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Abstract

The current work is driven by the need to dry low-rank coals (LRC) in a cost-effective,
safe and energy efficient process. Although a number of technologies exist to dry LRC
satisfactorily, none can yet claim the capability to continuously process a large amount of
coal safely and economically. The screw conveyor heater/dryer is a promising
technology that can potentially achieve the said requirements. Currently there is no
published work reported on simultaneous modeling of flow and heat transfer of granular
beds in a screw conveyor configuration using Discrete Element Method (DEM). As a
pioneering work in this subject area, the thesis uses DEM to investigate the influence of
operating and geometrical parameters on the hydrodynamic and thermal performance of
a screw conveyor heater. The execution of ‘virtual experiments’ via DEM enable
system-scale predictions using particle-scale simulation data, while reducing prototyping
and testing costs associated with the development of the heater. For the basic screw study,
parameters studied include: screw speed (7-19 rpm), mass flow rate (15-300 kg h™),
angle of inclination (0-15 °), and screw pitch-to-diameter ratio (0.25-1.0). This work
aims to provide useful insights for future improvements to the designs of screw conveyor

heat exchangers.
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Chapter 1

Introduction

1.1 Motivation for current work

The current work is mainly driven by the need to dry low-rank coals (LRC) in the
most cost-effective and energy efficient method possible. Although a number of
technologies already exist to dry LRC satisfactorily, none can yet claim the capability to
continuously process a large amount of coal safely and economically. There is however,
a promising new technology that can potentially achieve the said requirements, and that
will be the focus of this thesis. This work aims to initiate the much needed experimental
and numerical analysis pertaining to the technology of interest. Eventually, this work and
its follow-up will provide useful insights for future designs of screw conveyor dryers

(SCD).

1.1.1 Need for a cost-effective and energy efficient technique for drying LRC

Despite being geographically dispersed and accounting for more than 50% of the
world coal reserve, LRC find limited use due to a number of factors. Firstly, LRC have
very low heating value due to its high moisture content which renders low energy output
and low power generation efficiency (Li, 2004). Evaporation of coal water during the

combustion of LRC reduces the net energy output and efficiency of a plant, and increases



stack gas flow which adds to operating cost. This is in contrast to higher grade coals such
as sub-bituminous, bituminous, and anthracites which have found significant use in
electricity generation, steel production, and cement manufacturing industries. There are
also a number of challenges in the handling of LRC. For instance, it is generally more
expensive to transport LRC compared to bituminous coal on a per calorie basis due to the
significant amount of moisture (Jangam et al., 2011). This can be mitigated by removing
some of the coal water prior to shipping. It was reported that moisture reduction from
35% to 25% reduces logistical costs by up to $7 million per year for a 600 MW plant
(Lucarelli, 2008). There is however a tendency for moisture to be reabsorbed in the
course of shipment (Karthikeyan, 2008). Thus any efforts have to be carefully studied
from both micro and macro perspectives, taking into account as many factors as possible.
The propensity of LRC fines for self-ignition also present another logistical challenge,
compounding the difficulty in handling and storage of the resource.

On the other hand, LRC is not without its merits. In some aspects, LRC has an
advantage over black coal. Advantages include relatively low mining cost due to its
presence in thick seams with less overburden than higher rank coals, high percentage of
volatile matter, high reactivity, and very low sulfur content (Willson et al., 1997).
Another advantage is the relative abundance of LRC, which until recent times, has been
largely ignored due to its prohibitive moisture content which ranges from around 25% for
subbituminous coal to around 60% for lignite (Merritt, 1987; Saluja, 1987). Only

recently has there been a sudden surge of interest in LRC as an alternative fuel (Reuters



and Bloomberg, 2010) which is mainly triggered by and rising of fuel costs and
increasing worldwide demand for energy.

There is much reported work on upgrading of LRC by both academia and
industry with thermal drying being the dominating theme in the effort (Jangam et al.,
2011; Osman et al., 2011) which ultimately aim to transform LRC into a high-value and
stable fuel that is easily handled and compatible with existing coal facilities. The success
of this drying technology will therefore place LRC on equal footing with bituminous
coals in the international steam coal market. Various dryers have been considered for
drying coal including rotary dryers (Erisman, 1938; Yamato, 1996), tube dryers ((Bill,
1938; Akira et al., 1988)), fluidized bed dryers (Ladt, 1984; Cha et al., 1992; Dunlop and
Kenyon, 2009), etc. However, many of the tested dryers have limitations such as large
footprint, low heat and mass transfer rates, poor efficiency, non-continuous operation,
high cost, not suitable for heat sensitive materials, etc. The screw conveyor dryer (SCD)
overcomes much of these limitations.

The SCD offers relatively high heat transfer area-to-volume ratio (Waje et al.,
2006) compared to other dryers by virtue of the screw geometry which act as immersed
heat transfer surface. Rotation of the screw leads to higher heat transfer coefficients due
to continuous renewal of the heating surface. At the same time, agitation of the granular
bed by the screw motion improves the temperature and moisture uniformity of the
product. Because heat is supplied to the SCD via a heating jacket, risk of fire from drying
highly combustible materials such as LRC is greatly reduced since exposure to air is

minimal. The promising capabilities of SCD and its superiority over other coal drying



systems, yet the lack of comprehensive study on the device necessitates the study of

granular flow and heat transfer characteristics in a screw conveyor configuration.

1.1.2 Advances in discrete element modeling of particulate processes

Particulate systems are so common in many industrial processes that fundamental
understanding of the dynamics of particulate flow and heat transfer is fast becoming an
important aspect of industrial research. Despite the apparent effect of equipment
configuration and particle properties on the performance of the particulate processors,
much of design follow empirical methods due to the high prototyping and test costs
attributed to the difficulty in the measurement and control of the system. The complex
interactions among particles and the surrounding medium also make it difficult to predict
the dynamic behavior of the system. Understanding the underlying mechanisms in terms
of these interactions is critical if granular processing and handling technologies were to
advance towards greater efficiencies and sustainability.

Since the introduction of Discrete Element Method (DEM) by Cundall and Strack
(1979), both academia and industry (particularly the mining industry) have started to
develop their own codes. Today, at least 20 DEM codes are available with varying
degrees of capabilities (see Table 1.1). The advent of DEM and the subsequent
development of thermal DEM models have also facilitated the design process of
particulate systems based on sound understanding of the granular flow dynamics. DEM
enables engineers to study the effects of equipment design, operating parameters, and

particle properties on equipment performance via ‘virtual experiments’. The latter enable



system-scale predictions using particle-scale simulation data, which are very difficult

and expensive to obtain experimentally.

Table 1.1. Academic and commercial DEM codes.

Software Owner Licensing
BALL & TRUBAL P. Cundall -

Bulk Flow Analyst Applied DEM Licensed
Chute Maven Hustrulid Technologies Licensed
DEMpack CIMNE Licensed
EDEM DEM Solutions Licensed
ELFEN Rockfield Software Licensed
ESyS-Particle - Open-source
GROMOS ETH Zurich Licensed
LIGGGHTS/CFD-DEM - Open-source
LMGC90 CNRS Open-source
MIMES Sandia/MIT -

Newton AC-Tek Licensed
PASSAGE/DEM Techanalysis Licensed
Pasimodo University of Stuttgart Collaboration only
PFC2D/PFC3D ITASCA Licensed
ROCKY Conveyor Dynamics Licensed
SIMPARTIX Fraunhofer IWM Consultation
STAR-CCM+ CD-adapco Licensed
Yade - Open-source

Although DEM was originally developed for understanding discrete mechanical

interactions between particles, there have been increasing sentiments among DEM users

to incorporate heat transfer capability into the basic contact mechanics model. To date,

much of the effort in DEM modeling have focused on the dynamic flow behavior of



various particles in different practical geometries. This field however, is beginning to
saturate judging from the number of related literature (see Table 1.3). Therefore,
extending the capabilities of DEM via the development of thermal DEM is a step in the
right direction, and also a logical one since granular heat transfer is ubiquitous to many
particulate applications which can involve particles such as catalysts, coal, pellets, metal
ores, food, minerals, and many other wet and dry solids that may be cooled, heated, or

dried during the processing.

Table 1.2. Experimental studies of granular bed heat transfer.

System References

Fluidized beds (Vreedenberg, 1958; Zeigler and Agarwal, 1969;
Bukareva et al., 1971; Martin, 1984; Malhotra and
Mujumdar, 1987; Borodulya et al., 1991; Chen, 1999;
Smolders and Baeyens, 2001; Zhu et al., 2008)

Agitated and stirred beds (Wunschmann and Schlunder, 1974; Schlunder and
Mollekopf, 1984; Malhotra and Mujumdar, 1991b; Yang
et al., 2000)

Packed beds (Ergun, 1952; Schotte, 1960; Sullivan and Sabersky,
1975; Whitaker, 1975; Spelt et al., 1982; Schlunder,
1984; Polesek-Karczewska, 2003)

Dryers (Lehmberg et al., 1977; Toei et al., 1984; Tsotsas and
Schlunder, 1987; Ohmori et al., 1994; Mabrouk et al.,
2006; Waje et al., 2006; Balazs et al., 2007)

The mechanisms of heat transfer between granular solids and boundary surfaces
of the processors have been experimentally investigated by a number of researchers (see
Table 1.2). Many of these studies have proposed empirical correlations for bed
temperature, thermal conductivity, and heat transfer coefficients for a range of operating

parameters. However, the validity of such correlations has limited application outside the

6



experimental range of variables studied (Chaudhuri et al., 2011). DEM incorporated with
thermal models are able to capture the dynamic particle-particle and wall-particle heat
interactions which are not possible with continuum-based heat transfer models. The
usefulness of DEM in industrial R&D has been exemplified by Astec Inc. use of coupled
computational fluid dynamics (CFD) and DEM to simulate granular heat transfer in an

aggregate drum dryer used in the production of hot mix asphalt (Hobbs, 2009).

1.2 Assessment of related work

1.2.1 Application of DEM in the study of granular flow

Since the introduction of DEM by Cundall and Strack (1979), there has been
growing interest in the simulation of industrial particulate systems. Many of the early
work using DEM is quite disposed from real systems in that the simulated systems are
highly idealized. Early implementations of DEM simplify a 3D problem to 2D or 1D, and
deal with relatively few particles in simple vessel geometries. DEM have also been used
in the study of fractures and strengths of materials (Amarasiri and Kodikara, 2011; Deng
et al., 2011), an area of research that is traditionally approached via finite element
continuum mechanical techniques, but was implemented in DEM mainly to explore the
capabilities of the technique and also as a means to validate the DEM models by
comparing with results from continuum methods (Xiang et al., 2009). The past 30 years
have seen tremendous increase in the use of DEM to simulate flow of granular media in

various complex geometries. This is partly attributed to the availability of more powerful



computers and more efficient DEM codes that allow the simulation of practical systems
within reasonable time.

Particle discharge from hoppers and silos are popular application of industrial
DEM, and have been studied by a number of investigators. Langston et al. (1994), Zhu
and Yu (2004), and Ristow (1997) studied the effect of physical and geometric
parameters of particles and hopper on discharge flow pattern and observed that transition
from funnel-flow to mass-flow behavior is affected by hopper angle. Cleary and Sawley
(2002) investigated the effect of particle shape on the mass flow rate and hopper
discharge profiles using 2D DEM. Particle blockiness and aspect ratio were used as
parameters in the study which represented the particles as super-quadrics. It was pointed
out elsewhere that the use of super-quadrics, polygons, sphere clusters, and shapes other
than simple discs and spheres can increase CPU time by up to 12 times (Katterhagen et
al., 2009). The extent of granular segregation due to differences in particle size have also
been examined (Katterhagen et al., 2007) using DEM. In most of these simulations, bulk
quantities such as mass flow rate and mass fraction have been measured and have been
shown to agree well with experiments. Visual inspection of experimental discharge
profiles using high speed camera is another validation technique that has been used
(Montellano-Gonzalez et al., 2011). The discrete nature of the simulations can also
reveal features which are very difficult to obtain experimentally such as granular flow
velocity fields, distribution of stresses (Ristow and Herrmann, 1995; Masson and

Martinez, 2000), and stresses on hopper walls (Langston et al., 1995; Ristow, 1997).



DEM has also been used to study the effects of various parameters on the
performance of comminution devices. The effects of fill level, vessel angular speed, and
material properties such as density, friction coefficients, and coefficient of restitution, on
the torque and power draw in ball, centrifugal, and SAG mills have been investigated
using DEM in 2D (Cleary, 2001; Cleary and Sawley, 2002; Kwan et al., 2005) and 3D
(Rajamani et al., 2000; Mishra et al., 2002). While these works focused only on the
dynamics of granular material in comminution devices, there are others that accounted
for particle attrition via fragmentation or chipping models (Potapov and Campbell, 1997,
Ning and Ghadiri, 2006). More relevantly, Misra et al. (2002) studied agglomerate
fragmentation in a rotary dryer using particle residence time and drying time as a
parameter which controls the adhesion between particles in the agglomerates. Another
approach utilizes stresses and strains to model particle breakage in an agitated dryer
(Hare et al., 2011). Both approaches successfully predicted the steady-state size
distribution in the respective dryers.

Another common application of DEM models is the study of mixing in various
blending systems including rotating drum (Chaudhuri et al., 2006), V-blender (Lemieux
et al., 2008), double-cone blender (Chaudhuri et al., 2006; Manickam et al., 2010;
Romanski et al., 2011), Bohle tote blender (Arratia et al., 2006), bladed blender (Radl et
al., 2010), and helical ribbon blender (Kaneko et al., 2000; Bertrand et al., 2005).
Essentially, these works investigated the influence of blender geometry, operating
conditions, and material properties on the effectiveness of the blending equipment. A

number of investigators quantified content uniformity of the final product using Relative



Standard Deviation (RSD) which is well-established parameter in the pharmaceutical
industry. Residence Time Distribution (RTD) data has also been used to characterize
processor performance (Dubey et al., 2011).

