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Abstract

The pelletizing process, where the crude iron ore from the mine is upgraded
to pellets, is a process which includes several stages involving complex fluid
dynamics. In this thesis, focus is on the grate-kiln pelletizing process and
especially on the rotary kiln, with the objective to get a deeper understanding
of the kiln aerodynamics.

A kiln is a cylindrical shaped, long, rotating oven with a burner in one end,
which can be characterized as an axi-symmetric enclosed turbulent jet diffusion
flame, where most of the combustion air has to be entrained into the fuel jet.
Only a small portion of the combustion air is channeled through the mechanical
confines of the burner while the remaining combustion air is induced through
the kiln hood in two separate inlets with a dividing wall in between, called the
back plate, where the burner is located. The different air streams are termed
primary and secondary air, respectively.

Since the majority of the combustion (secondary) air is induced through the
kiln hood, the aerodynamics of the kiln is tightly linked to the combustion
process and, primarily, the mixing between the primary fuel jet issuing from the
burner and the secondary air. Generally the combustion is largely controlled by
turbulent diffusion mixing between the secondary air streams and the confined
burner jet, hence the combustion air supply system and the resulting air flow
patterns have a huge effect on the overall performance of the burner. This
motivates a systematic study of the kiln aerodynamics.

The study of the flow features taking place in the kiln is done by using Com-
putational Fluid Dynamics (CFD) on simplified models of a real kiln, and
validating the set-ups of the numerical models with physical, laser-based ex-
periments. Two main research questions drive the work; can changes to the
geometry up-stream of the burner alter the flow field in a way that improves the
combustion as to efficiency, quality and environmental issues? And how simple
can the set-up of the numerical simulation be, still describing main features of
the flow field?

By starting as simple as possible, studying only the cold flow field without
combustion and validating the simulations with experiments, a foundation for
future geometrical optimizations can be achieved. Later on more realistic ge-
ometries may be studied with the validated simulations as a base.

Conclusions are that the flow field in the kiln is strongly affected by the mass
flow distribution between the secondary flow inlets as well as the geometry.
The flow field is highly unsteady and turbulent with vortex shedding and os-
cillations of different scales. The mixing of the secondary flow streams are
promoted by these oscillations, while the entrainment of the secondary flow
into the primary burner jet indicates the opposite trend. It appears as the
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vortex shedding process breaks up the primary burner jet on a large scale but
the mixing between the secondary and primary jets, which takes place on a
small scale, seems to be promoted by a continuous shear layer.

When modeling the kiln aerodynamics the choice of turbulence model is im-
portant. The model must be able to capture both turbulence and pressure
driven secondary flows (motions in the transverse plane, perpendicular to the
main axial flow) which arise in the complex geometry of the upper secondary
air duct with square to semi-circular cross section transitions in combination
with tube bends. But most importantly the model must be able to capture the
vortex shedding process.

Experiences gained from this work are that simplified models with a down-
scaled geometry can provide insightful information important for the process.
Although seemingly straightforward, the models reveal an unexpected amount
of difficulties in the simulation and experimental work. This justifies the strat-
egy of this project with a gradually increasing complexity of the model in the
pursuit of a validated full-scale simulation model of the iron ore pelletizing
rotary kiln.
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Daniel Marjavaara and Simon Töyrä. Visualization of Merging Flow by Usage
of PIV and CFD with Application to Grate-Kiln Induration Machines. Journal
of Applied Fluid Mechanics (2012) 5(4):81-89

Paper B: I. A. Sofia Larsson, Elianne M. Lindmark, T. Staffan Lundström
and Graham J. Nathan. Secondary Flow in Semi-Circular Ducts. Journal of
Fluids Engineering (2011) 133:101206(8)

Paper C: I. A. Sofia Larsson, B. Reine Granström, T. Staffan Lundström and
B. Daniel Marjavaara. PIV Analysis of Merging Flow in a Simplified Model of
a Rotary Kiln. Experiments in Fluids (2012) 53:545-560

Paper D: I. A. Sofia Larsson, T. Staffan Lundström and B. Daniel Marjavaara.
Comparison of Three Turbulence Models in the Modeling of Kiln Aerodynam-
ics. To be submitted

Paper E: I. A. Sofia Larsson, Simon P. A. Johansson, T. Staffan Lundström
and B. Daniel Marjavaara. PIV/PLIF Experiments of Jet Mixing in a Model
of a Rotary Kiln. To be submitted

Paper F: I. A. Sofia Larsson, T. Staffan Lundström and B. Daniel Marjavaara.
The Flow Field in a Virtual Model of a Rotary Kiln as a Function of Inlet Ge-
ometry. To be submitted

v





Contents

Preface i

Abstract iii

Thesis v

I Summary 1

1 Introduction 3

2 The grate-kiln iron ore pelletizing plant 5
2.1 The pelletizing process . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Kiln aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 The aerodynamics of the magnetite rotary kiln . . . . . 7
2.2.2 Modeling kiln aerodynamics . . . . . . . . . . . . . . . . 10

3 Functional Product Innovation in The Faste Laboratory 13
3.1 Simulation-Driven Design . . . . . . . . . . . . . . . . . . . . . 15

4 Numerical simulations 17
4.1 Governing equations . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Turbulence models . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2.1 Two-equation models . . . . . . . . . . . . . . . . . . . 19
4.2.2 Reynolds stress models . . . . . . . . . . . . . . . . . . . 20
4.2.3 Detached eddy simulation . . . . . . . . . . . . . . . . . 21

4.3 Near wall flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Experimental techniques 25
5.1 Particle Image Velocimetry . . . . . . . . . . . . . . . . . . . . 25
5.2 Laser Doppler Velocimetry . . . . . . . . . . . . . . . . . . . . . 26
5.3 Planar Laser-Induced Fluorescence . . . . . . . . . . . . . . . . 26

6 Errors 29
6.1 CFD error sources . . . . . . . . . . . . . . . . . . . . . . . . . 29

vii



CONTENTS

6.2 Experimental error sources . . . . . . . . . . . . . . . . . . . . 31

7 Method 35
7.1 Flow dynamics analysis . . . . . . . . . . . . . . . . . . . . . . 38

7.1.1 The Q-criterion . . . . . . . . . . . . . . . . . . . . . . . 38
7.1.2 Proper orthogonal decomposition (POD) . . . . . . . . 38

8 Results and discussion 41

9 Conclusions and future work 53

10 Division of work 55

References 57

II Papers 61

A Visualization of Merging Flow by Usage of PIV and CFD
with Application to Grate-Kiln Induration Machines

B Secondary Flow in Semi-Circular Ducts

C PIV Analysis of Merging Flow in a Rotary Kiln

D Comparison of Three Turbulence Models in the Modeling of
Kiln Aerodynamics

E PIV/PLIF Experiments of Jet Mixing in a Model of a Rotary
Kiln

F The Flow Field in a Virtual Model of a Rotary Kiln as a
Function of Inlet Geometry

viii



Part I

Summary

1





1
Introduction

One way to upgrade iron ore is to process it into pellets, and such a process
includes several stages involving complex fluid dynamics. One useful tool for
investigating this is Computational Fluid Dynamics (CFD) where the challenge
is to perform efficient and trustful simulations on complicated problems. The
pelletizing process is multifaceted involving a highly turbulent, high tempera-
ture flow in intricate geometries. This makes it a challenge to simulate. Not
much is known about the flow field in the different parts of the process, so a
CFD simulation may reveal important information.

In this thesis, focus is on the grate-kiln pelletizing process and especially on
the rotary kiln, with the objective to get a deeper understanding of its aerody-
namics. Since the flow field is closely connected to the combustion behavior, its
dynamics is of great interest. The study of the flow features taking place in the
kiln is done by using CFD on simplified models of the real kiln, and validating
the set-ups of the numerical models with physical, laser-based experiments.
Two main research questions drive the work:

� Can changes to the geometry up-stream of the burner alter the flow field
in a way that improves the combustion as to efficiency, quality and envi-
ronmental issues?

� How simple can the set-up of the numerical simulation be, still describing
the main features of the flow field?

The aim is to start as simple as possible and lay grounds for future geometrical
optimizations. Later on more realistic geometries may be studied with the
validated simulations as a base.

The results are analysed from three different perspectives. The foundation is
the fluid mechanical perspective where the main focus is on turbulent jets and
mixing. The second perspective is the applied research where the results are
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CHAPTER 1. INTRODUCTION

analysed with respect to the grate-kiln process in general and the rotary kiln in
particular. The third perspective looks in to how the results can be connected
to a functional product development process where a well designed simulation
tool is valuable in order to make correct decisions in business deals and in
innovation processes, as well as in maintaining optimal function of a process
during operation. This since the project is a part of the ongoing work in the
Faste Laboratory, a VINN Excellence Center for innovation in the Functional
Product area.

This thesis starts with an introduction to the subject, with relevant theory and
information on the methods used. A summary of the appended papers with
main results, discussion and conclusions then follows. The last part comprises
of the appended papers.
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2
The grate-kiln iron ore pelletizing plant

2.1 The pelletizing process

The crude ore from the mine needs processing in order to meet the demands
from the customers and their processes. This upgrade takes place in a number
of ore processing plants, i.e. sorting, concentrating and pelletizing plants, on
ground level. First the ore is crushed and ground to a fine powder in several
stages. Then large magnetic separators remove unwanted components in the
powder. Water is added in the grinding process and the result is a slurry which
is pumped to the pelletizing plant. Large filters dewater the slurry and after
that it is mixed with additives and binders. Different types of pellets require
different kinds of additives. Olivine, quartzite and limestone are examples of
additives. Balling drums or disks then rolls the mixture into small ”green balls”
with a diameter of approximately 10-14 mm. The green balls are fragile at this
stage and in order to cope with the rest of the production process their strength
must be increased (LKAB), (Meyer 1980).

This is done in several stages and first, in the grate-kiln process, the balls go
through drying and preheating. This takes place in the grate on a conveyer
belt which travels through four different heat zones. The first zone is the
UDD (Up Draft Drying) where the pellets are heated to about 50 ◦C. Air is
pushed through the bed from down below. Next, the pellets go through the
DDD (Down Draft Drying) zone where the temperature increases to about 500
◦C. The air is pushed through the bed from above. In the tempered preheat
(TPH) zone the bed is heated to approximately 1040 ◦C and in the final zone,
the preheat (PH), the temperature increases to 1075 ◦C. The next step is the
firing which takes place in a large rotary kiln at 1250 ◦C where the green
balls sinters to pellets and gain their final properties. The surface of the pellets
partially melt together, this gives them the hard surface they need to withstand
long transports. The hot pellets are then cooled to about 50 ◦C before they
are tipped into an underground storage facility beneath the pelletizing plant.
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CHAPTER 2. THE GRATE-KILN IRON ORE PELLETIZING PLANT

Automatic loading on railway cars is done and the pellets can be transported
further (LKAB), (Meyer 1980). A schematic picture of the process can be seen
in Figure 2.1.

Figure 2.1: Schematic picture of the pelletizing process in a grate-kiln
processing plant. Courtesy of LKAB.

2.2 Kiln aerodynamics

The rotary kiln is a large, cylindrical, rotating oven. The heart of the rotary
kiln is the flame which supplies the process with the necessary heat. Kiln
burner flames are characterized as axi-symmetric enclosed turbulent jet diffu-
sion flames, where most of the combustion air has to be entrained into the fuel
jet. Only a small portion of the combustion air is channeled through the me-
chanical confines of the burner while the remaining combustion air is induced
through the kiln hood; these air streams are termed primary and secondary
air, respectively.

Generally, the combustion is largely controlled by turbulent diffusion mixing
between the secondary air streams and the confined burner jet. This mixing of
the fuel and air is the slowest step in the combustion process and hence affects
the combustion efficiency. The rate of entrainment depends on the momentum
ratio between the primary and secondary air, the higher momentum (massflow
and velocity) the faster entrainment rate and consequently a faster fuel/air
mixing.
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2.2. KILN AERODYNAMICS

Ideally the secondary (combustion) air should be evenly distributed around the
fuel jet in a structured way, but in reality this is seldom the case. This is mostly
due to the fact that the burner is usually purchased separately from the kiln
and the burner design is therfore not optimised to the specific secondary air
flow pattern provided by the kiln design. So the combustion air supply system
and resulting air flow patterns have a huge effect on the overall performance
leading to rotary kilns frequently exhibit very poor aerodynamics (Mullinger
and Jenkins 2008).

Poor air flow patterns have a major damaging effect on combustion efficiency,
heat transfer and flame shape. In the case of very poor aerodynamics there
can be severe flame impingement on the furnace walls leading to damage to the
refractory lining of the kiln, and even affecting the quality of the product on
the bottom of the kiln. As explained earlier poor flow patterns can also ruin
the performance of otherwise excellent burners.

Figure 2.2 shows an example of how poor secondary air flow patterns adversly
affects a kiln flame and the resulting flame after correction of the kiln aerody-
namics.

Figure 2.2: Example of how correction of secondary air flow patterns can
improve a kiln flame. Uncorrected flame to the left and the corrected result to
the right. Reprinted from Mullinger and Jenkins (2008) with permission from

Elsevier.

2.2.1 The aerodynamics of the magnetite rotary kiln

The iron ore pelletizing kiln of interest in this work can be seen in Figure 2.3
and is distinguished from other mineral-processing kilns as to its geometry
and operating conditions. Magnetite pelletizing plants usually require a larger
amount of secondary air compared to other mineral-processing industries, since
a sufficient amount of oxygen is needed in the flue gases for the oxidation of
the pellets in the last stages of the grate (Burström et al. 2010). The kiln acts
as a duct, leading the necessary air to the grate.
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CHAPTER 2. THE GRATE-KILN IRON ORE PELLETIZING PLANT

Figure 2.3: The grate-kiln plant. Courtesy of LKAB.

Kiln burners are characterized by long diffusion flames and the flame char-
acteristics are strongly affected by the presence or absence of recirculation.
Recirculation is important for the flame stability. The reversed flow recircu-
lates hot combustion products back towards the flame, anchoring the ignition
point, stabilizing the flame and improves the combustion efficiency. There are
two types of recirculation that can occur in a rotary kiln; internal and exter-
nal. External recirculation arises when the jet momentum is high enough to
entrain all secondary air. The excess momentum of the jet needs to be over-
come, hence combustion products are pulled back into the flame and external
recirculation occur (Mullinger and Jenkins 2008). Internal recirculation arises
either by swirl or behind a bluff body. A schematic picture of recirculation can
be seen in Figure 2.4.

Figure 2.4: Recirculation in a confined jet, white unfilled arrows show the
external recirculation while the filled black arrows show internal recirculation.

A reasonable amount of external recirculation indicates that the fuel/air mixing
is complete while the absence of recirculation indicates that not all necessary
secondary air has been entrained, leading to incomplete combustion with an
increased amount of emissions. The absence of recirculation in a confined flame
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2.2. KILN AERODYNAMICS

can also lead to an excessive expansion of the flame which destroys the product
and the refractory walls.

The secondary air ducts differentiate the design of this iron ore pelletizing kiln
from typical lime or cement kilns, in which the secondary air usually enters
through a single kiln hood or radial cooler inlets. The large amount of air
needed in the process and the fact that it is usually not possible to completely
regulate all of the combustion air makes it more difficult to adjust the process,
so that a recirculatory jet is formed that stabilizes the flame. Instead, the
recirculation of hot gases relies on the recirculation zone formed in the wake
behind the back plate between the secondary air ducts. Figure 2.5 shows a
cut-through of the kiln hood.

Figure 2.5: The kiln hood. Courtesy of LKAB.

Due to the design of the secondary air ducts, the flow in the kiln resembles
the confined bluff body flow over a rectangular cylinder, with the characteristic
periodic vortex shedding and flag-like motion of the flow downstream the wake.
The flow resembles as well the merging of two jets under confinement.

The complex geometry of the upper secondary air duct with square to semi-
circular cross section transitions in combination with tube bends also gives rise
to another flow phenomena called secondary flow. Secondary flows are a mean
flow in the transverse plane superimposed upon the axial mean flow and it is
generated and maintained by one of two fundamentally different mechanisms.
The first is pressure driven and found in curved passages, and the second is
turbulence driven and found in non-circular straight ducts. Prandtl formally
separated these two categories into what is now know as secondary motions
of Prandtl’s first and second kind, respectively (Petterson Reif and Andersson
2002).
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CHAPTER 2. THE GRATE-KILN IRON ORE PELLETIZING PLANT

2.2.2 Modeling kiln aerodynamics

Modeling is an effective tool to investigate the complex flow patterns in the kiln.
CFD simulations of the isothermal flow together with validating experiments
on a physical model aid the visualization and understanding of the flow regime
and fluid mechanics (Mullinger and Jenkins 2008). Combustion is a complex
process which takes place both inside the burner jet but mostly at the interface
between the fuel jet and the secondary flow. The dynamics of this interface is
affected by the chemical reactions as well as the transport mechanisms provided
by the flow. By neglecting the presence of combustion and focusing on studying
only the cold, non-reacting flow, the fluid dynamics and its transport effects
can be scrutinized (Segalini 2010).

When modeling combusting systems one need to consider that the chemical re-
actions in the combustion process result in volume changes and buoyant forces
in the system. This means that the isothermal model is no longer truly rep-
resentative throughout the domain, but may be locally correct. It is therefore
necessary to correctly distort the flows in the model to generally represent the
real kiln. Thus when modeling the rotary kiln in general and the flame in par-
ticular the usual procedure is to preserve the geometric similarity, use reduced
Reynolds similarity for the bulk flow (to enhance visualization and reduce pump
costs) and apply a suitable, so called, jet nozzle distortion parameter. Scaling
the nozzle provides one of the greatest difficulties in isothermal modeling of
enclosed jet systems and needs to be done carefully (Moles et al. 1973).

The flame can be characterized, or rather idealized, as an axi-symmetric, tur-
bulent jet diffusion flame, consisting of a jet of fuel issuing into a concentric
confining cylinder with a surrounding uniform co-flow of air. This is in general
not true in reality, but it provides a basis for predicting the flame properties
(Parham et al. 2005).

A number of theories for confined jets have been developed making it possible
to describe and define the properties and mixing characteristics of an enclosed
diffusion flame. With aid of these theories, similarity or scaling parameters can
be found which can be used to scale experimental isothermal models of reacting
flows and the mixing in particular. The scaling parameter must be preserved
between real plant and model, and this is obtained by correcting for the variable
densities in combusting systems by distorting the nozzle diameter relative to
the duct diameter or the nozzle flow. This ensures that the momentum ratio of
the co-flow relative to the jet in the model matches that of the reacting system
(Mullinger and Jenkins 2008; Parham et al. 2005).

Two of the most commonly used are the theories and parameters derived by
Craya and Curtet (Curtet 1958) and Thring and Newby (1953). They are both
derived from the Navier-Stokes equations in conjunction with the continuity
equation but with somewhat different assumptions as starting-point, leading
to different numerical ranges and limitations of the parameters.
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2.2. KILN AERODYNAMICS

The Craya-Curtet parameter is based on the assumption that the jet is a point
source of momentum which spreads linearly. The initial velocity distribution
from the nozzle must be taken into consideration and from the linear expansion
of the jet the velocity evolution along the axis can be found. The Craya-Curtet
parameter is defined as (Moles et al. 1973)

m = −3

2
R2 +R+ k

(
L

r0

)2

R2,
�� ��2.1

where

R =
q

Q
,

�� ��2.2

q = πr20ρ0 (u0 − ua) ,
�� ��2.3

Q = πL2ρaua + πr20ρ0 (u0 − ua) ,
�� ��2.4

and where u0 is the nozzle velocity, ua the secondary flow velocity, ρ0 the
density of the nozzle fluid, ρa density of the secondary flow, r0 the nozzle
radius, L is the furnace half width and k is a jet shape factor (equal to 1 for a
round jet).

This parameter (m) is essentially the ratio between the primary air jet momen-
tum and the secondary air momentum and is a measure of the dynamic mixing
of the two streams. The Craya-Curtet parameter varies between 0 and infinity
and it has been observed that it must lie above a critical value of m > 1.5
for external recirculation to take place (Moles et al. 1973). Short and intense
flames have a higher Craya-Curtet parameter while flames with m between 1
and 2 are characterized as long flames. Flames with m < 1 tends to be long
and lazy (Boateng 2008).

The Thring-Newby parameter does not make any assumption regarding the
mixing characteristics of a certain jet flow. The prediction of confined jet
properties are based on free jet theory where the underlying assumption is
that beyond a certain distance from the nozzle and with a Reynolds number
ensuring adequate turbulence all free jets are dynamically similar except for
microscale phenomena. This permits the use of a combination of the governing
dimensionless parameters to ensure jet similarity between model and reality,
(Parham et al. 2005; Thring and Newby 1953)

θ =
ṁ0 + ṁa

ṁa
· d∗or
Dduct

,
�� ��2.5

where ṁ0 is the mass flow rate of the nozzle fluid, ṁa is the mass flow rate of
the surrounding fluid, Dduct is the kiln diameter. d∗or is the distorted nozzle
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CHAPTER 2. THE GRATE-KILN IRON ORE PELLETIZING PLANT

diameter which simulates a nozzle through which fluid of the density of the
entrained fluid flows but with the same mass flow rate as that of the actual jet,

d∗or =

(
ρ0
ρa

)0.5

dor,
�� ��2.6

where ρ0 is the density of the burner nozzle fluid, ρa is the density of the
surrounding fluid and dor is the burner nozzle diameter.

If the mass flux ratio is maintained constant between full-scale and model,
similarity is obtained by distorting the nozzle diameter to keep the nozzle to kiln
diameter constant. The distorted nozzle diameter is generally larger than the
equivalent scaled diameter. This can sometimes lead to mechanical difficulties
in closely confined jets where the increased nozzle dimensions distorts the flow
channel for the secondary fluid. It can also lead to an excessive distortion of
the flow in the nozzle region compared to the full-scale system. Due to this fact
and the underlying assumption that the dimensions of the furnace are such that
the jet follows the laws of a free jet until it meets the walls, the Thring-Newby
parameter (θ) is generally only applicable if d∗or/Dduct < 0.05 (Mullinger and
Jenkins 2008; Moles et al. 1973; Parham et al. 2005).
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3
Functional Product Innovation in The

Faste Laboratory

A sustainable society with a life-cycle perspective is the prevailing vision to-
day. An important step on the way to reach there is changing the ways of
doing business. One attempt of this is functional products, in which the sell-
ing/producing company provides a function rather than the physical product
itself. This means that the producer owns the product/equipment and is re-
sponsible for its function during its entire life-cycle. The buyer buys a function
at an agreed upon cost and for a specified time frame and the producer will
hence be responsible for ensuring the products functionality, reliability and
availability. An example of this is Rolls Royce which instead of selling aircraft
engines provides the customer with a certain amount of power by hour.

The change from delivering ordinary products to selling functional products
introduces many challenges. The functional product should include hardware,
software, some kind of service or support system and management of opera-
tion of the functional product (Lindström et al. 2012). It especially puts new
demands on the product development of the hardware since the provider is
responsible for delivering the function of the hardware throughout the whole
life-cycle. This includes taking responsibility for all the costs associated with
developing, manufacturing and continuously upgrading the product, and im-
proving the customer value (International Innovation 2013). In this way the
investment risk may be transferred from the customer to the function provider,
resulting in the need of a suitable business model which serves both the provider
and the customer in the context of functional products.

The characteristics and benefits of Functional Product Innovation is a total life-
cycle commitment, extended enterprise meaning collaboration between value-
chain partners, ecological and economical sustainability and an added value
which can be seen in a two-fold way. Value in the form of additional knowl-
edge, additional resources, risk sharing, etc. is achieved between the collab-
orative value-chain partners. This value is perceived as a win-win situation
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LABORATORY

within the extended enterprise. Secondly, customer perceived added value is
achieved through the total offer where the functionality is the responsibility of
the provider (The Faste Laboratory 2014).

The focus of the Faste Laboratory is on Functional Product Innovation where
research is performed in Functional Product Development, Simulation-Driven
Design and Distributed Collaborative Engineering in close collaboration with
industrial partners. The vision is to develop new methods and tools to enable
industry partners to take a lead in functional product businesses. The main
objective is to provide what is needed for the partner companies to successfully
do business based on functional product innovations by creating the capabil-
ity to identify, model and simulate offer components in the early phases of
the development process, and to support a closer collaboration between value-
chain partners (International Innovation 2013; The Faste Laboratory 2014).
Figure 3.1 gives an overview of the functional product innovation concept and
how the work is performed within the Faste Laboratory. This project is a part
of the ongoing work within Simulation-Driven Design which focuses on different
types of simulations (fluid mechanical, solid mechanical, material etc.) that are
a vital part of a functional product development process.

Figure 3.1: The work within The Faste Laboratory.
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3.1. SIMULATION-DRIVEN DESIGN

3.1 Simulation-Driven Design

Simulation strategies that have been developed to guide designers towards bet-
ter solutions rather than to verify suggested and basically unevaluated solu-
tions in order to increase product development efficiency, are approaches often
called Simulation-Driven Design (Karlberg et al. 2013). One crucial part of
the functional product development process is the ability of fast optimisation,
especially in the concept phase, of the product through many iterations. This is
supported by very fast simulation tools where the challenge is to perform high
quality, trustworthy, rapid, and valid simulations which can be used to drive
the functional product development process and to secure optimal operation.

This can be viewed upon in two different ways, depending on a company’s need
to sell or buy a functional product. One scenario can be that the company
owns the equipment and is responsible for providing the function mobility at
an agreed upon availability. One important part of providing the mobility is for
instance a functioning transmission. Methods for prediction of early concept
reliability as a part of availability of the transmission is therefore derived and
demonstrated through simulations.

Another scenario can be that a company needs to know as much as possible
about their own process in order to be able to buy the right functions, which
for example can be a burner that should deliver a certain amount of heat
with a specified maximum amount of emissions. Without knowing their own
process it is hard to put down the right demands and specifications in a business
agreement, here a simulation can provide valuable insight and knowledge. In
both scenarios, a well designed simulation tool is valuable in order to make
correct decisions in business deals and in innovation processes.

Hence we can once again reconnect to the research questions and look at them in
a broader perspective connected to the idea of functional product development
and specifically simulation-driven design; can changes to the geometry up-
stream of the burner alter the flow field in a way that improves the combustion
as to efficiency, quality and environmental issues? And how simple can the
set-up of the numerical simulation be, still describing main features of the flow
field?
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4
Numerical simulations

Computational Fluid Dynamics (CFD) is a widely used numerical method to
solve fluid dynamics related problems. The commercial code Ansys CFX was
used in this project and it uses the finite volume technique to solve the gov-
erning equations. In this technique the region of interest is divided into small
sub-regions called control volumes. The equations are discretized and solved
iteratively for each control volume. The governing equations are integrated
over each control volume, such that the relevant quantity (mass, momentum,
energy etc.) is conserved in a discrete sense for each control volume. As a result
an approximation of the value of each variable at specific points throughout
the domain can be obtained. In this way a full picture of the flow behavior is
derived (Ansys CFX-Solver Theory Guide 2009).

4.1 Governing equations

The Navier-Stokes equations describe the processes of mass, momentum and
heat transfer. In conjunction with the continuity equation these equations are
the governing equations for fluid flow, here stated for incompressible flow,

∂vi
∂xi

= 0,
�� ��4.1

∂vi
∂t

+ vj
∂vi
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2vi
∂x2j

,
�� ��4.2

where vi are the fluid velocity components, p is the fluid pressure and ν = µ/ρ
is the kinematic viscosity.

The cases where these equations can be analytically solved are limited to lam-
inar flow conditions in simple geometries. When turbulence enters the pic-
ture, complications immidiately arise. Turbulence is a complex process which
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CHAPTER 4. NUMERICAL SIMULATIONS

consists of fluctuations in the flow field in time and space. Its complexity is
mainly due to the fact that it is three dimensional, unsteady and consists of
many scales. Random, swirling, vortical structures of all orientations called ed-
dies arise in turbulent flows. Turbulence affects the characteristics of the flow
field and occurs when the inertial forces in the fluid become significant com-
pared to viscous forces, the Reynolds number describes this ratio. Turbulence
is characterized by a high Reynolds number (Çengel and Cimbala 2006; Ansys
CFX-Solver Theory Guide 2009). The analytical limitations make it neces-
sary to discretize the nonlinear partial differential equations and solve them
numerically.

Direct numerical simulation (DNS) is the most sophisticated technique to solve
CFD problems and the solutions require extremely fine, fully three dimensional
grids, large computers and an enormous amount of CPU time. Though the
increased computaional capacity continuosly decreases the limitations, there
is still a long way to go to a general solution applicable in all cases. Thus
some simplifying assumptions are needed in order to simulate complex, high
Reynolds number, turbulent flow fields.

In a larger time scale, much larger than the turbulent fluctuations time scale,
turbulent flow exhibit average characteristics with an additional time-varying,
fluctuating component. A velocity component may be divided into an average
component and a time varying component (vi = vi+v

′

i). Applying this decom-
position, called the Reynolds decomposition, to the Navier-Stokes equations,
the Reynolds averaged Navier-Stokes (RANS) are obtained

∂vi
∂xi

= 0,
�� ��4.3

ρ
∂vi
∂t

+ ρvj
∂vi
∂xj

= − ∂p

∂xi
+

∂

∂xj
(τij − ρv

′
iv

′
j).

�� ��4.4

The equations are formally identical to the Navier-Stokes equations with the
exception of the additional term

τij = −ρv′
iv

′
j = −ρ(vivj − vivj),

�� ��4.5

which is the so-called Reynolds stress tensor. It represents the transfer of
momentum due to turbulent fluctuations and act as additional stresses in the
fluid.

