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ABSTRACT 

Gas-solid flows in pipes are common in industrial applications, such as pneumatic conveying, 

fluidized beds, pulverized coal combustion, spray drying and cooling, etc. The prediction of 

the pressure drop is essential in design of the systems, while the addition of granular particles 

to the gas flow causes an enhancement of heat transfer from the heated wall to the bulk fluid. 

The fully developed and overall pressure drop and overall heat transfer prediction in gas-solid 

flows in horizontal pipes have been investigated numerically using the Eulerian-Eulerian    

(E-E) approach, accounting for four-way coupling. The Gidaspow drag model with the partial 

differential equation form of granular temperature model has been used for the simulations. 

For the prediction of fully developed pressure drop, fine particles (fly ash of size 20 to       

150 ) with the solid volume fractions of up to 0.1 have been considered. For the prediction 

of overall pressure drop and heat transfer, fine particles (fly ash of size 30 to 50 ) have 

been used in the simulations. A grid independence test has been conducted to get the accurate 

numerical results. The numerical results are in good agreement with the bench mark 

experimental data for the pressure drop and heat transfer.  

The effects of particle diameter, particle density, solid volume fraction, and gas phase 

Reynolds number on the fully developed pressure drop in gas-solid flows in a horizontal pipe 

of internal diameter 30 mm and length 3000 mm have been studied. It has been found that the 

pressure drop increases with an increase in the particle diameter, and reaches a peak value. 

After reaching the peak value, the pressure drop gradually starts to decrease. The pressure 

drop increases with increase in the particle density, solid volume fraction, and gas phase 

Reynolds number. Furthermore, the effects of solid particles on the overall (entrance as well 

as the fully developed region) pressure drop and heat transfer in gas-solid flows in a 

horizontal pipe of internal diameter 55 mm and length 5500 mm have been investigated. It 

has been observed that the pressure drop data are consistent. It increases with the particle 

size, gas phase Reynolds number, and solid loading ratio (SLR), under the present study 

operating conditions. The heat transfer data, i.e., the two-phase Nusselt numbers are not 

consistent with the gas phase Reynolds numbers. The heat transfer increases with respect to 

the gas phase Reynolds number for a low SLR. However, for the higher SLRs, the heat 

transfer first increases/decreases and then decreases/increases (after reaching a peak/nadir) 

with the gas phase Reynolds number. The heat transfer increases with increase in the SLR. 

Finally, a correlation for the two-phase Nusselt number has been developed using the non-

linear regression analysis, which shows an accuracy of . 
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Key words: Pneumatic conveying, Horizontal pipes, Fine particles, Pressure drop, Heat 

transfer, Nusselt number, Eulerian model, CFD, Four-way coupling, Gidaspow drag model, 

Particle-particle collisions, Particle-wall collisions, Granular temperature. 
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Chapter 1 

INTRODUCTION AND LITERATURE SURVEY 

1.1 General 

Gas-solid flows in pipes are common in industrial applications, such as pneumatic conveying, 

fluidized beds, pulverized coal combustion, spray drying and cooling, etc. Variables such as 

the volumetric flow rate, volumetric concentration, solid velocity, and mass flow rate of the 

solid are the important parameters that are often required to be measured and controlled to 

achieve efficient utilization of energy and raw materials.Therefore, great interest in the study 

of gas-solid flow has developed rapidly since last few decades. The prediction of pressure 

drop is essential in design of the systems, while the addition of granular particles to the gas 

flow causes an enhancement of heat transfer from the heated wall to the bulk fluid. In 

horizontal pipe flows, the gravity force acts perpendicular to the drag force. So, there are 

chances of settling of particles on the bottom portion of the pipe, resulting in a collision 

interaction with the pipe wall. Hence, the horizontal gas-solid flow is a little more complex 

than the vertical flow. 

Gas-solid flows have been used since many decades for the transportation of solid 

materials. Due to the growing demand for the gas-solid flows in many industrial applications 

and on the other hand, tough design requirements regarding the process efficiency and low 

resources consumption, numerous research works have been performed on gas-solid flows 

during the past few years. The research works include the experimental tests, analytical 

studies, and numerical simulations. 

The ability to predict the distributions over the flow field of various characteristic 

properties, such as pressure drop, solid concentration, gas and solid velocities, and heat 

transfers, is important for understanding both the flow phenomena and better design of the 

flow systems. Thus, many experimental studies were conducted to understand the flow 

phenomena of gas-solid flows. Again, different mathematical models were developed for 

various types of flow systems and modes of flow. From the day the application of computers 

began, scientists, engineers, and researchers started solving the problems numerically. Now-

a-days, it is easy to use the advanced computational methods for solving the conservation 

equations that represent the flow phenomena with the help of high speed computers. In the 

last couple of decades, computational fluid dynamics (CFD) is widely used for the purpose of 

simulating the gas-solid flows. Before carrying out a research, literature survey identifies the 
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problem, based on the issues that still exist in the field. The purpose is also to get a thorough 

understanding of the gas-solid flows in various geometries with a special attention to the 

numerical gas-solid flows in horizontal pipes. 

1.2 Pneumatic conveying 

Pneumatic conveying is used to transport the solid particles that are suspended in an air 

stream from a source to single or multiple destinations. Therefore, particulate flows in a 

pneumatic pipeline are essentially a gas-solid two-phase mixture. Every pneumatic system 

makes the use of transportation lines made of pipes or ducts that carry a mixture of solid 

particles and a stream of air. The air stream can be generated by air compressors or blowers. 

The solid materials are then separated from the conveying air at the destination point and 

discharged on a batch or continuous basis. The common transported particles include 

alumina, fly ash, carbon black, cement, clay, flour, salt, sand, plastic pellet, soap powder, 

gypsum, manganese ore, silica, and many more. The applications of pneumatic conveying are 

found in many industries, i.e., power industry, cement industry, plastic industry, soap and 

detergent industries, chemical and process industries, ore extraction industry, and 

pharmaceuticals. The design of such pneumatic conveying systems is rather cumbersome 

since numerous parameters and elementary processes are affecting the performance. These 

are: pipe configuration, pipe diameter, wall material, particle material, shape and size 

distribution, and particle mass loading in dilute phase pneumatic conveying (Siegel, 1991). 

1.3 Computational fluid dynamics (CFD) 

Over the last twenty years, CFD has become a standard industrial simulation tool for the 

design, analysis, performance determination, and investigation of engineering systems 

involving fluid flows. CFD is a branch of fluid mechanics that uses numerical methods and 

algorithms to solve and analyze problems that involve fluid flows. Computers are used to 

perform the calculations required to simulate the interaction of fluids and gases with surfaces 

defined by boundary conditions. With the high speed supercomputers, better solutions can be 

achieved. The accuracy of the numerical solutions is dependent on the quality of 

discretization used. The broad fields of CFD are the activities that cover the range from the 

automation of well established engineering methods to the use of detailed solutions of the 

Navier-Strokes equations, as substitutes for the experimental research into the nature of 

complex flows. CFD is finding its way into process, chemical, civil, and environmental 

engineering. Some of the important commercial CFD codes are: FLUENT, ANSYSCFX, 

http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Numerical_methods
http://en.wikipedia.org/wiki/Algorithms
http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Boundary_conditions
http://en.wikipedia.org/wiki/Supercomputer
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ANSYS ICEM, STARCD, STARCCM, COMSOL, Open FOAM, KIVA, etc. The physical 

aspect of any fluid flow is governed by the three fundamental principles: conservation of 

mass, conservation of momentum, and conservation of energy. The fundamental physical 

principles can be expressed in terms of basic mathematical expressions, which in their most 

general forms are either integral equations or partial differential equations (PDEs). CFD is the 

art of replacing the integrals or partial derivatives in these equations with the discretized 

algebraic forms, which in turn are solved to obtain numbers for the flow field values at 

discrete points in time and/or space. The end product of CFD is indeed a collection of 

numbers, in contrast to a closed form analytical solution. 

1.3.1 Advantages of CFD 

CFD gives an insight into flow patterns that are difficult, expensive, or impossible to study 

using the traditional (experimental) techniques. The five major advantages of CFD over 

experimental fluid dynamics are given below: 

a) Lead time in design and development is significantly reduced. 

b) CFD can simulate flow conditions that are not reproducible in experimental tests. 

c) CFD provides more detailed information. 

d) CFD is increasingly more cost effective than wind tunnel testing. 

e) CFD produces lower energy consumption. 

1.3.2 Applications of CFD 

There are many applications of CFD. Some of them are: 

a) The architects can design comfortable and safe living environments. 

b) The designers of vehicles can improve the aerodynamic characteristics. 

c) The chemical engineers can maximize the yield from their equipment. 

d) The petroleum engineers can devise optimal oil recovery strategies. 

e) The surgeons can cure arterial diseases (computational hemodynamics). 

f) The meteorologists can forecast the weather and warn of natural disasters. 

g) The safety experts can reduce health risks from radiation and other hazards. 

h) The military organizations can develop weapons and estimate the damage, etc. 

1.3.3 Components of CFD 

The various components of CFD are described below. 
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1.3.3.1 Mathematical model 

The starting point of any numerical method is the mathematical modeling, i.e., a set of PDEs 

and boundary conditions. An appropriate model should be chosen for the target application. 

1.3.3.2 Discretization method 

After selecting the mathematical model, a suitable discretization method has to be chosen. 

Discretization is a method of approximating the differential or integral equations by a system 

of algebraic equations for the variables at some set of discrete locations in space and time. 

There are many approaches, but the most important approaches are: finite difference method, 

finite volume method, and finite element method. Other methods, like spectral schemes, 

boundary element methods, and cellular automata are also used in CFD, but their use is 

limited to some special classes of problems. Each type of method yields the same solution if 

the grid is very fine. 

1.3.3.3 Coordinate and basis vector systems 

The conservation equations can be written in many differential forms, depending upon the 

coordinate system and basis vectors used. For example, cartesian, cylindrical, spherical, 

curvilinear, and orthogonal or non-orthogonal coordinate systems, which may be fixed or 

moving, can be selected. The choice depends on the target flow, and may influence the 

discretization method and grid type to be used.  

1.3.3.4 Numerical grid 

The discrete locations at which the variables to be calculated are defined by the numerical 

grid, which is essentially a discrete representation of the geometric domain, in which the 

problem is to be used. It divides the solution domain into finite domain of sub-domains. The 

three numerical grids are: structured grids, unstructured grids, and block-structure grids. 

Some of the grid generation softwares are ANSYS Workbench, ICEM CFD, GRIDGEN, 

TGRID, GMSH, GAMBIT, etc. 

The structured grids consist of families of grid lines with the property that members of 

a single family do not cross each other and cross each other of the other families only once. 

This allows the lines of a given set to be numbered consecutively. The position of any grid 

point within the domain is uniquely identified by a set of two indices in a two-dimensional 

(2D) form or three indices in three-dimensional (3D) form. This is the simplest grid structure 

since it is logically equivalent to a cartesian grid. Each point has four nearest neighbors in 
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two dimensions and six nearest neighbors in three dimensions. One of the indices of each 

neighbors of a point differs by  from the corresponding index of the point. The 

disadvantages of structured grids are given below. 

 They can be used only for geometrically simple solution domains. 

 It may be difficult to control the distribution of grid points. The concentration of points 

in one region for reasons of accuracy produces unnecessarily small spacing in other 

parts of the solution domain. This produces a waste of resources. 

 The long thin cells may also affect the convergence adversely. 

The structured grids may be of H, O, or C type. The names are derived from the shapes of 

grid lines. 

The unstructured grids are the most flexible type of grids, which can fit an arbitrary 

solution domain boundary, and are used for very complex geometries. In principle, such grids 

can be used with any discretization scheme, but are best adapted to the finite volume or finite 

element approaches. The computer codes for the unstructured grids are more flexible. 

In block-structured grids, there are two or more levels of subdivision of solution 

domain. On the coarse level, there are blocks, which are relatively large segments of the 

domain. The structure of block-structured grids may be irregular, and may or may not 

overlap. On the fine level, a structured grid is defined. The block-structured grids with 

overlapping blocks are sometimes called as composite or chimera grids. 

