating continuum) and 

Eulerian-Lagrangian or the discrete particle models as described by Jamaleddine and Ray 

(2010). They reported that almost all equations used in the study of fluid flows (i.e. the 

continuity equation, momentum equations, and the energy balance equation) are derived from 

Reynolds transport theory. The programmable form of these mathematical formulations for the 

governing equations is cast into the computational domain by discretizing the whole domain 

either by finite element, finite volume, or finite difference. To accomplish this, the entire 

problem domain is divided into cells, in which the mass balance is computed over each cell. 

Most of the CFD codes in the market such as ANSYS, OPENFOAM, COMSOL, STAR CCM, 

FLOW 3D, PHEONICS, etc. except LIGHHT CFD-DEM coupling package which is a 

discrete element modelling package are capable of using both Eulerian and Lagrangian 

Formulations (Stone et al. 2016). 

2.7.1 Eulerian-Eulerian or two-fluid models 

Eulerian-Eulerian formulations can handle both dense and dilute flow systems and are 

important in the case of handling two fluids with turbulence. In the two-fluid models (eg: 

fluidized bed drying), the fluid phase and the solid phase are treated as interpenetrating or 

interacting continua. Hence, this approach is called as a pseudo-fluid approach (Zhou 

2015). Each phase is represented by the phase volume fractions and the summation of these 

volume fractions must be unity. The conservation laws of mass and momentum are then 

solved for each phase to account for the interphase interaction force called the drag force 

(Li et al. 2012a). The mass, energy and momentum equations for one component (a) in a 
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mixture of’a’ and’b’ (as in multiphase flow) as per Eulerian approach is given by Equations 

2.18- 2.20 (Hamzehei 2011): 

I

I:
(u[`[) + ∇]]⃑ ∙ (u[`[&[]]]]⃑ ) = ∑ (wR[ −w[R)8

qxk + s<,[    (2.18) 

I

I:
(u[`[&[]]]]⃑ ) + ∇(u[`[&[]]]]⃑ ⊗ &[]]]]⃑ ) = ∇]]⃑ ∙ CD[ − u[eS⃑G + y + sF,[   (2.19) 

I

I:
(u[`[z[) + ∇(u[`[z[&[]]]]⃑ ) = ∇]]⃑ ∙ CD[&[]]]]⃑ − u[eS⃑G + ∇]]⃑ ∙ ({[]]]]⃑ ) + sJ,[   (2.20) 

Where, wR[	and w[R are the mass flux from component a to b (kg/(m3s)), , , and  

are the additional source terms of component a for mass (kg/(m3s)), momentum (N/ m3), and 

heat (J/(m3s1)), respectively. And D[, &[,]]]]]⃗  and {[]]]]⃑  are the temperature, velocity and Energy of 

dispersed phase (component a), respectively.  is the unit tensor.  

The turbulence of the fluid (drying medium) plays an important role in phase 

distribution.  Chahed et al. (2003) developed an Eulerian-Eulerian two-fluid model 

emphasizing the turbulence correlations associated with the added mass force. Their results 

proved that the two-fluid models improve the representation of the interaction between the 

phases. This Eulerian-Eulerian approach has been used in many drying studies such as the 

study of dynamics of a fluidized bed dryer (Dincer and Sahin 2004; Li and Duncan 2008; 

Assari et al. 2007; Assari et al. 2012; Ranjbaran and Zare 2012). The use of the kinetic theory 

of granular flow in conjunction with the two-fluid model helps to describe the solid particle-

particle interaction in a fluidized bed (Taghipour et al. 2005; Hosseini et al. 2010). In general, 

the authors state that, this approach is suitable for the prediction of phase distributions which 

was previously limited by the inadequate modelling of the turbulence and of the interfacial 

forces. Additionally, the algorithm for the conveying phase can be easily modified without 

compromising the storage and computational time (Crowe 1991). The two-fluid (air-

amS , aFS , aTS ,

I
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droplet) formulations are not capable of representing the mass fluxes and resulting physical 

phenomena associated with two streams of particles moving at differential velocities at the 

same physical location. Hence, it has limited application in the modelling of jet 

impingement drying technology when compared to the discrete particle approach (Pai and 

Subramaniam 2006). 

2.7.2 Eulerian-Lagrangian or the discrete particle models 

In Eulerian-Lagrangian models, the Newtonian equations of motion are solved for each 

individual solid particle and an interaction model is applied to handle particle encounters. Such 

models were used by Huang et al. (2003) for modelling spray drying. In Eulerian-Lagrangian 

models, the fluid phase motion is described in an array of Cartesian coordinates forming a 

Cartesian grid or particle grid, which can be used for particle tracking purposes (Grace and 

Taghipour, 2004). Hence, such models are called trajectory models (Zhou 2015). The overall 

calculation time can be significantly reduced by applying the algorithms referring to particle 

interactions (i.e. the search algorithm for collision partners) on this grid. This approach 

considers fluid phase separately by solving a set of time-averaged Navier-Stokes equations and 

is treated using Eulerian approach.  The dispersed phase is solved by tracking a large number 

of particles, bubbles, or droplets through the calculated flow field employing Lagrangian 

approach (Jamaleddine and Ray 2010). The particle trajectory is calculated by solving the 

equation of motion as given below (Ali et al. 2017; El-Behery et al. 2013): 

9b~
9:

= y⃑�C&]⃑ − &q]]]]⃑ Gghhihhj
k

+
ÄCP~-PÅG

P~ghihj
m

       (2.21) 

Where, &]⃗ 	and &q]]]]⃗ 	are the instantaneous gas and particle velocities, 1- drag force per unit mass, 

2- gravity and buoyancy force per unit mass.  
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The dispersed phase and the fluid phase are coupled through the fluid volume fraction and the 

total source term that account for heat, mass, and momentum fluxes (El-Behery et al. 2013). 

This approach has some unique advantages over the Eulerian-Eulerian approach, especially in 

describing the nonlinear dependence of interphase transfer processes on the droplet (or particle) 

size. Hence, it is more convenient for tracking the trajectories of particles (Pai and 

Subramaniam 2006; 2009). Also, the Eulerian-Lagrangian model is more suitable for 

simulating the fluctuations in particle velocity (Sae-Heng et al. 2011), and with a longer 

computation time, is more capable of giving the particle temperature history and mass change 

(Zhou 2015). Moreover, the phenomena prevailing at the individual particle level can be easily 

incorporated since the properties of each particle are described separately (Deen et al. 

2007). The Lagrangian-Eulerian approach can accurately represent collisions in the 

presence of flow and thereby minimize numerical diffusion in dispersed-phase fields, such 

as volume fraction and mean velocity, when compared to the grid-based Eulerian approach 

(Gondret et al. 2002). However, one of the major limitations in using the Eulerian-

Lagrangian approach is the lack of suitability for concentrated or dense systems with 

significant particle-fluid and particle-particle interaction as in the case of spouted bed 

drying. This is because, in the case of dense systems, there will be a high computational 

demand for a larger number of particles traced (Szafran and Kmiec 2004; Ali et al. 2017). 

In order to reduce the cost of the simulation, Fletcher et al. (2006) employed Eulerian flow 

representation of the spray droplets so that the particles can be modeled as a second phase. 

However, they lost the time history of individual particles, and could not model the 

interacting jets.  The Eulerian-Lagrangian method was also used to model drying processes 

while considering the volume change by a proper structural mechanics analysis that 
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allowed for the determination of material shrinkage due to water evaporation. Curcio and 

Aversa (2010) have used an Arbitrary Lagrangian-Eulerian (ALE) method to model drying 

phenomena with volume changes.  They used the transport and structural mechanics 

models to calculate the stresses developing in the solid as a result of water removal in order 

to simulate lateral and longitudinal shrinkage of the solid. The validation results of their 

model gave a maximum observed deviation less than 10% for both lateral and longitudinal 

shrinkage. 

2.1 Commercial CFD codes 

A wide variety of commercial CFD codes are available today. Over the decades, different 

challenges in this area have led to remarkable competition among the commercial CFD 

developers. These codes, with applicability in the areas of modelling non-Newtonian fluids, 

two-phase flows, flow dependent properties, phase change, and flow through porous media, 

have gained much popularity (Kopyt and Gwarek 2004). Generally, a CFD code consists of 

input parameters, time discretization section, space discretization section, and output section.  

Some of the commonly used CFD codes are shown in Table 2.1.  
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Table 2.1 Some of the commonly used commercial CFD codes and their important features*  

Code Provider Solver TBC Features/Capabilities 

CFX 

 & 

FLUENT 

ANSYS, Inc. 

www.ANSYS.com 

FVM Temperature, flux, 

convection, radiation, 

heat source 

Inbuilt geometry, meshing, pre and post 

processing features. Enthalpy and latent 

heatbased phase change models available & 

CAD compatible.  

COMSOL 

multiphysics 

COMSOL 

www.comsol.com 

FEM 

FVM, 

PTM 

Temperature, flux, 

convection, radiation, 

electromagnetic 

heating 

Inbuilt geometry, meshing, pre and post 

processing features. CAD compatible and 

Live link feature for MATLAB and excel. 

 

Star-CCM 

Star- CD 

CD adapco Group 

www.cd-adapco.com 

FVM Temperature, flux, 

convection, radiation 

Inbuilt geometry, meshing, pre and post 

processing features. Enthalpy phase change 

model available & CAD compatible. 

 

PHOENICS CHAM Ltd. 

www.cham.co.uk 

FEM 

FVM 

Temperature, flux, 

convection, radiation 

Inbuilt meshing, pre and post processing 

features. Both enthalpy and latent heat- 

based phase change models available & 

CAD compatible. 
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Code Provider Solver TBC Features/Capabilities 

OpenFOAM 

(open source) 

OpenFOAM CFD 

OpenFOAM.org 

FVM  

FEM  

Convection, 

temperature, flux, 

radiation, heat source 

Inbuilt geometry, meshing, pre and post 

processing features & CAD compatible. 

 

Flow 3D 
Flow Science, Inc. 

www.flow3d.com 

FVM Convection, 

temperature, flux, 

radiation, heat source 

Inbuilt meshing, pre and post processing 

features.  

CAD import and edit feature. 

 

SOLIDWORKS 

Flow 

Simulation 

Dassault Systèmes 

SOLIDWORKS 

Corp  

www.solidworks.com 

FVM Convection, 

temperature, flux, 

radiation 

Inbuilt meshing, pre and post processing 

features.  

CAD import and edit feature. 

 

CFD-DEM 

Coupling 

LIGGGHTS 

(open source) 

CFDEM®project 

www.cfdem.com 

DEM Convection, 

temperature, flux, 

radiation, heat source 

CAD import feature for geometry and 

meshing. 

Inbuilt pre and post processing features. 

* modified from the results reported by Kopyt and Gwarek, (2004) 
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The commercial codes like CFX and FLUENT currently owned by ANSYS, Inc. had 

occupied the major share in the market with its wide range of educational and industrial 

applications (Xia and Sun 2002; Chen and Sun 2012; Defraeye 2014). ANSYS CFX package 

has high CFD solver capabilities using a unique multi grid linear solver (with essentially 

linear parallel CPU scalability) and access to a broad set of models that provide accurate 

results (Frank et al. 2012). ANSYS codes have wide applications in the design of heat 

exchangers, discrete phase models for multiphase flows and for numerous reaction models, 

and phase change models which are common in food processing (Mirade and Daudin 2006; 

Hosseinizadeh et al., 2012; Muhammad et al., 2015; Ali, et al. 2017). The PHOENICS codes 

were also reported as a powerful tool in modelling various food processes, including 

Newtonian and non-Newtonian fluid flow modelling (Hlawitschka et al. 2016), flow through 

porous media with direction-dependent resistances, and conjugate heat transfer (Norton et al. 

2007; Ghani and Farid 2010). Since this package involves structured grid code, the meshing 

of complex geometries might involve more effort than that in the case of ANSYS (Bolot et 

al. 2004; Dick 2009). Also, ANSYS has a single-user interface for generating geometry; 

meshing; setting up the fluid properties, the initial and boundary conditions, and the 

numerical options; and displaying the numerical results which make it more appealing than 

PHEONICS.  

FLOW 3D is another highly-accurate CFD software that can provide insightful information to 

many physical flow processes, especially for free-surface flows. It has some advanced features 

such as liquid-vapour and liquid-solid phase change simulations available in the latest version 

of FLOW 3D, and are highly useful for modelling drying and cooling processes (Lang and 

Todte 2011; Saravacos and Kostaropoulos 2016). STAR-CD is suitable for dealing with 
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unstructured meshes (which do not follow a uniform pattern) containing all cells shapes 

including polygons and for any hybrid unstructured meshes (combination of structured and 

unstructured mesh) with the arbitrary interface (Nicolai et al. 2001; Lo 2005).  These codes 

were successfully used for modelling natural convection in solar dryers (Rigit and Low 2010). 

The CFD module of the COMSOL is capable of modelling different aspects of fluid flow, such 

as two-phase and porous media flows for the laminar and turbulent flow regimes. It has been 

used in defining the fluid flow in drying processes (Aversa et al. 2007; Sabarez 2012; ElGamal 

et al. 2014). It has a wide range of simulation applications, including fluid flows involving heat 

transfer, solid mechanics, and electromagnetics (Table 2.1) (Kunkelmann and Stephan 2009; 

Zadin et al. 2015).  

2.2 Turbulence models used for simulation of drying process 

Along with the selection of the appropriate commercial CFD package, the choice of a suitable 

turbulence model for the simulation of the flow process is also important as the type of the 

turbulence model has a huge effect on the CFD results. The performance of these models in 

terms of different response variables such as deterioration of heat transfer, wall temperature, 

variation in buoyancy parameter, etc. vary for different fluid conditions (Zhi et al. 2016). In 

dryer design, fluid conditions such as the pressure profile and velocity of the fluid (drying 

medium) play a key role (Kaushal and Sharma, 2012). For example, these flow models that are 

capable of modelling the important flow parameters such as the flow pattern, velocity, 

temperature, humidity profile, etc. along with the other heat, mass and momentum transfer 

variables had been successfully used in the design of spray dryer ( Langrish and Fletcher 2001; 

Fletcher et al. 2006).  In most engineering problems, the selection of turbulence model mainly 

relies on the computational cost, time, and accuracy. 
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The complexity of the turbulence model depends on how much information is desired 

from the flow field. The degree of complexity for the turbulence model is due to 

differences in simplifications made to Navier-Stokes equation and (i.e., whether it is 

nonlinear, time-dependent, three-dimensional partial differential equation, etc.). It also 

depends on the type of different flow phenomena (such as flow distortion, transition, 

convection, dissipation, etc.) occurring in the fluid domain (Wilcox 1994). When 

modelling turbulent flow in CFD, it is very difficult to capture every scale of motion. 

Therefore, a model with minimal complexity, but capable of capturing the essence of the 

relevant physics, should be chosen (Wilcox 1994). Based on the governing equation used 

in the model, the turbulence models are classified into two groups: (i) Reynolds-

Averaged Navier-Stokes (RANS) Models and (ii) Computation of fluctuating quantities 

such as Large Eddy Simulations (LES). The two-equation turbulence models such as the 

k-Ɛ (k-epsilon) model, k-ω (k-omega) model, and wall functions in conjunction with the 

Reynolds-Averaged Navier-Stokes (RANS) equations, are the widely used approaches 

for flow studies involving drying (Defraeye et al. 2012a; Defraeye 2014). 

The RANS models are highly suitable for modelling large complex systems with lesser 

cost than LES (Kondjoyan 2006; Jongsma et al. 2013). The two-equation turbulence 

models, namely the k-Ɛ and k-ω models are more effective for the drying processes with 

high Reynolds numbers (Trujillo et al. 2003). The k-Ɛ model solves for two variables: k, 

the turbulent kinetic energy, and Ɛ, the rate of dissipation of kinetic energy.  This model 

gives good convergence and is well suited for the flow processes which do not involve 

adverse pressure gradients (Launder and Spalding 1974). It also works well for external 

flow around complex geometries. The k-ω model solves for ω, the specific rate of 
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dissipation of kinetic energy, and is more difficult for converging for low Reynolds flows. 

However, this model is more accurate for internal flows and flows with convoluted 

curvatures (Wilcox 1994). Trujillo et al. (2003) tried four different turbulence models 

(standard k-Ɛ model, RNG (Re-Normalization Group) k-Ɛ model, SST (Shear Stress 

Transport) k-ω model, and laminar models) with a standard wall function and enhanced 

wall treatment for modelling heat and mass transfer during evaporation of water from the 

circular cylinder. They reported that the RNG k-Ɛ model with enhanced wall function has 

given the best fit to the experimental data while considering the radiation effect as well. 

The model predicted the heat transfer coefficient as well as the mass transfer coefficient 

with high accuracy. The SST model is another turbulence model, which is a combination 

of the k-Ɛ model in the free stream and the k-ω model near the walls (Menter 2009). This 

model performs well with low Reynolds numbers (Defraeye et al. 2012b; Ramachandran 

et al. 2017a) and was found to be sufficiently accurate for predicting the convective heat 

transfer coefficient (Dixon et al. 2011) and moisture and temperature profile in single 

element drying (Ljung et al. 2011, Ramachandran et al. 2017a). The superior 

predictability of the SST models is mainly attributed to the elimination of the large free-

stream dependency (Ljung et al. 2011). The difference between SST and k-Ɛ model in 

defining the drying process is illustrated in Figure 2.1. The central plane moisture and 

temperature profile of a cylindrical pellet dried under superheated steam obtained using 

SST and k-Ɛ simulation is shown in Figure 2.1. The geometry and the mesh chosen for 

the simulation is the same as reported by Ramachandran et al. (2017a) where the 

distillers’ spent grain pellet was subjected to superheated steam at 120°C and 1 m/s 

velocity. The distribution of moisture and temperature inside the solid after 100 s of 
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drying (Figure 2.1) shows that the definition of the mass and heat transfer phenomena is 

more distinctly visible in SST model than the k-Ɛ model, especially near the solid fluid 

interface. The validation of the model with their experimental results of superheated 

steam drying also established that the SST had better predictability over the k-Ɛ model. 

This shows that the near boundary prediction of SST model is superior especially for low 

Reynolds numbers and hence, the model could be used for the simulation of single 

element drying 

The accuracy of RANS models is still questioned when compared with the LES models. 

Hence, more advanced approaches such as hybrid RANS-LES techniques (Detached Eddy 

Simulations (DES) and Scale Adaptive Simulation (SAS)) (Fletcher and Langrish 2009; 

Egorov et al. 2010) were used to model drying processes with higher accuracy than a pure 

RANS model (Fletcher et al. 2006; Kuriakose and Anandaramakrishnan 2010).  
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Figure 2.1 Comparison of central plane moisture and temperature profile of SST simulation (a and b) and k-ɛ simulation (c and 

d) of superheated steam drying of a single cylindrical Distillers’ spent grain pellet, respectively. 

a b c d 
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2.3 Complexity of CFD models 

In the previous section, it was mentioned that the complexity and computation load of a CFD 

simulation is influenced by the turbulence model chosen for defining the fluid flow. Other 

contributing factors worth mentioning include the geometry of the problem domain, the 

degree of details expected from the model, and the physics to be solved in the fluid and solid 

domains. The CFD package finds applications in different types of drying systems for various 

geometries (Table 2.2). In many cases, for the simplicity of meshing the solid geometry, it is 

assumed to be any standard shape (sphere, cylinder, slab or cubes) (Defraeye et al. 2012a). 

A rectangular geometry of the solid is most common when modelling using CFD (Table 2.2). 

This might be because meshing and convergence with the heat and mass transfer equations 

are easier in the case of rectangular geometry than other convoluted geometries such as 

cylinders (Kaya et al. 2006; Chandramohan and Talikdar 2010; Curcio et al. 2008). The 

nature of pre-requisite parameters for numerical modelling such as the thermo-physical 

properties of the material to be dried as well as the fluid (drying medium) defined in the 

model (ie. whether it is assumed to be constant with time or a function of moisture content) 

also affects the complexity and computational time of the model of the model 

(Ramachandran et al. 2017c).  

In most of the cases, the granular biological material is assumed to be spherical in shape 

which simplifies the model equations. Such models usually consider three parameters: a 

surface mass transfer coefficient, dynamic equilibrium moisture content, and a drying 

constant (Nishiyama et al. 2006). As the shape of the modelling domain changes, the 

complexity of the model and the computational efforts also change. For example, the 

transport equations for the cylindrical shaped solids are three-dimensional while for a sphere 
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they are one dimensional. In cylindrical geometry, the shape effect causes a rapid change in 

the boundary layer conditions which in turn affects the local heat and mass transfer 

coefficients (Trujillo et al. 2003). However, by using different meshing options such as 

unstructured hybrid mesh with more defined structured mesh at the boundaries using CFD 

packages, the heat and mass transfer coefficients of these complex geometries can be 

simulated with appreciable accuracy (Jamaleddine and Ray 2010). 

As the physics of the drying problem involves multiple phenomena, the computational 

efficiency of the CFD packages is challenged. For example, the drying of porous media 

which has tremendous practical applications, as most of the biological materials are 

considered porous (Kulasiri and Woodhead, 2005; Feng et al. 2012). A diffusion model of 

heat and mass transfer in moist porous solid obtained for low-intensity convection drying by 

Wang and Chen (1999) proved that the assumption of an evaporation front was valid for 

drying of very permeable materials. Later a conjugate modelling approach was used for 

determining the heat and mass transport in the fluid and porous solid simultaneously in a 

transient way. This was done by imposing convective transfer coefficients as boundary 

conditions at the fluid-solid interface (Defraeye et al. 2012a). The moisture transport 

characteristics of the porous solid determined the level of complexity of the CFD simulation 

for such conjugate models. Hence, a sensitivity analysis with variable meshing considering 

the relevance of the convective transfer coefficients is required prior to finalizing a conjugate 

model. In the case of a 3D conjugate problem with unsteady turbulent flow, the 

computational complexity of the CFD simulation will be undoubtedly higher than that for 

the 2D problems (Defraeye 2014).  
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Another phenomenon occurring during most of the drying cases is the shrinkage of the solid 

which add complexity and effort in mathematical modelling. Even though the phenomenon is 

significant in describing drying, the shrinkage behavior is less evaluated or reported in 

association with CFD models (Jubaer et al. 2017). The attempts to include hydro-mechanical 

deformation/shrinkage in the drying modelling led to the coupling of water transport and solid 

deformation in CFD (Katekawa and Silva 2006; Niamnuy et al. 2008;   Defraeye 2014). The 

shrinkage of solid during drying could be modelled either by introducing an experiment based 

empirical model for volumetric change as a function of moisture content (Panyawong and 

Devahastin 2007; Kittiworrawatt and Devahastin 2009), or by solving the momentum balance 

of the solid (Singh et al. 2003a, 2003b; Zhu et al. 2010).  The latter method involves additional 

modelling effort which in turn adds complexity to the drying model. Instead of modelling 

shrinkage for the entire drying period, a discrete approach to shrinkage modelling can be also 

used along with the models involving spatially resolved variables. For example, in the receding 

core model, the shrinkage behavior is included in the first stage of drying and was neglected in 

the second stage in which a dry crust is already formed (Buck et al. 2012, Mezhericher et al. 

2015). A further detailed single droplet drying model proposed by Ali et al. (2017) includes a 

third stage in which the particle inflates because of the internal vaporization of moisture. To do 

that they incorporated user defined functions to the ANSYS FLUENT code. They reported that 

the inclusion of user defined functions increased the simulation time but, it was worth since the 

error in overall mass and energy balances at the end of the simulation were < 1%. Jubaer et al. 

(2017) compared the prediction of drying model for spray drying with perfect shrinkage and 

linear shrinkage models. In the linear shrinkage models, the reduction in the effective surface 

area is limited.  In this model, shrinkage is expressed as a linear function (Patel et al. 2009) of 
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moisture content (Equation 2.22). In the perfect shrinkage model, the shrinkage is considered 

as a consistent reduction of size only owing to the moisture removal. In both the cases, the 

shrinkage behavior was incorporated into the CFD code by using user defined functions and 

the dimensional change was implemented indirectly by changing the density (Jubaer et al. 

2017). They concluded that this additional phenomenon increases the intricacy of the drying 

model but at the same time the shrinkage cannot be neglected in the case of certain drying 

techniques such as spray drying and is worth for future studies. 

         (2.22) 

Another example of a multi-physics model for drying that involves the mechanism other than 

fluid flow and shrinkage are the cases of microwave drying and freeze drying. Ranjbaran and 

Zare (2012) introduced user-defined source terms into the FLUENT code to account for the 

rate of heat generation due to microwaves in their attempt to model microwave assisted 

fluidized bed drying. They used additional model equations for computing this heat generation 

based on the microwave power density and dielectric constants. In the case of freeze drying, 

an additional user defined function for capturing the sublimation rate for an air-water mixture 

and local mass fraction of generic species (nitrogen gas used in freeze dryer) may be required 

to accompany the transport equations (Li et al. 2007; Petitti et al. 2013; Ganguly et al. 2013). 

Hence, developing and running such drying models with compounded physical phenomena is 

challenging and computationally demanding. 

Even though CFD has been widely used in modelling spray drying (Figure 2.2), the attempts 

to improve its application efficiency in terms of computational load and memory requirement 

are still going on. For example, the droplet tracking in the transient case requires significant 

additional memory and longer simulation time (Fletcher et al. 2006). The prediction of 
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agglomeration of particles is challenging especially in dense flow as it relies on the accurate 

prediction of the particle-particle interaction. Additional models such as stochastic collision 

models have to be implemented in the discrete phase model to account for such particle-particle 

collisions which again adds to the computation effort (Jin and Chen 2009, Jaskulski et al., 

2015).  Besides these factors, the existence of random fluctuations in the flow conditions 

(anisotropic turbulence in the spray dryer) could also add intricacy in the model. These 

types of flow fluctuations are generally resolved using more advanced turbulence 

modelling techniques such as the Large Eddy Simulation (LES) or by solving the Navier-

Stokes equations for all spatial and time scales (i.e., Direct Numerical Simulation (DNS)) 

(Jongsma et al. 2013). These methods need extreme computational time and resources. But, 

by using certain hybrid turbulence models such as the detached eddy simulation (DES), the 

overall computational load of LES modelling could be minimized. The DES model utilizes 

the LES model away from the boundary layer and RANS near the wall (Gimbun et al. 

2015). The capturing of random fluctuations in the flow via experimental trials is also a 

tedious job and requires complex test rigs and advanced experimental equipment that have 

high temporal and spatial resolutions (e.g., Particle Image Velocimetry, Planar Laser 

Induced Florescence, etc.).  
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Table 2.2 Overview of common solid geometries considered in modelling of drying process using CFD 

Product Model on CFD package Reference 

Water droplet Resident time distribution analysis of particle 

in the superheated steam spray dryer 

FLUENT (FVM) Ducept et al.2002 

Circular 

cylinder 

Heat and mass transfer during evaporation of 

water from cylinder 

FLUENT 6.1.18  Trujillo et al. 2003 

Rectangular 

porous solid 

Interfacial transfer coupled with analysis of 

temperature, moisture, and pressure 

(superheated steam) 

FLUENT (EBFVM) Erriguible et al. 2006 

Rectangular  

moist solid 

Conjugate model of external and internal 

flow (pneumatic drying) 

FLUENT (FVM) Kaya et al. 2006  

Wood Heat and mass transfer of external and 

internal flow 

ANSYS CFX Younsi et al. 2008 

Rectangular 

moist solid 

Simultaneous heat and mass transfer  during 

convective drying 

ANSYS CFX (FVM) Chandramohan and Talukdar. 

2010 

Iron ore pellet Capillary flow of liquid moisture and internal 

vapour flow (convective air drying) 

ANSYS CFX Ljung et al.2011 
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Product Model on CFD package Reference 

Porous flat plate Conjugate modelling of heat and mass 

transport in the air flow and the porous 

material 

FLUENT (CVFEM) Defraeye et al. 2012a 

Rapeseed Superheated steam fluidized bed drying  FLUENT (FVM) Xiao et al. 2013 

Rectangular 

potato slice 

Conjugated heat/mass transfer problem 

during drying with impinging-jets 

FLUENT (FVM) Kurnia et al. 2013 

 

 

 

 

 

Figure 2.2 Published peer-reviewed papers on drying modelling using CFD between the year 2000 and 2017 
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2.4 CFD in different drying systems 

The evaluation and design of commercial dryers used in food industry involve numerous 

experimental and computational processes. This complicated process has become convenient, 

reliable, and modifiable by computational tools and software based modelling techniques. As 

discussed in the previous sections, CFD, with its constantly evolving computational power, 

had a paramount role in industrial drying modelling. The high spatial and temporal resolution 

of CFD simulations was utilized by researchers to model the flow of drying medium in the 

dryer systems (Ducept et al. 2002; Smolka et al. 2010) to predict the convective transfer 

coefficients, predict moisture and temperature profiles in both solid and drying medium 

(Verboven et al. 1997; Wang and Sun 2003; Chandramohan  and Talukdar 2010; Ljung et al. 

2011), and to gain insight into the particle flow and its trajectories in drying systems (Chiesa 

et al. 2005; Zhang and Chen 2007; Jin and Chen 2010; Anandharamakrishnan et al. 2010; 

Defraeye 2014). Most models for convective drying used the analogy of thermal and 

concentration boundary layers to determine the convective mass transfer coefficient using Eqn 

11 (Kaya et al. 2006; 2007; 2008; Elgamal et al. 2014; Chandramohan and Talukdar 2010). 

However, under conditions in which the temperature-concentration analogy is valid yet not 

fulfilled practically, CFD has succeeded in predicting convective transfer coefficients in 

pneumatic dryers with a high degree of detail and spatial resolution (Defraeye et al. 2012a).  

The heat transfer coefficient around the moist object can be easily determined using the local 

temperature profile around the object using the energy balance equation (Equation 2.23). 

!" #$
#%
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Where, the Lewis number (dimensionless) represents a relative measure of the thermal and 

concentration boundary layer thickness. The value of b is assumed as 1/3 in most of the cases 

(Kaya et al. 2006; Chandramohan and Talukdar 2010).  

Computational Fluid Dynamics has a broad range of applications in simulating heat and mass 

transfer phenomena for both external (drying medium) and internal (within the materials 

which are dried) flows.  This includes various drying techniques such as spray drying (Jin 

and Chen 2009; Anandharamakrishnan et al. 2010; Jaskulski et al. 2015; Keshani et al. 2015), 

fluidized bed drying (Sae-Heng et al. 2011; Freire et al. 2012; Li et al. 2012a; Jang and 

Arastoopour 2014), deep bed drying (Jamaleddine and Ray 2011; Defraeye et al. 2011; 

Defraeye et al. 2012b; Ranjbaran et al. 2014; Elgamal et al. 2014), freeze drying (Li et al. 

2007; Barresi et al. 2010; Ganguly et al. 2013; Chen et al. 2014), jet impingement drying 

(De-Bonis and Ruocco 2007; Liewkongsataporn et al. 2008; Jiang et al. 2012; Kurnia et al. 

2013; Yahyaee  et al. 2013; Taghinia  et al. 2016; Xu et al. 2016), microwave drying 

(Ranjbaran and Zare 2012; Jin et al. 2015), solar drying (Rigit and Low 2010; Yunus and Al-

Kayiem 2013) and superheated steam drying (Yang et al. 2011;  Xiao et al. 2013; Adamski 

and Pakowski, 2013; Ramachandran et al., 2017a). All of these methods utilize the 

computational capability of CFD in solving the transport equations in the drying medium, 

which sets the boundary condition for the solid to be dried. The capability of modern CFD 

packages to couple the equations of fluid flow (drying medium) and existing empirical drying 

models for the solid had strengthened its application in drying.  For example, the numerical 

techniques such as pore network models (Yiotis et al. 2001; Vorhauer et al. 2010), diffusion 

models (Erriguible et al. 2005, 2006; Elgamal et al. 2014), and macroscopic models 

(Nasrallah and Perre 1988; Perre 2010) were applied in the convective drying process 
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coupled with the CFD codes. The coupling of the porous media models with the Navier-

Stokes equations in the fluid medium was performed by introducing appropriate boundary 

conditions at the solid-fluid interface. Such coupled models were adopted by researchers for 

simulating high-temperature convective drying, superheated steam drying, and vacuum 

drying (Erriguible 2006) where the classic boundary layer hypothesis could not be applied. 

The application of CFD techniques is more frequently found in some drying methods such as 

spray drying and spouted bed and fluidized bed drying (Figure 2.2 where there is a direct 

application of the equations of fluid dynamics and moisture and heat transfers (Ullum et al. 