The Reynolds stress tensor in three dimensions consists of nine components
but since v

′

i and v
′

j in the correlations can be interchanged, the tensor contains
only six independent components. Therefore the fundamental problem of tur-
bulence modeling based on RANS equations is to find six additional relations in
order to achieve closure. The meaning of closure is that there exists sufficient
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4.2. TURBULENCE MODELS

number of equations for all the unknowns. This is where the use of turbulence
models comes in. Turbulence models allow the calculation of the mean flow
without first calculating the full time-dependent flow field. Due to the aver-
aging procedure, information from the full Navier-Stokes equations is lost. It
is supplied back into the code by the turbulence model. The equations used
to close the system define the type of turbulence model (Çengel and Cimbala
2006; Ansys CFX-Solver Theory Guide 2009; Blazek 2001).

4.2 Turbulence models

4.2.1 Two-equation models

One assumption is that turbulence consists of small eddies which are continu-
ously forming and dissipating, and in which the Reynolds stresses are assumed
to be proportional to mean velocity gradients, with the eddy viscosity as pro-
portionality constant. The eddy viscosity models the transfer of momentum
caused by turbulent eddies in the same manner as the momentum transfer
caused by molecular diffusion (i.e. friction) is modeled with a molecular vis-
cosity. This assumption defines an eddy viscosity model.

Two-equation models are based on the eddy viscosity hypothesis of Boussinesq
where the Reynolds stresses are assumed to be lineary related to the mean
velocity gradients with the eddy viscosity, µt, as the proportionality constant,

−ρv′
iv

′
j = µt

(
∂vi
∂xj

+
∂vj
∂xi

)
− 2

3
kδij ,

�� ��4.6

where k = 1
2v

′
iv

′
i. One can also define a kinematic turbulent viscosity: νt =

µt/ρ. The turbulent viscosity varies in space, hence is not homogeneous. It is
though assumed to be isotropic, the same in all directions. This is the major
drawback of the Boussinesq hypothesis.

To find an expression for the eddy viscosity two dominant properties of the
turbulence field are used; the turbulent kinetic energy, k, and its dissipation
rate, ε, which determines the turbulent length scale. By dimensional analysis
the following relationship is achieved

νt = Cµ
k2

ε
,

�� ��4.7

where Cµ is a model constant determined from experiments.

This adds two more transport equations to be solved simultaneously with the
Navier-Stokes equations.
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Two-equation models are widely used and offers a good compromise between
numerical effort and computational accuracy. The most common models of
this type are the k-ε and k-ω. ω corresponds to a characteristic frequency of
the turbulence decay process and is associated with the dissipation of kinetic
energy, ω = ε/k. It is the vorticity of the small eddies of the flow and a measure
of the intensity of rotation of these small eddies. The relationship between the
eddy viscosity and the eddy frequency is

νt = Cµ
k

ω
.

�� ��4.8

The k-ω formulation has an advantage in the near wall treatment compared to
the k-ε formulation since it does not involve the complex non-linear damping
functions required for the k-ε model. It is therefore more accurate and robust
when resolving the viscous sublayer (Ansys CFX-Solver Theory Guide 2009).

The two-equation model used in this project is the Shear Stress Transport
(SST) model by Menter (1994) which is a k-ω based model.

4.2.2 Reynolds stress models

The eddy-viscosity assumption has a major drawback in that the six Reynolds
stresses are represented isotropically by scalar values such as k and ε. This
means that the stress anisotropy can not be accurately modeled which is nec-
essary in complex flows, such as swirling and secondary flows. Another lim-
itation is the assumption of instantaneous equilibrium that implies that the
Reynolds stresses can be calculated from local values of turbulence and veloc-
ity gradients. This makes it impossible to include non-local effects and also
results in an inaccurate prediction of the transport of each individual Reynolds
stress component, which might lead to incorrect calculation of the turbulent
transport (Revell 2006).

Reynolds stress turbulence models do not use the isotropic eddy viscosity
hypothesis, instead they solve transport equations for all components of the
Reynolds stress tensor and the dissipation rate. They are characterised by a
higher degree of universality, but the disadvantage of the models is a decrease
of the numerical stability and an increased computational cost compared to a
two-equation model (Ansys CFX-Solver Theory Guide 2009).

The Reynolds stress model used in this report is the BSL Reynolds Stress Model
which is suitable for wall-bounded, complex flows and uses the ω-equation
instead of the ε-equation as the scale-determining equation (Ansys CFX-Solver
Theory Guide 2009).
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4.3. NEAR WALL FLOW

4.2.3 Detached eddy simulation

The level below DNS is large eddy simulation (LES). With this technique large
unsteady features of the turbulent eddies are resolved, while small-scale dis-
sipative turbulent eddies are modeled. One drawback is that the use of LES
in boundary layer flows at high Reynolds numbers is highly computationally
expensive due to the grid requirements.

The detached eddy simulation (DES) theory is an attempt of decreasing the
computational cost. DES tries to combine elements of RANS and LES formu-
lations in order to arrive at a hybrid formulation, where RANS is used inside
attached and mildly separated boundary layers and LES in the massively sep-
arated regions. The DES model in ANSYS CFX is a combination of SST
(Menter 1994) and LES proposed by Strelets (2001). It is not used in its origi-
nal version, instead a shielded version propsed by Menter (2003) is used which
provides an additional limitation to the DES blending function to prevent the
activation of the DES-limiter in the RANS-region. LES is applied in the sepa-
rated regions and the prediction of the turbulent boundary layers carries over
from the SST model (Ansys CFX-Solver Theory Guide 2009).

This approach offers many advantages but it is not without problems since the
model needs to identify the different regions automatically. DES is at least
one order of magnitude more computationally intense than RANS models. It
also requires a detailed understanding of the method and the grid generation
requirements. Therefore the need for additional information should be care-
fully weighted against the required resources (Ansys CFX-Solver Theory Guide
2009).

4.3 Near wall flow

The thin fluid layer closest to wall boundaries has a significant effect on the flow
since the fluid-surface interaction causes large gradients in the flow variables in
this region. Close to the boundary, viscous effects dominate the transport of
momentum, mass and energy, while turbulent effects gradually become more
significant farther away and eventually dominate the transport. Where the
viscous effects on the transport equations are large two problems arise; how to
account for viscous effects at the wall and how to resolve the rapid variation of
flow variables which occurs within the boundary layer region. A quantity that
is used in boundary layer calculations is the friction velocity, defined as

u∗ =

(
τω
ρ

) 1
2

,
�� ��4.9
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where τω is the shear stress very close to the wall. For Newtonian fluids, τω is
proportional to the velocity gradient normal to the wall according to Newton’s
equation of viscosity,

τω = µ
du

dy
.

�� ��4.10

When analyzing the boundary layer it is convenient to use dimensionless vari-
ables, such as the wall distance and velocity parallel to the wall

y+ =
yu∗
ν
,

�� ��4.11

u+ =
u

u∗
.

�� ��4.12

To model the flow inside the boundary layer, various empirical formulas have
been developed. Experiments have confirmed that very close to a surface, the
velocity gradient normal to the surface remains nearly constant at du/dy = u/y.
In other words, very close to the wall there is a linear relation between the
velocity parallel to the surface and the distance normal to the surface. Thus,
combining the equations yields the so called law of the wall,

u

u∗
=
yu∗
ν
,

�� ��4.13

which correlates well with experimental data up to about y+ = 5. Farther away
from the wall (y+ > 30), the linear assumption is not valid and the relation is
better described as logarithmic. Here, the logarithmic law gives a better fit to
the experimental data,

u

u+
=

1

κ
ln
(yu∗
ν

)
+B.

�� ��4.14

The constant κ is the von Karman constant and B is a log-layer constant
depending on wall roughness. κ and B have been determined by experimental
fitting to approximately 0.40 and 5.0, respectively (Çengel and Cimbala 2006;
Franzini and Finnemore 2002).

Between y+ = 5−30 the buffer layer is found, this is where the transition from
the viscous to the fully turbulent region occurs. The velocity profile in the
buffer layer is generally determined by a combination of the viscous and the
logarithmic relationship, where the linear approximation is more accurate when
y+ < 11 and the logarithmic approximation between 11 < y+ < 30. A critical
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4.3. NEAR WALL FLOW

point is y+ = 11 where the two equations intersect and the velocity distribution
differs the most from the one predicted by any of the two approximations.

So the region close to the boundary can be divided into three layers and can be
seen in figure 4.1. The innermost layer is the viscous sublayer where the flow
is almost laminar-like and the viscosity plays a dominant role. Further away
from the wall is the logarithmic layer where the turbulence dominates and in
between is the buffer layer.

Figure 4.1: Schematic picture of a boundary layer.

There are generally three types of boundary conditions, which can be applied
to a RANS simulation in Ansys CFX, namely wall function boundary condi-
tions, integration to the wall (low-Reynolds number formulation) and a mixed
formulation (automatic near-wall treatment).

In the wall function formulation the tangential velocity in the log-law region is
related to the wall shear stress by Eq. 4.14. This approach avoids the need to
account for viscous effects in the turbulence model. The conditions near the
wall is modeled without resolving the boundary layer. This saves computational
resources. If a fully resolved boundary layer is needed one should use a low-
Re number method where the details of the boundary layer profile is resolved
using very small grid length scales in the direction normal to the wall. Through
this method the computations are extended through the viscous sublayer. This
requires a very fine grid in the near-wall zone with large number of nodes in
order to capture the rapid variation of the variables.

In the mixed formulation the model automatically switches from a low-Re for-
mulation to wall functions based on the grid spacing. This formulation provides
the optimal boundary condition for a given grid with an accurate near-wall
treatment over a wide range of grid spacings. It should though be noted that
an accurate simulation of the boundary layer not only depends on the y+ near-
wall spacing, but also requires a minimum of at least 10 grid nodes inside the
boundary layer. In ANSYS CFX the hybrid mixed formulation is available
for all ω-equation based turbulence models (Ansys CFX-Solver Theory Guide
2009).
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Recommended y+ values for the different formulations are 20 ≤ y+ ≤ 100 for
wall functions and y+ ≤ 2 for low-Re models.
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5
Experimental techniques

All three experimental techniques used in this thesis are laser-based, optical
and non-intrusive. An introduction to the different techniques is given below.

5.1 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is a measurement technique used to obtain
instantaneous velocity fields in arbitrary planes in any transparent fluid (LaV-
ision). The technique is based on seeding the flow with particles. By studying
the motions of the patterns formed by the particles the flow velocity can in-
directly be measured. The area of interest is illuminated by a laser double
pulse and pictures are taken with a high speed camera. The laser should form
a light sheet in the measuring area. The time between the two exposures is
optimized in order to maximize the particle translations, while minimizing the
particle loss out of the laser sheet. The pictures received look like noise and
in order to extract information from them, they are divided into small areas
called interrogation areas. Each interrogation area is examined with statistical
means to find the displacement; cross-correlation is common if two pictures are
taken within a short time interval. In this way a velocity vector field can be
achieved. The principle of PIV is illustrated in Figure 5.1.

Figure 5.1: Principle of PIV. Courtesy of Dantec Dynamics A/S.
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5.2 Laser Doppler Velocimetry

The Laser Doppler Velocimetry (LDV) technique is based on Doppler shift of
the light reflected from a moving seeding particle. In Laser Doppler Velocimetry
a monochromatic laser light is used as light source. The interference of two
beams crossing in the so called measurement volume creates a fringe pattern.
The distance between the fringes depends on the wavelength of the laser light
and the angle between the incident beams. When a particle is moving through
the fringe pattern in the measurement volume, its reflected intensity of light
will vary with a frequency proportional to the particle velocity with 1/fringe
distance as proportionality constant (Dantec Measurement Technology 2000).
Hence the fluid velocity in the point where the measurement volume is located
can be calculated. The principle of LDV is illustrated in Figure 5.2.

Figure 5.2: Principle of LDV. Courtesy of Dantec Dynamics A/S.

5.3 Planar Laser-Induced Fluorescence

Planar Laser-Induced Fluorescence (PLIF) is a measuring technique used to
measure instant whole-field concentration or temperature maps in liquid and
gaseous flows. The fluid of interest is marked with a tracer compound, dyes
like rhodamine are commonly used in liquid measurements and ketons such as
aceton in gaseous flows. If a mixing experiment is performed one stream is
marked and the other one consists of fresh fluid. A laser light sheet illuminates
a thin plane in the flow and the tracer absorbs some of the light making it excite
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to a higher electronical energy state. In the subsequent return to a lower energy
state a part of the excess energy is released as light at a longer wavelength, this
is commonly known as fluorescence. A camera equipped with a sharp cut-off
or narrow-band filter is used for the fluorescence detection, resulting in only
the fluorescent light being recorded. The level of fluorescence varies with the
concentration or the temperature and at low concentration levels, absorption
is negligible, leading to a linear relationship between the fluorescence signal
and the concentration or temperature. The calibration procedure consists of
determining a calibration constant at every pixel of the camera. From such
a calibration map the recorded raw images of fluorescence are converted to
concentration or temperature maps by signal processing (Dantec Measurement
Technology 2013). The principle of PLIF is similar to that of PIV and these
two measurement techniques are often used together simultaneously to get a
complete overview of the flow field, see Figure 5.3.

Figure 5.3: Principle of PIV/PLIF. Courtesy of Dantec Dynamics A/S.
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6
Errors

6.1 CFD error sources

CFD simulations have several potential sources for errors or uncertainties. The
errors can be divided into several subgroups, for example numerical errors,
modeling errors, user errors, software errors, application uncertainties (Casey
and Wintergerste 2000; Ansys CFX-Solver Theory Guide 2009; Ferziger and
Peric 2002).

The numerical error is of most concern to a CFD code user during an applica-
tion and it is the result of the difference between the exact equations and the
discretized equations solved by the code. This error (also known as solution
error) can be reduced by an increased spatial grid density and/or smaller time
step if the discretization schemes are held constant. It is well known that only
second and higher order space discretization methods are able to produce high
quality solutions on realistic grids. So for a steady state simulation, if the order
of the scheme is given, the spatial discretization error can only be influenced
by the grid. It is therefore important to perform a grid convergence test of tar-
get variables important for the simulation to minimize the discretization error
(Celik et al. 2008; Ansys CFX-Solver Theory Guide 2009).

Richardson extrapolation is one method to examine the grid convergence error.
If one has three grids with different number of nodes, one can receive a more
exact solution than for the finest grid through extrapolation. This method has
been worked out for structured grids where a systematical refinement of the
grids can be done. Therefore the method only gives an indication of the grid
convergence error for unstructured grids and one needs to take precautions in
those cases (Celik and Zhang 1995), (Celik and Karatekin 1997). It should also
be noted that the grids should have a high geometrical quality in order not to
affect the solution error. The following description of Richardson extrapolation
proceeds from (Celik, Ghia, Roache, and Freitas 2008).

A representative grid size h is defined as
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h =

[
1

N

N∑
i=1

(∆Vi)

]1/3
,

�� ��6.1

where ∆Vi is the volume of each element and N is the total number of nodes
used.

Next three different sets of grids are chosen and simulations are performed to
determine the value of target or key variables important to the objective of the
simulation study. This variable, φ, should be critical to the conclusions being
reported. The grid refinement factor of the grids is defined as r = hcoarse/hfine,
and it is desirable that the grid refinement factor is greater than 1.3. This
value though is based on experience and not on formal derivation. The most
important thing is that the grid refinement is done systematically.

Let h1 < h2 < h3 and r21 = h2/h1, r23 = h3/h2 and calculate the apparent
order, p, of the method using

p =
1

ln(r21)
|ln |ε32/ε21|+ q(p)| ,

�� ��6.2

where

q(p) = ln
(rp21 − s
rp32 − s

)
,

�� ��6.3

and
s = sign(ε32/ε21).

�� ��6.4

The ε values are defined as ε32 = φ3 − φ2 and ε21 = φ2 − φ1. It is desirable
that the apparent order agrees with the order of the numerical scheme. Differ-
ences are most likely due to grid stretching, grid quality, non-linearities in the
solution, turbulence modeling, and other factors (NASA Glenn Research Cen-
ter). It should also be noted that precaution is required in interpolation and
extrapolation, because small changes in the dependent variable leads to sig-
nificant changes in the calculated apparent order (Celik and Karatekin 1997).
When the scheme order has been calculated the Richardson extrapolation can
be performed through

φ21ext =
rp21φ1 − φ2
rp21 − 1

.
�� ��6.5

Once the extrapolated value has been calculated one can compute the grid
error as

e21ext =

∣∣∣∣φ12ext − φ1φ12ext

∣∣∣∣ , �� ��6.6
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and the approximate relative error as

e21a =

∣∣∣∣φ1 − φ2φ1

∣∣∣∣ . �� ��6.7

When complicated models (turbulence, combustion etc.) or schemes with
switches or limiters are used, the definition of order may be difficult. It is
therefore not absolutely necessary to compute the order p, it is sufficient to
show the change in the computed quantity of interest for a series of grids. If
the change is monotonic and the difference decreases with grid refinement, one
can easily estimate where the grid-independent solution lies (Ferziger and Peric
2002).

A methodology to uniformly report the results of a grid refinement study is
the grid convergence index (GCI) provided by Roache et al. (1986). The basic
idea is to approximately relate the results from any grid refinement test to
the expected results from a grid doubling using a second-order method. The
objective is to provide a measure of uncertainty of the grid convergence. The
GCI is a measure of the percentage the computed value is away from the value
of the asymptotic numerical value, a small value indicates that the computation
is within the asymptotic range (NASA Glenn Research Center).

The GCI on the fine grid is defined as

GCI21fine =
Fse

21
a

rp21 − 1
.

�� ��6.8

where Fs is a factor of safety, equal to 3 for comparisons of two grids and 1.25
for comparisons of three or more grids.

Other numerical errors are convergence or iteration errors which are a result
of the difference between a fully converged simulation on a finite number of
grid points and a solution that is not fully converged. If the iterative process is
incomplete errors arise. Round-off errors are another type of numerical errors
that can occur if the difference between two values of a parameter is below
the machine accuracy of the computer. This is caused by the limited number
of computer digits available for storage of a given physical value. The use of
double precision might reduce this type of error. Time-dependent simulations
adds another dimension to a CFD simulation and can also give rise to time
discretization errors.

6.2 Experimental error sources

A cornerstone in all experimental design is to randomize the experimental pro-
cedure. By proper randomization, the effects of extraneous factors that may
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be present have less impact on the result (Montgomery 2005). The total uncer-
tainty in the measurements is a combination of systematic (bias) and random
(precision) errors (Coleman and Steele 1999). The systematic errors can be
minimized by a careful set-up of the experiment avoiding disturbances like
vibrations, light scatter and unnecessary movement of the measurement equip-
ment. It is also important to be aware of the equipments limitations and error
sources, both hardware and software, to correctly account for the bias errors.

The overall measurement accuracy in PIV is a combination of a variety of
aspects extending from the recording process all the way to the methods of
evaluation (Raffel et al. 2007). The seeding particles should be small enough to
follow the fluid flow well and they should also scatter the laser light effectively.
The time between exposures and the thickness of the laser sheet needs to be
optimized in order to maximize the displacement (within the recommended
range) and minimize the particle loss out of the laser sheet. Sources of errors
that affect the measurement accuracy include refraction on surfaces, camera
repositioning accuracy and characteristics of the optical components. Finally,
the evaluation using cross-correlation and other computed functions in the post-
processing may give rise to further sources of error (Kirschner and Ruprecht
2007).

The bias errors in LDV measurements consists of a variety of errors, such as
error of the calibration factor, probe alignment/configuration bias, velocity bias
and system noise. By setting up the system carefully the bias errors can be
minimized, leaving only the velocity bias and system noise as main contributors
to the bias errors.

In LDV measurements, the sample rate of the velocity increases with velocity.
For a given observation time, higher velocities will be sampled more frequently
than lower velocities. Taking a simple arithmetic mean of all samples thus
leads to a positively biased mean compared to a true time mean of the velocity
(Albrecht et al. 2002). This can be compensated for by weighting each velocity
sample with its residence time in the measuring volume.

The system noise originates from vibrations of the test set-up, leading to a small
movement of the duct wall. The system noise can be estimated by a velocity
measurement of the duct wall in the measuring section, with the same hardware
settings as for the flow measurements. The measured noise contribution to the
velocities is then subtracted from the velocity data.

The major error sources in a PLIF experiment are mainly connected to the
calibration process and non-uniformity of the laser sheet with temporal and
spatial energy fluctuations (Melton and Lipp 2003). The variation of the fluo-
rescence intensity as a function of the variable of interest (concentration, pH or
temperature) has to be established prior to the experiment to ensure a linear
relationship. The background noise should also be accounted for.

An efficient way to estimate the random errors in experiments is by a repeata-
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bility test. By measuring a target variable in different points or planes repeated
times in a randomized order one can estimate the error. The estimated preci-
sion error (P ) of the mean values, at the probability of 95% confidence interval,
can be calculated with the following relationship P = t · s, where t is the coef-
ficient of the t-distribution with the corresponding degree of freedom and s is
the standard deviation of the sample data (Coleman and Steele 1999).
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7
Method

Numerical simulations were performed in Paper A, Paper B, Paper D and
Paper F, using the commercially available code Ansys CFX. The simulations
in Paper A and partly in Paper D are validated by PIV experiments, while
the simulations in Paper B are validated by LDV experiments. Paper C and
Paper E consist of experimental studies using PIV and PIV/PLIF, respec-
tively. Paper F consists purely of numerical simulations. The geometries used
in the studies can be seen in Figure 7.1.

Figure 7.1: Geometries and methods used in the appended papers.
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In all papers except Paper B the flow in the kiln is investigated. The kiln is
modeled as a straight, non-rotating, horizontal cylinder with a constant cross-
section (D = 100 mm) and without pellets inside, while actual kilns are rotating
and inclined with respect to the ground, and often have a minor diameter
expansion. The inlets are modeled as semi-circular ducts and in Paper A
they are parallel while the top inlet duct in Paper C and Paper D has a 15°
inclination angle to the kiln axis before entering the kiln. In Paper F three
different developments of the kiln model are used where the geometry more
closely resembles the real kiln. The burner is excluded in all papers except
Paper E, where the burner jet is included to get a deeper understanding of
the mixing process between the primary and secondary flow in the kiln. All
flows are isothermal since only the cold flow field without combustion is of
interest in these investigations. Paper B deals with the flow in a semi-circular
duct since the inlets to the kiln are approximated as semi-circles. In reality
only the top one is semi-circular before the kiln. The working fluid is water,
allowing the smaller scale of the model kiln.

It is not only the effect of the geometry on the flow field that is investigated,
also the mass flow distribution between the secondary flow inlets are varied to
see how this affect the flow in the kiln. To quantify the mass flow distribution
the ratio of the momentum flux is defined in the following way,

Rtot =
max (J1,tot, J2,tot)

min (J1,tot, J2,tot)
,

�� ��7.1

where the momentum flux for each duct is defined as

Jtot =

∫∫
Aduct

ρU2
duct dydz,

�� ��7.2

where Aduct is the cross-sectional area of the semi-circular ducts, ρ is the fluid
density and Uduct is the axial velocity. The momentum flux is approximated
with the mass flows through the ducts squared, according to J1,tot = (ṁ1)2 for
the upper inlet duct and J2,tot = (ṁ2)2 for the lower inlet duct. This approxi-
mation is a simplification but its only purpose is to conveniently describe the
mass flow distribution between the inlets. The momentum flux ratio is equal to
one when the mass flows are equal and grows larger as the distribution between
the inlets becomes more uneven. To distinguish between the cases when the jet
in the upper inlet is dominant as compared to when the jet in the lower inlet is
dominant, the abbreviations ud (upper dominant) and ld (lower dominant) are
used respectively after the value of the momentum flux ratio. Table 7.1 sum-
marizes the mass flow distributions in both % and kg/s and the corresponding
momentum flux ratio and Reynolds number. Note that the highest momentum
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Table 7.1: Mass flows and momentum flux ratios

ṁ1 [kg/s] ṁ2 [kg/s] Distribution in % Rtot Re

1.94 4.50 30/70 5.44, ld 8 · 104

3.18 4.77 40/60 2.26, ld 1 · 105

3.97 3.97 50/50 1.00 1 · 105

4.77 3.18 60/40 2.26, ud 1 · 105

4.50 1.94 70/30 5.44, ud 8 · 104

flux ratio corresponds to a lower total mass flow and hence a reduced Re num-
ber due to limitations of the pump used in the experiments. This is proven in
Paper A to have no effect on the results since the flow is still fully turbulent.

In Paper E the burner jet is incorporated in between the secondary flow inlets
to investigate how the streams interact and affect each other. The scaling of the
burner nozzle diameter and the jet flow through it is done by using the Craya-
Curtet parameter. The value of the parameter is estimated to 0.86, using data
measured in the real process during operation, and it is kept constant between
the real kiln and the downscaled model to allow for comparisons.

In the papers where simulations were performed a curvilinear grid built from
hexahedral elements was created. An o-grid was designed in order to get a
good grid adaptation around the curved edges. The grid was also designed
to meet the good quality grid criterion provided by the code in order to re-
duce the discretization error. To fully resolve the boundary layer (which was
done in all cases except Paper F), prism elements were placed close to the
wall. This results in more computationally efficient modeling of the near-
wall physics. The turbulent flow field was solved by three dimensional, steady
(Paper A and Paper B) or unsteady (Paper D and Paper F), Reynolds
averaged Navier-Stokes (RANS) equations, closed by either the two-equation
Shear Stress Transport (SST) turbulence model, the Reynolds Stress Baseline
(RSM-BSL) turbulence model, or by the hybrid RANS/LES model SST-DES.
All RANS-models use the ω-formulation as the scale determining equation,
this is an advantage making it possible to resolve the boundary layer more
accurately and robustly than when using the ε-formulation.

Mesh studies were performed to ensure a grid independent solution. Great care
was also taken in order to minimize experimental errors. Uncertainty analyses
were performed in all the papers.
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CHAPTER 7. METHOD

7.1 Flow dynamics analysis

In order to get a deeper understanding of the flow dynamics in the kiln, two
approaches were used in Paper C, Paper D and Paper F. The first one
involves plotting the isosurfaces of a vortex identification parameter, in this
work the Q-criterion (Hunt et al. 1988) was used. The second approach was
performing a proper orthogonal decomposition (POD) of the flow, which reveals
the large-scale structures and dominant motions of the flow.

7.1.1 The Q-criterion

There exists a number of parameters to identify vortices, or rather vortex cores.
One of them is the Q-criterion (Hunt et al. 1988), an invariant defining the
difference between the vorticity magnitude and the strain rate. It is the second
invariant of the velocity gradient tensor, defined as

Q = −1

2
(SijSij − ΩijΩij) = −1

2

∂ui
∂uj

∂ui
∂uj

,
�� ��7.3

where Sij and Ωij are the symmetric and anti-symmetric part of the velocity
gradient tensor, representing the rate-of-strain tensor and the vorticity tensor
respectively. If the rotation dominates over the strain and shear in the flow,
the Q-criterion is positive and there are active vortices in the flow.

7.1.2 Proper orthogonal decomposition (POD)

Proper orthogonal decomposition is a method enabling the identification of
large-scale, often coherent, structures in a flow. In turbulent flows it is not
always easy to distinguish recurring motions among the random, chaotic fluc-
tuations. A POD analysis can therefore provide valuable information about
the dynamics of the flow. In this work, the snapshot POD method by Sirovich
(1987) has been used on both numerical data and experimental data from PIV
measurements. A snapshot is exactly what it sounds like; an instantaneous
picture of the flow. The following description of the snapshot POD method
proceeds from Meyer et al. (2007). The analysis starts with calculating the
mean of the captured snapshots of the flow field. The mean is viewed as the
zeroth mode of the flow. The rest of the analysis involves the fluctuating part
of the velocity components (unj , vnj , wnj ), where the index n runs through the
N snapshots and j runs through the M positions of the velocity vectors in a
given snapshot. All fluctuating velocity components from each N snapshots are
rearranged in a matrix U as
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U =
[
u1u2 · · ·uN

]
=



u11 u21 · · · uN1
...

...
...

...

u1M u2M · · · uNM
v11 v21 · · · vN1
...

...
...

...

v1M v2M · · · vNM
w1

1 w2
1 · · · wN1

...
...

...
...

w1
M w2

M · · · wNM



�� ��7.4

The autocovariance matrix is created as

C̃ = UTU ,
�� ��7.5

and the problem then reduces to solving the eigenvalue problem

C̃Ai = λiAi,
�� ��7.6

where the solutions are ordered according to the size of the eigenvalues

λ1 > λ2 > . . . > λN = 0.
�� ��7.7

The POD modes are then constructed using the ordered eigenvectors

φi =

∑N
n=1A

i
nu

n∥∥∥∑N
n=1A

i
nu

n
∥∥∥ , i = 1, ..., N,

�� ��7.8

where Ai
n is the nth component of the eigenvector corresponding to λi from

eq. 7.6.

Each snapshot can be expanded in a series of the POD modes with expansion
coefficients ai for each POD mode i. The POD coefficients are determined by
projecting the fluctuating part of the velocity field onto the POD modes

an = ΨTun,
�� ��7.9

where Ψ =
[
φ1φ2 · · ·φN

]
. The expansion of the fluctuating part of a snapshot

n is
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un =

N∑
i=1

ani φ
i = Ψan.

�� ��7.10

The POD coefficients of two modes can be plotted in a scatter plot against each
other in order to investigate the connection between the modes. A circular
pattern indicates a strong connection, where an almost 90◦ phase difference
between the coefficients couples with the modes and allows structures to be
convected downstream (Durgesh and Naughton 2010).