In general, when analyzing DEM results for industrial application, one may
follow the seven general themes of quantitative predictions proposed by Cleary (2004)
and summarized as follows (Grima and Wypych, 2011a):

1. Regions of wear and wear rates;

2. Boundary stresses;

3. Abrasion rates;

4. Impact velocity distribution, collision frequency, and energy absorption;
5. Mass flow rates and discharge patterns;

6. Mixing and segregation rates;

7. Power consumption and torques.

1.2.2 Application of DEM in the study of granular heat transfer

Chaudhuri et al. (2006) were among the first to use 3D DEM to simultaneously
simulate flow and heating of granular material in rotating vessels. Their study focused on
the mixing and heating performance of a calciner and an impregnator, represented by a
cylindrical vessel and a double cone vessel respectively. Particle-particle heat transfer
was modeled using standard heat balance equations and Hertzian contact mechanics to
calculate the surface area of contact between two contacting particles. While the study is
one of the first to implement Thermal DEM in 3D, only solid-solid contact heat transfer

was considered. Schlunder (1984), Schlunder and Mollekopf (1984), and Wunschmann
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and Schlunder (1974), showed that heat transfer contribution from solid-solid conduction
is small compared to conduction through gas gap between the two particles. Thus, to
satisfy k,A > kgR (where A is contact area and R is particle radius) for which the
assumptions are valid, k, = 0 was imposed (Chaudhuri et al., 2006; Chaudhuri et al.,
2011) which effectively simulated granular heat transfer in vacuum conditions. Feng et
al. (2009) developed an alternative method called Discrete Thermal Element Method
(DTEM) whereby each particle is reduced to a thermal pipe-network connecting the
particle centre with each contact zone associated with the particle.

CFD and DEM coupling (CFD-DEM) is an emerging research area which has
found considerable success in flow problems where traditional CFD methods fail, such
as flows involving non-dilute discrete phase. For example, CFD-DEM enable the study
of fluid effects in Euler-Lagrangian simulations of fluidized beds (Tsuji et al., 1993; Xu
and Yu, 1997; Rhodes et al., 2001), spouted beds (Takeuchi et al., 2004; Zhao et al.,
2008; Santos et al., 2009), gas-solid separation in cyclone (Chu et al., 2011), and
pneumatic conveying of particles (Sturm et al., 2010; Mezhericher et al., 2011), for
example. Additionally, there have been several notable attempts at more complex
CFD-DEM procedures such as reaction flow modeling of char combustion in
fluidized-bed (Rong and Horio, 1999; Wu and Tian, 2010; Geng and Che, 2011) and
bubbling fluidized bed (Zhou et al., 2004) reactors. CFD-DEM has also successfully
predicted the evolution of particle radius and calcination, and the distributions of particle
residence time, temperature, and calcium oxide mass fraction during chemical

conversion of limestone to quicklime in a shaft kiln (Bluhm-Drenhaus et al., 2010).
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A pioneering application of coupled CFD-DEM to simulate drying of wet
particles in a pneumatic dryer was initiated by Li and Mason (2002). Although their work
demonstrated the promising implementation of DEM in drying modeling, the simulation
neglected moisture evaporation which is clearly more complex than modeling
gas-particle heat transfer alone. To date, there is only a handful of so-called ‘drying
simulation’ that uses the DEM technique (Brosh and Levy, 2010; Mezhericher et al.,
2010) including the more recent 3D simulation of particle drying in a flighted rotary
dryer (Hobbs, 2009). While no one has yet produced a full drying simulation that can
show the moisture content distribution in both the discrete and continuous phases, even
the most recent work on particulate drying using DEM still neglects the effect of
evaporative cooling. There is indeed much work to be done in this area. Table 1.3
provides a non-exhaustive list of the application of DEM in the study of granular flow
and heat transfer studies in different particulate systems.

Most of the prior works involving DEM have a common weakness in that the
results and conclusions are largely not very useful for industrial use. For example, there
are numerous studies focusing on the analysis of particle velocity in particulate
processors whereas such microscopic analysis is probably useful only in academia. To
the author’s knowledge, there is very few works that incorporate thermal DEM in their
dynamic study. Clearly, thermal DEM is the way forward in the use of DEM for
industrial purposes since most practical particulate processors can involve complex

coupled processes such as reactions, combustions, and drying.
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Table 1.3. Flow and heat transfer studies of particulate systems using DEM.

System Method Focus Reference
Rotary mixer 3D DEM Flow and heat transfer (Chaudhuri et al.,
2006)
Double-cone 3D DEM Flow and heat transfer (Chaudhuri et al.,
blender 2006)
Hopper 2D DEM Flow study (Cleary and Sawley,
2002)
2D CFD-DEM  Flow and heat transfer (Kruggel-Emden et
study al., 2006)
3D DEM Flow study (Katterhagen et al.,
2007)
Wire mesh 3D DEM Flow study (Delaney et al., 2009)
screen
Packed bed 2D Heat transfer study (Feng et al., 2009)
DEM/DTEM
Vertical shaft CFD-DEM Flow and heat transfer (Bluhm-Drenhaus et
kiln al., 2010)
Silo 3D DEM Flow study (Montellano-Gonzalez
etal., 2011)
Belt conveyor 3D DEM Flow study (Grima and Wypych,
2011b)
Swing-armand 3D DEM Flow study (Grima and Wypych,
translating tube 2011a)
slump testers
Agitated bed 3D DEM Flow and attrition (Hare et al., 2011)
dryer
Paddle mixer 3D DEM Flow study (Hassanpour et al.,
2011)
Fluidized bed 2D/3D Flow and heat transfer (Shimizu, 2006)
CFD-DEM

Indeed, the use of CFD-DEM and general-purpose DEM to simulate large

practical systems require powerful computers and long CPU time. It was reported that it
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took around 15 days to simulate the complete combustion (600 s of simulation time) in a
fluidized bed reactor with 8000 graphite particles (3 mm diameter) using a 2.66 GHz
Intel Core 2 Duo CPU (Geng and Che, 2011). Due to the computational requirement of
the technique, many of the reported DEM simulations are 2D or scaled-down versions of
the practical systems. It is hoped that with rapid advancements in memory, and
high-speed processor technology, coupled with high-performance parallel computing,
the hardware bottleneck will diminish to allow for more realistic simulations of larger

systems.

1.2.3 Study of granular flow and heat transfer screw conveyors

Experimental studies of screw conveyors have mostly focused on the influence of
operating conditions (Stevens, 1966; Carleton et al., 1969; Zareiforoush et al., 2010b)
and material properties (Rehkugler, 1958; Dai and Grace, 2011) on the performance
characteristics of the device. The influence of screw geometry has also been investigated,
covering special screw configurations including tapered-shaft, cut-flight, stepped-flight,
variable pitch, tapered-flight, double-flight, and other combinations (Stevens, 1966;
Burkhardt, 1967; Tsai and Lin, 1994; Chang and Steele, 1997; Yu and Arnold, 1997;
Sinnott et al., 2011b). A number of articles have reported the effect of inclination (Chang
and Steele, 1997) and a few others have investigated the influence of granular vortex
motion (Roberts, 1999), fullness, screw geometry, etc., on volumetric capacity,
efficiency, and required power of vertical screw conveyors (O'Callaghan, 1962;

Rademacher, 1974).
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Heat transfer studies involving screw conveyor dryer was first conducted by
Sabarez and Noomhorm (1993) through their work on screw conveyor roasting of
cashew nuts. However, the scope of this study is very narrow, reporting only on the
effect of SCD surface temperature on kernel yield and whiteness. To the author’s
knowledge, no other studies on screw conveyor heater or dryer was reported until
almost a decade later when Benali and Kudra (2001) developed a multistage SCD
consisting of seven identical treatment stages in cascade arrangement. Each drying
stage consisting of nine parallel troughs fitted with a 4.5 m long screw (152 mm
diameter and 110 mm pitch). Such arrangement enable high throughput and better
control of the drying process since the screw speed of each stage can be set
independently. A number of other SCD developments have been reported in recent
years including the double-flight SCD for drying sewage sludge (Kim et al., 2005),
direct-contact SCD for processing biomass residues (Al-Kassir et al., 2005), and
jacketed SCD with nitrogen gas-filled trough for drying heat-sensitive crystalline solids
(Waje et al., 2006). Despite, the industrial significance of SCD, very few lab-scale and
pilot-scale SCD have been reported.

There are at least twenty patents related to thermal dehydration of raw feedstock
using screw conveyor devices. For example, Comolli (1979) disclosed a process of
drying wet lignite using a multistage SCD whereby coal is first subjected to rapid drying
at atmospheric pressure, followed by a slow drying at elevated pressure and high
humidity condition, before finally entering the cooling stage. Many of the reported SCD

design use jacketed trough where heat may be provided by hot water, steam, or flue gases
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(McCabe, 1991; Azuma, 2001) but there are also others that implement electric coil
heating (Mentz, 1995; Okada, 2004). Various flight configurations were also disclosed to
mitigate some problems associated with the screw conveyance of certain feedstock
material. For example, Mentz (1995) addressed agglomeration and dust problems
during the drying of solid materials in SCD by incorporating cut and folded screw
flights. A separate patent document disclosed a hollow twin screw conveyor design for
removing volatiles from the feedstock (McCabe, 1991), while another described the use
of tapered screw to express surface water out of the material before commencing
thermal drying (Costarelli, 1985). A review of drying technologies and patents of LRC
application can be found in Osman et al. (2011).

The experimental and theoretical studies on the flow and heat transfer of granular
media in screw conveyor configurations are useful for a general insight to the
characteristics of the processor for a specific material and screw configuration, but may
not be applicable outside the range of materials or parameters tested. The need for
lab-scale and/or pilot-scale tests for a new screw configuration or new materials
increases development costs and man-hour. Using DEM as a prototyping and testing tool
via ‘virtual experiments’, the iterations of physical prototypes can be dramatically
reduced.

A number of DEM simulations have been carried out to study the granular flow
characteristics of screw conveyors. Key parameters such as transfer velocity, critical
angle, torque, power with respect to different operating conditions of volumetric and

mass flow rate, screw speed, etc. were investigated. DEM prediction of quantifiable
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parameters such as mass flow rates of horizontal (Owen and Cleary, 2009b; Owen and
Cleary, 2009a; Hu et al., 2010), vertical (Shimizu and Cundall, 2001; McBride and
Cleary, 2009; Sinnott et al., 2011b), and inclined (Owen and Cleary, 2009b; Owen and
Cleary, 2009a) screw conveyors were found to be in good agreement with experimental
values. The effect of particle shape and friction on bulk flow patterns and power draw
were also investigated using 2-3 mm particles with shape factors and aspect ratios
between 2—4 and 0.55-1 respectively (Owen and Cleary, 2009). Particle flow patterns in
different screw configurations (standard, tapered-flight, tapered-shaft, variable-pitch,
and tapered-shaft with variable-pitch screw) were also investigated, specifically to study
the dependency of hopper draw down. To date, no drying or heat transfer simulation of
particle bed in screw conveyor heater or dryer has been carried out using DEM. Table 1.4
summarizes the theoretical, experimental, and simulation studies on granular flow and

heat transfer in screw conveyor configurations conducted in the past.

17


http://wizfolio.com/?citation=1&ver=3&ItemID=490&UserID=18659&AccessCode=59F2D315571A4C94B0F389C5B5F703DB&CitationSuffix=

Table 1.4. Study of granular flow and heat transfer in screw conveyors.

Configuration

Method

Details

Reference

Screw extruder

Screw extruder

Screw feeder

Horizontal
screw conveyor

Experimental
and theoretical
model

3D DEM

Experimental

3D DEM

Flow and heat transfer study;
Developed a model to simulate
the flow and heat transfer
non-Newtonian fluid through a
single screw extruder.

Flow and heat transfer study;
Flood feeding of HDPE particles
(3 mm, 945 kg m™) through a
screw feeder with temperature
of barrel and screw set at 80 °C.
Flow behavior is analyzed in
terms of down and
cross-channel velocity profiles,
particle coordination number,
and RTD. Heat transfer was
qualitatively studied by
temperature contour plots.

Flow study;

Studied the mechanism of
blockage in a screw feeder and
determine effects of particle size
(0.45-9.8 mm), size distribution,
shape, moisture content

(8-60 %), particle density
(330-1200 kg m™®), and
compressibility.

Flow study;

The effect of rotational speed on
the solid mass flow rate obtained
from simulation correlates well
with experimental data. Also
studied the effect of particle
properties on other performance
measures such as particle speed
and power draw.

(Gopalkrishna
and Jaluria,
1992)

(Moysey and
Thompson,
2005)

(Dai and
Grace, 2011)

(Owen and
Cleary,
2009b; Owen
and Cleary,
2009a)
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Table 1.4. (continued)

Horizontal Experimental
screw conveyor

Horizontal 3D DEM
screw conveyor

SCD (direct Experimental
heating) and theoretical
model

SCD (indirect Experimental
heating)

Flow study;

Studied the effect of screw
diametric clearance and screw
rotational speed on the
throughput and power
requirements of screw conveyor
during transportation of rough
rice grains.

Flow study;

Studied the performance of a
screw conveyor by analyzing
particle trajectory, angular and
axial velocities, overall torque
and force, kinetic energy, and
energy dissipation; Periodic
boundary condition was applied
to a single screw pitch.

Heat transfer study;

Heat and mass transfer study;
Studied the performance of a
lab-scale furnace-heated SCD
for roasting cashew nuts.
Quality index based on whole
kernel yield and kernel color is
comparable or better than those
obtained from hot-oil bath
roasting method and marketed
product.

(Zareiforoush
etal., 20103,
Zareiforoush
et al., 2010b)

(Hu et al.,
2010)

(Al-Kassir et
al., 2005)

(Sabarez and
Athapol,
1993)
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Table 1.4. (continued)

SCD (indirect
heating)

Experimental

SCD
(direct and
indirect heating)

Experimental

Multistage SCD  Experimental
(indirect
heating)

Flow, heat and mass transfer
study;

Comprehensive performance
evaluation of water-heated
screw conveyor dryer (3 m
length and 0.072 screw
diameter). Overall heat transfer
coefficient was reported to be in
the range of 46-102 W m? K
with thermal efficiency in the
range of 25-62 %. It was also
reported that low pressure
drying can remove up to 92%
moisture.

Heat and mass transfer study;
Developed a double-flight screw
conveyor dryer for drying
sewage sludge in flue gas which
successfully reduced moisture
content from 80% to 10-20%.
Energy efficiency of dryer was
reported to be in the range of
70-75% at sludge feed rate of
100 kg h™.

Heat and mass transfer study;
Developed a multistage SCD
consisting of seven identical
treatment stages in cascade
arrangement, with each stage
consisting of nine parallel
troughs fitted with a 4.5 m long
screw (152 mm diameter and
110 mm pitch). The SCD was
used for processing raw pig
manure into fertilizers.

(Waje et al.,
2006; Waje et
al., 2007a;
Waje et al.,
2007b)

(Kim et al.,
2005)

(Benali and
Kudra, 2001,
Benali and
Kudra, 2002)

20



Table 1.4. (continued)

‘OLDS’ Experimental
elevator and

3D DEM
Vertical screw 3D DEM
conveyor
Inclined Experimental
double-flight

SCrew conveyor

Flow study;

The ‘OLDS’ elevator is a
vertical screw conveyor with a
rotating case and stationary
screw. Studied the flow of
wheat, sorghum, and fine
aggregate, and the effect of key
operating parameters (screw
speed, bed depth, tip clearance,
cutter height, etc.) and material
properties on performance of the
device.