2010). These types of methods combine drying with pneumatic transport for which CFD had 

proven its application. The CFD-based modelling in these types of drying is mainly used for 

design, modification, and evaluation of the drying chamber (Defraeye 2014). It focuses primarily 

on the flow parameters of the drying medium and its inhomogeneity throughout the problem 

domain which affect the drying behavior (Barresi et al. 2010; Shokouhmand et al. 2011). In such 

methods where continuous solid-fluid interaction is common, the gas and the solid motion need 

to be modeled separately. A Discrete Element Method (DEM), which relies on Newtonian 

equations for particle motion or a two-fluid model (TFM) dependent on the description of 

interfacial forces and solid stresses, could be used to model fluidized/spouted bed drying 

processes (Zhou et al. 2004; Wu and Mujumdar 2008). Besides the study of the aerodynamics 

of the particles, Sae-Heng et al. (2011) used a combination of computational fluid dynamics CFD 

models and kinetic theory of granular flow for predicting gas and particle temperature profiles 

and heat transfer coefficients (Hoffmann et al. 2011; Tatemoto and Sawada 2012) in a two-

dimensional fluidized bed. They found that the combined model had better prediction efficiency 

than the pure CFD model. Li et al. (2012b) employed the Eulerian-Eulerian approach of a CFD 
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simulation to describe fluid dynamics, drying behavior, and dust integration and used a Two-

Fluid Model (TFM) to solve the drop deposition rate and the dust integration rate for a fluidized 

bed spray granulation drying process. They explained the spray granulation process using three 

different concepts, namely droplet deposition, drying, and dust integration. The growth of the 

solidified film of atomized liquid sprayed over a fluidized bed of solids was called droplet 

deposition, and the droplets which are not dried on the granular fluidized bed were considered 

as dust. The growth of the dust adhering to the wet granules in the fluidized bed was called dust 

integration (Li et al. 2013). Li et al. (2012b) concluded that the TFM could predict the mass of 

dust, the particle diameter evolution, and the temperature of the droplets successfully.   Also, the 

modelling of the kinetic stress (stress developed by the collision of particles in the fluidized bed) 

based on the kinetic theory of granular flow is now widely accepted (Johansson et al. 2006; 

Taghipour et al. 2005; Van Wachem et al. 2001). The description of minute features occurring 

during fluidization during spouted bed drying, such as changes in the angle of internal friction 

and the effect of dissipation parameters (collision with other particles), were also studied and 

coded using commercial CFD packages (Ranjbaran and Zare 2012). 

It has been proven that a full CFD model and a detailed investigation of problems associated 

with the chamber aerodynamics can be useful for the design modification of spray dryers (Oakley 

2004). Wawrzyniak et al. (2012) used CFD packages to determine the hydrodynamics of drying 

air in an industrial counter-current spray dryer and studied the flow pattern in such a dryer. CFD 

packages have been extensively used for various parametric studies of gas flow, dryer 

performances (Huang et al. 2003), particle distribution (Anandharamakrishnan et al. 2010), and 

even the study of single droplet characteristics and droplet-droplet interaction (collision) 

(Mezhericher et al. 2008, 2010).  
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Commercial CFD software mainly used for forced air drying studies are ANSYS Fluent and 

ANSYS CFX (Table 2.2). Their use may be because of the availability of the powerful mesh 

generation package and problem equation solver with better graphical user interface than other 

CFD packages such as COMSOL, STAR- CD, etc. Besides the study of flow fields, the 

estimation of a spatial and temporal variation of the convective transfer coefficient is also 

important for modelling complex drying processes (Defraeye et al. 2012b). The CFD codes can 

also be used to study the variation in the convective heat transfer coefficient with the peak 

behavior at the transition of constant drying rate and falling drying rate with temporal changes 

(Halder and Datta 2012). CFD codes are also used for modelling the drying of wet particles or 

droplets with solid material inside. However, such modelling is challenging because of the 

multitude of physics behind the drying process (Nijdam et al. 2006).  

CFD packages were also used for modelling complex drying processes involved in superheated 

steam (SS) drying. Eulerian-Eulerian multiphase models were used for the study of process 

parameters and transport phenomena in fluidized SS drying (Xiao et al. 2013). In the case of SS 

drying, there is no molecular density gradient between the water in the solid and the surrounding 

medium which is steam. Hence, the particles heated up by the convection reaches the boiling 

point at which the water evaporates. Frydman et al. (1998) integrated the heat required to 

evaporate water from the spray droplets in a spray dryer with SS as the drying medium in each 

computational volume of the dryer, using a standard k-ɛ model. Their results showed that the 

temperature field measured at different distances from the axis of the dryer and the mass flow 

rate of steam had good agreement with the experimental results. Ducept et al. (2002) had used 

CFD code to solve heat, momentum, and mass equations over a finite volume to describe the 

entire drying domain in SS spray drying. They reported an appreciable agreement with the 
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experimental results of residence time distribution and the simulation results. CFD modelling 

techniques were also used for comparing the spray drying of biological material using air and 

SS. The generated model was used to evaluate the important features of a spray dryer such as 

temperature distribution inside the chamber, the velocity of the gas, droplet trajectories, and 

deposits on the walls (Frydman et al. 1998).  Suvarnakuta et al. (2007) had used COMSOL 

Multiphysics to study the heat and mass transfer phenomena of SS drying of heat sensitive 

materials such as carrots. The versatility of CFD codes in solving different flow problems even 

includes applications in mass transfer associated with chemical reactions. Rajika and Narayana 

(2016) had used a packed bed CFD model in conjunction with the devolatilization reaction 

occurring during biomass drying and combustion. The evolved version of CFD packages such 

as ANSYS CFX had the capability to describe gas phase chemical reactions, species transport, 

and devolatilization along with the turbulent fluid flow (Wang and Yan 2008). This feature of 

CFD packages could be utilized for the more detailed study of different drying/thermal processes 

involving volatilization or other chemical reactions. 

2.5 Research challenges in CFD modelling in the field of drying 

In spite of the immense potential of CFD in modelling drying processes, there are some 

computational challenges in the CFD application for drying of granular materials. The accuracy 

of such simulations is still questioned by researchers as the accuracy of the CFD models depends 

significantly on the turbulence modelling approach used for flow predictions (Defraeye 2014). 

The first limitation of the CFD simulation, especially in drying applications, is its inability to 

accurately predict transport phenomena in irregularly shaped materials. This is evident from 

Table 2.2 because researchers generally assume regular geometry when modelling heat and mass 

transfer as it simplifies the model. Drying processes usually involve solids of irregular shapes 
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and a broad range of size distribution, which might not be easily captured by some of these 

models (Massah and Oshinowo 2000). Also, for complex geometries flows incorporating a 

considerable amount of swirl and turbulence, the effect of some of the associated phenomena of 

drying such as shrinkage on the residence time will be difficult (Jubaer et al. 2017). Secondly, 

the Eulerian-Eulerian CFD methods rely on the kinetic theory approach to describe the 

constituent relations for fluid viscosity and pressure, which are based on binary collisions of 

smooth spherical particles and do not account for the deviation and distribution of their shape 

and size. Also, CFD models have very little description regarding the turbulent interaction 

between different phases and thus they sometimes lack the ability to present the associated drag 

models (models describing the drag force) for specific cases, especially when solid 

concentrations are high. Perhaps, it cannot be listed as a limitation, but some of the biggest 

marketed commercial CFD codes such as ANSYS FLUENT and CFX do not provide 

standardized boundary conditions that enable the definition of simultaneous heat and mass 

transfer processes at the interface of the solid and fluid phases. But an appropriate condition can 

be implemented at the interface by using suitable user defined functions which could be an 

additional effort in modelling (Krawczyk 2016). Above all, the CFD simulations of realistic 

three-dimensional geometries matching the industrial drying configurations are computationally 

demanding and expensive because of high computation time and processor memory. However, 

it is still more convenient for evaluating geometric changes as they save time and cost, compared 

to the greater challenges and expenses of laboratory testing.  

Despite these challenges in the application of CFD simulations of drying processes, the use of 

CFD increased substantially in the last two decades (Jamaleddine and Ray, 2010). In order to 

show the popularity of CFD techniques in modelling different types of drying, a number of peer-
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reviewed research papers (about 150) published in the past two decades were sorted and studied. 

The frequency of usage of CFD in numerical modelling of various drying techniques over this 

period is displayed in Figure 2.2. As shown in Figure 2.2, the use of CFD is higher in pneumatic 

drying methods, especially fluidized bed drying and sprays drying when compared to other 

drying methods. The learning effort needed for understanding the modelling features and the 

efficient use of CFD codes in modelling different drying processes are still challenging. 

However, the tremendous progress in the development of newer versions of these packages with 

advanced features in meshing, model equations set up, in-built features for incorporating user 

defined functions without the hassle of learning additional computer programming languages 

like FORTRAN or C, and solver constantly increases the usage of this technique in the 

simulation of various drying methods.  

2.6 Conclusions 

By synthesizing the research findings from the past, it is clear that the computational power 

of CFD packages provides a detailed understanding of the dynamics and physics of drying 

operations. The CFD-based models with appreciable prediction power aids in design and 

optimization of the drying processes with better qualitative and quantitative efficiency. 

Different mathematical approaches used in CFD have their own advantages and 

disadvantages and therefore have specific applications. The major bottleneck in the 

widespread use of CFD codes such as FLUENT, ANSYS CFX, PHOENICS, etc. is a high 

processing time for more complex flow problems and for finer meshes. Also, the accuracy 

of the prediction by any CFD software depends on the turbulence model used. Hence, an 

appropriate choice of turbulence models based on the validation results with the experimental 

data is important. Despite its complexity and criticism against the accuracy of CFD models, 
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the application of the CFD technique in the area of drying is increasingly growing because 

of its ability to predict the hydrodynamics of drying at a lower cost as compared to laboratory 

experimentation. 
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CHAPTER 3. THERMO-PHYSICAL PROPERTIES OF DSG 

This chapter is based on the research paper published by Springer Nature in Food and 

Bioprocess Technology on 6 Oct 2016, available online: www.springer.com/ 

[doi.org/10.1007/s11947-016-1807-x]. 

3.1 Abstract 

The thermo-physical properties of distillers’ spent grain (DSG) pellets are the key input 

parameters for the heat and mass transfer modelling of the drying process and for the design of 

the suitable drying and storage systems. The main thermo-physical properties like particle 

density, thermal conductivity, and specific heat capacity of DSG pellets were determined using 

standard laboratory methods. The effects of moisture content, percentage of condensed 

distillers’ solubles (also called solubles), and temperature on these selected properties were 

determined. The average particle density of the DSG pellets with 0, 10, 30, and 50 % solubles 

was found to be in the range of 898.8–1136.7 kg/m3. It was observed that the particle density 

of DSG pellets increased with an increase in condensed distillers’ soluble concentration and 

decreased with an increase in moisture content. Thermal conductivity (0.17–0.42 W/(mK)) and 

specific heat (1.76–3.47 kJ/(kgK)) of the DSG pellets increase linearly with an increase in 

moisture content, soluble concentration of the sample, and temperature of the drying medium. 

Three multiple linear regression equations were developed for predicting these properties as a 

function of moisture content, soluble concentration, and temperature with R2 value ≥0.86.		

Keywords: Distillers’ spent grains, Condensed distillers’ solubles, Particle density, Thermal 

conductivity, Specific heat
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3.2 Introduction 

As per the annual report of Husky Energy, western Canada’s largest producer of ethanol, 

approximately 260,000 tons of dried distillers’ grain with solubles (DDGS) is produced each 

year, which is about 35-40% of the grain input per annum (Husky Energy 2016). Distillers’ 

spent grain (DSG) is the major byproduct from ethanol plants, corresponding to about 85% of 

the total byproducts generated (Xiros et al. 2008). It accounts for 10-20% of the total income 

for ethanol industries when used as animal feed and is also a good source of fiber and protein 

when utilized in baked human foods(Johnson et al., 2011). Transportation and long-term 

storage of this wet slurry of DSG, obtained after wet milling method of ethanol production, is 

highly challenging because of its high initial moisture content (approximately 80% wet basis). 

The storage and handling of wet DSG could be improved by drying it to safe storage moisture 

content of 10-12% (Johnson et al. 2014; Bourassa et al. 2015). Hence, wet DSG is centrifuged 

to separate the coarse grain fraction and the semi-solid fraction called condensed distillers’ 

solubles (CDS) or simply solubles (Stroem et al. 2009; Bourassa et al. 2015). The high amount 

of cellulose, hemicelluloses, lignin, protein and lipids (Sousa et al. 2007) make this byproduct 

attractive for added value by drying.   

Superheated steam drying, has been proven to be suitable for drying wet DSG due to its 

superior heat transfer properties when compared to air and elimination of fire hazard during 

the drying process (Zielinska et al. 2009; Zielinska and Cenkowski 2012; Johnson et al. 2013). 

Generally, the wet DSG is poured over dry DSG granules and dried using rotary-drums dryers 

in order to provide greater surface area for heat and mass transfer.  In this study, DSG at 25-

35% wb moisture content is compacted to form cylindrical pellets. These pellets are then dried 

using superheated steam with wet DSG poured over them. The compaction process eliminates 
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mixing with already over-dried DSG granules while developing a substantial contact area with 

the drying medium and thereby improving the drying process. Various elements of the drying 

process like constant rate drying, falling rate drying, moisture diffusion, surface water 

evaporation, etc. can be studied using mathematical modelling of the heat and mass transfer 

phenomena occurred during drying (Hamawant 2013). Detailed information on the 

transport phenomena (heat and mass transfer) of drying process can be obtained with the 

help of advanced computer simulation techniques. Thermo-physical properties like thermal 

conductivity, specific heat and particle density of samples to be dried are the most 

important input variables required for validating the mathematical model (Yang et al. 2002; 

Suvarnakuta et al. 2007) and can be used in computational modelling of superheated steam 

drying (Erriguible et al. 2006). Also, these properties are essential for optimization of 

various processing techniques like drying, mixing, storage and handling (Mosqueda et al., 

2014). These thermal properties vary with different factors such as moisture content, 

particle density, and composition of the material (Waszkielis et al. 2013, 2014). 

The high heterogeneity of the compacted DSG in terms of particle size and high porosity 

creates many challenges in the measurement of its thermophysical properties.  Johnson et al. 

(2015) reported that an increase in the percentage of CDS in a mixture of coarse grain fraction 

of wet DSG and CDS increases the overall strength of a DSG pellet. They reported that the 

particle size of the CDS being about 56% smaller than that of the coarse grain fraction of wet 

DSG improved the packing of particles during compaction. They also reported that the CDS 

contains 48.8% of crude protein and 5.76% of starch whereas the wet DSG contains only 

29.4% crude protein and 3.77 % starch. The higher percentage of starch (about 52% more) and 

protein (65% more) in the CDS, when compared to wet DSG, justifies the lower porosity and 
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higher particle density (Tumuluru 2010) and strength of the DSG pellets with solubles 

(Johnson et al. 2014).  Thomas et al. (1998) reported that the starch and protein can act as a 

binding agent in the compaction process. The higher percentage of protein and starch present 

in the CDS helps to improve the strength and durability of the pellet. The change in 

composition and density of the pellet due to the addition of different levels of solubles also 

affects the overall thermal conductivity of the pellet. In addition, the increase in the percentage 

of condensed solubles causes an increase in the moisture diffusivity during drying (Zielinska 

& Cenkowski 2012). Unlike hot air drying, superheated steam drying has a distinct 

phenomenon called initial condensation that occurs in the warming up period of drying. Due 

to the lower initial temperature of the sample to be dried, the superheated steam coming in 

contact with the sample is subjected to temporary condensation on the sample surface. This 

phenomenon of initial condensation is very important in the heat and mass transfer mechanism 

of superheated steam (SS) drying (Hamawand 2011; Johnson et al. 2013; Hamawand et al. 

2014). The condensation stops when the surface temperature of the sample exceeds the 

saturation steam temperature. The temperature and the heat capacity of the sample influence 

this local condensation (Iyota et al. 2007). The sensible heat gain occurring during 

condensation is supplied by the latent heat of condensation of steam (Pakowski and Adamski 

2011). The duration of condensation is governed by the temperature rise in the sample, which 

in turn is influenced by the heat capacity of the sample. Also, some amount of condensed water 

might be absorbed by the sample causing an increase in the moisture content of the sample and 

changing its thermo-physical properties (Emami et al. 2007).  

Beside the use in heat and mass transfer modelling, these thermo-physical properties are 

also being utilized for various processing operations like stabilizing, pelletizing, freezing, 
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thawing, cooking, pasteurization, and sterilization and storage (Nesvadba 1982; 

Sreenarayanan and Chattopadhyay, 1986; Drouzas et al., 1991). Hence, a complete 

understanding of the major thermo-physical properties of the DSG sample like particle 

density, thermal conductivity, and specific heat is important in the heat and mass transfer 

modelling of the SS drying of DSG pellets. The precision of computational modelling of 

heat and mass transfer mechanism of superheated steam drying is highly influenced by the 

accuracy of input parameters of the sample as well as the heat transfer medium and the 

boundary conditions for energy and mass balance equations (Defraeye 2014). Hence, the 

main objective of this study is to determine the effect of moisture content and solubles 

concentration on the important thermo-physical properties of DSG pellets such as thermal 

conductivity, specific heat, and particle density as affected by different temperatures of 

heat transfer medium.  

3.3 Materials and method 

3.3.1 Sample preparation for compacting  

The DSG samples used in this study were a mixture of 90% mashed corn and 10% mashed 

wheat obtained after bioethanol production. The whole stillage was collected from a local 

distillery, Mohawk Canada Limited (Minnedosa, MB). The whole stillage contained coarse 

grain fraction, condensed solubles, and water. The wet stillage was kept in a freezer (Eaton 

Viking, T.eaton company limited, Toronto, Canada) at -15°C in a sealed plastic pail (Poly-

propylene pails from Pioneer Plastics) to prevent spoilage from further fermentation. Before 

sample preparation, a part of the sample was removed from the freezer and allowed to thaw at 

room temperature. The sample was then mixed thoroughly to ensure uniform thawing. Once 

thawed, the sample was subjected to centrifugation using a Sorvall General Purpose RC-3 
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laboratory centrifuge (Thermo Fisher Scientific, Waltham, MA) at 2200 rpm for 10 minutes. 

Approximately 750 mL of the sample was placed in each of the four centrifuge bowls for 

separation. The supernatant liquid (thin stillage), top layer thin grain fractions (solubles) and 

bottom layer of the coarse grain fraction of DSG, were then separated and weighed. Each of 

the fractions was stored separately in airtight containers (Poly-propylene 5, Pioneer Plastics) 

which were then stored at -15oC until testing. 

3.3.2 Composition and initial moisture content 

Ten replicates of the centrifugation trials were conducted to determine the percentage 

composition of the raw sample in terms of coarse grain fraction, solubles, and thin stillage. 

The mass of the separated coarse grain fraction, solubles, and thin stillage were recorded 

for each trial. The percentage composition of each of the fraction with respect to the whole 

mass was calculated. The moisture content of the coarse grain fraction and the solubles 

were determined using the air-oven drying method (AACC 2000). Three replicates of each 

sample (2 g each) were dried in a laboratory oven (Thermo Electron Corporation, Waltham, 

MA) at 135oC for 2 h (Johnson et al., 2013; 2014). The whole stillage used for the study 

contained 49.5 ±0.5, 9.5 ±0.5, 40.5 ±0.5% w/w of the coarse grain fraction, solubles, and 

supernatant liquid, respectively. All the moisture contents were determined in wet basis 

(%wb). The initial moisture content of the whole stillage was 89.2 ±0.05%. The initial 

moisture content of coarse grain fraction and solubles after centrifugal separation was 77.8 

±0.08% and 82.9 ±0.1%, respectively.  

3.3.3 Compaction of Distillers’ spent grain 

Different amounts of solubles were added to a known mass of coarse grain fraction of DSG to 

obtain various desirable compositions of DSG with solubles. Different sets of DSG samples 
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were prepared with 0, 10, 30, and 50% solubles. A control sample was represented by DSG 

without any solubles. The moisture content of each mixture was also measured using standard 

air-oven drying method. Each of these samples with different solubles concentration and coarse 

grain fraction of DSG was gently mixed using a spatula for about 2 minutes and dried in a 

laboratory oven at a lower temperature (60 ±5oC). A small amount of mixed sample (about 20 

g) capable of producing 4 -5 pellets where only prepared at a time to prevent excessive drying 

of the sample when stored for longer time. Gentle mixing with the spatula would prevent the 

heating of the sample. Lower temperature was used for drying the sample to ensure the 

properties of the samples are not altered as the stickiness of the distillers’ spent grains increases 

with temperature (Stroem et al. 2009).  A separate set of samples was then prepared at 25, 35, 

and 45% moisture content for each of the composition mentioned above. The prepared samples 

were stored in a freezer at -15oC.   

For making the compacted DSG pellets, approximately 4.25 ±0.05 g of thawed raw material 

at a given moisture content and percent solubles were placed in a cylindrical steel mold with a 

diameter of 12.2 ±0.01 mm and height of 80 ±0.01 mm. The mold with the sample was then 

placed on the platform of a universal testing machine (Model 3366 Universal Testing Systems, 

Instron Corp., Norwood, MA). A cylindrical die with a diameter of 12.08 ±0.01 mm and a 

length of 83.65 ±0.01 mm was attached to a load cell of 10 kN on the upper jaw of the universal 

testing machine.  Each sample of DSG was formed with a compaction load of 6820 N, the 

equivalent of 60.3 ±0.1MPa, at a compression rate of 50 mm/min (Mani et al., 2003; Johnson 

et al., 2014). After applying the compressive load, each individual pellet was held at the same 

load for 300 s by retaining the die inside the mold. This was done to maintain a constant 

pressure on the formed pellet and to reduce the spring-back effect (Tumuluru et al. 2010). After 



                                                                     Chapter 3. Thermo-physical properties of DSG 
  
 

85 
 

300 s of holding time, the die was removed from the mold and the pellet was pushed out of the 

mold using the die.  

3.3.4 Particle density of pellets 

Dimensions of each DSG pellet with different moisture contents and soluble concentrations 

were measured using a digital Vernier caliper (Pro-point), with 0.01 mm accuracy. The 

mass of each pellet was also measured using an electronic weighing balance with an 

accuracy of 0.001 g (PGW 453e, Adam Equipment Inc., Danbury, CT). The calculated 

volume and average mass of the pellets were used to determine the particle density of the 

individual pellets. The experiments were repeated with five times for each moisture content 

and soluble concentration.  

3.3.5 Determination of specific heat  

Specific heat of the compacted DSG was determined using a modified method of mixtures 

(Stitt and Kennedy 1945; Mannheim et al. 1957; Mohsenin 1980; Muir and Viravanichai 

1972). The apparatus used in this study consisted of two units: a cylindrical canister made of 

pure copper and an insulated thermos flask (calorimeter) attached to a mechanical shaker as 

shown in Figure 3.1. The pellet was placed in a copper canister before mixing with the heat 

transfer fluid (distilled water) within the 18/8 stainless steel thermos flask (Stanley, Pacific 

Market International, USA) to avoid moisture absorption and pellet deformation. The inner 

dimensions of the cylindrical canister were made in such a way that it could accommodate two 

DSG pellets with a diameter of 12.4 ±0.05 mm and a height of 28.9 ±0.05 mm. The copper 

canister consisted of a 1.4 ±0.02 mm thick wall and a lid with a slightly larger diameter than 

the canister. A soft silicon gasket was inserted between the lip of the canister and the top of the 

cap to ensure no penetration of fluid into the canister.  
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Figure 3.1 Experimental setup for measuring the specific heat of DSG pellets (modified 

method of mixtures). 

The calorimeter was made of a double wall vacuum thermo-flask with an insulated lid. A thin 

plastic tube with a diameter of 0.8 ±0.05 mm was placed through a hole drilled into the lid of 

the thermos. A thin wire T-type thermocouple (Omega Engineering Inc. USA) with a diameter 

of 0.5 ±0.03 mm was placed inside the plastic tube so that the tip of the thermocouple was 

approximately located in the center of the heat transfer fluid within the thermo-flask. The top 

of the plastic tube was sealed perfectly after placing the thermocouple wire inside it ensuring 

the temperature sensing end of the thermocouple was only exposed to the heat transfer fluid 

and not the surrounding environment. Similarly, the open end of the tube on the thermos flask 

lid was also covered with thermal resistant tape in order to minimize the heat loss. The entire 

calorimeter, including the thermocouple, was then placed into a block of extruded polystyrene 

insulation and covered with an insulated lid. A mechanical shaker at the base of the unit ensured 
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that the fluid within the thermo-flask remained at a uniform temperature. The thermocouples 

were then connected to a Data Acquisition System (DAQ). All data obtained by the DAQ 

(Agilent - 34970A, USA) was then transmitted through a USB interface to a computer. By 

doing so, the temperature changes of the heat transfer fluid could be recorded over time.  

After compaction, the pellet was carefully placed vertically inside a copper canister. The initial 

temperature of the pellets was checked using the thermocouple. The canister with the pellet 

was placed in an environmental chamber set at 25 ±1oC. The copper canister and pellet reached 

equilibrium with the environmental chamber temperature after 3 to 5 minutes. Also, the resting 

time inside the environmental chamber allowed the pellets to slightly expand and occupy the 

entire volume of the canister. The temperature of the copper canister and the pellet were then 

checked once more before placing them into the heat transfer fluid (distilled water) to ensure 

that both were at the same temperature. Similarly, the polystyrene base and the lid were 

dismantled from the mechanical shaker and placed in an oven at 50oC for about 5 min. This 

was done to minimize the heat loss during the experiment.  Hot water at one of the three set 

temperatures was previously prepared and placed inside the calorimeter resting inside the 

polystyrene insulation of the mechanical shaker as shown in Figure 3.1. The water temperature 

was recorded 3 to 5 min prior to each experimental trial to ensure that it remained constant at 

the desired value. Prior to the start of each trial, the initial temperature of the canister and pellets 

(equal in temperature) and the hot water inside the calorimeter were recorded. The canister was 

then dropped into the calorimeter and the insulation lid was closed immediately. A mechanical 

shaker was employed to shake the assembly at a constant speed. The shaker assembly was 

fabricated using a rotary shaker motor (Stern Pinball motors, USA) attached to a flat platform. 

The temperature of the distilled water was recorded at every 1 s interval using a data acquisition 
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unit. The temperature of the sample canister unit and the water were allowed to reach 

equilibrium before stopping the experiment. Separate sets of experiments were done in 

triplicates for each moisture content (25, 35, and 45%), solubles concentration (0, 10, 30, and 

50% w/w), and water temperature (40, 60, and 80oC). Experiments were done in triplicates for 

each factor (temperature, moisture content, and solubles concentration) and for every level in 

each factor.   

To calculate the calorimeter constant of the experimental setup (water equivalent of the 

calorimeter and its associated parts) separate trials were conducted with a known mass of pure 

copper (3.5 mm diameter) and aluminum granules (1 mm diameter) with specific heat of 0.386 

and 0.9 kJ/(kgK), respectively. Separate calibration tests were conducted for each heat transfer 

fluid temperature and corresponding calorimetric constants were determined. To estimate the 

canister constant, a separate set of experiments were done with the canister being empty for 

each temperature. Specific heat of DSG pellets was calculated using Equation 3.1, as described 

below, by considering the calorimetric constant at each heat transfer fluid temperature and the 

corresponding canister constant.   

     (3.1) 

where, Mth is the mass of water equivalent of the calorimeter (calorimetric constant) in kg, 

 Mpellet is the mass of DSG pellets in kg, Mw is the mass of heat transfer fluid (water) in kg, Cw, 

Ccan, and Cp are the specific heat of water, copper canister, and DSG pellets, respectively, in 

kJ/(kgK), Tiw, Tew, and Tican are the initial temperature of water, equilibrium temperature of the 

water-sample mixture and initial temperature of copper canister, respectively, in K. 

( ) ( )[ ] ( )
( )can

can

- 
- 

 = C
ewpe llet

ew

p
i

icancaniwewwthw

TTM
TTCMTTCMM ---



                                                                     Chapter 3. Thermo-physical properties of DSG 
  
 

89 
 

 The temperature of the copper canister and pellet were the same before the start of the 

experiment. The temperature history of the water was recorded continuously at 1 s intervals 

using data acquisition system. All recorded data was later used for determination of specific 

heat of DSG pellets using Equation 3.1.  The effect of thermal leakage and energy added by 

shaking was also considered by using the graphical method as mentioned by Stitt and Kennedy 

(1945). This was accomplished by calculating the temperature difference before and after 

mixing. A line with magnitude equal to this difference was drawn approximately through the 

middle of the temperature curve where a sudden deviation in temperature due to mixing was 

observed. The temperature corresponding to the endpoints of this line was chosen as the initial 

and final temperatures of the mixing fluid.  

3.3.6 Determination of thermal conductivity  

The thermal conductivity of cylindrical DSG pellets was determined using the modified 

Fitch apparatus (Fitch 1935; Dutta et al. 1988; Zuritz et al. 1989; Rahman et al. 1991), 

which was designed in the Department of Biosystems Engineering, University of Manitoba 

(Figure 3.2). It consists of a 540 mL the 18/8 stainless steel thermos flask (Stanley, Pacific 

Market International, USA) covered with a stopper made of extruded polystyrene foam. A 

copper rod of 15 mm diameter and 115 mm length was secured to a hole drilled in the 

center of the lid so that one end of the copper rod is exactly in line with the outer end of 

the polystyrene stopper. The lid-stopper assembly with the copper rod seals the thermo-

flask. The top cover for the Fitch apparatus was made with polystyrene with a copper plug 

of the same diameter as that of the rod and 16 mm depth at its center. The copper plug in 

the top cover and the copper rod in the lid-stopper assembly were aligned so that a small 

space of 7.2 ±3 mm between the plug and rod was left for placing the test sample (DSG 
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pellet). Two thin T –type thermocouples were installed about 2 mm below the surface of 

the rod and the plug by securing them in a narrow hole drilled into the copper. In order to 

minimize the heat dissipation due to the air gap around the sample, the lid of the thermo-

flask was covered with a Styrofoam insulation cover.   

 

 

 

 

 

 

 

Figure 3.2 Experimental setup for measuring the thermal conductivity of DSG pellets 

(modified Fitch apparatus). 

The thermo-flask was filled with the heat transfer fluid (distilled water and crushed ice mixture/ 

water with set temperature). The temperature of the heat transfer fluid inside the thermo-flask 

was allowed to equilibrate to a constant value for about 10 min. The thermo-flask with the heat 

transfer fluid was gently mixed with the help of a mechanical shaker. Compacted cylindrical 

pellets of approximately 12.5 ±1 mm diameter and 7.2 ±3 mm thickness were made using the 

universal testing machine (Model 3366 Universal Testing Systems, Instron Corp., Norwood, 

MA). The pellet was placed between the copper rod and plug. The temperature history of both 
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the top and bottom of the pellet were recorded using two thermocouples. As per the quasi-

steady conduction heat transfer through the DSG pellet, the energy balance in the copper plug 

and its analytical solution (Mohsenin 1980) are given by equation 3.2 and 3.3: 

        (3.2) 

With initial condition: T = T0, when t = 0. 

        (3.3) 

where, A is the heat transfer area in m2, kp is the thermal conductivity of pellets in W/(mK), 

T, T0, Tcr are the instantaneous temperature of the copper plug and sample, initial 

temperature of copper plug and Temperature of heat source (copper rod) in K, x is the 

thickness of the pellet in m, mcp is the mass of the copper plug in kg, Cp,c is the specific 

heat of copper in J/kg K.  

The thermal conductivity of the DSG pellets was calculated from of the slope of the semi-log 

plot of temperature gradient versus time and by equating the slope to the lefthand side of the 

equation 3.3 ie. . The experiments were repeated five times for each moisture 

content, (25, 35, 45%), solubles concentration of DSG pellets (0, 10, 30, 50% w/w), and heat 

transfer fluid temperature (0, 40, 80oC). 

3.3.7 Analysis of data 

The effect of moisture content and solubles concentration on the thermo-physical properties of 

the DSG pellets at different temperatures were studied using Statistical software (SAS 9.4). A 

method of least squares to fit a general linear model (GLM procedure) and a regression analysis 

where conducted on the experimental data using SAS (Version 9.4, SAS Institute Inc., Cary, 
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NC). A regression analysis with two independent variables (solubles concentration and 

moisture content) and three independent variables (solubles concentration, moisture content, 

and temperature) were used for describing the effect of each factor on particle density, thermal 

conductivity, and specific heat of the DSG pellets, respectively. The predicted values were 

compared with the experimental values by using R-square value and mean relative percentage 

error (Jian et al. 2013) determined using the following equation. 

           (3.4) 

where, MRP is the mean relative percentage error, Pi and Ei are the instantaneous predicted 

and experimental values of the property tested, n is the number of data points compared.	