The total kinetic energy in each POD mode is proportional to the corresponding
eigenvalue. This implies that the first modes contain the majority of the energy
and can be associated with the large-scale, dominating structures in the flow.
The POD modes can be seen as an ideal decomposition of the flow. A snapshot
can be reconstructed by adding a number of modes, usually only a few of the
first modes are needed to produce a satisfying result when the flow contains
dominant, large-scale structures.
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8
Results and discussion

This section reviews the main findings of the project. Additional results and
discussion can be found in the appended papers. Most of the results reported
are non-dimensionalized with the inner diameter of the kiln, D, and the bulk
velocity, Ub, of the kiln or the semi-circular inlet duct, if not stated otherwise.

The flow field in the kiln is highly turbulent and unsteady with vortex shedding
resulting in large oscillations of the flow. The dominant frequency of the vortex
shedding in the simpler geometries is about 12 Hz corresponding to a Strouhal
number of about 0.17 based on the height of the back plate. This shedding
process involves the most energy containing motions of the flow in the kiln.
Figure 8.10 shows a snapshot of the flow field in the kiln with the geometry
used in Paper C and Paper D, from simulations using the Reynolds stress
model BSL and from PIV experiments. When the flow separates at the edges
of the back plate, vortices are shed alternately and convect downstream in a
coherent motion. The vortices converge toward a position in the y-direction off
the centerline, leading to a coupling with the wall shear layer. This interaction
results in a portion of the wall shear layer being ejected by the influence of the
shed vortices.

In the semi-circular ducts secondary flow develops; turbulence driven in straight
ducts and both turbulence and pressure driven in semi-circular ducts with
bends. The focus in this project is on the turbulence driven secondary flow in
a semi-circular duct since no previous studies could be found in the literature.
It is found that the secondary flow is characterized by four counter rotating
vortices, two in each corner, where the maximum velocity is about 1% of the
bulk velocity. This can be seen in Figure 8.2. The results also indicate that the
turbulence field is more disturbed by the secondary flow than is the main axial
flow field. When modeling this it is important to keep in mind that standard
two-equation turbulence models can not show turbulent secondary flow, and
since the highest velocities are found close to the wall, wall functions should
not be used to avoid bridging the interesting near wall region.
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CHAPTER 8. RESULTS AND DISCUSSION

(a) Simulation using RSM-BSL

(b) Experiment using PIV

Figure 8.1: Snapshots of the flow field in the kiln showing vorticity contours
with velocity streamlines highlighting the flow pattern. Rtot = 1.

(a) Simulation using RSM-BSL

(b) Experiment using LDV

Figure 8.2: Secondary flow in a semi-circular duct, contours and vectors
showing velocity in the z-direction. Re = 8 · 104.
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Regarding the turbulence models used in this project, it is clear that the two-
equation model SST should be avoided when modeling the kiln aerodynamics,
mainly for two reasons; it can not capture the turbulent secondary flow that
occurs in all non-circular ducts and it does not capture the vortex shedding
process in a correct way. The vortical structures can be visualized by plotting
isosurfaces of the Q-criterion. Figure 8.3 shows the vortical structures predicted
by the models. It should be noted that the value of the Q-criterion of the
vortices shown in the RSM-BSL and DES cases are 100 times higher than for
the SST model to enhance the visual understanding (Q-criterion = 16 for the
SST model and Q-criterion = 1600 for the RSM-BSL and DES models). Note
also the difference between the SST model and the RSM-BSL and DES models
in the appearence of the vortical structures.

(a) SST (b) RSM-BSL

(c) DES

Figure 8.3: Isosurfaces of Q-criterion = 16 for the SST model and Q-criterion
= 1600 for the RSM-BSL and DES models. The structures are colored by

velocity. Rtot = 1.

Simulations using the DES model are time consuming and the model is also sen-
sitive to grid quality and resolution as well as simulation settings. The model
though captures a range of eddie sizes (Figure 8.3) which can give a deeper
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understanding of the details of the flow field in the kiln. The Reynolds stress
model BSL proved to be a good choice for this application since the results pro-
vided by the model agreed well with experimental results, both qualitatively
and quantitatively. Examples of this can be seen in Figure 8.4. The quan-
titative results are presented with errorbars corresponding to the estimation
of the discretization error for the simulation case and the total experimental
uncertainty. The RSM-BSL turbulence model is a good trade-off between com-
putational effort and details of the flow captured, therefore are all simulation
results reported hereafter from this model.

(a) Snapshot from the shedding cycle showing
vorticity

(b) Streamwise velocity profiles

Figure 8.4: Qualitative and quantitative comparison of the flow field,
simulation using RSM-BSL (black contours and dots) and PIV (colored

contours and red dots). Rtot = 1.

The recirculation zone that develops in the wake behind the back plate is an
important region since this is where the burner is located in the real kiln. As
outlined earlier, this zone is important when combustion is taken into consider-
ation since the reversed flow improves the flame stability and affects the com-
bustion efficiency. The flow field is strongly affected by the geometry and the
mass flow distribution between the inlets, and hence the appearence and length
of the recirculation zone is also dependent on these parameters. Time-averaged
velocity streamlines in the vertical center plane can be seen in Figure 8.5 and
special attention is given to the prediction of the recirculation zone. Three
momentum flux ratios are compared in two different geometries.

In the simpler model with almost parallel secondary flow jets it can be seen that
the dominant jet entrains the weaker jet which experiences more curvature and
has a larger pertaining vortex compared to the dominant jet. In the mean field,
the recirculating vortex of the weaker jet stays somewhat upstream the other
one. A completely different flow field is seen when the geometry is developed
towards a more realistic model. The jets are no longer parallel which has a
great impact on the resulting flow field. In this geometry there are three corners
where vortices are shed causing two main low velocity regions to develop, one
behind the back plate and one below the jet emerging from the lower inlet.
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Recirculation occurs behind the back plate for all momentum flux ratios, but
below the lower jet it is only seen when this jet is not dominant. When the
lower jet is dominant a recirculation zone is seen above the upper jet as it is
entrained into the dominant one. The high velocity jet emerging from the lower
inlet travels undisturbed straight into the upper kiln wall where it is deflected.

Figure 8.5: Streamlines in the vertical center plane. PIV results from Paper
C above, simulation results from geometry case 3 in Paper F below.

Rtot = 5.44, ud to the left, Rtot = 1 in the middle and Rtot = 5.44, ld to the
right.

Steady state simulations can be used to get an overview of the flow field. Pre-
cautions should though be made when analyzing the results quantitatively since
they do not capture the oscillations that occur in the kiln that affect the flow
field in general and the recirculation zone in particular. Figure 8.6 shows the
mean flow field in the kiln predicted by the simulations, steady state result
to the left and time-averaged transient result to the right. The size of the
recirculation zone is severly overpredicted in the steady state simulation.

(a) Steady state (b) Time-averaged transient

Figure 8.6: Mean flow field in the kiln, velocity contours with streamlines,
simulation results. Rtot = 1.

The dynamics of the flow show that, for the simpler geometries where the jets
are almost parallel, the roll up and subsequent shedding are predominantly
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occurring in the inner shear layer of the dominant jet. Over the shedding
period, the weaker jet is more strongly curved towards the wake; hence, it seems
that its pertaining vortex is more anchored in the wake and does not shed as
easily. When the momentum fluxes are matched, von Kármán-type vortices
are alternately shed from the upper and lower inner shear layers forming an
anti-symmetric pattern of coherent structures.

The mixing of the secondary flow streams are promoted by the flow field os-
cillations. Figure 8.7 shows the development of the streamwise velocity in the
vertical centerplane in the kiln predicted by transient and steady state simu-
lations and PIV experiments. The transient simulation and the experimental
results are time-averaged. The steady state simulation differ from the transient
simulation and experiments in that the velocity profile still has a pronounced
saddle shape at x/D ≈ 3, indicating that the jets have not combined. The
transient and experimental jets have nearly combined already at x/D ≈ 2.2,
starting to develop as a single jet. A fast mixing might be beneficial for the
combustion process, but it is hard to draw any conclusions about this as long
as the burner jet is not incorporated. What mainly controls the combustion
process in this type of flames encountered in rotary kilns is the entrainment of
the combustion air into the fuel jet, and not how the secondary air jets mix
with each other. The secondary flow though affects the entrainment process
which is seen in the PLIF experiments of the primary jet.

Figure 8.7: Development of the streamwise velocity. Rtot = 1.

The flow field in the most realistic model of the kiln depends strongly on the
dominating jet which can be seen in Figure 8.8. When the upper jet is dominant
the development of the pressure driven secondary flow in the transverse plane
due to the bends of the duct is promoted. This makes the flow detached and
pushed towards one side, and the effect persists all the way to the outlet of
the kiln. The flow separation results in vortices forming in the inner corner of
the bend, moving downstream the inlet duct into the kiln. Vortices are shed
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both behind the back plate and from the edge of the lower inlet. All these
vortices start to interact with each other in the wake, creating highly three-
dimensional entangled structures in the upper part of the kiln. The effect of
the bends of the upper inlet duct resulting in separation in one corner and a
region with increased velocity in the opposite one, is seen both in the beginning
of the kiln with a more chaotic, vortical flow in the low velocity region and
further downstream in the kiln as the velocity gradient gives rise to structures
resembling horseshoe vortices.

When the lower jet is dominant the resulting flow field is very complex and
resembles the one seen with a jet in a cross flow. The dominating feature of
the flow is the counter rotating vortex pair (CVP) that develops below the
trajectory of the jet as described in Meyer (2007). The CVP originates from
vortices created very near the jet exit (Yuan et al. 1999). Upright wake vortices,
rotating around the y-axis, is seen below the jet and travel downstream the
wake.

(a) Rtot = 5.44, ud (b) Rtot = 5.44, ld

Figure 8.8: Isosurfaces of Q-criterion=1450 (Rtot = 5.44, ud) or 1970
(Rtot = 5.44, ld) in geometry case 3 from Paper F. The structures are

colored by velocity.

Observations from a real kiln indicate that the mass flow is not equally dis-
tributed between the inlets, suggesting a higher mass flow rate in the top in-
let duct. Therefore the dynamics of the flow when Rtot = 5.44 with upper
dominant jet is further investigated by performing a proper orthogonal de-
composition (POD) analysis. By doing this it is possible to identify dominant
features and large-scale structures in the flow since POD is a method capable of
distinguishing coherent structures and statistically significant events from in-
coherent structures in turbulent flows. A Matlab script based on the snapshot
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POD method described in Meyer (2007) is used and the variables investigated
are the fluctuating parts of the velocity components in the vertical and hori-
zontal center planes of the kiln. The results show that the first four modes in
the vertical center plane and the first six modes in the horizontal center plane
contain about 70% of the total fluctuating energy. The modes come in pairs,
showing the convection of the structures. They are however not showing the
same structures, neither when comparing the pair of modes with each other or
when comparing the two center planes, except for the vortices created in the
wake below the dominant jet that are seen in two different modes in both the
vertical and horizontal center plane. A visualization of the structures in each
mode in both center planes can be seen in Figure 8.9.

Figure 8.9: Visualization of the dominant structures with Q-criterion = 522 in
the first four modes in the vertical (top) and first six modes in the horizontal

(bottom) center plane. The contour plot shows velocity. Rtot = 5.44, ud.

All dominant modes in both planes clearly involve the transport and interplay
of the vortices shed from the sharp corners of the inlets of the kiln and the
ones originating in the bends of the upper inlet duct. In the horizontal plane
mode 5 and 6 contain a similar amount of energy as mode 3 and 4 in the same
plane and hence should be used in the reconstruction of a snapshot of the flow
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in this plane. Figure 8.10 show a reconstruction of a snapshot using mode 1-4
for the vertical center plane and mode 1-6 for the horizontal center plane. The
flow details are qualitatively reproduced, hence providing the most important
dynamics of the flow.

(a) Snapshot (b) Reconstructed snapshot, mode 1-4

(c) Snapshot (d) Reconstructed snapshot, mode 1-6

Figure 8.10: Snapshot of the flow and the reconstructed snapshot in both the
vertical (top) and horizontal (bottom) center planes. The contours are

colored by velocity. Rtot = 5.44, ud.

When the burner jet is incorporated into the model, the scaling of the nozzle
diameter and the flow through it is done with the Craya-Curtet parameter
which was estimated with data from the real process during operation to a
value of 0.86. A Craya-Curtet parameter of 0.86 indicate a long and lazy
flame, without external recirculation, this is also seen in the experiments. An
instantaneous PLIF-image can be seen in Figure 8.11.

Figure 8.11: Instantaneous PLIF-image, Rtot = 5.44, ud.

The burner jet characteristics, as well as the flow field surrounding the jet, is
affected by the momentum flux ratio of the secondary flow, see Figure 8.12. It
is seen that the entrainment into the burner jet of the secondary flow emerging
from the lower inlet is promoted when the momentum flux ratio is increased.
An increased momentum flux ratio also leads to the development of an external
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recirculation zone downstream in the lower part of the kiln. This is predicted
by calculating a ”local” Craya-Curtet parameter for each secondary flow inlet.

(a) Rtot = 1 (b) Rtot = 2.26, ud

(c) Rtot = 5.44, ud

Figure 8.12: Streamlines of the mean flow obtained from the
PIV-measurements. The mean PLIF-image in the middle shows the burner

jet. The x-axis is scaled with the nozzle diameter, Dj .

The wake region behind the back plate is about the same length as the back
plate height (D/3) and it is clearly seen in the experimental results as a point
where there is a sudden change of the flow.

The burner jet initially spreads linearly to about 30 nozzle diameters, Dj ,
downstream, correponding to the end of the wake, see Figure 8.13. Towards
the end of the images it is seen that the jet is deflected upwards. The same
behavior is seen in all cases regardless of secondary flow momentum flux ratio.
A possible explanation is that the slight angle of the incoming secondary flow
from the upper inlet direct the flow downwards, creating a low pressure region
in the upper part downstream the kiln that the burner jet is drawn into.

Previous studies in this thesis have shown that the vortex shedding process
and the resulting large-scale oscillation of the flow field in the kiln increases
the mixing of the secondary streams. The opposite trend is indicated when the
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Figure 8.13: Jet spreading downstream the kiln.

burner jet is incorporated and its mixing with the secondary flow is scrutinized.
The vortex shedding breaks up the burner jet on a large scale but the mixing,
which takes place on a small scale, seems promoted by a more stable flow field
with a continous shear layer. It is clear that the secondary flow considerably
affects the burner jet and the mixing characteristics.
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9
Conclusions and future work

The turbulent cold flow field in a model of a rotary kiln has been investigated.
Simplified, downscaled, isothermal models have been used and both numerical
and experimental results are reported.

Conclusions are that the flow field is strongly affected by the mass flow dis-
tribution between the inlets as well as the geometry. The flow field is highly
unsteady and turbulent with vortex shedding and oscillations of different scales.
The mixing of the secondary flow streams are promoted by these oscillations,
while the entrainment of the secondary flow into the primary burner jet indi-
cates the opposite trend. It appears as the vortex shedding process breaks up
the primary burner jet on a large scale but the mixing between the secondary
and primary jets, which takes place on a small scale, seems to be promoted by
a continuous shear layer.

When modeling the kiln aerodynamics the choice of turbulence model is impor-
tant. The model must be able to capture both turbulence and pressure driven
secondary flows (motions in the transverse plane, perpendicular to the main
axial flow) and most importantly; the vortex shedding process. A well resolved
boundary layer is needed for accurate prediction of the turbulent secondary
flow and, later on when combustion is invoked, heat transfer at kiln walls.

The results can be analyzed from three different perspectives; a fundamental
fluid mechanical perspective, a more applied perspective and from a simulation-
driven design perspective. The fundamental fluid mechanical perspective in-
volves digging in to jets, wakes, mixing flows etc. to investigate the flow dynam-
ics. The applied perspective deals with relating the findings to the grate-kiln
process in particular and making the results useful by giving practical implica-
tions. In the simulation-driven design perspective it is important to know how
to perform a fast, trustworthy simulation that can be used as a descision tool
early in a process, for instance when developing a functional product. To be
able to make a quick simulation can also be beneficial for deciding the right
specifications of a certain product or function needed in a purchase scenario. A
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well designed simulation model can also be used to maintain optimal function
of a process during operation, reducing the time and cost for maintenance and
service as well as the environmental impact.

Experiences gained from this work are that simplified models with a down-
scaled geometry can still provide insightful information important for the pro-
cess as well as the general fluid mechanical society. Although seemingly straight-
forward, the models reveal an unexpected amount of difficulties in the simula-
tion and experimental work. This justifies the strategy of this project with a
gradually increasing complexity of the geometry in the pursuit of a validated
full-scale model of the iron ore pelletizing rotary kiln.

By returning one last time to the driving research questions, it can be con-
cluded that changes to the geometry upstream the burner will alter the flow
field. The connection to the combustion process and the effect on the combus-
tion efficiency in general and the environmental aspects in particular is though
hard to analyze. A foundation has been built in this thesis with important
revelations and implications. The aim in a real kiln is a long, stable flame with
an even temperature profile resulting in a continuous sintering of the pellets
throughout the entire length of the kiln. All statements regarding the flame
characteristics based on this thesis are at this stage qualified guesses that need
to be validated and investigated further. It is though clear that the secondary
flow considerably affects the burner jet and the mixing characteristics.

How simple the simulation model can be while still describing the main features
of the flow field depends on what the aim of the simulation is. A quick overview
of the mean flow can be achieved through a steady state simulation on a coarse
grid. The more details of the flow field required, the more complex geometry,
finer grid and complicated turbulence model is needed.

The future work can go in two oppposite, but still connected, directions. One
can take one step back and once again resign to simpler models to investigate
the flow field and further scrutinize the physics of basic flows like jets and
wakes etc. to obtain general fundamental results. The other direction is mak-
ing the model more applied and look deeper into what the governing physics
is in the grate-kiln process. This will produce specific results useful for the
company, which are tightly connected to the simulation-driven design perspec-
tive where the aim is to develop a valid and fast simulation model that can be
used as a guide early in innovation and decision-making processes. One step
on the way reaching there is developing best practice guidelines for performing
a trustworthy and valid simulation.
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Division of work

Paper A

Visualization of Merging Flow by Usage of PIV and CFD with Application to
Grate-Kiln Induration Machines
I.A.S. Larsson, E.M. Lindmark, T.S. Lundström, D. Marjavaara and S. Töyrä.

Larsson performed the simulations and together with Lindmark the experi-
ments and wrote the paper. All authors contributed in the analysis of the
results.

Paper B

Secondary Flow in Semi-Circular Ducts
I.A.S. Larsson, E.M. Lindmark, T.S. Lundström and G.J. Nathan

Larsson performed both the simulations and the experiments and all authors
contributed in the analysis of the results and the writing of the paper.

Paper C

PIV Analysis of Merging Flow in a Simplified Model of a Rotary Kiln
I.A.S. Larsson, B.R. Granström, T.S. Lundström and B.D. Marjavaara

Larsson and Granström performed the experiments and wrote the paper. All
authors contributed to the analysis of the results.
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Paper D

Comparison of Three Turbulence Models in the Modeling of Kiln Aerodynamics
I.A.S. Larsson, T.S. Lundström and B.D. Marjavaara

Larsson performed the simulations and wrote the paper under supervision of
Lundström and Marjavaara.

Paper E

PIV/PLIF Experiments of Jet Mixing in a Model of a Rotary Kiln
I.A.S. Larsson, S.P.A. Johansson, T.S. Lundström and B.D. Marjavaara

Larsson and Johansson performed the experiments and wrote the paper under
supervision of Lundström and Marjavaara.

Paper F
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Abstract

One way to upgrade iron ore is to process it into pellets. Such a process includes several
stages involving complex fluid dynamics. In this work, focus is on the grate-kiln pelletizing
process and especially on the rotary kiln, with the objective to get a deeper understanding of the
aerodynamics in order to improve the combustion. A down-scaled, simplified model of the real
kiln is created and both numerical and experimental analyses of the flow field are performed.
Conclusions are that steady state simulations can be used to get an overview over the main
features of the flow field. Precautions should though be taken when analyzing the recirculation
zone since steady state simulations do not capture the transient, oscillating behavior of the flow
seen in the physical experiment. These oscillations will under certain conditions considerably
affect the size of the recirculation zone.

Keywords: Rotary kiln, aerodynamics, CFD, PIV, recirculation zone, merging jets

1. Introduction

LKAB (Luossavaara-Kiirunavaara AB) is an international minerals group that pro-
duces iron ore products for the steel industry. Their main product is iron ore pellets
for production of hot metal in blast furnaces and direct reduction processes. The

upgrade from crude ore to pellets takes place in an ore processing plant, i.e. sorting,
concentrating and pelletizing plants. In the grate-kiln process, the pellets are first dried
and pre-heated in the grate and then sintered in the kiln. The kiln is connected to an
annular cooler which provides it with hot air, called secondary air, which is necessary
for the combustion process. The mass flow of the secondary air is much higher than the
primary air directly provided to the burner. Hence the secondary air is likely to have
a large influence of the flow field within the kiln and of the performance of the burner.
Therefore it is of interest to study the geometry of the tubings between the cooler and the
kiln. A sketch of a grate-kiln induration machine is presented in Figure 1.
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Figure 1. Grate-kiln induration machine.

The induration process is multifaceted involving a highly turbulent, high temperature
flow in intricate geometries. This makes it a challenge to study. Little is known about
the flow field in the different parts of the process thus motivating deeper studies of the
grate-kiln. Since fuel/air mixing largely controls the combustion process, the combustion
air supply system and the resulting air flow patterns have a huge effect on the overall
performance of the burner [1]. The type of cooler, and its geometry, will define the
secondary air flow regime and can result in severely distorted jet flows (and flames) [1],
as will also be shown in this study. A stable flame is important for safe and efficient
combustion, recognized by a constant point of ignition located very close to the burner
nozzle. These conditions are crucially determined by the recirculation zone that forms
between the secondary flow inlet jets [1]. This zone is characterized by a rapid decay of the
mean velocity compared to the surrounding flow field [2] and it can be divided into a fuel
driven recirculation zone created by the momentum from the fuel jet, and an air driven
recirculation zone which, in this case, arises due to flow separation with the burner wall
acting as a bluff body. Mullinger and Jenkins [1] further explains the importance of this
zone since it improves the flame stability as the reversed flow recirculates hot combustion
products from downstream to mix with the incoming fuel stream and constantly ignites it.
In this way the ignition point and flame are anchored to the burner nozzle which improves
the combustion [1]. If the recirculation zone is too large, the refractory lining can be
damaged, and if the recirculation zone is too small it affects the mixing [3]. Since mixing
is the slowest part of the combustion process in a large, industrial flame, improving the
mixing improves the combustion. The interaction between flames and vortices has been
reviewed by Renard et al. [4] where they show how cylinders and structures in the flow
can stabilize the flame.

Due to the design of the kiln hood, the flow field in the kiln will resemble the flow
field seen when two parallel jets merge together. This flow field can be divided into
three regions: the converging, merging and combined regions. The region closest to the
dividing wall is called the converging region. As described by Lai et al [5], this region
consists of a subatmospheric region as a result of the mutual entrainment of the jets, which
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causes the jets to curve towards each other. In the recirculation zone, the mean streamwise
velocity is negative. The jets merge at the merging point, and downstream from this
point the merging region is found. In this area the jets continue to interact and the mean
streamwise velocity increases until it reaches its maximum value at the combined point.
The distance to the merging point and combined point are known as merging length and
combined length respectively. After the combined point, the combined region is found
where the two jets combine and resemble one single jet.

In the present work the objective is to reveal flow features taking place in the kiln
by using Computational Fluid Dynamics (CFD) on a simplified model of the real kiln,
and validate different set-ups in the numerical model with physical experiments. There
are at least two reasons to do this: to be able to decide if changes of the geometry up-stream of
the burner can alter the flow field in a way that improves the combustion and reduces the NOx
emissions, and to know how simple the set-up of the numerical simulation can be, still describing
main features of the flow field. In the present study there will be no geometric changes
since the aim is to start as simple as possible and lay grounds for future geometrical
optimizations [6]. Later on more realistic geometries may be studied with the validated
simulations as a base. The commercial code ANSYS CFX 11.0 is used for the numerical
simulations and they are validated with experiments on a physical model using Particle
Image Velocimetry (PIV). PIV is a non intrusive measuring technique that measures
instantaneous velocity fields in arbitrary planes in any transparent fluid [7, 8, 9, 10]. Using
PIV to validate CFD simulations has previously been done by for example van Ertbruggen
et al. [11] and Ranade et al. [12].

2. Model description

A relatively simple down-scaled model of the kiln with the main features was built
numerically for CFD simulations and in Plexiglas for validating experiments with PIV.

2.1. Geometry

The inlet tubes of the numerical model of the kiln are approximated as half circular pipes,
see Figure 2. To achieve a fully developed velocity profile before entering the kiln, the
length of the inlet pipes are 4.0 m or 95 hydraulic diameters of the half circular pipe both
in the virtual and physical model. Dean and Bradshaw [13] obtained fully developed flow
in a rectangular duct after 93.6 hydraulic diameters for Re = 1 · 105 (based on the height
of the duct). To the authors knowledge similar results have not been presented for flow
through half circular pipes.

The kiln is modeled as a straight, non-rotating, horizontal cylinder without pellets,
while the real kiln has a smaller expansion in diameter, an inclination angle to the ground
and rotates. The burner is excluded since only the cold flow field without combustion is
of interest in the present investigation.
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Figure 2. Model geometry with boundaries (the full length of the inlet pipes is not
shown).

2.2. CFD set-up

The geometry is imported into ANSYS ICEM and a mesh built from hexahedral elements
is created. An o-grid consisting of approximately 12.5 million nodes is designed in order
to get a good mesh adaptation around the round edges. The y+ values are in the range
of 0.001 to 6, with an area averaged value of approximately 1.3, so the boundary layer is
not fully resolved everywhere in the geometry according to the requirements of low-Re
wall formulations for an ω-based turbulence model [14]. Since the main interest in this
investigation is the bulk flow, the areas with high y+ values do not affect the results.
A mesh study was performed with Re = 1 · 104 and with the efficiency factor as the
dependent variable, defined as the ratio of mass averaged total pressure at the inlet to
that at the outlet [15]. A conclusion from this study is that a mesh consisting of at least 3
million nodes is needed in order to achieve a grid independent solution. The reason for
using 12.5 million nodes in the simulations is to resolve the boundary layer for higher
Reynolds number. In order to maintain the mesh quality, more nodes are placed in the
flow direction to reduce the distance between the nodes in that direction, and to keep the
aspect ratio within an acceptable range.

Three dimensional, steady state, Reynolds averaged Navier-Stokes equations, closed
by the Reynolds stress turbulence model BSL are solved for the turbulent flow field. One
reason for using a second moment closure model is that it reveals secondary flows (flow
in the transverse plane, perpendicular to the mean axial flow) which arise in the non-
circular inlet pipes. A standard two-equation model does not show this flow feature [16].
Interestingly, comparisons with initial simulations using two-equation models yielded no
noticeable increase of simulation time or convergence problems with the more advanced
turbulence model.

A plug profile is set at each inlet and at the outlet an average static pressure is
employed with a relative pressure of zero Pa, averaged over the whole outlet. A second
order discretization scheme is used for the advection term. The convergence criterion
is RMS residuals below 10−6 [14] and therefore double precision is used. Isothermal
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conditions are assumed so the energy equations are not applied. The simulations are
partly carried out on a 150-node PC-cluster. It has been demonstrated that the CFD-code
applied parallelize excellent on this cluster [17].

2.3. Experimental set-up

The experimental kiln has the same geometry as the virtual model, described in the
previous section. To control the flow rate in the half circular pipes the flow is monitored
with magnetic flow meters (Krohne Optiflux DN50), and the temperature in the set-up is
monitored with a Pt100. The temperature of the water in the set-up was controlled to 20
± 0.4 ◦C with a cooling system in the tank. The turbulence intensity in the inlet pipes
was approximately 9%.

The PIV-system used is a commercially available system from LaVision GmbH. It
consists of a Litron Nano L PIV laser, i.e. a double pulsed Nd:YAG with a maximum
repetition rate of 100 Hz, and a LaVision FlowMaster Imager Pro CCD-camera with a
spatial resolution of 1280 x 1024 pixels per frame. The laser is mounted on a traverse
so that the laser sheet and camera can be repositioned up to 500 mm in the x-, y- and
z-directions. The tracer particles used are hollow glass spheres with a diameter of 6 µm
from LaVision GmbH.

PIV measurements are performed with a frequency of 80 Hz during 6 seconds which
implies that for each measurement 480 picture pairs are produced. In order to be able
to compare the measurements to results from steady state simulations, the 480 frames
are time-averaged. Time between laser pulses was 400 µs, which resulted in a particle
displacement of 8 pixels in the streamwise velocity direction. Raffel et al. [18] recommend
that particles should move 1/4 of the interrogation window; larger displacements result
in too large loss in particle matching. All in all this boils down to an appropriate
interrogation window of 32 x 32 pixels.

Measurements are taken in four positions in the flow direction from the half circular
pipes and downstream within the kiln. At each position measurements are performed
on three planes directed along the flow, one in the middle and one on each side 25 mm
from the middle. The order in which the positions are measured is randomized. In
the processing of the PIV measurements first a Gaussian filter is applied to improve the
accuracy of the particle location. A multi-pass scheme with decreasing window size and
window offset is then used to calculate the displacement of the particles. The interrogation
window size was 64 x 64 pixels decreasing to 32 x 32 pixels both with an overlap of 50%.