Flow study;

Studied the effect of screw
speed on transfer angle, transfer
velocity, mass flow rate; and the
effect of fill level on power
draw. Results of simulation
study agree well with theory.

Flow study;

Investigated the effect of flight
type, inclination angle, intake
length, and rotation speed on
grain damage, power draw,
conveying capacity, and
conveying energy efficiency. It
was found that double helix
screw required less power and
provided higher conveying
capacity and higher energy
efficiency compared to other
flight types.

(McBride and
Cleary, 2009)

(Shimizu and
Cundall,
2001)

(Chang and
Steele, 1997)
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Table 1.4. (continued)

Vertical
double-flight
screw mill

Twin-screw
dryer

Screw variants

Screw variants

Screw variants

3D DEM

Experimental

Experimental

Experimental
and
Theoretical

3D DEM

Flow study;

Investigated the effect of
grinding media shape and slurry
viscosity on media flow and
energy consumption in a tower
mill. Simulation data were
analyzed in terms of energy
dissipation rate, media velocity
components, bed pressure,
power draw, collisional energy,
and abrasive wear of mill.

Heat and mass transfer study;
Developed a double-flight SCD
for drying sewage sludge has the
capability of removing up to
90% moisture with efficiency of
70-75% at sludge feed rate of
100 kg h™.

Flow study;

The experimental rig uses five

kinds of screws: (a) taper-shaft,
(b) cut-flight, (c) cut-flight and
paddles, (e) stepped-flight, and
double-flight.

Flow study;

The experimental rig uses two
kinds of screws: (a) taper-shaft
and stepped-pitch, and (b)
stepped-shaft and stepped-pitch.

Flow study;

Investigated the effect of screw
configuration on the hopper
draw down flow, mass flow
rates, and power draw. Six
screws were used for the study:
(a) standard, (b) taper-flight, (c)
variable pitch, (d) variable pitch
and taper-shaft, (e) taper-flight
and taper-shaft, (f) optimized
variable-pitch and taper-shaft.

(Sinnott et al.,
2011a; Sinnott
et al., 2011b)

(Kim et al.,
2005)

(Tsai and Lin,
1994)

(Yuand
Arnold, 1997)

(Fernandez et
al., 2009)
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1.3 Objectives

The main objective of this research work is to understand the mixing dynamics
and heat transfer characteristics of particles in a screw conveyor dryer. As a first step
towards this objective, this work will simulate particle-particle and vessel-particle heat
transfer by conduction and conduction while neglecting cooling effect due to drying.
This initial work will also assume constant particle size, and neglect any species transfer
effects. Therefore, this work can be considered as a heat transfer problem in addition to
the Newtonian laws governing the flow of discrete particles. Results from this initial

study will be useful for future innovative screw conveyor heater and dryer designs.

1.4 OQutline of thesis

Chapter 1 provides a literature review of articles related to thermal DEM
simulations, screw conveyor, and DEM analysis, to set the tone of the work. In the same
chapter, the motivation for the work and the scope of the work are also presented. In
Chapter 2, the theoretical framework of DEM, heat transfer correlations, and numerical
aspects of DEM will be presented. Chapter 3 is dedicated an integral aspect of this work,
that is, the determination of parameters affecting flow and heat transfer using calibration
techniques. Calibration is necessary as it tunes the simulation parameter so that bulk
thermal and flow behavior matches experimental data. The parameters to be calibrated
are carefully selected such that calibrated microscopic property will be independent of
vessel geometry. This allows the same parameter values to be used for larger simulations

and avoid the need for validation of the larger systems which in most cases is not very
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feasible. Chapter 4 provides in depth analysis of DEM results in terms of granular flow
characteristics of glass particles in a short screw conveyor. Chapter 5 analyses the DEM
results in terms of heat transfer characteristics of the screw conveyor heater. Chapter 4
and Chapter 5 aims to provide insights on the flow and heat transfer behavior of granular
materials with respect to different operating conditions of screw speed, mass flow rate,
angle of inclination, and pitch-to-diameter ratio using glass beads as the bed material.
The objective here is to utilize trends obtained from the DEM studies for innovative
designs of SCD and pave the way for more complex SCD simulations involving coupled
heat and mass transfer in the next phase of our modeling effort. Finally, the entire work is

consolidated and concluded in Chapter 6.
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Chapter 2

Theoretical Background

2.1 Molecular Dynamics and DEM Theory

In molecular dynamic (MD) simulations of granular matter, the choice of
inter-particle contact laws determines the net force and moment on each grain. A
number of contact force models are available in literature to approximate the collisional
dynamics to various extents. Cundall and Strack (1979) developed the linear spring and
dashpot model whereby the magnitude of the normal force between two particles is the
sum of spring force and damping force. Other models include: particle adhesion and
detachment models of JKR (Johnson et al., 1971) and DMT (Derjaguin et al., 1975),
soft-sphere and hard-sphere force schemes (Schafer et al., 1996), inelastic frictional
sphere models (Walton, 1993), and several others (Zhou et al., 1999; Potyondy and
Cundall, 2004; Ai et al., 2011). There is however, very little evidence to suggest that the
choice of the contact model actually affects the flow dynamics in large scale systems for
the materials found in most industrial and geophysical flows (Cleary, 2007). In this thesis,
we use the Hertz (1882) contact theory to model the normal force components, and the

model of Mindlin and Deresiewicz (1953) for tangential force components.
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2.1.1 Equations of motion

The translational and rotational motion of each individual particle is governed
by the standard equations of Newton and Euler for rigid body dynamics. Newton’s
Second Law states that the rate of change of linear momentum of a particle with a
constant mass is equal to the sum of all external forces acting on the particle. In most

practical applications, gravity is also accounted for. In general,

_d dx (2.1)
Fi=mz ( dt >
_, do; (2.2)
Ti=h—

where F; is resultant force, m; is mass of the element, x is the element centroid
displacement in a fixed coordinate frame, T; is the resultant moment about the central

axes, I, isthe moment of inertia, and w; is angular velocity (see Fig. 2.1).

Fig. 2.1. Motion of a discrete particle.

Vectors F; and T; are sums of all forces F{** and moments T applied to

element i due to external loads, contact interactions F; with neighboring particles,

and forces F® and moments T¢ due to external damping (Rojek et al., 2011). In most
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scenario, F*' includes gravitational force, while other external loads such as
electrostatic force, force due to fluid momentum, drag, etc., must be taken into account

where applicable.

N
j=1
N
T, = Z(rpi X F;) + T (2.4)
j=1

The above equations give the expressions for F; and T;, with r, representing the

pi
vector connecting the center of mass of element i with its contact point with element

j. The contact force between two elements F; can be decomposed into normal and

tangential components

We use Discrete Element Method (DEM) developed by Cundall and Strack
(1979) to solve the Newton equations for an assembly of soft elasto-frictional spheres
that interact via Hertz-Mindlin contact forces and Coulomb friction (Makse et al.,

2004). This is described in the following section.

2.1.2 Hertz-Mindlin contact model

Granular materials are modeled by representing their geometry as a random
assembly of elastic spheres, formulating a contact force-displacement law that relates the
contact force acting between two spheres to their relative displacement (Elata and

Berryman, 1996). The Hertz-Mindlin contact model assumes that the solids are isotropic
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and elastic, and the overlap between two contacting elements is very small compared to
the radii of curvature of the respective undeformed bodies. While the original contact
force-displacement law of Cundall and Strack (1979) is based on the linear spring and
dashpot model, the Hertz-Mindlin model is nonlinear elastic, with path dependence and

dissipation due to slip, and omits relative roll and torsion between the two spheres.

Fig. 2.2. Contact between two discrete particles.

The soft-sphere approach allows two contacting elements to slightly overlap by a

quantifiable amount &, which is referred to as the normal overlap and expressed as
6n = Ri + R] - |ri - rll (26)

where R; and R; are the radii of particle i and j respectively, and r; and r; are the
position vectors of their respective centers of mass (see Fig. 2.1). The overlapping serves
as a mechanism for contact detection in DEM. A unit vector r, normal to the contact

area is defined as

(2.7)
j



Two particles in contact with each other exert a force F at the contact point
according to Newton’s Law. The normal force-displacement relationship of the Hertz

model (Hertz, 1882) is given by
F, = Fr, (28)
where the magnitude of normal force E, is defined as
4 orsase (2.9)
a:iEJF@.

The equivalent Young’s Modulus E* between two particles is defined in terms of the

Poisson ratio v of each particle in the contact

1 1-— Uiz 1-— U]-2 (210)

with the Young’s Modulus E expressed as
E = 2G,(1+v,) (2.11)

where G is Shear Modulus. The equivalent radius R* is defined as

t_1.1 (212)
R* R R

The magnitude of normal damping force Y is defined as (DEM Solutions,

2011)

5
Ri= -2 ﬂym -
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where v is the normal component of relative velocity, and m* is the equivalent mass

of the contacting particles defined as

rt_1. 1 (2.14)

The normal stiffness S,, and parameter y, which is related to the coefficient of

restitution Cg, are expressed as
S, = 2E*JR°3, (2.15)
and

VIn(CR) - In(Cy) + w2

Tangential deformation at cohesive contacts is accounted for by the tangential
overlap 6, and can be defined by integrating the tangential relative speed of particle i
and j at the contact point. Unlike normal overlap &,, tangential overlap &, requires
integration of particle trajectory over time and cannot be determined from instantaneous
particle positions alone (Pournin and Liebling, 2008). Mindlin and Deresiewicz (1953)
model for the tangential component of contact force F, between two overlapping
particles is given as a function of tangential overlap vector &8, and tangential stiffness S,:

F, = -85, (2.17)
with
(2.18)

S, = 8G*\/R*6,
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where the equivalent Shear Modulus G* is expressed as

The tangential damping force FS is given by

5
Fl= -2 j;yvge‘m

(2.19)

(2.20)

where vf® is the tangential component of relative velocity. The tangential force is

limited by Coulomb friction u F, exceeding which, result in sliding of one surface over

the other. At any particular time, F, falls into one of the two regimes defined as

‘
F, if |[Fi| < usF,
F, =
- qu if |F,| > ugF,
|Ft| sin t stn
\

(2.21)

The resultant contact force Fj; on particle i due to contact with particle j is the vector

addition of the normal and tangential force vectors

Fij = Fn + F'['

(2.22)

Rolling friction is accounted for by applying torques between contacting surfaces

using

T; = —p.F Riw;
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where u, is the coefficient of rolling friction between two surfaces, R; is the distance
between contact point and center of mass, and w; is the unit angular velocity vector of

the object at the contact point.

2.2 Heat Transfer in Granular Beds

Heat transfer from heated surfaces to packed or agitated beds is controlled by
contact resistance between the surface and first particle layer, followed by thermal
penetration resistance in the bulk. For packed beds (static), contact resistance and bulk
penetration resistance can be determined from physical properties of the materials
involved. For agitated or moving beds, the prediction of bulk penetration resistance
require that empirical parameter(s) be determined from experiments (Schlunder, 1984).
The most basic granular heat transfer model consists of three basic mechanisms (Ohmori

et al., 1994):

I.  Wall-to-surface heat transfer;
ii.  Heat penetration in packed beds;

iii.  Granular convection.

The first mechanism represents heat transfer through the interfacial contact
resistance between the heated surface (wall) and the first particle layer adjacent to the
wall (surface). The second mechanism is responsible for the penetration of heat from the
first particle layer (surface) to the rest of the bed (bulk) through granular contact. The
final mechanism accounts for the intensification of heat transfer due to particle motion in
moving beds. These mechanisms can be represented by resistances in series as shown in

Fig. 2.3.
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Fig. 2.3. Series heat transfer resistances between wall and bulk.

2.2.1 Wall-to-surface heat transfer

Experimental observation of heat transfer to packed beds showed a sharp
temperature drop between the surface of the immersed body and the surface of the
adjacent bed, leading to a conclusion that there exists of an interface contact resistance
(Seidel, 1965; Kwapinska et al., 2008). The presence of air gap between the immersed
surface and the adjacent particle, solid-solid contact, and radiation contributes to the
so-called contact resistance. The following expression is recommended for calculating

the contact heat transfer coefficient h,,s (Schlunder, 1984):

2ky/d .
VZ + 2l +2a)/d

hWS = ()bwhwp + (1 - ¢W) hrad + hdir (224)

where the wall coverage factor ¢,, is approximately 0.8. The heat transfer coefficient
between wall and a single particle h,,, is a function of gas conductivity k,, modified

mean free path of gas molecules [, and particle surface roughness a:

4k, 21+ 2a d (2.25)
hWP_T[(1+ d >ln<1+21+2a)_1]
| = Szlug(z - ¢A) % RGT ' (226)
5pda 2TM
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The accommodation coefficient ¢, is determined using the correlation of Martin (1984)

expressed as

1(1 1)—06 1(1000+1> (2.27)
og ™ =06 =7 . .

For normal gases at moderate temperatures, ¢, is around 0.8-1. Radiation and

solid-solid conduction heat transfer are accounted using

40T?3
Prad = T—— (2.28)
a + E_b -1
2ak
hgir = 7". (2.29)

Heat transfer due to solid-solid contact is negligible at atmospheric pressure and
is still very small in vacuum condition unless good conductors (such as metal particles)
are used (Schlunder, 1984; Schlunder and Mollekopf, 1984). Equations (2.24) to (2.29)
are used to calculate h,,¢, which was shown to be dependent on material property and is

not influenced by the geometry of the containing vessel.