1.3.3.5 Finite approximations 

Following the choice of the grid type, it is required to select the approximations to be used in 

the discretization process. In a finite difference method, the approximations for the 

derivatives at the grid points have to be selected. In a finite volume method, the 

approximations for the surface or volume integrals have to be selected. In a finite element 

method, the shape and weighting functions are chosen. 

1.3.3.6 Solution method 

Discretization yields a large system of nonlinear algebraic equations. The method of solution 

depends upon the problem. The choice of solver depends on the grid type and number of 

nodes involved in each algebraic equation. 
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1.3.3.7 Convergence criteria 

The use of a numerical modeling technique requires ways to measure the validity and 

accuracy of the simulated solution. Therefore, convergence criteria for the iterative method 

need to be set. The convergence criteria depend on the type of model chosen. The residuals 

for the continuity, momentum, turbulence, and energy are defined, depending on the type of 

model selected. 

1.3.4 Main stages in a CFD simulation 

There are three stages in a CFD simulation, namely pre-processing stage, solution stage, and 

post-processing stage. In the pre-processing stage, formulation of the problem, i.e., governing 

equations and boundary conditions, and construction of a computational mesh, i.e., set of 

nodes and control volumes, are carried out.  In the solution stage, governing equations are 

discretized, and the resulting algebraic equations are solved. In the post-processing stage, 

visualization, i.e., graphs and plots of the solution, and the analysis of results, i.e., calculation 

of forces, flow rates, pressure drop, heat transfer, etc., are carried out. 

1.4 Numerical modeling of gas-solid flows 

There are two approaches for the numerical modeling of gas-solid flows: Eulerian-

Lagrangian (E-L) approach and Eulerian-Eulerian (E-E) approach. These two modeling 

approaches of gas-solid flows have been reviewed in the literature by Elghobashi (1994). In 

the E-L approach, the model tracks the trajectories of particles to find the position, velocity, 

acceleration, etc. of each particle using the Newton’s second law of motion. It treats the gas 

phase as continuum and the particle phase as discrete particles. This approach is generally 

applied in very dilute gas-solid flows (Han et al., 2003). On the other hand, in the E-E 

approach, both phases are treated as inter-penetrating continua (Gidaspow, 1994). The 

governing equations for both the phases are solved, and the additional equations, which arise 

due to the solid phase, are modelled using the kinetic theory of granular flow (KTGF). As 

there are two fluids present in the E-E approach, definition of a volume concentration or 

volume fraction is necessary. The Eulerian or two-fluid model (TFM) is best suitable to 

simulate the gas-solid flows (Sundaresan, 2000; Crowe et al., 1998). 

1.4.1 Overview of the Eulerian model 

The following are the overview of the Eulerian Model (Fluent Inc., 2006): 

i. A single pressure is shared by all the phases. 
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ii. Momentum and continuity equations are solved for each phase. 

iii. For Granular phase, the granular temperature (solids fluctuating energy) can be 

calculated for each solid phase. The solid phase shear and bulk viscosities are obtained 

by applying the KTGF. 

iv. Several inter-phase drag coefficients are available. 

v. All of the turbulence models are available, and may apply to all phases. 

vi. Use of unsteady simulation with very small time step. 

1.4.2 Coupling between phases  

An important concept in the analysis of multiphase flows is coupling. It is the interaction 

between the phases. Figure 1.1 shows the schematic diagram of coupling between phases, and 

they are described in the subsequent sub-sections. 

1.4.2.1 One-way coupling 

The flow is sufficiently dilute such that no influence of particulate phase on the fluid phase. 

The fluid phase influences particulate phase via aerodynamic drag and turbulence transfer. 

Particles move in dynamic response to fluid motion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram of coupling between phases 

1.4.2.2 Two-way coupling 

Enough particles are present in the flow such that momentum exchange between the 

dispersed and carrier phase interfaces alters dynamics of the carrier phase. The fluid phase 
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influences particulate phase via aerodynamic drag and turbulence transfer. The particulate 

phase reduces the mean momentum and turbulent kinetic energy in the fluid phase. 

1.4.2.3 Four-way coupling 

The flow is dense enough that the dispersed phase collisions are significant momentum 

exchange mechanism. It includes all the two-way coupling with the particle-particle 

collisions. The particle-particle collisions create particle pressure and viscous stresses. The 

four-way coupling effects become important when the particle volume fraction exceeds 10
-3

 

(Crowe, 2006). 

1.4.3 Modes of momentum transfer in particulate flow 

There are three different regimes in particulate flow: kinetic regime, collisional regime, and 

frictional regime. The different regimes in the particulate flow are shown in Figure1.2. 

 

Figure 1.2 Regimes of particulate flow 

The kinetic regime is observed in the dilute flows. The momentum transfer occurs mainly by 

translation of particles, e.g., gas like regime. The collisional regime is observed in the flows 

with a higher concentration. The momentum transfer occurs mainly by instantaneous 

collisions, e.g., liquid like regime. The frictional regime is observed in the flows with the 

solid volume fraction (SVF) more than 50%. The particles transfer momentum by a sustained 

long term contact, and can sustain shear stresses without continuous deformation, e.g., solid 

like regime. 
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1.5 Hydrodynamic studies on gas-solid flows 

The study of hydrodynamic plays an important role in the economical design and operation of 

gas-solid flow systems. In this section, hydrodynamic studies on gas-solid flows are divided 

into three categories, namely numerical studies, experimental studies, and miscellaneous 

studies, and the literature related to them are discussed. 

1.5.1 Numerical studies 

Shih et al. (1982) studied the pressure drop and saltation velocity of gas-solid flows in a 

horizontal pipe using a 2D model. Konrad (1986) studied the significant effects of 

compressible air flow on the pressure drop in a dense phase pneumatic conveying through 

long pipelines. Tsuji et al. (1991) carried out the numerical simulations of gas-solid flows in a 

horizontal pipe with the use of Lagrangian method, taking coarse, spherical, and non-

spherical particles. The results were accurate for the spherical particles. Tsuji et al. (1992) 

applied the discrete element method (DEM) for the plug flow simulations in a very short 

horizontal pipe of length 0.6 m, in which large particles of diameter 10 mm and particle 

numbers of 150, 500, and 1000 were used. 

Oesterle and Petitjean (1993) presented a Lagrangian simulation technique of non-

dilute gas-solid suspension flows in a horizontal pipe at loading ratios up to 20. The results 

concerning the velocity and concentration profiles as well as the pressure losses were 

presented. It was reported that the particle to particle interactions played a significant role as 

soon as the loading ratio exceeded unity. The corresponding numerical code was suited to all 

kinds of pneumatic transport geometries, including the prediction of pressure drops due to 

acceleration and singularities. Hong and Tomita (1995) presented an improved model for 

high density gas-solid stratified pipe flows, in which the particle-particle interactions were 

taken into account. The phase diagram, distribution of suspended particles, solid 

concentration, and velocity were predicted by the model. Tashiro et al. (1997) predicted the 

saltation velocity for the gas-solid flows in a horizontal pipe using the Lagrangian approach 

by considering the particle rotation and particle-particle collisions. Huber and Sommerfeld 

(1998) developed an E-L approach for the calculation of dispersed gas-solid flows in pipe 

systems, including turbulence, two-way coupling, particle transverse lift forces, particle-wall 

collisions including wall roughness, and particle-particle collisions. The results were 

presented for the pipe elements, such as horizontal pipes, pipe bends, and vertical pipes for 

different pipe diameters and flow conditions, such as conveying velocity and particle loading. 
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Mason et al. (1998) presented a one-dimensional (1D) E-L model to study the dilute 

pneumatic conveying systems. Ferreira et al. (2000) discussed the difficulties and limitations 

involved in the application of 1D two-phase flow model to estimate the pressure gradients 

associated with the transport of particles in pneumatic conveying. The validity of the model 

was checked by comparing the experimental data reported in the literature with the predicted 

values of pressure gradients and void fractions. It was reported that, despite its limitations, 

the two-phase flow model may provide good predictions for the pressure gradients. 

Levy (2000) studied the 3D plug flow simulations of pneumatic conveying in a 

horizontal pipe using the TFM. It was evident that the TFM could be used to predict the 

dense phase behaviour in pneumatic conveying systems. Levy and Mason (2000) studied the 

non-suspension gas-solid flows in a horizontal pipe by a two-layer model (dispersed flow and 

dense flow). Many researchers, e.g., Sommerfeld and Kussin (2004), McGlinchey et al. 

(2007), Lain and Sommerfeld (2008), and Lain and Sommerfeld (2012a) studied the 

numerical gas-solid flows in different pipe geometries. Zhu et al. (2004) studied the 3D CFD 

simulations of pneumatic conveying of granular solids in horizontal and inclined pipes. The 

particle-wall collisions were found to have a very significant effect on the solid distribution 

over the cross-section of the conveying tube for large particles. Heinl and Bohnet (2005) 

carried out a CFD study of pneumatic conveying in a horizontal pipe including the particle-

wall adhesion. The dispersed phase was modeled with the Lagrangian approach, and the 

continuous phase was resolved with the Realizable  model. The influence of different 

wall treatments on the pressure drop and particle-wall adhesion was investigated. Fraige and 

Langston (2006) presented a 3D DEM model to predict the pressure drop, flow rate, and flow 

patterns in a horizontal pneumatic conveying. The results were compared well within the 

bench mark experimental data, relating the pressure gradient and solid and gas flow rates. Li 

et al. (2006) determined the pressure drop along a short pipeline with different bend radius 

ratios, based on the TFM. Eskin et al. (2007) presented a model for the poly-dispersed gas-

solid flows in a pneumatic pipeline. The model was validated against the experimental data 

found in the literature for the pressure losses. It was reported that the impact of solid’s poly-

dispersity on the flow parameters is significant, and should be taken into account in 

engineering calculations.  

Gu and Guo (2007) studied the simulation of a 3D wave-like slug flow pneumatic 

conveying in a horizontal pipe with the kinetic theory. The characteristics of flow, such as 

pressure drop, air velocity distribution, slug length, settled layer thickness, and the detailed 
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changing characteristics of slug length and settled layer thickness with the air velocity were 

obtained. The results indicated that the kinetic theory can represent the physical 

characteristics of the non-suspension dense phase wave-like slug-flow in pneumatic 

conveying. Kuang et al. (2008), Lain et al. (2009), and Sommerfeld and Lain (2009) studied 

the numerical modeling of pneumatic conveying of solid particles in horizontal tubes. Lain 

and Sommerfeld (2009, 2010, and 2011) thoroughly studied the influence of different effects, 

such as degree of wall roughness, pipe diameter, particle mass loading, particle size 

distribution, and conveying velocity on pneumatic conveying through the pipe systems. Singh 

and Lo (2009) predicted the pressure drop in a horizontal pipe dilute phase pneumatic 

conveying using the DEM CFD simulation. The spherical particles of size 2.385 mm and 

ellipsoidal particles of size 4 mm were used in the model.  The results indicated that the 

pressure drop increased with increase in the solid loading as well as increasing the fluid 

velocity. The number of particle collisions was also sensitive to particle properties. Pu et al. 

(2010) used a kinetic frictional model of the TFM, based on the KTGF, to simulate 3D flow 

behavior of dense phase pneumatic conveying of pulverized coal in a horizontal pipe. Wang 

et al. (2010) used the CFD simulations of gas-solid flows in a dense phase by-pass pneumatic 

conveying using the Eulerian model to predict the pressure drop. Hilton and Cleary (2011) 

studied the gas-solid flows in pneumatic conveying using the DEM, and it was reported that 

the particle shape is a significant factor in gas-solid flows. Kartushinsky et al. (2011) studied 

the 3D numerical simulations of gas-solid particle flows in a horizontal pipe. It was found 

that the effect of gravity made the flow asymmetry. The results also showed that the presence 

of particles in the flow had a significant effect on the flow variables. Kuang and Yu (2011) 

carried out a 3D numerical study to analyse the flow regimes in a horizontal pipe pneumatic 

conveying by a combined approach of CFD and DEM. Mezhericher et al. (2011) carried out a 

numerical modeling of horizontal pneumatic conveying of polyethylene pellets using the 

DEM and discrete particle method. Stratton and Wensrich (2011) studied the slug flow within 

a thin slice approximation to a horizontal pipe pneumatic conveying with the periodic 

boundaries using the combined approach of CFD and DEM. Chu et al. (2012) found that the 

particles of different densities had different effects that were significant on the flow using the 

DEM. McGlinchey et al. (2012) studied the CFD investigations of dense phase pneumatic 

conveying in a horizontal stepped pipe using the Eulerian model. Kuang et al. (2013) studied 

the 3D gas-solid flows in a horizontal pneumatic pipe by the combined approach of CFD and 

DEM, with special reference to the use of periodic boundary condition for the computational 
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efficiency. Lain and Sommerfeld (2013) studied the characterization of pneumatic conveying 

systems (horizontal pipe, vertical pipe, and bend) using the Lagrangian model. 