3.4 Results and discussion 

3.4.1 Density and expansion of DSG pellets 

The particle density of DSG pellets with different soluble concentrations (0, 10, 30, and 50%) 

ranged between 898.8-1073.4, 981.4-1057.7, 995.8-1114.92, and 1039.7-1136.7 kg/m3, 

respectively, for the different moisture contents (Figure 3.3). Increasing the percentage of 

solubles eliminated the micro-pores in the pellet A similar range of values (ie 940 – 1090 

kg/m3) were also reported by Johnson et al., (2013) for the DSG pellets compacted with 

different compressive pressure. They also reported that the addition of 30% solubles to the 

DSG sample increased the density of the pellet by about 10% even at lower compressive 

pressure of 60.6 MPa. At the same time their results showed that the solubles concentration 

didn’t have an effect on pellet strength at higher compressive pressures (above 90 MPa). 

Statistical analysis of the experimental values using general linear model analysis shows that 

both the independent variables (solubles concentration and moisture content) have a significant 
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effect (P<0.001) on the particle density of the DSG pellets. Since there was no significant 

interaction between the independent variables, a simple linear regression analysis was used to 

predict the particle density of the DSG pellets. The prediction model for the particle density of 

DSG pellets as a function of solubles concentration and moisture content is shown in equation 

3.5. The prediction agrees well with the experimental values with an R-square value of 0.86. 

The mean relative percentage error for the predicted values was 3.4%.  

< = 213.3	A − 45.5	D + 1011.2         (3.5) 

Where, D is the particle density of the pellet in kg/m3, S is the % solubles in a fraction, M is 

the moisture content in % wb. As shown in the Figure 3.3, the particle density of the DSG 

pellets increased with an increase in solubles concentration supporting the conclusions of 

Johnson et al. (2015). This increase in particle density with the increase in solubles 

concentration might be due to the superior binding properties of solubles, high amount of 

starch and protein, and its lower particle size as reported by Mosqueda et al. (2013) and 

Johnson et al. (2014). The micro-porosity of the pellet due to the small air pockets within the 

pellet will also affect the density of the pellet. The increase in soluble concentration in dried 

DSG granules lead to a decreased porosity (Mosqueda et al., 2014) because of the fact that 

the bulk porosity of dried solubles were about 10% lesser than that of the dried DSG powder 

(Zielinska 2016).  
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Figure 3.3 Effect of moisture content and solubles concentration on the particle density of 

the DSG pellets. (Where, pred(25), pred(35), and pred(45) shows the predicted density of 

pellets with 25, 35, and 45% moisture content, respectively)  

A heterogeneous mixture of particles with different sizes has greater bonding because of the 

higher number of inter-particle bonds formed during compaction (Payne 1978). In contrast, 

the moisture content has a negative effect on the particle density of the pellets (Serrano et al. 

2011; Samuelsson et al. 2012) because higher moisture content samples tend to expand 

quickly than the lower moisture content samples (Mohsenin and Zaske 1976). A similar 

negative correlation between hardness and the moisture content of the DSG pellets was 

reported by Johnson et al. (2015).  The strength and durability of the densified products 

increased with increasing moisture content until an optimum is reached (Kaliyan and Morey 

2009).  The DSG pellets at higher moisture content (>25%) have more moisture trapped in 

the inter-particle spaces and these water molecules prevent the complete compression and 
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release of natural binders from solid particles owing to the incompressibility of water 

(Pickard et al. 1961).  

3.4.2 Specific heat of DSG pellets 

 The average specific heat of DSG pellets for temperatures of 40, 60, and 80oC ranged between 

1.76-2.62, 1.85-3.32, 2.67-3.47 kJ/(kgK), respectively. The specific heat values of these high 

moisture DSG pellets (25-45% moisture content) were found to be insignificantly higher than 

the dried distillers granules (1:1 ratio of wheat and corn) which were in the range of 1.7 – 2.6 

kJ/(kgK) (Zielinska 2016). The higher values of specific heat were mainly attributed by the 

higher moisture content of DSG pellets since water has higher specific heat than dried 

grains. The experimental values of specific heat capacities of the DSG pellets with different 

percentage of solubles (0, 10, 30, 50 %) at different moisture content (25, 35, 45 %) and at 

three different temperatures of heat transfer fluid (40, 60, 80oC) are shown in Figure 3.4a-

d. As per the results of statistical analysis, all the three independent variables (moisture 

content, solubles concentration, and temperature of heat transfer fluid) have a significant 

effect (P<0.001) on the dependent variable (specific heat capacity). The interaction terms 

between the independent variables were neglected from the model since they were 

insignificant at P>0.05. The regression model for the prediction of specific heat capacity 

of DSG pellets is shown in equation 3.6.   

GH = 0.019	D + 0.011	A + 0.023	) + 0.2716       (3.6) 

where GH is the specific heat of DSG pellets in kJ/(kgK), S is the % solubles in a fraction, M is 

the moisture content in % wb, and T is the temperature of the heat transfer fluid in oC. 
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Figure 3.4 a-d Effect of moisture content (25, 35, and 45%) and temperature (40, 60, and 

80oC) on the specific heat capacity of DSG pellets with different percentage of solubles 

(where a, b, c, and d represents the graphs for 0, 10, 30, and 50% of solubles, respectively 

and pred(40), pred(60), and pred(80) shows the predicted specific heat of pellets at 40, 60, 

and 80oC temperatures, respectively.) 

The specific heat capacity of the DSG pellets increases linearly with an increase in moisture 

content, temperature, and solubles concentration (Figure 3.4a-d). A similar trend in the specific 
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heat with an increase in temperature and moisture content was also reported by Jian et al. 

(2013) for canola seeds and by Ashtiani et al. (2014) for sesame seeds. The mean relative 

percentage error and R-square value for the developed model were 5.5%, and 0.86, 

respectively. A comparison of   predicted and experimental values of specific heat capacity of 

the DSG pellets shows that the general linear model as described by equation 6 has better 

predictability of the dependent variable (specific heat). 

3.4.3 Thermal conductivity of DSG pellets 

Thermal conductivity of a material depends on the structural anatomy of the sample, as well 

as its composition. Hence, it is highly challenging to get an accurate measurement of thermal 

conductivity of a sample when compared to the other thermal properties (Rahman 1991). 

The variation of thermal conductivity of DSG pellets at different moisture contents (25, 35, 

45%) and temperature of heat transfer fluid (0, 40, 80oC) for each percentage composition of 

solubles (0, 10, 30, 50%) is shown in Figure 3.5a-d. The value of thermal conductivity of the 

DSG pellets with different solubles concentration and moisture contents for the three 

different temperatures of heat transfer fluid (0, 40, 80oC) were 0.17-0.30, 0.20-0.35, 0.22-

0.42 W/(mK), respectively. These thermal conductivity values were higher than the values 

reported for dried DSG powder which was in the range of 0.04 - 0.05 W/(mK) (Mosquueda 

et al., 2014) because of the fact that the these DSG pellets were at significantly higher 

moisture content (ie. 25- 45% moisture content). The presently reported values were found 

to be closer to the thermal conductivity values of corn kernels which were reported to be in 

the range of 0.15 to 0.35 W/(mK) for a moisture range of 10-35% (Kustermann et al., 1981). 

At each moisture content and temperature, there was a gradual increase in the value of 
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thermal conductivity with an increase in solubles concentration up to 30%, beyond which 

the value seems to be approximately constant.  

 

 

 

 

  

  

 

Figure 3.5 a-d Effect of moisture content (25, 35, and 45%) and temperature (0, 40, and 

80oC) on the thermal conductivity of DSG pellets with different solubles concentrations 

(where a, b, c, and d represents the graphs for 0, 10, 30, and 50% of solubles, respectively 

and pred(0), pred(60), and pred(80) shows the predicted specific heat of pellets at 40, 60, 

and 80oC temperatures, respectively.) 
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All the three independent variables (moisture content, solubles concentration and temperature) 

have a significant effect on the dependent variable (thermal conductivity) with their P values 

<0.001, <0.010, and <0.001, respectively. The mathematical equation of best fit was 

determined with the help of multiple regression analysis avoiding the interaction terms since 

they were found to be insignificant. The prediction equation for thermal conductivity as a 

function of temperature, moisture content, and solubles concentration is given by equation 3.7. 

!H = 0.0012	) + 0.016	A + 0.0064	D − 0.0022       (3.7) 

where, !H	is the thermal conductivity of the DSG pellet in W/(mK), S is the solubles 

concentration in fraction, M is the moisture content in % wb, and T is the temperature of the 

heat transfer fluid in oC. The thermal conductivity of the DSG pellets increases with increase 

in moisture content, solubles concentration, and temperature (Figure 3.5a-d). Similar results 

showing a positive effect of temperature (Jancazak 2013) and moisture content on the 

thermal conductivity of material were reported by Elansari and Hobani (2009) and Modi et 

al. (2014). The increase in thermal conductivity values with an increase in moisture content 

is attributed to the higher conductive heat transfer of water molecules (Sreenarayanan and 

Chattopadhyay 1986). Emami et al. (2007) reported that the thermal conductivity is greatly 

influenced by the atomic activity inside the material. Hence, at a higher temperature, there is 

a higher atomic activity which improves the ability of the material to transfer heat energy. A 

similar trend in thermal conductivity with increase in temperature was reported by Mahapatra 

et al. (2011) and Jancazak (2013). The increase in thermal conductivity values of DSG pellets 

with the increase in solubles concentration can be explained by the correlation between 

solubles concentration and particle density as mentioned in equation 7. The DSG pellets with 

a higher percentage of solubles have a higher density, which decreases the air pockets inside 



                                                                     Chapter 3. Thermo-physical properties of DSG 
  
 

100 
 

the pellet. Since air is a poorer conductor of heat than solids, air pockets inside the material 

(i.e. higher porosity) lead to decreased thermal conductivity and vice versa. Hence, at 

constant moisture content, higher density pellets will have higher thermal conductivity. Also, 

the high amount of starch and protein in the solubles, increases the thermal conductivity as 

starch and protein have higher thermal conductivities than cellulosic fiber (Choi and Okos, 

2004). The prediction equation for thermal conductivity was validated with the experimental 

data by using R-square value and mean relative percentage error. The value of thermal 

conductivity for different moisture content, temperature and solubles concentration is well 

predicted by the multiple regression equation (equation 3.7) with an R-square value of 0.89. 

The mean relative percentage error calculated for the prediction equation was 6.7%, which 

indicates good agreement between the experimental and predicted values of thermal 

conductivities.   

3.5 Conclusions 

Thermo-physical properties are the key input parameters required for mathematical modelling 

of heat and mass transfer phenomena of the drying process. Therefore, thermal conductivity, 

specific heat, and particle density were determined as a function of moisture content, solubles 

concentration, and temperature using standard laboratory methods. The particle density of 

DSG pellets was in the range of 898.8-1136.7 kg/m3 for moisture content ranging from 25- 

45% and solubles concentration ranging from 0 -50%. The particle density of DSG pellets 

increased by 8.3, 10.8, and 19% with an increase in solubles concentration (0-50%) for 25, 35, 

and 45% moisture content, respectively. But the average particle density of the DSG pellets 

was found to decrease (10- 18%) with an increase in moisture content. The superior binding 
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properties of protein and starch and finer particle size of solubles explain the increase in density 

with an increase in solubles concentration.  

Specific heat of the DSG pellets was positively correlated with the moisture content, 

solubles concentration, and temperature. The average value of the specific heat of DSG 

pellets ranged between 1.76-3.47 kJ/(kgK) for different moisture contents (25, 35, 45%) 

and solubles concentration (0,10, 30, 50%). However, at higher temperatures (80oC) the 

effect of moisture content on the specific heat capacity of the DSG pellets was minimal 

when compared to lower temperatures (40oC).  There was an increase in the specific heat 

value of DSG pellets (9-20%) with an increase in solubles concentration for different 

temperatures of heat transfer fluid. The values of thermal conductivity also showed a positive 

correlation with the moisture content, temperature, and solubles concentration. The average 

value of thermal conductivity of DSG pellets ranged between 0.17-0.42 W/(mK) for different 

moisture contents (25, 35, 45%) and solubles concentration (0,10, 30, 50%). The thermal 

conductivity of a pellet was predominantly affected by the moisture content than other 

independent variables. Multiple linear regression equations for all the three properties show a 

good agreement with the experimental data. Hence, these equations can be used for predicting 

the values of these properties at any moisture content, solubles concentration, and temperature 

with appreciable accuracy. These equations can be used as important tools to predict thermo-

physical properties of DSG pellets, as these properties are essential for the numerical modelling 

of heat and mass transfer mechanisms. Also, these properties will serve as essential data for 

optimization of different processing and storage techniques and for the design of suitable 

drying system for distillers spent grains.  
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CHAPTER 4. EFFECTIVE MOISTURE DIFFSUIVITY OF DSG 

This chapter is based on the research paper published by Elsevier in the journal Biomass and 

Bioenergy on 14 June 2018, available online: www.sciencedirect.com/                                 

[doi.org/10.1016/j.biombioe.2018.06.004].  

4.1 Abstract 

Drying is an essential unit operation needed for safe storage and handling of the wet Distillers’ 

spent grain (DSG), a major by-product of the ethanol industry. For the simulation and 

modelling of the drying process, a detailed study on different pre-requisite parameters such as 

the thermo-physical properties and effective moisture diffusivity of the material to be dried 

under is required. The present study reports the effective moisture diffusivity and activation 

energy of the DSG pellets during superheated steam (SS) drying. Cylindrical DSG pellets at 

two moisture contents (25 and 35% wet basis) and three distllers’ solubles concentrations (0, 

10, and 30% w/w) were dried at five SS temperatures (120, 135, 150, 165, and 180°C) and 

three SS velocities (0.5, 1.0, and 1.5 m/s), respectively. The experiment-based effective 

moisture diffusivity of the DSG pellet with and without solubles was determined by using the 

comparison of drying characteristic and the analytical solution of Fick’s law of diffusion for a 

finite cylinder. The results showed that the effective diffusivity increased with an increase in 

SS temperature and velocity and its value was in the range of  2.49 × 10-9 to 17.9 × 10-9 m2/s. 

The dependency of the moisture diffusivity on temperature and moisture content was 

established by using Arrhenius equation and Levenberg-Marquardt optimization algorithm. 

The model coefficients were compared with the calculated values of instantaneous  
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effective moisture diffusivity with R2 value ≥0.78 and error ≤10%. These findings could serve 

as a fundamental input for the numerical modelling of SS drying of DSG pellets.  

Keywords: Distillers’ spent grain pellet, Distillers’ solubles, Effective moisture diffusivity, 

Activation energy, Superheated steam drying 

4.2 Introduction 

Distillers’ spent grain (DSG), which contains the residue remaining after starch extraction 

for ethanol production, is the major by-product from the bioethanol industry. This low-

value product is mainly utilized as animal feed in either processed or unprocessed form. 

High levels of protein and digestible fiber combined with low starch content makes this 

material a suitable raw material for the feed industry (Oba et al., 2010; Salim et al., 2010; 

Świątkiewicz and Koreleski, 2008). When converted to other useful products such as 

animal feed, dried distillers’ grain, with or without solubles, could yield 10-20% additional 

income to the ethanol industry (Johnson et al., 2011a; Ramachandran et al., 2017b). The 

increased production of DSG in recent years has resulted in unprecedented interest to 

identify new value added products from this dietary fiber rich by-product. These products 

include fish feed (Li et al., 2011), cattle feed(Penner et al., 2009), poultry feed (Salim et 

al., 2010), pig feed (Lyberg et al., 2012), human food (Brochetti et al., 1991; Fiasco et al., 

1990), and nutritional supplements for simultaneous saccharification and ethanol 

fermentation (Bi et al., 2011). 

Regardless of the milling method (wet or dry milling), a by-product of the bio-ethanol 

industry that uses cereal grains as raw materials is the unfermented mashed grain, called 

wet stillage. This wet stillage is in the form of a slurry with high moisture content (about 

80%) (Ramachandran et al., 2017b). Approximately, one-third of the grain used for ethanol 
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production ends up as wet stillage (Popp et al., 2016). Hence, drying wet stillage mitigates 

the inconvenience of its storage and transportation. The wet stillage is initially centrifuged 

to remove excess water and to separate the smaller sized particles (i.e. distillers’ solubles) 

from coarser particles. Depending upon the requirements of the final product, the 

centrifuged stillage and solubles are then dried either separately or together to yield dried 

distillers’ spent grains (DDGS) or dried distillers’ spent grain with solubles (DDGSS), 

respectively.  The quality and market value of the dried product depends on the method 

and operating conditions of the drying process. 

The industrial drying of wet spent grains is done using rotary drum dryers at internal 

temperatures ranging from 250 to 600°Cs. In order to maintain the throughput of the wet 

stillage to dried product, the wet stillage is mixed with a batch of previously dried granules 

of DSG at the entrance of the rotary-drum dryer. The dried granules serve as a core (inert) 

material to dry the wet DSG coated over it. This approach helps to develop a desired large 

surface area for heat and mass exchange. But, these multiple passes of the core material 

through the hot dryer can lead to burning or igniting fires in such hot air. This causes either 

darkening of the DDGS, which affects its nutritional value, or a shutdown of the production 

line causing monetary losses (Ramachandran et al., 2017a). The use of superheated steam 

(SS) for drying such wet materials not only eliminates the risk of fire but also improves the 

colour and quality of the final product (Cenkowski, Pronyk, Zmidzinska, & Muir, 2007; 

Tang, Cenkowski, & Izydorczyk, 2005; Zielinska et al., 2009). The optimization of the 

antiquated drying process using SS is still under research with the aim to improve the 

quality of dried products; and increase the efficiency and productivity of the drying 

process. 
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The SS drying process has different stages of drying such as initial condensation, constant 

rate drying and falling rate drying.  As opposed to air drying where the moisture content 

gradually decreases during the warming up period, the moisture content of the material 

increases in the initial stage of SS drying due to steam condensation. This phenomenon is 

referred to as the initial condensation or a reverse drying process (Iyota et al., 2001). The 

condensed water either evaporates or is adsorbed by the material depending on the 

properties of the material and duration of the condensation process causing an increase in 

the overall moisture content of the material. This increase in moisture content affects the 

drying rate as well as the moisture diffusivity of the material (Pakowski and Adamski, 

2011a). The length and quantity of the initial condensation is dependent on the SS 

temperature and velocity (Ramachandran et al., 2017b). Therefore, the moisture gain due 

to the initial condensation is also dependent on the SS condition. Zielinska and Cenkowski 

(2012) reported that different factors such as the initial moisture content, fraction of 

distillers’ solubles in the spent grain, and steam operating conditions affect  the moisture 

diffusivity of DSG. These factors affect the heat transfer rate and thereby influence the 

moisture movement inside the material.   

A complete understanding of the drying characteristics of the material and the dynamics of 

drying process are key to the design and modification of such dryers. A development of a 

numerical model capable of describing the drying process with a good spatial and temporal 

resolution is an essential step in design.  To develop such model, some pre-requisite 

parameters such as thermo-physical properties of material (Da- Silva et al., 2014; 

Perussello et al., 2014; Ramachandran et al., 2017c) and the moisture diffusivity (Doymaz, 

2009; Sharma and Prasad, 2004) are required. Accurate modelling of the pre-requisite 
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parameters at variable operating conditions of dryers will result in better predictability of 

results by such models. Moisture diffusivity during drying depends on many events that 

occur in the material such as liquid diffusion, vapour diffusion, molecular diffusion, 

hydrodynamic flow, capillary flow, surface diffusion, etc. (Hashemi et al., 2009) Hence, a 

generic term such as ‘effective moisture diffusivity’ could be used to describe the 

mechanism of moisture movement in a biological material. This movement of moisture is 

usually determined by incorporating Fick’s law of diffusion into drying experiments 

(Bourassa et al., 2015a). In most drying problems, one-dimensional flow approach is used 

to simplify transient transfer (Li et al., 2014). The dependency of effective moisture 

diffusivity on moisture content (Azarpazhooh and Ramaswamy, 2012; Rizvi, 2005) and 

temperature (Da-Silva et al., 2012; Koukouch et al., 2017) is a contentious issue that has 

been studied by many researchers (Kittiworrawatt and Devahastin, 2009; Rahman and 

Kumar, 2011; Srikiatden and Roberts, 2006; Suvarnakuta et al., 2007). Some researchers 

believe that the diffusion coefficient is independent of moisture during the first falling 

drying rate period (Rovedo et al., 1995). This theory is based on Arrhenius type relationship 

of diffusivity where the temperature during drying describes the effective moisture 

diffusivity. The assumption of the average temperature of drying media equal to that of the 

material in the Arrhenius equation (Ah-hen et al., 2013; Thorat et al., 2012) has been 

questioned by its critics, especially in the case where a temperature gradient is present in a 

sample (Srikiatden and Roberts, 2006; Vaccarezza et al., 1974). In practice, it is difficult 

to measure the local temperature of the sample as drying progresses. Hence, it is generally 

assumed that the average sample temperature is equal to that of the temperature of the 
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drying medium. Therefore, modelling the effective diffusivity as a function temperature of 

the drying medium instead of the sample is apparent (Srikiatden and Roberts, 2006).  

The present paper is a continuation to a previous study on determining the pre-requisite 

parameters for numerical modelling of SS drying of DSG pellets where a section was 

devoted to the thermo-physical properties of DSG pellets at variable moisture and 

temperature (Ramachandran et al., 2017c). The present study summarizes the results of the 

research on the effective moisture diffusivity and activation energy of DSG pellets at 

different operating conditions of SS drying. The main objective of this paper is to determine 

the effect of SS temperature and velocity, and distillers’ soluble (CDS) concentration in 

the DSG on the effective moisture diffusivity and activation energy of DSG pellets. 

Additionally, a model is developed to predict the effective moisture diffusivity of DSG 

pellets during SS drying.  

4.3 Materials and method 

4.3.1 Sample preparation 

The raw materials used for the present study was a by-product mixture of corn and wheat 

(9:1) stillage. The stillage was obtained from a local ethanol plant in Manitoba (Mohawk 

Canada Limited, a division of Husky Oil Limited, Minnedosa, MB). It was then stored in 

a chest freezer at -15°C in sealed plastic pails. The stillage was thawed overnight at room 

temperature and thereafter centrifuged at a relative centrifugal force of 790 g using a 

Sorvall General Purpose, RC-3 centrifuge (Thermo Scientific Co., Asheville, NC). The 

centrifuge was operated, with four sample bowls of 1000 mL capacity (filled approximately 

75% of volume) rotating at a speed of 2200 rpm for 10 minutes. After centrifugation, the 

supernatant liquid (excess water with a very small amount of mashed grain soluble) was 
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poured out of the bowl. The semi-solid soluble fraction (distillers’ solubles) and the coarse 

grain fraction were separated manually with a spoon.  The centrifugation trials were 

repeated 10 times to determine the percentage composition of the raw sample in terms of 

coarse grain fraction, distillers’ solubles, and supernatant liquid (Ramachandran et al., 

2017). The mass of the separated coarse grain fraction, distillers’ solubles, and liquid was 

recorded for each trial. The average mass fraction of the coarse grain fraction, distillers’ 

solubles, and supernatant liquid were 49.5 ± 0.5, 9.5 ± 0.5, and 40.5 ± 0.5% w/w, 

respectively.  The separated fractions were placed in airtight air tight polyethylene bags (2 

Gauge mils thickness) of 250 g capacity of 250 g capacity and stored in a freezer at -15°C.  

Prior to the experimental trial, a bag was taken out of the freezer and allowed to thaw at 

room temperature for 2 h.  

4.3.2 Pre-treatment and mixing 

The initial moisture content of the coarse grain fraction and the solubles were determined 

using the air-oven drying method (AACC Method, 2000) using a laboratory oven (Thermo 

Electron Corporation, Waltham, MA) at 135°C for 2 h (Ramachandran et al., 2017a, 2017b). 

The average moisture content of whole stillage before centrifugation, coarse grain fraction, 

and distillers’ solubles after centrifugation, were 89.2 ± 0.05, 77.8 ± 0.08 and 82.9 ± 0.1% 

wb, respectively. To prepare the different percentage mixture of distillers’ solubles and 

coarse grain, calculated amounts of solubles were added to a known mass of coarse grain 

fraction of DSG.  Three sets of DSG samples were prepared with 0, 10, and 30% (w/w) of 

distillers’ solubles. The sample with 0% solubles was kept as a control sample. The moisture 

content of each mixture was also measured using standard air-oven drying method (AACC 

Method, 2000). Each of these wet mixtures was gently mixed using a spatula for about 2 -3 
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min. The mixed samples were dried in a laboratory oven at a low temperature (60 ± 5°C) to 

ensure that the properties of the samples are not altered (Stroem et al., 2009). About 20 g of 

mixture to produce 4–5 pellets was prepared at a time to prevent excessive drying during 

storage (Bourassa et al., 2015a). Each composition of the sample (with 0, 10, 30% solubles) 

was dried to obtain two different moisture contents (25 and 35%). The selection of moisture 

content was done based on the stability of compacted DSG pellets for the selected 

composition (Johnson et al., 2013b; Ramachandran et al., 2017a). The prepared samples were 

stored in a freezer at −15°C. 

4.3.3 Densification 

A compaction unit with a cylindrical die, a die holder and a plunger were used for producing 

individual pellets for the study. The compaction unit was attached to an Instron universal 

testing machine (Model 3366 Universal Testing Systems, Instron Corp., Norwood, MA). The 

DSG pellets were made by placing approximately 4.25 ± 0.05 g of thawed raw material at 

given moisture content and percentage solubles in a cylindrical steel die of 12.2 ± 0.01 mm 

and 80 ± 0.01 mm diameter and length, respectively. The cylindrical die was secured in place 

by using a die holder. A cylindrical plunger of 12.08 ± 0.01 mm diameter and 83.65 ± 0.01 

mm length was attached to a load cell of 10 kN connected to the upper jaw of the universal 

testing machine. The sample was compacted at a constant load with a plunger speed of 50 

mm/min until the maximum load reached 6820 N (60.3 ± 0.1 MPa). The formed pellet was 

then held at that constant load for 300 s by retaining the plunger inside the die to maintain a 

constant pressure on the formed pellet and to reduce the spring-back effect (Bourassa et al., 

2015b; Ramachandran et al., 2017a; Tumuluru et al., 2010). The plunger was then released 

from the die and the cylindrical die was separated from its die holder. The pellet was then 
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pushed out of the die using the plunger. The same densification process was repeated to make 

pellets of different composition of distillers’ solubles and moisture contents as per the 

experimental design. 

4.3.4 Superheated steam drying unit 

The SS drying unit was designed and built at the Department of Biosystems Engineering, 

University of Manitoba, Canada. The system consists of a water tank, boiler, superheater, 

drying chamber, and heat exchanger (Fig. 1). The function of each component in the system 

has been explained by Cenkowski et al.(2007) and Ramachandran et al.(2017b). The drying 

chamber walls were heated by means of strip heaters mounted on the outer wall of the drying 

chamber, which was further insulated by a cellular glass and an outermost layer of a steel 

sheet. The wall was maintained at a temperature of about 3 ± 0.5°C above the operating 

temperature. An array of thermocouples at different heights inside the chamber recorded SS 

temperature as shown in Figure 4.1. A thin perforated sample holding tray made of aluminum 

was hung inside the SS drying chamber using a thin metal wire of 0.5 mm diameter. The 

metallic wire connected to the sample holding tray was attached to the under-weighing hook 

of a precision weighing balance (Sartorius ENTRIS 423-1S, Sartorius, Germany) placed 

above the SS drying chamber (Fig. 1). The exposed portion of the wire above the SS chamber 

was heated with a small electric heater resting on the top of the SS chamber to avoid any 

condensation on the wire. The position of the holding tray was adjusted in such a way that 

the sample was at the center of the drying chamber.  

4.3.5 Drying experiments 

To avoid steam condensation on the tray and the inner walls of the drying chamber, the drying 

chamber with the empty holding tray was pre-heated to the desired operating temperature 
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(120, 150, 180°C). For safe loading and unloading of the sample, a flow diversion valve was 

attached to the main-steam line of the SS drying system which enabled the operator to bypass 

the SS from the drying chamber to the water tank (Fig. 1). It also enabled the measurement 

of the true mass of the sample without being affected by the upward lifting force of SS. For 

drying experiments, the diversion valve was set to allow steam to by-passed the drying 

chamber. Next, a single DSG pellet of 4.25 ± 0.05 g was placed in the preheated holding tray 

by opening the glass door located at the front of the drying chamber. To eliminate the steam 

leakage, the glass door was secured tightly with a silicon gasket of 3 mm thickness. The 

steam was then re-diverted to the drying chamber. The mass of the sample as well as the SS 

temperature inside the chamber during drying was recorded at regular intervals (3 s) with the 

help of a Visual Basic computer program. Each drying experiment was continued until the 

recorded mass of the sample reached equilibrium, i.e. when the mass change over drying 

time was not more than 0.01 g. At the end of the test, the final mass of the sample and the 

dimensions of the pellet were measured for further calculations. The change in mass of the 

pellet over the drying time was plotted to determine the equilibrium point for the conditions 

established with SS. The drying characteristic curves of the pellets were developed from the 

experimental data. An average of about 15-20 data points (moisture content) of the drying 

characteristic where the curve plateaued was used as the equilibrium moisture content 

(Ramachandran et al., 2017a).  
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Figure 4.1 Schematic diagram of SS drying system and an enlarged cross-sectional view of the drying chamber; where, 1- Water 

tank, 2- Boiler, 3 and 5- Flow control valves, 4- Super-heater, 6- Drying chamber, 7- Weighing balance, 8- Data acquisition unit, 

9- Heat exchanger, 6a- Heater, 6b- Sample holding tray with sample, and 6c- thermocouple assembly. (Adapted from Cenkowski 

et al.(2007) 
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The experiments were repeated in triplicate for each distillers’ solubles concentration (0, 

10, 30% w/w), initial moisture content (25 and 35% wb), different SS temperatures (120, 

135, 150, 165 and 180°C), and SS velocities (0.5, 1.0, and 1.5 m/s) inside the chamber and 

at the cross-section where the sample was located. The drying experiment lasted about 1-2 

h depending on the time required for the pellet to reach equilibrium moisture content, which 

in turn was dependent on the initial moisture content, composition of pellet, and SS 

operating conditions. To determine the lifting force of SS on the holding tray and the pellet, 

a separate set of experiments was conducted in triplicate for each operating condition 

selected for the drying experiments. During these experiments, SS was diverted from the 

drying chamber for approximately 20 s at time intervals of 2, 5, 15, 30, 45 min, and 1h and 

the mass of the sample without the effect of lifting force of SS was recorded. The difference 

in mass readings, with and without the SS, was calculated as the lifting force on the pellet 

and the holding tray. The lifting force values were used to determine the true mass of the 

pellet during actual drying experiments for developing the drying characteristics (Bourassa 

et al., 2015b; Pronyk et al., 2008c).  

In order to compare the diffusivity of pure solubles with that of the DSG pellets with 

different soluble concentrations, a separate set of drying experiments was conducted with 

the pure distillers’ soluble. These experiments were done by placing a thin layer 

(approximately 3 ±1 mm thickness) of wet solubles with a moisture content of 83% on a 

perforated sample tray. The experiments were repeated for all the SS temperatures and 

velocities as used for the drying trials of DSG pellets. 
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4.3.6 Dimensional changes  

To determine the dimensional changes of the pellets when subjected to SS, a separate set 

of experiments was conducted with DSG pellets with different levels of distillers’ solubles 

(0, 10, and 30% w/w) and initial moisture contents (25 and 35% wb) for all the operating 

conditions of the SS drying system (the same as used in the drying experiments). Each test 

was also done with a single pellet of known dimensions and approximately the same mass 

and dimension as that of the pellet used for the drying experiments.  The pellet was 

subjected to SS drying for about 0.5, 1, 2, 5, 20, 45, and 60 min. Any pellets that 

disintegrated during drying were not used in further calculations for determining the 

volumetric change. Only freshly compacted pellets were used for each of the 

aforementioned SS drying time. This method prevents the alternative cooling and heating 

of the pellet when the same pellet is used again (Bourassa et al., 2015a). The after-treatment 

dimensions of the pellet were measured using Vernier calipers with an accuracy of 0.01 

mm. The initial pellet dimensions for these experiments were approximately the same as 

that of the drying experiments (as described in section 2.5). Therefore, the final dimensions 

of the pellet used in the drying tests were used to determine the overall percentage 

volumetric change of the pellet at the end of drying time, for each operating condition.  