2.2.2 Heat penetration in granular beds

Penetration of heat from the first particle layer to the bulk is described by the

classical Penetration Model (PM). Starting with the energy balance for a packed bed

dT
me—2 = haA(T, = Ty), (2.30)

and then integrating the above with respect to time and bulk temperature to obtain

Tw - Tb _ Ahsbt ¢

—In
TW - TbO mc

(2.31)
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Assuming the bed is a semi-infinite solid with effective thermal conductivity kj,,
density p,,, and heat capacity c,, Fourier’s equation for heat conduction can be solved by
imposing a Dirichlet boundary condition to yield the instantaneous bulk heat penetration

coefficient hgy, and its corresponding time-average value hg,:

e = ky,ppCh (2.32)
sbt — Tt
kypyC
hg = 2 X bf: b (2.33)

The empirical parameter ky, can be determined by fitting equation (2.33) to the
\/1_/t dependent portion of the h versus t graph derived from packed bed heating
curve. k;, can also be estimated from the correlation of Zehner (1973) and Bauer (1977)
which applies to monodispersed and polydispersed packed beds of spherical and
non-spherical particles of poor and good conductors within a wide temperature and
pressure range of 100 <T <1500 K and 1073 <p < 100 bar respectively

(Schlunder, 1984). The correlation is

kb_ % krad
k_g_(l_M)L/)—1+kg/kD+w ke

(2.34)
kp ke,
FTB [0+ @ - o0
g g
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K=-L|1+(2_p2)=¢
ko kg kg )k,

kg kyaq kg
()0 )

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

where k, and k, are the particle and gas thermal conductivity respectively, k.,q and

kp are the equivalent conductivity due to radiation and molecular flow respectively, d

is particle diameter, 1 is void fraction, ¢, is relative flattened particle-surface contact

area, Cr,m 1S particle shape factor, and f (&) is particle size distribution function.
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f(&) =1 for monodispersed spheres and ¢, is around 0.008 for ceramic, 0.0013 for

steel, and 0.0253 for copper. For monodispersed packed beds,

XR = Rformd (240)

Xp = Dformd (241)

where Rg,, and Dy, are shape factors for interstitial energy transport by radiation

and molecular flow respectively and d = 3/6V /m. For spherical particles, Cyor = 1.25

and Rform = Dform =1

2.2.3 Overall heat transfer coefficient

The Penetration Model (PM) allows the overall wall-to-bulk heat transfer
coefficient h to be estimated using only mechanisms (i) and (ii) (see Fig. 2.3), with
mechanism (iii) accounted for in (ii) via an empirical parameter known as effective bed
thermal conductivity ky.q. Using equations (2.24) and (2.33), the overall heat transfer
coefficient h between the heated wall and the packed bed can be calculated using

(Schlunder, 1984; Malhotra and Mujumdar, 1991a; Ohmori et al., 1994):

_ .1 (242)

From equation (2.42), it is clear that there exist two limiting cases for the overall
heat transfer coefficient h , namely, the contact-controlled regime, and the
penetration-controlled regime. In the contact-controlled regime, h is limited by the
contact resistance between the wall and surface particles provided thermal resistance in

the bulk is negligible (hy, — ©0). In this limiting case, the bulk temperature T}, rapidly
37



equalizes with the surface particle temperature T, so that Ty, = T, at all times. Thus, the
contact-controlled regime must obey equation (2.31) with h = h,, and T, = T:

Ty =Ty _ Ahys,

—1 —
" Ty — Tyo mc

(2.43)

Conversely, the penetration-controlled limiting case is imposed when contact
resistance is negligible (h,,; = o) such that T, rapidly attains the wall temperature T,
while bulk temperature T, evolves according to the transient heat equation with
Dirichlet boundary conditions. Thus, the penetration-controlled limiting case must obey

equation (2.33) reproduced here for convenience:

k
h=hy=2x |2 (2.44)
Tt

The above limiting cases will be used to determine the wall-to-particle heat

transfer coefficient h,,,, and the particle-to-particle heat transfer coefficient h,, in the

DEM simulations.

2.3 DEM Framework

A discrete element software package commercially known as EDEM (DEM
Solutions) has been used for all simulations in the present work. The core EDEM code is
mostly based on the work of Cundall and Strack (1979), incorporating the time-stepping
method of Ning (1995), and damping technique of Tsuji et al. (1999) and Zhang and
Whitten (1996). DEM simulations generally consist of seven steps which are outlined in

Fig. 2.4 which begins with generation of particles according to the desired physical
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specifications, followed by contact detection which can be achieved by various
algorithms outlined in a number of articles (He and Dong, 2007; Mio et al., 2007; Jin et
al., 2011). Once the contacts between elements are established, the forces, accelerations,

velocities, and positions of each element can then be updated.

Initialize particles Calculate contact
Detect contact
and surface forces on each
between elements

geometry elements particle
Track each particle Calculate body
and surface forces acting on
geometry element each particle

1) N

Update particle and : Update particle

boundary element acceleration and
positions velocity

Fig. 2.4. DEM numerical flow at every time-step (DEM Solutions, 2011).

2.3.1 Contact detection algorithm

Contact detection by brute force involves the looping over every particle to check
the contact of each particle with other particles in the simulated system of n particles,
introducing a 0(n?) complexity which is inefficient and computationally expensive.
One way to avoid this global particle-to-particle contact search is to divide the simulation
domain into bins or grid cells. Each cell is identified as active or inactive, where active

cells contain two or more particles, and inactive cells contain only one particle or none.
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Only particles in active cells are checked for contacts, while those in inactive cells are
ignored (see Fig. 2.5), reducing the complexity to O(n) and enable the simulation to
progress faster (Walizer and Peters, 2011). Note that unlike mesh cells in fluid dynamic
and finite element computations, bins in DEM do not serve any numerical purpose other
than to facilitate the contact detection algorithm. The size of the bin must be carefully
selected to ensure that it is big enough to contain the centers of mass of at least two
particles (bin width equal to particle diameter is usually recommended), yet not
exceedingly large as to enclose too many particles and complicate the search algorithm
(Williams and Connor, 1999; He and Dong, 2007). Although bin size has no effect on the
accuracy of the simulation, a small bin size will require more memory. Depending on the
memory available, a compromise may be needed to avoid the time-consuming swapping

of memory to the hard disk.

7 J _/'//JH\\-
A 4
A
/// a \ I\\\ - / |
y S Y
| /’) y,/]

Fig. 2.5. Contact detection using bins (active cells are highlighted).
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2.3.2 Particle motion

The DEM calculations alternate between the application of Newton’s law of
motion and the Hertz-Mindlin force-displacement law at contact points. In this
framework, the resultant forces at any time step t are calculated from relative velocities
of contacting particles via equation (2.3) for every particle in the assembly. After the
forces are updated, new particle accelerations a'*2t are calculated using Newton’s law
of motion. New velocities v+t are obtained from numerical integration of a**2t, and
upon further integration, particle displacements are obtained which finally determine the
new positions 4t of every particle. With all particle positions and velocities updated,
the program then repeats the cycle until the end of the simulation. Stabilization is
achieved by applying damping mechanisms on the discrete particles and the system as a
whole to dissipate Kinetic energy which would otherwise result in indefinite oscillations.
The following equations describe the calculations steps of the DEM cycle implementing

an explicit numerical scheme:

t
arte = F (2.45)
m
Tt
tHAt L
@ I
VA = pt 4 At - @ttt (2.46)

wt+At — wt + At - (bt-{—At

FUHAL — ot 4 Ap . ptTA (2.47)
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Fig. 2.4 illustrates the calculation cycle. The thermal part of the DEM code is
activated when contact between elements is detected and temperature is updated right

after contact forces have been calculated (Step 3).

2.3.3 Temperature update

In the thermal part of the DEM code, each particle is a heat reservoir which
exchanges heat with neighboring reservoirs via thermal pipes. A thermal pipe between
two heat reservoirs is established when the distance between particles centers is less than
the sum of their radii (contact detection). Heat transfer across the thermal pipe is
controlled by the heat transfer coefficient and a non-physical heat transfer area between
two elements.

For two particles i and j in contact, the heat transfer area is defined as

RiR; \*
A =2 . 2.48
pp T <R1+R]-> ( )

For contact between a particle and a geometry element (wall), we assume that the radius
of curvature of the wall is much larger than particle radius, i.e. R,, > R;. Hence equation

(2.48) is reduced to
Ay = 2m(R)%. (2.49)

It is worth noting that heat transfer area defined in (2.48) and (2.49) is not that same as
the contact area from Hertzian contact mechanics which approximates the physical

contact area between two surfaces. Rather, A,, and A,,, defines the effective heat
transfer area to account for gas-solid and solid-solid conduction, and radiation transfers.
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The temperature change of particle i in time step At due to interaction with

particle j is given by
AT; = hy, Ay (T — T;) at (2.50)
1 PP* PP\ ") 1 mici, )

and the temperature change of particle i in time step At due to interaction with wall
elements is given by

At
ATl = hprwp (Tw - Tl) mc.’ (251)

it

where the particle-to-particle heat transfer coefficient h,, and wall-to-particle heat
transfer coefficient h,,, is related to the wall-to-surface heat transfer coefficient h,,
and the packed bed thermal conductivity ki, respectively. Finally, the temperature of

particle after one time step At is given by
THA = T! + AT, (2.52)

In the present work, only particle temperatures are updated. Walls are assumed to

be an infinite heat source and are set as an isothermal boundary condition.

2.3.4 Simulation time-step

The amount of time between iterations is chosen to be small such that
disturbances cannot propagate from a particle beyond its immediate neighbors (Cundall
and Strack, 1979). This condition imposes a restriction that is both geometric and
physical; Geometric restriction do not allow two particles to penetrate each other along

their central axes during one time step, while physical restriction dictates that momentum
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transfer from one body to another in a single time step must not exceed the total
momentum exchange during the whole collision process (Tang, 2001).

EDEM implements a fixed time-step which is a fraction of the Rayleigh time
trayleigh, Which is defined as the time taken for Rayleigh waves to propagate through a
solid particle. For poly-dispersed particles, the Rayleigh time is based on the smallest

particle and is calculated using

b TRYP/G (2.53)
Rayleigh ™  1631v + 0.8766

In the frame of Hertzian contact mechanics, the duration of contact between
particles depends on the relative particle velocity, particle mass, particle size, Young’s

Modulus, and Poisson ratio:

Uil =

*

—) (2.54)
vrelR*(E*)z '

tHertz = 287(

While a smaller time-step will increases CPU time, a time-step that is too large will cause
excessive virtual overlap during contact which may in turn result in unrealistic particle

velocities. Hence, the critical time step At.. should be a fraction of tgayieigh OF thertz

whichever is smaller, i.e.

Atcr =K min(tRayleigh ’ tHertZ) (255)

where the recommended value of k is 0.1-0.3 for trayieign OF 0.05-0.15 for tye, t0

ensure that the contact is appropriately resolved without excess overlap energy.
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Chapter 3
Calibration and Modeling

3.1 Calibration as a necessary step in DEM

Determination of relevant input parameters for DEM is an important step in the
simulation of granular flows because bulk behavior is greatly influenced by
particle-scale mechanisms. Calibration of DEM parameters is time consuming but
critical for the success of the simulation study because a carefully calibrated ‘virtual
experiment’ can predict actual dynamic behavior with reasonable degree of accuracy. In
most DEM simulations, the representative particles often do not follow actual particle
attributes of size and shape. It is possible to model complex shapes in DEM using large
numbers of small aggregated spheres or super-quadrics, but at the expense of
computational time. It is more economical to represent a particle by a single sphere or an
aggregate of a small number of spheres (Grima and Wypych, 2011), coupled with careful
calibration of the physical properties of the particle model. This oversimplification is
often necessary to reduce computation load. Calibration tunes the simulation parameter
so that bulk thermal and flow behavior matches experimental data. Some thought must be
put into the selection of calibration parameters so that the calibrated microscopic
property is independent of vessel geometry. This allows the same parameter values to be

used for larger simulations and avoid the need for validation of the larger systems, which
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in most cases is not very feasible. Table 3.1 compares the difference between particles in

a practical systems and simulated systems.

Table 3.1. Differences between particles in practical systems and simulated systems.

Practical systems

Simulated systems

Particles have non-uniform properties.

Particles have complex or irregular shapes.

Particles always exists in large numbers
(sand, powder, coal pile, grains, etc.)

Particles can have sizes ranging from large
pellets, to fine powders

Processor vessels are mostly in the meter
scales.

Assume uniform properties to simplify
computations.

Usually represented by disks or spheres.
Other shapes possible (e.g. super-quadrics,
sphere clusters, etc.) but increases
computation time.

Total number of simulated particles are
limited by CPU. Computation time is an
exponential function of the number of
particles simulated.

Large particles are easily simulated, but
very small particles like powders are
usually approximated using larger
particles.

Processor vessels are scaled down to a
manageable size or symmetry boundary
conditions are used to limit the number of
particles to be simulated.

3.2 Material selection

This study was motivated by the need to investigate the flow and heat transfer

characteristics of coal particles in a screw conveyor heat exchanger. However, the

difficulty in obtaining consistent physical and thermal properties of coal granules due its

variability (Perry et al., 1984; Smith and Smoot, 1990) calls for a substitution of material.

The main consideration for the choice of granular bed material is the availability of

relevant heat transfer for use in the calibration of the simulated particle bed.
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Wunschmann and Schlunder (1974) conducted several experimental heat transfer studies
of packed and stirred bed heating of several materials including glass, polystyrene, and
bronze (Table 3.2). Out of these materials, bronze was immediately eliminated from the
selection due to its high heat conductivity, which is quite the opposite of coal. Between
polystyrene and glass, the former is more representative of coal based on density alone.
However, the largest polystyrene particle studied was still too small given the amount of
time available for the simulation study. Hence, 3.1 mm glass bead was selected as
granular bed material to reduce the number simulated particles and computation time to a

more manageable level.

Table 3.2. Properties of granular bed material (Wunschmann and Schlunder, 1974).

Material d Pp Pbed kp Cp
mm kgm? kg m? Wmtk!  Jkg'K?
Glass 3.1,2.1,1.0, 3000 1800 0.93 633
0.5,0.25
Polystyrene  1.05, 0.60 1050 630 0.174 1255
Bronze 0.94, 0.50 8600 5150 46.1 377

This of course questions the validity of the study since glass is very different from
the original material of interest, which is coal. From this viewpoint, the answer is of
course negative. However, if one were to view this study as primarily an evaluation of the
performance of the screw conveyor heat exchanger, then the choice of bed material is
rendered to secondary importance. Another reason for choosing glass is the availability
of heat transfer data for various sizes as shown in Table 3.2. This information allows one

to calibrate the glass particles for different sizes so that a study on the effect of particle
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size on the performance of the heat exchanger can be conducted. Due to limited time and

resources, this parametric effect will not be studied in the current work.

3.3 Calibration of bulk flow

There are various methods to determine the simulated bulk properties of a
particular material, all of which involve systematic adjustments of flowability indicators
such as coefficient of restitution (CoR), rolling and static frictions, tensile strength, bulk
compressibility etc. (Grima and Wypych, 2009). To perform the calibration, a series of
bench-scale tests using the material to be simulated is needed. The work of Li et al.
(2005), which resolves the angle of repose for various materials using conical piling tests,
provided the experimental aspect required for our calibration. By repeating the same
procedure described by Li et al. (2005), but in a ‘virtual’ environment that is DEM, a set
of parameter values describing the simulated material and its interactions was obtained
(see Table 3.3). Fig. 3.1 illustrates the close resemblance between conical pile obtained

from real experiment and DEM.

(@) (b)

Fig. 3.1. Conical pile obtained from (a) experiment (Li et al., 2005) and (b) DEM.
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Table 3.3. Calibrated properties of glass bed and copper wall.