1.5.2 Experimental studies 

Mehta et al. (1957) studied the dependence of pressure drop on the type of particle flow in 

horizontal and vertical pipes pneumatic conveying. Konno and Saito (1969) studied the 

pneumatic transport of solid particles in horizontal and vertical pipes using glass beads, 

copper spheres, millet, and grass seeds, having diameters ranging from 0.1 to 1.0 mm and 

solid loading ratio (SLR) in the range of 0 to 6. It was reported that the velocity profile of air 

in the vertical pipe was symmetrical, and was not appreciably affected by the addition of 

particles. However, in the horizontal pipe, the velocity profile was asymmetric with respect to 

the pipe axis, and was found to be affected by the particle diameter, density, and mass flow 

ratio of air and particles. Finally, the additional pressure drop in the horizontal pipe, which 

might be caused mainly by the collision between the particle and surface of the pipe wall, 

was explained. Tsuji and Morikawa (1982a) investigated the pressure drop and flow 

characteristics in a horizontal pipe of internal diameter 30 mm, with a number of loading 

ratios ranging from 0 to 6 and different conveying velocities ranging from 6 to 20 m/s using 

the laser doppler velocimeter. The relation between the pressure drop and superficial air 

velocity for 0.2 mm and 3.4 mm diameter particles was studied. It was reported that the 

pressure drop increased with the superficial air velocity. Tsuji and Morikawa (1982b) studied 

the relation between the flow patterns and pressure fluctuations in a horizontal pneumatic 

pipe at low air velocities. The spherical plastic pellets of 0.2 mm and 2.8 mm in diameter 

were used. Cabrejos and Klinzing (1995) predicted the flow patterns and pressure drops of 

fully developed flows of dilute gas-solid suspensions inside horizontal straight pipes using 

the rescaled range analysis. Experiments were carried out in a 50 mm diameter pipeline with 

3 mm polymers, 450 micron glass beads, and 450 micron alumina at different loading 

conditions.  

Hettiaratchi et al. (1998), Pan et al. (1998), Mason and Li (2000), and Huang et al. 

(2001) studied the experimental measurements of the pressure drop with different pipeline 

layouts, particle sizes, and SLRs. Laouar and Molodtsof (1998) studied the pressure drop 

characteristics at a very low velocity, and a general pressure drop law was obtained and 

proved to be independent of both the flow regimes and pipe diameter.  Li (1998 and 2002) 

studied the pressure drop and flow pattern transitions in a horizontal pipe swirling gas-solid 

flows, based on the wavelet analysis. Herbreteau and Bouard (2000) studied the influence of 
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diameter, density, and shape of particles on the saltation velocity in horizontal pipe gas-solid 

flows. A new empirical law connecting the Froude number at the saltation velocity and SLR 

was proposed. Li and Tomita (2000) studied the particle velocity and concentration 

characteristics in dilute air-solid flows in a horizontal pipe. Venkatasubramanian et al. (2000) 

studied the specific pressure drop experienced by the gas-solid flows in a straight pipe for the 

fibrous materials. The results indicated that the specific pressure drop measurements could be 

used to obtain the solid flow rate of fibrous materials. Li and Tomita (2001) analyzed the 

experimental wall pressure fluctuations in swirling gas-solid flows by the statistical analysis 

and wavelet transform. Tashiro et al. (2001) studied the effects of mixing a small amount of 

coarse particles in gas-fine particle suspension flow in a horizontal pipe experimentally using 

the phase doppler anemometer. It was found that the fine particles suppressed the air flow 

turbulence, while the coarse ones increased it. Furthermore, the acceleration pressure drop 

was increased by adding the coarse particles. Xu et al. (2002) reported an experimental study 

on a slug-flow pneumatic conveying in a horizontal pipe using the electrical capacitance 

tomography. A comparison was made between the experimental data of the pressure drop 

with the existed models. It was found that the pressure drop was higher for the higher mass 

flow rate of particles. 

Tomita et al. (2008) studied the characteristics of low-velocity conveying of particles 

having different hardness in a horizontal pipeline in terms of the flow pattern and pressure 

drop. It was found that the pressure drop for the soft particles was shown to be larger than 

that for hard particles. Vasquez et al. (2008) used high speed video cameras and pressure 

transmitters to study the dynamic behavior of the particles and their influence on the pressure 

drop during transportation. Williams et al. (2008) studied the characterization of gas pulse 

frequency, amplitude, and velocity in a horizontal pipe pneumatic conveying. It was found 

that the pressure behaviour of the gas flow in the top section of the pipeline was found to 

exhibit pulsatile oscillations. Woods et al. (2008) studied the horizontal pneumatic conveying 

from a fluidized bed. Cai et al. (2009) performed the experiments of dense phase pneumatic 

conveying of pulverized coal using nitrogen with the conveying pressure up to 4 MPa. The 

influences of total conveying differential pressure, moisture content, superficial velocity, and 

pressure on the mass flow rate and particle loading were investigated. Guangbin et al. (2010) 

studied the characteristics of gas-solid two-phase flows in a Y-shaped pipeline. It was found 

that the solids flow distribution and pressure drop of the micro glass bead and millet particles 

had similar trend, and were significantly affected by the branch angle and gas velocity. 
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Rinoshika and Suzuki (2010) carried out an experimental study of energy saving pneumatic 

conveying system in a horizontal pipeline with a dune model. It was found that the pressure 

drop became the lowest when conveying the relatively small particles.  

Liu et al. (2011) studied the pressure drop in gas-solid flows in a Y-shaped branch pipe 

experimentally. Santos et al. (2011) observed similar physical characteristics associated with 

the pellet materials, which developed a substantial difference in the pressure drop during the 

conveyance of polystyrene beads with an average diameter of 3.2 mm and mass loadings of 

0.06 to 0.11 in a circular pipe. Yan and Rinoshika (2011) applied the high speed particle 

image velocimetry and image processing to study the gas-solid flows in a horizontal 

pneumatic conveying with the dune model. Cai et al. (2012) studied the flow characteristics 

and stability of dense phase pneumatic conveying of pulverized coal under high pressure in 

an experimental test facility. The influences of operating parameters (fluidizing gas flow rate 

and supplementary gas flow rate) and material properties (coal category, particle size, and 

moisture content) on conveying characteristics were investigated with the conveying pressure 

up to 4 MPa. Wavelet transform and Shannon entropy analysis of the pressure drop were used 

to reveal the flow stability. He et al. (2012) studied the conveying and resistance 

characteristics in dense phase pneumatic conveying of rice husk and blendings of rice husk 

and coal at high pressure in an experimental facility. The results indicated that the superficial 

gas velocity increased as the total conveying differential pressure and supplemental gas flow 

rate increased. The SLR increased with increasing the total conveying differential pressure 

but decreased with increasing the supplemental gas flow rate. Under the same operating 

conditions, superficial gas velocity decreased with increasing the content of coal in blendings 

while the SLR increased gradually. Empirical correlations of additional pressure drop 

coefficient and pressure drop in a horizontal pipe were proposed. Jing et al. (2012) studied 

the resistance properties of gas-solid flows in a horizontal branch pipe. Two types of particles 

as glass bead and millet, with the average particle diameter 2 mm, were used. The results 

indicated that the pressure drop value of particles with a smaller density was reported to be 

smaller. Rinoshika et al. (2012a) studied the gas-solid flows in a horizontal pneumatic 

conveying experimentally using the particle image velocimeter (PIV). The results revealed 

that the low intensity of particle fluctuation velocity could result in the low conveying 

pressure drop. Rinoshika et al. (2012b) studied the particle dynamics in a horizontal air-solid 

two-phase pipe flow at a low air velocity using the wavelet analysis. Lain and Sommerfeld 

(2012b) numerically analysed the conveying behaviour of pneumatic conveying in horizontal 

pipes using the Lagrangian model with respect to the wall roughness and particle-particle 
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collisions. It was observed that particles were reflected towards the core of the pipe due to the 

focussing effect, caused by the higher wall roughness. When roughness increased, the particle 

dispersion was enhanced and more frequently collided with the upper wall section of the 

pipe. The results revealed that the higher particle-wall collision frequency in the pipe flow 

also had a consequence for the pressure drop. Zheng et al. (2012) studied the gas-solid flows 

in a horizontal pneumatic conveying by the PIV. Liang et al. (2012) investigated the  effects  

of  coal  type,  particle  size,  and  moisture  content  on the  conveying  characteristics  of  

pulverized  coal  in a dense phase  pneumatic conveying at high  pressure. Yan and Rinoshika 

(2012) studied the pressure drop, particle velocity, and concentration in a horizontal self-

excited gas-solid pipe flow using soft fins.  

1.5.3 Miscellaneous studies 

This section contains the studies for both numerical and experimental, and analytical studies. 

Marcus et al. (1990) and Molerus (1996) analysed the dependency between the additional 

pressure factor and Froude number in the pneumatic transport. The results showed that the 

relationship between the additional pressure factor and Froude number was a hyperbola, and 

tended to an asymptotic value close to zero when the gas velocities or Froude numbers 

increased. Hong et al. (1993) developed a model for the gas-solid stratified flows in a 

horizontal dense phase pneumatic conveying, understanding the interaction mechanism 

between suspensions and sliding bed. The predicted pressure drop coincided within  

with the conducted experimental data for conveying the medium sized sand and fine particles, 

under a wide range of SLRs from 30 to 200. The model also found reasonable predictions for 

the phase diagram, flow configuration, and velocity of sliding bed. Ochi and Takei (1995) 

studied the additional pressure drop in a horizontal pipe pneumatic conveying at low 

velocities by experimentally and mathematically. More than 95% of the values calculated by 

the equation fell within  of the experimental values. Levy et al. (1997) conducted 

analytical, numerical, and experimental investigations to study the gas-solid flows in a pipe at 

different inclinations. The results confirmed that the critical pipe angle for the gas-solid flows 

was lower than 90°.  

Mason and Levy (1998) gave detailed theoretical and numerical investigations on 

pressure drop over a complex pneumatic pipeline. Cairns et al. (2003) investigated the 3D 

effects of wave-like flow in a horizontal pneumatic pipe by non-intrusive measuring 

technique. The radial pressure difference was examined and compared with the axial pressure 

measurements. A 3D numerical model, based on the TFM, was also used to obtain a better 
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understanding of the flow field characteristics. Li et al. (2005) studied the deposition of solids 

in horizontal pipeline of a pneumatic conveying system by experimentally and the combined 

approach of CFD and DEM. The results quantitatively showed a tendency of more solids 

deposition with a lower gas mass flow rate in the slug flows, except that below a certain 

amount of solid mass flow rate, the deposition became independent of the gas mass flow rate. 

Behera et al. (2012) conducted the experimental and theoretical investigations to analyse the 

transient parameters in a dense phase horizontal pipeline, conveying fine particles. It was 

found that the transient parameters were influenced by the pneumatic conveying parameters, 

like the air mass flow rate, solid mass flow rate, pressure drop, and non-dimensional 

parameters relating to power consumption. Behera et al. (2013a) developed a 1D model, 

including the particle size distribution, to simulate the dense phase pneumatic conveying of 

fine powders through a horizontal pipeline. They also conducted experiments to compare the 

results of the numerical simulations. Scaling equations for the solid mass flow rate and air 

mass flow rate were used to predict the pressure drop for different pipeline diameters and 

lengths. Behera et al. (2013b) conducted experiments and CFD modeling to analyse the dense 

phase pneumatic conveying of fine particles, including the particle size distribution. 

Simulations were performed by means of FLUENT software using the Eulerian model, 

accounting for the four-way coupling. The predicted pressure drop values were found good 

agreement with the experimental data. Variations of important parameters, such as SVF and 

gas and solid velocities across the pipe cross-section, were analysed. 