4.3.7 Effective moisture diffusivity 

The criterion for choosing the concept of a finite cylinder or an infinite cylinder for solving 

drying problems depends on its dimensions (Pereira and Silva, 2014). Since the pellet 

dimensions did not meet the criterion of infinite geometry (i.e. length to radius ratio is 

smaller than 5), the finite cylinder model was used for determining the effective diffusivity 

during drying (Erdoǧdu and Turhan, 2006; Pacheco-aguirre et al., 2014). The effective 
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moisture diffusivity of the cylindrical pellets was hence determined by using the solution 

for the mass transport equation (Fick’s law of diffusion) in a finite cylinder (Pabis et al., 

1998). The instantaneous effective diffusivity of the DSG pellet was determined by using the 

optimum solution of the Fourier number  values (Crank, 1975): 

   (4.1) 

Where, is the instantaneous moisture ratio and , ,  are the instantaneous, 

initial, and equilibrium moisture content; 

, and ,  , !"($%) = 0,	and   

Where,  are the roots of the Bessel function of first kind of the order zero, and the values 

of are defined in Equation 4.1 for n=1 to 10 are 2.4048, 5.5201, 8.6537, 11.7915, 

14.4309, 18.0711, 21.2116, 24.3525, 27.4935, 30.6346, respectively;  and  are the 

instantaneous radius and length of the DSG pellet; 

          (4.2) 

Where,  is the effective moisture diffusivity in m2/s, is the instantaneous radius of 

the DSG pellet. T is the drying time in s. As the initial condensation accompanies heat 

generation, the heat flux into the pellet is larger in the initial stages of SS drying when 

compared to air drying (Inoue et al., 2010; Kondjoyan and Portanguen, 2008; Pakowski et 

al., 2011). This increase in temperature might be visible throughout the drying stage, 

causing a shorter or negligible constant drying rate period in SS drying, especially for 

higher SS temperatures (Inoue et al., 2010; Iyota et al., 2008; Pakowski and Adamski, 
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2011a; Ramachandran et al., 2017a). The resistance to steam permeation is negligible once 

the condensation and restoration period is completed. Hence, the water within the pellet is 

taken to the evaporation front at the boiling temperature corresponding to the external 

pressure (Ezhil, 2010; Iyota et al., 2001). By considering the first term of Equation 4.1 with 

an assumption that the rest of the terms are negligible (Motevali et al., 2012; Taheri-

garavand et al., 2011; Touil et al., 2014), the equation can be rewritten as: 

+,(-) = .%/.0/	123 4− 6$%/7 + $0/7 9
:;
<;
=
7
> ?@AA-

:;B
C    (4.3) 

The logarithmic transformation of Equation 4.3 gives a linear relation: 

lnF+,(-)G = ln(.%/.0/) − 46$%/7 + $0/7 9
:;
<;
=
7
> ?@AA-

:;B
C    (4.3a) 

The slope’k’of the linear plot of versus drying time‘t’ is given by: 

H = 46$%/7 + $0/7 9
:;
<;
=
7
> ?@AA

:;B
C   where, = 2.4048 and =1.57.  (4.4) 

The correlation between the temperature and the effective moisture diffusivity (from 

Equation 4.4) can be expressed by using Arrhenius type equation (Equation 4.3) (Babalis 

and Belessiotis, 2004; Chayjan et al., 2013; Chen et al., 2013; Hamawand, 2013a; Kaya et 

al., 2006; Koukouch et al., 2017; Sa-Adchom et al., 2011a). 

IJKK = IL	123 9−
MN
OP
=        (4.5) 

Where, IL	is the pre-exponential factor and QR is the activation energy in kJ/mol. The 

activation energy is a measure of moisture particles bonding. If the activation energy is 

high, then the energy required to break the moisture particle bond is also high and hence 

require longer time to remove moisture form the solid. The value of QR and IL	were 

determined using the slope and intercept of a semi-log plot of average effective diffusivity 

( ))(ln tMR

1nµ 1mµ
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and inverse of corresponding drying medium temperature (Golpour et al., 2017; Mirzaee, 

Rafiee, Keyhani, & Emam-Djomeh, 2009; Zielinska & Cenkowski, 2012). The predicted 

effective diffusivity from Equation 4.3 - 4.4 was then modified to include the effect of 

moisture content too (Castell-Palou et al., 2012)  by fitting the predicted values of the 

effective diffusivity (Equation 4.3) to the experimental values (Equation 4.1 and 4.2).  A 

non-linear regression analysis for experimental values of effective diffusivities was done 

by using Levenberg-Marquardt optimization algorithm (Rahman and Kumar, 2011) in 

MatLab (R2014b, Mathworks, USA). The value of and  obtained from Equation 

4.5 was chosen as an initial guess for optimization. 

IJKK = R	123 S9−MN∗

OP
= + U	+V-W       (4.6) 

Where, a and c are the model constants and QR∗ is the adjusted activation energy using 

Levenberg-Marquardt optimization. 

4.3.8 Uncertainty analysis 

The uncertainty in the calculated results (the propagated error) of the measured quantities 

was determined to analyze the accuracy of measurements during the experiments (Khanali 

et al., 2016). The combined uncertainty of measurement of a quantity can be expressed as: 

∆Y = Z9[K
[\]
∆2]=

^
+ 9 [K

[\^
∆2^=

^
+ ⋯+ 9 [K

[\`
∆2%=

^
     (4.7) 

Where, ∆Y is the error of the quantity Y; ∆2], ∆2^,…, ∆2% are the error/uncertainty in the 

independent variables 2], 2^,…, 2%, respectively. The derived quantities such as moisture 

content (+) in kg of water per kg of dry mass were determined by following equation 

obtained from Equation 4.7b: 

oD Ea
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∆+ = Z9 [a
[0b

∆cd=
^
+ 9 [a

[0e
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7
      (4.7a) 

∆+ = Z9 ]
0e
∆cd=

^
+ 90b

0eB
∆cf=

7
       (4.7b) 

Where	cd and cf	are the mass of water and dry mass in kg, respectively. The model 

coefficient and constant such as the activation energy, pre-exponential factor were assumed 

to be the maximum standard deviation obtained for the triplicate trials.  

4.3.9 Statistical analysis 

The effect of process parameters viz. the temperature and velocity of SS, the moisture 

content of the samples, and the mass fractions of distillers’ solubles on shrinkage and 

effective moisture diffusivity were studied using statistical software (SAS version 9.4, SAS 

Institute Inc., Cary, NC). A factorial ANOVA and a regression analysis with multiple 

independent variables (temperature, velocity, moisture content, and solubles mass 

fractions) were conducted with data obtained from a full factorial experimental design. The 

model parameter was determined using Levenberg-Marquardt optimization. The quality of 

fit was analyzed with the help of coefficient of determination (R2) and Root Mean Square 

Error (RMSE). The mean relative percentage deviation of predicted values from the 

experimental values was also calculated. 

4.4 Results and discussion 

4.4.1 Uncertainty of measured and derived values 

The uncertainty of measured quantities and the combined uncertainties of the derived 

quantities were calculated using Equation 4.7. Since all the drying experiments were 

conducted in three replications, the combined uncertainties for the derived quantities such as 

moisture ratio, volumetric changes, effective moisture diffusivity, and activation energy were 
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calculated using the average values of measured independent variables. The overall 

combined uncertainty for these quantities is shown in Table 4.1. The uncertainty values of 

both measured and derived quantities were found to be less than 10%. 

Table 4.1 Uncertainties of measured and derived quantities 

 Parameter  Unit of measurement Uncertainty value 

M
ea

su
re

d 

qu
an

tit
ie

s  

Temperature °C 0.1 

Mass g 0.01  

Velocity m/s 0.05  

Time s 0.02  

D
er

iv
ed

 q
ua

nt
iti

es
 Moisture content kg of water/kg of total mass 2.12% 

Moisture ratio - 3.20 % 

Volumetric Change % 2.91 % 

Effective moisture diffusivity  m2/s 5.01 % 

Activation energy J/mol 5.40 % 

4.4.2 Dimensional changes of DSG pellet 

Unlike in the case of drying agricultural materials where a volumetric shrinkage is common, 

the SS drying of DSG pellets experienced longitudinal and lateral expansion. The volumetric 

changes during drying cannot be neglected as it affects the moisture migration and in turn 

the effective moisture diffusivity (Hashemi et al., 2009; J. Li et al., 2014; Touil et al., 2014; 

Zielinska & Cenkowski, 2012). A similar result was reported by Johnson et al.(2014b). They 

found that the longitudinal expansion of DSG pellets over the period of SS drying was found 

to be greater than the lateral expansion. This was due to the relaxation of stresses stored in 

the pellet structure and caused by SS (Taheri-Garavand et al., 2011). The experimental results 

showed that the rate of expansion was about 50% more during the condensation period when 

compared to the later falling drying rate period. The maximum volumetric expansion noted 
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during initial condensation was in the range of 140-152%. This is because condensed water 

is adsorbed into the pellet until the evaporation front coincides with the adsorbed moisture 

front. This expansion of the pellet then diminishes as drying proceeds and moisture 

evaporation causes shrinkage.  

The volumetric expansion was found to be increasing (approx. 42%) with the decrease in 

SS temperature and velocity irrespective of the pellet moisture content (Figure 4.2) with 

an R2 value of 0.92. This is due to fact that the initial condensation decreases with SS 

temperature and velocity and the evaporation front develops at a faster rate due to increased 

heat transfer rates (Ramachandran et al., 2017b). The volumetric expansion was found to 

be decreasing (a maximum of 31%) with increasing soluble concentration in the pellet 

(Figure 4.2) which conforms to the trend reported by Johnson et al. (Johnson et al., 2015). 

The finer particle size and higher starch content of the distillers’ solubles add more binding 

force between the particles in the compacted pellet. This increase in the binding force 

minimizes the volumetric expansion during SS drying. Ramachandran et al. (2017c) also 

reported that the bulk porosity of dried distillers’ solubles is less than that of the coarse 

grain fraction of DSG. Therefore, the addition of solubles improved the packing of particles 

in the DSG pellet minimizing the number of larger sized pores. 
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Figure 4.2 Effect of moisture content, SS temperature, SS velocity, and soluble mass 

fraction on percentage volumetric change of DSG pellets during SS drying; where SS - 

superheated steam, M-moisture content,  T-SS temperature, V - SS velocity, and S- solubles 

concentration 

4.4.3 Effective moisture diffusivity of DSG pellet 

The experimental values of the effective moisture diffusivity of DSG pellets with different 

solubles concentration and operating conditions were in the range of 2.49 × 10-9 – 17.9 × 10-

9 m2/s. As there were no data on moisture diffusivity of DSG under hot air drying, the data 

on effective moisture diffusivity of wheat and corn kernels were used for a comparison. This 
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is because spent grain is a mixture of unfermented parts of wheat and corn kernels. The 

moisture diffusivities of wheat and corn under hot-air drying in a temperature range of 50-

70°C were  3.89 × 10−11 to 1.78 × 10−10 and 4.87 × 10-11 to 8.6 × 10-11 m2/s, respectively 

(Chayjan et al., 2011; Kahyaoglu et al., 2012). In a previous study on microwave assisted 

drying of wheat kernels, moisture diffusivity was observed in the range of 5.06 × 10−10 to 

11.3 × 10−10 (Kahyaoglu et al., 2012). This can be attributed to the change in composition of 

spent grains when compared to whole grain and also a higher drying rate of SS over the other 

two methods. Both methods gave a lower effective moisture diffusivity range than the SS 

drying.  The drying kinetics and the drying time of the pellets were found to be significantly 

affected by SS temperature and velocity with P<0.05 (Figure 4.3a). The effective diffusivity 

values calculated based on the drying kinetics (using Equation 4.1 and 4.2) also reflected the 

same effect. The experimental effective moisture diffusivity of DSG pellet was found to be 

increasing with an increase in SS temperature and velocity. A similar trend in diffusivity with 

temperature and velocity of drying medium was reported by other researchers (Golpour et 

al., 2017; Koukouch et al., 2017; Uddin et al., 2016). The effect of velocity on diffusivity 

was more predominant for the drying trials at higher SS temperatures (180°C) than at lower 

SS temperature (120°C Figure 4.3b). This might be caused by the increased heat transfer 

rates and decreased initial condensation with SS temperature and velocity. The experimental 

results showed that the value of effective moisture diffusivity during SS drying is also 

affected by the concentration of distillers’ solubles in the DSG pellet (Figure 4. 4).  

The addition of solubles minimized the volumetric expansion (Figure 4.2). The pellet 

undergoes a relaxation when subjected to SS due to the release of energy stored during 

compaction (Ramachandran et al., 2017b). This expansion was highest in the period of initial 
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condensation period, thereby increasing the porosity of the pellet (Bourassa et al., 2015a). 

Johnson et al.(Johnson et al., 2015) reported that the addition of solubles in the DSG pellet 

reduces the overall expansion of the pellet during initial condensation period. Since the 

particle-particle bonding force counteracts the relaxation process, the increase in 

concentration of distillers’ solubles in the pellet minimizes the relaxation.  At the same time, 

the pellet with solubles generates more micro-porosity than the coarse grain pellets. These 

pores hold water during the initial condensation resulting in an increase in the drying time, 

especially during the falling rate drying period. The experimental drying characteristics show 

that the increase in the concentration of solubles in the pellet increased the drying time (34-

39%) and the effective moisture diffusivity (Figure 4.4). This may be attributed to the 

increased moisture content inside the pellet. Hence, the addition of the solubles was limited 

to 30%, even though a further increase in solubles concentration could improve the pellet’s 

volumetric stability (Johnson et al., 2015). Any further increase in solubles concentration 

increases the drying time (≥25%) and also leads to a greater stickiness during compaction 

(Johnson et al., 2013a). 
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Figure 4.3 Effect of SS temperature and velocity on (a) drying kinetics and (b) instantaneous effective moisture diffusivity of 

DSG pellets with 0% solubles and 35% initial moisture content. 
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Figure 4.4 Effect of concentration of distillers’ solubles on instantaneous effective moisture diffusivity of DSG pellets with 35% 

initial moisture content dried under SS at 180°C and (a) 0.5 m/s; (b) 1.5 m/s, respectively. 
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4.4.4 Prediction of effective moisture diffusivity 

The coefficients of the mathematical model for effective moisture diffusivity as a function of 

temperature was determined first using Equation 4.5. The linear relationship between Ln(

) and inverse SS temperature of DSG pellet with 0% solubles and 35% initial moisture 

is shown in Figure 4.5a. The predicted diffusivity values (Equation 4.5) were then compared 

with the average diffusivity values at respective SS temperatures (Figure 4.5b).  These 

preliminary values of the coefficients (activation energy and pre-exponential factor) were 

used as a first approximation for the Levenberg-Marquardt optimization limits to obtain the 

coefficients of the model equation for effective moisture diffusivity as a function of 

temperature and moisture content (Equation 4.6). The modified values of activation energy 

and pre-exponential factor and the model coefficient for the moisture content were then 

compared with the calculated values of instantaneous effective moisture diffusivities 

(Equation 4.1 and 4.2) using R2 and RMSE values (Table 4.2). The maximum average RMSE 

error of the model coefficients for the selected operating conditions was 2.27 × 10-10 (≤10%). 

The effect of SS temperature and velocity on the predicted effective diffusivity coefficient of 

DSG pellet (using Equation 4.6) was also comparable to that of the experimental effective 

diffusivity values (Figure 4.6b). Predicted values also showed an increasing trend with 

increasing SS temperature and velocity. Similarly, the predicted effective moisture diffusivity 

was compared with the experimental effective moisture diffusivity of randomly selected 

average moisture contents of the DSG pellets (Figure 4.5). The comparison shows a good 

agreement where the effective moisture diffusivity decreases with moisture content (Figure 

4.6a). In addition, the rate of an increase in effective moisture diffusivity with decreasing 

moisture content was found to improve with an increase in SS temperature. The effect of 

effD



                                                                Chapter 4. Effective moisture diffusivity of DSG                                                                     
  

133 
 

drying parameters such as SS velocity, moisture content, and concentration (% w/w) of 

distillers’ solubles was also reflected in the values of coefficients of independent variables in 

the model for predicting effective moisture diffusivity (Table 4.2).  

 

 

 

 

 

 

 

 

Figure 4.5 (a) Arrhenius plot of Ln(Deff) versus inverse of SS temperature in K, (b) 

predicted and experimental effective diffusivity of DSG pellets with 0% solubles and initial 

moisture content of 35% wb at different SS temperature; where, Deff - effective moisture 

diffusivity, T - temperature. 

4.4.5 Activation energy 

The activation energy for SS drying of DSG pellets with a different concentration of solubles 

and two initial moisture contents (25 and 35%) were compared for different SS velocities 

and different initial moisture contents (Figure 4.7). The activation energy of DSG pellets at 

different levels of SS velocity (0.5 – 1.5 m/s) was in the range of 20.90 - 38.52 kJ/mol. The 

values of activation energy obtained in the current research are comparable with those 
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obtained by Chayjan et al.(2011). They reported that the activation energy of the fluidized 

bed drying of high moisture corn when the temperature of the drying medium varied from 

50 to 95°C was in the range of 18.57 - 50.74 kJ/mol.  Similarly, the activation energy for hot 

air drying (64-75°C) of whole wheat kernels was in the range of 28.7 - 33.3 kJ/mol and 30.2 

- 35.1 kJ/mol, based on the assumption of spherical and ellipsoidal shape, respectively 

(Kahyaoglu et al., 2012). The activation energy required for SS drying of DSG pellets 

showed an increasing trend with an increase in SS velocity and pellet’s initial moisture 

content (Figure 4.7). Since the  self-diffusion of moisture is a thermally agitated process, an 

increase in velocity of drying medium causes an increase in energy consumption (Da-Silva 

et al., 2013; Koukouch et al., 2017). The concentration of distillers’ solubles in the pellet also 

showed a significant effect on the activation energy (P<0.05). The presence of solubles in the 

pellet increases the density of the pellet as solubles are finer particles than coarse distillers’ 

spent grain causing a better inter-particle bonding (Ramachandran et al., 2017c) and micro-

porosity. This justifies the increased water holding capacity of the pellet with the addition of 

solubles. The activation energy was also found to be increasing with an increase in the 

concentration of solubles since; more energy is utilized for diffusion of these water particles 

in the micro-pores (Figure 4.7).  
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Table 4.2 Estimated values of model constants of the effective moisture diffusivity function 

of DSG pellets with distillers’ solubles (% w/w) under different superheated steam 

velocities. (The quantities have an uncertainty of measurement < 10%). 

Initial M 

(% wb) 

Solubles  

(% w/w)  

Velocity 

(m/s) a 

Ea* 

(kJ/mol) c R2 

25 0 0.5 3.08 × 10-6 21.00 -1.89 0.81 

25 0 1.0 8.14 × 10-6 23.11 -2.15 0.8 

25 0 1.5 2.85 × 10-5 25.4 -3.55 0.76 

25 10 0.5 3.12 × 10-5 29.92 -3.58 0.82 

25 10 1.0 9.62 × 10-5 31.83 -5.21 0.79 

25 10 1.5 2.11 × 10-4 33.42 -5.75 0.86 

25 30 0.5 1.21 × 10-4 33.53 -5.56 0.90 

25 30 1.0 3.43 × 10-4 35.02    -7.17 0.88 

25 30 1.5 9.90 × 10-4 37.26 -8.13 0.77 

35 0 0.5 2.77 × 10-5 29.61 -6.14 0.84 

35 0 1.0 3.01 × 10-4 31.94 -7.04 0.86 

35 0 1.5 8.93 × 10-4 33.23 -7.48 0.87 

35 10 0.5 4.82 × 10-5 31.81 -7.01 0.80 

35 10 1.0 8.23 × 10-4 32.96 -9.11 0.83 

35 10 1.5 2.55 × 10-3 34.52 -9.24 0.89 

35 30 0.5 6.89 × 10-5 34.43 -7.94 0.76 

35 30 1.0 8.16 × 10-4 36.18 -9.15 0.78 

35 30 1.5 3.85 × 10-3 38.55 -10.37 0.75 

83 100 0.5 1.12 × 10-3 42.01 -1.4 0.82 

83 100 1.0 9.21 × 10-3 43.35 -1.66 0.90 

83 100 1.5 5.80 × 10-2 44.05 -1.86 0.90 

- a and c are the model constants, M is the moisture content, and  is the adjusted 

activation energy, R2 is the coefficient of determination.  

*Ea
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Figure 4.6 The predicted effective moisture diffusivity of DSG pellets (with 30% solubles) at various moisture contents and at 

different SS velocity and temperature; where, Deff is the effective moisture diffusivity, T and M, are the temperature and moisture 

content of the pellet, respectively. 
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Figure 4.7 Effect of SS velocity on activation energy of DSG pellets with various soluble concentrations at (a) 25% and (b) 35% 

initial moisture content; where, Ea* is the adjusted activation energy using Levenberg-Marquardt optimization. 
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4.5 Conclusions 

This work presents a mathematical model to estimate the effective moisture diffusivity of 

distillers’ spent grain pellets with different mass fractions (0-30%) of distillers’ solubles, 

dried using SS. The prediction results showed good agreement (RMSE 2.27 × 10-10 and 

MRP deviation ≤10%) with the experimental values of effective moisture diffusivity. The 

volumetric expansion of DSG pellets was found to decrease with an increase in solubles 

mass fractions. The major conclusions of the study conducted at different SS operating 

conditions (SS temperatures of 120, 135, 150, 165, and 180°C and SS velocities of 0.5, 1.0, 

and 1.5 m/s) are as follows: 

• Unlike other biological materials, the compacted DSG pellets experienced volumetric 

expansion during SS drying. Maximum volumetric expansion (140-152%) happened in 

the initial condensation period and it decreased with drying time. 

• The addition of distillers’ solubles to the DSG reduced the percentage volumetric 

expansion (up to 32%) irrespective of the SS temperature and velocity. 

• The temperature and velocity of the SS had a significant effect (P<0.05) on the moisture 

diffusivity and activation energy of DSG pellets of different initial moisture contents (25 

and 35% wb) and soluble concentrations (0 - 30% w/w). The activation energy for DSG 

pellets at different SS velocities (0.5 – 1.5 m/s) was in the range between 20.90 - 38.52 

kJ/mol. It increased with an increase in SS temperature, SS velocity and concentration of 

solubles.  

•  Although the addition of solubles to the DSG improves the stability of the pellet, it is not 

recommended to add solubles beyond 30% as it increases the drying time more than 25%.   
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CHAPTER 5. MODELLING OF INITIAL CONDENSATION 

This chapter is based on an Accepted Manuscript of an article published by Taylor & Francis 

in the journal Drying Technology on 25 Jan 2017 available online: www.tandfonline.com/ 

[doi.org/10.1080/07373937.2016.1166123].  

5.1 Abstract 

Initial condensation on the sample surface during superheated steam (SS) drying leads to 

increased sample moisture affecting its mechanical and thermal properties. A study was 

conducted to understand the effect of temperature and velocity of SS on the amount of 

initial condensation on distillers’ spent grain pellets with an initial moisture content of 25% 

(wet basis). These pellets were dried using SS at 120, 150, and 180oC with velocities 0.5, 

1.0, 1.2, and 1.4 m/s. Separate experiments were conducted for recording mass and surface 

temperature of the pellets during SS drying. Mass recorded over the drying period was then 

compared with the predicted mass obtained by solving the standard heat balance and film 

condensation equations. The predicted values of mass flux due to initial condensation were 

in close agreement with directly measured values with a maximum mean square error of 

0.20. There was a 60-64% decrease in the amount of initial condensation as the temperature 

of SS was increased from 120 to 180oC. The results indicate that the initial condensation 

can be minimal when the temperature of SS is equal to or above 180oC with SS velocity 

equal to or above 1m/s using a preheated drying chamber. 

 Keywords: Distillers’ spent grain, Superheated steam, Initial condensation 
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5.2 Introduction 

The search for more efficient alternatives to conventional drying has led to new research in 

the area of drying using media such as superheated steam (SS). The popularity of SS drying 

can be attributed to the convenience of recycling SS in industrial drying systems with lower 

energy loss when compared to air-drying. The method excels over traditional hot air drying 

because of its higher energy efficiency, higher drying rates, zero risk of fire or explosion, 

lowered pollution, and potentially better physical and nutritional quality of the dried product 

(Tang and Cenkowski, 2000). On the other hand, SS has its own set of limitations including 

the increased chance of qualitative degradation of temperature sensitive materials and the 

requirement of complex equipment when compared to hot air drying (Erdesz and Kudra, 

1990; Kumar and Mujumdar, 1990; Shibata et al., 1988). Unlike conventional air-drying, the 

heat and mass transfer phenomena during SS drying involves many steps. Superheated steam 

drying process has an initial condensation phase during which the steam at higher 

temperature condenses on the surface of the material to be dried, which is at a lower 

temperature. This local condensation on the surface of the sample is followed by diffusion 

of the initially condensed vapor toward the interior of the material, slightly increasing the 

overall moisture content of the sample. Later when the sample surface temperature reaches 

the steam saturation temperature, the additional energy supplied by the SS is utilized to 

evaporate the condensed vapor. Finally, drying of the material takes place following a 

receding core model (Hamawand, 2013a). The receding core model relies on the assumption 

that moisture is removed from a porous material by forming a dry-wet interface. As drying 

proceeds, this interface moves toward the center of the material (i.e. the wet zone gets 

depleted as the dry zone expands) (Chen et al., 2000; Khan et al., 1991). However, this model 
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does not consider a distinguishable initial condensation period and the constant drying rate 

period. Soponronnarit (2006)  used a model to describe SS drying that accounts for the initial 

condensation period and the increase in moisture content of the material. The model was 

formulated for thin-layer drying and did not use the receding core model. The thin-layer 

drying model uses Fick’s unsteady state equation to describe the drying rate (Babalis et al., 

2006; Prachayawarakorn et al., 2007; Pronyk et al., 2004; Soponronnarit et al., 2006; 

Suvarnakuta et al., 2007). 

There have been many studies done in the past to investigate the effect of SS on the drying 

dynamics of different biological materials such as potato, wood, oat groats, carrots, banana, 

and rice (Hamawand, 2013a; Head et al., 2010; Nimmol et al., 2007; Pang, 1997; 

Suvarnakuta et al., 2007; Taechapairoj et al., 2006; Tang and Cenkowski, 2000). Tang and 

Cenkowski (2000) compared SS and hot air drying of potato samples and concluded that 

the temperature of drying media had a significant effect on the drying rate and overall 

moisture diffusivity in the case of SS drying when compared to hot air drying. They also 

studied the inversion temperature that exists in the constant drying rate period above which 

the drying rate is higher in SS than in hot air, and below which the drying rate is lower than 

in hot air. An inversion temperature in the range of 145 to 165°C and 125 to 145°C was 

noticed for the first and last dehydration stages, respectively. They also reported that the 

constant drying rate period was more prominent during SS drying as compared to hot air 

drying where it was negligible. They also discussed the phenomena of initial condensation 

and the moisture gain associated with it, which diminished with an increase in SS 

temperature. Contrary to these results, Taechapairoj et al., (2003) reported that the moisture 

gain due to initial condensation was same, irrespective of the SS temperature and grain 
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depth during their experiments on paddy kernels dried in SS. They reported that the 

contradiction is due to the high superficial steam velocity of 3.1 m/s they used which is 

higher than the minimum fluidizing velocity of 2.6 m/s for paddy in SS flow. This high 

velocity created a fluidized condition so that larger amount of condensed water on the 

kernels evaporated quickly before it could be absorbed by the kernels. 

As initial condensation is a reverse phenomenon of evaporation occurring at the drying 

stage, Iyota et al. (2001) referred it as a reverse process. They also reported that it has a 

greater influence on material quality since initial condensation is considered to be the 

reverse of the evaporation process occurring in the later stages of SS drying (Taechapairoj 

et al., 2003). Iyota et al. (2001) had attempted to simulate SS drying considering the 

increase in moisture content of the product during the initial condensation period. They 

reported a sudden increase in internal temperature of the sample with the increase in 

condensation heat transfer and a rise in surface moisture content. They also explained the 

fact that the condensed moisture on the surface migrates towards the center of the sample 

creating a wet core with higher moisture content than the surface even in the constant 

drying rate period. They noticed that the mass change curves for different moisture 

diffusion coefficients appeared to be similar; hence, they concluded that the drying rate in 

SS is affected more by heat transfer than by mass transfer.	Hamawand (2011) reported that 

the initial condensation of vapour on the surface of particles may cause the particles to stick 

to the hot surfaces of a dryer. When the high temperature of SS increases the sample 

temperature, a liquid bridge is formed between the particles and the surface of the dryer. 

During this phase the sample and may go through a glass transition phase and become more 

amorphous in nature. This increases the adhesion of particles to the dryer surface, which 
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are then dried by the high-temperature SS forming darkened deposits on the dryer surface 

(Hamawand, 2011). 

Even though initial condensation causes certain disadvantages during the SS drying 

process, like an increase in overall moisture content of the sample and  increase in drying 

time (Inoue et al., 2010), there are certain applications of SS processing where the 

phenomena of initial condensation are beneficial. The process of condensation of steam on 

the sample surface during the SS blanching has some advantages unlike as in drying. The 

condensation of steam on the sample surface transfers a large quantum of latent heat to the 

material which increases the heat transfer rate (Rico et al., 2008; Xiao et al., 2014).  The 

high-temperature steam condensation on the sample during SS impingement blanching was 

found to have positive effects on the sample drying time after blanching and the overall 

quality of the blanched samples like lettuce (Rico et al., 2008), seedless grapes (Bai et al., 

2013), yam slices (Xiao et al., 2012), etc. 

The current study is a part of a research on the heat and mass transfer modelling of SS drying 

of Distillers’ spent grains (DSG) obtained after the wet milling process of the ethanol 

production. The Distillers’ spent grains are the major by-product of ethanol industry which is 

a rich source of fiber and protein (Johnson et al., 2011b). The lower starch content and higher 

protein and fiber of DSG help to replace the canola meal and soy meal as the cattle feed (Oba 

et al., 2010). The process form of this by-product is also finding it way in the market as poultry 

feed (Pettersson et al., 1987), and even in human diet (Liu et al., 2011). The current method of 

rotary drying used for DSG drying has many disadvantages like darkened deposits on the drum 

reducing the product quality, and also the risk of catching fire due to the high fiber content of 
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the sample. This issue was addressed by Tang et al. (2005) and they recommended SS drying  

as a suitable drying method for drying DSG.  

Another study by Zielinska and Cenkowski (2012) postulated that a portion of the SS energy 

is used as sensible heat to warm up the material to be dried to a temperature above the steam 

saturation temperature. This causes a loss in temperature of the steam, resulting in local 

condensation on the material. They also reported that the amount of condensate depends on the 

SS temperature as more condensation was observed at a lower SS temperature (110 °C) than 

at a higher SS temperature (160 °C). Johnson et al. (2013) reported that there was a 2.3 to 5.2% 

increase in the wet basis (wb) moisture content of distillers’ spent grain (DSG) after 5 s of 

exposure to SS at 110 °C; whereas for 130 °C, there was a 1.7 -3.4% wb increase in moisture 

depending on steam velocities. An increase in the volume of DSG compacts, when subjected 

to SS drying, was reported in the study conducted by Johnson et al. (2014). They reported that 

volumetric expansion of DSG pellets was higher during initial warm up and condensation 

period due to immediate relaxation of stress occurring after placing the compact in the drying 

medium. During this period, the initial condensation of steam along with the rapid increase in 

temperature of the compacts accelerated the relaxation of stresses in the compacts. Hence, the 

phenomena of temporary condensation occurring for a short interval of SS drying has an 

influence on the heat and mass transfer processes as well as the physical properties of the 

material. 

Even though some of the researchers consider the effect of initial condensation, there are 

limited studies detailing the factors affecting the phenomena. It is important to study this 

phenomenon especially when mathematical modelling of SS drying is considered and for 

the optimization of operating parameters for the SS drying process. As mentioned in the 
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research conducted by Johnson et al. (2015, 2014, 2013b), the process of initial 

condensation affects the stability of the DSG compacts or pellets thereby leading to greater 

disintegration. The current research focuses on the effect of various operating parameters 

of SS drying system on the initial condensation of SS on DSG pellets keeping the sample 

parameters like sample temperature and pellet size constant. Therefore, the objectives of 

this study were to (i) determine the effect of SS temperature and velocity on the initial 

condensation period of DSG compacts, and (ii) compare the amount of condensation 

occurring on the DSG compacts by direct mass measurements to the condensation based 

on the surface temperature history analysis. 

5.3 Materials and method 

5.3.1 Superheated steam dryer 

The SS processing system has previously been described in detail by Cenkowski et al. 

(2007)  and Zielinska et al. (2009). The system consists of a water reservoir that supplies 

water to an electric boiler. The boiler generates saturated steam which is passed through a 

pressure reducing valve creating SS and then transferred to a superheater, increasing the 

temperature of the steam beyond 100°C. The temperature of the superheater is regulated 

using an external control panel. The SS is then passed through the highly insulated drying 

chamber which holds the sample. The flow of SS to the drying chamber can be diverted 

back to the water tank with the use of a 3-way manual valve. SS is always diverted to the 

tank before opening the drying chamber.  An electronic balance is located above the drying 

chamber and a fan is used to divert any SS away from the underfloor weighing hole. Figure 

5.1 shows a schematic diagram of the setup used for continuous mass measurement.     
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Figure 5.1 Cross section showing the SS drying chamber, location of holding tray, and 

location of electronic balance. 