The overall measurement accuracy in PIV is a combination of a variety of aspects
extending from the recording process all the way to the methods of evaluation [18]. A
cornerstone in all experimental design is to randomize the experimental procedure. By
proper randomization, the effects of the uncertainties are averaged out. The measurement
uncertainty consists of uncertainty due to biased errors and precision errors (or measure-
ment errors) [19]. The seeding particles should be small enough to follow the fluid flow
well and they should also scatter the laser light effectively. In order to determine the
velocity the particle displacement between two images must be computed. Together with
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the time between the exposures, a two-dimensional velocity field can be calculated. The
particle displacement should not be too large, as outlined earlier in this section, so the
time between exposures and the thickness of the laser sheet needs to be optimized in
order to maximize the displacement (within the recommended range) and minimize the
particle loss out of the laser sheet. Sources of errors that affect the measurement accuracy
include refraction on surfaces, camera repositioning accuracy and characteristics of the
optical components. Finally, the evaluation with the cross-correlation and other computed
functions in the post-processing may give rise to further sources of error [20].

2.4. Numerical and experimental settings

The flow in the real kiln has a Reynolds number of approximately 8 · 105 based on the
diameter of the kiln. In the experiment a Reynolds number of 5 · 104 and 1 · 105 is used,
which corresponds to a mass flow of 3.95 kg/s and 7.9 kg/s respectively in the model
kiln. The magnetic flow meters control the flow to an accuracy of 0.1% in the experiments.
The fluid chosen in the physical model is water, allowing the smaller scale of the model
kiln. Three distributions between the inlet pipes are evaluated, namely 50/50, 40/60 and
70/30 in order to detect how the distribution of mass flow affects the flow field in general
and the recirculation zone in particular.

The laser cannot illuminate the entire measuring section at once so it has to be moved
with the traverse to cover the area of interest. Hence several frames are linked together
after each other to create a complete picture. This result in non-continuous plots in the
figures that are due to: difficulties with overlapping the different frames into one picture,
insufficient laser illumination at the borders of the measuring areas and joints in the
geometry, especially where the inlet pipes are connected to the kiln. Getting perfect
optical availability at such a joint is rather tricky. These flaws do not, however, affect the
results presented in this paper.

3. Results and discussion

To start with, a comparison of the streamwise velocity profile in two planes with equal
off-set from the main axis of the kiln yields that the flow field is symmetric about a
vertical plane in the middle of the kiln and directed along the flow. This is exemplified
with velocity profiles (normalized with the bulk velocity and the kiln diameter) at the
merging point in Figure 3. As can be seen, there is no noticeable difference between the
two planes, thus indicating that the flow field is symmetric.

In order to derive the importance of applying the correct full-scale Reynolds number
in the model, a comparison of the streamwise velocity profile in the merging point for
Re = 5 · 104 and 1 · 105 is performed for the 50/50 distribution between the two inlet
pipes. The result shows that the profiles do not differ between the two Reynolds numbers
(Figure 4). This indicates that an exact agreement of Reynolds numbers is not important
as long as it is within the fully turbulent range, agreeing with the results reported by Yin
et al. [21]. Hence, when measuring the 70/30 distribution the Reynolds number is set to
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Figure 3. Velocity profile at the merging point in the kiln taken at an offset of 25 mm
from the center plane. Equal flow distribution between the inlet pipes. Reynolds number

105 in the kiln.

5 · 104 for the practical reason that the pump used in the experiments cannot manage that
distribution at Re = 1 · 105.

Figure 4. Velocity profiles at the merging point for two different Reynolds numbers with
equal distribution between the inlet pipes.

The effect of gravity on the flow field is also investigated with usage of the PIV
measurements by first pumping 60% of the mass flow through the top inlet pipe and then
through the lower one. The streamwise velocity profile in the merging point for the two
cases are practically mirror images of each other, see Figure 5. This indicates that gravity
does not need to be taken into consideration when performing the simulations.
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Figure 5. Velocity profiles at the merging point for different distributions in top and
bottom inlet pipe. Reynolds number 105 in the kiln.

Simulation results based on a stationary set-up can be seen in Figures 6-8 where
velocity vectors are shown for the distributions 50/50, 40/60 and 70/30. Time-averaged
experimental results can also be seen in the same figures for a qualitative comparison.

Figure 6. Equal distribution in the inlet channels, steady state simulation results atop,
time-averaged experimental results down below. Reynolds number 105 in the kiln.
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Figure 7. 40/60 distribution in the channels, steady state simulation results atop,
time-averaged experimental results down below. Reynolds number 105 in the kiln.

Figure 8. 70/30 distribution in the channels, steady state simulation results atop,
time-averaged experimental results down below. Reynolds number 5 · 104 in the kiln.
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To compare simulations with experimental results quantitively, the centerline velocity
is plotted (Figure 9). Where the centerline velocity reaches its maximum value the com-
bined point can be found and as can be seen in the graph, the predicted centerline velocity
in the simulations peaks later (outside of the measuring area) than the experimental
results. This implies that the inlet jets travel further into the kiln and that the combined
point is located farther downstream in the simulations than in the experiments.

Figure 9. Velocity along the centerline of the kiln for three different distributions in the
inlet pipes: 50/50, 40/60 and 70/30. Results from both experiments and simulations.

Table 1. Length of the recirculation zone at different mass flow distributions between the
inlet pipes

This may be explained by the transient behavior of the flow field in the experiments.
The flow is oscillating in reality which improves the mixing of the two inlet jets and lessens
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their strength. This behavior is not captured with steady state simulations, allowing the
jets to more undisturbed reach farther downstream the kiln. The largest amplitudes of the
oscillations in the experiments are found when the mass flow distribution between the
inlet pipes is equal. When one of the inlet jets starts to become dominant the other jet is
pulled towards the dominant one and the flow field is stabilized, agreeing with the results
reported by Bunderson and Smith [22]. This can clearly be seen in the experimental
case with the 70/30 distribution where the conformity between simulations and physical
experiments is rather good, see Figure 9.

The frequency of the large-scale oscillations can easily be found from Fourier trans-
forms of the velocity magnitude. Figures 10-12 shows FFT power spectra of the velocity
in the y-direction for the three different cases, taken in a point in the recirculation zone
(x=143 mm, y=57 mm). One prominent peak around 12 Hz can be seen in the 50/50 and
40/60 cases while the 70/30 case shows no dominating frequency. The 12 Hz peak corre-
sponds to the large scale oscillations that make the flow field highly unsteady, making
comparisons with steady state simulations hard. Notice that the amplitude of the peak
in the 50/50 case is almost 5 times the amplitude in the 40/60 case, indicating larger
oscillations of the velocity field.

Figure 10. Fourier transform of 50/50 distribution y-direction velocity in (x,y)=(143,57)
mm.

One measurement of particular interest is the length of the recirculation zone (RZ)
that takes shape in between the two inlet jets, in front of the wall where the burner is
located in the real kiln. The recirculation zone is important for the flame stability as
outlined in the introduction. The length of this zone can be derived from the centerline
velocity. The merging point where the two jets merge together can be found where the
centerline velocity transit from negative to positive values. This point is also the end of the
recirculation zone, and hence a length can be derived. Agreement between simulations

11



Visualization of Merging Flow by Usage of PIV and CFD with Application to Grate-Kiln
Induration Machines

Figure 11. Fourier transform of 40/60 distribution y-direction velocity in (x,y)=(143,57)
mm.

Figure 12. Fourier transform of 70/30 distribution y-direction velocity in (x,y)=(143,57)
mm.

and experiments are best when one of the inlet jets is dominant, case 70/30, see Table 1. In
the 50/50 case the length of the recirculation zone is about 70% longer in the simulations
than in the experiments. This is because of the large amplitudes of the oscillations, a
feature which is missed in steady state simulations. The length of the recirculation zone
is thus a clear measurement of the effect of the oscillating behavior and it is obvious that
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the oscillations improve the mixing of the two jets and reduce the recirculation zone. The
flat region that can be seen between x=100 mm and x=150 mm is due to the previously
described difficulties with illuminating the entire measuring area at once. Several frames
are linked together into one figure which can clearly be seen in the experimental results
in figures 6-8. Decreased laser illumination at the border between two frames creates this
deviation.

To further visualize the behavior of the merging jets in the kiln, streamlines are
presented at different phases. Phase average presentation of streamlines behind a cylinder
has been presented by Perrin et al. [23], where the cylinder is confined in a narrow
surrounding with high blockage coefficient (D/H = 0.208). The vortex structure behind
the cylinder has a Strouhal number of 0.21, the same result is presented by Djeridi et al.
[24] in a similar arrangement. In the present set-up the frequency of the vortex shedding
was 11.88 Hz (see figure 10) corresponding to a Strouhal number of 0.23 based on the
frequency of the alternating vortices in the kiln with even distribution in the inlets, the
length between the inlets and the mean velocity in the inlet pipes. The phase average
result, together with vorticity contour plots are presented in Figure 13 at phases φ = 0◦, φ

= 45◦, φ = 90◦, φ = 135◦, φ = 180◦, φ = 225◦, φ = 270◦ and φ = 315◦. Each phase is a mean
over approximately 14-15 pictures belonging to that phase ± 5◦. The results clearly show
the alternating vortices travelling downstream into the kiln. The similarity with flow past
a bluff body, for example a cylinder, is obvious.
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(a) 0◦ (b) 45◦

(c) 90◦ (d) 135◦

(e) 180◦ (f) 225◦

(g) 270◦ (h) 315◦

Figure 13. Phase averaged streamlines and vorticity contours for flow with equal
distribution between the inlet pipes at Reynolds number 105.
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One thing that differs when comparing the flow field in the kiln with flow past a
cylinder is the length of the recirculation zone. When a cylinder is present the flow is
deflected more compared to the flow in the kiln where a vertical wall divides the two
jets [25]. The increased deflection results in a shorter recirculation zone, as presented by
Erdem and Ath [26].

4. Conclusions

Physical experiments and simulations show that the flow characteristics are strongly
dependent on the flow distribution between the secondary flow channels (50/50, 40/60,
70/30). With equal distribution oscillations with large amplitudes are seen in the kiln in
the experiments. The amplitude decreases when one of the inlet jets becomes dominant
and the smallest oscillations can be seen in the 70/30 case. The dominant jet attracts the
other one and stabilizes the flow field. Since the shape of the recirculation zone including
the location of the merging point is directly dependent on these oscillations it is likely
that also the combustion is affected. The oscillations influence, furthermore, the flow
downstream the merging point by increasing the mixing of the two jets and reducing the
combined length.

In general, the steady state simulations show good qualitative agreement with the
time-averaged results from the physical experiments. The main features of the flow field
are captured and the simulation time is short compared to a transient simulation on the
same mesh. Best agreement is obtained for the 70/30 case where also the quantitative
agreement is good. The lack in conformity for the 50/50 case can be traced to the fact
that oscillations are not captured in the steady state simulations. Hence for cases with
strong oscillations transient simulations should be carried out. The flow field and the
recirculation zone are not affected if Reynolds number is lowered from 1 · 105 to 5 · 104.
Hence there is no need for exact agreement of the Reynolds number between model and
reality as long as the flow is fully turbulent. Gravity does not affect the flow field pattern
or the recirculation zone; therefore gravity can be neglected in the simulations. For the
case studied it is shown that a more advanced turbulence model can be applied. Not
necessarily because it is required but because computational costs does not increase in a
noticeable way.

Future work includes further analysis and comparison between simulations and
experiments. Much information was retrieved in the experiments which can be used for
further validation. In an ongoing work transient simulations are carried out in order
to compare time-resolved simulations and experiments. Performing further PIV and
LDV measurements in other planes will also be done in the future. This in order to
experimentally visualize the secondary flow (flow in the transverse plane, perpendicular
to the mean axial flow) arising in the half circular pipes. Changing the inlet pipes angles
to see how the incoming flow angle affects the flow field is another future project.
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Abstract

Turbulent secondary flows are motions in the transverse plane, perpendicular to a main, axial
flow. They are encountered in non-circular ducts and can, although the velocity is only of
the order of 1-3% of the streamwise bulk velocity, affect the characteristics of the mean flow
and the turbulent structure. In this work the focus is on secondary flow in semi-circular
ducts which has previously not been reported. Both numerical and experimental analyses are
carried out with high accuracy. It is found that the secondary flow in semi-circular ducts
consists of two pairs of counter rotating corner vortices, with a velocity in the range reported
previously for related configurations. Agreement between simulation and experimental re-
sults are excellent when using a second moment closure turbulence model, and when taking
the experimental and numerical uncertainty into account. New and unique results of the sec-
ondary flow in semi-circular ducts have been derived from verified simulations and validating
laser-based experiments.

Keywords: turbulent secondary flow, semi-circular duct, CFD, LDV

1. Introduction

S
econdary flows are a mean flow in the transverse plane superimposed upon the

axial mean flow and are generated and maintained by one of two fundamentally

different mechanisms. The first occurs in curved ducts and is pressure driven, and

the second is turbulence driven and is found in non-circular straight ducts. Prandtl

formally separated these two categories into what is now known as secondary motions

of Prandtl’s first and second kind, respectively [1].

The first kind that originates from bent ducts can also in laminar flow have quite large

relative velocities, of the order of 20-30% of the bulk streamwise velocity. This type of

flow has been extensively studied for a number of cases, (i.e. Shimizu et al. [2], Liou et al.

[3], Westra et al. [4] and Flack and Brun [5]), and is dissipated within a straight circular

duct. The second kind, encountered in non-circular ducts, is present also under fully de-

veloped conditions, and is caused by turbulence. The velocity is, in this case, only of the

order of 1-3% of the streamwise bulk velocity, but may nevertheless profoundly affect the
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characteristics of the mean flow field as well as the turbulent structure. High momentum

fluid is transported towards the corners, resulting in the bulging of the velocity contours

and an increase of wall shear stress there. This effect is important for sediment transport

and erosion problems, and it also affects the heat transfer and friction coefficient at duct

walls [6].

This article focuses on the turbulence driven secondary flow of Prandtl’s second kind

in general, and on the secondary flow in semi-circular ducts in particular. The motivation

for this is an ongoing study of the aerodynamics of a rotary kiln, and especially the kiln

hood. A large part of the combustion air is introduced to the kiln through ducts with

complex geometries. This results in a non-parallel and disordered flow which affects the

mixing, and hence the combustion process. The details of the aerodynamics vary signif-

icantly from kiln to kiln and can have a significant impact on combustion performance

[7].

One of the inlet ducts to the pellet kilns of interest here is close to semi-circular in

cross-section, hence the focus of this work. An extensive literature search revealed no

work on turbulent flow in semi-circular geometries, in contrast to the considerable re-

search on turbulent flows in square, rectangular and triangular ducts. Both simulations

and experiments have been performed in order to map the features of secondary flows.

A review of turbulent secondary flow can be found in Bradshaw [8]. Square ducts have

been investigated by Rung et al. [9], Petterson Reif and Andersson [1] and Kook Myong

[10] to mention a few. Common for References [1, 9, 10] are that they consider limiting

modelling constraints, while for References [9] and [10] the effect from wall functions

on the secondary flow is also scrutinized. Rectangular ducts, in conjunction with square

ducts, have been investigated by Rapley [11], Demuren and Rodi [6], Brundrett and

Baines [12], Nakayama et al. [13] and Gessner and Jones [14]. Brundrett and Baines, and

Gessner and Jones performed experiments to validate their simulations and analytical so-

lutions, while the others used previously performed experiments for validation. Melling

and Whitelaw [15] performed thorough measurements of the secondary flow in a rect-

angular duct to provide experimental data for validation of simulations. Speziale [16],

Fife [17] and Hague et al. [18] analytically examined the origin of secondary flow, the

production and main mechanisms of it. Speziale also proved why ordinary two-equation

turbulence models cannot predict a secondary flow, while second-order closure models

can. In agreement with this Raiesi et al. [19] found, by a numerical study, that linear tur-

bulence models are not able to represent the secondary flow while non-linear turbulence

models are. Hurst and Rapley [20], Demuren [21] and Aly et al. [22] experimentally

examined turbulent flow in triangular geometries. Aly et al. also performed simulations

which they validated with their own experimental results. Other geometries that have

also been investigated in some of the above articles include trapezoidal, elliptical and

rod bundle geometries. However, as already observed, no suitable data are available for

semi-circular ducts. Hence the aim of the present investigation is to map the turbulent

secondary flow in a duct of semi-circular cross-section.
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2. Method

Computational Fluid Dynamics (CFD) simulations of the fully developed flow through

a virtual model of a duct with an almost semi-circular cross-section are performed with

the commercial code Ansys CFX 12.1 on very fine grids. The code uses a coupled solver

based on the finite volume method [23]. The simulations are then validated with Laser

Doppler Velocimetry (LDV) measurements of the flow through a physical model built

from Plexiglas with an identical geometry. The cross-section has a width of the base of

94 mm and the height is 33 mm. The duct is 4000 mm long and the origin is at the

centre of the outlet plane with the positive z-direction upstream towards the inlet. The

geometry, with the grid structure, can be seen in Fig. 1. Note that the grid used for the

simulations is much finer than that presented in Fig. 1.

Figure 1. Geometry with grid structure.

To achieve a fully developed velocity field, the duct has a length of 95 hydraulic

diameters (Dh = 0.042 m) of the semi-circular duct both in the virtual and physical

model. Dean and Bradshaw [24] obtained fully developed flow in a rectangular duct

after 93.6 hydraulic diameters for Re = 1 · 105 (based on the height of the duct).

2.1. Experimental Setup

Secondary flows are present in the mean flow and amenable for investigation with either

LDV or PIV (Particle Image Velocimetry). The advantage of PIV is the planar measure-

ment providing directly an understanding of two dimensional flow structures [25]. The

dynamic velocity range and the spatial resolution, however, are poorer than for LDV. In

conjunction with a large dynamic velocity range, a large dynamic spatial range is nec-

essary to measure small scale variation embedded in large scale motion, such as flow

in boundary layers and small scale turbulence or the flow in the transverse plane in a
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duct. Dynamic spatial range is related to spatial resolution, and dynamic velocity range

is related to the fundamental velocity resolution and accuracy of PIV [26]. Velocities

yielding a displacement under 0.1 pixels between exposures are tricky to capture [27].

Raffel [28] recommends a maximum particle displacement of 1/4 of the intrerrogation

area between exposures to avoid loss of particle patterns. In Larsson et al. [29] the au-

thors studied the same setup as focused on in this work and used an interrogation area

of 32 × 32 pixels with a pixel displacement of 8 pixels between exposures. This means

that with a transversal velocity with the magnitude of 1-3% of the main axial velocity,

the particles move 0.08-0.32 pixels in the transversal direction between exposures. It is

possible to measure velocities down to 0.02 pixels with reasonable PIV algorithms. The

algorithm error is fixed in pixels which means that if a maximum tolerable error is 10%,

then the minimum resolvable displacement is 0.2 pixels [30]. Hence to obtain a good

enough resolution of the small transversal velocity field LDV was chosen in this study.

Another main reason for using LDV instead of PIV is the optical limitation of the

experimental arrangement. The setup has been optimized to investigate the main flow

in the axial direction and hence it is difficult to directly perform PIV measurements in

the transversal plane.

To control the flow rate in the semi-circular duct the flow was monitored with a mag-

netic flow meter (Krohne Optiflux DN50, error 0.1%). The temperature of the water was

controlled to 22 ± 0.4 ◦C with the aid of a cooling system in the tank. The supply pipe to

the semi-circular duct was achieved through a transition piece, whose diameter matched

the base of the semi-circular section to provide a flush interface along the circular surface

and an abrupt transition at the base. The inlet to the transition piece was fed via smaller

pipes oriented normal to the axis of the semi-circular section. The outlet transition piece

was identical, but oriented in the opposite direction.

The LDV-system used was a commercially available system from Dantec. It is a

two component configuration with an 85 mm optical fibre probe and a front lens with

a 310 mm focal length. The system consists of a 20 W continuous wave Argon-Ion

laser, transmitting optics including a beam splitter Bragg-cell, photodetectors and signal

processors. The system was used in backscatter mode in combination with two Burst

Spectrum Analyzers (BSA). The dimension of the measurement volume was approxi-

mately 0.074 × 0.074 × 0.63 mm for both colours when measured in air. The water was

seeded with polyamide particles with a diameter of 5 µm (Dantec’s PSP-5). Dantec’s

BSA Flow software with the burst mode spectrum analysis method was used for the

data acquisition. The 2D-LDV probe was placed on a traversing mechanism controlled

by the software, with a possible smallest step of 0.01 mm. The sampling time was set

to 240 s or 900 s at each measurement point and for each direction. The measurement

time corresponded to at least 10,000 samples and was dependent on the location of the

measuring point.

Two mass flows were investigated, 3.95 kg/s and 0.395 kg/s corresponding to Reynolds

number of 8 · 104 and 8 · 103, respectively, based on the hydraulic diameter. The turbu-

lence intensity in the inlet duct was approximately 6%.
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Figure 2. Experimental arrangement.

Due to the optical limitations of the measuring section, the two secondary flow com-

ponents were measured from two different directions. The experimental arrangement

can be seen in Fig. 2. First, the probe was mounted facing the plane surface and the

y-direction (position A) and measuring the main, axial component and the velocity in

the x-direction. After that the probe was mounted beside the channel, facing the x-

direction (position B) and measuring once again the main, axial velocity component and

the component in the y-direction. When measuring from the side of the channel, the

measurements are distorted by the optical refraction due to the curved surface of the

duct. To minimize this problem the duct was placed in an optical measuring box filled

with water.

Generally the experimental challenges increase with optical path length through the

apparatus, especially through the curved wall. The worsening of the optical condition

is related to the optical aberration and the dislocation of laser beam waists. This optical

aberration implies that the larger the path length through the flow, the fewer are the

effective elementary segments on the receiving lens. This results in a deterioration of the

velocity signals and thus in the decrease of the signal rate. For this reason it is unrealistic

to obtain velocity signals of sufficiently high quality for optical depths greater than two-

thirds of the pipe diameter. The entire flow distribution can therefore only be achieved

if an additional measurement is carried out from the opposite side by rotating the LDV

system 180◦ around the pipe axis [31]. Also, when traversing the laser beams towards the

circular part one can exhibit "blind regions" due to the total reflection of the laser beams

at the inner walls. This leads to some missing experimental data in the central, circular

part of the duct. The only way to remove the blind regions, where LDV measurements
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cannot be performed, is to perfectly match the refractive index of the fluid to that of

the duct which was judged not to be necessary here. In addition to the blind regions,

both laser beams will have different intensities away from the duct centre, resulting in

a lower depth of modulation of the interference field, and therefore in lower values of

the signal-to-noise ratio [32]. Since the four beams do not intersect in a single point

due to the optical aberration of the circular surface, velocity measurements were not

performed in coincidence mode for the cases with the beams passing through the curved

surface. Measurements through the flat surface were straightforward and performed in

coincidence mode.

The total uncertainty in the measurements is a combination of systematic (bias) and

random (precision) errors [33]. The bias errors in LDV measurements are the calibration

factor, probe alignment/configuration bias, velocity bias and system noise. The system

was carefully set up to minimize bias errors, so that the main contributors to bias errors

considered in this paper are velocity bias and system noise.

In LDV measurements, the sample rate of the velocity increases with velocity. For

a given observation time, higher velocities will be sampled more frequently than lower

velocities. Taking a simple arithmetic mean of all samples thus leads to a positively

biased mean compared to a true time mean of the velocity [34]. This was compensated

for by weighting each velocity sample with its residence time in the measuring volume.

The system noise originates from vibrations of the test setup, leading to a small

movement of the duct wall. The system noise was estimated by a velocity measurement

of the duct wall in the measuring section, with the same hardware settings as for the

flow measurements. The measured noise contribution to the velocities was subtracted

from the velocity data.

The precision error was estimated by a repeatability test. Measurements at five dif-

ferent points were performed ten times in a randomized order. The estimated precision

error (P) of the mean values, at the probability of 95% confidence interval, was calculated

with the following relationship P = t · s, where t is the coefficient of the t-distribution

with the corresponding degree of freedom and s is the standard deviation of the sample

data [33]. The overall estimated uncertainty of the secondary velocity measurements was

between 1-5%, with the higher values occurring close to the walls.

2.2. CFD Methodology

The geometry was imported into Ansys ICEM and a curvilinear grid was built from

hexahedral elements. An o-grid was designed in order to get a good grid adaptation

around the curved edges. The grid was also designed to meet the good quality grid

criterion provided by the code [23] in order to reduce the discretization error. The overall

grid structure can be seen in Fig. 1. To resolve the boundary layer, prism elements were

placed close to the wall. This results in better modelling of the near-wall physics.

The turbulent flow field was solved by three dimensional, steady state, Reynolds av-

eraged Navier-Stokes (RANS) equations, closed by either the two-equation Shear Stress

Transport (SST) turbulence model or the Reynolds stress Baseline (BSL) turbulence model.
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The choice of turbulence models emanates from the initial literature review where the

conclusion was that a Reynolds stress model without wall functions is necessary to pre-

dict turbulent secondary flow. From the available RANS turbulence models in Ansys

CFX which meets these criterions, the Reynolds stress model BSL was chosen since it is

based on the same hybrid model as the two-equation model SST. This facilitates the sim-

ulation work since the same grid can be used in all simulations, regardless of turbulence

model. The two-equation model SST was used in order to confirm that standard two-

equation turbulence models cannot show turbulent seondary flow without modification

of the model.

The SST turbulence model originates from the k − ω formulation by Wilcox [35]. The

Wilcox model has the disadvantage of a strong sensitivity to free stream conditions. This

can be avoided by combining the k−ω model near the surface with the k− ε model in the

outer region, which is the base for the SST model. Another advantage of the SST model

(compared with other hybrid models) is its capability of properly predicting the onset

and amount of flow separation from smooth surfaces under adverse pressure gradients.

This is due to the fact that the model accounts for transport of turbulent shear stress by

introducing an eddy viscosity limiter [36].

The BSL Reynolds stress model is a turbulence model which uses the ω-equation

instead of the ε-equation as the scale-determining equation. One of the advantages of

the ω-formulation is the near wall treatment for low-Reynolds number computations,

where it is more accurate and more robust. As the free stream sensitivity of the standard

ω-model does carry over to the Reynolds stress model, the BSL Reynolds stress model is

based on the ω-equation used in the BSL two-equation model (which is basically the SST

model without the eddy viscosity limiter needed in order to account for the transport of

the turbulent shear stress). A separate transport equation must be solved for each of the

six Reynolds stress components [23].

Turbulence-induced secondary flows are driven by the difference of the normal Rey-

nolds stresses perpendicular to the principal velocity [9]. Because of Boussinesq’s linear

(isotropic) eddy-viscosity hypothesis, which does not account for turbulence anisotropy,

standard two-equation models cannot reveal a secondary flow [1]. This is also shown

in the present study. Due to this fact most results are taken from simulations using

the Reynolds stress turbulence model. Since regions close to the wall and the corners

are known to influence the characteristics of secondary flow significantly, wall function

formulations should be avoided [21]. This explains the choice of turbulence models used

in the present study.

A mass flow plug profile is set at the inlet, with a turbulence intensity of 5%. The

sensitivity of the result to an increased level of turbulence intensity (8%) was tested,

showing no difference in important variables. At the outlet an average static pressure

is employed with a relative pressure of zero Pa, averaged over the whole outlet. This

allows the outlet pressure to vary based on upstream influences. The walls are specified

as no slip walls. A formally second order accurate discretization scheme is used for the

advection term. The convergence criterion is RMS residuals below 10−6 [29] and therefore
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double precision is used. The convergence criterion assures a decrease of at least three

orders of magnitude of the normalized residual for each equation solved. Isothermal

conditions are assumed so the energy equations are not applied. The simulations are

mainly carried out on a 150-node PC-cluster. It has been demonstrated that the CFD-

code applied on this cluster parallelize excellently [37].

A grid study was performed to estimate the discretization error. The dependent vari-

able chosen to study was the x-component of the secondary flow along a line located at

x = -20 mm. Since the secondary flow velocity is small the velocity difference between

two grids is small, and hence the solution was normalized with its range [38]. The three

grids chosen had approximately 2.6 million, 6.2 million and 16 million elements, respec-

tively. The Richardson extrapolation [39] was performed with a grid refinement factor

of approximately 1.35. The global average calculated apparent order was 1.75. Oscilla-

tory convergence occurred at 5 out of 27 points. Fig. 3 shows the velocity profiles and

the fine-grid solution along with discretization errorbars assessed with the Grid Conver-

gence Index (GCI) values. The maximum discretization uncertainty was approximately

10%, corresponding to a maximum uncertainty in velocity of about ± 1.2 · 10−4 m/s. The

average discretization uncertainty of the fine-grid solution based on the GCI value was

1.8%.
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(a) Secondary flow x-component velocity profile
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(b) Fine-grid solution with discretization errorbars

Figure 3. The sensitivity of the calculated flows to grid refinement, showing velocity

profiles at x = -20 mm, Re = 8 · 104, using the BSL-model.

The simulation results reported below are from the grid consisting of 16 million

elements. The y+ values are in the range of 0.005 to 1.3, with an area averaged maximum

value of 0.38. The maximum y+ value of 1.3 is only located close to the inlet to the duct

so the boundary layer is fully resolved everywhere throughout the geometry according

to the requirements of low-Re wall formulations for an ω-based turbulence model [23].

This means that there are no wall functions which would impair the prediction of the

secondary flow.
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3. Results and Discussion

A qualitative comparison between simulations and experiments is presented first, fol-

lowed by a quantitative comparison. Due to the complexity of the measurements through

the curved surface of the duct, the errors in measuring the y-component of the secondary

flow are greater than those in the x-direction. The focus is therefore on comparing the

x-component of the simulation and experimental results. If not stated otherwise the

simulation results are presented for the BSL Reynolds stress turbulence model.