Parameter Value
Particle (glass)
Diameter, mm 3.1
Density, kg m™ 3000
Poisson’s ratio 0.25
Shear modulus, Pa 2.20 x 10°
Wall (copper)
Density, kg m™ 8900
Poisson’s ratio 0.25
Shear modulus, Pa 7.72 x 10"
Interactions
P-P Coefficient of restitution 0.80
P-P Coefficient of friction (static) 0.40
P-P Coefficient of friction (rolling) 0.15
P-W Coefficient of restitution 0.60
P-W Coefficient of friction (static) 0.70
P-W Coefficient of frictioni (rolling) 0.13

3.4 Calibration of heat transfer coefficients

3.4.1 Application of the penetration model

Kwapinska et al. (2008) was the first to show that thermal DEM and penetration
model (PM) converge to the same asymptotic behaviour in case of heat transfer
controlled by a contact resistance at the heated wall. For the heat transfer calibration
exercise, heating of a cylindrical packed bed via a circular flat plate was simulated. The
simulation domain is an open cylindrical drum with a circular flat plate which is

isothermal at 373 K. The simulation was set such that heat transfer between the particles
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and curved surface of the drum is neglected. Details of calibration parameters are listed

in Table 3.4.

Table 3.4. Parameters for heat transfer calibration.

Parameter Symbol Unit Value
Particle mass m kg 0.133
Particle heat capacity c Jkgt k! 633

Plate temperature T, K 373

Initial bulk temperature Tvo K 298

Bulk density Dbed kg m™ 1468

Heat transfer area Ap, m? 1.81 x 10°

3.4.2 Wall-to-particle heat transfer

The wall-to-surface heat transfer coefficient h,, for a bed of spherical particles
of any size can be calculated using Schlunder’s (1984) correlation via Equations (2.24) to
(2.29) in both ambient and vacuum conditions. Parameters used in the calculation of h,,
using Schlunder’s correlation are listed in Table 3.5. The results are plotted in Fig. 3.2
which shows that particle size has very little influence on h,,; when in vacuum but has
significant effect on h,,, at atmospheric pressure. Therefore, parameter values that are
obtained from this calibration exercise will only be valid for 3.1 mm glass spheres.
Recalibration is required if other sizes or material is used. For packed bed made up of 3.1
mm glass spheres, h, = 248 W m? K. Having said that, it is now necessary to find a
relationship between the continuum parameter h,,, and the discrete parameter h,,,,. To

do this, the simulation was set to the contact-controlled regime whereby the overall heat
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transfer coefficient is determined by the wall-surface h,,, heat transfer coefficient. This
is established by applying an arbitrarily high value to particle-particle heat transfer
coefficient hy,, so that heat transfer from flat plate to packed bed is controlled by the
wall-to-particle heat transfer coefficient h,,,. This condition was imposed by setting

hyp = 10°W m? K™ and then varying h,,, between 100 and 1000 W m? K.

Table 3.5. Parameters for calculation of h, using Schlunder’s correlation (1984).

Parameter Symbol Unit Value
Particle conductivity k, wmik? 093
Gas conductivity K, wmtk'  0.027
Gas viscosity iy Pas 1.9 x 10°
Gas molar mass M kg mol™ 2.89 x 107
Accomodation coefficient da - 0.9
Wall coverage factor bw - 0.85
Wall emissivity Ew - 0.9
Bed emissivity €p - 0.9
Dia. contact area/Particle dia. a/d - 3.0 x 10
Surface roughness a - 0
Pressure p Pa 10°
Gas constant R JK'mol* 8314
Stefan-Boltzmann constant o Wm?K* 567 x 10®
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Fig. 3.2. h, vs. d for packed bed of glass spheres at atmospheric pressure and vacuum.

The contact-controlled regime is clearly illustrated in Fig. 3.3 which shows the
absence of temperature gradient in the granular bed. The heating curve for each h,,, is
plotted (see Fig. 3.4) and fitted by Equation (2.43) to obtain h,,, (Kwapinska et al.,
2008). A relationship between continuum and discrete parameters was established by
plotting a graph of h, vs h,, (see Fig. 3.5). The relationship was found to be linear

and can be expressed as:
hys = 1.234h,,;, + 16.945 (3.1)

Substituting hys = 248 W m™ K into equation (3.1), we obtain h,, = 187 W m? K,

h., 1S a critical parameter in the DEM simulation as it specifies the amount of heat to be

P

transferred when a simulated particle gets in contact with a heated wall.
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Fig. 3.3. Evolution of bed temperature for contact-controlled regime where hy, = 10°W
m? K™, and hy, are varied: (a) 100, (b) 200, and (c) 1000 W m? K™,
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Fig. 3.4. Heating curve for packed bed heating in contact-controlled regime.
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Fig. 3.5. Correlation between h,,s (PM)and h,,, (DEM).

3.4.3 Particle-to-particle heat transfer

The equivalence between PM and thermal DEM is established by carrying out
simulations for penetration-controlled regime. This is done by setting an arbitrary high
value for h,,, so that the overall heat transfer coefficient is now limited by h,. It is
important to note that while equivalence between continuum model and discrete model
for heat transfer between heated surface and first particle layer is established via h,,; and
hyp, €quivalence between PM and discrete models for heat penetration through the bed
will be established via bed conductivity k;,, and particle-particle heat transfer coefficient
hyp- Using the same simulation domain as before and setting h,,, = 10°W m? K™, hy,
is then varied between 10 and 100 W m™? K. The simulation was run for 600 seconds for

each case and resulting heating curve was converted to h vs t curve. Fig. 3.7 shows the
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evolution of bed temperature for penetration-controlled case where steep temperature

gradient is observed for low A,

a
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Fig. 3.6. Evolution of bed temperature for penetration-controlled regime where hy, = 10°
W m? K™, and hy, are varied: (a) 10, (b) 50, and (c) 100 W m? K™,
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Fig. 3.7. Evolution of h for packed bed heating in penetration-controlled regime.
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Fig. 3.8. Correlation between h,, (DEM) and k;, (PM).

The equivalence between PM and thermal DEM can be seen in Fig. 3.7 where h from

DEM approaches the PM asymptote—which is calculated using equation (2.33)—at long
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heating times. A relationship between k;, and h,, was thus established and the

correlation was found to be linear (see Fig. 3.8):
ky = 0.003h,, (3.2)

For a packed bed of 3.1 mm glass spheres, Wunschmann and Schlunder (1974) showed
that k, = 0.18 W m™ K™, Substituting this value into equation (3.2), we obtain h,, =
60 W m? K. To validate the calibration exercise, heat transfer curve from the DEM
simulation is plotted against experimental results from Wunschmann and Schlunder
(1974). As shown in Fig. 3.9, Both DEM and experimental results for packed bed

approaches the same asymptote, thus validating and concluding the calibration exercise.
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Fig. 3.9. Validation of calibration exercise.
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3.5 Modeling of screw conveyor heater

3.5.1 Model parameters and numerics

A screw conveyor with housing diameter of 8.2 cm, screw diameter of 8 cm, and
shaft diameter of 2 cm was constructed using a Computer—aided Design (CAD) software
(Solidworks, Dassault Systemes) and imported into a discrete element simulation
package (EDEM, DEM Solutions) as geometry elements for the granular flow and heat
transfer ‘virtual experiments’. To allow the parametric computations to be completed
within a reasonable time, the simulation domain is limited to a 32 cm long screw
conveyor with four full turns for the base-case screw geometry (pitch-to-diameter ratio
P/D of 1.0). The narrow clearance of 1 mm between the screw and its housing prevent

the build-up of stationary particles in the conveying region.

Feed Drying gas

. . out
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Fig. 3.10. Screw conveyor dryer system.
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Fig. 3.11. Computational domain of DEM simulations.

The screw conveyor heat exchanger geometry domain comprises of a screw in concentric
arrangement with the u-trough. The temperature of the screw (blade and shaft) and the
u-trough is constant at T,, = 373 K to simulate heat supply by continuous stream of
steam in the jacket and screw conduit. Uniformly-sized particles of initial temperature
Ty, 0 = 298 K enter the heat exchanger in the upstream region at a fixed rate M. Heat
transfer occurs when a there is temperature difference between a particle and another
particle or wall surface it is in contact with. Heat transfer due to contact with the endplate
is neglected with the assumption that the endplate is always at the same temperature as
the immediate bed layer. In view of the highly truncated screw conveyor geometry, the
longitudinal dimension of the solid feed area is made as small as possible to ensure that
particles enter the domain with minimum dispersion (at ¢ = 0s). Degree of fullness was
kept below 0.45 for all cases, conforming to earlier studies (Waje et al., 2006).

The particle density is p, = 3000 kg m™. Particle volume fraction ¢ was
determined via DEM by random-filling a 1 m® cubic container with glass spheres and
then measuring the total particle mass. The bulk density was evaluated as p,, = 1467 kg

3

m™, corresponding to ¢r = 0.49 which underestimated experimental results by a

narrow margin (Song et al., 2008). This is attributed to the slight overlapping between
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particles as a consequence of setting shear modulus to a low value. This however, has
negligible effect on the overall flow and heat transfer characteristics. The specific heat
capacity of the glass particles corresponds to that of glass with ¢, = 633J kg™ K* while
the screw conveyor geometry adopted the thermal characteristics of (Schlunder, 1984).
This thesis follows from Kwapinska (2008) argument that since hy,, and h,,, are treated
as free parameters, specifying the thermal conductivity of the particles and the kind of
gas filling the gaps of the bed are not necessary. Here, we use h,, = 60 W m? K and
hy, = 187 W m K™, the derivation of which has been shown in the preceding sections.
All simulations were performed with a constant mechanical and thermal time step of
2.0x10-6 s using a commercial discrete element modeling software, namely EDEM by
DEM Solutions. Calculations have been conducted on a 64-bit workstation powered by

12-core Intel Xeon X5690 at 3.47 GHz and 72 GB RAM.

Table 3.6. Parameters for screw conveyor heater.

Units Value
Conveyor
Dycrew mm 80
Dgpafe mm 20
Ly mm 32
P mm Refer to Table 3.7
Dirough mm 82
Ly mm 100
Feed window mm X mm 80 x 20
Density kg m? 8900
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3.5.2 Granular flow and heat transfer simulation

The quantitative analysis of flow and heat transfer of granular materials in a
screw conveyor heat exchanger configuration is reduced to two important particle-level
parameters namely residence time and temperature. Residence time data is obtained
directly from a particle-level property called ‘residence time’ which is essentially a
time-stamp which begins and stops when a particle enters and exits the heat exchanger
domain. The residence time data can then be post-processed to give a probability density
function (E-curve) or cumulative distribution function (F-curve) after which parameters
such as holdback, segregation, mean residence time (MRT), residence time standard
deviation, etc. can be calculated to quantify flow and mixing properties of the processor
with respect to the material being processed. Similarly, the evolving temperature of a
particle is captured at every time-step of the simulation via a user-defined parameter

‘temperature’.

3.5.3 Parametric study

The performance of the screw conveyor was determined in terms of residence
time distribution, mean residence time, extent of mixing, granular temperature
distribution, and the overall heat transfer coefficient. The performance characteristics of
the screw conveyor were investigated as a function of solids flow rate M, screw speed
N, angle of inclination 8, and pitch-to-diameter ratio P/D. Table 3.7 lists the
specifications for each case of the parametric study. The reference case is specified on

the second row of the table and is based on a series of trial simulations to carried out to

61



obtain N for which M; = 150 kg h™ and degree of fullness 8 = 0.3 are simultaneously
satisfied for standard screw configuration (i.e. P/D =1 and 6 = 0). The selected
reference value of M. is a design requirement. It was also shown elsewhere (Waje et al)
that § = 0.3 is appropriate for screw conveyors handling Class Il materials which
include coal particles. Although the interest is in coal, the particles in the simulations are
modeled after glass. In terms of flow through the screw conveyor, it is assumed that its

principal characteristics are similar regardless of material used.

Table 3.7. Case specifications for parametric study of screw conveyor heater.

Case Mg, kg h-1 N, rpm 0, degrees P/D
Base 150 11 0 1.00
Al 15 11 0 1.00
A2 30 11 0 1.00
A3 50 11 0 1.00
Ad 75 11 0 1.00
A5 100 11 0 1.00
A6 175 11 0 1.00
A7 200 11 0 1.00
Bl 150 7 0 1.00
B2 150 15 0 1.00
B3 150 19 0 1.00
C1 150 11 5 1.00
C2 150 11 10 1.00
C3 150 11 15 1.00
D1 150 15 0 0.75
D2 150 23 0 0.50
D3 150 50 0 0.25
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The shaded boxes in Table 3.7 distinguish the parameters being studied from
other parameters. Cases A1-A6, B1-B3, and C1-C3 focuses on the influence of solid flow
rate, screw speed, and inclination angle of screw respectively while cases D1-D3
investigate the effect of the geometrical parameter P/D (see Fig. 3.12). For cases A, B,
and C, parameters that are under investigation are varied while other parameters are kept
at reference value whereas for cases D, only solid flow rate and degree of fullness are

kept constant. This imposes angular screw speeds which follow (Waje et al., 2006):

ey

p [(Dsc +6)% — Dshz](P —6)(N x 60) (3-3)
b

N

The above equation is used to produce Fig. 3.13 which shows the relation between degree
of fullness S and screw speed for different solid flow rates, and also the relation between
solid flow rate and screw speed for different pitch-to-diameter ratios. It is clear that the
study of parameter P/D must correspond with appropriate values of N for a particular
Mcto ensure that 8 remain constant; otherwise the conveyor will be flooded and result in
a stalled simulation. Hence, for M; = 150 kg h™ and B =0.3, the appropriate screw
speeds for P/D = 1, 0.75, 0.5, and 0.25 are N = 11, 15, 23, and 50 and 11 rpm

respectively. Fig. 3.13 will be useful later when we validate the DEM results.
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Fig. 3.12. Screw configurations for pitch-to-diameter ratio study: P/D = (a) 1.00, (b)
0.75, (c) 0.50, and (d) 0.25.
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Fig. 3.13. Theoretical relationships between screw conveyor parameters: (a) degree of
fullness vs. screw speed for different solid flow rates; (b) solid flow rate vs. screw
speed for different pitch-to-diameter ratios.
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3.6 Data analysis

3.6.1 Volume and surface area of screw conveyor domain

The screw conveyor geometry is relatively complex but determining certain
geometrical parameters specifically surface area and volume is quite straight forward for
a basic screw configuration. One can imagine the screw as an assembly of many annular
flat plates that are welded from end-to-end and then stretched into a spiral along a central
shaft. The degree to which the plates are bent due to stretching determine the screw pitch
P, span Dy, and shaft diameter Dg,.¢, Which in turn must be some function of the
annular plate dimensions Djp.e and Dopiae  (for inner and outer diameter
respectively). The length of the outer blade edge Ly,4. Of the screw can be expressed in

terms of P and Dg..,, aS

3.4
Lblade = \/PZ + (T[Dscrew)z- ( )

At the same time, Ly,4. IS also equal to the outer circumference of the annular

flat plate from which the screw is assembled, i.e.