5.3.2 DSG sample preparation 

The raw material used in this study was a mixture of 90% corn and 10% wheat whole 

stillage obtained from a distillery (Mohawk Canada Limited, a division of Husky Oil 

Limited, Minnedosa, MB). The raw material was stored in a freezer at -15°C in a sealed 

plastic pail with a 40 L capacity. Before sample preparation, the sealed plastic pail was 

taken out of the freezer and allowed to thaw to room temperature. The whole stillage was 

then centrifuged using a Sorvall General Purpose, RC-3 centrifuge (Thermo Scientific Co., 

Asheville, NC). The centrifuge operated at a relative centrifugal force of 790 × g, with four 

1000 mL sample containers (filled approximately 75%) rotating at a speed of 2200 rpm for 

10 minutes. The supernatant liquid was poured out and discarded. The semi-solid solubles 

fraction was scooped out in thin layers using a spatula leaving the coarse grain fraction 
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which was removed next. The solubles and coarse grain fractions were placed in separate 

airtight plastic bags and stored in a freezer at -15°C.  

5.3.3 Initial moisture content 

The initial moisture content of the coarse grain fraction was 78.9 ± 0.6% wb. Moisture content 

was determined by the air-oven drying method (AACC, 2000) by drying 2 g of wet sample at 

135°C for 2 hours in a laboratory oven (Thermo Electron Corporation, Waltham, MA). Using 

the same method, the initial moisture content of the semi-solid solubles fraction was 

determined to be 84.2±0.8% wb. This procedure was conducted in triplicate. 

5.3.4 Initial condensation experiments 

In the present study initial condensation occurring of compacted DSG pellets were quantified 

using two different methods: by direct mass measurement which is considered as case 1, and 

by measuring the surface temperature history of the pellets which is considered as case 2, 

respectively. This was done because of the fact that the recording of initial condensation by 

direct mass measurement is highly challenging especially at high temperatures and velocities 

of SS. Hence a comparison of two methods helps to determine the initial condensation at 

higher temperatures and velocities of SS with appreciable accuracy. A detailed description 

of the both the cases are described in sections below. 

5.3.5 Initial condensation by direct mass measurement (case 1) 

5.3.5.1 DSG pellet preparation (Case1) 

For initial condensation experiments based on direct mass measurement, an airtight bag of 

coarse grain was removed from the freezer and allowed to thaw for 2 h. The appropriate 

amount of sample was removed from the bag and dried in an air oven to a moisture content 

of 25% wb at a lower temperature (50°C). The sample was then removed from the air-oven 
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and placed in a cylindrical steel mold. Approximately 2.1 ±0.05 g of sample was used to 

make a pellet. A cylindrical die with a diameter of 12.02 mm attached to a 10 kN load cell 

on a universal testing machine (Model 3366 Universal Testing Systems, Instron Corp., 

Norwood, MA) was used to make the compacted pellets by applying a load of 6820 N to 

the sample (equivalent to a pressure of 60.3 MPa) at a rate of 50 mm/min. After the desired 

load had been reached, the die was held inside the mold for 5 minutes in order to maintain 

constant pressure and prevent relaxation. The pellet was then removed from the mold and 

a Vernier caliper with an accuracy of 0.01 mm was used to measure the length of the 

sample. An electronic balance with an accuracy of 0.001 g (Adventurer Pro AV313, Ohaus 

Corporation, Pine Brook, NJ) was used to measure the mass of the pellet. The difference 

in mass before and after pelletizing was assumed to be caused by the expulsion of water at 

high pressure.  

5.3.5.2 Drying experiments (Case 1) 

The following procedure was carried out to determine the maximum condensation, 

condensation time, and restoration time when drying DSG at 120, 150, and 180°C with SS 

of velocities 0.5, 1.0, 1.2, and 1.4 m/s. In each individual experimental setting, temperature 

and velocity fluctuations were within 2.0oC and 0.05 m/s range, respectively. 

Four pellets were prepared for each experiment. The length of each pellet was measured 

using a Vernier caliper. Each pellet was immediately placed inside an airtight bag until all 

four pellets had been made to prevent moisture loss. After making the fourth pellet, all 

pellets were removed from the airtight bags and the length of the first pellet was recorded 

again. The maximum percentage of relaxation in the axial direction was calculated before 

drying the pellets in SS. The average percentage increase in the length of the first pellet, 
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while the remaining three pellets were made, was 17.7±5.3%. Any trials where the first 

pellet experienced axial relaxation in excess of 25% were discarded. All four short pellets 

were placed horizontally on a holding tray without touching each other and held in place 

by two steel pins each. The holding tray was attached to a thin steel rod, which was 

connected to an electronic balance with an accuracy of 0.001 g (PGW 453e, Adam 

Equipment Inc., Danbury, CT), located on top of the SS drying chamber. The pellets were 

then subjected to SS drying for a total of 300 s while continuously recording the mass of 

the samples and holding tray. Lifting force of the steam on the sample and holding tray 

was measured by diverting the steam to the tank using a manual flow diverting valve. 

Experiments for each treatment (SS temperature and velocity combinations) were 

conducted in triplicate. 

5.3.5.3 Analysis of data (Case 1) 

After plotting mass versus time, the first data point was deleted and replaced by the mass 

of the holding tray and the pellets measured at the starting point. Any subsequent points 

that were abnormally lower than the initial point were deleted due to them being affected 

by an increased lifting force caused by an increased chamber pressure when switching over 

the manual valve. On average, this resulted in the removal of the first 10 s of data. The 

lifting force was calculated by subtracting the average mass of the tray and sample during 

the last few seconds of drying from the mass of the tray and samples after drying without 

SS flow (Bourassa et al., 2015a; Zielinska, 2015). The tray mass was deducted and the 

lifting force was added to the raw data values to obtain the sample mass. A fourth power 

polynomial regression equation was applied. The mass values based on the regression 

equation were calculated for every time value present in the raw data and then plotted 
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against the original regression equation to ensure accuracy. The maximum amount of 

condensation was calculated by taking the maximum value obtained in the regression 

equation and subtracting the initial sample mass. The time value associated with the 

maximum mass value was considered the condensation time. The time taken for the mass 

from the regression equation to return back to the original sample mass from the maximum 

condensation point was considered the restoration time.  

5.3.6 Initial condensation predictions based on surface temperature (Case 2) 

5.3.6.1 DSG pellet preparation (Case 2) 

For initial condensation experiments based on recorded surface temperature history, the 

same preparation method of the pellet was used but the material was slightly altered by 

mixing 30% solubles to the coarse grain fraction. This was done in order to avoid the 

disintegration of pellets as the thermocouples were placed inside the pellets. The mixing 

of solubles to the coarse grain fraction was done based on the assumption that initial 

condensation would not be significantly affected by a slight variation in the material 

composition. Before drying the material in the air-oven to 25% wb, a mixture of 70% 

coarse grains and 30% solubles (by mass) was produced with an initial moisture content 

of 79.2 ± 2.0 % wb. The dried mixture was made into pellets using the same procedure 

as in case 1. 

5.3.6.2 Drying experiments (Case 2) 

For these experiments, a single pellet was used per trial with the mixed material (70% 

coarse grains and 30% solubles). A thin needle was inserted into one end of the pellet (in 

the axial direction) and was pushed through the entire length until the tip just came out of 

the other end. The needle was then removed and a T-type thermocouple was inserted 
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axially into the hole left behind until the tip was approximately 1 mm from the other end 

of the cylindrical pellet as can be seen in Figure 5.2. The pellet was placed horizontally 

inside the holding tray, which was positioned inside the SS drying chamber. A second T-

type thermocouple was placed on the holding tray making sure that its tip was not touching 

the pellet or the tray in order to record the SS temperature. The temperature experiments 

were run at 120, 150, and 180 ±2.0 °C for a total of 40 min. For each temperature, the target 

velocities were 0.5, 1.0, 1.2, and 1.4 ±0.05 m/s. Each treatment was done in triplicate and 

the average temperature history was taken. 

 

Figure 5.2 Cross section of a DSG pellet showing the location of the thermocouple (inside 

pellet) for recording surface temperature 

5.3.6.3 Analysis of data (Case 2) 

In order to predict the heat and mass transfer phenomena occurring during the initial 

condensation period of SS drying of DSG pellets, the sample was assumed to be 

homogeneous and isotropic, the initial temperature and moisture content of the samples were 

uniform, the drying unit is adiabatic, negligible heat convection during initial condensation 

since the energy from SS condensation is very high when compared to heat due to 

convection, and negligible radiation effect. The governing equations for energy balance and 
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mass balance within the solid medium (the pellet) for entire SS drying (Chandra Mohan and 

Talukdar, 2010; Kittiworrawatt and Devahastin, 2009) is as follows: 
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Where,01 (°C) pellet temperature in K,  23 is the thermal conductivity of the pellet in W/(m 

K), 413 the specific heat capacity J/(kg K) and 53 the density of the pellet in kg/m3 and M 

is the moisture concentration in kg/kg dry basis within the pellet.  

During initial condensation, the condensed water is assumed to form a layer which is 

uniformly distributed over the pellet surface and there is no temperature gradient through the 

particle in the pellet during this period (Hamawand, 2013a). Hence, the conductive heat 

transfer is not considered in the energy balance equation for the initial condensation period. 

Also, the lower Biot number (0.3) obtained for the cylindrical pellet subjected to superheated 

steam during initial condensation period shows that the internal resistance to heat transfer is 

much less than the external resistance. Thus, the effect of conductive heat transfer can be 

neglected (Pakowski and Adamski, 2011b). Therefore, the conductive heat flux is negligible 

when the surface temperature of the DSG pellet is lower than the temperature of the SS 

drying medium. The steam condensation occurring on the pellet surface follows the concept 

of film condensation (Christensen and Adler-Nissen, 2015; Kittiworrawatt and Devahastin, 

2009; Messai et al., 2015) and is given by Equation 5.3: 
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Where Tp is the surface temperature of the pellet in K, TSt is the saturation steam temperature 

at the corresponding operating pressure in K, hf is the film condensation heat transfer 

coefficient in W/(m2 K), mcon is the mass flux during the condensation period in kg/(m2 s), 

and L is the latent heat of condensation or vaporization of steam at the corresponding 

operating pressure of the SS dryer in J/ kg. Since the latent heat generated during the initial 

condensation is very high when compared to the heat flux due to the convection, the film 

condensation heat transfer plays the major role in the heat flux occurring during this period 

(Iyota et al., 2001).The film condensation heat transfer coefficient of superheated steam 

where water vapour is condensed on a cylindrical pellet surface is given by Eq. (4) 

(Holman, 2001): 

hB = 0.725 H
(;<(;I	(J?K@&;

L

MN;("P$	–	"R)
T

U
V

	            (4) 

where, ρf and ρv are the density of water and steam in kg/m3, respectively at the 

corresponding operating pressure, µf is the viscosity of water under operating parameters 

in m2/ s, and d is the diameter of the pellet in m.  

During the condensation period, the liquid water condensed on the surface of the pellet 

begins to evaporate as the temperature of the condensed film increases and reaches to the 

saturation steam temperature. The amount of water evaporated from the sample surface 

was determined using the kinetic theory of gases as shown in Equation 5.5 (Maa, 1969). 

W = XY
-Z

[\]
H #̂

_"#
− Ĵa#

_"'=
T        (5.5) 

where E is the mass flux during evaporation in kg/(m2 s), ‘e’ is the evaporation coefficient 

which is considered to be  8.5 × 10-2  in this case based on a comparison with previous 

experimental data as obtained from SS drying (section 5.3.5.1), Pp and Tp are the vapour 



                                                                        Chapter 5. Modelling of initial condensation 
  
 

163 
 

pressure (Pa) and temperature (K) on the surface of the pellet, respectively, Mw is the molecular 

weight of water in kg/mol, R is the universal gas constant (8.314 kJ/(kmol K)) and ρw is the 

density of water in kg/m3. This evaporation is governed by the heat transfer between the 

condensed water and the SS (Hamawand, 2013a). Therefore, the effective mass flux during the 

condensation period can be calculated using Equation 5.6 (Hamawand, 2013a; Kittiworrawatt 

and Devahastin, 2009). 

6Bbc+ = XY
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[\]
H #̂
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− Ĵa#

_"'=
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Where,	0R and  0P$ are the temperature of the pellet and the saturation steam temperature, 

respectively. The saturation vapour pressure of condensed water at the surface of the pellet 

is given by Antoine’s equation as described below (Hamawand, 2013a):  

ln	(fRggg⃑ ) = 16.387 −	
mnno.p

<"#q[mr.sp?
       (5.7) 

The estimated values (case 2) were compared with the experimental values (case 1) for 

different temperatures and velocities of SS using statistical software (SAS 9.3). 

5.4 Results and discussion 

5.4.1 Effect of SS temperature on initial condensation 

The increase in mass of the DSG pellets obtained from direct mass measurement during 

SS drying is shown in Table 1. The maximum condensation time and restoration time for 

the DSG pellets subjected to SS are significantly different with SS temperature and 

velocity. Least significant difference (LSD) analysis for the increase in moisture content 

of the pellet due to initial condensation also showed a significant difference with SS 

temperature and velocity. The average increase in moisture content of DSG pellets during 
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the initial condensation period ranged from 3.8 to 7.2 ± 0.2%, 3.2 to 6.0 ± 0.2%, and 1.3 to 

2.6 ± 0.2% wb for 120, 150, and 180oC, respectively.  ANOVA results obtained using SAS 

9.3 showed that both temperature and velocity had a significant effect on the percentage 

increase in moisture content with P<0.0001. The magnitude of moisture content increase 

caused by initial condensation of SS decreased with an increase in SS temperature or steam 

velocity (Figure 5.3) which is in agreement with the results of Johnson et al. (2013a). The 

figure shows that the increase in moisture content of the pellet due to initial condensation 

was more prominent for the lower SS temperatures when compared to the higher SS 

temperatures. Also, at higher SS temperatures the velocity of SS flow had a negligible 

effect on initial condensation.  The experimental results showed no measurable 

condensation for the highest SS temperature (180oC) at higher SS velocities (1.2 and 1.4 

m/s). The initial condensation period for these treatments were very short (< 10 s) and it 

was impractical to record the mass changes caused by condensation.  

A comparative study of initial condensation on DSG pellets by conducting temperature 

profile experiments also gave reasonable agreement with the experimental data from direct 

mass measurement in terms of the cumulative mass flux. The higher difference in values 

of predicted mass flux and the experimental mass flux as shown in Figure 5.4 may be due 

to the limitation of the mathematical model. Since the major assumption of the model is 

that the condensed steam is forming a water layer on the sample surface and there is no 

heat flux inside the sample, the predicted mass flux gives slightly exaggerated value than 

the actual. This discrepancy is due to the fact that a portion of the condensed water is 

absorbed by the pellet because of its high porosity (Christensen and Adler-Nissen, 2015) 

which agrees with the studies conducted by Johnson et al. (2015). The mathematical model 
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used for predicting mass flux during initial condensation from the temperature history of 

the pellet did not account for the moisture adsorption and conductive heat flux in the pellet.  

But some of the heat flux due to the exothermic moisture adsorption (Kaya and Kahyaoglu, 

2006; Liébanes et al., 2006) might be counteracted by the heat flux due to conduction inside 

the solid (pellet).  

Table 5.1 Maximum mass of condensate and time of initial condensation at different SS 

temperatures and velocities. 

SS 

temperature 

(oC) 

SS velocity 

(m/s) 

Maximum 

condensation 

time ± 3 (s) 

Restoration 

time ± 3 (s) 

Increase in M ±0.5 

(% wb)* 

120 0.5 45 75 7.2a 

120 1.0 39 61 6.5 b 

120 1.2 29 58 5.3 c 

120 1.4 17 24 3.8 e  

150 0.5 33 39 6.0 b 

150 1.0 26 28 5.2 c 

150 1.2 23 26 4.3 d 

150 1.4 16 21 3.2 e 

180 0.5 21 30 2.6 f 

180 1.0 15 25 1.3 g 

*Means with the same letter are not significantly different and M is the moisture content. 
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Figure 5.3 Comparison of moisture gain of DSG pellets subjected to different SS 

temperatures and velocities during the initial condensation period. Vertical bars indicate 

standard deviation based on n =3. 

 

Figure 5.4 Initial condensation period and restoration period for a DSG pellet subjected to 

SS drying at 120°C with a velocity of 1.0 m/s, where mflux(exp)- experimentally 

determined mass flux, flux(pred)- predicted mass flux based on temperature history, Tp-

measured surface temperature history of DSG pellet. 
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Table 5.2 Experimental and predicted values of mass flux during the initial condensation 

period at different SS temperatures and velocities. 

SS temperature 

(oC) 

SS velocity 

(m-1s) 

Cumulative mass 

flux (exp*) (kg m-2) 

Cumulative mass 

flux (pred*) (kg m-2) 

MSE 

120 0.5 0.68 0.96 0.23 

120 1.0 0.56 0.78 0.20 

120 1.2 0.3 0.44 0.12 

120 1.4 0.31 0.34 0.04 

150 0.5 0.48 0.60 0.13 

150 1.0 0.37 0.47 0.15 

150 1.2 0.36 0.39 0.12 

150 1.4 0.27 0.32 0.08 

180 0.5 0.26 0.38 0.1 

180 1.0 0.22 0.28 0.07 

exp*- Experimental value of initial condensation determined based on  direct mass 

measurements as mentioned in case 1. Pred*- Predicted values of initial condensation 

determined based on  temperature history as mentioned in case 2. 
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Figure 5.5 Predicted and experimental values of mass flux due to initial condensation of SS on the DSG pellet at different 

operating conditions, where mflux(exp)- experimentally determined mass flux, mflux(pred)-predicted mass flux based on 

temperature history, Tp- measured surface temperature history of DSG pellet. 
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Figure 5.6 Comparison of temperature profile and moisture ratio of DSG pellets dried in 

various SS temperatures [(a) 120°C, (b) 150°C, (c) 180°C] at one steam velocity of 0.5 m/s. 
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The change in moisture ratio and temperature of the DSG pellets subjected to different SS 

temperature at 0.5 m/s steam velocity is shown in Figures 5.5a and 5.5b. The temperature 

profile of DSG pellet during SS drying shows a sudden increase in the initial warm-up 

period during which the condensation occurs. This increase in temperature is due to the 

high amount of latent heat energy rendered by SS to the sample (Chungcharoen et al., 

2014). As shown in Figures 5.5a and 5.5b when the temperature of the DSG pellet reaches 

the saturation steam temperature the moisture ratio curve tends to take a negative slope. 

The decline of moisture curve indicates the evaporation of condensed water from the 

sample. The higher diffusion of moisture towards the exterior of the pellet due to the 

evaporation limits the sorption of moisture by the pellet as the temperature of the pellet 

increases (Christensen and Adler-Nissen, 2015).This justifies the minimal condensation 

reported for higher temperature (180oC) and velocities (≥1 m/s) of SS. The temperature 

history of the DSG pellet at different SS temperature (Figures 5.5a and 5.5b), shows that 

the constant temperature period during SS drying is decreasing with the increase in SS 

temperature. The longer constant temperature period indicates a longer constant drying rate 

period which is also visible in Figures 5.5a and 5.5b (Erriguible et al., 2006). The 

comparison of cumulative mass flux during condensation obtained from the predicted and 

experimental data are shown in Table 5.2 with the mean square error (MSE) values for 

each treatment. The low MSE values for each treatment indicate that the predicted values 

agree well with the experimental data. The increase in velocity showed a significant effect 

on condensation mass flux when the SS temperature was 120, and 150oC, whereas the 

condensation mass flux didn't vary with velocity for the higher temperature of SS i.e. 

180oC. There was no initial condensation recorded when the SS was at 180oC at 1.2 and 
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1.4m/s. This is due to the fact that high temperature and high velocity of SS flow had 

hastened the heat transfer and the boundary layer of the pellet reached the steam saturation 

temperature within seconds. This sudden heating of the surface of the pellet causes little 

condensation on the pellet surface which is immediately evaporated with the help of high 

temperature and high-velocity SS. Hence, there is negligible change in overall moisture 

content of the pellet for a few seconds of drying where the condensation and evaporation 

phenomena overlap with each other leaving no time for the condensed moisture to migrate 

towards the center. 

The condensation process stopped once the surface temperature of the pellets reached the 

saturation temperature of the SS. It was then followed by the restoration period where the 

evaporation of condensed vapour occurs as shown in Figures 5.6a-c The duration of the 

condensation and restoration periods is dependent on the SS temperature and steam 

velocity (Table 5.1). There was a noticeable decrease in initial condensation with an 

increase of SS temperature i.e. there was a 60-64% decrease in the cumulative mass flux 

due to initial condensation as the temperature of SS was increased from 120 to 180oC. A 

comparison of mass flux values obtained from direct mass measurement and temperature 

profile based prediction are shown in Figure 5.4 and Figures 5.6a-c for an SS temperature 

of 150 and 180oC at 1m/s. There was a better agreement between the experimental values 

and predicted values for the higher steam velocities irrespective of the SS temperature as 

shown in Table 5.2. For each treatment both the predicted and the experimental values 

reach maximum mass flux at approximately the same time when the surface temperature 

of the pellet reaches the saturation temperature of steam agreeing with the results reported 

by Kittiworrawatt and Devahastin (2009).  
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5.5 Conclusions 

Superheated steam temperature and velocity both had a significant effect on the amount of 

initial condensation that occurred on the surface of DSG pellets during the initial warming 

up period of drying. The average increase in moisture content during the initial 

condensation period ranged from 1.3 to 7.2 ± 0.2% wb when the SS temperature increased 

from 120 to 180oC with the lowest velocity of 0.5 m/s.  Similarly, the average increase in 

moisture content ranged from 7.2 to 3.8 ± 0.2% wb when the SS temperature was at 120oC 

and the velocity was changed from 0.5 to 1.4 m/s. Using temperature profile analysis the 

predicted values for cumulative mass flux due to condensation on the surface of DSG 

pellets were in very close agreement with the values obtained from direct mass 

measurement with a maximum MSE of 0.20. Mass transfer rate during the initial 

condensation period of SS drying can be estimated with appreciable accuracy by using the 

analogy of heat transfer of the sample with appropriate initial and boundary conditions. 

Even though the combination of instantaneous film condensation mass flux at lower sample 

surface temperatures and evaporation mass flux at higher temperatures gives a fair 

prediction of the condensation, a small deviation in the condensation values is noticed 

towards the later phase of prediction. This is because of the temperature fluctuations 

occurring in the fluid region around the pellet which causes the difference in heat and mass 

transfer.  Also, the higher rate of increase in the predicted mass flux when compared to the 

experimental mass flux with the progress of time during the initial condensation period can 

be justified by the limitation of the prediction equation considered which does not 

accommodate the exothermic heat flux due to moisture adsorption and the conductive heat 

flux in the pellet. The experimental results also indicate that the initial condensation on the 
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DSG pellets can be minimized by increasing the SS temperature (≥180oC) and velocity 

(≥1m/s) provided the drying chamber is preheated to the set temperature.  
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CHAPTER 6. MODELLING OF SS DRYING OF A SINGLE DSG 

PELLET 

This chapter is based on the research paper published by Elsevier in journal of Food 

Engineering on 29 May 2017, available online: www.sciencedirect.com/ 

[doi.org/10.1016/j.jfoodeng.2017.05.025]. 

6.1 Abstract 

The classic method of modelling drying processes using the transfer coefficients can be 

replaced by a method of solving Reynolds-Averaged Navier-Stokes equations applicable to 

the drying medium. This specifically applies to superheated steam (SS) as the drying medium, 

where the mass transfer coefficient cannot be defined by the heat transfer and mass analogy. 

In this study, the heat and mass transfer phenomena of SS drying of distillers’ spent grain 

(DSG) pellets were numerically studied using a commercial Computational Fluid Dynamics 

(CFD) package by combining the drying models related to the moist cylinder with the model 

describing the external flow of SS. A three-dimensional (3D) model of the DSG pellet and the 

drying chamber was created. The governing differential equations for mass and energy balance 

of the pellet and steam-flow around it were solved using the finite volume method and SIMPLE 

algorithm within the CFD package (ANSYS CFX). The validation of the numerical model 

with experimental observations showed a good agreement with a mean relative percentage 

error less than or equal to 10%. The obtained mathematical model could serve as a basic tool 

for optimization and design of large-scale SS dryers for DSG. 

Keywords: Distillers’ spent grain, Superheated steam drying, Heat and mass transfer, 

Numerical model  
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6.2 Introduction 

Canada is the fifth largest producer of ethanol in the world with around 23 leading ethanol 

plants in the country. In 2015, Canadian ethanol industries had a current production 

capacity of around 240 million litres per annum, while the world total ethanol productions 

hit about 75 billion litres per year (Canadian Renewable Fuels Association report, 2011). 

Distillers’ spent grain is the major by-product (85% of the total by-product) of the ethanol 

industry, consisting of the solid residue remaining after mashing and lautering (Awolu and 

Ibileke, 2011; Xiros et al., 2008). It is considered the second largest source of income from 

the plant next to ethanol contributing to about 10-20% of the income. The by-product is 

mainly used as animal feed and as a good source of fiber and protein in baked human foods 

(Johnson et al., 2011). The wet distillers spent grain (WDS) obtained after the 

centrifugation of the whole stillage has a moisture content of over 70% wb and a maximum 

shelf life of 4-5 days. Also, the transportation of this WDS is highly challenging because 

of caking and bridging issues (Ganesan et al., 2008; Johnson et al., 2013).  Hence, WDS 

needs to be dried to 10 to 15% moisture content to enhance its shelf life and enable better 

handling and transportation (Bourassa et al., 2015). Currently, wet distiller’s spent grains 

(DSG) are dried using large rotary-drum dryers at high temperature to produce protein and 

fibre-rich animal feed (Stroem et al., 2009). One major issue with rotary-drum drying of 

such materials is the risk of fire and explosion as this fibre-rich product is dried at a high 

temperature in the presence of oxygen (Zielinska et al., 2009). Also, the heat damage to 

the protein can cause discolouration of the product and affect the quality of the feed causing 

economic and physical losses (Johnson et al. 2011). 
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This study is a part of a comprehensive research on modelling of SS drying of DSG. 

Currently, in industrial practice, DSG slurry is mixed with previously dried granules of 

DSG at the entrance to the rotary-drum dryer. The dried granules serve as a core (inert) 

material to dry the wet DSG coated over it. This approach helps to develop a desired large 

surface area for heat and mass exchange, but the problem is that the core material goes 

through the dryer multiple times with temperatures in the range of 550°C and can burn or 

even catch fire when dried in such hot air. Superheated steam drying (SS) is a suitable 

alternative drying method for DSG as the process is anaerobic, which eliminates the risk 

of fire (Cenkowski et al., 2007; Tang et al., 2005; Zielinska et al., 2009). The method also 

has additional advantages in preserving the colour and nutritional quality of the dried 

products (Taechapairoj et al., 2003; Moreira, 2011; Xiao et al., 2014).  Attempts to generate 

sufficient surface area for the DSG slurry by industry have led to the development of 

extruders that produce cylindrical compacts of about 30% wb moisture. Such compacts are 

either directly introduced into the SS dryer or are coated with the wet solubles and then 

dried together. These attempts have only been partially successful because of the lower 

compaction pressure and stress relaxation and due to the steam condensation that results in 

the disintegration of the compacts (Johnson et al., 2014).  

The present study covers the modelling of superheated steam drying of a cylindrical DSG 

pellet, which can be further used as a core material for drying the wet solubles. In addition, 

wet solubles can serve as a binder for the compacts increasing the strength of the wet pellets. 

This approach mimics the industrial research and development innovations on drying in SS 

with inert material. As the DSG pellets are made first to produce the core material for drying 

wet solubles over it, the drying dynamic of the core pellet is important because it affects the 
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drying of wet solubles poured over it during the drying. Generally, based on the demands of 

consumers, either the core pellet by itself or the coated pellets are produced and sold. Hence, 

this study focuses on the SS drying of such core pellet as a single element to develop a model 

that is capable of predicting the temporal and spatial variation in temperature and moisture 

concentration in the pellet. As, the drying kinetic of the bulk material is affected by the local 

temperature and concentration of moisture, the transport phenomena occurring in a single 

element are of considerable interest for developing a drying model (Pabis and Henderson 

1962; Baini and Langrish, 2008; Da-Silva et al., 2013; Elgamal et al., 2014; Ljung et al., 

2011a; Ljung et al., 2011b).  Superheated steam drying (SS) is a suitable alternative drying 

method for DSG as the process is anaerobic, which eliminates the risk of fire (Cenkowski et 

al., 2007; Tang et al., 2005; Zielinska et al., 2009). The results of these transport phenomena 

and interactions are difficult to quantify precisely using the experiment based empirical 

models. To optimize the design parameters of such a system, a thorough knowledge of drying 

dynamics and change in thermal and physical properties of both, the material and the drying 

medium is necessary. Daurelle et al. (1998) conducted a finite element analysis of SS drying 

of a single element and reported that the changing boundary conditions and the transfer 

coefficient have to be considered in the simulation to avoid errors in predicting the drying 

variables. In the case of SS drying, the prediction of external mass transfer is difficult because 

of the lack of a definite mass boundary layer and also due to the fact that the evaporation is 

solely governed by the heat transfer at the media interface (Johansson et al., 1997; Pang, 

2007).  Also, when the temperature gradient in the solid decreases, the evaporation front may 

move from the surface to the center as described in receding core models (Khan et al., 1991; 

Chen et al., 2000,). Therefore, an accurate prediction of the mass transfer coefficient from 
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the analogy to heat transfer is not possible for SS drying. In such a case, the solution of the 

Reynolds-Averaged Navier-Stokes (RANS) equations for the conservation of mass and 

momentum together with the energy equation in the drying medium could be used to generate 

information about the boundary conditions associated with the transport equations in the 

solid (Erriguible et al., 2005; 2006). 

Computational Fluid Dynamics (CFD) packages and their computational power for solving 

RANS and energy equations for the fluid medium have been proven to be an effective tool 

for modelling the detailed process parameters of complex drying systems including SS 

drying (Jamaleddine and Ray, 2010; Xiao et al. 2013). The reliability of the computational 

modelling of the heat and mass transfer mechanisms of SS drying is highly influenced by 

the accuracy of input parameters, the heat transfer medium, and the boundary conditions 

for energy and mass balance equations (Defraeye, 2014). Also, the capability to give 

greater insight to the drying process with 3D configuration with respect to time and space 

in shorter time when compared to experimental drying makes CFD modelling a suitable 

choice for the simulation of SS drying (Ducept et al., 2002; Iyota et al., 2001; Defraeye 

2012a; 2012b). 

In this study, a combination of the drying model associated with a moist cylinder and the 

model describing the external flow of SS was used. A finite volume method with varying 

boundary conditions depending on the stages of drying and with appropriate input parameters 

like thermo-physical properties and effective moisture diffusivity of the sample as a function 

of temperature and moisture content was used to solve the transport equations. The main 

objective of this study is to develop a numerical model for describing SS drying of a single 
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DSG pellet at selected operating conditions using the commercial CFD software (ANSYS 

CFX) and validate the derived model using experimental results.  

6.3 Materials and method 

6.3.1 Sample preparation  

The raw material used in this study was a whole stillage mixture of corn and wheat in the 

ratio of 9:1 collected from a local distillery (Mohawk Canada Limited, a division of Husky 

Oil Limited, Minnedosa, MB). The whole stillage mixture was a thick paste with high 

moisture content in the range of 84-86% wb. The bulk raw material was kept in a freezer 

at -15°C in a sealed plastic pail. The frozen sample was taken out of the freezer and allowed 

to thaw at room temperature before the experimental trials. The thawed whole stillage was 

mixed thoroughly and then centrifuged using a Sorvall General Purpose, RC-3 centrifuge 

(Thermo Scientific Co., Asheville, NC) at a relative centrifugal force of 790g at a speed of 

2200 rpm for 10 minutes (Erickson et al., 2005; Johnson et al., 2013). The centrifugation 

was done to separate and remove the excess amount of moisture from the whole stillage 

and to separate fine particles of mashed grains. The supernatant liquid, the top layer of the 

thin grain fraction (wet solubles), and the bottom layer of the coarse grain fraction of DSG, 

were then separated and weighed. Each fraction was stored separately in airtight containers 

at -15°C until testing. Before the experimental trials, the samples were thawed for 1 h at room 

temperature. The centrifuged whole stillage contained 49.5 ±0.5, 9.5 ±0.5, and 40.5 ±0.5% 

w/w of coarse grain fraction, distillers’ solubles, and supernatant liquid, respectively. Initial 

moisture content of the coarse fraction and solubles was determined using the air-oven 

drying method (AACC, 2000).  
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6.3.2 Compaction of sample  

The current study focuses on drying the major fraction of whole stillage i.e. the coarse grain 

fraction. This fraction with an initial moisture content of 77.8±0.1% was dried to the final 

moisture of 25% wb using a laboratory oven at 60±5oC.This final moisture was chosen to 

eliminate clogging and sticking to the surface of a compaction mold (Johnson et al., 2014). 