1.6 Thermo-hydrodynamic studies on gas-solid flows 

The subject of heat transfer in gas-solid flows came into scientific prominence during the 

1950’s when seeding the flow with the solids was considered as a heat transfer augmentation 

technique. However, the subject of heat transfer in particulate flows is still of great interest in 

pneumatic conveying applications, drying of solids (Matsumoto and Pei, 1984) as an 

approximation to the heat transfer in mist flows (Hull and Rohsenow, 1982), and fluidized 

bed applications. During that time, experimental works by Farbar and Morley (1957), Farbar 

and Depew (1963), Danziger (1963), Tien (1961), and Tien and Quan (1962) established a 

data basis and experimental correlations for the heat transfer coefficients of air-solid 

mixtures. A comprehensive reviews by Depew and Kramer (1973), Briller and Peskin (1968), 

and Shrayber (1976) have added to the scientific knowledge on the subject. Numerical studies 

provide alternative methods in obtaining the engineering results (Ozbelge and Somer, 1983). 

In this section, the thermo-hydrodynamic studies on gas-solid flows are discussed. 
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1.6.1 Numerical studies 

Michaelides (1986) predicted the heat transfer characteristics of particulate flows in pipes 

from low to intermediate particulate loadings (up to 10). The gas-solid mixture was modeled 

as a variable density and heat capacity fluid with the solid phase contributing to fluctuations 

in the mean properties of the flow. Balakrishnan and Pei (1990) evaluated the overall Nusselt 

numbers for the heat transfer rate in a packed bed with the gas-solid suspension flow through 

it. Particles of size 6.35 mm and 12.7 mm and SLRs of 0 to 3 were used in the model. It was 

found that the heat transfer rates increased with the SLRs and Reynolds number, but the 

increment varied with different bed materials. It was also found that the important correlating 

parameters for heat transfer in gas-solid suspension flow through the packed beds are: 

Reynolds number, loading ratio, and Archimedes number. Han et al. (1991) analyzed  the 

heat  transfer  of  the turbulent  dilute  gas-particle  flows  in  a vertical  pipe  with a constant  

wall  heat  flux using the TFM. The thermal eddy diffusivity concept and Lumley’s drag 

reduction theory were used. It was found that the suspension Nusselt number decreased at a 

low loading ratio. Avila and Cervantes (1995) studied the average  heat  transfer coefficient  

for different  Reynolds  numbers,  SLRs,  and  particle  diameters at  the  inner  wall  of  a  

vertical  pipe using the Lagrangian model. The spherical  glass  particles  of  uniform  size  of 

70 ,  140  , and  200   were used.  The results were compared with the experimental 

data published in the literature. Sato et al. (1998) studied the mechanism of two-phase heat 

and turbulent transport by the small solid particles (50 ) suspended in a gas flow by direct 

numerical simulation in decaying isotropic turbulence. The effect of fluid mean temperature 

gradient on the heat transfer between the dispersed and gas phases was examined. 

Bourloutskiet et al. (2000) investigated the comparison of two theoretical approaches, e.g.,  

E-E approach and E-L approach of turbulent gas-solid flows with the heat transfer in a 

vertical pipe. It was found that the usage of E-L approach was limited by the suspension 

flows with the small solid volume fractions, and the accuracy of calculations decreased, 

because the effects of inter-particle collisions become important when the loading ratio 

increased. 

Li and Mason (2002) discussed the application of DEM in gas-solid flow systems, and 

developed a numerical model to simulate the heat transfer in a gas-solid pneumatic transport 

line (horizontal pipe). The spherical polymer particles, having diameter 3 mm and SLRs of 1 

to 50, were used. The experimental validation of this model was reported to be crucial. 

Mansoori et al. (2002) predicted the heat transfer in gas-solid flows through a vertical pipe, 
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with a constant wall heat flux using the E-L approach, with four-way coupling. The 

simulation results indicated that the level of thermal turbulence intensity and heat transfer 

were strongly affected by the particle collisions. Li et al. (2003a) developed a coupled CFD 

and DEM model to analyze the heat transfer in horizontal gas-solid pipe flows. The 

importance of transverse motion of the rebounding particles in the pneumatic pipe cross-

section in altering the fluid temperature was analyzed. Again, the direct experimental 

validation of this model was reported to be crucial. Li et al. (2003b) developed a 2D 

numerical model to simulate the heat transfer in gas-solid flows through a horizontal pipe 

using a coupled CFD and DEM model. The influence of particles on the flow structure and 

heat transfer was analyzed. Furthermore, the experimental verification of this finding was 

reported to be crucial, and required the development of advanced measuring techniques to 

validate the model. Chagras et al. (2005) used the E-L approach to model the turbulent gas-

solid flows in heated vertical and horizontal pipes. The effects of particle-particle and 

particle-wall collisions were considered using the SLRs up to 10. The results confirmed that 

the flow dynamics alterations induced by the particle-particle and particle-wall collisions 

resulted in a significant modulation of the heat exchanges. Rajan et al. (2007) studied the heat 

transfer in gas-solid flows in pneumatic conveying by formulating and solving a 2D E-E 

model. The heat transfer simulations were carried out for the particles of different sizes (0.2 

mm to 2 mm diameter) at a constant SLR of 2. The various aspects of profiles of phase 

velocities and temperatures and the effects of particle size on these profiles were discussed. 

Brosh and Levy (2010) studied the heat transfer in gas-solid flows in a horizontal pipe using 

the combined approach of CFD and DEM. Based on the successful validation, a parametric 

study was conducted, taking particle diameters of 1 mm to 5 mm. 

1.6.2 Experimental studies 

Jepson et al. (1963) reported the variation of heat transfer coefficient in a gas-solid transport 

line by conducting a series of experimental studies. The results showed that the suspension 

heat transfer coefficient had a U-shaped variation with the SLR, and was also affected by the 

particle diameter. Depew and Cramer (1970) studied the heat transfer and pressure-drop 

characteristics of a gas-solid suspension flow in a horizontal circular tube of internal diameter 

18 mm. Glass spheres of 30  and 200  in size and SLRs of up to 7 were used in the 

experiments. A significant difference for the heat transfer data between the top wall and 

bottom wall of the pipe was found for the small particles. The Nusselt numbers were as much 

as 2.5 times larger on the bottom side than the top side. No such effect was produced with the 
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large particles. The pressure drop data indicated a significant wall interaction for the large 

sized particles but not for the small sized particles. 

Gunn (1978) conducted an experiment on the heat and mass transfer of particles in 

fixed and fluidized beds. The Nusselt and Sherwood correlations, which were recommended 

for a system having a porosity range of 0.35-1.0 and Reynolds numbers of up to 10
5
, were 

obtained. Aihara et al. (1997) studied the heat transfer characteristics of a turbulent, dilute 

air-solid suspension flow in thermally developing and developed regions using 43  

diameter glass beads in a uniformly heated horizontal pipe. A range of Reynolds numbers of 

 to  and SLRs of 0 to 3 were used. They investigated the effects of 

Reynolds number, SLR, and azimuthal and longitudinal locations on the heat transfer 

characteristics and their interactions through comparison of the results with the data obtained 

by several investigators (Depew, 1962; Mills, 1962; Sparrow et al., 1957; Briller and Peskin, 

1968). They also measured the pressure loss ratios of suspension flow to pure air flow in 

thermally developed regions, and found good agreement with the Ikemori's empirical formula 

(Ikemori, 1959). Rajan et al. (2008) studied the air-solid heat transfer in a vertical pipe using 

gypsum as the solid material. They studied the effects of solid feed rate (0.6 to 9.9 g/s), air 

velocity (4.21 to 6.47 m/s), and particle size (231 to 722.5 ) on the air-solid heat transfer 

rate, heat transfer area, and heat transfer coefficient. They also developed empirical 

correlations for the prediction of Nusselt number within an error of ±15%, based on the 

experimental data. Zhang and Yamaguchi (2011) measured the heat transfer characteristics 

and pressures of the CO2 solid-gas two-phase flow in a horizontal circular tube. An increase 

of the Nusselt number along the tube length in the sublimation area was found. The measured 

average value of the heat convection coefficient of the CO2 solid-gas flow was much higher 

than that of the gas flow. The pressures were measured with respect to the time and heat 

input. Merzsch et al. (2013) analyzed the heat transfer from single horizontal tubes in 

fluidized beds with extreme poly-dispersed materials. The dependency of detected heat 

transfer coefficients upon the band width of grain size distribution and superficial velocity 

was analyzed. Kim and Kim (2013) investigated the heat transfer characteristics in a 

pressurized fluidized bed of fine particles with an immersed horizontal tube bundle. It was 

found that the average heat transfer coefficient exhibited a maximum value with a variation 

of gas velocity irrespective of the pressure. The obtained maximum heat transfer coefficients, 

in terms of the maximum Nusselt numbers, were correlated with the Archimedes, Prandtl, 

and Froude numbers.  
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1.6.3 Miscellaneous studies 

This section contains the studies for both numerical and experimental, and analytical studies. 

Derevich et al. (1989) studied the hydrodynamic and heat transfer of turbulent gas-solid 

suspension flows in circular tubes analytically. The effects of relationship between the 

thermal and physical properties of particle material and gas on the thermal characteristics of 

two-phase flows were investigated. The predicted Nusselt numbers for the gas-solid flows 

agreed satisfactorily with the benchmark experimental data. Bertoli (2000) obtained an 

analytical solution to the problem of radiant and convective heat transfer to a pneumatically 

conveyed oil shale fine particles, including radial dependence on the fluid temperature. It was 

found that the limiting case of infinity dilution of particles resulted in the classical Graetz 

solution (Jakob, 1949). Li and Mason (2000) studied the 2D numerical modeling of heat 

transfer and pressure drop in gas-solid flows in a horizontal pneumatic transport pipe using 

the DEM. They also investigated the heat transfer and pressure drop in both the dilute and 

dense phase flows experimentally. The influence of particle concentration on the predicted 

performance of the system was compared with the experimental data, and found good 

agreement between the DEM simulation and experiment. The plastic pellets of 3 mm in 

diameter with the SLRs of up to 50 were used. It was found that the pressure drop increased 

with the SLR, and the errors were normally found to be less than  of the measured 

values. Guoxin et al. (2003) determined the transient thermal response for the packed bed of 

particles within a horizontal pipe experimentally and numerically. The numerical results 

showed that the thermal penetration to the packed bed particles by the seepage flow fluid was 

high only in the position near the gas entrance. The thermal penetration depth increased with 

the seepage flow velocity and decreased with the feeding rate. They also found that there was 

no appreciable thermal penetration in the feed stream when the feeding service was at normal 

running. The operating conditions and porosity of the solid bed have important effects on the 

gas velocity and temperature field in the thermal penetration zone. Zheng et al. (2008) 

conducted experiments and simulations of the heat transfer from the gas to a single particle 

flow in a horizontal pipeline. 

Zheng et al. (2011) studied the heat transfer mechanisms to evaluate the heat transfer 

coefficient between the hot wall and gas-solid dense phase flow in a horizontal pneumatic 

pipe experimentally and numerically. Polycarbonate beads of 2.48 mm diameter were used. 

The prediction of heat transfer coefficient was compared with the experimental findings. It 

was found that the heat transfer coefficient between the pipe wall and gas-solid dense flow 
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was a function of SLR. Increasing the gas stream velocity significantly augmented the heat 

transfer between the hot wall and gas-solid dense phase flow. Natale and Nigro (2012) 

provided a simple methodology to correlate the average and local heat and mass transfer 

coefficients with the fluid dynamics field, for the case of a horizontal cylinder immersed in a 

bubbling fluidized bed, by a critical comparison of the results available in the literature. 

Ibrahim et al. (2013) performed the numerical and experimental investigations of the swirling 

horizontal pipe pneumatic conveying dryer. Crushed limestone of different sizes was used to 

represent the solid phase. It was found that the pressure drop of swirling flow was higher than 

that of non-swirling one, and the swirl enhanced the drying process. 

1.7 Summary of the literature survey 

The literature survey presented above reveals the following: 

 Most of the research works on the gas-solid flows have been done for the relatively 

large particle sizes, i.e., in the order of mm. Only a few studies have considered fine 

particles. 