The first indication of the existence of secondary flow is distortion of the axial flow

contours for flow in the streamwise direction. If secondary flows are present, the axial

flow contours will bulge out towards the corners, as can be seen in Fig. 4(a) for the

simulation using the BSL model and in Fig. 5 for the experimental result. No secondary

flow is found for the SST model (Fig. 4(b)).

(a) Reynolds stress

model BSL

(b) Two-equation

model SST

Figure 4. Calculated axial flow contours with streamlines of the main, axial flow from

inlet to outlet of the duct. Simulations were performed with Reynolds stress model BSL

(left) and SST turbulence model (right). Re = 8 · 104.
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Figure 5. Measured axial flow contours, Re = 8 · 104, obtained at z/Dh = 92.
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Helical streamlines of the axial flow is another indication of secondary flow. Fig. 4

also shows the streamlines along the duct for the simulated results. Notice that for the

SST turbulence model the streamlines are straight.

Simulations with the BSL Reynolds stress turbulence model further revealed that the

secondary flow consists of two pairs of counter rotating corner vortices with the flow

convected into the corners from the central region and away from the corners along the

walls (Fig. 6(a)). The vorticity distribution that results from the rotational flow in Fig. 6(a)

is rather symmetrical and decays towards the symmetry line of the cross-section, see

Fig. 7. Once again, the standard two-equation models do not capture secondary flow, as

shown in Fig. 6(b).

(a) Reynolds stress model BSL

(b) Two-equation model SST

Figure 6. Secondary flow in the semi-circular duct, calculated with a Reynolds stress

model (BSL) above, a standard two-equation model (SST) below. Re = 8 · 104.

Figure 7. Vorticity contour plot, simulation result with Re = 8 · 104.

A comparison of the x-component of the secondary flow between the simulation and

10
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experimental results reveals good qualitative agreement and confirms the characteristics

of the secondary flow presented above (Fig. 8(a)- 8(b)). The measured flow distribution

is obviously not as well resolved as the simulated case but the main flow features are the

same and the magnitudes of the simulated and measured velocities are in the same range,

with the maximum being about 1.5 % of the bulk velocity, Ubulk, for both cases. When

repeating the measurements at a cross-section upstream (z/Dh = 88), a small difference

in velocity field was detected, as can be seen when comparing Fig. 8(b) with Fig. 8(c).

The patterns agree but the locations of the contours differ somewhat. Notice that the

simulation results overlap perfectly at these two cross-sections so that the simulated

results at z/Dh = 88 are identical to Fig. 8(a).
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(b) Experimental result, z/Dh = 92, Re = 8 · 104
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(c) Experimental result, z/Dh = 88, Re = 8 · 104
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(d) Experimental result, z/Dh = 92, Re = 8 · 103

Figure 8. Vector and contour plots of the x-component of the secondary flow.

There is also good qualititative agreement between the simulated and measured val-

ues of the Reynolds normal stresses, with rather low stresses in boomerang-shaped areas

in the middle of the duct, see Fig. 9- 11. For the experimental case, only the normal

stress of the x-component and the axial component are shown due to lack of data for the

y-component.
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Figure 9. Reynolds normal stress τxx. Simulation results to the left, experimental results

to the right. Re = 8 · 104.
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(b) Experiment, z/Dh = 92

Figure 10. Reynolds normal stress τzz. Simulation results to the left, experimental

results to the right. Re = 8 · 104.
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Figure 11. Reynolds normal stress τyy, simulation results with Re = 8 · 104.

The turbulent kinetic energy and corresponding intensity can be seen in Fig. 12 and

Fig. 13. By comparing the simulation results from the Reynolds stress model BSL of

Fig. 4(a) with Fig. 12(a), especially in the corner regions, it is evident that the contours of

the turbulent kinetic energy are more distorted than the mean axial flow contours. This

indicates that the turbulence field is more disturbed by the secondary flow than is the

mean velocity field, agreeing with Brundrett and Baines [12], Nakayama et al. [13] and

Aly et al. [22]. The same trend is found in the experimental results when comparing

Fig. 5 with Fig. 12(b).
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(b) Experiment, z/Dh = 92

Figure 12. Contour plot of turbulent kinetic energy. Simulation results to the left,

experimental results to the right. Re = 8 · 104.

The anisotropy of the normal stresses (τxx − τyy) is shown in Fig. 14 for the simulation

result only, since the secondary velocity components are not correlated in the experiment.

The secondary shear stress acting in the cross-sectional plane (τxy) can also be seen in

Fig. 14.
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(b) Experiment, z/Dh = 92

Figure 13. Contour plot of turbulence intensity. Simulation results to the left,

experimental results to the right. Re = 8 · 104.
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Figure 14. Anisotropy of the normal stresses (τxx − τyy) to the left, Reynolds shear stress

(τxy) to the right. Simulation results with Re = 8 · 104.

The gradients of the above stresses are the leading cause of secondary-flow motions

[12].

A lower Reynolds number case was also assessed to investigate the Reynolds number

influence on the secondary flow. The basic pattern of the secondary flow is independent

of Reynolds number, agreeing with the results obtained by Brundrett and Baines [12], as

shown in Fig. 8(d). The non-dimensionalized secondary flow velocities are also similar (a

maximum velocity of approximately 1% of the axial flow) in the experimental case while

they perfectly match in the simulation results. Another observation by Brundrett and

Baines was that, with increasing values of Reynolds number the flow penetrates farther

into the corners and approaches the wall more. Gessner and Jones [14] found that the

non-dimensionalized secondary flow velocities decreased with an increase of Reynolds

number. They suggested that this effect may be explained by increased turbulent mixing

at high Reynolds number, which tends to decrease gradients in the flow. Neither of these

observations can be seen in the present study. A more thorough investigation of the

Reynolds number dependency is therefore warranted.

The quantitative comparison between simulation and experimental results for Re = 8 ·

104 is based on the numerical uncertainty assessed with the GCI index approach and the

estimated experimental uncertainties. Presented here is the secondary flow component,

defined as the x-velocity. Four lines are chosen, reporting results from evenly spread

locations in one half of the semi-circular duct due to symmetry. The results are presented
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with errorbars corresponding to the average discretization uncertainty for the simulation

case and the average experimental uncertainty, and can be seen in Fig. 15.
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Figure 15. Velocity profiles, a comparison of the simulated and experimental data

(obtained at z/Dh = 92), at Re = 8 · 104.

Overall the quantitative agreement between simulation and experiment is good, al-

though there are significant differences between the two in some cases. One common

feature of the profiles is that the deviation increases with optical path length and when

approaching the curved surface. As described above, the velocity signal deteriorates

with increasing optical path length, leading to a decrease in signal rate and hence also

in signal-to-noise ratio. Reflections also affect the signal quality and can lead to mea-

surement errors. The reflections become more prominent closer to the corner, increasing

errors. The apparently large deviations between simulation and experimental results

along the profile at x = 5 mm (Fig. 15(a)) stems from the fact that the secondary flow

velocity is very close to zero, making small velocity differences result in large % devi-

ations. This should be kept in mind when comparing the results quantitatively. The

experimental results also indicate that the highest velocities are found close to the wall,
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supporting the previously reported conclusions that wall functions should be avoided

when simulating the turbulent secondary flow in a non-circular duct.

Finally some comments about the y-component of the secondary flow. A qualitative

comparison between simulation and experimental results in the measurable part of the

duct shows good agreement also in the direction of the y-component. As outlined earlier,

the experimental result should be treated with caution since no correction for either the

position of the measurement volume or the velocity has been made.

4. Summary and Conclusions

The turbulent secondary flow in a semi-circular duct was investigated both numerically

with a commercially available code and experimentally with Laser Doppler Velocimetry,

yielding new results. The secondary flow in semi-circular geometries consists of two

pairs of counter rotating corner vortices. The maximum magnitude of the secondary

velocity is about 1% of the streamwise bulk velocity. Qualitative comparisons in the

secondary flow plane between simulations with a Reynolds stress turbulence model and

experiments show agreement as to velocities and Reynolds normal stresses. The main

features found in studies on similar geometries are captured. The results indicate that

the turbulence field is more disturbed by the secondary flow than is the mean velocity

field.

A quantitative comparison of the velocity along four transverse profiles show good

overall agreement, with increased deviations between simulation and experiment when

approaching the curved surface. When comparing the results quantitatively it should

be kept in mind that the secondary flow velocity is very close to zero, making small

velocity differences result in large % deviations. It should also be noted that the highest

velocities are found close to the wall, implying that wall functions should be avoided

when modelling the turbulent secondary flow. Standard two-equation turbulence models

should also be avoided since they fail to predict any turbulent secondary flow.
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Abstract

Rotary kilns are used in a variety of industrial applications. The focus in this work is on
characterizing the non-reacting, iso-thermal flow field in a rotary kiln used for iron ore pel-
letization. A downscaled, simplified model of the kiln is experimentally investigated using
Particle Image Velocimetry. Five different momentum flux ratios of the two inlet ducts to the
kiln are investigated in order to evaluate its effect on the flow field in general and the recircu-
lation zone in particular. Time-averaged and phase-averaged analyses are reported, and it is
found that the flow field resembles that of two parallel merging jets, with the same character-
istic flow zones. The back plate separating the inlet ducts acts as a bluff body to the flow and
creates a region of reversed flow behind it. Due to the semi-circular cross-section of the jets,
the wake is elongated along the walls. Conclusions are that the flow field shows a dependence
on momentum flux ratio of the jets; as the momentum flux ratio approaches unity, there is
an increasing presence of von Kármán-type coherent structures with a Strouhal number of
between 0.16-0.18. These large-scale structures enhance the mixing of the jets and also affect
the size of the recirculation zone. It is also shown that the inclination of the upper inlet duct
leads to a decrease in length of the recirculation zone in certain cases.

Keywords: Rotary kiln, bluff body, PIV, non-parallel merging jets, vortex shedding, pipe,
semi-circular, iron ore

1. Introduction

R
otary kilns are used to heat materials to high temperatures in various industrial

processes. The iron ore pelletizing kiln of interest in this work is distinguished

from other minerals processing kilns as to its geometry and operating conditions,

motivating a systematic study of factors influencing the combustion behaviour. In partic-

ular there is a relatively large mass flow of air driven through the kiln.

Combustion in minerals processing kilns can be considered rather unconventional, as

it is usually not possible to completely regulate all of the combustion air. Kiln burners

are characterized by long diffusion flames with only a small portion of the combustion
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air channeled through the mechanical confines of the burner while the remaining com-

bustion air is induced through the kiln hood; these air streams are termed primary and

secondary air, respectively. Generally the combustion is largely controlled by turbulent

diffusion mixing between the secondary air streams and the confined burner jet.

The early work of [1] laid ground for a theory of axi-symmetric enclosed turbulent

jets. Starting from Reynolds equations for an enclosed jet, a similarity parameter was

derived by [2] to describe the jet mixing, and [3] further developed his work. [4] used

theory on free jets to predict the velocity field of confined jets. By using isothermal water

and air models of a rotary cement kiln, [5] studied the effect of the ratio of primary

to secondary flow velocity on the external recirculation. They evaluated the similarity

parameters of [1], [2] and [3], in favor of the two latter. The work of [5] indicated that the

secondary airflow pattern is affected by the kiln hood design and the cooler operation,

and they concluded that a correctly scaled model of the particular system is needed for

accurate results.

Modifications of the kiln hood or cooler are expensive compared to burner modifica-

tions and therefore the most common approach is to use primary measures to improve

the mixing and combustion. Hence, the focus in literature is mainly on kiln burner char-

acterization, for example the CEMFLAME programmes conducted by the IFRF [6]. To

the authors’ knowledge, apart from [7] and [8], there is no attempt in the literature to

study the aerodynamic aspects of rotary kilns of the same type as the one of interest

here, justifying a systematical study of the influence of secondary airflow patterns. The

secondary air ducts differentiates the design of this iron ore pelletizing kiln from typical

lime or cement kilns, in which the secondary air usually enters through a single kiln

hood or radial cooler inlets. Hence new knowledge is required to decide if the secondary

airflow can have a significant effect on the jet flow and mixing.

Magnetite pelletizing plants usually require a larger amount of secondary air com-

pared to other minerals processing industries, since a sufficient amount of oxygen is

needed in the flue gases for oxidation of the pellets in the last stages of the grate [9]. One

implication of this is that it is more difficult to adjust the process so that a recirculatory

jet is formed that stabilizes the flame. Instead, the recirculation of hot gases relies on the

recirculation zone formed behind the back plate between the secondary air ducts. Due

to the design of the secondary air ducts, the flow in the kiln resembles the confined bluff

body flow over a rectangular cylinder as well as the merging of two parallel jets under

confinement. This flow field can be divided into three regions, starting from the dividing

wall, as: the converging, merging and combined region according to [10] who studied

the merging flow of two unconfined parallel jets. [11] and [12] investigated the near field

region between plane parallel jets at high Reynolds numbers and both authors observed

a periodic flapping of the jets. [13] carried out an experimental study on the interaction

between two parallel jets at Re = 104; one of them free and the other one being a wall jet.

They noted that while the outer shear layers of unbounded jets are freely developing, for

confined jets these will instead be wall boundary layers.

Both [14] and [15] studied the flow past a confined circular cylinder with high block-
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age ratio (D/H = 0.208) at Re = 1.4 · 105 using Laser Doppler Velocimetry (LDV) and Par-

ticle Image Velocimetry (PIV), and 3-component PIV, respectively. Both report a Strouhal

number of 0.21 for the vortex structure in the cylinder wake. With visualization, [16]

studied the flow behind a large rectangular plate in a rectangular channel, observing a

flag-like motion of the flow downstream the wake for Re > 8000. Similarly, [17] used

PIV to visualize the flow around circular and square cylinders placed close to a wall,

observing periodic vortex shedding for both configurations. Among other things these

studies tell us that regardless of parallel jets being formed by flow past a confined bluff

body or emerging from openings, their interaction can have a significant influence on the

flow field, in the near field as well as farther downstream.

[8] studied a similar set-up as described in the current paper, where numerical sim-

ulations were validated with PIV experiments. Since the simulations were performed

in steady state the validation work mainly focused on the time-averaged results. In the

current paper the experimental investigation is considerably extended as compared to

[8] to improve the resolution of the flow field in space and time and to better explore

uncertainties. In addition, an inclination of the upper inlet duct is introduced to better

model the real kiln geometry.

2. Method

A relatively simple downscaled model of the kiln with the main features was built in

PMMA (transparent plastic) to enable experiments with PIV. The kiln is modeled as a

fixed horizontal cylinder of constant cross-section (D = 100 mm) without the pellet bed,

while the actual kiln is rotating and inclined with respect to the ground and has a minor

diameter expansion. A schematic figure of the experimental setup, including a detailed

drawing of the geometry of the test section can be seen in Fig. 1.

Figure 1. Schematic picture of the experimental setup with geometry.

3



PIV analysis of Merging Flow in a Simplified Model of a Rotary Kiln

The back plate is centered with respect to y/D = 0 and its height is D/3; the burner

is excluded since only the non-reacting field is of interest in the present investigation.

The cross-sections of the kiln inlet ducts are approximated as being close to semi-circular

and hence the hydraulic diameter DH is defined as DH = 4Aduct/P, where Aduct is the

cross-sectional area of the semi-circular duct, and P is the wetted perimeter of the cross-

section.

The top inlet duct has a 15◦ inclined section with a length of 2.4DH that ends in

the kiln, while the bottom inlet duct is parallel to the kiln. The present model is a

development from the one studied in [8], in which both ducts were parallel.

In the following sections, normalization is carried out for reported distances, veloci-

ties and Reynolds stresses using the inner diameter of the kiln, D, the bulk velocity Ub

of the kiln and its square U2
b , respectively. To achieve a fully developed flow profile

before entering the kiln, the length of the inlet ducts in the model are 4.0 m, or 95DH .

[18] carried out hot wire velocity profile measurements in a pipe at Re = 1 · 105 and

2 · 105, concluding that fully developed velocity and higher order statistics were obtained

at 50DH and 80DH , respectively. [19] obtained fully developed flow in a rectangular

duct after 93.6DH for Re = 1 · 105, based on the height of the duct. Using pitot tubes to

measure streamwise velocity in turbulent flow in a duct of rectangular cross-section, [20]

concluded that the mean velocity field was fully developed after 70.5DH . An experimen-

tal study of turbulent flow in a semi-circular duct with a length of 78DH was carried out

by [21] at Reynolds numbers in the range 8,242 - 57,794. Since the study was focused

on heat transfer and pressure drop, the authors did not investigate the development of

the velocity field, but indicated that the flow was fully thermally developed. Generally,

studies of semi-circular ducts in the literature have mainly been focused on laminar flow

in heat transfer applications; see for example [22] or [23]. To the authors’ knowledge

results reporting fully developed velocity profiles have not been presented for turbulent

flow through semi-circular ducts. All results in [24] indicate however that the flow is

fully developed for the set-up used in this study.

The chosen fluid for the physical model is water, allowing the smaller scale of the

model kiln. The flow through each duct is controlled by manual valves and monitored

with magnetic flow meters (Krohne Optiflux DN50) to an accuracy of reading of 0.1%.

The temperature of the water in the set-up is controlled to 23 ± 0.4◦C using a cooling

system in the tank. The turbulence intensity in the end of the inlet ducts, just upstream

the kiln entrance, is approximately 6%. To quantify the distribution of mass flow between

the ducts, the momentum flux is defined as

Jtot =

∫∫

Aduct

ρU2
duct dy dz, (1)

where Aduct is the cross-sectional area of the semi-circular ducts, ρ is the fluid density

and Uduct is the axial velocity. The total and axial momentum flux ratios are approxi-

mated as
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J1,tot

J2,tot
≈

(

ṁ1

ṁ2

)2

, (2a)

J1,x

J2,x
≈

(

ṁ1 · cos α

ṁ2

)2

, (2b)

where α is the inclination angle of the upper duct and ṁ1 and ṁ2 are the mass

flows through the upper and lower duct, respectively. Eqs. 2a-2b introduce errors that

possibly differ between the two ducts for the cases of non-matched momentum flux, but

for the purpose of this work this is not considered important. To facilitate the comparison

between different cases, the ratios Rtot and Rx are defined as

Rtot =
max

(

J1,tot, J2,tot

)

min
(

J1,tot, J2,tot

) , (3a)

Rx =
max

(

J1,x, J2,x

)

min
(

J1,x, J2,x

) , (3b)

hence Rtot ≥ 1 and Rx ≥ 1 and decreasing ratio corresponds to approaching matched

momentum flux. Hereafter in the text, momentum flux ratio refers to the total momentum

flux ratio Rtot.

The Reynolds number in the real full-size kiln is approximately 3.2 · 105, based on

its diameter. In the experiments Reynolds numbers of 8 · 104 and 1 · 105 are used, which

correspond to a total mass flow of 6.43 kg/s and 7.9 kg/s, respectively. Five cases of

different momentum flux ratios are evaluated in order to detect how the ratio affects the

flow field in general and the recirculation zone in particular. The lower Reynolds number

is used for the largest momentum flux ratios due to limitations of the pump used in the

experiments. This is not an issue since, within this range of Reynolds numbers, the flow

is Re independent with regard to the features studied; see [8].

The PIV-system used is a commercially available system from LaVision GmbH. It

consists of a Litron Nano L PIV laser, i.e. a double pulsed Nd:YAG with a maximum

repetition rate of 100 Hz, and a LaVision FlowMaster Imager Pro CCD-camera with a

spatial resolution of 1280 x 1024 pixels per frame. The laser is mounted on a traverse

so that the laser sheet and camera can be repositioned up to 500 mm in the x-, y- and

z-directions. The tracer particles used are hollow glass spheres with a mean diameter of

9-13 µm from LaVision GmbH.

PIV measurements are performed with a frequency of 80 Hz during 7.5 seconds,

corresponding to a total of 600 image pairs for each recorded set. Due to reflections

in the model walls, the raw images were cropped at some distance from the walls to

isolate useful data for the PIV processing. The time interval between the laser pulses

was individually adjusted for each momentum flux ratio, resulting in a typical mean

displacement over the whole velocity field of about 3 pixels.

Measurements are carried out at five positions in the streamwise direction; the posi-

tion farthest upstream covers the section of the ducts where they connect to the kiln. To
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consider laser sheet attenuation in the image periphery, subsequent positions are set to

give a 36 mm overlap of the images. At each streamwise position, measurements are per-

formed in three xy-planes at z/D = ±0.25, and z/D = 0. For one momentum flux ratio

at a time, the order in which the 15 positions are measured is randomized. In addition to

the measurements in the vertical plane, measurements were performed in the xz-plane

through the kiln centerline to complement the description of the flow field.

The raw PIV data was processed by applying a min/max filter for particle intensity

normalization, followed by using a multi-pass scheme with decreasing window size and

window off-set to calculate the particle displacements [25]. The interrogation window

size was 64 × 64 pixels (first pass) decreasing to 32 × 32 pixels (second pass) with adap-

tive window shift, both with an over-lap of 50 %. The cross-correlation was performed

using the standard cyclic FFT-algorithm, followed by vector post-processing by applying

a median filter to reject spurious vectors and to interpolate from surrounding interroga-

tion windows [25]. Finally, the vector statistics were extracted.

The overall measurement accuracy in PIV is a combination of a variety of aspects

extending from the recording process all the way to the methods of evaluation [26]. A

cornerstone in all experimental design is to randomize the experimental procedure. By

proper randomization, the effects of extraneous factors that may be present have less

impact on the result [27]. The measurement uncertainties consist of those due to biased

errors and precision errors (or measurement errors) [28]. The seeding particles should

be small enough to follow the fluid flow well and should also scatter the laser light effec-

tively. Based on the typical frequency of the periodic flow that is observed in the present

study, the particle Stokes number is 2.5 · 10−5, indicating that they should respond fully

to the large scale fluid oscillations. Also, the very small ratio of solid-phase volume to

liquid phase volume suggests a negligible influence of the particles on the flow.

In order to determine the velocity, the particle pattern displacement (∆spixel) between

two images must be computed. Together with the time (∆t) between the exposures, a

two-dimensional velocity field can be calculated by

V =
∆s

∆t
=

∆spixel

S · ∆t
, (4)

where S is the scaling factor that relates the pixel dimensions to physical distance.

The time between exposures and the thickness of the laser sheet needs to be optimized

in order to give suitable particle displacements and to minimize the particle loss out of

the laser sheet. Sources of errors that affect the measurement accuracy include refraction

through the model walls, calibration, camera repositioning accuracy and characteristics

of the optical components. Finally, the cross-correlation and other computed functions

used in the post-processing are further sources of error [29].

For calibration of the scaling factor S, it is estimated that the kiln diameter can be

read from the camera image to within ± 2 pixels and that the tolerance of the model

diameter is ± 0.5 mm; both are considered as bias uncertainties. [30] provides a rule for

estimating the propagation of individual uncertainties from quantities that are divided,

yielding a bias uncertainty in the scaling factor of 0.55%.
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The typical frequency of the vortex shedding in the present study is about 12 Hz

while recordings are made at a frequency of 80 Hz, so between 6 and 7 samples are taken

within each period of oscillation. Consequently, subsequent samples are not independent

and statistical sampling theory does not apply for estimating uncertainties in the time-

averaged velocity field [31]. It does, however, apply for estimating uncertainties in the

phase-averaged velocity field. Based on the dominant frequency obtained from a FFT

analysis, 8 phases of the shedding cycle are selected and the phase-averaged velocity

field is calculated as the mean of all instantaneous velocity fields pertaining to that phase

±5 degrees; this corresponds to 12-15 frames among the total 600. As the number of

individual samples used for calculating the phase-average is considered insufficient for

providing a good uncertainty estimate using statistical sampling theory, uncertainties

in both phase- and time-averages are estimated by performing sampling studies in a

low velocity region (0.4 < x/D < 0.7, −0.1 < y/D < 0.15) and a high velocity region

(0.2 < x/D < 0.4, −0.4 < y/D < −0.2). The convergence of the time-averaged velocity

components is evaluated by calculating a set of averaged velocity fields using 2, 3, 4,

..., 712 samples. For each succeeding pair of averaged fields, the maximum difference

among all interrogation windows is calculated and this value is then used as a measure of

the convergence. The analysis show that 600 samples decrease the random uncertainties

for both mean velocity components to below 0.003Ujet in the high velocity segment and

below 0.02Urev for the low velocity segment. Based on this, 600 samples are used for the

present study. Similarly, the uncertainty in the phase-averaged axial velocity is estimated

to 0.01Ujet and 0.09Ujet in the high and low velocity regions, respectively. For the y-

component of the phase-averaged velocity, the corresponding uncertainties are 0.07Ujet

and 0.005Ujet.

Hence, the random uncertainties are likely to dominate over the bias uncertainty in

the scaling factor, at least in the low velocity regions. The random error in an instanta-

neous measurement is possibly high due to small pixel displacement in some parts of

the measurement field. As the Reynolds stresses associated with the global mean flow

are directly affected by these random uncertainties, which are difficult to quantify, the

second-moments of velocity presented in this work are likely to be noticeably elevated

compared to reality. As an alternative method to evaluate the random uncertainty, three

replicate measurements for matched momentum flux were carried out. Following [28],

a repeatability test was performed yielding a maximum precision error of 5% for both

mean velocity components.

3. Results and Discussion

All cases studied share the same basic characteristics, which resemble that of merging

parallel jets as described in the introduction. After the jets have emerged from the inlet

ducts they converge over a distance of the same order of magnitude as the kiln diameter

- the converging region. The back plate separating the inlet ducts acts as a bluff body

and creates a region of reversed flow behind it, characterized by a pair of vortices that
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each entrain fluid from its adjacent jet. These vortices resemble elliptical cylinders with

semimajor and semiminor axes parallel with the x- and y-axis, respectively, as roughly

illustrated in Fig. 2. At the downstream end of this wake the inner shear layers of

the jets merge and the mean axial velocity is zero, defining the merging point at axial

position xmp, see Fig. 3. Downstream the merging point, in the merging region, there is

momentum exchange between the jets that persists up to the combined point xcp, where

the saddle shape of the mean axial velocity profile vanishes. After the combined point

the mean velocity profile develops as a single jet in the combined region.

0.2 0.4 0.6 0.8 1 1.2 −0.5

0

0.5

 

z/D

x/D
 

y/
D

Figure 2. Illustration of the flow in the recirculation zone; the region of dark blue

indicates reversed flow.

0 0.5 1 1.5 2 2.5 3
−0.4

−0.2
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0.2

0.4

x/D

y/
D

Converging region Merging region Combined region

Merging point Combined point Inner shear layers 

Recirculation
zone

Figure 3. Mean flow features, shown here for the largest momentum flux ratio with

dominant upper jet.
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Table 1. Mass flows and momentum flux ratios

ṁ1 [kg/s] ṁ2 [kg/s] Rtot Rx

Present study (inclined) 1.93 4.51 5.44 5.83

3.16 4.75 2.26 2.42

3.97 3.96 1.00 1.07

4.75 3.15 2.27 2.12

4.50 1.93 5.44 5.07

Larsson et al. [8] 1.18 2.77 5.47 5.47

(parallel) 3.15 4.75 2.28 2.28

3.95 3.95 1.00 1.00

4.73 3.14 2.27 2.27

2.77 1.18 5.47 5.47

Although the propagation of the jets and the shape of the vortex pair are very distinct

in the mean field, their dynamics are more complex and the flow needs to be examined

both for time-averaged and phase-averaged characteristics. In the following subsections,

the influence of the momentum flux ratio of the two jets is determined and the measure-

ments show a clear dependence of the ratio on both the mean and instantaneous flow

field. As the momentum flux ratio approaches unity, there is an increasing presence of

von Kármán-type coherent structures, originating in the inner shear layers of the jets,

which are convected downstream.

The momentum flux ratios for the present case with one inclined duct and for the case

studied in [8], with two parallel ducts, are calculated using Eqs. 3a and 3b and presented

in Table 1. For the cases of non-matched momentum flux, the axial momentum flux ratios

can be seen to approach unity by 6-8% due to the inclination. This is valid provided

that the jet follows the bend of the duct perfectly, so this difference is considered the

maximum possible.

In order to identify dominant features and large-scale structures in the flow, a proper

orthogonal decomposition (POD) analysis was performed using a Matlab script based

on the snapshot POD method described in [32]. POD is a method capable of distinguish-

ing coherent structures and statistically significant events from incoherent structures in

turbulent flows. The POD decomposition results in modes that are sorted according

to decreasing POD eigenvalue, showing the most energy containing structures of the

flow. These are mainly large scale structures, not necessarily coherent, and the modes

can be used to describe the most dominant behaviour of the flow ([33], [34]). In the

case of matched momentum flux, the first two POD modes clearly show vortex shed-

ding originating in the inner shear layers and these vortical structures being convected

downstream; see Fig. 4. This pair of modes contain nearly 60% of the total fluctuating

energy in the flow and represents the orthogonal components of the harmonics of the

vortex-shedding process as described in [33]. The vortex shedding remains the dominant
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motion for increased momentum flux ratio, but the fraction of the total energy decreases

significantly to about 20% for the maximum ratio, see Table 2. The energy spectrum em-

phasizes the significance of this large-scale motion and justifies the focus on the vortex

shedding process later on.
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Figure 4. First two POD eigenmodes for matched momentum flux at z/D = 0.