The low-temperature drying (60±5°C) ensured minimum changes in material physical 

properties (Stroem et al. 2009).  About 4.3 g of coarse grain fraction of DSG at 25% wb 

moisture content was placed in a cylindrical steel mold with a diameter of 12.2 ±0.01 mm 

and height of 80 mm.  The sample inside the mold was compressed using a cylindrical die 

of 12.08 ±0.01 mm diameter and 84 mm length attached to a load cell of 10 kN of a 

universal testing machine (Model 3366, Universal testing Systems, Instron Corp., 

Norwood, MA). The pellet was formed with a compaction load of 6820 N (equivalent to 

60.3 MPa) at a compression rate of 50 mm/min (Johnson et al., 2014; Bourassa et al., 2015) 

and was held at the same pressure for 300 s to reduce the spring-back effect (Tumulura et 

al., 2010).  

6.3.3 Thermo-physical properties  

The important thermo-physical properties like thermal conductivity, specific heat, and 

density of DSG pellets at varying moisture contents and temperatures were also determined 

using standard methods. The mass and dimensions of each DSG pellet were measured 

using an electronic balance with an accuracy of 0.001 g (PGW 453e, Adam Equipment 

Inc., Danbury, CT) and a digital Vernier caliper of 0.01 mm accuracy, respectively. The 

calculated volume and average mass of the pellets were used to determine the particle density 

of each pellet. The thermal conductivity of the prepared pellets was determined using the 
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modified Fitch method (Fitch, 1935; Rahman et al., 1991). The specific heat of the DSG 

pellets was determined using the method of mixtures. Ramachandran et al., (2016) describe 

in detail the experimental setup and procedure. Two pellets were placed inside a copper 

canister with the inside diameter equal to the diameter of the pellets. The sealed canister with 

the pellets was placed in water at different temperatures and change in the water temperature 

was measured while mixing (Mohsenin, 1980; Ramachandran et al., 2016). The effect of the 

independent variables (moisture content and temperature) on the dependent variables 

(thermal conductivity, density, and specific heat) was analyzed using a statistical software 

package (SAS 9.4).  

6.3.4 Mass changes and effective diffusivity  

The superheated steam drying system described by Zielinska et al. (2009) and Pronyk et 

al. (2010) was used in this study with some modifications regarding improving the heat 

insulation of the system. The SS drying system consisted of a water reservoir that supplies 

water to an electric boiler, pressure reducing valves, superheater, and a drying chamber. 

The data recording and monitoring of the operating conditions were done with the help of 

an in-house developed Visual Basic computer program.  A thin perforated aluminum 

holding tray was hung inside the SS drying chamber with a thin metal wire of 0.3 mm 

diameter. The metal wire holding tray assembly was attached to a precision weighing 

balance (Sartorius ENTRIS 423-1S, Sartorius, Germany) placed above the SS drying 

chamber (Figure 6.1). The empty holding tray and the drying chamber were pre-heated to 

the desired operating temperature (120, 150, 180°C) to avoid steam condensation on the 

tray and inner walls of the drying chamber. The wall temperature was maintained at 

3±0.5°C with respect to the operating temperature by means of strip heaters mounted on 
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the outer wall of the drying chamber, which was further insulated by a cellular glass and 

an outermost layer of a steel sheet. The SS drying system had the capability to bypass the 

chamber using a flow diversion valve (Figure 6.1). This diversion enabled safe 

loading/unloading of the sample. It also enabled measurement of true mass changes of the 

sample when the SS was not exerting an upward force on the sample. A single DSG pellet 

of 4.3±0.05 g and 25% wb initial moisture content was placed in the holding tray by 

opening the glass door located at the front of the drying chamber. The glass door was 

secured tightly with a 3 mm thick silicon gasket. The SS was re-diverted to the drying 

chamber and the mass of the pellet during drying was continuously recorded throughout 

the experimental period at regular intervals. Each drying experiment continued till the 

recorded mass reached equilibrium, i.e. when the mass change over time was ≤ 0.0001 g. 

The change in mass of the pellet over the drying time was plotted to determine the 

equilibrium point. The drying characteristic curves were developed from each experimental 

data. The average of 15 to 20 data points (moisture content) of the drying characteristic 

where the curve plateaued was used as the equilibrium moisture content. The experiments 

were repeated in triplicate for different temperatures (120, 150, 180°C) and superficial SS 

velocities (0.5, 1.0, 1.5 m/s) calculated at the cross-section where the sample was located. 

Each experiment took about 1 to 2 hours depending on the time required for the pellets to 

reach equilibrium moisture content.  
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Figure 6.1 Schematic diagram of experimental setup for superheated drying of a single DSG 

pellet. 1- Weighing balance, 2- Heater-fan assembly, 3- Steam outlet, 4- Sample tray with DSG 

pellet, 5- thermocouples, 6- Steam inlet, 7- Data acquisition unit, 8- Flow diversion valve 

The effective diffusivity of the pellets during drying was determined using Fick’s law of 

diffusion (Pabis et al., 1998). The concept of using the geometric ratio (length to radius ≥ 

10) for a cylinder to consider it as infinite is not always correct since it depends on the Biot 

number (Erdogdu and Turhan, 2006). Hence, the finite cylinder model (Pabis et al., 1998; 

Bourassa et al., 2015) was used for calculating the effective diffusivity of the pellets from 

the experimental values of moisture ratios (Equation 6.1 and Equation 6.2). Iyota et al. 

(2001) found that the simulation results of SS drying show better agreement in the initial 

stages than in the later stages of drying. They reported that the assumption of constant 

moisture diffusion coefficient regardless of temperature might be the reason for the 

divergence of the simulation result at the later stages of drying. Therefore the dependency 

17
8 

m
m

 
5 

8 

. . 
. 
. 

2 

272 mm 

35
6 

m
m

 
24

8 
m

m
 

3 

6 

4 

1 

7 



                                      Chapter 6. Modelling of SS drying of a single DSG pellet  

188 
 

of effective diffusivity on the temperature of the sample can be represented by the 

Arrhenius type equation (Gely and Santalla, 2007) (Equation 6.2a): 

    (6.1) 

Where, MR(t) is the instantaneous moisture ratio and , ,  are the 

instantaneous, initial, and equilibrium  moisture content (wb).  

,  , !"($%) = 0,	and
 

  

Where,  are the roots of the Bessel function of first kind of the order zero, and the values 

of  defined in Equation 6.1 for n=1 to 10 are 2.4048, 5.5201, 8.6537, 11.7915, 14.4309, 

18.0711, 21.2116, 24.3525, 27.4935, and 30.6346, respectively. 

 ( is the radius of DSG pellet, and is the length of the DSG pellet). 

          (6.2) 

Also,         (6.2a) 

The Do is the pre-exponential factor, which is determined from the experimental value of 

diffusivity. The value of Ea and Do were determined using the slope and intercept of a semi-

log plot of the experimental values of diffusivity and inverse of corresponding temperature 

(Mirzaee et al., 2009; Afolabi et al., 2014).  

6.3.5 Temperature changes while drying  

The temperature profile of the pellets during drying was measured separately from the 

drying experiments using the same SS operating parameters. Pellets of approximately the 
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same length (35.5 ±2 mm) and diameter 12.7 ±1 mm with an initial temperature of about 

22 ± 3oC were used for this study. All samples with dimensions outside these limits were 

discarded. A T-type thermocouple was inserted through the longitudinal axis of the DSG 

pellet. To measure the change in surface temperature, the thermocouple was positioned 

approximately 2-3 mm from the other end of the pellet. This method also prevented the 

conductive heating of thermocouple wire, which could have led to the error in temperature 

measurement (Pronyk et al., 2010). A data acquisition system recorded temperature from 

the thermocouple every second for 1 hour until the thermocouple reading was equal to the 

SS temperature. These experiments were conducted in triplicate and the temperature values 

were averaged. 

6.3.6 Mathematical modelling 

The modelling methodology was divided into two components: (i) modelling of the fluid 

domain, which is SS flow around the drying element (i.e. the pellet) and (ii) modelling of 

the solid domain, represented by the DSG pellet.  

6.3.6.1 RANS and energy equations for the fluid domain 

The flow of SS as the drying medium was considered here as the external flow (fluid domain) 

surrounding the pellet and was modelled by solving the RANS and energy equations for the 

conservation of mass, momentum, and energy (Defraeye et al., 2012a; De-Bonis and Ruocco, 

2008; Akbarzadeh et al., 2012). Therefore, the solution to Navier-Stokes equations in the fluid 

domain gives information on the boundary conditions for the transport equation in the solid 

domain represented by the pellet (Errigiuble et al., 2005). As the methodology of obtaining the 

governing equation for mass, momentum and heat transfer during drying have been already 

detailed by previous researchers (Perre and Moyne, 1991), only the relevant set of partial 
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differential equations are discussed here. Superheated steam medium surrounding the pellet 

consists of only pure vapour (which is assumed to be a Newtonian fluid), and the conservation 

of mass, momentum (given by the RANS equations (Equations 6.3, 6.6) and energy equation 

(Equation 6.7) (Bernard and Wallace, 2002).  

+,--
+.

+ ∇11⃑ ∙ 456671⃑ 8         (6.3) 

The aforementioned model equation is valid under the assumption that SS is 

incompressible (Erriguible et al., 2005; 2006). For an incompressible fluid, the density is 

constant; therefore, the differential mass balance becomes: 

∇11⃑ ∙ 71⃑ = 9          (6.3a) 

Where, is the Laplace operator, which denotes derivatives with respect to position, also 

commutes with time-averaging. The differential equation for motion is given by (Bernard 

and Wallace, 2002): 

566
+:11⃑

+.
+ 566471⃑ ∙ ∇71⃑ 8 = −∇11⃑ < + =∇>71⃑ + 566?⃑     (6.4) 

The fluid is assumed to be Newtonian and of constant viscosity. By substituting @71⃑ @ = 7A +

7B and@<1⃑ @ = <A + <B, time averaging yields:  

566 C
+:11⃑

+.
+ (7A ∙ ∇D7A) + (7B ∙ ∇7B)

111111111111111111111111111111111111111111111111111111⃑
E = −∇D F<A + <B1111111111111⃑ G + =∇> F7A + 7B1111111111111⃑ G111111111111111111111111111⃑ + 566?⃑  (6.5) 

 Where,  and are the average values of velocity and pressure, and  and  are the 

random fluctuations of the same variables. By applying the continuity equation for 

incompressible fluid ( ) and Equation 6.3a, Equation 6.5 can be simplified to 

566 C
+:11⃑

+.
+ (7A ∙ ∇D7A)

111111111111111111111111111⃑
E = −∇D<A1⃑ + =∇>7A1⃑ + 566?⃑ − ∇ ∙ 5667B ∙ 7B1111111111111111111111111⃑    (6.6) 

 

Ñ

V P V ¢ P¢

0=×Ñ V



                                      Chapter 6. Modelling of SS drying of a single DSG pellet  

191 
 

Where, the quantity ( ) in the last term of the Equation 6.6 is called Reynolds stress. 

t is the eddy (turbulent) viscosity given by: 

=. =
HIJK

L
          (6.6a) 

Where, is the constant of proportionality (equal to 0.09), and M and N are the turbulence 

kinetic energy and dissipation rate, respectively (Akbarzadeh et al., 2012), which can be 

obtained from the following equations:  

+J
+.
= ∇11⃑ ∙ 471⃑ M − =71⃑ M8 = <J − N       (6.6b) 

+L
+.
= ∇11⃑ ∙ 471⃑ N − =71⃑ N8 = <J +

L
J
(OP<J − OQN)

 
     (6.6c) 

where, <J is the production rate of	M, and OP and OQ are equation constants (ANSYS CFX 

theory guide, 2009).  Details of the turbulence model equations and coefficients can be 

found in the literature (Akbarzadeh et al., 2012). 

The differential equation for energy balance is given by: 

       (6.7) 

        (6.8) 

Where, H is the enthalpy in the control volume of the fluid domain with respect to the 

reference temperature (kJ/kg1), is the latent heat of vaporization at a reference 

temperature (kJ/kg1) of steam . The reference temperature of steam is the operating 

temperature of the SS unit for each experiment. The Reynolds number for the SS flow was 

calculated using Equation 6.9 (Olsson et al., 2004; Olsson et al., 2005; Akbarzadeh et al., 

2012): 

           (6.9) 
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6.3.6.2 Mathematical model for the solid domain 

In developing the mathematical model for the solid domain represented by the pellet, the 

following assumptions were considered: (i) the sample was considered to be isotropic and 

homogeneous and (ii) the longitudinal expansion of the pellets due to the relaxation of stress 

during drying was negligible (Tzempelikos et al., 2015). In SS drying, mass transfer cannot 

be considered as the primary drying force for the drying process. But certainly, a heat and 

mass balance is generated at the interface of the pellet and SS. Hence, the drying phenomenon 

is measured in terms of the flux of moisture in the form of vapor leaving the interface of the 

pellet into SS (Pakowski and Adamski, 2011).  Mass transfer in the solid domain can be 

caused by a pressure gradient, and diffusion of moisture either in vapour or liquid phase, 

which is governed by the moisture gradient (Pakowski et al., 2011). The heat transfer inside 

the pellet is governed by the conduction in all directions. The governing equations for energy 

and mass balance within the solid domain (the pellet) are as follows (Wang and Brennan, 

1995; Ruiz-López et al., 2004; Chandramohan and Talukdar, 2010): 

   (6.10) 

    (6.11) 

The values of and were defined as a function of moisture content and temperature 

in the thermo-physical properties of DSG pellet in the model.  

Unlike air drying, SS drying typically has three stages. These are initial condensation of 

steam on a sample, the evaporation of condensed steam, and the drying phase period 

(Hamawand 2011). Hence, the heat and mass balance equations have to be defined for three 
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different conditions depending on the surface temperature of the pellet. The governing 

transport equations for each section are described as follows: 

(i) Initial condensation occurs when the sample (being initially at a lower temperature) 

comes in contact with the SS leading to a local condensation of steam on its surface 

(Hamawand, 2011; Johnson et al., 2013; Hamawand et al., 2014; Jamradleodluk, 2007). The 

moisture either evaporates or is adsorbed by the sample depending on the sample’s sorption 

behaviour (Pakowski and Adamski, 2011). The boundary conditions for heat (Kittiworrawatt 

and Devahastin, 2009) and mass (Xiao et al., 2013) transfer for this case are given by Equations 

6.12 and 6.14, respectively. 

If < , −MRS(∇T ∙ U) = λWẊZ[        (6.12) 

The film condensation heat transfer plays a major role in the heat flux occurring during initial 

condensation period as the latent heat generated during the initial condensation is much higher 

than the heat flux due to convection (Iyota et al., 2007; Ramachandran et al., 2017). The film 

condensation heat transfer coefficient of superheated steam, where water vapour condenses on 

the cylindrical pellet surface, is given by the Equation 6.13 (Holman, 2001): 

	h]Z^_ = 0.725C
,defg4,defgh	,--8ijk4J.defg8

l

Qmndefg(o-pq	–	os)
E

t
u

     (6.13) 

ẊZ[ =
vdefg(o-pqwox)

λy
        (6.14) 

(ii) When the sample surface temperature reaches the saturation temperature of steam, 

evaporation of free water from the surface of the pellet begins. This evaporation continues at 

a constant pellet temperature and is dominated by the heat transfer coefficient between the 

water on the surface and SS (Iyota et al., 2007; Suvarnakuta et al., 2007; Kittiworrawatt and 

pT satT
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Devahastin, 2009; Hamawand et al., 2014). Hence, the heat and mass transfer boundary 

conditions for the constant drying rate period are given by Equations 6.15 and 6.16: 

If = ,  −MRS(∇T ∙ U) = ℎ(T6{. − T66) = λWẊ[m           (6.15) 

Ẋ[m =
v4o-pqwox8

λy
         (6.16) 

Where, h near wall is the automatic heat transfer coefficient obtained from the solution of 

RANS equation in (SS) region. 

(iii) After the pellet reaches the critical moisture content, the temperature of the pellet 

rises and the evaporation inside the pellet is dominated by moisture diffusion (i.e. liquid or 

vapour or both). But, as the temperature rises above the boiling temperature of water, an 

internal pressure builds up due to vapour formation which may cause the capillary/Darcy’s 

flow. In that case, drying rate can be predicted by basing it on the sensible heat transfer rate 

between the pellet and the SS divided by the latent heat of vaporization of moisture (Beeby 

and Potter, 1985; Pakowski and Adamski, 2011). The heat balance at the interface in this 

case (Pakowski and Adamski, 2011) is given by Equation 6.17: 

If > , −MRS(∇T ∙ U) = 4λW + OSWTS8Ẋ]m + |S = ℎ4T66 − TS8   (6.17) 

where, is the net heat flux penetrating the pellet and  is the temperature of pellet at a 

given moisture content and vapour partial pressure which in this case is atmospheric pressure 

(Pakowski et al., 2011). The conservation of mass was solved by balancing the mass flux at 

the interface. Hence, the mass transfer boundary condition is:  

Ẋ[m = }~]]e(∇� ∙ U) = v4oxwo--8wÄx
jkÅHxkox

       (6.18) 

The equilibrium condition at the interface is given by  

<W = Ç4�, TS8<6{.4TS8        (6.19) 

pT satT

pT satT

pq pT
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Where, the saturation vapour pressure of water vapour at different solid surface temperature 

is given by (Messai et al., 2015): 

ÉU F<6{.4TS8G = 25.506 − ÖQ"Ü.á
ox

       (6.19a) 

6.3.7 Implementation of the model  

To predict the heat and mass transfer in the DSG pellet during SS drying, a 3D mathematical 

model was developed using the CFD software ANSYS-CFX 16.2 package (ANSYS Inc., 

Canonsburg, PA). A quarter section of the geometry, including both the DSG pellet and the 

SS drying chamber was used as the computational domain for the 3D model (Figure 6.2). 

The selected pellet was 12.7 mm in diameter and 35.5 mm long. The drying chamber had 

272 mm internal diameter and 356 mm length. The schematic illustration of the DSG pellet 

placed at the geometric center of the drying chamber and the meshing of the corresponding 

computational domain using the CFX is shown in Figure 6.2. The thermo-physical properties 

of the DSG pellets were defined as a function of their moisture content and temperature in 

CFX. In order to capture the changes in the variables, the resolution of the mesh near the 

walls was increased by adding on inflation layer with structured meshes (Figure 6.2). The 

mesh sensitivity was also tested using three different computational meshes with different 

grid resolutions of 0.98, 1.11, and 2.30 million nodes. The convergence of the experimental 

data with the predicted values was used to check the sensitivity of the mesh. An interface 

was created between the solid and liquid domain where the transport equations for 

condensation were applied as a source term. The model equations for the solid domain 

represented by the pellet were also defined in the CFX. In order to consider evaporation of 

moisture, a subdomain was created for the solid and the heat transfer boundary conditions 

were applied as a source term. When the surface temperature of the coating reaches the 
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saturation temperature, the film condensation heat transfer coefficient is replaced by the flow 

field heat transfer coefficient which was automatically taken care of by the CFD solver. The 

code for solving the flow equations and the equations for the solid were then coupled by 

executing both codes in the same time step (Erriguible et al., 2005). At first, the conservation 

equations were defined for both domains, and then boundary conditions were substituted for 

the conservation equations (Erriguible et al., 2006). Additional source terms were considered 

at the pellet/steam interface to model the initial condensation on the DSG pellet. The 

operating SS temperature and velocity were set as the initial conditions at the chamber inlet.  

A zero velocity boundary condition was assumed for the interface between the SS and the 

pellet. All flow variables (i.e. temperature, pressure, and velocity) were derived for the outlet 

of the chamber from the fluid domain (Akbarzadeh et al., 2012). A moisture content of 25% 

and the temperature (25°C) was assigned as initial conditions for the DSG pellet. 

 

 

 

 

 

 

Figure 6.2 (a) Schematic diagram of the SS drying chamber and the DSG pellet (b) The 

enlarged view of the unstructured mesh near and inside the half pellet.  

For the fluid domain, the shear stress transport (SST) k-ω turbulence model was applied 

(Menter, 1994; Ljung et al., 2011a; Ljung et al., 2011b; Tzempelikos et al., 2015). The SST 

SS flow  

DSG pellet 

SS drying chamber  
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k-ω model uses a two-equation k-ω model formulation to solve the transport phenomena in 

the near-wall region and a k-ε model formulation to solve the turbulent central region of the 

fluid flow (Menter, 2009). The Reynolds number obtained for different SS operating 

conditions was in the range of 3650-7500, which falls in the transition to the turbulent flow 

region (Karabelas et al., 2012). The SST k-ω turbulence model performs well with low 

Reynolds numbers, especially near the walls (Defraeye et al., 2012b) and also when adverse 

pressure gradient boundary layer flows are simulated (Ljung et al., 2011a). Also, the SST k-

ω turbulence model was found to be sufficiently accurate for predicting the convective heat 

transfer coefficient (Dixon et al., 2011). In the beginning of the simulation, the steady-state 

and isothermal analysis of flow equations (i.e., without drying) were performed to obtain a 

fully developed steam flow around the pellet. In case of transient simulations, variable time 

step size with the increase in simulation (drying) time was chosen and each time step had 10 

iterations. The time step size varies as 0.05, 1, 1.5, 5, 10, 20, 50, and 100, respectively for 1, 

5, 10, 20, 40, 60, 90, 120 min. Each time step had ten iteration as it is recommended for the 

multiphase problems. The smaller time step size during the initial stages of drying was 

chosen to capture the initial condensation and the relatively fast changing transport 

phenomena when compared to the later stages of drying. The steady-state simulation results 

were used as the initial conditions for the transient-state analysis of the drying simulation. 

The convergence criteria for the root mean square (RMS) values of the residuals were set to 

1×10-4 and 1×10-6 for the steady-state and transient-state analysis, respectively. A non-slip 

wall boundary condition was assumed for the interface between the SS and the pellet (Kaya 

et al., 2007). 
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6.3.8 Validation of the model  

The experimental and simulation trials were conducted for three different SS temperatures 

(120, 150, and 180°C) and three different SS velocities (0.5, 1.0, and 1.5 m/s).  The overall 

moisture content and the surface temperature of the DSG pellets obtained from SS drying 

experiments at each of the operating conditions were compared with the average moisture 

content and surface temperature values obtained from the simulation using the mean 

relative percentage error (Kaleemullah and Kailappan, 2006; Sabarez, 2012). The mean 

relative percentage error of the simulation results was calculated using the following 

equation: 

          (6.20) 

where, MRP is the mean relative percentage error, Pvi and Evi are the instantaneous 

predicted and experimental values of the variable, respectively, and n is the number of data 

points compared. 

à.â Results and discussion	

6.4.1 Thermo-physical properties  

The particle density of the DSG pellets at a moisture content of 25% wb was 873.7±2.7 

kg/m3. The particle density of the DSG pellet decreased with a decrease in moisture content 

following an empirical relation (Equation 6.21). The value of thermal conductivity and 

specific heat capacity of DSG pellets within a temperature range of 0 to 80°C were 0.17- 

0.22 W/(m K) and 4.13- 5.28 kJ/(kg K), respectively. Both, thermal conductivity and specific 

heat values increased with increasing moisture content of the DSG pellet. A similar trend 

was reported by Yu et al., (2015). The experimental results show that thermal conductivity 

100× 
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and specific heat of DSG pellets were empirically related to temperature and moisture 

content of the pellet (Figure 6.3a and 6.3b) as given by Equations 6.22 and 6.23, respectively 

(Ramachandran et al., 2016). 

                   (6.21) 

MRS = 0.001	T + 0.006	� − 0.002       (6.22) 

OS = 0.02	T + 0.02	� + 0.27       (6.23) 

 

 

 

 

 

 

 

 

Figure 6.3 Effect of temperature on the a) specific heat and b) thermal conductivity of DSG 

pellets at different moisture content (25, 35, and 45% wb), where, exp- experimental values 

and pred- predicted values. 

6.4.2 Effective moisture diffusivity  

The effective moisture diffusivity of the DSG pellets at different operating conditions of the 

SS drying unit was in the range of 3.06 ×10-9 to 13.5×10-9 m2/s. The value of the effective 

moisture diffusivity increased with an increase in temperature and velocity of the SS (Azzouz 

et al., 2002; Babalis and Belessiotis, 2004). These results are in agreement with the results 
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reported by Zielinska et al. (2009). The change in the effective diffusivity as affected by 

temperature (120,150, and 180°C) and velocities of SS (0.5, 1.0, and 1.5 m/s) are shown in 

Figure 6.4a. As per the Arrhenius type equation (Equation 6.2a), the effective moisture 

diffusivity is dependent on the material temperature. But in the current study, it is considered 

as a function of a reciprocal of SS temperature. This approach is adopted based on the 

assumption that during the falling drying rate period, the average material temperature is the 

same as that of the SS temperature (Zielinska et al., 2009). Therefore, the values of the 

activation energy for each SS velocity were determined from the relationship between the 

natural log of effective diffusivity and the inverse of SS temperature as shown in Figure 6.4b. 

The activation energy of the DSG pellet for the SS velocity of 0.5, 1.0, and 1.5 m/s was found 

to be 15.64, 20.53, and 24.61 kJ/mol, respectively. A similar trend of an increase in activation 

energy and moisture diffusivity with an increase in velocity of drying medium was reported 

by Aghbashlo et al. (2008) and Motevali et al. (2012), who also related activation energy to 

the temperature of the drying medium. There was an increase in activation energy when the 

velocity of SS increased above 1 m/s irrespective of the SS temperature, which supports the 

findings of Chayjan et al. (2011). This effect of the velocity of SS on activation energy is due 

to the higher rates of heat transfer than the mass transfer. It may cause the internal 

temperature of the pellet to rise above the boiling point resulting in an internal pressure build-

up forcing the moisture to the surface. This increase in vapour pressure might cause a liquid 

flow (Darcy’s flow) inside the pellet. In that case, the effective diffusivity values of the falling 

drying rate curve as per the Arrhenius equation will not be sufficient for predicting the 

complete drying process (Pakowski and Adamski, 2011).  Hence, the diffusion equation with 

moisture diffusivity as a function of SS temperature was used to define the transport 
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phenomena within the pellet until the local temperature of the pellet is less than boiling 

temperature (Hamawand et al., 2014). But once the local temperature of the pellet rises above 

the boiling point, the approach of sensible heat transfer rate between the steam and the pellet 

divided by the latent heat of vaporization of moisture was used to describe the drying rate as 

shown in Equation 6.18 (Pakowski and Adamski, 2011).  

 

 

 

 

 

 

 

Figure 6.4a) Effect of SS temperature on the effective moisture diffusivity of DSG pellet 

at different SS velocities, b) Arrhenius plot of ln( ) verses (1/T) at different SS 

velocities. *   R2 is the coefficient of determination. 

6.4.3 Validation of SS drying model 

The multi-configuration approach in which the transient state simulation is automatically 

started with the solution of an initial steady state simulation, used for the simulation of SS 

drying of DSG pellet improved the total simulation time when compared to the single 

configuration. The average simulation time for the simulation with multi-configuration was 
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found to be 6h, 27min which was 15% less than that of the single configuration simulation 

(7h, 22min), where the steady- and transient-state configurations are run separately. The 

maximum turbulence residual values of the simulation with the SST k-ω model (1×10-5 -

1×10-6) were less than the residuals for the simulation with k-ɛ model (1×10-2 -1×10-5). 

Among the three meshes tested (0.98, 1.11, and 2.3 million nodes), the meshes with 1.11 and 

2.3 million nodes showed minimum deviation from the experimental results when tested at the 

lowest SS temperature for all the test velocities. The details of the ãåçRé+ values of nodes 

closest to the solid-fluid interface and the comparison of RMS and maximum percentage 

deviation of moisture content and temperature at the interface are given in Appendix (Table 

A.3 and A.4). The difference in maximum MRP error for the moisture prediction of the DSG 

pellet from the simulations with 1.11 and 2.3 million nodes were less than 2.4%. The 

simulation time for the meshes with 2.3 million nodes were relatively high (13.1 h) compared 

that required for the mesh with 1.11 million nodes (6.45 h). Hence, the mesh with 1.11 million 

nodes was used for the rest of the simulations.  

Experimental results show that there was a negligibly short constant drying rate period for 

the pellet (Figures 6.5, 6.6, and 6.7), which supports the findings of Zielinska and Cenkowski 

(2012) and Kittiworrawatt and Devahastin (2009). But a relatively constant temperature 

period with a gradual increase in temperature in the later phase was observed for the tested 

SS temperatures and velocities (Figures 6.5, 6.6, and 6.7). The short constant temperature 

period might be due to the evaporation of the condensed steam from the surface of the pellet 

(Zielinska et al., 2009). A gradual increase in temperature afterward indicates the removal of 

moisture from the pellet and steam penetration in the expanded pellet. It could also be due to 

the release of the stored mechanical energy due to the pellet expansion during SS drying 



                                      Chapter 6. Modelling of SS drying of a single DSG pellet  

203 
 

(Bourassa et al., 2015). This increase in temperature in the proposed constant temperature 

period might be also attributed to the exothermal processes that occur during the denaturation 

of protein (Fitzsimons et al., 2007).  

 

Figure 6.5 Comparison of experimental and predicted values of moisture (M) and surface 

temperature (T) history of DSG pellet at SS velocity of 0.5 m/s, where, exp- experimental 

values and pred- predicted values 
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Figure 6.6 Comparison of experimental and predicted values of moisture (M) and surface 

temperature (T) history of DSG pellet at SS velocity of 1.0 m/s, where, exp-experimental 

values and pred-predicted values 

The mean relative percentage error was in the range of 3.1–7.8% and 8.8–9.5% for the 

surface temperature values and average moisture values of the pellet dried at different 

operating conditions, respectively. The lower percentage error (≤ 10%) shows that the 

experimental data are well predicted by the model (Kaymak-Ertekin and Gedik, 2005). The 

initial condensation period was slightly under predicted by the model when compared to the 

experimental results (Figure 6.8). This is in concurrence with the findings of Hamawand et 

al. (2014) and can be attributed to the absorption of moisture by the pellet. The pellets’ ability 

to absorb a part of condensed water has previously been reported by Johnson et al. (2013). 
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This absorbed moisture is no longer available as free water on the surface of the pellet during 

the initial evaporation phase (Taechapairoj et al., 2006).  

 

 

 

 

 

 

 

Figure 6.7 Comparison of experimental and predicted values of moisture (M) and surface 

temperature (T) history of DSG pellet at SS velocity of 1.5 m/s, where, exp- experimental 

values and pred- predicted values 

The agreement of the simulation results with the experimental values of moisture content 

during the initial phase of drying was lower (Figures 6.5 and 6.6) when compared to the later 

stages of drying, especially for the lower SS temperature (120°C) and lower SS velocities 

(0.5 and 1 m/s). The poor agreement (MRP is 22.2 ± 2%) of simulation and experimental 

moisture content in the early drying period can be explained by the limitations of the 

simulation in accommodating the internal movement of condensed moisture occurring 

during the initial condensation (Parkowski and Adamski, 2011). Therefore, the experimental 
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drying curve was found to give higher results than the predicted drying curve during the early 

‘so-called’ constant drying rate period.  

 

 

 

 

 

 

Figure 6.8 Comparison of experimental and predicted values of initial condensation on 

DSG pellet at SS velocity of 1.0 m/s, where, exp- experimental values, pred- predicted 

values, and M- moisture content. 

The predicted change in the local moisture content and temperature at the center of the DSG 
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temperature drying (Figure 6.9a and 6.9b). This might be due to the latent heat energy build-
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the center of the pellet would be dominated by the receding evaporation front from the 

surface to center at later stages of drying. Even though the exact time of start of these 

phenomena cannot be precisely determined, the study of spatial variation of moisture content 

could give an insight into the instantaneous changes in the moisture profile during SS drying.  

Hence, the local moisture content and temperature profile of DSG pellet at any instant of SS 

drying were also studied.  

 
 
Figure 6.9 Predicted values of a) moisture history b) temperature history at the center of 

the DSG pellet at SS velocity of 1 m/s; where, M and T are the moisture content and 

temperature of the pellet, respectively. 

The simulation results of the instantaneous moisture profile of DSG pellet at various 

operating conditions (SS temperature of 120, 150, 180°C, and SS velocity of 0.5, 1.0, and 

1.5 m/s) showed that the mechanism of drying was supported by surface evaporation 

(Hamawand, 2013) right after the initial condensation (Figure 6.10a) when the surface 
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model reported by Looi et al. (2001). During the later stages of drying (i.e. when the surface 

temperature of the pellet increases) the diffusion of moisture (liquid or vapour or both) to 

the surface of the pellet and evaporation from the surface facilitates drying (Figure 6.10a 

and 6.10b). The values of local moisture and temperature within the sample decreased with 

an increase in distance from the centre of the pellet at a given drying time. The temperature 

of SS has a more significant effect on the decay rate of the moisture content of the pellet 

than the velocity of the SS (Figure 6.11a and 6.11b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Predicted a) moisture distribution (left side) b) temperature distribution (right 

side) of the DSG pellet at 100, 200, 600s of drying, respectively (SS at 150°C and 1 m/s).  
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Figure 6.11 Moisture (M) profile of DSG pellet as a function of distance (x) from its center 

after (a) 1000 s and (b) 1500 s of SS drying at different SS conditions.  