 The use of low SLRs has been found. 

 Most of the research works have been carried out to study the heat transfer in vertical 

pipes. 

 The 3D CFD modeling of gas-solid flows in horizontal pipes is very rare in the 

literature for the prediction of pressure drop and heat transfer. 

1.8 Objectives of the present research 

In the previous studies, most of the research works were studied, related to the gas-solid 

flows, associated with the relatively large particle sizes, i.e., in the order of mm with low 

SLRs. SLR is defined as the ratio of the solid phase mass flow rate to the gas phase mass 

flow rate. Only a few studies have considered fine particles. Some industrial issues for 

example, flow through electrostatic precipitator, tea dust, cement particles escaping to the 

atmosphere, fly ash transportation etc. require the use of fine particles. It is also useful for 

studying the dispersion modelling of pollutants in air. Also, the SLRs used in the 

experimental setups are not applicable when the practical case of pneumatic conveying is 

considered. The 3D CFD modeling of gas-solid flows in horizontal pipes are very rare in the 

literature for the prediction of two-phase Nusselt number for heat transfer applications. The 

software Gambit 2.2 is used for the grid generation, and Fluent 6.3 is used for the 
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simulations. The selection of these two softwares is based on their availability, compact in 

size, and user friendliness. 

The main objectives of the present research work are as follows: 

a) To perform a grid independence study. 

b) To validate the numerical results for pressure drop and heat transfer with the bench 

mark experimental data. 

c) To study the fully developed pressure drop in gas-solid flows in a horizontal pipe. 

d) To study the overall pressure drop and heat transfer in gas-solid flows in a horizontal 

pipe with a constant wall temperature. 

e) To develop a simplified correlation for the two- phase Nusselt number. 

1.9 Thesis outline 

This thesis comprises the following chapters: 

Chapter 1 presents the introduction and literature survey on the subject. Extensive literature 

survey on the topic, namely hydrodynamic and thermo-hydrodynamic studies on gas-solid 

flows are described in this chapter. More emphasis is given on CFD studies on gas-solid 

flows in horizontal pipes. Also, the objectives of the project work and thesis outline are 

defined in this chapter. 

Chapter 2 details the mathematical modelling and numerical solution of the problem. 

The governing and constitutive equations associated with the problem are defined under 

mathematical modelling. The boundary conditions for the gas and solid phases, numerical 

procedure, and solution strategy and convergence are discussed under numerical solution. 

Chapter 3 deals with the pipe geometry and mesh, simulation parameters, grid 

independence study, validation, and results of fully developed pressure drop prediction. The 

effects of particle diameter, particle density, SVF, and gas phase Reynolds number on the 

pressure drop are discussed. 

Chapter 4 discusses the results of overall pressure drop and heat transfer prediction. 

The pipe geometry and mesh, simulation parameters, heat transfer validation, and a proposed 

Nusselt number correlation are also discussed. 

Chapter 5 provides the overall conclusions and future recommendations. 
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Chapter 2 

MATHEMATICAL MODEL AND NUMERICAL SOLUTION 

2.1 Introduction 

The use of mathematical models is of great importance in the engineering field. Physical 

theories are almost invariably expressed using the mathematical models. In many cases, the 

quality of a scientific field depends on how well the mathematical models developed, based 

on the theory, agree with the results of repeatable experiments. Lack of agreement between 

the theoretical mathematical models and experimental measurements often leads to important 

advances, as better theories are developed. The mathematical models are solved analytically 

or numerically to get the appropriate solutions. 

2.2 Mathematical model 

The dilute phase pneumatic conveying of fine particles through horizontal pipes is modeled 

by employing the two-fluid or Eulerian model of the Fluent software. It is assumed that 

different phases (gas phase and solid phase) can be present at the same time in the same 

computational volume. The fundamental equations of mass, momentum, and energy (only for 

the thermal transfer) conservation are solved for each phase considered. The emerging kinetic 

theory of granular flow provides a physical motivation for such an approach. Appropriate 

constitutive equations have to be specified in order to describe the physical and rheological 

properties of each phase, and to close the conservation equations. 

2.2.1 Governing equations 

In TFM, the governing equations for a dispersed solid phase and a carrier gas phase are 

locally averaged, and both the expressions have the same general form. The gas phase 

momentum equation is closed using the  turbulence model. The solid phase stresses are 

modeled using the kinetic theory (Gidaspow, 1994). 

2.2.1.1 Continuity equations 

Assuming no mass transfer between the phases or source terms, the conservation equations of 

the mass for the gas phase (g) and solid phase (s) are 

 
 (2.1) 

http://en.wikipedia.org/wiki/Theory


24 

 

 
 (2.2) 

  (2.3) 

2.2.1.2 Momentum equations 

The momentum equations are written considering one gas phase and one solid phase. The lift 

forces due to the velocity gradients in the gas phase are assumed to be negligible for the small 

particle sizes. The virtual mass force due to the density differences between the solid and gas 

phases is neglected. The external body forces are also neglected. 

Hence, the conservation equation of the momentum for the gas phase is 

   (2.4) 

and the conservation equation of the momentum for the solid phase is 

 

 (2.5) 

where , is the gas-solid momentum exchange coefficient. The solid stress  

accounts for the interaction within the solid phase, which is derived from the granular kinetic 

theory. 

2.2.1.3 Energy equations (only for the thermal transfer) 

Neglecting the radiation heat transfer, the conservation equations of energy for the gas and 

solid phases are expressed as: 

 
 (2.6) 

 
 (2.7) 

The first term on the right hand side of the equations is the conduction heat transfer of each 

phase, and the second term is the convection heat transfer between the phases. The addition 

of particles to the gas flow causes heat transfer between the phases. 

2.2.2 Constitutive equations 

The TFM treats both the phases as inter-penetrating continua. It requires the constitutive 

equations to explain the rheology of the solid phase and gas phase, and to close the 

conservation equations. In the gas-solid flow, particle motion is dominated by the collision 

interactions. So, the fluid kinetic theory (Gidaspow, 1994) can be applied to describe the 
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effective stresses in the solid phase to close the momentum balance equation. A  

turbulence model is used to close the momentum equation in the gas phase. 

2.2.2.1 Stress tensor 

The stress tensor for the gas phase is related to the gradient of gas velocity components. 

The stress tensor for the gas phase is 

 
 (2.8) 

Similarly, the stress tensor for the solid phase is related to the gradient of solid velocity 

components. 

The stress tensor for the solid phase is 

 
 (2.9) 

The compressibility effect of the gas phase is neglected, i.e., bulk viscosity,   is zero. The 

solid phase bulk viscosity  and shear viscosity  are expressed as empirical 

correlations derived from the KTGF. The fluid phase viscosity  in Eqn. (2.8) is the 

summation of normal fluid viscosity and turbulent viscosity . The turbulent viscosity is 

described, based on the turbulent kinetic energy  and its dissipation rate  using a two-

equation   turbulence model. The solid phase stresses are closed using the KTGF 

(Gidaspow, 1994). 

2.2.2.2 Turbulence model for the gas phase 

The turbulent predictions for the gas phase are obtained using the standard  model 

(Launder and Spalding, 1974), supplemented with extra terms that include the presence of 

particles in the gas phase. 

The turbulent kinetic energy for the gas phase  is 

 

 (2.10) 

The turbulent energy dissipation rate for the gas phase  is 

 

 (2.11) 
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 is the production of turbulent kinetic energy due to the velocity gradients.  and  

represent the interactions between the gas phase turbulence and solid phase. They represent 

the turbulent production by the average velocity slip between the phases (Ding and 

Gidaspow, 1990). 

  (2.12) 

 is modeled by Elgobashi and Abou-Arab (1983). 

  (2.13) 

The turbulent viscosity is given by 

  (2.14) 

The closure coefficients are 

, , , , , and . 

2.2.2.3 Kinetic theory of granular flow (KTGF) 

The solid pressure term in the momentum equation of the solid phase (Eqn. 2.5) is modeled 

using the KTGF. The solid pressure is the pressure exerted on the containing wall due to the 

presence of the particles. It includes kinetic and collisional parts. 

The solid pressure by Lun et al. (1984) is 

 
 (2.15) 

where g0,ss is the radial distribution function. It is a correction factor that modifies the 

probability of collisions between the particles when the solid granular phase becomes dense. 

The radial distribution by Lun et al. (1984) is 

  (2.16) 

The bulk viscosity by Lun et al. (1984) is 

 
 (2.17) 

The granular shear viscosity due to the kinetic motion and collisional interaction between 

particles is 

 
 (2.18) 
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By Syamlal et al. (1993) 

 
 (2.19) 

 
 (2.20) 

2.2.2.4 Transport equation for the granular temperature 

The kinetic energy associated with the random motion of particles results in the transport 

equation for the granular temperature. The PDE form of granular temperature equation for the 

solid phase (Ding and Gidaspow, 1990) is 

 

 (2.21) 

where  is the energy generation by the solid stress tensor,  is the 

diffusion of energy (  is the diffusion coefficient), is the collisional dissipation of 

energy, and  is the energy exchange between the solid and gas phases. 

The diffusion coefficient for granular energy (Syamlal et al, 1993) is 

 
 (2.22) 

 where  (2.23) 

The collisional dissipation of energy uses the expression derived by Lun et al. (1984). 

 
 (2.24) 

The transfer of the kinetic energy of random fluctuation in the particle velocity is represented 

by Gidaspow et al. (1992). 

  (2.25) 

2.2.2.5 Drag force coefficient 

In gas-solid flow, the gas exerts drag on the solid for their transportation. There are different 

empirical drag force models available in the literature. The gas-solid momentum exchange 

(drag force coefficient) uses the Gidaspow (1994) model, which employs the Wen and Yu 

(1966) model when , and the Ergun (1952) model  when . 
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When , 

 
 (2.26) 

 
 (2.27) 

 
 (2.28) 

The particle Reynolds number is given by 

 
 (2.29) 

When , 

 
 (2.30) 

2.2.2.6 Constitutive equations for the internal energy (only for the thermal transfer) 

The heat transfer coefficient between the phases  is 

 
 (2.31) 

The Nusselt number  correlation by Gunn (1978) is used in the present study.     

 

 (2.32) 

 The Prandtl number  is 

  (2.33) 

The conductive heat transfer within each phase is described by the Fourier’s law. 

  (2.34) 

  (2.35) 

Here,  and  are the thermal conductivities of the solid particles and gas phase, 

respectively. 

2.3 Numerical solution 

The boundary conditions, numerical procedure, and solution strategy and convergence are 

discussed in this section. 
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2.3.1 Boundary conditions 

The boundary conditions are required for both the gas and solid phases for the numerical 

simulations. The boundary conditions for the gas and solid phase equations applied in the 

numerical modeling are given in the subsequent sub-sections. 

2.3.1.1 Gas phase boundary conditions 

A velocity inlet boundary condition is used for the gas phase. A uniform axial velocity is 

defined at the inlet. For the thermal transfer, temperature (300 K) is also defined at the inlet. 

Again, the turbulent intensity (2%) and hydraulic diameter (equals to the pipe diameter) are 

specified at the inlet. No slip wall boundary condition is used for the gas phase. The outlet 

boundary condition is defined as the outflow. The assumption is that a fully developed flow 

occurs at the exit. The normal gradients of the flow variables except the pressure are set to 

zero. For the thermal transfer, the wall is at constant temperature of 400 K. 

2.3.1.2 Solid phase boundary conditions 

A velocity inlet boundary condition is used for the solid phase. A uniform axial velocity 

(equals to the gas phase velocity) is defined at the inlet. For the thermal transfer, temperature 

(equals to the gas phase temperature) is also defined at the inlet. Again, the solid phase 

granular temperature (equals to 0.0001 m
2
/s

2
) and SVF are provided at the inlet. The SVF 

 is calculated from SLR , which is defined as the ratio of the mass flow rate of the 

solid phase to the mass flow rate of the gas phase.  

 (2.36) 

At the wall, a partial slip boundary condition (specularity coefficient equals to 0.005) is used 

for the particle-wall interaction as proposed by Johnson and Jackson (1987). The outflow 

boundary condition at a specified constant pressure is used at the outlet. The assumption is 

that a fully developed flow occurs at the exit. At the outlet, all other variables are subjected to 

the Neumann boundary condition, i.e., the normal gradients of the flow variables, except the 

pressure, are set to zero. 