Lylade = nDO,plate- (35)

Combining equations (3.4) and (3.5), and using the same argument for the inner
blade edge, the annular flat plate dimensions can be expressed in terms of screw

dimensions as shown in the following equations:

65



\/(77-'Dscrew)2 + P2 (36)
s

D O,plate =

\/(T[Dshaft)2 + PZ (37)
DI,plate = T .
The volume occupied by the screw is then
N 2 2
Vscrew = % [Splate (DO,platE) - Splate (Dl,plate) (38)

+ P(Dshaft)z]

where Ny, is the number of turns in the screw section of interest, and &, iS the
thickness of the plate. If the screw and u-trough are concentric, and there is minimal
clearance between screw blades and u-trough surface, then the u-trough volume for the

same screw section is defined as

T 1 3.9
Vtrough = NwrnsP § (Dscrew)2 + E (Dscrew)z] . (3.9)

3.6.2 Degree of fullness

The degree of fullness S is defined as the ratio of volume occupied by the

particles in the screw conveyor (My/p,) to the effective volume of the screw conveyor.
The effective volume is the volume of the trough less the volume occupied by the screw.

Therefore,

g =M (3.10)

where
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Veff = Vtrough - I/;,crew~ (311)

In this thesis, trough volume Vi, is defined as the volume of a circular trough of the
same diameter and length as the u-trough. This simplifies complications without

compromising the objectives of this study.

3.6.3 Determination of residence time distribution (RTD)

Experimentally, RTD can be determined by injecting inert tracer particles into the
feed stream at some time after steady flow has been achieved and then measuring the
tracer concentration in the exit stream as a function of time. Pulse and step inputs are the
two commonly used methods of injection. In pulse input method, an amount of tracer
material is inserted in one shot into the feed stream over a time interval much smaller
than the mean residence time of the vessel. The residence time distribution function (also
called the exit age distribution) E(zr) is defined in terms of the effluent

concentration-time curve C(t) according to:

C(7)

(3.12)
J, c@adt

E(r) =

In the step input method, the concentration of the tracer changes abruptly from 0
to Cy. The concentration of the tracer in the feed is kept at this level until the
concentration in the effluent is indistinguishable from that in the feed, after which the test
may then be discontinued. The output concentration-time curve is normalized to give the

F(t) curve defined as
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F(7) = %? - f tE(T)dt (3.13)

This is easily achieved using DEM which enables very precise control over tracer
particle introduction at the inlet stream, and highly consistent and accurate measurement
of tracer particles concentration at the outlet stream. Determination of the RTD involves
injection of a one-second pulse input of ‘tracer’ particles immediately following
steady-state condition. The tracer particles are identical to the bulk particles in every
aspect except for color, which is superficially applied to differentiate between bulk and
tracer. To ensure that the steady-state condition is not disturbed, feeding of bulk particles
is momentarily stopped during tracer injection. Feed rate is kept constant throughout the
whole procedure. Because the simulation involves a relatively short screw conveyor, the
dimension of the particle feed area in the axial direction must be small compared to the
overall length of the screw to minimize error. RTD is obtained by sampling for the

number of tracer particles appearing at the outlet at time.

3.6.4 Heat transfer coefficient

The screw conveyor heater overall heat transfer coefficient is calculated using the

following equation ((Waje et al., 2006)):

he_ Y (3.14)
A Timrp

where Q is given by

Mg 3.15
Q= mcp(Tbed,f — Thed,) - (3.15)
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In this study evaporation of moisture has been neglected thus Q accounts for sensible

heat only. Assuming isothermal wall temperature at 373 K, Ty yrp IS defined as

(373 = Thea;) = (373 = Theas) (3.16)
In[(373 = Tpeq;) /(373 = Toeas)]

Timmp =
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Chapter 4

Granular Flow Characteristics

4.1 Introduction

The basic screw conveyor configuration has geometrical parameters (pitch, shaft
diameter, screw diameter, etc.) that do not vary along the length of the screw, and is not a
hybrid of any other rotating devices or mixers. In this chapter, the effect of screw speed,
solid flow rate, inclination angle of screw, screw pitch-diameter ratio (P/D), and solid
density, on the performance of the screw conveyor were investigated. The performance
characteristics of the screw conveyor heater is studied in terms of residence time
distribution, hold-back, segregation, and qualitative observations of mixing dynamics

along the screw heat exchanger as well as at the discharge.

4.2 Hold-up

Material hold-up My is defined as the steady state mass of solid in the screw
conveyor heat exchanger. Experimentally, this is determined by continuously feeding
and discharging solids until steady state, after which the feed valve is sealed while the
conveyor discharges the most of the solids in the vessel. The total mass of the solids
collected at the outlet when no more material is discharged (empty vessel except for

materials in dead spaces) is the hold-up. In the DEM simulations, hold-up is
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approximated by taking the average of mass in the second and third sections (see Fig. 4.1)
of the simulated four-pitch screw, and then multiplying the result by four. It is to be noted
that the sections are fixed zones of the screw conveyor domain which do not follow

forward motion of the screw blades, and are created for calculation purposes only.

Section 1  Section 2 Section 3 Section 4

Flow direction —>

Fig. 4.1. Binning the screw conveyor domain for flow analysis.

The reason for calculating hold-up in this manner is that material mass in the
second and third sections encounter the least disturbances compared to the first and last
sections which are periodically disturbed by feeding and discharging respectively. For
the basic screw conveyor (i.e. those with constant dimensions) with N, turns of screw
blades, sections 2, 3, 4 up to section n, — 1 will have approximately the same mass of
solids; whereas mass in the sections at the two ends of the conveyor (section 1 and
section n,) tend to deviate from that of other sections of the screw conveyor domain.
This is clearly seen in Fig. 4.2 which shows the mass of solids with respect to time in
each section of a n, =4 screw conveyor for the base case simulation. Periodic
fluctuation of mass is evident in Sections 1 and 4, and is characteristic of screw
conveyors. Average mass of solids in one section for different solid flow rates, screw
speed, angle of inclination, and pitch-to-diameter ratio, are illustrated in Fig. 4.3. It is

clear that at screw speed of 11 rpm, the flows becomes steady in less than 50 seconds for
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solid flow rates between 15 to 175 kg h™ but require more time to stabilize at higher flow
rates (see Fig. 4.3a). At flow rate of 150 kg h™, flow stabilizes in less than 30 seconds for
screw speeds between 11 to 19 rpm but took more than 160 seconds for screw speed of 7
rpm (see Fig. 4.3b). Stabilization of flow also require more time at greater angles of

inclination (see Fig. 4.3c).
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0.00
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Fig. 4.2. Mass of solids in each section of the screw conveyor domain for base case
(Mg = 150 kg h™, N = 11 rpm, P/D = 1.0).

Fig. 4.3a and Fig. 4.3b show that solid hold-up is proportional to solid flow rate
and inversely proportional to screw speed. The effect of throughput and screw speed on
hold-up is intuitive, and requires no further explanation. Inclination increases the
occurrence of granular backflow, resulting in the build-up of solids in the low-elevation
feed region. Increasing the angle of inclination causes the particles to roll backwards due
to of gravity, thereby increasing the hold-up.

Earlier, it was mentioned that the screw conveyor domain for a 4-pitch screw
(P/D = 1.0) is divided into 4 sections. Similarly, we divide the screw conveyor domain
into 5, 8, and 16 sections for P/D = 0.75, 0.50, and 0.25 respectively. It is observed that

the mass of solids in one section for P/D = 0.75 and 0.50 are approximately equal to
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mass of solids in one section of P/D = 1.00 (Base case) after factoring by the reciprocal
of 0.75 and 0.50 respectively. Interestingly, case P/D = 0.25 do not follow the same
trend. Instead, the solid hold-up for case P/D = 0.25 is lower than expected, which is a

deviation from theory.
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Fig. 4.3. Average mass of solids in one section of the screw conveyor domain for various
cases: (a) solid flow rates (N = 11 rpm, P/D = 1.0), (b) screw speed (M = 150 kg h™,
P/D = 1.0), (c) angle of inclination (M; = 150 kg h™*, N = 11 rpm), and (d)
pitch-to-diameter ratio (Mg = 150 kg h™, N = 11 rpm).
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4.3 Degree of Fullness as a validation parameter

A number of methods have been suggested for the validation of DEM results,
most of which are qualitative in nature. In this study, degree of fullness obtained from
DEM is compared to theory via equation (3.10). This comparison is illustrated in Fig. 4.4
which shows excellent agreement between theory and DEM for N = 11 rpm and 15
< Mg, < 150 kg h™*, with increasing deviation from theory at flow rates above 150 kg h™.
Similarly, screw speeds between 11 and 19 rpm are in best agreement with theory for
Mg = 150 kg h™* but deviate significantly at low N. These results show that a reasonably
good prediction of granular flow is limited to degree of fullness £ not exceeding 0.4, for
any combination of feed rate and screw speed. One reason for this deviation is that the
computation of g from equation (3.10) assumes that the trough is circular, whereas we
use u-trough for the simulations. From geometric analysis of the u-trough, it can be
shown that equation (3.10) can still be applied to the u-trough provided 0 < 8 < 0.5. For
a feed rate of 150 kg h%, this condition is satisfied in the range of 11 < N < 19.

Equation (3.10) is valid only for horizontal screws where gravity has little
influence on the axial flow of the particles. Thus, for angle of inclination 6 > 0°, f
increasingly depart from the horizontal conveyor case (see Fig. 4.5a) due to increased
gravity-driven backflow which leads to build-up of particles. As shown in Fig. 4.5b,
DEM-derived B is also in excellent agreement with theory for the range of
pitch-to-diameter studied with the exception of P/D = 0.25. Noting from earlier an
observation that S begins to depart from theory occur when £ > 0.3 (see Fig. 4.5a), the

result of Fig. 4.5b seem peculiar since f < 0.3 for all cases. It must be that there exists a
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‘critical’ screw speed N, above which DEM result will deviate from theory. It is

understood that N, depend on several factors including (but not limited to) degree of

fullness, pitch-to-diameter ratio, and contact properties between particle and vessel

geometry.
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Fig. 4.4. Theoretical vs. DEM prediction of g for different (a) Mg and (b) N.
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Flow direction —>

Fig. 4.6. Particle build-up: (8) Mg = 90kgh™, N = 30 rpm; (b) Mg = 120kgh™, N =
40 rpm; (c) Mg = 150 kg h™, N = 50 rpm; (8 = 0.3, P/D = 0.25).

Additional simulations were carried out to study the effect of N on particle
build-up by substituting constant values g =0.3 and P/D = 0.25 in equation (3.10). It
was found that elevated screw speeds indeed increase the tendency for particles to flow
backwards (see Fig. 4.6). A low P/D also enhances this reverse flow by providing
additional frictional contact with the particles. These results show that too high a flow
rate is not suitable for screw conveyor with low P/D since the excessive build-up of
particles will jam the conveyor. Furthermore, the extended particle residence time may
cause overheating, which is especially hazardous in coal applications. For the particular

screw geometry (P /D =0.25), it seems that 90 kg h™ is the maximum flow rate allowable
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for safe operation of the screw heater. This additional constrain renders a P/D =0.25
screw conveyor heater highly unattractive compared to its higher P/D counterparts. An
application which require a throughput of say 150 kg h™ would require two P/D = 0.25
screws versus one P/D = 0.5 screw, with the former offering only slight increase in
Ay /M ratio but significant increase in capital cost compared to the latter. Thus,
limitation in throughput coupled with small gain in heat transfer area may not justify the

increased material and labor cost of building such screw conveyor.

4.4 Residence time

The residence time 7y of each particle in the simulation is extracted and
presented as probability density functions for the various cases. The effects of solid flow
rate, screw speed, angle of inclination, and pitch-to-diameter ratio on the residence time
distribution (RTD) are presented in Fig. 4.7, Fig. 4.9, Fig. 4.11, and Fig. 4.13
respectively. Although the RTD was not obtained using conventional experimental
methods involving tracer particles, the normalized exit-age distribution function related
to the concentration of tracer particles represented by E (7), is used by convention. This
enables the use of the terms ‘E-curve’ and ‘F-curve’ without causing confusion. The
general profile of RTD for all cases is in agreement with those from experiments (Waje et
al., 2007). There are two prominent features of the RTD curves namely: the delay,
representing the minimum time required moving the solids from the feed to the discharge
point; and asymmetry in distribution with generally steep gradients up to the maximum,

followed by prolonged tail afterwards. The mean residence time (MRT) and residence
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time standard deviation oy are given in the graphs for convenience. The vertical lines in
Fig. 4.7 to Fig. 4.13 show the position of mean with respect to the RTD.

The RTD closely resembles a normal distribution at low flow rates of 15 and 30
kg h™ but exhibit skewed profile for flow rates between 50-200 kg h™. The E-curve ‘tail’
is less prominent at low flow rates indicating the low occurrence of particle back-mixing
(see Fig. 4.7). Due to the low degree of fullness (8 < 0.1 for cases Al and A2; see Fig.
4.4a and Fig. 4.4b), the bulk particles roll forward in the direction of screw front, with
only a handful of particles getting elevated above the shaft to participate in the mixing
action of the screw. With increasing solid flow rate, a greater number of particles are able
to back-mix thus increasing residence time. Fig. 4.8 illustrates the state of the particle bed
at steady state (snapshots taken at t = 123 s for the various flow rate cases) whereby
particles are colored according to residence time. The number of particles having
residence time greater than 40 seconds increases with flow rate indicating increased
back-mixing. The cross section of the particle bed viewed from the downstream end of
the third section (0.24 m from upstream conveyor endplate; see third column of Fig. 4.8)
shows that the bulk particles have MRT between 20-25 seconds, which is close to the
linear residence time 7y, defined as the time taken by a particle to traverse the vessel in

axial direction; mathematically expressed as:

n=s, (4.1)

where L is the length of the screw conveyor (m) and v is the linear screw speed defined

as
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_NXP (4.2)
v, = 60 .

While solid flow rate has little or no effect on the minimum particle residence
(also referred to as dead time), increasing the screw speed has the effect of shifting the
E-curve towards the left (see Fig. 4.9) and decreasing the MRT to correspond to the
increase in axial particle velocity. From the residence time variance o, it is observed
that the degree of particle dispersion is attenuated as screw speed is increased from 7 rpm
to 19 rpm, provided mass flow rate remain constant. Because degree of fullness is
inversely related to screw speed, the mixing effect of the screw is less prominent (since
fewer particles are able to roll over the shaft) when screw speed is high. The above
observations pertaining to the study of screw speed can be visually confirmed by
reference to Fig. 4.10.