Table 2. Fraction of total fluctuating energy in first two POD modes

Rtot 5.44a 5.44b 2.27a 2.26b 1.00

Energy 21 26 33 32 58

fraction [%]

a Dominant upper jet
b Dominant lower jet

3.1. Time-averaged flow characteristics

To start with it is of interest to examine the extent of flow symmetry about the xy-plane

at z/D = 0. Hence, mean axial velocity profiles along vertical lines at x/D = 0.6, z/D =

±0.25 are compared and it is found that the flow is symmetric within 4% with regard to

the maximum axial velocity, in agreement with [8].

Hereafter in the figures, the non-matched momentum flux cases are differentiated by

denoting the case with upper dominant jet ud, and the case with lower dominant jet ld.

By studying the development of the mean axial velocity profile at z/D = 0 throughout the

measurement length, it can be concluded that the introduction of the vertical component

of momentum flux in the upper jet, due to the inclination of the duct, appears not to affect

the jet interplay significantly; see Fig. 5 for a comparison. The velocity profiles coincide

quite well, indicating that the inclination and hence the decrease in axial momentum flux
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ratio has a minor effect on the main features. The obvious deviations evident in some of

the profiles can be attributed to bias uncertainties in the measurements on parallel ducts.

In this context it must be emphasized that the actual inclination of the upper jet near

the inlet, as estimated from the PIV velocity field, is about 3-4◦ from the kiln axis, which

differs significantly from the actual 15◦ inclination of the duct.
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Figure 5. Impact of the inclination of the upper duct on the mean axial velocity profile

at z/D = 0, ∗ Present study, ◦ Larsson et al. [8].

Another result is that there is no indication of recirculation along the top wall above

the upper jet for the cases studied, given the uncertainty that the mask excludes a region

about 0.03D below the top wall as measurements right on to the wall are not possible.

Hence, if there is recirculating flow, it is confined in this thin region. However, there is

an increased amount of vorticity in the near-wall region in the upper part compared to

the lower part of the kiln, see Fig. 6. This might be the result of recirculation near the

kiln inlet, convecting downstream.

Examining the cases with largest momentum flux ratio show that the flow field char-
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acteristics for a dominant upper jet are similar to those for a dominant lower jet, with

the rate of entrainment basically controlled by the curving of the weaker jet. In both

cases, the dominant jet resembles a wall jet with a wall boundary layer that is devel-

oping downstream, while the weaker jet experiences more curvature and has a larger

pertaining vortex, see the streamlines of Fig. 6(a) and Fig. 6(b). In the mean field, the

recirculating vortex of the weaker jet stays somewhat upstream the other one. An incli-

nation of the weaker or the dominant jet appears to have the same increasing effect on

the entrainment, which is confirmed by the distances to the merging points, see Table 3.

Table 3. Extension of the recirculation zone (xmp/D)

Rtot 5.44a 5.44b 2.27a 2.26b 1.00

Present study 0.85 0.83 0.8 0.91 0.61

(inclined)

Larsson et al. [8] 0.93 n/a 0.93 0.92 0.6

(parallel)

a Dominant upper jet
b Dominant lower jet

The flow is also similar when decreasing the momentum flux ratio, though the en-

trainment of the weaker jet is not as strong and the dominant jet is curved somewhat

more towards the weaker jet and away from the wall; see the streamlines in Fig. 6(c) and

Fig. 6(d). Compared to the case of dominant upper jet, the vortices appear more sym-

metric and the distance to the merging point is larger when the lower jet is dominant,

see Table 3. Notice that the effect of the inclination does not follow the same trend as

for the maximum momentum flux ratio. As the flow becomes more characterized by a

mutual entrainment of the jets as the momentum flux ratio is decreased, it appears that

the entrainment is only promoted by an inclination of the dominant jet as this has the

higher momentum flux. No noticeable effect on the recirculation length can be detected

from the inclination of the weaker jet, see Table 3.

The mean flow field of the matched momentum flux case shows a vortex pair that

is symmetric about the xz-plane and a strong curvature of the jets, see Fig. 6(e). The

shortest recirculation zone among all cases is measured, as found for parallel ducts, and

no noticeable change in recirculation zone length can be seen due to the inclination. This

suggests that the entrainment for matched momentum flux is largely controlled by the

large-scale periodical flow, rather than a predominant entrainment of one of the jets into

the other.

For x > xmp there is no reversed flow and the saddle shape of the mean axial ve-

locity profile continues to decrease until it eventually vanishes at xcp, see Fig. 5. For all

ratios except the matched momentum flux case, the jet flow is in the combined region at

x/D = 3.04, with the cases of largest momentum flux ratio having the farthest upstream

combined point. Despite having the smallest measured value of xmp, the flow in the
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Figure 6. Contours of mean vorticity magnitude for different momentum flux ratios at

z/D = 0. Velocity streamlines are added to highlight the flow patterns.

case of matched momentum flux has not reached the combined point at x/D = 3.04.

The mean velocity profile appears nearly developed, though the saddle shape can still
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be recognised and hence the combined point has not been reached. This feature will be

discussed in the subsequent section on phase-averaged flow.

The mean flow field in the horizontal xz-plane at y/D = 0 can be seen in Fig. 7. Two

regions can be distinguished: the recirculation zone to the left and the merging region

to the right, separated by a region of converging streamlines. A direct comparison of the

different cases is obstructed due to the merging points not lying in this xz-plane except

for the matched momentum flux case, see Fig. 6. Inspecting the flow field at y/D ≈ 0

in Figs. 6(a) and 6(c) suggests that the planes in Figs. 7(a) and 7(b) cut through the

wake closer to the lower vortex rather than in the middle between the two. However, the

extension of the recirculation zone over the width of the kiln is clearly visible from the

converging streamlines.
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Figure 7. Time-averaged velocity contours with streamlines in the horizontal xz-plane at

y/D = 0.

The observation that the recirculation zone is considerably shorter for matched mo-

mentum flux compared to the other cases is also supported by these figures. The re-

circulation zone in the case with the largest momentum flux ratio appears to be more
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symmetric about the xy-plane at z/D = 0 than the other two. An explanation could

be that there is some unknown three-dimensional motion in the wake, and that more

samples are needed to average this out for the other cases. The effect of the semi-circular

cross-section of the jets emerging from the inlet ducts is reflected in the velocity field

with clearly lower velocities along the sidewalls. This suggests that the wake is extended

further downstream along the walls compared to the central part.

3.2. Phase-averaged flow characteristics

As seen from the time-averaged images, the recirculation zones in all cases are character-

ized by two vortices forming as the jet flow is separated at the edge of the back plate. In

all cases the phase-averaged flow shows that the motion of the vortices is coherent and

that they convect downstream the wake. However, the vortex dynamics show a depen-

dence on the momentum flux ratio of the two jets. This is in line with the findings of

[12], though they did not specifically focus on the dynamics in the wake, as is attempted

in this work.

From the measurements of the largest momentum flux ratio with dominant upper jet,

it is shown that the roll-up and subsequent shedding is predominantly occurring in the

inner shear layer of the dominant jet, see Fig. 8. Over the shedding period the weaker

jet is more strongly curved towards the wake, hence it seems that its pertaining vortex is

more anchored in the wake and does not shed as easily. The same behaviour can also be

seen when the lower jet is dominant and these plots are therefore excluded.

For decreasing momentum flux ratio the dynamic characteristics are similar, although

the shear layer pertaining to the dominant jet becomes more discontinuous, as seen from

the vorticity field in Fig. 9. Similarly to the largest momentum flux ratio, the shedding

predominantly occurs in the inner shear layer of the dominant jet. However shedding of

the vortex pertaining to the weaker jet is also evident, though it appears that only part

of it is shed, hence its downstream trace is less distinct compared to the counter-rotating

vortex.

When the momentum fluxes are matched, von Kármán-type vortices are alternately

shed from the upper and lower inner shear layers forming an anti-symmetric pattern, see

Fig. 10. The result is a large scale flapping motion of the jets that persists far downstream

the wake with significantly less damping than for the other ratios. The inclination of the

upper inlet duct changes the velocity profile and causes a disturbance of the flow before

the kiln entrance. This may explain the unsymmetrical vorticity profile that can be seen

for matched momentum flux with a less distinct region of high vorticity magnitude

pertaining to the vortex shed from the upper shear layer. The characteristics of the

shedding process are very similar at z/D = 0 and z/D = ±0.25. In the interval 0 <

x/D < 1.25, the variation in the spanwise direction of the vorticity magnitude of the

shed vortices is small. Neither is there any noticeable variation in the spanwise direction

of the growth of the wall shear layer of the inclined jet within this interval. Further

downstream, the variation in the spanwise direction of the vorticity magnitude of the

shed vortices increases. At z/D = 0 in the interval 1.25 < x/D < 2.5, the shed vortices
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are clearly distinguishable from concentrated regions of high vorticity magnitude, while

at z/D = ±0.25 the vortices are significantly more difficult to identify. This indicates

more rapid damping of the vortical motion when moving away from z/D = 0 in the

spanwise direction.

Figure 11 shows a single-sided FFT amplitude spectrum of the fluctuations of the

V-velocity component for all cases at a point inside the recirculation zone (x/D = 0.6,

y/D = 0). Several positions were evaluated in the analysis and similar trends were seen

in all points. This point was chosen to represent the trends since it shows the difference

in amplitude of the fluctuations between the ratios in a clear way.

The Strouhal number of the shedding cycle is defined as St = f L/U, where f is

the shedding frequency, L is the height of the back plate and U is the maximum axial

velocity of the dominant jet. The Strouhal numbers corrresponding to the frequency

peaks in Fig. 11 are 0.18, 0.16 and 0.17 for the momentum flux ratios 1, 2.27 and 5.44,

respectively. The trend of increasing amplitude of the dominant frequency peak when

approaching matched momentum flux is in agreement with the increased effect of the

vortex shedding on the phase-averaged flow field seen in Figs. 8- 10.

Recall from Fig. 10 that for the matched momentum flux case, two vortices of similar

scale were shed with equal frequency though shifted half a period. This implies that the

frequency at which any vortex is shed is twice that of the identified dominant frequency

seen in Fig. 11. For increasing momentum flux ratio the size of the vortex shed from the

shear layer of the weaker jet can be seen to gradually decrease, essentially diminishing for

the largest ratio. This can further explain the significant difference in the jet propagation

when the momentum fluxes are matched compared to other ratios.

Additional results can be obtained by analysing the measurements further down-

stream in the kiln. The vortices converge towards a position in the y-direction off the

centerline, close to the walls, leading to a coupling between the wall shear layer and the

vortex originating from the shear layer of opposite vorticity. This interaction results in a

portion of the wall shear layer being ejected by the influence of the shed vortices. This

can clearly be seen further downstream for the case of matched momentum flux. For the

case with maximum momentum flux ratio, recirulation is observed in the lower part of

the kiln further downstream as a consequence of the entrainment of the weaker jet into

the dominant one.
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Figure 8. Phase-averaged vorticity contours with velocity streamlines at z/D = 0 for

Rtot = 5.44, ud. Each picture is a mean of 12-15 frames corresponding to the correct

phase ±5◦.
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Figure 9. Phase-averaged vorticity contours with velocity streamlines at z/D = 0 for

Rtot = 2.27, ud. Each picture is a mean of 12-15 frames corresponding to the correct

phase ±5◦.
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Figure 10. Phase-averaged vorticity contours with velocity streamlines at z/D = 0 for

Rtot = 1. Each picture is a mean of 12-15 frames corresponding to the correct phase ±5◦.
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Figure 11. Single-sided FFT amplitude spectrum of the flucutations of the V-velocity

component inside the recirculation zone (x/D = 0.6, y/D = 0). The cases are shifted for

clarity.

Some similarity to the results presented here can be seen in [17]; as the velocity profile

across their square cylinder became more symmetric, the recirculation length in the mean

image was decreased as the inner shear layers began to penetrate each other and forming

von Kármán-like vortices. For appreciably asymmetric flow past the cylinder, the vortex

shedding was completely suppressed.

The periodic flow causes a strong entrainment, explaining the short distance to the

merging point in the mean field for matched momentum flux. The opposite trend for

the location of the combined point with change in momentum flux ratio, as mentioned

for the time-averaged flow, can be explained by the time-resolved measurements. As

the strong coherent structures in the case with matched momentum fluxes persist over

a larger distance without significant damping, their effect on the mean flow field also

extends farther downstream. This is believed to be the explanation of the saddle-shaped

velocity profile persisting as far downstream as x/D = 3.04, despite that the strong jet

interaction might suggest a more efficient momentum exchange and hence more rapid

combining. Though the flapping motion is strong, it is still coherent and this evidently

tracks far downstream.

The strong flapping motion leads to improved mixing between the jets. The maxi-

mum streamwise velocity can be used as a mixing measure, since it will be smaller for

jets that are better mixed than for those that are poorly mixed [12]. In Fig. 5 it is clearly

seen that the lowest maximum streamwise velocity can be found in the matched mo-

mentum flux case. Jets that are well mixed also have a smaller mean velocity gradient

and, therefore, smaller Reynolds stresses, since the Reynolds stress is generally propor-

tional to the gradient in the mean velocity profile [12]. Figure 12 shows contour plots of
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Reynolds shear stress τxy for the different cases at the farthest downstream measuring

position. The magnitude of the Reynolds shear stress is found to decrease at a rate that

increases with reduced momentum flux ratio. This indicates enhanced mixing of the jets

for decreasing momentum flux ratio, particularly when approaching unity.
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Figure 12. Contour plots of Reynolds shear stress τxy at z/D = 0.

4. Conclusions

The non-reacting, isothermal flow field in a downscaled, simplified model of a rotary

kiln was experimentally investigated with PIV. Five different momentum flux ratios were

evaluated in order to detect how the distribution affected the flow field in general and

the recirculation zone in particular.

It is found that the flow field resembles that of two parallel merging jets, with the

same characteristic flow zones. The back plate separating the inlet ducts acts as a bluff

body to the flow and creates a region of reversed flow behind it, characterized by a pair

of vortices that each entrain fluid from the adjacent jet. Due to the semi-circular cross-

section of the jets, the wake is elongated along the walls compared to the central part.

Although the propagation of the jets and the shape of the vortex pair are very distinct in
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the mean field, their dynamics are more complex and hence the flow was examined both

for time-averaged and phase-averaged characteristics.

The time-averaged results show that the flow field is symmetric about the xy-plane

at z/D = 0 and that the introduction of a vertical component of momentum flux in

the upper jet, due to the inclination of the duct, shortens the length of the recirculation

zone for some of the non-unity momentum flux ratios although the actual inclination

of the upper jet near the inlet, estimated from the PIV velocity field to about 3-4◦ from

the kiln axis, differs from the duct’s inclination of 15◦. It is likely that two mechanisms

contribute to the shortening of the wake; an increased jet entrainment or an increased jet

penetration. No recirculation zone can be seen along the top wall above the upper jet; this

is probably since the velocity field cannot be measured right on to the wall. Nevertheless,

an increased amount of vorticity can be seen in the upper part of the kiln and this might

be the result of the inclination of the upper jet.

The characteristics of the cases with momentum flux ratios above unity are very sim-

ilar; the dominant jet resembles a wall jet with a wall boundary layer that is developing

downstream, while the weaker jet has more curvature and a larger pertaining vortex. In

the mean field, the recirculating vortex of the weaker jet stays somewhat upstream the

other one. The mean flow field of the matched momentum flux case shows a strong cur-

vature of the jets and a vortex pair that is symmetric about the xz-plane at y/D = 0; this

case has the shortest recirculation zone but also the farthest downstream combined point.

This is attributed to the strong oscillations of the flow field occurring for matched jet mo-

mentum fluxes, causing the jets to merge over a shorter distance but also affecting the

mean flow field further downstream as the coherent structures are not easily damped.

The extent of the recirculation zone differs significantly depending on jet momentum

flux ratio, motivating an analysis of the phase-averaged flow characteristics to gain more

insight into the jet interaction. As the momentum flux ratio approaches unity, there is

an increasing presence of von Kármán-type coherent structures, with dominant Strouhal

numbers in the range 0.16-0.18. The phase-averaged measurements of the cases with

the largest ratio suggest that the roll-up and subsequent shedding is predominately oc-

curring in the inner shear layer of the dominant jet. Over the period of oscillation the

weaker jet is more strongly curved towards the wake, hence it seems that its pertaining

vortex is more anchored in the wake and does not shed as easily. The same behaviour

is seen when decreasing the momentum flux ratio, although the amplitude of the shed-

ding vortex as it convects downstream is larger in this case. For the matched momentum

flux case, von Kármán-type vortices are alternatingly shed at the same frequency from

the upper and lower inner shear layers forming an anti-symmetric pattern. The result

is a large scale flapping motion of the jets that persists far downstream the wake with

significantly less damping than the other momentum flux ratios.

It is shown that the mixing of the jets emerging from the semi-circular ducts is en-

hanced by the oscillations arising for matched jet momentum flux. The size of the recir-

culation zone is also affected by this parameter in combination with the inclination of the

jet emerging from the upper inlet duct, which decreases the extent of the recirculation
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zone for some ratios. A suitable and important future work is therefore to investigate

how the entrainment of the secondary air into the primary fuel jet is affected by these

large-scale coherent structures as well as the inclination of the incoming jets.

Acknowledgements

This work was carried out within the framework of the Faste Laboratory, a VINNOVA

Excellence Centre. The authors also acknowledge discussions with LKAB, who also

partly financed the work via the Faste Laboratory.

References

[1] M. W. Thring and M. P. Newby, “Combustion length of enclosed turbulent jet

flames,” Symp (Int) Combust, vol. 4, no. 1, pp. 789–796, 1953.

[2] R. Curtet, “Confined jets and recirculation phenomena with cold air,” Combust Flame,

vol. 2, no. 4, pp. 383–411, 1958.

[3] H. A. Becker, H. C. Hottel, and G. C. Williams, “Mixing and flow in ducted turbulent

jets,” Symp (Int) Combust, vol. 9, no. 1, pp. 7–20, 1963.

[4] P. G. Hill, “Turbulent jets in ducted streams,” J Fluid Mech, vol. 22, no. 01, pp. 161–

186, 1965.

[5] D. F. Moles, D. Watson, and P. B. Lain, “The aerodynamics of the rotary cement

kiln,” J Inst Fuel, vol. 46, pp. 353–362, December 1973.

[6] W. L. van de Kamp and J. Daimon, “Further studies on the effect of burner design

variables and fuel properties on the characteristics of cement kiln flames - report on

the CEMFLAME-2 experiments,” tech. rep., IFRF, 1996.

[7] R. Granström, S. Lundström, D. Marjavaara, and S. Töyrä, “CFD modelling of the

flow through a grate-kiln,” in Proceedings from Seventh International Conference on

Computational Fluid Dynamics in Minerals and Process Industries, (Melbourne, Aus-

tralia), 9-11 December 2009.

[8] S. Larsson, E. Lindmark, S. Lundström, D. Marjavaara, and S. Töyrä, “Visualization

of merging flow by usage of PIV and CFD with application to grate-kiln induration

machines,” J Appl Fluid Mech, vol. 5, no. 4, 2012. Accepted for publication.

[9] P. Burström, S. Lundström, D. Marjavaara, and S. Töyrä, “CFD-modelling of selec-

tive non-catalytic reduction of NOx in grate-kiln plants,” Prog Comput Fluid Dynam

Int J, vol. 10, no. 5/6, pp. 284–291, 2010.

[10] J. C. S. Lai and A. Nasr, “Two parallel plane jets: comparison of the performance of

three turbulence models,” P I Mech Eng G-J Aer, vol. 212, no. 6, pp. 379 – 391, 1999.

23



PIV analysis of Merging Flow in a Simplified Model of a Rotary Kiln

[11] E. A. Anderson, D. O. Snyder, and J. Christensen, “Periodic flow between low aspect

ratio parallel jets,” J Fluids Eng-T ASME, vol. 125, no. 2, pp. 389–392, 2003.

[12] N. E. Bunderson and B. L. Smith, “Passive mixing control of plane parallel jets,” Exp

Fluids, vol. 39, no. 1, pp. 66–74, 2005.

[13] X. K. Wang and S. K. Tan, “Experimental investigation of the interaction between a

plane wall jet and a parallel offset jet,” Exp Fluids, vol. 42, no. 4, pp. 551 – 562, 2007.

[14] H. Djeridi, M. Braza, R. Perrin, G. Harran, E. Cid, and S. Cazin, “Near-wake turbu-

lence properties around a circular cylinder at high Reynolds number,” Flow Turbul

Combust, vol. 71, pp. 19–34, 2003.

[15] R. Perrin, M. Braza, E. Cid, S. Cazin, F. Moradei, A. Barthet, A. Sevrain, and Y. Hoa-

rau, “Near-wake turbulence properties in the high Reynolds number incompressible

flow around a circular cylinder measured by two- and three-component PIV,” Flow

Turbul Combust, vol. 77, pp. 185–204, 2006.

[16] C. O. Popiel and J. T. Turner, “Visualization of high blockage flow behind a flat plate

in a rectangular channel,” J Fluids Eng-T ASME, vol. 113, no. 1, pp. 143–146, 1991.

[17] X. K. Wang and S. K. Tan, “Comparison of flow patterns in the near wake of a

circular cylinder and a square cylinder placed near a plane wall,” Ocean Eng, vol. 35,

no. 5-6, pp. 458–472, 2008.

[18] J. Doherty, P. Ngan, J. Monty, and M. Chong, “The development of turbulent pipe

flow,” in 16th Australasian Fluid Mechanics Conference (P. A. Jacobs, T. J. McIntyre,

M. J. Cleary, D. Buttsworth, D. J. Mee, R. Clements, R. G. Morgan, and C. Lemckert,

eds.), (Brisbane), pp. 266–270, University of Queensland, 2007.

[19] R. B. Dean and P. Bradshaw, “Measurements of interacting turbulent shear layers in

a duct,” J Fluid Mech, vol. 78, no. 4, pp. 641–676, 1976.

[20] J. P. Monty, Developments In Smooth Wall Turbulent Duct Flows. PhD thesis, The Uni-

versity of Melbourne, Department of Mechanical and Manufacturing Engineering,

2005.

[21] N. S. Berbish, M. Moawed, M. Ammar, and R. I. Afifi, “Heat transfer and friction

factor of turbulent flow through a horizontal semi-circular duct,” Heat Mass Transfer,

pp. 1–8, 2010.

[22] Q. M. Lei and A. C. Trupp, “Forced convection of thermally developing laminar

flow in circular sector ducts,” Int J Heat Mass Transfer, vol. 33, no. 8, pp. 1675 – 1683,

1990.

[23] S. G. Etemad, Laminar Heat Transfer to Viscous Non-Newtonian Fluids in Non-Circular

Ducts. PhD thesis, McGill University, Department of Chemical Engineering, Mon-

treal, Quebec, Canada, 1995.

24



PIV analysis of Merging Flow in a Simplified Model of a Rotary Kiln

[24] I. A. S. Larsson, E. M. Lindmark, T. S. Lundström, and G. J. Nathan, “Secondary

flow in semi-circular ducts,” J Fluids Eng-T ASME, vol. 133, October 2011.

[25] LaVision GmbH, “Product manual for Davis 7.2,” 2007.

[26] M. Raffel, C. E. Willert, S. T. Wereley, and J. Kompenhans, Particle Image Velocimetry

- A practical guide. Berlin, Germany: Springer-Verlag., 2007.

[27] D. C. Montgomery, Design and analysis of experiments. Hoboken, USA: John Wiley &

Sons, 6th ed., 2005.

[28] H. W. Coleman and W. G. Steele, Experimentation and uncertainty analysis for engineers.

New York: John Wiley & Sons, 2nd ed., 1999.

[29] O. Kirschner and A. Ruprecht, “Velocity measurements with PIV in a straight cone

draft tube,” in Proceedings of the 3rd German-Romanian Workshop on Turbomachinery

Hydrodynamics, (Timisoara, Romania), 10-12 May 2007.

[30] J. R. Taylor, An introduction to error analysis. Univ. Science Books., 2nd ed., 1997.

[31] I. Grant, E. Owens, Y.-Y. Yan, and X. Shen, “Particle image velocimetry measure-

ments of the separated flow behind a rearward facing step,” Exp Fluids, vol. 12,

no. 4-5, pp. 238–244, 1992.

[32] K. E. Meyer, J. M. Pedersen, D. , and O. Özcan, “A turbulent jet in crossflow analysed

with proper orthogonal decomposition,” J Fluid Mech, vol. 583, pp. 199–227, 2007.

[33] J. Kostas, M. Soria, and M. S. Chong, “A comparison between snapshot POD analy-

sis of PIV velocity and vorticity data,” Exp Fluids, vol. 38, no. 2, pp. 146–160, 2005.

[34] B. W. van Oudheusden, F. Scarano, N. P. van Hinsberg, and D. W. Watt, “Phase-

resolved characterization of vortex shedding in the near wake of a square-section

cylinder at incidence,” Exp Fluids, vol. 39, no. 1, pp. 86–98, 2005.

25





D
Comparison of Three Turbulence Models
in the Modeling of Kiln Aerodynamics

Authors:
I.A.S. Larsson, T.S. Lundström, B.D. Marjavaara

To be submitted.





Comparison of Three Turbulence Models in the Modeling of Kiln Aerodynamics

Comparison of Three Turbulence
Models in the Modeling of Kiln

Aerodynamics

I. A. S. Larsson
∗, T. S. Lundström

∗

and B. D. Marjavaara
†

∗Division of Fluid and Experimental Mechanics,
Luleå University of Technology, SE-97187 Luleå, Sweden

†LKAB, Kiruna, Sweden
Corresponding author: sofia.larsson@ltu.se

Abstract

Rotary kilns are large, cylindrical, rotating ovens with a burner in one end that are used in
various industrial processes to heat up materials to high temperatures. The kiln burners are
characterized by long diffusion flames where the combustion process is largely controlled by
the turbulent diffusion mixing between the burner fuel jet and the surrounding combustion
air. The combustion air flow patterns have a significant effect on the mixing and hence the
combustion efficiency, motivating a systematic study of the kiln aerodynamics. The objective
of this work is to compare turbulence models when modeling the kiln aerodynamics of an
iron ore pelletizing rotary kiln. Simulations of the non-reacting isothermal flow using three
different omega-based turbulence models are performed on a simplified, down-scaled model of
the kiln. Some of the results are validated against PIV-experiments on a similar model. The
turbulence models used are the two-equation model SST, the Reynolds stress model BSL and
the Detached eddy simulation turbulence model based on the SST formulation. It is found that
the turbulence models produce quite different results yielding various predictions of the flow
field. The Reynolds stress model agrees best with the experimental results and provides a good
trade-off between details captured and computational effort.

Keywords: Rotary kiln, aerodynamics, CFD, turbulence modeling, SST, RSM-BSL, DES

1. Introduction

Rotary kilns are used in a variety of industrial applications. In this paper the focus
is on an iron ore pelletizing kiln and specifically how to model the aerodynamics of
the kiln. Kiln burners are characterized by long diffusion flames with only a small

portion of the combustion air channeled through the mechanical confines of the burner
while the remaining combustion air is induced through the kiln hood; these air streams
are termed primary and secondary air, respectively. The kiln of interest in this study
differs from kilns used in other processes in both geometry and operating conditions. A
distinguishing feature is the large amount of secondary air induced through the kiln hood,
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needed in earlier stages in the process. The secondary air is necessary for the combustion
process that is largely controlled by turbulent diffusion mixing between the secondary air
streams and the confined burner jet. Due to the large amount of secondary air induced
through the kiln hood the resulting air flow patterns have a significant effect on the jet
flow and mixing. This motivates a systematic study of the kiln aerodynamics and the
factors influencing the combustion behavior.

This study is a part of an ongoing project focusing on a systematic study of the
aerodynamics of an iron ore grate-kiln pelletizing plant. An initial literature review
revealed that CFD-modeling of the iron ore grate-kiln process of interest here is not
extensively represented in the literature. Apart from previous work by the authors
(Larsson et al. [1, 2]), Granström [3] and Burström et al. [4] no attempt has been made
to scrutinize the process in a systematic way, ranging from a small, simplified lab scale
model to full-scale plant size.

The objective of this work is to compare different turbulence models and evaluate how
complex the turbulence model must be in order to capture the dominant features of the
flow field in the kiln. The commercial code ANSYS CFX 13.0 is used for the simulations,
the code uses a coupled solver based on the finite volume method with a fully implicit
discretization of the equations in every time step. Three turbulence models are evaluated;
the two-equation model SST by Menter [5], the Reynolds stress model BSL based on the
baseline ω-model by Menter [6] and the Detached eddy simulation (DES) model proposed
by Spalart [7].

The turbulence models were chosen for comparison reasons. Three models with
increasing complexity were determined suitable, and a desire to avoid wall functions lead
to ω-based models due to their advantage in the near-wall treatment compared to models
based on the ε formulation. This implies that the same numerical grid could be used in
all simulations.

2. Method

2.1. Geometry and grid generation

The geometry is a downscaled, simplified model of a real rotary kiln and can be seen
in Figure 1. The kiln is modeled as a fixed horizontal cylinder of constant cross-section
(D = 100 mm) without the pellet bed, while actual kilns are rotating and inclined with
respect to the ground, and often have a minor diameter expansion. The burner is excluded
since only the non-reacting, cold flow field is of interest in the present investigation. The
cross-sections of the kiln inlet ducts are approximated as being close to semi-circular. To
achieve a fully developed flow profile before entering the kiln, the length of the inlet ducts
in the model is 4.0 m, or 95 hydraulic diameters DH, defined as DH = 4Aduct/P, where
Aduct is the cross-sectional area of the semicircular duct and P is the wetted perimeter of
the cross-section.

The top inlet duct has a 15◦ inclination angle to the kiln axis before entering the kiln,
while the bottom inlet duct is parallel to the kiln.
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Figure 1. Geometry with coordinate system.