2.3.2 Numerical procedure 

The complexity of the governing equations associated with the gas-solid flows makes it very 

unlikely in obtaining the analytical solution. So, a numerical solution has to be performed. 

The grid generation tool, Gambit 2.2, is used to generate the geometry and meshing for the 

3D horizontal pipe of diameter, D = 30 mm and 55 mm and length, L = 100D. The AMG 
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solver Fluent 6.3, which is based on the finite volume approach, is used for solving the 

governing equations. In the volume averaged discretization approach, the governing 

equations are integrated over each and every control volume, which generates separate 

equations, conserving each quality on a control volume basis. The discretized equations are 

solved using the initial and boundary conditions.  A pressure based solver is used with an 

implicit formulation. The two-fluid or Eulerian model is employed to predict the gas-solid 

flow behavior. The phase coupled semi implicit method for pressure linked equations (PC-

SIMPLE) algorithm developed by Vasquez and Ivanov (2000) is used to combine the 

pressure and velocity. This algorithm is an extension of the SIMPLE algorithm (Patankar, 

1980). The velocities are solved, coupled by phases but in a segregated fashion. Pressure and 

velocities are then corrected so as to satisfy the continuity equations. The standard  

turbulence model (Launder and Spalding, 1974) with a standard wall function is used to treat 

the turbulence phenomena in both the phases, and the KTGF is used to close the momentum 

balance equation in the solid phase. The simulations are performed in an Intel (R) Core (TM) 

i5-2400 CPU running at 3.10 GHz with 4 GB of RAM. 

2.3.3 Solution strategy and convergence 

A calculation of multiphase flow using a TFM needs an appropriate numerical strategy to 

avoid a divergent solution. Instead of using a steady state solution strategy for this problem, 

the use of a transient solution with quite small time steps gives convergent solutions and 

reasonable results. A second order upwind discretization scheme is used for the momentum 

equations, and the QUICK (quadratic upstream interpolation for convective kinetics) scheme 

is applied for the volume fraction. A first order upwind scheme is used for granular 

temperature, turbulent kinetic energy, and turbulent energy dissipation rate. For the thermal 

transfer, a power law scheme is used for the energy equations. These schemes ensured, in 

general, satisfactory accuracy, stability, and convergence. The convergence criterion is based 

on the residual values of the calculated variables, i.e., mass, velocity components, energy 

(only for the thermal transfer), turbulent kinetic energy, turbulent energy dissipation rate, and 

volume fraction. The solution is assumed to converge when the sum of normalized residuals 

falls below a specified level. The time step used is  s. In the present study, the residual 

values of all, except the energy (only for the thermal transfer), are assigned as 10
-3

. For the 

thermal transfer, the residual value of energy requires a very small value to ensure accuracy 

of the solution (Fluent Inc., 2006). For the thermal transfer, the residual value of energy is set 

as 10
-6

. The simulations are started with the steady state run (200-300 iterations) and then 

http://en.wikipedia.org/wiki/Kinetics
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switched to the unsteady state with 20 iterations per time step. The simulations are carried out 

until statistical steady state is achieved. The statistical steady state is achieved by monitoring 

some variables, like velocity and volume fraction at any fixed point. The flow variables 

fluctuate with time and finally reach a steady state when the change becomes negligible. 
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Chapter 3 

FULLY DEVELOPED PRESSURE DROP IN GAS-SOLID FLOWS 

3.1 Introduction 

The pressure drop plays an important role in gas-solid flows. A better design of pneumatic 

conveying systems depends upon the consideration of the pressure drop, and it can determine 

the system power consumption. Hence, the term pressure drop is inevitable in transportation 

of solid particles with the help of a carrier gas phase. The total pressure drop in gas-solid flow 

is equal to the major pressure drop by the gas phase and an additional pressure drop due to 

the solid particles. The fully developed pressure drop is measured in the fully developed 

region (constant pressure gradient region) in the pipeline. 

3.2 Pipe geometry and mesh 

In this study, the pipe geometry is a 3D circular pipe. The internal diameter  of the pipe is 

30 mm, whereas the length  of the pipe is equal to 100D. The schematic drawing of the 

pipe geometry (computational domain) is shown in Figure 3.1. The inlet, wall, and outlet of 

the computational domain are also shown. The Z-axis is placed along the axis of the pipe, and 

the gravity acts along the Y-axis. The computational domain is created using Gambit 2.2. 

 

 

 

 

 

 

 

 

Figure 3.1 Computational domain 

The computational domain is also meshed using Gambit 2.2 (Fig. 3.2). Initially, the 

surface mesh is created by selecting the circumference of the pipe and then a volume mesh. 

The surface mesh is quadrilateral type, whereas the volume mesh is hexahedral type. 
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Figure 3.2 Mesh of the computational domain 

3.3 Simulation parameters 

In the fully developed pressure drop prediction, the governing and constitutive equations 

related to internal energy are not required to be solved. In this study, air is used as the gas 

phase, and fly ash is used as the solid phase. For the simulations, the software Fluent 6.3 is 

used. The simulation parameters considered in this study are given in Table 3.1. 

Table 3.1 Simulation parameters 

Parameters Value 

Air density, kg/m
3
 

Air viscosity, kg/ms 

Particle viscosity, kg/ms 

Specularity coefficient 

Restitution coefficient 

(for particle-wall and particle-particle) 

Turbulence intensity, % 

Hydraulic diameter, m 

Granular Temperature, m
2
/s

2
 

Wall roughness height, m 

Roughness constant 

Operating pressure, Pa 

Time step size, s 

Maximum packing limit 

1.225  

1.7894e-05  

1.7894e-05  

0.005 

0.9 

 

2 

0.03 

0.0001  

50e-05 

0.5 

101325 

0.001 

0.63 
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3.4 Grid independence test 

It is required to conduct the grid independence test as the numerical results are highly 

dependent on the grid size. As the number of control volumes (cells) is increased in a 

simulation domain, the numerical errors approach the minimum. Simultaneously, the time 

required for the convergence of the solution increases significantly. After the grid 

independence is achieved, there is no need to further refine the grid in order to save time to 

run the simulations. The grid independence test is carried out for a 3D pipe of diameter 30 

mm and length 3000 mm. In this study, three types of grids are taken. The first type of grid 

consists of 16400 cells, the second type of grid consists of 45900 cells, and the third type of 

grid consists of 65400 cells.  

For the three types of grids, the variation of static pressure of mixture along the axial 

distance is shown in Figure 3.3, and the variation of solid and gas velocities along the radial 

distance at exit are shown in Figure 3.4 and Figure 3.5, respectively. It is evident from 

Figures 3.3, 3.4, and 3.5 that the numerical results are independent of the grid size, having 

45900 cells. In the simulation, wall y+ value for the mesh lies in the range 30 to 300, which 

means that the near wall grid resolution is acceptable using a standard wall function. 

Therefore, the near wall has not been captured with a fine mesh using the boundary layer tool 

of the mesher. 

 

Figure 3.3 Variation of the static pressure of mixture along the axis 
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Figure 3.4 Variation of the solid velocity along the radial distance 

 

Figure 3.5 Variation of the gas velocity along the radial distance 
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specularity coefficient is used in the Eulerian modeling to determine the amount of energy 

loss due to collisions. This parameter depends on many factors, including the material of the 

wall, type of particles used, and sloping/geometry of the walls. It varies from zero for a 

smooth wall to one for a rough wall. However, there are no generic values available in the 

literature, which suggest the appropriate specularity coefficients, depending on such factors. 

The best way to predict its value is by comparing the numerical predictions with some 

available experimental data.  

Figure 3.6 portrays the comparison of the numerical pressure drop with Tsuji and 

Morikawa (1982a), taking the specularity coefficients of 0, 0.005, 0.008, 0.04, and 0.08, for a 

200  particle diameter and a SLR of 1. Figure 3.6 indicates that the numerical simulation 

for a specularity coefficient of 0.005 underpredicts the experimental result. In spite of this, 

the specularity coefficient of 0.005 is used for other simulations as reference. This is due to 

the reason that the specularity coefficient of 0.005 is found to be closer to the experimental 

pressure drop in comparison with other specularity coefficients (0, 0.008, 0.04, and 0.08). 

 

Figure 3.6 Comparison of the numerical pressure drop for different specularity 

coefficients with Tsuji and Morikawa (1982a) for a 200  particle 

diameter and a SLR of 1 
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with Tsuji and Morikawa (1982a) for a 200 micron particle diameter and a SLR of 3, and has 

an error of +10% and -8%. 

 

Figure 3.7 Comparison of the numerical pressure drop with Tsuji and Morikawa 

(1982a) for a 200  particle diameter and a SLR of 2 

 

Figure 3.8 Comparison of the numerical pressure drop with Tsuji and Morikawa 

(1982a) for a 200  particle diameter and a SLR of 3 
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with Tsuji and Morikawa (1982a) for a 3400 micron particle diameter and a SLR of 1, and 

has an error of -16%. 

 

Figure 3.9 Comparison of the numerical pressure drop with Tsuji and Morikawa 

(1982a) for a 3400  particle diameter and a SLR of 0 

 

Figure 3.10 Comparison of the numerical pressure drop with Tsuji and Morikawa 

(1982a) for a 3400  particle diameter and a SLR of 1 
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3.6 Results and discussion 

3.6.1 Pressure drop prediction 

The pressure drop depends upon various factors, such as the particle diameter, particle 

density, SVF, inlet gas velocity (can be expressed as Reynolds number), wall roughness, etc. 

In industrial pneumatic conveying systems, the same type of material or various materials, 

which have different particle diameters and densities with different SLRs, are commonly 

transported. For numerical simulation of mono-dispersed solid phase granular materials based 

on the kinetic theory, systems with  can be considered as dilute phase gas-solid 

flows (Lun and Bent, 1994). A SVM of up to 0.1 (SLR of up to 90) is considered in the 

present study. The effects of particle diameter, particle density, SVF, and gas phase Reynolds 

number on the pressure drop are discussed. The software Fluent 6.3 is used for the 

simulations. One meter length at the end of the pipe (fully developed region) is considered for 

the calculation of the static pressure drop.   

3.6.1.1 Effects of particle diameter 

The effects of particle diameter (assuming the particles of spherical size) on the pressure drop 

are depicted in Figures 3.11 to 3.15 under different conditions, keeping all other parameters 

constant. The different particle diameters, i.e., 20 , 35 , 50 , 100 , and 150 , 

are considered in this study. The superficial gas velocity is 15 m/s.  

 

Figure 3.11 Variation of the pressure drop with the particle diameter for a particle 

density of 1000 kg/m
3
 for different values of SVF 
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Figure 3.12 Variation of the pressure drop with the particle diameter for a particle 

density of 1400 kg/m
3
 for different values of SVF 

 

Figure 3.13 Variation of the pressure drop with the particle diameter for a particle 

density of 1800 kg/m
3
 for different values of SVF 
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in the drag force, but the correlation among the particle diameter, solid pressure, and stress-

strain tensor is complex. After the peak particle diameter, the effect on the drag force is 

dominant, so the pressure drop will decrease with further increase in the particle diameter.  

 

Figure 3.14 Variation of the pressure drop with the particle diameter for a particle 

density of 2200 kg/m
3
 for different values of SVF 

 

Figure 3.15 Variation of the pressure drop with the particle diameter for a particle 

density of 2600 kg/m
3
 for different values of SVF 
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Table 3.2 gives the peak particle diameter for different solid material characteristics, keeping 

all other parameters constant.  

Table 3.2 Peak particle diameter for different solid material characteristics 
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3.6.1.2 Effects of particle density 

The effects of particle density on the pressure drop are shown in Figures 3.16 to 3.20 under 

different conditions, keeping all other parameters constant. The different particle densities, 

i.e., 1000 kg/m
3
, 1400 kg/m

3
, 1800 kg/m

3
, 2200 kg/m

3
, and 2600 kg/m

3
, are considered in 

this study. The superficial gas velocity is 15 m/s.  