MRT increases from 22.9 seconds to 33.3 seconds when the screw heater is
inclined up to 15° from horizontal, with corresponding monotonic increase in og from
5.69 seconds to 9.76 seconds. The forward axial speed of the particles is reduced due to
competition with gravity which tends to drive the particles in reverse direction. This
effect is more pronounced as the inclination angle 6 is increased. At zero inclination
scenarios, degree of mixing depended upon the ability of particles to roll over the shaft.
Atincreased 8, there is greater possibility for particles to move in reverse relative to the
screw blade by passing over the void region above the screw. Inclination of the screw
result in RTD curves becoming increasingly ‘spread’ with corresponding decrease in

‘peak’ residence time (see Fig. 4.11). The distribution of residence time is illustrated in
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Fig. 4.12. As can be seen in the figure, the downstream particles emerging from inclined
conveyors are relatively more ‘mixed’ compared to horizontal conveyor.

P /D study was set up such that solid flow rate and degree of fullness are constant
at 150 kg h™ and 0.3 respectively to ensure that we have a fair comparison. The screw
speeds for base case, P/D = 0.75, 0.5, and 0.25 cases are approximately 11 rpm (screw
speed for base case) factored by the reciprocal of the corresponding pitch-to-diameter
ratios. This ensures that linear screw speed v, is constant (N P/60 ~ 1.47 m s*) for all
cases. Results showed that reducing screw pitch from 80 mm to 40 mm (P/D = 1 and
0.5 respectively) have limited effect on MRT. Nevertheless the trend is that of decreasing
MRT and oz with P/D for P/D between 0.5 and 1. In this range, granular flows also
tend to approach plug-flow behavior as P/D decrease. This does not apply to P/D =
0.25 case however. In Fig. 4.14d, the downstream cross section view show significant
reduction in degree of fullness g from the base case. Earlier we mentioned that the
screw speeds for the different P/D cases are determined such that g is constant. In
reality, § deviate considerably for P/D = 0.25 (see Fig. 4.5) the reason for which has
been discussed. In practical situation, it is hypothesized that g will increase beyond 0.3
as the build-up region is conveyed forward, while M; plunge due to increasing
congestion. Eventually, this will lead to either one of the two scenarios depending upon
the power of the motor driving the screw: (1) £ — 1 and M; — 0 kg h-1 due to motor
not being powerful enough push through the load, or (2) g — 1 and M; — 150 kg h-1 if

a motor exceeding design requirements is used.
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Fig. 4.7. Residence time distributions for various M. (Mg = 75 and 175 kg h™* are

omitted due to space constraint).
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Fig. 4.8. Distribution of particle residence times for various M. Views from left to right:
side view, longitudinal slice view, third quadrant cross-section view.
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Fig. 4.9. Residence time distributions for various N.
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Fig. 4.10. Distribution of particle residence times for various N. Views from left to right:
side view, longitudinal slice view, third quadrant cross-section view.
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Fig. 4.11. Residence time distributions curves for various 6.
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Fig. 4.12. Distribution of particle residence times for various 6: (a) 0, (b) 5, (c) 10, and
(d) 15 degrees.
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Fig. 4.13. Residence time distributions curves for various P/D.
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Fig. 4.14. Distribution of particle residence times for various P/D. Views from left to
right: side view, longitudinal slice view, third quadrant cross-section view.
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4.5 Hold-back and segregation

The degree of mixing in batch and continuous processors have been described
using dispersion and Peclet numbers (Ai et al., 2011). Some investigators have also used
standard deviation as a measure of discharge uniformity (Deveswaran et al., 2009).
Hold-back H and segregation S provide another means of quantifying the degree of
mixing. Holdback is a measure of departure from an idealized plug-flow condition of the
continuous flow system, and is given by the area bounded by F (&) and F(&)pjug, Which
is equivalent to area under F(§) in the range 0 <& < 1 (Danckwerts, 1958).
Segregation is the departure from perfectly mixed-flow condition of the continuous flow
system, and is given by the area bounded by F (&) and F(&)mixeq Petween & = 0 and
E(F (&) = F(&)pig) (Danckwerts, 1958). F(§) is the non-dimensionalized cumulative
distribution function where we have defined the non-dimensional parameter ¢ in terms
of mass; i.e. & = M;T/My.

Results show that H increased from 0.048 to 0.151 when flow rate is increased
from 15 kg h™ to 175 kg h™*, but declined with further increase in flow rate. Flow rates of
15 and 30 kg h™* closely resemble plug flow with limited longitudinal mixing. The plug
flow resemblance at low flow rate is attributed to low degree of fullness which inhibited
the tumbling of particles over the shaft. For the range of screw speeds simulated, it was
found that screw speed has no influence on H and S. For angle of inclinations 6
between 0° and 10°, the effect on mixing characteristics of the screw conveyor heater is
somewhat limited, but starts to get more obvious at 15°. As observed in Fig. 4.15¢ and

Table 4.1, increasing inclination from 10° to 15° causes H to decrease by more than
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Fig. 4.15. Holdback and segregation of particles in a screw conveyor heat exchanger for
various cases.
200%. However this does not mean that the flow is approaching plug-flow scenario. The
decrease in H is primarily due to the shifting of the F-curve to the right, rather than a
change of gradient. The F-curve shift indicates an increase in dead time due to particles
falling back under the influence of gravity, which consequently result in overall increase
in MRT. A similar situation is observed for P/D = 0.25 case where dramatic decrease
in H is accompanied by dramatic increase in S when P/D is reduced from 0.5. For

P/D between 0.5 and 1, it is observed that the flow approaches plug-flow as P/D
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decreases, albeit a gradual change. Lowering the P/D further by a factor of two does not
lead to a more plug-flow characteristics, but rather a large departure from it. As discussed
earlier, this is due to the combination of increased frictional surface area and high screw
speed which increases the tendency for particles flow in reverse, resulting in large
particle build-up upstream. The dispersion effect of screw conveyor is illustrated in Fig.

4.16.

Table 4.1. Summary of granular flow characteristics for various cases.

Case B MRT OR H S

Base 0.31 22.85 5.69 0.148 0.242
Al 0.03 22.96 2.85 0.048 0.337
A2 0.05 22.53 3.03 0.060 0.321
A3 0.10 23.63 4.66 0.104 0.276
Ad 0.15 23.71 5.80 0.131 0.257
A5 0.20 23.19 5.76 0.137 0.250
A6 0.37 23.53 5.99 0.151 0.239
A7 0.46 25.91 6.93 0.139 0.242
Bl 0.59 43.43 9.74 0.144 0.244
B2 0.23 17.12 4.44 0.150 0.238
B3 0.18 13.90 3.71 0.152 0.237
C1 0.33 25.00 7.56 0.149 0.236
C2 0.36 28.41 9.31 0.146 0.234
C3 0.42 33.32 9.76 0.056 0.338
D1 0.30 22.50 4.75 0.139 0.252
D2 0.30 21.94 2.83 0.112 0.277
D3 0.25 28.30 9.63 0.011 0.609
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Fig. 4.16. Visualization of axial mixing of particle bed in screw conveyor heat exchanger
(Base case: Mg = 150 kgh™, N = 11 rpm, P/D = 1.0).
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Chapter 5

Heat Transfer Characteristics

5.1 Introduction

This chapter focuses on the thermal effects of varying certain operational and
geometrical parameters of a screw conveyor heater. As in the granular flow study, glass
spheres with diameter 3.1 mm were used as simulated particles flowing through a 0.32 m
long screw conveyor heater which take on the thermal properties of copper. As a
simplification, the entire screw conveyor assembly is isothermal at 373 K to simulate
jacket heating by continuous flow of steam. The screw blades and shaft are also assumed
to be at a constant temperature of 373 K which in reality is achieved by hollow
construction to allow steam to flow through. The DEM is programmed such that heat
transfer occurs only within the screw conveyor heater domain. Upon exiting the domain
through the discharge, the temperature of each particle is locked and no further thermal
exchange take effect. In reality, particles collected at the end of the discharge will lose
heat to the surrounding. However, since we are only concerned with the thermal

effectiveness of the heater, the cooling effect due to exposure to atmosphere is neglected.
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5.2 Evolution of Tyq and t

Section 1  Section 2 Section 3 Section 4

Fig. 5.1. Binning the screw conveyor domain for heat transfer analysis.

With reference to Fig. 5.1, a particle can fall within Section 1, 2, 3 or 4 at a
particular time step, if its geometric centre lies within 0 < z < 0.08, 0.08 < z < 0.16,
0.16 <z < 0.24, 0r 0.24 < z < 0.32 m respectively. At steady state, bed temperature
and residence time inside the screw conveyor domain is a function of distance, i.e.
Tved = Tveq(2) and 7 = 7(2). By segmenting the screw conveyor domain into 4 equal
sections, the bed temperature and mean residence time in each section can be calculated.
Note that we use 7 to denote evolving mean residence time as the bed flows through the
screw conveyor, to distinguish from MRT which is understood as the mean residence
time of the particles at the discharge of the screw conveyor.

Fig. 5.2 and Fig. 5.3 are produced to show that at steady state, Ty.q and t
depend only on position along the axis of the screw. This is true for all the cases studied,
with the exception of Case D3, hence evolution of T,.4 and T are shown only for six
cases (Mg = 15, 30, 50, 100, 150, 200 kg h™*) are shown graphically, while results for

others cases are summarized in Table 5.1.
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Fig. 5.2. T.q along the length of screw conveyor heater for various M; (N = 11 rpm,
6 =0° P/D =1).
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Table 5.1. Summary of T,.q and t for various cases.

Section 1 Section 2 Section 3 Section 4
Case  Thea, Ty, Tveds T2 = T1r  Theds T3 =Tz, Thedr Ta— T3,
K S K S K S K S
Base 304 4.1 311 6.1 316 6.0 319 5.0
Al 311 4.2 304 5.8 335 5.6 343 5.4
A2 308 4.1 318 5.6 327 5.4 335 5.4
A3 307 4.3 317 6.3 323 5.9 329 5.5
A4 306 4.2 316 6.3 322 6.1 325 5.2
A5 305 4.2 314 6.2 319 6.0 323 5.1
A6 304 4.3 311 6.4 315 6.3 319 5.3
A7 304 4.8 311 7.3 316 7.1 320 5.9
Bl 306 7.9 315 12.7 322 12.4 326 8.9
B2 304 3.1 311 4.6 315 4.5 318 3.7
B3 303 2.6 310 3.8 314 3.7 316 3.1
C1 305 4.7 313 7.2 318 6.6 321 5.2
C2 305 5.5 314 8.4 319 1.7 323 6.0
C3 306 6.3 314 9.7 320 8.9 324 7.3
D1 304 3.7 311 5.8 316 6.1 320 5.4
D2 303 3.1 310 5.6 316 6.0 321 5.4
D3 316 13.0 324 95 328 1.8 333 45

In Fig. 5.2, it is observed that increase in flow rate lowers the bed temperature.
This shows that mixing is generally poor since only particle in contact with the heated
surfaces are contributing to T,.q While the bulk are still relatively cool. With increased
M, the ratio of hot particles to cool particles decreased, hence the lowered bed
temperature. Ty,.q increases with angle of inclination 6 due particles rolling against the
direction of screw, under the influence of gravity. The effect of gravity is more obvious at
high 6, and corresponds to longer residence time t and consequently greater Ty.q. AS
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shown in Table 5.1 P/D has little effect on Ti.4, due to zero net increase in effective

heat transfer surface area Ay, which will be discussed in later section.
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Fig. 5.4. Tyeq Vs T for various cases.

As mentioned earlier, both T,.q and t are functions of distance only once the flow has

stabilized. A plot of T4 against T (see Fig. 5.4) shows that the effect of M on T4 IS

quite apparent. It is observed that the heating rate is greatest for 15 kg h™* and lowest for

200 kg h™, with marginal difference in heating rate between 150 and 200 kg h™.
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5.3 Temperature distribution in screw conveyor heater

5.3.1 Effect of solid flow rate

1
15kgh Flow direction —>

OO

30 kg h

Particle Temperature (K)

300 310 320 330 340 350 360 370 380

Fig. 5.5. Distribution of particle temperature for various M. Views from left to right:
side view, longitudinal slice view, third quadrant cross-section view.
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The cross section temperature distribution looking from the downstream end
shows that particle at the core is elevated to less than 305 K from initial temperature of
298 K. The presence of a cool core (CC) is evidence for the lack of radial mixing (see
Fig. 5.5). On the other hand, the progressive shrinking of CC the bed progresses towards
the discharge shows that some mixing do occur, albeit on a limited scale due to the length
of screw simulated. The size of CC increases with flow rate, to be consistent with the

increasing degree of fullness.

5.3.2 Effect of screw speed

7 rpm

Flow direction —>

Particle Temperature (K)

300 310 320 330 340 350 360 370 380

Fig. 5.6. Distribution of particle temperature for various N. Views from left to right: side
view, longitudinal slice view, third quadrant cross-section view.
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Compared to the base case (N = 11 rpm), screw speed of 7 rpm resulted in
greater disparity in temperature between the cool core and the heated surface particles.
As shown in Fig. 5.6a, particles in contact with the heated surfaces are close to 370 K
while the core is still cool at around 310 K. This shows that shows that there is little or no
improvement in mixing since the elevated surface temperature is primarily due to longer
wall-particle contact time. From this observation, it is deduced that the flow of particles,
especially those in contact with the through surface, are mostly linear in the positive z
direction with almost no radial motion or recirculation. As with the M cases, the core

remain cool due to poor conductivity of the bed, and poor mixing of the heater.

5.3.3 Effect of inclination angle

In contrast with the M; and N cases, the effect of inclination angle on mixing
and heat transfer is more apparent. It is quite apparent that mixing becomes progressively
more effective as 6 is increased. As shown in Fig. 5.7, cool particles are more disposed
from the core as heated surface (HS) particles fold into the bed under the influence of

gravity and screw motion.
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Fig. 5.7. Distribution of particle temperature for various 6. Views from left to right: side

view, longitudinal slice view, third quadrant cross-section view.