The geometry was imported into ANSYS ICEM and a hexahedral grid was created
with an o-grid to capture the curvature of the geometry. Since the same grid was used
with all turbulence models it had to meet the grid requirements of the most complex
turbulence model, DES. The largest grid spacing is used in the switch for the DES limiter,
it is therefore essential to have sufficient resolution in all three dimensions in space. In
the attached boundary layer the grid resolution requirement is the same as for a regular
RANS set-up.

The resulting grid consists of approximately 18 million nodes, with the largest element
length of about 1 mm, i.e. 100 times smaller that the diameter of the model and can
be seen in Figure 2. To resolve the boundary layer, prism elements were placed close
to the wall. This enables a better description of the near-wall physics. Great care was
taken in order to meet the good quality grid criterion provided by the code to reduce the
discretization error.

Figure 2. Numerical grid seen from two perspectives.

2.2. Simulation settings

The turbulent flow field was solved from the three dimensional, unsteady, Reynolds
averaged Navier-Stokes (URANS) equations. These were closed by either the two-equation
Shear Stress Transport (SST) turbulence model, the Reynolds Stress Baseline (RSM-BSL)
turbulence model, or the DES model. In the RSM-BSL the ω formulation is applied as
the scale determining equation, while the SST model is based on the hybrid k − ε/k − ω

formulation where k − ω is used near the walls and the k − ε formulation is recovered in
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the bulk flow. This makes it possible to avoid wall functions and resolve the boundary
layer, given that the grid requirements are met (y+ < 2 and 10-15 nodes in the boundary
layer). As stated before, this facilitates the simulation work since the same grid can be
used in all simulations as long as it fulfills the most demanding grid requirements for the
DES model.

The often used turbulence model SST is a two-equation eddy viscosity model par-
ticularly useful in flows with an adverse pressure gradient or in separating flows. The
Reynolds stress model BSL solves six additional equations for the Reynolds stresses in
conjunction with one equation for the length scale (the dissipation) of the flow. This
makes the model more suitable for more complex flows such as swirling and secondary
flows where the isotropic eddy-viscosity assumption is no longer valid. The disadvantage
of the model is a decrease of the numerical stability and an increased computational cost
compared to a two-equation model [8].

In ANSYS CFX the DES model is a combination of SST and LES. This SST-DES
model by Strelets [9] is used in a modified version. The modification consists of a
zonal formulation of the DES formulation, based on the blending functions of the SST
model. The blending functions are dependent of the wall distance and the purpose of
the modification is to prevent grid-induced separation that can occur in regions where
the local surface grid spacing is less than the boundary layer thickness. This shielded
formulation is proposed by Menter [10] and it provides an additional limitation to the
DES blending function to prevent the activation of the DES limiter in the RANS region.
The idea of the DES model is that it switches from SST to LES in regions where the
turbulent length scale predicted by the RANS model is larger than the local grid spacing,
hence resolving the large turbulent structures and modeling the smaller ones. Great care
has to be taken when setting up, monitoring and evaluating a DES simulation due to
the quite heavy computational effort needed which can lead to very time-consuming
simulation runs.

The flow in the real kiln has a Reynolds number (Re) of approximately 3.2 · 105, based
on its diameter. Preserving Re similarity between the real and modeled kiln, and using
water as the working fluid, enables the smaller scale of the model kiln. In the simulations
a Re of approximately 105 is used, corresponding to a total mass flow of 7.9 kg/s. The
water has a temperature of 23 ◦C and since isothermal conditions are assumed the energy
equations are not considered.

To achieve a fully developed flow profile before the flow enters into the kiln and to
enable the usage of very fine grids, the semi-circular inlet ducts are simulated separately.
A plug profile with a mass flow of 3.95 kg/s and a turbulence intensity of 5% is used
as inlet boundary conditions in each duct, and the flow is allowed to develop regarding
velocities and turbulent quantities before the flow profiles are extracted at 3.6 m (86
DH). The Cartesian velocity components and the dissipation together with the Reynolds
stresses are extracted for the RSM-BSL model and used as inlet boundary conditions about
10 DH before the kiln entrance. For the SST and DES models the velocity components,
dissipation and kinetic energy are extracted and used as inlet boundary conditions. At
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the outlet an average static pressure is employed with a relative pressure of zero Pa,
averaged over the whole outlet. This allows the outlet pressure to vary based on upstream
influences. The walls are modeled as no slip walls.

Transient simulations are performed with a non-dimensionalized time step of tUb/D =

0.01, where Ub is the bulk velocity in the kiln. A converged steady state simulation of the
same turbulence model is used as initial guess. The time step is set to ensure an even and
steady convergence with a RMS Courant number around 1, and 3-7 inner iteration are
needed for convergence in every time step.

The simulated flow field needs some time to develop and stabilize after the start-up.
This initial time varied between 1 week for the SST and RSM-BSL models up to about a
month for the DES simulations on 60 CPUs, corresponding to a time of 2-5.5 seconds in
the simulations. After these periods of time transient statistics were gathered for between
1.5 to 3 seconds in the simulations depending on the turbulence model applied.

A formally second order accurate discretization scheme is used both for the advection
term (upwind scheme) and the transient term (backward Euler scheme). In the DES
simulation a zonal model is used where the advection discretization scheme switches from
a second-order upwind scheme in the RANS-part of the domain to a central differencing
scheme in the LES-region.

The turbulence equations are discretized using a high resolution scheme which
includes a blend factor that blends between first and second order accurate upwind
schemes, ensuring a robust solution also in regions where the flow gradients change
rapidly.

The convergence criterion is RMS residuals below 10−6 [8] and therefore double
precision is used. The convergence criterion assures a decrease of at least three orders of
magnitude of the normalized residual for each equation solved.

2.3. Grid study

A grid study on steady state simulations using the RSM-BSL turbulence model was
performed in a similar manner as described by Prince et al. [11]. Five grids were used
consisting of approximately 5, 8, 11, 14 and 18 million nodes. The velocity was chosen
as the dependent variable and both local and global values were investigated revealing
no significant differences between the grids. The maximum difference between the four
finest grids was below 1% making it reasonable to conclude that the grid consisting
of 8 million nodes is already in the asymptotic range. A second, global, variable was
also investigated, this time the ratio of the total pressure averaged over the inlet to that
averaged at the outlet Pin/Pout was chosen. The grid refinement factor was approximately
1.1. The quite low refinement factor is a result of the attempt of resolving the boundary
layer. Since a large amount of nodes are placed close to the wall, coarsening the grid
results in larger elements in the middle of the kiln to maintain the resolution of the
boundary layer. To keep the grid expansion factor in a reasonable range (below 1.2), a
lower grid refinement factor was necessary. The grid refinement was though made in a
systematic way. The change of the pressure ratio was monotonic and decreased with grid
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refinement. The difference between the two finest grids was 2.7% and this in combination
with the previously noted small change in velocity, resulted in the solution of the finest
grid being deemed grid independent. The percent error of successive grids was estimated
according to

%Error =
Pin
Pout

(grid[N])− Pin
Pout

(grid[N − 1])
Pin
Pout

(grid[N])
· 100. (1)

All parameters and derived values have been summarized in Table 1.

Table 1. Parameters of the grid study

Grid number Nodes Pin/Pout Difference [%]

1 5.3M 1.029 -
2 7.9M 1.117 7.85
3 11.0M 1.187 5.90
4 14.3M 1.230 3.62
5 17.9M 1.264 2.69

These calculations give an estimation of the discretization error and more importantly,
an indication that the grid size is in the asymptotic range, meaning a grid independent
solution or at least a solution with minimized discretization error. The finest grid
consisting of almost 18 million nodes was used in all succeeding simulations.

The area averaged maximum y+-value of the kiln is 0.91, indicating that the boundary
layer is fully resolved at the kiln walls according to the requirements of low-Re wall
formulations for an ω-based turbulence model [8].

It may be argued that the study should also be done on the DES case. It is a quite
challenging and time consuming task to perform a grid study on a DES simulation since
the solution is directly connected to the grid size, where decreasing the grid size results
in smaller eddies being resolved. Due to this fact and the always existing time constraint,
the grid study was performed on the case described above.

3. Results and discussion

The choice of equal mass flow distribution between the inlets originates from previous
work, where the effect on the flow field by different distributions of mass flow between the
inlets was investigated both numerically and experimentally [1, 2]. This case showed the
most flow instabilities and was therefore chosen as a good test case where the performance
of the turbulence models could be evaluated and compared.

The analysis of the results are divided into three parts, where the instantaneous flow
field is discussed first, followed by the perhaps, from an engineering point of view, more
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interesting mean flow characteristics. Comparison of some simulated flow parameters
to experimental results ends this section. The results reported are non-dimensionalized
using the inner diameter of the kiln, D, and the bulk velocity of the kiln, Ub.

3.1. Instantaneous flow field

Most interesting is the flow behind the dividing wall separating the two inlets, called the
back plate. Since this is the place where the burner is located in the real kiln, the area is
important from a combustion perspective. By examining a snapshot of the velocity field
of the final time step of all cases, it can be stated that the turbulence models produce
different results, see Figure 3.

(a) SST (b) RSM-BSL (c) DES

Figure 3. Instantaneous velocity contours, final time step.

Due to the geometry of the kiln, the back plate gives rise to oscillations of the flow
field due to shear layer instabilities resulting in vortex shedding, with a frequency of
about 12 Hz (corresponding to a Strouhal number of about 0.18). This periodic motion
can be seen in all cases but for the SST model it is not so distinct. At a first glance, the
instantaneous SST solution seems similar to a steady state solution, but when analyzing
the vortical structures in the kiln the shedding process is revealed.

The vortical structures show in a clear way how the turbulence models differ from
each other in terms of which scales they resolve. This can be investigated by plotting
isosurfaces of a vortex identification parameter. Here, the Q-criterion [12] is chosen, an
invariant defining the difference between the vorticity magnitude and the strain rate. If
the rotation dominates over the strain/shear in the flow then the Q-criterion is positive
and there are active vortices in the flow. Figure 4 shows that the DES model resolves
a wider range of sizes of the vortices while the Reynolds stress model only shows the
largest structures. The eddies are though three-dimensional and chaotic in both cases. The
SST turbulence model shows a structured and steady, almost two-dimensional, shedding
process. It should be noted that the value of the Q-criterion of the vortices shown in the
RSM-BSL and DES cases are 100 times higher than for the SST model to enhance the
visual understanding, Q-criterion = 16 for the SST model and Q-criterion = 1600 for the
RSM-BSL and DES models. This implies a much less vortical flow in the SST case and
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explains the lack of visible distinct shed eddies when plotting contours of the velocity
and vorticity.

(a) SST (b) RSM-BSL (c) DES

Figure 4. Isosurfaces of Q-criterion = 16 for the SST model and Q-criterion = 1600 for the
RSM-BSL and DES models. The structures are colored by velocity.

Contour plots of the vorticity, seen in Figure 5, show the shedding process clearly for
the RSM-BSL and DES case while the SST model only reveals some wavy structures in
the flow field. No distinct eddies can be seen. Note the difference between the RSM-BSL
and DES models in the location of where the vortices start shedding.

(a) SST (b) RSM-BSL (c) DES

Figure 5. Instantaneous vorticity contours, final time step.

In the RSM-BSL case the roll-up of the vortices starts about half a dividing wall
distance downstream of the back plate. In the DES case some small instabilities starts
almost immediately behind the back plate, but the roll-up and consequently shedding
begins further downstream at about one and a half dividing wall distances. A probable
explanation for this is that due to the geometry the flow should not be compared to
a globally unstable bluff body flow but rather to a locally unstable flow similar to a
mixing layer or a backward facing step as described by Menter [13]. This means that
the flow instability that produces the increased turbulence downstream the geometry
change is significantly weaker than for globally unstable flows, making it necessary for
an immediate switch from a RANS to a LES solution to keep the overall (modeled by the
RANS solution and resolved by the LES solution) turbulent kinetic energy consistent. This
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ability depends on the grid and hence requires a sufficiently refined grid in this critical
region, otherwise the unsteady structures will be suppressed.

Failure of resolving this initial instability (similar to a Helmholtz instability and
initially two-dimensional) severely limits the resolved content of the solution and hence
strongly affects the result. An insufficient grid resolution in the back plate region explains
the delayed onset of vortex shedding in this case. This is a known concern with the DES
model and leads to a delayed development of the unsteady structures, and instead of
starting at the wall they will start further downstream where the DES limiter has a stronger
influence. With further grid refinement, the unsteadiness will move further upstream
[8]. Figure 6 shows the blending function for the DES model where red indicates the
RANS region and blue the LES region. The area closest to the back plate is red, implying
insufficient grid resolution in a critical area.

Figure 6. Blending function for the DES model. The red color indicates the RANS region
and the blue shows the LES region.

The simulation using the SST turbulence model was further scrutinized in order to
find an answer to the less intense vortex shedding. Several potential sources were singled
out as possible reasons. A number of points where the velocity was logged were placed
in the flow field in all simulations to enable better monitoring of the solution. In these
points the oscillation of the velocity representative for the vortex shedding process could
be seen. In the SST-case the oscillations were initially large, but as the solution progressed
the amplitude continuously decreased as compared to the other two cases where the
amplitude was consistent. Changing the time-step had no effect on either the shedding
frequency or the decreasing amplitude.

A coarser grid was tested to investigate if there were any grid related instabilities
causing the damping, but the behavior was unchanged. Since there never were any con-
vergence issues, numerical instabilities from the discretization scheme causing dispersive
errors seemed unlikely, but to rule it out a first order scheme was tested revealing no
change. On the other hand a first order scheme introduces numerical dissipation leading
to smoothing of gradients which might also damp the flow instabilities. In some cases
the evolution of the vortex shedding is sensitive to the inlet boundary conditions and
needs some kind of extra perturbation to be triggered. This was also tested with no
improvement of the result.
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Finally, the well-known deficiency of two-equation models regarding the over-prediction
of the turbulent kinetic energy in regions with large normal strain (regions with strong
acceleration or deceleration) was concluded the most probable reason. Since the normal
stresses are assumed isotropic and hence equal, the production of turbulent kinetic energy
depends on the mean rate of strain only, and not the difference between the normal
stresses [14]. This leads to high values of the eddy viscosity that may result in a damping
of the oscillating flow [15, 16]. The eddy viscosity ratio can be seen in Figure 7 and it is
larger in the central region for the SST case compared to the cases using the other two
turbulence models. The time-averaged results especially highlight this.

(a) SST instantaneous (b) SST time-average

(c) RSM-BSL instantaneous (d) RSM-BSL time-average

(e) DES instantaneous (f) DES time-average

Figure 7. Contour plots of the eddy viscosity ratio.

It should also be stated that the flow variables, like Re for example, in combination
with the geometry affect the evolution and generation of the vortex shedding. Perhaps
this particular case happens to be a worst case scenario where several inhibiting and
limiting factors interact with each other making the SST turbulence model completely
inappropriate to use.

3.2. Time-averaged flow characteristics

The geometry gives rise to an average flow field similar to that seen when two jets are
merging. This flow field can be divided into three regions, the merging, converging and
combined region. By following the evolution of the time-averaged velocity profile in the
streamwise direction along the kiln length (Figure 8), these three regions can clearly be
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seen. It is also obvious that for the SST case, the jets have not combined fully before the
kiln outlet since the profile is still saddle-shaped. This is also a consequence of the weak
flow oscillations in this case. As can be seen from the development of the velocity profile,
the jet velocities are not decreasing and mixing as much with each other in the SST-case
like they are in the other cases. The evolution of the velocity profiles of the SST and DES
cases follow each other up to about one kiln diameter downstream, where the DES limiter
becomes active and flow instabilities develop that are being resolved by the LES model.
The three dimensional structures promotes the mixing of the two streams and the velocity
profile of the DES simulation becomes more similar to the RSM-BSL case.

(a) SST (b) RSM-BSL (c) DES

Figure 8. Development of the time-averaged streamwise velocity profile downstream the
kiln.

The appearance and length of the recirculation zone differs substantially between
the cases and can be seen in Figures 9 and 10. The recirculation zone is important for
the combustion process since the reversed flow stabilizes the flame and improves the
combustion efficiency. The shortest zone is seen in the RSM-BSL simulation, this case also
shows the highest velocity of the reversed flow. The SST-case shows an odd behavior with
the recirculation zone located not directly behind the back plate, but further downstream.
The DES-case shows a weak reversed flow right behind the back plate, but the main
recirculating vortices are located even further downstream than in the SST-case. The
maximum velocity of the reversed flow is though similar in these two cases. The presence
or absence of vortex shedding clearly affects the recirculation zone.

(a) SST (b) RSM-BSL (c) DES

Figure 9. Mean velocity contours and streamlines in the center plane.

The inlet profiles also differ between the cases. Due to the semi-circular shape of the
inlet ducts, there will be turbulent secondary flow induced as motions in the transverse
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Figure 10. Length of the recirculation zone. Time-averaged streamwise velocity on the
kiln centerline. Zoom in on the recirculation zone on the right-hand side.

plane, perpendicular to the main axial flow. A standard two-equation model as SST
cannot predict these secondary motions due to the underlying isotropic eddy viscosity
assumption [17], therefore the velocity contour plots show a much wider jet in the inlets
where the SST model has been used as compared to the Reynolds stress model (recall
Figure 3). By looking at the spanwise plane in the inlet in Figure 11, it is visible that the
flow is redistributed in the RSM-BSL case resulting in a bulging of the velocity contours
towards the corners. This effect though is not likely to have any profound effect on the
resulting flow field in the kiln since the maximum transversal velocities are in the order
of 1-3% of the streamwise bulk velocity [18, 19].

(a) SST (b) RSM-BSL

Figure 11. Contour plots of mean inlet velocities.
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3.3. Comparison with experimental results

Some of the simulation results can be validated against PIV (Particle Image Velocimetry)
experiments performed by Larsson et al. [1] on a physical model with the same geometry
as in the simulation case. Based on the results discussed above, the RSM-BSL model
is deemed the most suitable turbulence model for this application and is therefore
compared to the experimental results. Comparing the mean vorticity field in the vertical
center plane qualitatively between experiments and simulation reveals good agreement
(Figures 12(a) and 12(b)). The mean velocity in the horizontal center plane (Figures 12(c)
and 12(d)) shows some discrepancies between simulation and experiment with a more
even velocity distribution in the simulation case, probably because of a combination of
three-dimensional motions in the wake needing a longer measuring time to average out
and the uncertainty in the exact position of the measurement plane in the experiments.

(a) Simulation (b) Experiment

(c) Simulation (d) Experiment

Figure 12. Qualitative comparison between simulations using the RSM-BSL turbulence
model and PIV experiments. Contours showing time-averaged vorticity in the vertical

(top) and velocity in the horizontal (below) center plane with streamlines highlighting the
flow pattern.

Quantitatively there is good agreement between simulations and measurements of the
mean streamwise velocity profile at different positions throughout the kiln as can be seen
in Figure 13. The results are presented with errorbars corresponding to the estimation of
the discretization error for the simulation case and the total experimental uncertainty.

The mean streamwise velocities in the center of the kiln also agree and the profiles
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Figure 13. Development of the time-averaged streamwise velocity profile.

show the same trends with a similar length of the recirculation zone, see Figure 14. The
discrepancy between simulation and experiment is a result of the spatial averaging done
in the PIV experiments over an interrogation area of 32 × 32 pixels, leading to a velocity
vector every 1.79 mm. This makes it impossible to compare simulation and experiment
exactly in the same position, especially in the kiln center.

Figure 14. Time-averaged streamwise velocity in the center of the kiln.

The shedding frequencies are found from an FFT-analysis of the velocity in a point
(x/D = 0.5, y/D = 0.7) just outside the recirculation zone and can be seen in Figure 15.
Both simulation and experiment show a shedding frequency of about 12 Hz, correspond-
ing to a Strouhal number of 0.18 based on the height of the back plate. In the simulation
case the velocity data is extracted from a monitor point where the flow parameter is
logged for every time step of the simulation run in a fixed location away from the center
plane. Therefore the FFT-analysis is not performed in the same spanwise position in the
simulation and experiment, which can be an explanation of the amplitude difference
between the cases.
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Figure 15. Single-sided FFT amplitude spectrum of the velocity fluctuations just outside
the recirculation zone (x/D = 0.5, y/D = 0.7).

Finally snapshots from the shedding process are compared qualitatively and by
keeping in mind that it is not possible to compare the cases in exactly the same plane and
shedding phase due to different sampling rates of the flow field in the simulation and
experiment, Figure 16 show that the contours resemble each other in a very good way.

Figure 16. Snapshots from the shedding cycle. Comparison between simulations using
the RSM-BSL model (black contours on top) and experiments using PIV (colored

contours under).
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4. Conclusions

The turbulent flow field inside a model of a rotary kiln was investigated using three
different turbulence models. Equal mass flow distribution between the inlets were used
since the resulting flow field with large scale flow instabilities provides an excellent test
case for comparing and evaluating turbulence models.

The simulations provided various results and the Reynolds stress model BSL was
deemed the most accurate after validation against PIV data on a similar model. It
was noted that the SST model did not capture the large scale flow instabilities that the
geometry gives rise to, leading to misleading results of the flow field. The region of most
interest in this study is the recirculation zone formed behind the back plate, and both
the SST and DES models over-predicted the length and extension of this region. Two
completely different reasons caused this discrepancy of the turbulence models. The well
known deficiency of two-equation models with over-prediction of the turbulent kinetic
energy in regions with strong acceleration or deceleration was concluded the reason for
the SST model. Too much kinetic energy results in a high level of eddy viscosity which
damps the oscillations of the flow field resulting in a longer recirculation zone since the
jets travel further downstream the kiln before they start to interact with each other. An
under-resolved grid in the critical region around the back plate was the reason for the
overestimation of the recirculation zone in the DES case. The grid resolution determines
where the solution switches from modeling the turbulence in RANS to resolving it in
LES. A too coarse grid inhibits the generation of the unsteady structures resulting in
the solution not operating in LES mode all the way to the back plate. The unsteadiness
develops further downstream where the DES limiter has a stronger influence and hence
the recirculation region is extended. The locally unstable type of flow encountered in the
kiln in this study is sensitive to numerical settings and modeling when using the DES
model and requires a thorough parameter and grid sensitivity study with careful analysis
of the results.

The extra information regarding the resolved scales provided by the DES model has
to be weighted against the more demanding grid requirements and computational effort.
In this study the Reynolds stress model produced satisfying and promising result when
validated against experiments. The model is able to show secondary flow, both turbulence
and pressure driven ones, and gives a good overview of the most energy containing
motions of the flow field without being too computationally expensive.

Observations from a real kiln indicate that the mass flow is not equally distributed
between the inlets, the jet emerging from the upper inlet seems to be dominant with
a higher mass flow rate. How this affects the flow field when the complexity of the
geometry is increased will be further investigated numerically in simulations on a more
realistic model.

The concluding remark is that an apparently straightforward case like this in a simple
geometry reveals an unexpected amount of difficulties in the simulation work. This
justifies the strategy of the overall project with a gradually increasing complexity of the
model in the pursuit of a validated full-scale model of the iron ore pelletizing rotary kiln.
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Abstract

The jet mixing in a downscaled, isothermal model of a rotary kiln is investigated experimentally
through simultaneous PIV (Particle Image Velocimetry) and PLIF (Planar Laser-Induced
Fluorescence) measurements. The kiln is modeled as a cylinder with three inlets in one end, two
semi-circular shaped inlets for what is called the secondary flow divided by a wall in between,
called the back plate, where the burner nozzle is located. The scaling of the burner nozzle
between real kiln and model and the corresponding jet flow through it is done by using the
Craya-Curtet parameter. Three momentum flux ratios of the secondary flow is investigated and
the interaction with the burner jet is scrutinized. It is found that the burner jet characteristics,
its mixing with the secondary flow as well as the resulting flow field surrounding the jet is
dependent on the momentum flux ratio.

Keywords: Rotary kiln, turbulent jet, mixing, PLIF, PIV

1. Introduction

Arotary kiln is a cylindrical shaped, long, rotating oven with a burner in one
end, and it is used in various industrial processes to heat up material to high
temperatures. The kiln of interest in this work is used in the iron ore pelletizing

process to sinter the pellets to increase their strength. The combustion process in a rotary
kiln consists of a large flame which can in general be characterized, or rather idealized, as
an axi-symmetric, turbulent jet diffusion flame, consisting of a jet of fuel issuing into a
concentric confining cylinder with a surrounding uniform co-flow of air. The necessary
combustion (secondary) air must be entrained into the burner jet. This mixing of the fuel
and air is the slowest step in the combustion process and hence affects the efficiency of
the combustion. The rate of entrainment depends on the momentum ratio between the
burner jet and secondary air; the higher momentum ratio the faster entrainment rate and
consequently a faster fuel/air mixing.

The flame characteristics are strongly affected by the presence or absence of recircula-
tion. Recirculation is important for the flame stability since the reversed flow recirculates
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hot combustion products back towards the flame, anchoring the ignition point, stabilizing
the flame and improves the efficiency of the combustion. There are two types of recircu-
lation in a confined jet; internal and external. External recirculation arises when the jet
momentum is high enough to entrain all secondary air. The excess momentum of the jet
needs to be overcome, hence combustion products are pulled back into the flame and
external recirculation occur [1]. Internal recirculation arises either by swirl or behind a
bluff body.

A reasonable amount of external recirculation indicates that the fuel/air mixing is
complete while the absence of recirculation indicates that not all necessary secondary
air has been entrained, leading to incomplete combustion with an increased amount of
emissions. The absence of recirculation in a confined flame can also lead to an excessive
expansion of the flame which destroys the product and the refractory walls [1].

A number of theories for confined jets have been developed making it possible to
describe and define the properties and mixing characteristics of an enclosed diffusion
flame. With aid of these theories, similarity or scaling parameters can be found which
can be used to scale experimental isothermal models of reacting flows and the mixing
in particular. The scaling parameter must be preserved between real plant and model,
and this is obtained by correcting for the variable densities in combusting systems by
distorting the nozzle diameter relative to the duct diameter or the nozzle flow. This
ensures that the momentum ratio of the co-flow relative to the jet in the model matches
that of the reacting system [1, 2]. The four most common scaling parameters are the
Craya-Curtet parameter [3], the Thring-Newby parameter [4], the Becker throttle factor
[5] and the Curtet number [6].

All parameters are derived from the Navier-Stokes equations in conjunction with
the continuity equation, and they all have their own ranges and limitations [1]. De-
ciding a suitable scaling parameter for the rotary kiln of interest in this work was not
straightforward, mainly for the two reasons further explained below.

The underlying assumption of the parameters is that the jet is issued into the con-
finement surrounded by an evenly distributed flow of ambient fluid. The kiln of interest
here differs greatly from this geometrical assumption. Instead of one common secondary
air inlet, the secondary air in this kiln is introduced through two ducts with complex
geometry separated by a wall where the burner is located, called the back plate. The
back plate acts as a bluff body to the flow, creating vortex shedding and a recirculation
zone behind it in the wake. The complex geometry of the air ducts in combination with
the back plate makes the surrounding flow field deviate far from the evenly distributed
assumption.

Another basic assumption is that the secondary air is introduced at a low velocity
compared to the primary burner jet. Therefore it can be regarded as a stream with negligi-
ble momentum which is wholly entrained by the primary jet before any recirculating gas
is entrained. This is not true in this kiln since magnetite pelletizing plants usually require
a larger amount of secondary air compared to other mineral-processing industries, since
a sufficient amount of oxygen is needed in the flue gases for the oxidation of the pellets
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in the last stages of the grate [7]. This leads to the fact that the secondary air stream has a
significant momentum that can not be neglected.

Having the limitations of the underlying assumptions in mind as well as the range
of each parameter, initial estimations and calculations lead to that the Craya-Curtet
parameter was deemed the most suitable scaling parameter in this case. It is based on the
assumption that the jet is a point source of momentum which spreads linearly. The initial
velocity distribution from the nozzle must be taken into consideration and from the linear
expansion of the jet the velocity evolution along the axis can be found. The Craya-Curtet
parameter is defined as [8]

m = −3
2

R2 + R + k
(

L
r0

)2

R2, (1)

where

R =
q
Q

, (2)

q = πr2
0ρ0 (u0 − ua) , (3)

Q = πL2ρaua + πr2
0ρ0 (u0 − ua) , (4)

and where u0 is the nozzle velocity, ua the secondary flow velocity, ρ0 the density of
the nozzle fluid, ρa density of the secondary flow, r0 the nozzle radius, L is the furnace
half width and k is a jet shape factor (equal to 1 for a round jet).

The Craya-Curtet parameter (m) is essentially the ratio between the nozzle jet momen-
tum and the secondary air momentum and is a measure of the dynamic mixing of the
two streams. It varies between 0 and infinity and it has been observed that it must lie
above a critical value of m > 1.5 for external recirculation to take place [8]. Short and
intense flames have a higher Craya-Curtet parameter while flames with m between 1 and
2 are characterized as long flames. Flames with m < 1 tends to be long and lazy [9]. In
this work the value of the Craya-Curtet parameter is 0.86.

The objective of the present work is to get a deeper understanding of the mixing
process between the primary jet and the secondary flow in the kiln. The work is a part
of an ongoing systematic study of the aerodynamics of an iron ore pelletizing plant and
previous results can be found in [7, 10, 11, 12, 13]. This study is a development of the
previous ones and the first where the burner jet is incorporated in the model.