 

Figure 3.16 Variation of the pressure drop with the particle density for a SVF of 0.01 

for different values of particle diameter 

 

Figure 3.17 Variation of the pressure drop with the particle density for a SVF of 0.025 

for different values of particle diameter 
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It is apparent from Figures 3.16 to 3.20 that an increase in the particle density results 

in an increase in the pressure drop. This is due to the requirement of more energy to convey 

the heavier particles with increase in the particle density. Similar results have been obtained 

by Hidayat and Rasmuson (2005) for a U-bend, considering particle densities of 600 to 1000 

kg/m
3
, and by Ma et al. (2010) for a horizontal section with a bend, considering particle 

densities of 600 to 2530 kg/m
3
 and low SLRs (between 8 and 32). 

 

Figure 3.18 Variation of the pressure drop with the particle density for a SVF of 0.05 

for different values of particle diameter 

 

Figure 3.19 Variation of the pressure drop with the particle density for a SVF of 0.075 

for different values of particle diameter 
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Figure 3.20 Variation of the pressure drop with the particle density for a SVF of 0.1 for 

different values of particle diameter 

3.6.1.3 Effects of solid volume fraction (SVF) 

The effects of SVF on the pressure drop are depicted in Figures 3.21 to 3.25 under different 

conditions, keeping all other parameters constant. The different SVFs, i.e., 0.01, 0.025, 0.05, 

0.075, and 0.1, are considered in this study. The superficial gas velocity is 15 m/s.  

 

Figure 3.21 Variation of the pressure drop with the SVF for a particle diameter of 20 

 for different values of particle density 
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to 3.25. This is due to the reason that the gas velocity becomes flatter and slower by 

increasing the SVF. As a result, an increase in the SVF causes a decrease in the slip velocity 

between the gas and particles, which causes to increase the pressure drop. Similar result has 

been obtained by Hidayat and Rasmuson (2005) for a U-bend, considering SVFs of 0.001 to 

0.01. 

 

Figure 3.22 Variation of the pressure drop with the SVF for a particle diameter of 35 

 for different values of particle density 

 

Figure 3.23 Variation of the pressure drop with the SVF for a particle diameter of 50 

 for different values of particle density 
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Figure 3.24 Variation of the pressure drop with the SVF for a particle diameter of 100 

 for different values of particle density 

 

Figure 3.25 Variation of the pressure drop with the SVF for a particle diameter of 150 

 for different values of particle density 
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density is 1080 kg/m
3
. The Reynolds number is defined as the ratio of the inertia forces to the 

viscous forces, and is a dimensionless number. Mathematically, 

 (3.1) 

The Reynolds number of gas phase is changed by changing the inlet gas velocity. It is seen 

from Figures 3.26 and 3.27 that the pressure drop increases as the gas phase Reynolds 

number increases. 

 

Figure 3.26 Variation of the pressure drop with the Reynolds number (gas) for a 

particle diameter of 23  for different values of SVF 

 

Figure 3.27 Variation of the pressure drop with the Reynolds number (gas) for a 

particle diameter of 46  for different values of SVF 
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This is due to the reason that the gas flow exerts drag while transporting the particles along 

the pipe. As the gas velocity is increased, the amount of drag on the particles is also 

increased. As a result, the pressure drop increases. Similar results have been published by 

Tsuji and Morikawa (1982a) for 200  and 3400  particles for SLRs of 0 to 6, and by 

Hidayat and Rasmuson (2005) for a U-bend. 

3.7 Closure 

The numerical model is able to find the pressure drop with reasonable accuracy using the 

Fluent software. A grid independence test is conducted to get the accurate numerical results, 

and it is found that the numerical results are independent of the grid size, having 45900 cells. 

The pressure drop prediction in the fully developed gas-solid flows in a horizontal pipe is 

investigated numerically using the E-E approach, accounting for four-way coupling. The 

numerical results are in good agreement with the bench mark experimental data by Tsuji and 

Morikawa (1982a). The effects of particle diameter, particle density, SVF, and gas phase 

Reynolds number on the pressure drop are studied. The conclusions are: 

 The pressure drop increases with an increase in the particle diameter, and reaches a 

peak value. After reaching the peak value, the pressure drop gradually starts to 

decrease. 

 The pressure drop increases with increase in the particle density. 

 The pressure drop increases with increase in the SVF. 

 The pressure drop increases with increase in the gas phase Reynolds number. 
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Chapter 4 

PREDICTION OF OVERALL PRESSURE DROP AND HEAT TRANSFER 

4.1 Introduction 

The heat transfer also plays an important role along with the pressure drop in gas-solid flows. 

The overall pressure drop and heat transfer are essential in design of the gas-solid flow 

systems, as it is used in the calculations throughout the length. In the heat transfer 

calculations, it is most convenient to use the overall heat transfer coefficients, as these 

combine all of the constituent factors into one, and are based on the overall temperature drop. 

4.2 Pipe geometry and mesh 

The pipe geometry considered in this study is a 3D circular pipe, as shown in Figure 3.1. The 

diameter of the pipe is 55 mm, whereas the length is 5500 mm. The wall material is steel, 

having thickness 3 mm. The pipe geometry and mesh are created using Gambit 2.2. The mesh 

of the pipe geometry is a combination of quadrilateral mesh and hexahedral mesh, consisting 

of 57900 cells. Initially, the surface mesh is created by selecting the circumference of the 

pipe and then a volume mesh. The surface mesh is quadrilateral type, whereas the volume 

mesh is hexahedral type. 

4.3 Simulation parameters 

In this study, the energy equations are required to be solved to get the heat transfer in gas-

solid flows. The air is used as the gas phase, and the fly ash is used as the solid phase. For the 

simulations, the software Fluent 6.3 is used. The properties of air, solid, and steel (wall 

material) are shown in Table 4.1. The simulation parameters, which are used in the present 

study, are shown in Table 4.2. 

Table 4.1 Properties of air, solid, and steel 

Properties Air Solid Steel 

Density, kg/m
3
 

Constant pressure specific heat, J/kgK 

Thermal conductivity, W/mK 

Viscosity, kg/ms 

1.225 

1006.43 

0.0242 

1.7894e-05 

2440 

828 

1.044 

1.7894e-05 

8030 

502.48 

16.27 

---- 
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Table 4.2 Simulation parameters 

Parameters Value 

Specularity coefficient 

Particle-wall restitution coefficient 

Particle-particle restitution coefficient 

Turbulence intensity, % 

Hydraulic diameter, m 

Granular Temperature, m
2
/s

2
 

Wall roughness height, m 

Roughness constant 

Operating pressure, Pa 

Operating temperature, K 

Time step size, s 

Maximum packing limit 

0.005 

0.95 

0.9 

2 

Equals to pipe diameter 

0.0001  

50e-05 

0.5 

101325 

288.16 

0.001 

0.63 

4.4 Results and discussion 

4.4.1 Validation 

The accuracy of thermal field in gas-solid flow depends on the level of accuracy of the 

hydrodynamic field and on the single-phase accuracy. Hence, the numerical model should 

predict the velocity profiles with little error. The numerical simulations of horizontal gas-

solid flows are more challenging than the vertical flows. Due to gravitational settling, the 

particles tend to move towards the bottom of the pipe. The lateral dispersion of the particles 

depends on a lot of factors, such as inlet gas velocity, particle-particle collisions, and particle-

wall collisions. Hence, the numerical model should predict the correct velocity profiles in the 

vertical radial directions. The present numerical results are compared with the experimental 

work of Tsuji and Morikawa (1982a), which was carried out in a 30 mm diameter horizontal 

pipe with a particle diameter of 200  and a density of 1000 kg/m
3
. 

The simulations are carried out using different granular temperature models (PDE and 

algebraic) and neglecting particle-particle collisions. The algebraic form of granular 

temperature equation for the solid phase (Syamlal et al., 1993) is 

 (4.1) 
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Figure 4.1 Comparison of the numerical data with the experimental data (Tsuji and 

Morikawa, 1982a) for the gas phase velocity for a SLR of 2.1 and a mean 

velocity of 10 m/s 

 

Figure 4.2 Comparison of the numerical data with the experimental data (Tsuji and 

Morikawa, 1982a) for the solid phase velocity for a SLR of 2.1 and a 

mean velocity of 10 m/s 
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play a vital role in the lateral dispersion of the solid particles. The gas phase velocity is little 

affected by them. As shown in Figure 4.2, the particle velocity is zero (particle-free zone) in 
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particle-particle collisions play critical roles in the lateral dispersion of the particles. The 

particle-wall collisions are very significant for predicting the particle dispersion 

characteristics, especially for coarse particles where the particles relaxation length is more 

than the characteristic size of the domain (Sommerfeld, 1992). It is observed that both the 

particle-particle and particle-wall collisions have a remarkable effect in the gas-solid flows 

even at low SLRs. 

The velocity profiles comparison show good agreement between the predictions and 

experimental data. For the thermal field analysis, a single-phase validation is required at first. 

The numerical data for the Nusselt number for single-phase flow is compared with the           

well-established Dittus-Boeltor correlation . It is observed from     

Figure 4.3 that the single-phase numerical results show better agreement with the correlation 

with a maximum error of 5%. 

 

Figure 4.3 Comparison of the numerical results for the Nusselt number with the Dittus-

Boeltor correlation for single-phase flow 

The two-phase local heat transfer coefficient for gas-solid flow (Rajan et al., 2008) can be 

found as 

 (4.2) 

where  is the wall heat flux and  is the bulk temperature of the mixture. 
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 (4.3) 

Figures 4.4 and 4.5 depict the numerical local heat transfer coefficient  variation with the 

constant wall temperature . The results show the variation in the 

circumferential heat transfer distribution, which is typical in horizontal gas-solid flows. The 

flow is not symmetric due to the gravity induced settling, which leads to different heat 

transfer coefficients along different circumferential positions. The bottom line is the line 

passing through the bottom wall where    and  

for this line. The other axial lines along the wall at different azimuthally locations are: 

 for right,  for top, and  for left. It is observed that the heat transfer 

is not uniform in horizontal flows. The local heat transfer coefficient decreases along the 

pipeline, except along the bottom line. This is due to the increase of the thermal boundary 

layer along the pipeline. Along the bottom line, the heat transfer coefficient first decreases 

and then starts increasing. This is because of decrease of the viscous sub-layer thickness by 

the gravity induced settling particles at the bottom region. Hence, the maximum heat transfer 

takes place at the bottom region in horizontal gas-solid flows. By increasing the inlet gas 

velocity, the flow becomes moreover or less uniform, and the heat transfer in all azimuthally 

directions becomes moreover similar, which is shown in Figure 4.5. 

 

Figure 4.4 Local heat transfer coefficient variation for 30  particles for a SLR of 1 

and a mean gas velocity of 10 m/s  
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Figure 4.5 Local heat transfer coefficient variation for 30  particles for a SLR of 1 

and a mean gas velocity of 15 m/s 

 

Figure 4.6 Comparison of the predicted results for the Nusselt number with the 

experimental data (Aihara et al., 1997) for two-phase flow for             

 and  

In order to overcome the unbalanced circumferential heat transfer, an overall mean two-phase 

heat transfer coefficient is calculated as 

 (4.4) 

where  and  are the local heat transfer coefficient and axial coordinate, respectively. 
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The two-phase Nusselt number is expressed as 

 (4.5) 

The two-phase Nusselt number is compared with the published experimental data of Aihara 

et al. (1997) in Figure 4.6. The numerical results are in better agreement qualitatively and 

quantitatively with a maximum error of 12% in comparison with the experimental data. 

4.4.2 Center line temperature profiles 

In the present study, the pipe wall is at a higher temperature (400 K) than the inlet 

temperature of each phase (300 K). Hence, the heat transfer takes place from the wall to the 

gas-solid mixture, and temperature of each phase rises. A part of the heat from the gas phase 

is transferred to the particulate phase in two-phase flows, and hence, the local temperature of 

the gaseous phase (equals to the solid phase temperature) is expected to be lower than that of 

clean gas flow. The temperature of each phase increases along the pipe after a constant 

temperature region (Figures 4.7 and 4.8). The temperature of both the phases remains 

unaltered for some distance from the entrance (varies from  to  depending on the gas 

flow velocity, ). In this region, heat transfer mostly takes place at the near wall region, and 

hence, the temperature along the center line is not affected. 