5.3.4 Effect of pitch-to-diameter ratio

Decreasing the pitch-to-diameter ration, hence increasing the number of flights
per unit length of screw, clearly exposes more of the bed to the heated surfaces. As
shown in Fig. 5.8, there is marked reduction in the size of the cool core as P/D is
reduced from 1 to 0.5. For P/D = 0.25, all of the bed is heated with no sight of a cool
core, effectively demonstrating dramatic improvement in heating uniformity. However,
construction of a screw conveyor with such low P/D may require further analysis of the

costs involved considering the amount of construction material required.
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Fig. 5.8. Distribution of particle temperature for various P/D. Views from left to right:
side view, longitudinal slice view, third quadrant cross-section view.
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5.4 Discharge temperature
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Fig. 5.9. Discharge temperature distribution for various cases: (a) solid flow rates (N =
11 rpm, P/D = 1.0), (b) screw speed (M; = 150 kg h™*, P/D = 1.0), (c) angle of
inclination (Mg = 150 kg h™*, N = 11 rpm), and (d) pitch-to-diameter ratio (M; = 150
kgh?, N = 11 rpm).

The discharge temperature is obtained by collecting all particles exiting the screw
conveyor domain via the outlet, from onset of steady state up to the end of the simulation
run. This removes the initial transient from the analysis and enables the discharge

temperature distributions and averages for the various cases to be presented more

accurately. The discharge temperature distributions, which are presented as normalized
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density functions (see Fig. 5.9), are non-Gaussian and have two peaks. For this reason,
analysis of the discharge temperature distribution using mean values and standard
deviations formulae meant for Gaussian distribution is not very meaningful. Closer
inspection of Fig. 5.8 gives the impression that the left and right peaks somehow
represent CC particles and HS particles respectively (see Fig. 5.10). Applying this
hypothesis to all cases, and comparing earlier discussions with Fig. 5.8 lead to the
conclusion that this interpretation is consistent for all cases studied. For instance, the
ratio of surface particles to core particles decreases with increasing M. (see Fig. 5.9a),
which is consistent with our earlier observations. Even the only case giving a Gaussian
discharge temperature distribution (Case D3: P/D = 0.25) is also consistent with the
above hypothesis; i.e., a single peak (see Fig. 5.9d) represent the absence of CC and HS
particles; In other words, configuration D3 gives the most uniformly heated bed

compared to other configurations studied.
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Fig. 5.10. Discharge temperature distribution mapping to cool core (CC) particles and
heated surface (HS) particles.
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Fig. 5.11. Temperature averages for various cases: (a) solid flow rates (N = 11 rpm,
P/D = 1.0), (b) screw speed (M = 150 kg h™, P/D = 1.0), (c) angle of inclination
(Mg = 150 kg h™, N = 11 rpm), and (d) pitch-to-diameter ratio (Mg = 150 kg h™, N =
11 rpm). Legend: O discharge average (T, ), ® heated surface average (Tys), 4 cool core
average (Tcc).

Average discharge temperature is calculated by collating the temperature of all
particles exiting the screw conveyor domain after steady-state is achieved up to the end
of the simulation run. This ensures that initial fluctuation in temperature is not included

in the computation. In addition, the DEM program is written such that there is no further

heat transfer once the particles exit the screw conveyor domain. The average discharge
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temperature Tpeq¢ and the effective heat transfer surface area Ay, of the heater is used to
calculate the overall heat transfer coefficient of the heating device. Data from Fig. 5.9 is
processed into three average parameters namely Typeq¢, Tcc, and Tys for average
discharge temperature, average cool core temperature, and average heated surface
particles temperature respectively. Distinguishing CC from HS averages facilitates better
understanding of the mixing and heating characteristics of the screw heater under various
conditions. Fig. 5.11 shows the effect of M, N, 6,and P/D on the discharge averages
Tveass Tcc, and Tys. It is observed that Ty.q¢ decreases with increasing Mg, N, and

P/D, but increases with 6. T¢c, and Tyg behave quite differently.

5.5 Calculation of overall heat transfer coefficient

5.5.1 Effective heat transfer area

The effective heat transfer area of the screw conveyor heater A, (m?) is
calculated by multiplying the projected area of one particle by the number of particles n,
in contact with the heated surfaces, and further multiplying the result with a correction

factor of 1.27, i.e.,

1
Ap = 1.27 X anznp , (5.1)

where d is the diameter of the particle. Experimentally, the surface coverage for
irregular geometry such as the screw conveyor cannot be determined exactly and is
approximated using a combination of degree of fullness and total available surface area

(Waje et al., 2006). The total effective heat transfer surface area (trough and screw
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combined) of the 0.32 m screw conveyor heat exchanger is shown in Fig. 5.12. It is

observed that A, increases with M; and 6 but decreases with N. The reason for this is

quite obvious and relates to the degree of fullness under different operating conditions.
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Fig. 5.12. Total effective heat transfer area for various cases: (a) solid flow rates (N = 11
rpm, P/D = 1.0), (b) screw speed (Mg = 150 kg h™, P/D = 1.0), (c) angle of
inclination (Mg = 150 kg h™*, N = 11 rpm), and (d) pitch-to-diameter ratio (M; = 150
kgh*, N = 11 rpm).

Interestingly, Fig. 5.12d shows that P/D has very little effect on Ay,. One would

expect that the increasing the number of screw turns per unit length of the screw will
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increase Ay, by virtue of the greater area of immersed surfaces. This, of course is not the
case. Looking at the contributing effective heat transfer areas from the screw and trough
separately (see Fig. 5.13), it is observed that reducing the screw pitch indeed increased
the effective heat transfer area of the screw. On the other hand, the effective trough area
decreases with increasing screw turns due to the inaccessibility of the trough area that is
directly below the screw edge. Because the loss and gain in Ay, from the trough and
screw is almost of equal magnitude, the overall effect of P/D on the total Ay, is
negligible. It is also interesting to note that while A~ 0.045m?for P/D = 1,0.75. and
0.5, Ay, for P/D = 0.25 is much larger and continues to increase with time. This is due
to relatively high rate of reversed particle flow which resulted in the build-up of particles

in the feed region.
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Fig. 5.13. Effective heat transfer area of screw and trough for different pitch-to-diameter
ratios (Mg = 150 kg h™*, N = 11 rpm).
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5.5.2 Overall heat transfer coefficient

The overall heat transfer coefficient h is plotted against parameters Mg, N, 6,
and P/D in Fig. 5.14. For the same screw speed, increasing the solid flow rate reduces
h. Decrements in h is small for M; between 50 kg h™ and 200 kg h™, but large between
15 kg h™* and 50 kg h™. h dropped by more than 20% when M, is increased from 15 kg

h™ to 50 kg h™, whereas increasing M; from 50 kg h™ to 200 kg h™* resulted in a mere

6% drop in h.
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Fig. 5.14. Overall heat transfer coefficient h for various cases.
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Table 5.2. Summary of heat transfer characteristics for various cases.

Case Mg, kg ht Ay, m? AT, K T, K h, Wm?2K?
Base 150 0.045 204 64.2 186
Al 15 0.011 48.6 46.5 245
A2 30 0.018 40.6 52.1 234
A3 50 0.026 32.8 57.0 195
A4 75 0.032 27.7 60.1 190
A5 100 0.037 24.7 61.8 190
A6 175 0.050 19.4 64.8 184
A7 200 0.060 20.1 64.4 183
Bl 150 0.077 25.5 61.4 143
B2 150 0.038 19.5 64.8 211
B3 150 0.026 17.9 65.6 277
Cl 150 0.047 20.0 64.5 173
C2 150 0.051 20.7 64.1 167
C3 150 0.057 24.3 62.1 183
D1 150 0.046 21.3 63.7 194
D2 150 0.046 234 62.5 214

For the same solid flow rate, the relation between h and N is linear. Results
showed that h increased from 186 W m? K™ to 277 W m? K as N is increased from
11 rpm to 19 rpm, which present around 50% increase in h. The effect of 6 on h
appears to be parabolic for the range of angles studied. h was observed to decrease by
10% to 167 W m2 K™ when 6 is increased to 10° from horizontal position, but increase
to 183 W m? K™ when the screw conveyor heater is inclined further to 15°. For a

constant linear screw speed, it was observed that decreasing P/D result in big
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improvements in h,i.e. h increase by more than 15% when the pitch-to-diameter ratio is

halved. Summary result for the heat transfer simulation is listed in Fig. 5.14.
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Chapter 6

Summary and Conclusions

A computational study of flow and heat transfer of granular media in a screw
conveyor heater is carried out using discrete element method (DEM), where the granular
bed is modeled as spherical particles having the same size, and interaction between those
particles follow Hertz-Mindlin contact model. Penetration Model is used model heat
transfer and is calibrated according to experimental data provided by Schlunder (1984).

The present study has focused on the effects of mass flow rate, screw speed, angle
of inclination, and pitch-to-diameter ratio on granular flow dynamics and heat transfer,
quantified by residence time, segregation and hold back, bed temperature distribution,
and overall heat transfer coefficient. Thus, this study provides very useful insights to
complex granular process that is expected to occur in a screw conveyor heater. However,
the assumption of glass particles to approximate coal is an obvious limitation of the
thesis. This is due to lack of consistent flow and heat transfer data for coal, whereas very
reliable experimental data are available for glass spheres. Nevertheless, the study is not
without merits and the author believes that he has contributed a very useful and relevant

work when viewed from the quantitative sense and also from the angle of basic research.

113



The use of DEM coupled with heat transfer in the manner of this thesis is
undoubtedly the first of its kind and it is hoped that future work using DEM can build
upon the methodologies used in this thesis.

Proposed future work:

e Extend existing model to a full scale model;
e Model flow and heat transfer of coal particles in a screw conveyor heater;
e Develop DEM model to include species transport to simulate drying;

e Couple DEM with CFD to simulate drying vibrated bed dryer;
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Appendix A

/*********************************/

/* Heat Conduction Model */
/*********************************/

// For particle-particle contact elem2IsSurf = 1. For particle-geometry
contact elem2IsSurf = @

if (elem2IsSurf !=0) {

// Obtain property values listed in preference file
double htcoeff;

double heatCap_P1;

double heatCap_P2;

m_conductionProperties.getConductionProperties(elemlType, htcoeff,
heatCap_P1);

m_conductionProperties.getConductionProperties(elem2Type, htcoeff,
heatCap_P2);

// Particle-particle contact area
double nEquivRadius = elemlPhysicalCurvature *
elem2PhysicalCurvature/(elemlPhysicalCurvature + elem2PhysicalCurvature);

double area_pp = 2 * 3.142 * nEquivRadius * nEquivRadius;

// Get current temps
const double* elemlTemp

elemlPropData-> getValue(P_TEMPERATURE.c_str());
const double* elem2Temp = elem2PropData-> getValue(P_TEMPERATURE.c_str());

// Set changes. Have to make sure whether this is sink or source
double deltaT = *elem2Temp - *elemlTemp;

double HeatFluxl = htcoeff * deltaT;

double HeatFlux2 = htcoeff * deltaT;

// Calculate the temperature change

double tempChangel= (HeatFluxl * area_pp * timestep)/
(elemlMass*heatCap _P1);

double tempChange2= (HeatFlux2 * area_pp * timestep)/
(elem2Mass*heatCap_P2);

// Set changes to the temperature
double* tempDeltal = elemlPropData-> getDelta(P_TEMPERATURE.c_str());

double* tempDelta2 = elem2PropData-> getDelta(P_TEMPERATURE.c_str());

*tempDeltal += tempChangel;
*tempDelta2 -= tempChange2;

}

// conduction between surface and particle goes here
else {
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double htcoeff_P;
double htcoeff_G;
double heatCap_P;
double heatCap_G;

m_conductionProperties.getConductionProperties(elemiType, htcoeff_P,
heatCap_P);

m_conductionProperties.getConductionProperties(elem2Type, htcoeff_G,
heatCap G);

// Particle geometry contact area
double area_pg = 2 * 3.142 * elemlPhysicalCurvature *
elemlPhysicalCurvature;

// Set geometry section temperature to a constant value of 100 deg C or 373
K
const double* elem2Temp = elem2PropData-> getValue(G_TEMPERATURE.c_str());

// Get current temp of particle
const double* elemlTemp = elemlPropData-> getValue(P_TEMPERATURE.c_str());

// Set changes. Have to make sure whether this is sink or source
double deltaT = *elem2Temp - *elemlTemp;
double HeatFluxl = htcoeff_G * deltaT;

// Calculate the temperature change. Geometry is isothermal.
double tempChangel= (HeatFluxl * area_pg * timestep)/ (elemlMass*heatCap_P);

// Set changes to the temperature
double* tempDeltal = elemlPropData-> getDelta(P_TEMPERATURE.c_str());

*tempDeltal += tempChangel;
}

return eSuccess;

}
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Appendix B

/**********************************/

/* Residence Time custom property */
/**********************************/
#include "CResidenceTime.h"

using namespace std;

using namespace NApi;

using namespace NApiCore;

using namespace NApiPbf;

const string CResidenceTime::RESIDENCE_TIME_PROPERTY = "Residence Time";

CResidenceTime: :CResidenceTime()

{
5
}
CResidenceTime: :~CResidenceTime()
{
5
}
bool CResidenceTime::isThreadSafe()
{
// thread safe
return true;
}
bool CResidenceTime: :usesCustomProperties()
{
// Uses custom properties
return true;
}

ECalculateResult CResidenceTime::externalForce(double time,

Double timestep,

Int id,

const char type[],

double mass,

double volume,

double posX,

double posY,

double posz,

double velX,

double vely,

double velZ,

double angVelX,

double angVely,

double angVelZz,

double charge,

const double orientation[9],
NApiCore: :ICustomPropertyDataApi_1_0* particlePropData,
NApiCore: :ICustomPropertyDataApi_1 0* simulationPropData,

double& calculatedForceX,

127



double& calculatedForceY,
double& calculatedForcez,
double& calculatedTorqueX,
double& calculatedTorquey,
double& calculatedTorquez)
{
// Cache pointers to the custom properties we wish to use
double* residenceTimeDelta = particlePropData->
getDelta(RESIDENCE_TIME_PROPERTY.c_str());

// Update the residence time for this particle by adding the time step to
the current value. STOP UPDATING when particle exits screw

if (posZ < 0.32)
*residenceTimeDelta += timestep;
else

*residenceTimeDelta += 0.00;

return eSuccess;

}

unsigned int CResidenceTime::getNumberOfRequiredProperties(
const NApi::EPluginPropertyCategory category)

{

// This plug-in registers 1 custom particle property

if (eParticle == category){

return 1;
}
else {

return 0;
}
}

bool CResidenceTime: :getDetailsForProperty(
unsigned int propertyIndex,
NApi::EPluginPropertyCategory category,
Char name[NApi::CUSTOM_PROP_MAX_NAME_LENGTH],
NApi::EPluginPropertyDataTypes& dataType,
unsigned int& numberOfElements,
NApi::EPluginPropertyUnitTypes& unitType)

{
if (eParticle == category && 0@ == propertyIndex)
{
strcpy(name, RESIDENCE_TIME_PROPERTY.c_str());
dataType eDouble;
numberOfElements = 1;
unitType = eTime;
return true;
}
else {
return false;
}
}
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