6.5 Conclusions 

The multi-configuration approach featured with the ability to run a string of simulations in a 

given sequence reduced the simulation time significantly (about 15%) for tested range of SS 
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to be done separately. The SST k-ω turbulence model with the robust and accurate near-wall 

formulation can fairly predict the transport phenomena occurring at the solid-fluid (pellet-

SS) interface with maximum turbulence residual value in the range of 1×10-5-1×10-6. By 

defining the appropriate boundary condition for each stage of SS drying (i.e. initial 

condensation, constant and falling drying rate periods) and by setting accurate thermo-

physical properties for both the DSG pellet and SS, we can obtain a more accurate prediction 

of the drying process with the simulation residual for moisture concentration ranging 
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between 1×10-4-1×10-7 kg of water per kg of dry matter.  As the mass transfer coefficient is 

not available for this method of drying, the presented model is mainly dependent on the 

boundary conditions between the domains and on the resolution of conservation equations in 

the environment.  Even though there are stages (e.g.: constant vs falling drying rate periods) 

of less convergence with the experimental results in the model, the overall mean relative 

percentage errors for the temperature and moisture curves were less than 10%. A comparison 

of the decay rate of moisture content during drying at different operating conditions showed 

that the effect of SS temperature (in the range of 120-180°C) is more prominent than the 

effect of SS velocity (in the range of 0.5-1.5 m/s). There was more than 50% decrease in 

drying time with increasing SS temperature as opposed to about 20% decrease with increase 

in SS velocity. The same trend in the effect of SS temperature and velocity was noticed in 

the simulation results too. The results of the study show that the coupling of solid (moist 

cylinder) medium drying models and CFD codes for fluid domain models with an explicit 

treatment of boundary condition is a fairly successful approach for numerical modelling of 

SS drying. The simulation by using this coupling method helped us to obtain the complete 

distribution of mass fluxes in the pellet and at the interface without defining a mass boundary 

layer. Hence, the proposed model can be used as a preliminary tool for the design and 

optimization of large-scale SS drying systems.   
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Nomenclature 

 Specific heat capacity (kJ/(kg K)) 

CFD Computational fluid dynamics 

 Moisture diffusivity (m2/s) 

d Equivalent diameter of the pellet (m) 

DSG Distillers’ spent grain 

Ev         Experimental value 

        Sorption isotherm-isobar 

 Fourier number 

 Acceleration due to gravity m/s 

H Enthalpy of the control volume (kJ/kg) 

 Heat transfer coefficient (W/(m2 K) 

         Turbulence kinetic energy  

 Thermal conductivity (W/(m K) 

L Length of DSG pellet 

M  Moisture content  

Ẋ        Mass flux (kg/(m2s) 

MR Moisture ratio 

MRP Mean relative percentage error 

 Pressure (Pa) 

        Production rate of     

Pv         Predicted value 

 Universal gas constant (8.314 J/(mol K) 

r Radius of DSG pellet 

Re Reynolds number 

SS Superheated steam 

SST Shear stress transport 

T Temperature (K) 

 

t Time (s) 

 Velocity m/s 

WDS Wet distillers spent grain 

wb Wet basis moisture content 

, , Distance along x, y, and z axis  

Symbols  

         Dissipation rate 

 Density of the pellet (kg/m3) 

 Latent heat (J/kg) 

 Eddy viscosity (kg/(m s) 

         Viscosity (kg/(s m)) 

 Laplace gradient function  

Subscripts and Superscripts 

 Instantaneous time 

 Equilibrium 

        Effective value 

        Reference value 

 Pellet interface  

 Saturation  

 Initial condensation 

 Condensed film (water) 

 Superheated steam 

 Constant rate drying 

 Falling rate drying 

          Instantaneous time 

          Water vapour  
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CHAPTER 7. MODELLING OF SS DRYING OF A DSG PELLET 

COATED WITH SOLUBLES  

This chapter is based on the research paper submitted to Journal of Food Engineering and is 

under second round of review. The manuscript is entitled ‘Three-dimensional modelling of 

superheated steam drying of a single distillers’ spent grain pellet coated with condensed 

solubles’, Ref: JFOODENG-D-18-00481R2. 

7.1 Abstract 

The method of using a dried core as a nucleus for drying a wet paste-like material is proven 

to be one of the most suitable methods for drying sticky wet materials. The current study 

focuses on the superheated steam drying of distillers’ spent grain (DSG) pellets and then 

utilizing those dried pellets as a core material to dry the slurry of wet distillers’ solubles. The 

drying experiments were conducted with cylindrical DSG pellets at 25% (wet basis) moisture 

content coated with a thin layer (3±0.3mm) of solubles at different superheated steam 

temperatures (120, 150, 180°C) and velocities (0.5, 1.0, 1.5 m/s). The average effective 

moisture diffusivity of the solubles (100% w/w) and DSG pellets with or without solubles 

(0, 10, 30% w/w) was found to be in the range of 3.3 ×10-10 – 3.7×10-9 and 4.1×10-9 – 4.2×10-

8 m2/s, respectively. A computational fluid dynamics (CFD) model was developed using 

ANSYS CFX by combining the Reynolds-Average Navier-Stokes (RANS) equations for the 

superheated steam flow and the diffusion models (thin layer and finite cylinder models) for 

a DSG pellet coated with solubles. When compared with experimental drying curves, the 

developed CFD model showed good agreement (mean relative percentage error ≤10%). Such 

models that are immensely helpful in predicting the superheated steam drying  
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characteristics of liquid materials dried over a porous dry nucleus, can provide valuable 

information for the design or optimization steps of an appropriate SS drying unit 

Keywords: Distillers’ spent grain, Distillers’ solubles, Computational Fluid Dynamics, 

Superheated steam, Numerical modelling 

7.2 Introduction 

Bioethanol production has been increasing worldwide for the past decade reaching about 

26.6 million gallon production in 2016 (Renewable-Fuels-Association, 2016). The biofuel 

industry primarily uses corn for bioethanol production but other cereal grains such as wheat, 

barley, rice, and sorghum are also being used. A coproduct of biofuels is known as distillers’ 

spent grain (DSG) and  due to its high protein (27-35%) and dietary fiber content (27-55%), 

it has been  used as a valuable raw material for animal feed (Awoyale et al., 2016). The 

generated additional income to the ethanol industry from selling DSG can be as high as 10-

20% (Ramachandran et al., 2017b).  However, a short shelf life of wet DSG is a major 

challenge for the industry. The distillers’ spent grain generally has high moisture content of 

about 80% wb (wet basis) irrespective of the milling method (Bourassa et al., 2015).  To 

make it marketable, DSG is generally dried to a safe storage moisture content of 8-12% into 

a product called dried distillers’ spent grain with solubles (DDGS) (Zentek et al., 2014).  The 

dried product ensures convenient handling and  safe storage with greater application potential 

as a feed material for cattle (Penner et al., 2009), poultry (Salim et al., 2010), fish (Li et al., 

2011), and swine (Lyberg et al., 2012); human food (Brochetti et al., 1991; Fiasco et al., 

1990; Liu et al., 2011); and in nutritional supplements for the simultaneous saccharification 

and ethanol fermentation (Bi et al., 2011). 
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The wet material left after fermentation of starch is called by the ethanol producers whole 

stillage which in the next step is centrifuged to remove excess water from it (Ramachandran 

et al., 2017a). During centrifugation fine particles (Distillers’ solubles) are separated from 

the coarse fraction of spent grain. As solubles have smaller particle size they have more 

micro-porosity and water holding capacity than the coarse grain fraction of DSG 

(Ramachandran et al., 2017c). The solubles contain  more protein and unfermented starch 

than the coarse fraction and hence are mixed with the coarse fraction to yield custom feed 

products (Johnson et al., 2013a). The industrial drying of this slurry like material faces some 

practical challenges. Currently, the dewatered/centrifuged wet spent grain is dried using 

rotary drum dryers at internal dryer temperatures ranging between 250-600°C (Stein and 

Shurson, 2009). The slurry form of wet solubles requires the presence of inert core material 

that increases the surface area enabling faster drying. Also, the thick paste of solubles which 

behaves like a thixotropic fluid (Broniarz-Press et al., 2014) sticks on the dryer surface and 

leaves darkened deposits decreasing the efficiency of  the dryer (Stroem et al., 2009). Wet 

DSG is then mixed with previously dried/dewatered spent grain granules at the feeding 

section of the dryer. This approach generates a large surface area for drying slurry that coats 

the dried DSG granules. As the dried granules pass twice through the dryer,  the double 

passage of the product at high temperatures causes charring of the product and in some cases 

even fire inside the drum dryer resulting in high monetary losses and safety issues. Hence, 

for slurry products or combustible materials such as lignite, an alternative drying method is 

under research. Superheated steam (SS) as a drying medium can eliminate the risk of fire as 

it creates an anaerobic environment (Cenkowski et al., 2007b; Sehrawat et al., 2016). 

Industries are now looking at the possibility of using spouted bed SS drying systems for 
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drying coated DSG. In order to realize this goal, there is a need for scientifically valid data 

describing the heat and mass transfer phenomena of SS drying of coated DSG pellets. To 

this end, the present study focuses on simulation and modelling of SS drying of coated 

DSG pellets. The superheated steam drying has a better drying efficiency if it is a closed 

system where the exiting steam is recovered and reused (Ducept et al., 2002; Moreira, 

2001). Research has already established that steam drying reduces mycotoxins that can be 

present in biological products (Cenkowski et al., 2007b; Granby et al., 2012; Hu et al., 

2016) and preserves their colour and nutritional quality (Pimpaporn et al., 2007; 

Rordprapat et al., 2005).  

The current paper is a part of our ongoing research done by Ramachandran et al. (2017a) and 

deals with the simulation and modelling of the SS drying of the dried core of DSG pellet 

coated with a thin layer of distillers’ solubles. Ramachandran et al. (2017a) studied the heat 

and mass transfer phenomena occurring in a DSG pellet during SS drying where the 

industrial method of drying a core material (first stage of drying) was simulated. The 

presented study covers the transport phenomena occurring in coated pellets during SS drying 

(i.e. a dried DSG pellet coated wet distillers’ solubles). This method mimics the second stage 

of industrial drying of the wet solubles poured over previously dried DSG granules. Industrial 

drying of this multilayer product at high temperature is challenging because of the 

bidirectional moisture movement in the coated materials. If the drying process is not 

optimized, moisture movement from the relatively wet coating into the dry core and from the 

whole coated pellet to the drying medium causes non-uniform drying. Also, the bidirectional 

mass diffusions in multi-layered materials are difficult to estimate using a general empirical 

model. Hence, in this study simulation of the transport phenomena occurring in both, wet 
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coating and dried core are done using the CFD software. Computational modelling and 

drying simulation of such materials enable complete characterization of temperature and 

moisture changes occurring in an element during SS drying with high spatial and temporal 

resolution (Ramachandran et al., 2018). Such simulations reduce capital investment in 

product development and scaling up of laboratory models to industrial scale systems 

(Gharsallaoui et al., 2007). As the material of interest for this study is a multilayer product 

with complex geometry, a single element modelling approach was adopted (Ramachandran 

et al., 2018). The drying kinetic of the bulk material is affected by its local temperature and 

moisture content of individual elements. Thus, the heat and mass transfer phenomena 

occurring inside a single element are of  considerable interest for developing a drying model 

(Baini and Langrish, 2007; Da Silva et al., 2013; Ljung et al., 2011; Malafronte et al., 2015). 

Abbott et al.,(2011) identified different modes of drying involved in a coated material dried 

over a core solid such as the models limited to only heat transfer, to diffusion, and to mass 

transfer. They concluded that such drying models for defining coated materials could provide 

insight into the drying process and could be used to minimize energy consumption in 

industrial coating and drying.   

The present study uses a combination of Reynolds-Average Navier-Stokes (RANS) equations 

for defining the SS flow around the coated pellet, and drying models defining the transport 

phenomena in the coated pellet. Two interfaces; one connecting the SS and the coating and the 

other connecting the coating and the core DSG pellet link the different problem domains. The 

main objective of the present paper is to develop a three-dimensional model for describing the 

SS drying of a single multi-layered cylindrical pellet at selected operating conditions of SS 

drying and validate the model with experimental results.  
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7.3 Materials and method 

7.3.1 Sample preparation 

The raw material used in this study was whole stillage (mashed corn and wheat in the ratio 

of 9:1). The whole stillage with 84 ± 2% wet basis (wb) moisture content was centrifuged 

to remove excess water and separate coarse grain fraction and distillers’ solubles. The 

separated fraction was stored in sealed plastic bags in a freezer at -15°C until further 

experimentation. Samples for producing the core material for drying experiments were 

made with a mixture of coarse grain fraction and distillers’ solubles. The mixing was done 

to minimize volumetric expansion of the samples/pellets during superheated steam drying 

(Johnson et al., 2015; Ramachandran et al., 2017a). As thermo-physical properties and 

stability of the pellets were determined in previous experiments for 10 and 30% soluble 

concentrations (Johnson et al., 2015; Ramachandran et al., 2017c), the same two 

concentrations were selected for the present study. A known mass of wet coarse grain and 

calculated amount of distillers’ solubles (corresponding to 10 and 30% solubles) were 

mixed for 2 minutes using a spatula. The mixture was then dried in a laboratory oven at 

60±5°C until the moisture content reached 25% wb. This dried mixture was then stored in 

sealed plastic bags until pelleting. 

7.3.2 Compaction 

The compaction of the aforementioned sample mixture was done using a universal testing 

machine (Model 3366, Universal Testing Systems, Instron Corp., Norwood, MA).  About 

4.3 ± 0.2 g of sample (coarse grain fraction with 10 and 30% solubles) was used for each 

compact. The sample was placed in a cylindrical mold of 12.2 ± 0.01 mm diameter and 80 

mm height. It was then placed on the fixed platform of the universal testing machine and 
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compressed using a cylindrical die of 12.08 ± 0.01 mm diameter and 84 mm length attached 

to a 10 kN load cell and compacted with an endpoint pressure of 60.3 MPa at a speed of 

50 mm/min (Bourassa et al., 2015). The formed pellet was then held at that pressure for 5 

minutes to minimize the spring back effect of the pellet (Tumuluru et al., 2010; 

Wongsiriamnuay and Tippayawong, 2015). After compaction and the hold, the pellet was 

ejected out of the mold by removing the mold frame and pushing the pellet using the die 

attached to the testing machine.  

7.3.3 Coating  

Wet solubles (3±0.5 g) were spread and leveled using a long metal spatula to form a uniform 

layer of 3 ± 0.3 mm depth on a 5 cm × 8 cm sized thin polyester mesh cloth of 1.5 mm × 1.5 

mm mesh size. The thin metal spatula was slid straight on the soluble layer and was leveled 

again with a flat metal plate. The depth of the soluble layer was measured at 6 different points 

using a Vernier caliper with an accuracy of 0.01 mm. The layer had a width slightly greater 

than the height of the pellet (30 ± 0.5 mm) and length equal to the circumference of the 

cylinder. A single spent grain pellet of known dimension (diameter 12.35 ± 0.5 mm and 

length 25.5 ± 0.5 mm) was placed at the center of the solubles layer. It was wrapped by 

folding the mesh cloth from both, the ends so that the solubles formed a uniform thin layer 

around the pellet. The additional width of the thin layer at the two ends was folded to cover 

the two side faces of the pellet. The ends of the mesh cloth were then sutured using a thin 

copper wire.  

7.3.4 Superheated steam drying experiments 

The individual coated pellets were dried in a SS system described by Pronyk et al. (2010) 

and Ramachandran et al. (2017a). A single coated pellet was placed on a perforated 
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aluminum tray suspended from the under-weighing hook of a precision weighing balance 

(Sartorius ENTRIS 423-1S, Sartorius, Germany) placed above the SS drying chamber. The 

aluminum tray was positioned in such a way that the pellet was suspended at the center of 

the chamber with steam passing symmetrically around the pellet. The pellet was placed 

horizontal with its longitudinal axis perpendicular to the direction of steam flow. The pellet 

holding tray and the inner walls of the drying chamber were pre-heated to operating 

conditions prior to each drying test to avoid steam condensation (Ramachandran et al., 

2017a).  Thin guiding pins attached to the tray ensured that the coated pellet had its horizontal 

axis aligned perpendicular to the SS flow direction during drying. The mass of the pellets 

over the entire period of drying was recorded at regular intervals (5 s) using a data-logger. 

Drying was carried out until the mass of the pellet reached equilibrium. The data was used 

to generate drying characteristics and to determine moisture diffusivity. The same procedure 

was repeated in triplicates for different operating conditions of the SS drying unit (SS 

temperature of 120, 150, and 180°C and velocity of 0.5, 1, and 1.5 m/s). The lifting force of 

SS on the holding tray and the pellet was determined by diverting the SS from the drying 

chamber for approximately 15-20 s at time intervals of 2, 5, 15, 30, 45, and 60 min, and 

measuring the mass of the sample without the lifting force. These values were then used to 

determine the true mass of the pellet during drying experiments for developing the drying 

characteristics (Bourassa et al., 2015; Pronyk et al., 2008).  

7.3.5 Volumetric change 

To determine the dimensional changes in the pellets when subjected to SS, a separate set 

of experiments was conducted with DSG pellets of the same two levels of solubles (10, 

and 30% w/w) and their initial moisture content of 25% (wb). The operating conditions of 
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the SS drying unit were kept the same as in the drying experiments. The tests were 

conducted with single pellets of known dimensions and approximately the same mass and 

dimensions as that of the pellets used for the drying experiments coated with solubles (i.e. 

3 ± 0.3 mm depth).  Individual coated pellets were subjected to SS drying for 0.5, 1, 2.5, 

5, 10, 30, and 60 min. Pellets that disintegrated during drying were not used in calculations 

of the volumetric change. For each aforementioned drying time a fresh pellet was used. 

This prevented from the alternative cooling and heating of the pellet when the same pellet 

is used over and over again (Bourassa et al., 2015). The dimensions of the coated pellet 

after treatment were measured using Vernier calipers with an accuracy of 0.01 mm. Based 

in the data gathered, a polynomial relationship between the percentage dimensional change 

and the drying time was developed.  

7.3.6 Drying characteristics and effective moisture diffusivity 

In order to study the drying characteristics of distillers’ solubles and the DSG core pellet, a 

separate set of drying experiments was conducted with the same SS operating conditions as 

discussed above. A thin layer (approximately 3 ± 0.3 mm thickness) of wet solubles with a 

moisture content of 82.4 ± 1% was placed on a perforated sample tray to conduct the moisture 

diffusivity experiments. The effective moisture diffusivity of the solubles was determined 

using the drying characteristics of these thin-layer drying experiments. Fick’s law of 

diffusion for an infinite slab was used to determine the moisture diffusivity of the soluble 

coating (Taheri-Garavand et al., 2011). The drying experiments with DSG pellets containing 

10 and 30% solubles were conducted with the same operating conditions (section 7.3.4) to 

determine the effective diffusivity of the core pellet. The moisture diffusivity of the core 

pellet was computed using Fick’s law of diffusion for a finite cylinder (Ramachandran et al., 
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2017a). The effect of volumetric changes occurring during SS drying was considered for 

calculating the effective moisture of the coated pellet. The dependency of pellet temperature 

and moisture content on the effective moisture diffusivity was also determined separately 

and compared with the experimental diffusivity obtained from Fick’s law. Initially, the 

correlation between the pellet temperature and the effective moisture diffusivity was 

expressed by using Arrhenius type equation with an assumption that the average pellet 

temperature is the same as that of the SS during drying. Coefficients of Arrhenius equation 

(i.e. activation energy and pre-exponential factor) were then used as a first approximation for 

the Levenberg-Marquardt optimization (Rahman and Kumar, 2011). The coefficients of the 

model equation for effective moisture diffusivity (Deff) as a function of temperature and 

moisture content (Equation 7.1) were then obtained from the preset limits (based on 

Arrhenius equation) using MatLab (R2014b, Mathworks, USA). 

}~]] = è	êëí ìFwîp
ïo
G + ñ�.ó        (7.1) 

Where, a and c are the model constants and ò{	is the corrected activation energy using 

Levenberg-Marquardt optimization. T and �. are the temperature and instantaneous 

moisture content of the pellet. 

7.3.7 Temperature changes while drying  

The temperature profile of the coated pellet during SS drying was measured by conducting 

a separate set of experiments using the same SS operating parameters as that of the drying 

experiments discussed in section 2.4. Pellets were of the same dimensions as in the 

previous experiments with initial temperature of 22 ± 3oC. To measure the pellet’s 

temperature during SS drying, a T-type thermocouple was inserted through the longitudinal 

axis of the pellet to its geometric center. Inserting the thermocouple halfway through the 
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axis prevented the conductive heating of the thermocouple wire, which could have led to 

an error in temperature measurement (Pronyk et al., 2010). The center temperature of the 

coated pellet was recorded every second for 1 – 1.5 hour using a data acquisition system 

until the thermocouple reading was equal to the SS temperature. These experiments were 

conducted in triplicate and the temperature values were averaged. 

7.3.8 Simulation and modelling 

Numerical modelling of the SS drying of coated DSG pellets has three components: (i) 

modelling of the fluid domain, (SS flow around the coated pellet); (ii) modelling of the 

high moisture solid domain (solubles coating around the pellet), and (iii) modelling of the 

solid domain (the spent grain core pellet). 

7.3.8.1 Simulation of fluid domain 

The external fluid flow (SS) surrounding the coated pellet at varying operating conditions was 

simulated by solving the RANS (Reynolds-Averaged Navier-Stokes) equations for 

conservation of mass and momentum and the energy balance equation (Defraeye et al., 2012a; 

Pulat et al., 2011). The solution to the RANS equations for a defined set of initial conditions 

of the SS flow corresponding to the operating condition generates the information on the 

boundary conditions for the transport equation for the coated pellet (Erriguible et al., 2006, 

2005). The details of the governing transport equations for fluid domain, assuming SS as an 

incompressible fluid, have been discussed in a previous paper (Ramachandran et al., 2017a). 

Among the RANS models, the shear stress transport (SST) k-ω model is an advanced model 

with the combined features of the standard and transformed k-ω models. The SST k-ω model 

includes a cross-diffusion term in the specific dissipation rate ‘ω’. The transport equations for 
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the SST k-ω model are given in equation 7.2 and 7.3 (Goldberg and Batten, 2015; Menter, 

1994; Musa et al., 2016; Pulat et al., 2011). 

 5 +J
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= <ôJ − ö∗5Mú + ∇ ∙ [($ + ûJ$J)∇M]      (7.2) 

5 +†
+.
= °

¢£q
<ôJ − ö5ú> + ∇ ∙ [($ + ûJ$J)∇ú] + >(§ − Ç§)5û†>

§
†
∇M ∙ ∇ú  (7.3) 

Where, the eddy viscosity  and the specific dissipation rate ω are given by: 
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And maximum value of eddy viscosity =•. = Xèë{=Z , 10w¨}                  

ú = L
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          (7.3b) 

And,  is the production rate of	M and ,  and are the blending 

functions which vary with wall distances (Goldberg and Batten, 2015; Musa et al., 2016) 

and model constants ûJ = 1.176, û†>  = 1.168, M = 0.41,	≠ =0.55, ö = 0.075, ö∗ = 0.09. In 

SST k-ω model, the two-equation k-ω model formulation solves the transport phenomena 

in the near-wall region and a k-ε model formulation solves the turbulent central region of 

the fluid flow (Pulat et al., 2011). Defraeye et al. (2012b) and Ljung et al. (2011) reported 

that the SST k-ω turbulence model performs well with flows of low Reynolds numbers, 

especially near the walls and also when adverse pressure gradient boundary layer flows are 

simulated. Hence, the model was used for the simulation of SS flow around the coated 

DSG pellet. 

7.3.8.2 Numerical model for the solid domain 

In developing the mathematical model for the solid domain represented by the coated pellet, 

both, the coating and the core pellet were considered to be isotropic and homogeneous.  The 

tu

kP { }kPP kk wrb *10,min~ = 1F 2F
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solid domain in this problem has two layers; the solubles as coating and the core pellet. The 

external interface of the coated pellet shared between the SS and the coating forms the first 

interface, which uses the solutions for the transport equations of the fluid medium as its initial 

guess for its boundary condition for the heat transfer.  As there is no distinguishable mass 

transfer boundary layer for the SS drying, the heat transfer acts as the driving force for drying. 

In this case, the drying phenomenon was described in terms of the flux of moisture in the form 

of vapor leaving the interface of the coating into SS (Johansson et al., 1997; Pang, 1997; 

Pakowski and Adamski, 2011).  The energy and mass balance at the fluid-solid interface in 

SS drying has three stages (Figure 7.1): the initial condensation, the evaporation of 

condensed steam and constant rate drying, and the drying phase period. The heat and mass 

balance equations for the three different stages of SS drying depend on the surface 

temperature of the pellet. The governing transport equations for each stage are described as 

follows: 

 

 

 

 

 

 

Figure 7.1 Schematic diagram of cross section of the coated DSG pellet with the direction 

of moisture migration during different stages of SS drying, where: C is the initial 

condensation, D is the diffusion, and E is the evaporation. 
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The initial condensation stage occurs when the sample at a lower temperature comes in contact 

with the SS leading to a local condensation of steam on its surface (Hamawand, 2013; Le et 

al., 2017; Ramachandran et al., 2017b). Depending on its sorption behavior, the condensed 

steam either evaporates or is adsorbed by the coating (or eventually the core pellet) (Figure 

7.1a) (Adamski and Pakowski, 2013). The boundary conditions for heat (Kittiworrawatt and 

Devahastin, 2009; Le et al., 2017) and mass (Erriguible et al., 2006; Messai et al., 2015; Xiao 

et al., 2013) transfer for this case are given by Equations 7.4 and 7.5, respectively. 

If < , −MR[(∇T ∙ U) = λWẊZ[        (7.4) 

ẊZ[ =
vdefg(o-pqwoÆ)

λy
        (7.5) 

Where, the film condensation heat transfer coefficient of superheated steam (Iyota et al., 

2008; Ramachandran et al., 2017b; Sa-adchom et al., 2011) is: 
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     (7.5a) 

The evaporation of the condensed steam on the coating starts once the surface temperature 

of the coating reaches the saturation temperature of steam (Figure 7.1b). This evaporation 

continues at a constant temperature of the coating layer and is dominated by the heat 

transfer coefficient between the water on the surface and SS (Suvarnakuta et al., 2007). 

The energy and mass transfer boundary conditions for the constant drying rate period are 

given by equations 7.6 and 7.7: 

If = ,−MR[(∇T ∙ U) = ℎ(T6{. − T66) = λWẊ[m     (7.6) 

Ẋ[m =
v(o-pqwoÆ)

λy
         (7.7) 
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In the falling rate drying period, the temperature of the coating layer and the pellet rises and 

the moisture movement inside the coating and in the pellet is dominated by moisture 

diffusion (i.e. liquid or vapour, or both). As the temperature rises above the boiling 

temperature of water, an internal pressure increase occurs due to vapour formation (Figure 

7.1c), which may cause the capillary/Darcy’s flow. In that case, drying rate can be predicted 

based on the sensible heat transfer rate between the coating and the SS divided by the latent 

heat of vaporization of moisture (Pakowski and Adamski, 2011). The heat balance at the 

interface in this case is given by equation 7.8: 

If > ,−MR[(∇T ∙ U) = 4λW + OSWT[8Ẋ]m + |[ = ℎ(T66 − T[)   (7.8) 

Where,  is the temperature of coating at a given moisture content and vapour partial 

pressure (in this case, atmospheric pressure) and is the net heat flux penetrating the 

coating (Pakowski et al., 2011). The mass transfer rate was obtained by balancing the mass 

flux at the interface and the mass transfer boundary condition is:  

Ẋ]m = }~]],[e(∇� ∙ U) = v(oÆwo--)wÄÆ
HxkoÆÅjk

       (7.9) 

The equilibrium condition at the interface is given by:  

<W = ∑(�,T[)<6{.(T[)        (7.10) 

Where, the saturation vapour pressure of water vapour at different solid surface 

temperature is given by (Messai et al., 2015): 

ÉU4<6{.(T[)8 = 25.506 − ÖQ"Ü.á
oÆ

       (7.10a) 

Mass transfer inside the solid domain (coating and core pellet) can be caused by a pressure 

gradient, and diffusion of moisture either in vapour or liquid phase, which is governed by the 

moisture gradient (Adamski and Pakowski, 2013; Pakowski et al., 2011). Since, the moisture 

cT satT
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content of the core pellet and the coating are significantly different, moisture diffusion is 

considered to be the major driving force for moisture migration inside the core pellet (Braud 

et al., 2001; Taechapairoj et al., 2006). Initially, the moisture of the coating migrates to the 

drier core until the evaporation front expands to the depth of the coating. Then the reverse 

diffusion of moisture from the core pellet to the exterior coating begins, which is assumed to 

be governed by moisture diffusion. The heat transfer inside the pellet is governed by the 

principles of conduction in all directions. The governing equations for energy and mass 

balance within the coating and the core pellet are as follows: 

 (7.11) 

 (7.12) 

Where,	Oí[/S, MR[/S , and }~]][/Swere defined as a function of moisture content and 

temperature. The subscript c/p denotes that, the equation applies for both coating and core. 

7.3.8.3 Configuration 

A 3D mathematical model of the SS drying problem of a single DSG core pellet coated with 

a thin layer of solubles coated over it was developed using the commercial CFD software 

‘ANSYS-CFX 16.2 package’ (ANSYS Inc., Canonsburg, PA). The geometry of the entire 

problem domain with all these components was created in ANSYS-workbench and then 

meshed using ANSYS-mesh. A quarter section of the geometry, including the DSG core 

pellet, coating, and the SS drying chamber was used as the computational domain for the 3D 

model (Figure 7.2). The core pellet was 12.35 mm in diameter and 25.5 mm long and the 

coating had a thickness of 3.0 mm. The equivalent diameter of the drying chamber and the 
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internal height of the chamber were used as the diameter (272 mm) and length (356 mm) of 

the fluid (SS) domain, respectively. The illustration of the coated DSG pellet placed at the 

geometric center of the fluid domain of the chamber and the meshing of the corresponding 

computational domain using the CFX is shown in Figure 7.2. The thermo-physical properties 

of the DSG pellets (Ramachandran et al., 2017c) and the effective moisture diffusivity at the 

solubles concentration (10 and 30%) of the core pellet as well as the coating were defined in 

CFX separately as a function of their moisture content and temperature. The resolution of the 

mesh near the walls was increased by adding inflation layer with structured meshes for 

capturing the changes in the variables (Figure 7.2).   

 

Figure 7.2 a) Geometry of the problem domain with SS and the coated pellet, b) closer 

view of the unstructured mesh generated within the coated pellet and the SS domain.  

 The mesh sensitivity was also tested using three different computational meshes with 

different grid resolutions of 1.5, 2.3, and 4.8 million nodes. The convergence of the 

experimental data with the predicted values was used to check the sensitivity of the mesh 

(Capone et al., 2016; Yang and Zhang, 2017). The number of inflation layers for each of 

the interfaces was also optimized after the mesh sensitivity analysis was done. A denser 
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inflation layer was given to the interface for the core pellet to capture the inward and 

outward diffusion, followed by the coating and the solid-fluid interface.    

7.3.9 Implementation of the model 

The solid and fluid domains were connected by two defined interfaces. They were defined 

in the CFX itself as: interface 1, between the coating and fluid domain, and interface 2, 

between the core pellet and the coating. The initial and boundary conditions for both, the 

coating and core pellet were also defined in CFX. The SS temperature and velocity used in 

the SS drying experiments were set as the initial conditions at the chamber inlet. The initial 

moisture of the core DSG pellet (25% wb) and the solubles coating (82.5 % wb) used in the 

SS drying experiments, and  a temperature of 25°C (room temperature) for both core pellet 

and coating were set as the initial conditions for the solid domain. The transport equations 

for initial condensation were applied as a source term to the interface 1 (Figure 7.2). Once 

the surface temperature of the coating reaches the saturation temperature, the film 

condensation heat transfer coefficient is replaced by the flow field heat transfer coefficient 

i.e. the source term will be zero. By doing this, the wall heat transfer coefficient of the solid 

does not rely on any empirical equation once the initial condensation is completed; instead, 

the wall heat transfer coefficient obtained from the solutions of the RANS equation is 

automatically chosen. The mass flux over both, the interfaces during the evaporation and 

drying stages were defined by the diffusion equation to the interfaces until the local 

temperature was less than or equal to the boiling point of water. To account for the 

evaporation of moisture in both, the coating and the core pellet when the temperature is above 

the boiling temperatures, a subdomain was created for the coating and the core pellet and 

separate heat and mass transfer boundary conditions were applied as source terms. In this 
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way, the inward and outward diffusion of the moisture in the core pellet as well as the 

effective diffusion and evaporation of both, the coating and the core pellet were captured. 