 

Figure 4.7 Numerical axial variations of the gas phase and solid phase temperatures for 

30  particles at various mean flow velocities for a SLR of 1 
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Figure 4.8 Numerical axial variations of the gas phase and solid phase temperatures for 

30  particles at various mean flow velocities for a SLR of 5 

4.4.3 Two-phase pressure drop and Nusselt number prediction 

The pressure drop and heat transfer rate increase by adding solid particles to a gas flow. The 

magnitude of this enhancement mainly depends on the gas phase Reynolds number, SLR, and 

particle diameter. The present study is focused on the fine particles of fly ash (diameter in the 

range of 30 to 50 ) with SLRs in the range of 1 to 20. In the following section, the effects 

of these parameters on the two-phase pressure drop and heat transfer in horizontal gas-solid 

flows are discussed. The pressure drop is calculated as the difference of the static pressure at 

the inlet and outlet of the pipe. The results for the pressure drop and Nusselt number are taken 

for the whole computational domain, i.e., the developing and developed regions. 

4.4.3.1 Effects of Flow parameters on the pressure drop 

The variation of the pressure drop with the gas phase Reynolds number for 30  and 50  

particles for different SLRs is shown in Figure 4.9 and Figure 4.10, respectively. From Figure 

4.9, it is found that the two-phase pressure drop is less than the single-phase values for a low 

SLR (SLR=1 in the present case) with the gas phase Reynolds number, and increases for the 

higher ones for the fine particles of diameter 30 . This happens due to drag reduction by 

the turbulence suppression of the gas phase by the fine particles for the low SLR. The 

pressure drop is above the single-phase values for 50  particles (Figure 4.10). 
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Figure 4.9 Variation of the pressure drop with the gas phase Reynolds number for 30 

 particles for different SLRs  

 

Figure 4.10 Variation of the pressure drop with the gas phase Reynolds number for 50 

 particles for different SLRs  

It is observed from Figures 4.9, 4.10, and 4.11 that the pressure drop increases with 

increase in the gas velocity and SLR. An increase in the SLR increases the number of 

particles. So, the frequency of particle-particle and particle-wall collisions increases. Hence, 

more energy is lost, and the pressure drop increases by increasing the SLR. By increasing the 

gas velocity (gas phase Reynolds number), the drag force increases, which in turn increases 

the pressure drop. 
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Figure 4.11 Variation of the pressure drop with the SLR for 30  particles for 

different inlet gas velocities  

 

Figure 4.12 Variation of the pressure drop with the particle diameter for a SLR of 1 for 

different inlet gas velocities  
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consistent for the different flow parameters, i.e., the pressure drop increases with the gas 

phase Reynolds number, SLR, and particle diameter. 

 

Figure 4.13 Variation of the pressure drop with the particle diameter for a mean flow 

velocity of 15 m/s for different SLRs  

4.4.3.2 Effect of Flow parameters on the two-phase Nusselt number 

The different modes of heat transfer in two-phase gas-solid flows are the convective heat 

transfer from the heated wall to gas, convective heat transfer from the gas to particles, 

conduction heat transfer from the wall to particles (due to particle-wall collisions), and 

conduction heat transfer from the particle to particle (due to particle-particle collisions). The 

last three terms are the extra contributions by adding the solid particles to a gas flow. That is 

why the heat transfer generally increases by adding solid particles to a gas flow. The effects 

of various flow parameters on the two-phase Nusselt number are discussed in this section. 

The effects of gas phase Reynolds number on the Nusselt number for different SLRs 

are presented in Figures 4.14 and 4.15. For a low SLR (SLR=1), the Nusselt number 

increases with the gas phase Reynolds number for 30  as well as 50  particles. 

However, for a higher SLR (SLR=5), the Nusselt number variation is different for different 

particle diameters. The Nusselt number increases and then decreases after reaching a peak 

with the gas phase Reynolds number for 30  particles. However, the Nusselt number 
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with ) in horizontal flows is due to the complex phenomena of gravitational settling, 

particle-particle collisions, particle-wall collisions, and degree of which strongly dependent 

on the gas velocity at the inlet.  

 

Figure 4.14 Variation of the two-phase Nusselt number with the gas phase Reynolds 

number for 30  particles for different SLRs  

 

Figure 4.15 Variation of the two-phase Nusselt number with the gas phase Reynolds 

number for 50  particles for different SLRs 
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due to the gravity and have higher concentration near the bottom region of the pipe. The 

conduction heat transfer from the upper pipe wall to particles is negligible. Also, the 

convection heat transfer from the wall to gas flow decreases at the low gas velocities. By 

increasing the SLR, the conduction heat transfer between the particles increases due to 

increase in the collision frequency. Hence, the heat transfer in two-phase horizontal gas-solid 

flows is not consistent with respect to the gas phase Reynolds number, and is a complex 

phenomenon. It shows different behaviour depending on the particle diameter and SLR. 

 

Figure 4.16 Variation of the two-phase Nusselt number with the SLR for 30  

particles for different inlet gas velocities  

The Nusselt number increases as the SLR increases (Figures 4.14, 4.15, and 4.16). By 

increasing the SLR, the gas heat transfer coefficient decreases due to decrease of the contact 

time with the wall. However, the heat transfer coefficient of solid particles increases due to 

the higher specific heat of solid particles. Consequently, the overall heat transfer coefficient 

increases. From Figures 4.14 and 4.15, it is found that the two-phase Nusselt number is less 

than the single-phase values for a low SLR (SLR =1 in the present case) for the higher gas 

phase Reynolds numbers, and increases for the higher SLR (SLR=5) for the fine particles of 

diameter 30  and 50 . The decrease of two-phase Nusselt number is due to increase of 

the viscous sub-layer thickness for the low SLR (Han et al., 1991). The increase of viscous 

sub-layer thickness for the small particles for the low SLRs is caused by the turbulence 

suppression near the pipe wall. In addition, the solid particles cause a decrease in the bulk 
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temperature due to increased heat capacity. Therefore, the Nusselt number decreases for the 

low SLR.  

 

Figure 4.17 Variation of the two-phase Nusselt number with the particle diameter for a 

SLR of 1 for different inlet gas velocities  

 

Figure 4.18 Variation of two-phase Nusselt number with the particle diameter for a 

mean flow velocity of 15 m/s for different SLRs  

With increase in the SLR, the solid particles loss more energy during collisions, and 

their residence time increases, which in turn increases the solid temperature. In addition, the 

particle-particle collisions increase the reduction in the boundary layer thickness as observed 
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collisions, and causes thinning of the boundary layer. Also, the temperature gradient 

increases with increase in the SLR, which enhances the heat transfer from the wall to bulk 

flow. As a result, the Nusselt number increases with the SLR (Figure 4.16). 

The particle size has not a pronounced effect on the heat transfer for a low SLR 

(SLR=1) as observed from Figures 4.17 and 4.18, but the heat transfer increases with the inlet 

gas velocity (Figure 4.17). However, the Nusselt number decreases with the particle diameter 

for higher SLRs. The addition of solid particles to the flowing gas in a pipe affects the size of 

the sub-layer thickness and heat capacity density ratio ( ). 

4.4.3.3 Correlation for the two-phase Nusselt number 

The simulations are carried out using Fluent 6.3 software to predict the Nusselt number in 

gas-solid flows for the following range of operating conditions: 

, , 

,  

The non-linear regression analysis is performed using an Engineering Equation Solver to 

generate a correlation in the following form: 

  (4.6) 

where , the single-phase Nusselt number, is predicted by the classic Dittus-Boelter 

correlation, is the diameter of solid particles in , β is the SLR, and a, b, c, d are the 

regression parameters. To determine the constants (a, b, c, d), a total 64 data points are used 

for the non-linear regression analysis, which is based on the minimization of the sum of 

square errors. 

The optimized values of the regression parameters are found to be: 

 

Figure 4.19 shows that the calculated values of  have a maximum error of ±15% using 

Eqn. (4.6).
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Figure 4.19 Comparison of the numerical values with the calculated values (Eqn. 4.6) 

for Nusselt number 

4.5 Closure 

The effects of solid particles on the overall pressure drop and heat transfer in gas-solid flows 

in a horizontal pipe are investigated numerically, along with the E-E approach, accounting for 

four-way coupling using the Fluent software. The numerical simulations are carried out for 

the spherical fly ash particles of size 30  to 50  for the SLRs in the range of 1 to 20. It 

is observed that the pressure drop data are consistent, i.e., it increases with the particle 

diameter, gas phase Reynolds number, and SLR, under the present study operating 

conditions. However, the heat transfer data, i.e., the two-phase Nusselt numbers are not 

consistent with the gas phase Reynolds numbers. The heat transfer increases with respect to 

the gas phase Reynolds number for a low SLR (SLR=1). However, for the higher SLRs, the 

heat transfer first increases/decreases and then decreases/increases (after reaching a 

peak/nadir) with the gas phase Reynolds number. This happens due to the complex collision 

pattern (particle-particle and particle-wall collisions) in horizontal gas-solid flows, which 

show different behavior by changing the particle diameter, gas phase Reynolds number, and 

SLR. The heat transfer increases with increase in the SLR. Finally, a correlation for the two-

phase Nusselt number is developed using the non-linear regression analysis, which shows an 

accuracy of . 
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Chapter 5 

CONCLUSIONS 

5.1 General 

The fully developed and overall pressure drop and overall heat transfer prediction in gas-solid 

flows in horizontal pipes have been investigated numerically using the E-E approach of the 

Fluent software, accounting for four-way coupling. The Gidaspow drag model with the PDE 

granular temperature model has been used for the simulations. A grid independence test has 

been conducted to get the accurate numerical results. The numerical results for the fully 

developed pressure drop are in good agreement with the bench mark experimental data by 

Tsuji and Morikawa (1982a). The single-phase computations for the Nusselt number show 

better agreement with the Dittus-Boeltor correlation  with a 

maximum error of 5%. The numerical results for the two-phase Nusselt number are in better 

agreement qualitatively and quantitatively with a maximum error of 12% in comparison with 

the experimental data of Aihara et al. (1997). 

5.1.1 Fully developed pressure drop 

The effects of particle diameter, particle density, SVF, and gas phase Reynolds number on 

the pressure drop in gas-solid flows in a horizontal pipe of diameter 30 mm and length 3000 

mm have been studied. From the study, it has been concluded that 

 The pressure drop increases with an increase in the particle diameter and reaches a peak 

value. After reaching the peak value, the pressure drop gradually starts to decrease. 

 The pressure drop increases with increase in the particle density. 

 The pressure drop increases with increase in the SVF. 

 The pressure drop increases with increase in the gas phase Reynolds number. 

5.1.2 Overall pressure drop and heat transfer 

The effects of solid particles on the overall (entrance as well as the fully developed region) 

pressure drop and heat transfer in gas-solid flows in a horizontal pipe of diameter 55 mm and 

length 5500 mm have been investigated. The numerical simulations have been carried out for 

the spherical particles of size 30  to 50  for SLRs in the range of 1 to 20. The following 

are the conclusions:  

 The pressure drop data are consistent. It increases with the particle size, gas phase 

Reynolds number, and SLR, under the present study operating conditions.  
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 The heat transfer data, i.e., the two-phase Nusselt numbers are not consistent with the 

gas phase Reynolds numbers. The heat transfer increases with respect to the gas phase 

Reynolds number for a low SLR (SLR=1). However, for the higher SLRs, the heat 

transfer first increases/decreases and then decreases/increases (after reaching a 

peak/nadir) with the gas phase Reynolds number. This happens due to the complex 

collision pattern (particle-particle and particle-wall collisions) in horizontal gas-solid 

flows, which show different behavior by changing the particle size, gas phase Reynolds 

number, and SLR.  

 The heat transfer increases with increase in the SLR.  

 Finally, a correlation for the two-phase Nusselt number (Eqn. 5.1) is developed using 

the non-linear regression analysis, which shows an accuracy of . 

  (5.1) 

5.2 Scope for future work 

 Study of velocity profiles and turbulence in the developing and developed regions. 

 Study of gas-solid multiphase flows with two solid phases. 

 Use of different gases for the carrier gas phase. 

 Use of high SVF in the heat transfer predictions.  

 Development of a correlation for the two-phase Nusselt number with variable particle 

density. 

 Fitting to some polynomial for better interpretation of three variables: pressure drop, 

particle density and SVF, and even particle diameter. 
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