The code for solving the flow equations and the equations for the coating and the core pellet 

were then coupled by executing both codes in the same time step (Erriguible et al., 2006, 

2005; Ramachandran et al., 2017a). A zero-velocity boundary condition was assumed for the 

interface 1 between the SS and coating.  

The Reynolds number obtained for different SS operating conditions for the geometry used 

in the study was in the range of 3495 - 7480, which was in the transient to turbulent flow 

region (Karabelas et al., 2012). Hence, the SST k-ω turbulence model was used for the 

fluid domain (Defraeye et al., 2012b; Ljung et al., 2011). The SST k-ω turbulence model 

was reported to be sufficiently accurate for predicting the convective heat transfer 

coefficient near the wall (Trujillo et al., 2003). The steady-state and isothermal analysis of 

flow equations (i.e. without drying) were performed initially to obtain a fully developed SS 

flow around the coated pellet. These simulation results were used as the initial conditions for 

the transient-state analysis of the transient state drying simulation by utilizing the multi-

configuration feature of CFX (Ramachandran et al., 2018). For transient simulations, 

variable time step size with the increase in drying time was chosen and each time step had 

10 iterations each. The time step sizes were 0.05, 1, 1.5, 5, 10, 20, 50, and 100, respectively 

for 1, 5, 10, 20, 40, 60, 90, 120 min with 10 iteration per each time step. The smaller time 

step size during the initial stages of drying was chosen to capture the initial condensation and 

the relatively fast changing transport phenomena when compared to the later stages of drying. 

The convergence criteria for the root mean square (RMS) values of the residuals were set to 

1×10-4 and 1×10-6 for the steady-state and transient-state analysis, respectively.   
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7.3.10 Validation of the model 

The experimental as well as the simulation based drying characteristics for the coated DSG 

pellet (with two levels of solubles concentration (10 and 30% w/w) in the core pellet) were 

conducted for three different SS temperatures (120, 150, and 180°C) and three different SS 

velocities (0.5, 1.0, and 1.5 m/s).  The simulation results were validated with the 

experimental results by comparing the overall moisture content and the surface temperature 

of the coated DSG pellets obtained from the SS drying experiments with the average 

moisture content and surface temperature values obtained from the simulation. The 

validation of simulation was done for each operating condition of SS drying and each level 

of solubles concentration in the core DSG pellet using the mean relative percentage (MRP) 

error (Fabbri and Cevoli, 2015; Kaleemullah and Kailappan, 2006; Sabarez, 2012). The 

mean relative percentage error of the simulation results was calculated using the following 

equation: 

�π< = P
%
∑ |ºWewîWe|

îWe
%
ZΩP × 100        (7.13) 

Where, �π< is the mean relative percentage error, <yZand òyZ are the instantaneous 

predicted and experimental values of the variable, respectively, and n is the number of data 

points compared. 

7.4 Results and discussion 

7.4.1 Volumetric change 

During SS drying under selected operating conditions (SS temperatures 120, 150, and 180°C, 

and SS velocities 0.5, 1.0, 1.5 m/s) the coated DSG pellets showed longitudinal as well as 

lateral expansion. This is in agreement with a previous study by Johnson et al. (2014) who 

reported similar behaviour of compacted pellets during SS drying. Johnson et al. (2015) 
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reported that the increase in solubles concentration in the DSG pellet decreased the volumetric 

expansion during SS drying (Figure 7.3). The lateral expansion, however, is comparatively 

smaller than that of the longitudinal expansion (Bourassa et al., 2015). The volumetric 

expansion of a pellet (Figure 7.3) due to SS drying is attributed to the relaxation of stored stress 

energy in the pellet as well as due to initial condensation (Johnson et al., 2015; Ramachandran 

et al., 2017a). The coated pellets showed volumetric expansion during the initial stages of 

drying and then started to shrink as drying proceeded (Figure 7.3). As the core pellet was the 

responsible element for the volumetric expansion during the initial stages of drying and the 

coating played minimum role in it, the reported volumetric expansion was considered for 

computing the effective diffusivity of the core pellet. This assumption was confirmed by 

comparing the percentage volumetric expansion of the DSG pellet with the same solubles 

concentration with that of the coated pellet.  

 

 

 

 

 

 

Figure 7.3 Volumetric change (expansion) of coated DSG pellet during SS drying at a 

velocity of 1 m/s; where, CG: S is the coarse grain fraction: solubles in the core pellet.  
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7.4.2 Effective moisture diffusivity  

The experiment based effective moisture diffusivity of the coated DSG pellet was calculated 

from the SS drying data obtained for each operating condition and solubles concentration in 

the core pellet. The volumetric expansion had a significant effect on effective moisture 

diffusivity (Zielinska and Cenkowski, 2012) hence, it was considered for computing the 

effective moisture diffusivity of the coated pellet. The effective diffusivity of the coating and 

the core pellet was computed separately by using Fick’s law of diffusion. The average effective 

moisture diffusivity based on drying curves of the distillers’ solubles and DSG pellets was 

found to be in the range of 0.33 ×10-9 – 3.7×10-9 and 0.41×10-8 – 4.2×10-8 m2/s, respectively. 

The effective moisture diffusivity was expressed as a function of temperature and moisture 

content using equation 7.1. The diffusivity decreased with moisture content and increased with 

SS temperature irrespective of the solubles concentration (Figure 7.4). 

 

 

 

 

 

 

 

Figure 7.4 Predicted and experimental effective moisture diffusivity of coated DSG pellet at 

0.5 m/s SS velocity; where, CG: S is the coarse grain fraction: solubles in the core pellet.  
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The model constants and activation energy of the core pellet and solubles were estimated and 

validated using respective drying characteristics (Table 7.1). The predicted effective 

moisture diffusivities were in good agreement with the experimental values with R2 value 

≥0.78 and error ≤10% (Figure 7.4). The effective moisture diffusivity was found to increase 

with temperature and decrease with moisture content. 

Table 7.1 Model constants and activation energy of DSG pellet and solubles derived for 

effective diffusivity function 

%Solubles 
w/w 

SS Velocity 
±0.1 (m/s) 

M±0.1  
(% wb) 

Ea* ±0.6 
(kJ/mol) 

a 
 

c 
 

R2 

 

10 0.5 25 30.00 3.12 × 10-5 -3.60 0.82 

10 1.0 25 32.00 9.60 × 10-5 -5.20 0.78 

10 1.5 25 33.40 2.11 × 10-4 -5.80 0.86 

30 0.5 25 33.50 1.21 × 10-4 -5.60 0.96 

30 1.0 25 35.02  3.43 × 10-4 -7.20 0.90 

30 1.5 25 37.30 8.20× 10-4 -8.13 0.80 

100 0.5 83 43.01 1.10 × 10-3 -1.39 0.82 

100 1.0 83 43.40 9.21× 10-3 -1.70 0.9 

100 1.5 83 44.10 5.80 × 10-2 -1.90 0.90 

-SS is the superheated steam, M is the moisture content, Ea is the activated energy, a and 

c are the model coefficients, R2 is coefficient of determination, and * percentage deviation 

obtained from 3 experimental trials. 
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7.4.3 Validation of the model 

Among the three tested meshes (1.5, 2.3, and 4.8 million nodes), the meshes with 2.3 and 

4.8 million nodes showed minimum deviation from the experimental results. Mesh 

sensitivity was tested at the lowest SS temperature for all the test velocities. The details of 

the ãåçRé+ values of nodes closest to the solid-fluid interface and the comparison of RMS 

and maximum percentage deviation of moisture content and temperature at the interface 

are given in Appendix (Table A.3 and A.4). The maximum MRP error for the moisture 

prediction of the coated pellet from the simulations with 2.3 and 4.8 million nodes were 

9.0 and 8.5%, respectively. But, simulation time for the meshes with 4.8 million nodes (43 

h) was approximately double of that required for the mesh with 2.3 million nodes (25.2 h). 

Hence, the mesh with 2.3 million nodes was used for the rest of the simulations (for the 

selected operating conditions of SS drying system as discussed in section 7.3.4). A micro-

level analysis of the moisture and temperature changes in a coated pellet with different 

moisture content in each layer was possible with the help of advanced features of the ANSYS 

package. The presented CFD model developed enabled the study of the temporal and spatial 

variation of the heat and mass transfer of such a multilayer pellet. 

The temporal changes of average moisture and temperature of the coated DSG pellet were 

obtained from the drying experiments under selected operating condition (as discussed in 

section 7.3.4 and 7.3.7, respectively). The predicted values of temporal changes in moisture 

and temperature of the coated pellet were obtained from simulation results obtained from 

the ANSYS-CFX solver. The predicted values of the average moisture content of the 

coated pellet and the experimental values of the average moisture content over the drying 

period for the corresponding operating conditions were comparable with the experimental 
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values as reflected in the MRP (Table 7.2). The maximum MRP error value obtained for 

the moisture and temperature curves were 9.1 and 8.0%, respectively. A larger error in the 

prediction of change in average moisture content of the coated pellet was attributed to the 

relatively higher deviation in the predicted and the experimental moisture curves during 

the initial condensation and restoration period. A similar trend was reported by 

Ramachandran et al. (2017a) in which the diffusion of moisture from the condensation 

layer to the interior of the pellet was pointed as the possible reason for the under-prediction 

of moisture change during initial condensation (Adamski and Pakowski, 2013). The 

presented model successfully accounted for the effect of condensation on the pellet, as 

reflected in the moisture profile analysis (Figure 7.5). The adsorption of condensed water 

by the coating was negligible as the coating itself was at high moisture content. Hence the 

condensation film disappeared after a few seconds (Sa-Adchom et al., 2011b) depending 

on the evaporation rate (Figure 7.6). But the initial condensation periods reported in the 

drying experiments were longer than the simulated values as the steam flow experienced a 

time lag in equilibrating inside the drying chamber with the set operating condition after 

the steam diversion valve was turned on. This delay caused prolongation of the 

condensation period (up to 5.3%) in the experimental drying curve when compared to the 

simulation results (Figure 7.6).  
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Table 7.2 Predicted and experimental drying time for the coated pellet to reach 10% wb 

(safe storage) moisture content 

%Solubles 

(w/w) 

SS Temperature 

±2°C 

SS Velocity 

±0.1 (m/s) 

Drying time 

±6.2% *(s) 

Drying 

time (s) 

MRP 

% 

10 120 0.5 6200 5700 9.06 

10 120 1 4360 4040 8.34 

10 120 1.5 3300 3050 7.58 

10 150 0.5 3150 2950 7.35 

10 150 1 2530 2050 6.93 

10 150 1.5 1860 1600 6.45 

10 180 0.5 1800 1650 7.33 

10 180 1 1450 1280 6.83 

10 180 1.5 880 650 7.61 

30 120 0.5 9950 9700 9.03 

30 120 1 8050 7890 6.23 

30 120 1.5 6500 6150 7.38 

30 150 0.5 6150 5760 8.34 

30 150 1 5650 5005 7.88 

30 150 1.5 4050 3850 4.94 

30 180 0.5 3340 2850 8.33 

30 180 1 1640 1450 7.93 

30 180 1.5 1050 840 6.09 

- SS is the superheated steam, * percentage deviation obtained from 3 experimental trials, 

MRP is the mean relative percentage error. 
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Figure 7.5 Moisture profile of coated DSG pellet with initial condensation layer when treated 

with SS for 25 s, at 120°C temperature and 0.5 m/s velocity; where the moisture content varies 

from 0.0001 to 1.0 wb from the bottom to top in the colour scale shown at the left. 

The effect of solubles concentration in the core pellet on drying was also captured by the 

simulation. The moisture diffusion from the coating to the core pellet was governed by the 

diffusion equations of the coating and the core pellet (Figure 7.7). The higher solubles 

concentration in the core pellet decreased the drying rate, especially during the falling rate 

drying period. A decrease in drying rate with increased solubles concentration in the core 

pellet could be due to the increased micro-porosity of the core pellet. The closed lattice 

packaging of small particles of solubles during compaction causes a decrease in large pores 

and increase in density of the pellet (Johnson et al., 2015). This could cause increased 

resistance to moisture diffusion during drying (Figures 7.6 and 7.7). A comparison of 

simulated moisture and temperature profiles of coated DSG pellet with 10% and 30% 
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solubles in their core pellet after a specific period of drying is given in Figures 7.7 and 7.8. 

Both the moisture and temperature profiles (Figure 7.7 and 7.8) showed a shift in the 

symmetry of the contour lines as a result of the direction of SS flow. The increase in 

solubles concentration increased the thermal conductivity of the pellet (Figure 7.8), as the 

solubles act as a binder and minimize the porosity, especially open porosity (Johnson et 

al., 2015; Ramachandran et al., 2017c). Moisture migration from the coating to SS was 

governed by heat transfer rather than mass transfer (Iyota et al., 2008) due to the moisture 

gradient; whereas the moisture movement inside the pellet and the coating were governed 

by the moisture gradient. Hence, the effective diffusivity of the core pellet and the coating 

influences the drying process, especially in the early falling drying rate period 

(Ramachandran et al., 2017a; Zielinska et al., 2009; Zielinska and Cenkowski, 2012).  

Since it was impractical to incorporate the physical change in dimensions (local 

coordinates of the coated pellet) in the simulation, a deviation in the prediction of 

instantaneous moisture and temperature profile is suspected. This deviation can be 

corrected to some extent by defining the thermo-physical properties such as density and 

thermal conductivity as a function of the moisture content of the coating and the core pellet. 
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Figure 7.6 Experimental and predicted moisture and surface temperature of coated DSG 

pellet at SS velocity of 0.5 m/s; where, CG:S is the coarse grain fraction:distillers’ solubles 

in the core pellet, exp- experimental values, and pred- predicted values
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Figure 7.7 Moisture profile of coated DSG pellet after of drying in SS for about 400 s, at 120°C temperature and 0.5 m/s velocity; 

where, CG:S is the coarse grain fraction:distillers’ solubles in the core pellet; and the moisture content varies from 0.0 to 1.0 wb 

from the bottom to top in the colour scale shown at the left 

d) CG:S=7:3  @4000 s 

a) CG:S=7:3 @400 s a) CG:S=9:1 @ 400 s 

b) CG:S=9:1 @4000 s 
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Figure 7.8 Temperature profile of coated DSG pellet after of drying in SS for about 200 s, at 120°C temperature and 0.5 m/s 

velocity; where, CG:S is the coarse grain fraction: distillers’ solubles in the core pellet; and the temperature varies from 298 to 

393 K from the bottom to top in the colour scale shown at the left. 

 

a)  CG:S=9:1 @ 200 s b) CG:S=7:3 @200 s 
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The sensitivity of the model for the different operating conditions such as SS temperature 

and velocity and the relative errors were also studied as shown in Table 7.2. The model 

predicted the effect of SS temperature and velocity on the moisture migration of the coated 

pellet (Figure 7.9). The temporal change in moisture at the geometric center of the coated 

pellet with 10 and 30% solubles concentration in the core pellet at various operating 

conditions of SS drying system are shown in Figure 7.9. The predicted moisture content at 

the center of the coated pellet increased initially due to the inward diffusion of moisture from 

the coating to the core pellet governed by the moisture gradient. The rate of this moisture 

diffusion was influenced by the SS velocity and temperature (Figure 7.9). The inward 

moisture diffusion to the center of the core pellet was counter-acted by the outward moisture 

diffusion from core to the SS. As drying time elapses, the inward moisture diffusion 

diminishes and the moisture content at the center of the pellet starts to decrease (Figure 7.7).  

The change in moisture profile of the coated pellet as a function of the radial distance from 

the center of the pellet at different drying times (500 s and 2500 s) is shown in Figure 7.10. 

During the early stages of drying, the moisture content of the core pellet (0.0064 mm 

diameter) gains moisture from the outer coating, while the outermost layer of the coating 

loses moisture to the SS. With the progress in drying, the entire pellet starts losing moisture 

to the SS (Figure 7.10). This trend was visible in drying simulations at all operating 

conditions of the SS drying unit.  
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Figure 7.9 Temporal changes of moisture content at the center of the coated DSG pellet 

(with 30% solubles in its core pellet) when dried under SS at different temperatures and 

velocities; where, CG:S is the coarse grain fraction:distillers’ solubles in the core pellet. 
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Figure 7.10 Moisture profile of coated DSG pellet as a function of the distance (x) from its 

center after (a) 500 s and (b) 2500 s of SS drying at different SS temperatures; where, CG:S 

is the coarse grain fraction: distillers’ solubles in the core pellet. 

7.5 Conclusions 

A three-dimensional CFD model has been developed in the realm of this research study. The 

model elucidates the temporal and spatial variation of the heat and mass transfer during the SS 

drying of multilayer DSG pellets. Since the determination of the mass transfer coefficient is 

impractical for the SS drying, the presented model is solely dependent on the boundary 

conditions between the domains and on the resolution of conservation equations in the 

environment. By defining separate interfaces for each domain (SS, coating, and the core pellet), 

the transport phenomena occurring in each domain can be simulated with the mean square 

(RMS) values of the residuals of moisture content and temperature equal to 1×10-6. The heat 

and mass transfer phenomena occurring in both the coating and core pellet can be fairly 

predicted (with maximum MRP error ≤ 10%) by defining the separate initial and boundary 
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condition, thermo-physical properties for each domain.  The assigned diffusivity equation and 

the thermo-physical properties of the coating and the core pellet influence the accuracy of 

prediction of the temperature and moisture migration inside the coated pellet. Even though the 

effect of the overall volumetric change of the coated pellet during SS drying was accounted for 

the effective diffusivity function, the change in physical dimensions (local coordinates of the 

coated pellet) was not captured by the simulation. This may cause deviation in the prediction 

of instantaneous moisture and temperature profile, as volumetric change itself affects the local 

moisture and temperature computations. But this deviation can be neglected, when the thermo-

physical properties such as density and thermal conductivity are defined as a function of 

moisture content and temperature. As both the simulation and experimental results showed 

higher change in drying time with change in SS temperature (up to 71.4%) when compared to 

that of the change in SS velocity (up to 36.6%), it can be concluded that for the tested range of 

SS operating conditions the effect of SS temperature is more prominent than the effect of SS 

velocity.  

The validation results of the study show that the coupling of solid core pellet and wet solid 

coating diffusion models and SST k-ω turbulence model for fluid domain models with 

explicitly defined interfaces and boundary condition can be successfully applied for the 

numerical modelling of SS drying. This coupling method aids to predict the spatial and 

temporal variations in moisture and temperature of multi-layer moist objects without 

defining a mass boundary layer and hence, suitable for modelling SS drying. Also, the 

proposed model can be used as a reliable tool for the optimization and design of large-scale 

SS drying units for such wet products.   
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Nomenclature 

A         model constant (pre-exponential factor) 

a1        Bradshaw constant (0.31) 

 Specific heat capacity (kJ/(kg  K)) 

CFD Computational fluid dynamics 

c          model constant for moisture content 

db dry basis moisture content 

 Moisture diffusivity (m2/s) 

DSG Distillers’ spent grain 

Ev       Experimental value 

f          Sorption isotherm-isobar 

F1, F2   Blending functions 

 Acceleration due to gravity m/s2 

H Enthalpy of the control volume (kJ/kg) 

 Heat transfer coefficient (W/(m2 K)) 

         Turbulence kinetic energy  

 Thermal conductivity (W/(m K)) 

L Length of DSG pellet 

M  Moisture content  

            (kg of water/kg of dry mass) 

!̇       Mass flux (kg/(m2s)) 

 

Nomenclature 

MR Moisture ratio 

MRP Mean relative percentage error 

 Pressure (Pa) 

        Production rate of     

Pv         Predicted value 

R          Universal gas constant  

(8.314 J/(mol K)) 

r Radius of DSG pellet 

Re Reynolds number 

S          mean strain (1/s) 

SS Superheated steam 

SST Shear stress transport 

T Temperature (K) 

t Time (s) 
 Velocity m/s 

wb Wet basis moisture content 

WDS Wet distillers spent grain 

, ,  `Distance along x, y, and z axis  

 

 

Cp

D

g

h

k

kt

P

kp k

V

x y z
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Subscripts and Superscripts 

c           Coating 

t Instantaneous time 

e Equilibrium 

eff        Effective value 

ref        Reference value 

p Pellet interface  

sat Saturation  

ic Initial condensation 

film Condensed film (water) 

ss Superheated steam 

cr Constant rate drying 

fr Falling rate drying 

i          Instantaneous time 

v          Water vapour  

Symbols  

#∗        Eddy viscosity coefficient (0.09)             

         Dissipation rate 

 Density of the pellet (kg/m) 

 Latent heat (J/kg) 

% Eddy viscosity (kg/(m s)) 

µ         dynamic viscosity (kg/(m s)) 

σk             Prandtl number in k-equation 

σω        Prandtl number in ω-equation    

 Laplace gradient function  
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THESIS SUMMARY AND CONCLUSIONS 

The research covers the numerical modelling of SS drying of high moisture materials such 

as DSG. The method of drying this slurry was developed after a series of experimental and 

computational studies. As the wet DSG constitutes of a coarse grain fraction and thin solubles 

(small cohesive particles), the drying studies on each fraction were done separately and then 

combined at the later stages of the research. In this thesis, the concept of drying wet materials 

on the dried core was adopted for drying wet solubles. The core used in this study was a 

compacted DSG pellet with or without solubles at an initial moisture content of 25% wb.  

This method generates a larger surface area for drying wet solubles than drying the solubles 

alone. It also prevents wet solubles from sticking to the dryer surface during drying and 

therefore, can improve effectiveness of drying. 

The input parameters for numerical modelling of SS drying such as thermo-physical 

properties of DSG with different solubles concentrations (0, 10, 30, and 50% w/w), and 

their effective moisture diffusivity were studied separately for different operating 

conditions. The analysis of the effect of temperature and moisture content on the thermal 

properties of DSG showed that both, thermal conductivity and specific heat had a positive 

correlation with the moisture content, solubles concentration, and SS temperature. The 

particle density of the individual DSG pellets compacted to 60.3±0.1 MPa increased from 

898.8 to 1136.7 kg/m3 with the increase in solubles concentration. But an increase in 

moisture of the pellet above 25% tends to decrease its particle density by 10-18% with 

respect to control (i.e. no solubles in the pellet). The study of effective moisture diffusivity 

of the DSG pellet with variable solubles concentration (0, 10, 30, and 100% w/w) when 

dried in SS at different operating conditions (SS temperature 120, 135, 150, 165, 180°C, 
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and velocities 0.5, 1.0, 1.5 m/s) showed that the effective moisture diffusivity increased 

with SS temperature and its velocity. Even though the addition of distillers’ solubles to the 

DSG reduced the volumetric expansion (up to 32%) irrespective of the SS temperature and 

velocity, it is not recommended to add solubles in excess of 30% as it increases the drying 

time by more than 25%.  

The operating parameters affected the amount and duration of initial condensation on DSG 

pellets during SS drying. An increase in SS temperature from 120 to 180°C resulted in a 

60–64% decrease in the initial condensation irrespective of SS velocity. The initial 

condensation on DSG pellets can be minimized by increasing the SS temperature (≥180°C) 

and velocity (≥1 m/s) assuming adiabatic conditions are maintained. As there is no 

distinguishable mass transfer boundary in the case of SS drying, the initial condensation 

was predicted (mean square error 0.2) using equations and analogy for heat balance and 

film condensation. 

The determined input parameters and their respective functions with variable operating 

conditions were used to define the solid and fluid domain in the computational model. The 

capabilities of commercial CFD software (ANSYS CFX) were utilized for configuration, 

meshing, and solution of the SS drying simulations. A coupled model with Reynolds-

Averaged Navier-Stokes equation for solving the fluid (SS) domain and a drying model for 

the solid (DSG pellet) was found to be a suitable (mean relative percentage error ≤10%) 

approach for modelling the SS drying of DSG pellets. The SST k-ω turbulence model with 

the robust and accurate near-wall formulation can fairly predict the transport phenomena 

occurring at the solid-fluid (pellet-SS) interface with turbulence residual value in the range 

of 1×10-5-1×10-6. A similar approach with a multi-layer cylinder representing the DSG core 
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pellet and wet solubles coating was adopted for simulating the SS drying of coated pellets. 

The effect of volumetric changes (expansion) in the DSG pellet (coated or uncoated), its 

changes in thermo-physical properties, and initial condensation played a significant role in 

the predictability of the model. The sensitivity analysis of the model with variable 

operating conditions showed that the effect of SS temperature (120-180°C) on drying 

characteristics and drying time was higher (up to 35%) than that of the effect of SS velocity 

(0.5-1.5 m/s) for the same SS temperature range. The developed model could serve as a 

tool to design and optimize SS drying systems for multilayer materials.  
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RECOMMENDATIONS FOR FUTURE RESEARCH 

In the realm of this study, the numerical modelling of superheated steam (SS) drying of 

distillers’ spent grain (DSG) pellet with or without solubles coating are dependent on the 

input parameters for the computer simulations such as the thermo-physical properties of 

both the pellet and SS, effective moisture diffusivity of the pellet etc. These parameters are 

influenced by the volumetric changes occurring in the pellet during SS drying.  Therefore, 

the following issues need to be addressed: 

• The change in physical dimensions of the sample during drying should be incorporated 

in the modelling and simulation. One possible avenue could be to use a different aspect 

ratio (length/radius) of the sample (cylindrical pellets). 

• Since, the effect of initial condensation is minimized for a SS temperature of 180°C and 

velocities above 1 m/s, the study of drying characteristics of multilayer moist objects at 

higher levels of operating conditions would minimize the volumetric expansion and 

therefore, could be of value to practical application such as improved sample mechanical 

stability.  

• The study could also expand into the fluidized conditions, by having more durable pellets 

over the period of SS drying.  

• Expansion of experimentation and simulations for bulk materials at various operating 

conditions are also needed.  

• A comparative study on different turbulence models such as k-ɛ and SST k-ω with 

standard and enhanced wall functions for variable Reynold number would help to 

identify the suitability of the turbulence model for different flow velocities. 
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Appendix B: Data on SS drying of DSG 

Table A.1 Thermo-physical properties of DSG pellet at different operating conditions of 

SS drying unit. 

SS T (°C) M (% wb) 

Solubles 

(% w/w) 

Cp 

(kJ/kgK) 

Tk (W/m 

K) 

Density 

(kg/m3) 

120 25 0 3.56 0.54 1071.15 

150 25 0 4.26 0.58 946.88 

180 25 0 4.96 0.61 1122.32 

120 35 0 3.76 0.70 983.33 

150 35 0 4.46 0.74 1152.28 

180 35 0 5.16 0.77 1040.76 

120 25 10 3.67 0.61 1071.15 

150 25 10 4.37 0.64 946.88 

180 25 10 5.07 0.68 1122.32 

120 35 10 3.87 0.77 983.33 

150 35 10 4.57 0.80 1152.28 

180 35 10 5.27 0.84 1040.76 

120 25 30 3.90 0.73 1071.15 

150 25 30 4.60 0.77 946.88 

180 25 30 5.29 0.81 1122.32 

120 35 30 4.09 0.89 983.33 

150 35 30 4.79 0.93 1152.28 

180 35 30 5.49 0.97 1040.76 

- SS is the superheated steam, T is the temperature, M is the moisture content, Cp and 

Tk is the specific heat, and thermal conductivity, respectively. 
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Figure A. 1 Effective moisture diffusivity of distillers’ solubles at 0.5, 1.0, and 1.5 m/s  SS 

velocities; where, Deff is the effective moisture diffusivity. 
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Figure A. 2 Arrhenius plot of ln (Deff) versus inverse of SS temperature in K, (b) predicted 

and experimental effective diffusivity (Deff) of DSG pellets with of 0% solubles and initial 

moisture content of 25% wb at different SS temperature (T). 

Figure A. 3 Arrhenius plot of ln (Deff) versus inverse of SS temperature in K of DSG pellets 

with 10% solubles and initial moisture contents of (a) 25% and (b) 35% wb, respectively, 

at different SS temperature (T); where, Deff - effective moisture diffusivity. 
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Figure A. 4 Arrhenius plot of ln(Deff) versus inverse of SS temperature in K of DSG pellets 

with 30% solubles and initial moisture contents of (a) 25% and (b) 35% wb, respectively, 

at different SS temperature(T); where, Deff - effective moisture diffusivity. 

 

 

 

Figure A. 5 Film condensation heat transfer coefficient at different a) velocities of SS at 

150 oC and b) temperatures of SS at 1.0 m/s 
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Figure A. 6 Experimental and predicted moisture content of coated DSG pellet at SS 

velocity of 1.0 m/s; where, CG:S is the coarse grain fraction: distillers’ solubles in the core 

pellet, exp - experimental values, and pred - predicted values 
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Appendix C: CFD modelling 

C.1 Geometry for CFD modelling 

The problem geometry for the CFD modelling of SS drying of single DSG pellet (case A) 

and SS drying of DSG pellet with solubles coating were done using ‘Geometry’ feature of 

Fluid Flow CFX in ANSYS. The details of the geometries are given below: 

Table A.2 Details of CFD geometry 

SS
 d

ry
in

g 
of

 a
 si

ng
le

 

D
SG

 p
el

le
t (

C
as

e 
A

)  

Domain Shape Dimension of full geometry 

Fluid (SS) Quarter section 

of Cylinder 

272 mm diameter and 356 mm length 

(both dimensions are equivalent to the 

actual drying Chamber 

Solid  

(DSG pellet) 

Quarter section 

of Cylinder 

12.7 mm in diameter and 35.5 mm length 

SS
 d

ry
in

g 
of

 a
 si

ng
le

 D
SG

 

pe
lle

t w
ith

 so
lu

bl
es

 c
oa

tin
g 

(C
as

e 
B

) 

Fluid (SS) Quarter section 

of Cylinder 

272 mm diameter and 356 mm length 

(both dimensions are equivalent to the 

actual drying Chamber 

Solid 1 

(DSG pellet) 

Quarter section 

of Cylinder 

12.35 mm in diameter and 25.5 mm 

length 

Solid 2 

Solubles 

caoting 

Thin layer over 

DSG cylinder 

3.0 mm depth 

C.2 Meshing  

Meshing of the problem geometry was done with the auto mesh feature of the FluidFlow 

(CFX). Tetrahedral mesh CFD mesh option was chosen for both cases (A and B as defined 

in Table A.2).  The SST turbulence model with automatic wall treatment was used in CFX 

to perform the grid independence study. In order to form fine grids near the interface and 

wall, inflation layer was added. This enables the capturing of boundary layer gradients.  
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The spacing of the nodes directly in contact with the solid walls were reduced to certain 

values so that the non-dimensional wall distance, &'()*+ , was less than 1, for all meshes.  

The maximum and minimum values of &'()* + obtained for the different meshes as shown 

in Table A.3 

Table A.3 Maximum and minimum &'()*+ values of nodes closest to the solid-fluid 

interface 

Case 
Mesh 

Million nodes 

pellet-SS Inflation layer 

(first layer 

thickness/growth rate) 

Maximum 

&'()*+ 

Minimum 

&'()*+ 

A1 0.98 0.005 mm/1.2 1.011 0.0164 

A2 1.11 0.001 mm/1.2 0.956 0.0151 

A3 2.3 0.0005 mm/1.2 0.8871 0.0144 

Case 
Mesh 

Million nodes 

coating-SS Inflation layer 

(first layer 

thickness/growth rate) 

Maximum 

&'()*+ 

Minimum 

&'()*+ 

B1 1.5 0.0005 mm/1.2 1.042 0.0234 

B2 2.3 0.00014 mm/1.2 0.928 0.186 

B3 4.8 0.00005 mm/1.2 0.854 0.141 
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Table A.4 RMS and maximum percentage deviation of moisture content and temperature 

at the solid-fluid interface 

Grids compared 

Moisture content at interface Temperature at interface 

RMS difference 

(kg/kg) 

Max deviation 

(%) 

RMS difference 

(K) 

Max deviation 

(%) 

A1-A2 8×10-6 1.6 6.3 5.2 

A2-A3 4×10-6 0.7 1.7 1.3 

B1-B2 9×10-3 1.8 12.8 8.6 

B2-B3 2×10-3 0.9 4.7 3.1 

C. 3 CFX Setup 

Table A.5 Details of CFX setup 

Domain Material chosen Conditions Model 

Superheated 

steam (fluid) 

IAPWS-IF97 from 

Library 

373.15-500 K, and 

0.611-100 kPa 

Shear stress transport 

-automatic wall 

function, Turbulence 

Prandtl Number -0.9  

DSG pellet 

(Solid) 

User defined  

(density, thermal 

conductivity, 

specific heat ) 

298.15 K and 25% 

initial moisture and 

temperature   

Diffusion model, 

Initial condensation 

Solubles  User defined 

(density, thermal 

conductivity, 

specific heat) 

298.15 K and 82.5% 

initial moisture and 

temperature   

Diffusion model, 

Initial condensation 

 