Experiments using Particle Image Velocimetry (PIV) and Planar Laser-Induced Fluo-
rescence (PLIF) simultaneously are performed on a simplified, down-scaled model of the
rotary kiln. Isothermal experiments of the flow in a geometrically similar physical model
of the real plant aid the visualization and understanding of the flow regime and fluid
mechanics. It can also reveal important information about the dynamics of the flow field
in general and the interaction of the streams in particular. It should though be noted that
the scaling parameter is only valid in the nozzle plane for non-isothermal (combusting)
jets, the results must therefore be corrected for temperature and pressure effects to be
applicable throughout the entire domain of the full-scale, real process [1].
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2. Method

The present model is a development of the model studied by Larsson et al. 2012 [10]. It
consists of a relatively simple downscaled model of the kiln with the main features built
in PMMA (transparent plastic) to enable experiments with PIV and PLIF.

PIV and PLIF are both versatile nonintrusive, laser based methods used in many
different applications, allowing whole field measurements of fluid flows. PIV results
in vector fields showing the flow motion while PLIF results in scalar fields showing
concentration, temperature or pH. Combining these two methods, in mixing experiments
for instance, provides both the flow motions of the different streams and the concentration
of one stream in the other; hence it is possible to determine how well the different streams
mix with each other.

The kiln is modeled as a fixed horizontal cylinder of constant cross-section (D = 100
mm) without the pellet bed, while the actual kiln is rotating with a velocity of about 1
rpm, and is inclined with respect to the ground and has a minor diameter expansion. A
schematic figure of the experimental set-up, including a detailed drawing of the geometry
of the test section can be seen in Figure 1.

Figure 1. Experimental set-up and geometry.

The back plate is centered with respect to y/D = 0 and its height is D/3; the burner
is modeled with a nozzle with an inner diameter, Dj, of 1.5 mm, determined through
scaling with the Craya-Curtet parameter.

The cross-sections of the kiln inlet ducts are approximated as being close to semi-
circular, and hence the hydraulic diameter DH is defined as DH = 4Aduct/P, where Aduct
is the cross-sectional area of the semi-circular duct and P is the wetted perimeter of the
cross-section. The top inlet duct has a 15◦ inclined section with a length of 2.4DH that
ends in the kiln, while the bottom inlet duct is parallel to the kiln. To achieve a fully
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developed flow profile before entering the kiln, the length of the inlet ducts in the model
is 4.0 m, or 95DH . All results in Larsson et al. [12] indicate that the flow is fully developed
for the set-up used in this study.

The chosen fluid for the physical model is water, allowing the smaller scale of the
model kiln. The flow through each duct is controlled by manual valves and monitored
with magnetic flow meters (Krohne Optiflux DN50) to an accuracy of reading of 0.1%.
The temperature of the water in the set-up is controlled to 23 ± 0.4◦C using a cooling
system in the tank.

The flow through the nozzle is driven by a pressure vessel since the relatively high
velocity in combination with the small diameter of the nozzle made it quite challenging
to find a suitable pump able to deliver the required pressure. This means that the flow
rates and velocities in the nozzle are estimated by monitoring the pressure in the vessel
and the mass of the water while timing the experiment. This was done repeatedly in
order to be able determine a mean Craya-Curtet parameter and check the sensitivity of
the Craya-Curtet parameter to different flow parameters. The largest deviation of the
Craya-Curtet parameter between two measurements under similar conditions was about
5% where the jet velocity differed about 1.5%.

To start with, some initial ink visualization experiments recorded with a high speed
camera were performed in preparation for the upcoming laser experiments. The aim was
to tune in the flow rates and jet velocities. Three different nozzle diameters were used in
flow conditions ensuring that the chosen Craya-Curtet parameter was kept constant in all
cases. It was also a good opportunity to get some insight into the challenges that might
be encountered during the experimental trial. This resulted in the chosen nozzle diameter
of 1.5 mm for the laser-based experiments.

The PIV/PLIF system used is a commercially available system from Dantec Dynamics
A/S. It consists of a Litron LDY 301-PIV laser, which is a double-pulsed Nd:YLF (527
nm) with a maximum repetition rate of 10 kHz. Sheet optics and mirrors produced a 1.5
mm thick laser sheet and placed it in the desired location. Two 8-bit Nanosense MKIII
MotionPro X3 Plus cameras with a spatial resolution of 1280 × 1024 pixels per frame were
mounted next to each other to record the flow. Nikon 50 mm f/1.8D objectives were
mounted on each of the cameras, and the camera recording the PIV images was fitted
with a bandpass filter while the camera recording the PLIF images had a cut-off filter.
The PIV camera was mounted perpendicular to the laser sheet while the PLIF camera
had a slight angle. To compensate for this and enable comparisons of the measurement
results in the same plane, a calibration was made using a target with known spacing. This
calibration was then used to de-warp the images and make them overlap correctly.

The laser and the cameras are mounted on a traverse system allowing them to be
simultaneously repositioned up to 600 mm in the x-, y-and z-directions. The tracer
particles used for the PLIF are fluorescent Rhodamine 590 Cl while the PIV particles used
are hollow glass spheres, HGS-10, with a diameter of 10 um from Dantec Dynamics.

A signal generator (BNC model 575 pulse/delay generator) controlled the triggering
and timing of the lasers and cameras and the entire system was controlled from a PC
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installed with Dantec Dynamics software DynamicStudio where also the acquired images
were saved.

The Reynolds number, Re, in the real full-size kiln is approximately 3.2 · 105, based
on its diameter. In the experiments, a reduced Re is used due to the limitation of the
jet velocity, vjet, of the burner nozzle. This is not an issue though, since Re is still in the
fully turbulent range and reduced Reynolds similarity holds for turbulent jets [14]. Three
momentum flux ratios of the secondary flows are used in the experiment to investigate
the effect on the burner jet behavior and mixing characteristics of the primary burner jet
and the secondary flow. To facilitate the comparison between the cases the momentum
flux in each secondary inlet is approximated with the mass flow squared, (ṁ1)

2 for the
upper inlet and (ṁ2)2 for the lower inlet. This is a simplification but the only purpose is
to conveniently describe the different mass flow distributions between the secondary flow
inlets. A momentum flux ratio of 1 corresponds to matched mass flow between the inlets
and increasing the ratio means that the mass flow distribution becomes uneven. Table 1
summarizes the flow parameters used in the experiment.

Table 1. Flow parameters

Craya-Curtet vjet [m/s] ṁ1 [kg/s] ṁ2 [kg/s] Rtot

17.73 1.08 1.08 1.00
0.86 17.80 1.30 0.87 2.26

17.85 1.54 0.68 5.44

Images are taken with a frequency of 800 Hz during 1 second, corresponding to a total
of 800 image pairs for each recorded set. The focus is on the region close to the back plate
and the burner nozzle and the area covered is about one kilndiameter, D, downstream.

Due to the large velocity differences between the burner jet and the secondary flow,
two recordings were made with different time interval, dt between the laser pulses, one
with 75 µs and one with 300 µs. This procedure was applied in an attempt to resolve the
different flow regions originating from the wide velocity range.

Due to reflections in the model walls, the raw PIV images were firstly cropped at some
distance from the walls to isolate useful data for the PIV processing. The images were
then processed in DynamicStudio through dewarping to account for the slight angle of
the cameras, background subtraction to remove noise and finally an image balancing to
even out the light sheet intensity differences.

The pre-processed images were then exported and the correlation was done in Matlab
using PIVLab. A multi-pass scheme with decreasing window size and window off-set was
used to calculate the particle displacements, the interrogation window size was 64 × 64
pixels (first pass) decreasing to 32 × 32 pixels (second pass) with adaptive window shift,
both with an overlap of 50%.

The cross-correlation was performed using the standard FFT algorithm with a three-
point Gaussian peak fit to estimate the sub-pixel displacement. After the correlation,
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vector post-processing was done by limiting the valid pixel displacement to −2 < x < 8
pixels in the main flow direction and −3 < y < 3 pixels in the radial direction before the
data was exported as a .txt file for post-processing in Matlab.

Since the PLIF recording was done simultaneously with the PIV recording, 800 image
pairs were also captured with the PLIF camera. The first frame of each pair was chosen
for the PLIF analysis. The mean background image was subtracted to remove background
noise, and to account for the non-uniformity of the laser sheet, intensity correction was
applied to the raw PLIF image. Since the absolute concentration of Rhodamine in the
water was not of great interest, no calibration was performed. The images still served
their purpose of clearly distinguishing the primary jet from the secondary flow to be able
to get a qualitative visualization of the jet flow.

An estimation of the experimental uncertainties was performed and since the major
error sources in a PLIF experiment are mainly connected to the calibration process and
non-uniformity of the laser sheet with temporal and spatial energy fluctuations [15], the
focus was on the errors connected to the PIV measurements and the resulting velocity
vectors.

A PIV experimental set-up consists of several sub system and hence there are several
potential error sources. The overall measurement accuracy in PIV is a combination of a
variety of aspects extending from the recording process all the way to the methods of
evaluation [16]. A cornerstone in all experimental design is to randomize the experimental
procedure. By proper randomization, the effects of extraneous factors that may be present
have less impact on the result [17]. The measurement uncertainties consist of those due to
systematic biased errors and random precision errors (or measurement errors) [18].

The systematic error sources include things like refraction through the model walls,
calibration of measurement equipment, and camera viewing angle and repositioning
accuracy. These errors can be hard to detect since they always push the results in the same
direction. A careful set-up of the experiment where disturbances like the ones mentioned
are avoided can help minimize the systematic error. It is though important to be aware of
the equipments limitations and error sources, both hardware and software, to correctly
account for the bias errors. The biased error associated with the scaling from pixels to
meter is estimated to be about 0.5%.

The primary source of random errors in a PIV measurement is the error introduced
by the sub-pixel estimator in the cross-correlation. This error has been estimated to be
10% of the particle image diameter which is the diameter in pixels of the particle as
seen through the camera [19]. The mean particle image diameter in the present case is
about 2 pixels, and a typical displacement between image pairs is 4 pixels in the main
flow direction. The estimated random error of the measured velocity vector in each
interrogation area is therefore about 5%. A repeatability test was also performed on three
replicate measurements in three different positions. Following Coleman and Steele [17]
yields a maximum precision error of about 6%. The random errors dominate over the
systematic errors and the total uncertainty in the measurement of the velocity is therefore
about 6%.
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3. Results and discussion

The initial visualization experiments with ink showed good agreement between theory
and experiment. Estimations based on data from the real process indicate a Craya-Curtet
parameter of about 0.86 which implies a long, lazy flame without external recirculation.
The same characteristics of the burner jet are seen in the experiment when the momentum
fluxes of the secondary flows are matched. The Reynolds number does not seem to
affect the spreading of the jet as long as it is fully turbulent, agreeing with Pope [14].
Different diameters of the nozzle do not affect the flow field qualitatively as long as the
Craya-Curtet parameter is kept constant between the different cases.

Since the experiments were performed in batches, the concentration in the primary
burner jet differed between the cases. To be able to compare them, the intensity in the
PLIF-images is scaled in the same way in all cases. An area close to the nozzle where the
image is not saturated is chosen as reference and the intensity in all pixels of the enitre
image is divided by the reference intensity. Hence the scale ranges from 0 to 1, where 1
corresponds to "pure" burner jet fluid. The PLIF-images are cropped a distance from the
upper and lower wall to highlight the jet.

The distances reported are non-dimensionalized mainly with the kiln diameter D in
the y-direction and the nozzle diameter, Dj, in the x-direction. In the figures, the x-axis
starts on 5Dj, this since the fictious starting point of the jet is assumed to lie inside the
nozzle.

The instantaneous PLIF-images show that the jet is more unstable and fluctuating
when the momentum fluxes of the secondary flow is matched. Previous studies [10, 11]
have shown the dependence of the resulting flow field in the kiln on the momentum
flux ratio of the secondary jets without the primary jet. When the momentum fluxes
are matched, vortices are shed alternately from the upper and lower edge of the back
plate and convect downstream the kiln in a coherent way. The frequency of this shedding
process is about 12 Hz, corresponding to a Strouhal number of 0.17. When the momentum
flux ratio increases, the flow field seems to be stabilized and the dominant jet entrains
the other one. It appears as the vortex pertaining to the weaker jet is more anchored in
the wake and does not shed as easily. The same trends can be seen in this experiment by
observing the burner jet behavior over time. A sample of an instantaneous PLIF-image
from the experiments can be seen in Figure 2.

The kiln is not axi-symmetric, implying that there are three-dimensional motions in
the flow field, especially in the wake behind the back plate. This is observed in the PLIF-
experiments as fluctuations of the intensity as the jet moves in and out of the light sheet.
The distinct vortex shedding seen when the momentum flux ratio is one interacts with
the burner jet and seems to break it up, this is seen in the PLIF-images as distinct regions
of high concentration fluid (corresponding to burner jet fluid) convecting downstream.
Hence it should be noted that the intensity fluctuations of the burner jet indicate motions
both in the vertical center plane where the measurements are performed as well as in the
horizontal center plane due to the non axi-symmetric geometry.

By investigating the mean PLIF-image, the jet spreading rate can be found by deter-
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Figure 2. Instantaneous PLIF-image, Rtot = 5.44.

mining a threshold value of the intensity corresponding to the burner jet and follow the
evolution downstream the kiln. This can be seen in Figure 3. The jet spreads linearly, both
the upper and the lower part, until a distance of about 25 nozzle diameters downstream
(x/Dj = 25). There the lines separate from each other, and at the end of the frame they
both deflect upwards. This behavior is the same in all cases, regardless of momentum flux
ratio of the secondary flow, and can clearly be seen in Figure 4 which shows the location
of the maximum intensity, corresponding to the jet core, downstream the kiln. A possible
explanation is that the slight angle of the incoming flow from the upper inlet duct leads
to a low velocity region developing downstream in the upper part of the kiln and hence
the burner jet is deflected towards the low pressure region. The initially linear spreading
of the jet agrees with the underlying assumption of the Craya-Curtet scaling parameter.

Figure 3. Jet spreading downstream the kiln.

The concentration and hence the jet spreading can be related to the convective transport
since diffusion becomes negligible at the present jet velocity. The flow is self-similar since
the concentration profiles downstream the kiln all collapse on the same curve when
non-dimensionalized, see Figure 5. The results from the present work is compared to
experiments performed by Wygnanski and Fiedler [20]. The concentration is scaled with
the maximum concentration in each downstream position, C0, and the radius with the
radius where the concentration is half the maximum value, r1/2.

The analysis of the PIV vector field is concentrated to the secondary flow since the
large velocity gradient in the primary jet makes it hard to capture it over the entire
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Figure 4. Deviation of the jet core from the kiln centerline.

Figure 5. Concentration profiles downstream the kiln showing self-similarity of the jet.

field-of-view. Since the same particle is not captured in both frames, the velocity has
a strong bias towards zero in the region closest to the nozzle. This is seen both when
dt=75 µs and dt=300 µs. When focusing on the slower moving secondary flow, the time
between exposures was 1.25 ms (1/800 Hz). Hence the correlation is done between
the first frames of each succeding laser double pulse, resulting in 400 image pairs. As
described in the previous section, the images are cropped a distance from the kiln wall
to isolate useful data for the PIV-analysis, resulting in that not the full diameter of the
kiln can be seen. The entrainment process of the secondary flow into the primary jet is
qualitatively visualized through the streamlines of the mean flow. To enhance the visual
understanding, the velocity vectors have been normalized with their magnitude, hence
they only provide information about the direction of the flow, which is the main interest
here. The corresponding mean burner jet is seen in the same plot, see Figure 6.

When the momentum flux ratio of the secondary flow is 1, the entrainment of fluid
from each inlet by the primary jet appears mutual. When increasing the momentum flux
ratio, the entrainment of the weaker jet is promoted due to the increased momentum
ratio between the primary jet and the secondary flow emerging from the lower inlet. The
wake in the low pressure region which arises behind the back plate is clearly seen in all
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(a) Rtot = 1 (b) Rtot = 2.26

(c) Rtot = 5.44

Figure 6. Streamlines of the mean flow obtained from the PIV-measurements. The mean
PLIF-image in the middle shows the burner jet.

cases and the extension of this zone corresponds to a length of about the height of the
back plate, D/3. When Rtot is increased an external recirculation zone is seen further
downstream below the weaker secondary jet, this recirculation zone is more prominent
when Rtot=5.44.

The external recirculation zone is not seen when the primary jet is absent [10], hence it
is connected to the entrainment of the secondary flow emerging from the lower inlet into
the primary jet. By calculating a "local" Craya-Curtet parameter for each secondary flow
inlet it is found that when increasing the momentum flux ratio, the Craya-Curtet parameter
of the lower inlet is well above the critical value of 1.5 when external recirculation occurs.

Intuitively one may think that the mixing of all three streams is promoted by the large
scale oscillations of the flow field but an analysis of the mean flow and the standard
deviation of the intensity fluctuations show the opposite trend (Figure 7). A higher
concentration in the center of the jet in the mean flow is seen further downstream when
the momentum fluxes of the secondary jets are matched compared to the other cases. The
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standard deviation also shows an increased amount of fluctuations in this case, indicating
that the mixing between primary and secondary flow is lower in the region closest to the
nozzle. The shedding process breaks up the burner jet on a large scale but the mixing
between the streams, which takes place on a small scale, seems to be promoted by a
continuous shear layer.

Figure 7. Mean PLIF-image and standard deviation of the intensity fluctuations.

Another result supporting this observation is that when plotting the intensity inte-
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grated over the jet cross-section (Figure 8), the case with matched momentum fluxes of
the secondary flow stays above the others to about 30Dj downstream where they collapse
on the same curve. A higher intensity corresponds to a higher concentration of "pure"
burner jet fluid. The difference between the cases becomes even clearer when scaling the
intensity of the cases with increased momentum flux ratio with the intensity of Rtot = 1.

Figure 8. Intensity integrated over the jet cross-section, normalized with the intensity of
Rtot = 1 to the right.

The results clearly show a sudden change at a distance of about 30Dj downstream.
This is where the wake region ends and the burner jet goes from from acting as a free jet
to a jet in a co-flow, interacting more with the surrounding secondary flow.

4. Conclusions

The jet mixing in a downscaled model of a rotary kiln was investigated experimentally
through simultaneous PIV- and PLIF-measurements. The scaling of the nozzle diameter
and the flow through it was done with the Craya-Curtet parameter which was estimated
with data from the real process during operation to a value of 0.86.

It is found that the results obtained using the scaling parameter agrees well with the
results derived from the theory. A Craya-Curtet parameter of 0.86 indicate a long and
lazy flame, without external recirculation, this is also seen in the experiments. Three
momentum flux ratios of the secondary flows are investigated and the interaction with the
burner jet is scrutinized. The burner jet characteristics are affected by the momentum flux
ratio, and it is seen that the entrainment of the secondary flow emerging from the lower
inlet into the burner jet is promoted when the momentum flux ratio is increased. An
increased momentum flux ratio also leads to the development of an external recirculation
zone downstream in the lower part of the kiln. This is predicted by calculating a "local"
Craya-Curtet parameter for each secondary flow inlet.

Due to the geometry of the kiln with the secondary flow entering through separate
inlets divided by the back plate, vortex shedding occurs and a wake develops. This wake
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region is about the same length as the back plate height (D/3) and it is clearly seen in the
experimental results as a point where there is a sudden change of the flow.

The burner jet initially spreads linearly to about 30 nozzle diameters downstream,
correponding to the end of the wake. Towards the end of the images it is seen that the
jet is deflected upwards. The same behavior is seen in all cases regardless of secondary
flow momentum flux ratio. A possible explanation is that the slight angle of the incoming
secondary flow from the upper inlet direct the flow downwards, creating a low pressure
region in the upper part downstream the kiln that the burner jet is drawn into.

Previous studies have shown that the vortex shedding process and the resulting
large-scale oscillation of the flow field in the kiln increases the mixing of the secondary
streams. However, the present study indicates the opposite trend when the burner jet
is incorporated. The vortex shedding breaks up the burner jet on a large scale but the
mixing, which takes place on a small scale, seems promoted by a more stable flow field
with a continous shear layer.

Regarding the connection to a real kiln, the aim there is a long, stable flame with an
even temperature profile resulting in a continuous sintering of the pellets throughout the
entire length of the kiln. To be able to draw any conclusions about the flame characteristics
from the isothermal model, the complexity of the geometry needs to be increased to better
model the real kiln. This since it is clear from the present study that the secondary flow
considerably affects the burner jet and the mixing characteristics.
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Abstract

The rotary kiln is the middle part of a grate-kiln iron ore pelletizing process and consists of
a large, cylindrical rotating oven with a burner in one end. The flame is the heart of the
process, delivering the necessary heat. The combustion process is largely controlled by the
turbulent diffusion mixing between the primary fuel jet and the combustion air, called the
secondary flow, which is mostly induced through the kiln hood. The relatively high momentum
of the secondary flow implies that the resulting flow field can have a significant impact on the
combustion process, justifying a systematic study of the factors influencing the dynamics of the
secondary flow field, by neglecting the primary fuel jet and the combustion. The objective of
this work is to investigate how the geometry and the mass flow distribution between the inlets
affect the flow field in the kiln. Down-scaled models of the kiln are investigated numerically. It
is found that the resulting flow field is highly affected by both the geometry and momentum
flux ratio of the inlet flows. The dynamics of the flow is further investigated using proper
orthogonal decomposition resulting in a deeper understanding of the forming, interaction and
convection of the vortical structures.

Keywords: Kiln aerodynamics, vortex shedding, flow dynamics, POD, CFD, turbulence
modeling

1. Introduction

To meet the demands of the customers and their processes, the crude ore from the
mine is processed into iron ore pellets. This upgrade takes place in a number of
ore processing plants, i.e. sorting, concentrating and pelletizing plants, on ground

level. The pelletizing plant, which is the last step of the process, includes several stages
involving high temperatures and complex fluid dynamics making it a challenge to study.
One useful tool for investigating this is computational fluid dynamics (CFD) where the
challenge is to perform trustful and efficient simulations on complicated problems.

The focus of this work lies on simulations of the aerodynamics of the rotary kiln
where the objective is to determine which simplifications that can be made still ensuring

1



The Flow Field in a Virtual Model of a Rotary Kiln as a Function of Inlet Geometry

that the most important flow features in the kiln are captured. The kiln is a cylindrical
shaped, long, rotating oven with a burner in one end, which can be characterized as
an axi-symmetric enclosed turbulent jet diffusion flame, where most of the combustion
air has to be entrained into the fuel jet. The majority of the combustion (secondary)
air is induced through the kiln hood and hence the aerodynamics of the kiln is tightly
linked to the combustion process and, primarily, the mixing between the primary fuel
jet issuing from the burner and the secondary flow. The secondary flow has a relatively
high momentum compared to kilns used in other processes implying that the resulting
flow field can have a significant impact on the combustion process in general and the
flame stability and combustion efficiency in particular. A systematic study of the factors
influencing the dynamics of the secondary flow field, by neglecting the primary fuel jet
and the combustion, is therefore justified.

A well-designed simulation model can provide insight into the process not possible
to obtain in reality, which is beneficial in several ways. It can, for example, be used
to maintain optimal function of the process during operation, with less environmental
impact and reduced maintenance time and cost.

Developing such a simulation model relies heavily on validation. This study is
therefore a part of an ongoing project focusing on a systematic study of the aerodynamics
of an iron ore grate-kiln pelletizing plant [1, 2, 3, 4, 5]. The idea is to start as simple as
possible on a lab-scale model, proceeding step by step and validating each development
before continuing towards a more realistic model. This should eventually result in a
validated full-scale model with best practice guidelines for simulating the fluid flow in
this type of iron ore pelletizing plants.

2. Method

The commercial code ANSYS CFX 14.5 is used for the simulations, the code uses a coupled
solver based on the finite volume method. The turbulence model used is the Reynolds
stress model BSL by Menter [6]. The choice of turbulence model emanates from initial
studies by the authors and provides a good compromise between details captured and
required computational effort.

2.1. Geometry and grid generation

The models used are downscaled, simplified versions of a real kiln and can be seen in
Figure 1. The three geometries were created with increasing complexity levels, striving
towards a more realistic model. Hence, the models differ from each other regarding the
inlet ducts to the kiln as illustrated in Figure 1. The kiln is modeled as a fixed horizontal
cylinder of constant cross-section (D = 100 mm) without the pellet bed, while actual kilns
are rotating and inclined with respect to the ground, and often have a minor diameter
expansion. The burner is excluded since only the non-reacting, cold secondary flow field
is of interest in the present investigation.
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Figure 1. Geometries with coordinate system.

The geometry was imported into ANSYS ICEM and a hexahedral grid was created
with an o-grid to capture the curvature of the geometry. This resulted in a grid consisting
of approximately 3 million nodes, with the largest element length of about 2.5 mm, see
Figure 2. Great care was taken to meet the good quality grid criterion provided by the
code to reduce the discretization error.

Figure 2. Numerical grid seen from two perspectives.

2.2. Simulation settings

The turbulent flow field was solved by three dimensional, unsteady, Reynolds averaged
Navier-Stokes (URANS) equations, closed by the Reynolds Stress Baseline (RSM-BSL)
turbulence model which solves six additional equations for the Reynolds stresses in
conjunction with one equation for the length scale (the dissipation) of the flow [6]. This
makes the model more suitable for complex flows such as swirling and secondary flows
where the isotropic eddy-viscosity assumption is no longer valid. The disadvantage of
the model is a decrease of the numerical stability and an increased computational cost
compared to a two-equation model [7].

The turbulence model uses the ω-formulation as the scale determining equation
and this makes it possible to choose whether or not the boundary layer should be
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resolved, since Ansys CFX offers what is called automatic near-wall treatment for ω-based
turbulence models. This formulation automatically switches from wall-functions to a
low-Re near wall formulation as the grid is refined, without any loss in accuracy. If the
boundary layer is of interest in the simulation, it should be resolved with a grid resolution
of at least y+ < 2 and 10-15 nodes [7].

The flow in the real kiln has a Reynolds number (Re) of approximately 3.2 · 105, based
on its diameter. Preserving Re similarity between the real and modeled kiln, and using
water as the working fluid, enables the smaller scale of the model kiln. In the simulations
Re ≈ 105 is used, corresponding to a total mass flow of 7.9 kg/s. The water has a
temperature of 23 ◦C and since isothermal conditions are assumed no energy equations
are used. The three geometries are all simulated with a plug profile with even mass flow
distribution between the inlets. In the case with the most complex and realistic model of
the kiln, two extra distributions of the mass flow in the inlets are used since observations
from the real kiln suggest that the mass flow distribution is uneven. To quantify the mass
flow distribution the ratio of the momentum flux is defined as

Rtot =
max

(
J1,tot, J2,tot

)
min

(
J1,tot, J2,tot

) , (1)

where the momentum flux for each duct is defined as

Jtot =
∫∫

Aduct

ρU2
duct dy dz, (2)

where Aduct is the cross-sectional area of the inlet ducts, ρ the fluid density and Uduct
the axial velocity. The momentum flux is approximated with the mass flows through
the ducts squared, according to J1,tot = (ṁ1)

2 for the upper inlet duct and J2,tot = (ṁ2)2

for the lower inlet duct, respectively. This approximation is a simplification but its only
purpose is to conveniently describe the mass flow distribution between the inlets. The
momentum flux ratio is equal to one when the mass flows are even and grows larger as
the distribution between the inlets becomes uneven. To distinguish between the cases
when the jet in the upper inlet is dominant as compared to when the jet in the lower inlet
duct is dominant, the abbreviations ud (upper dominant) and ld (lower dominant) are
used respectively after the value of the momentum flux ratio.

Transient simulations are performed with a non-dimensionalized time step of tUb/D =

0.005, where Ub is the bulk velocity in the kiln. A converged steady state simulation using
the same turbulence model is used as initial guess. The time step choice was made to
ensure an even and steady convergence with a RMS courant number around 0.5, and 4-6
inner iterations are needed for convergence in every time step.

The initial time for the flow field to develop and stabilize was about 3 days on 32
CPUs corresponding to a simulated time of about 2 seconds. After this time the transient
statistics were gathered for a simulation time of about 1.5 seconds.

A formally second order accurate discretization scheme is used for both the advection
term (upwind scheme) and the transient term (backward Euler scheme). The turbulence
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equations are discretized using a high-resolution scheme, which includes a blend factor
that blends between first and second order accurate upwind schemes, ensuring a robust
solution also in regions where the flow gradients change rapidly.

The convergence criterion is RMS residuals below 106 [7] and therefore double pre-
cision is used. The convergence criterion assures a decrease of at least three orders of
magnitude of the normalized residual for each equation solved.

2.3. Grid study

A grid study was performed to estimate the discretization error. Steady state simulations
with equal mass flow distribution between the inlets were performed with three grids
consisting of approximately 1.5, 3 and 6.3 million elements. Two dependent variables
were chosen, the velocity along the centerline and the ratio of the total pressure averaged
over the inlet to that averaged at the outlet Pin/Pout. The variables indicate the local and
global discretization error, respectively.

A Richardson extrapolation [8] was performed with a grid refinement factor of ap-
proximately 1.3. The average local and global calculated apparent order was 5.16 and 3.85.
The calculated values differ from the used formally second order accurate discretization
scheme, but as stated by Ferziger and Peric [9], the definition of order may be difficult
when the scheme involves switches or limiters. The change of the computed variable,
both locally and globally, is monotonic and the difference decreases with grid refinement
which can be seen in Table 1. Figure 3 shows the velocity profile along the centerline
computed with the different grids and the fine-grid solution along with discretization
error bars assessed with the Grid Convergence Index (GCI) values. Note that the fine-grid
solution is based on the grid consisting of about 3 million nodes, since this one was used
in all succeeding simulations to save computational time. The maximum discretization
error was in the order of several 100%, but this high value is relative to a velocity near zero
where the difference between the grids of the dependent variable is very small and hence
limits the accuracy of the procedure. The maximum discretization error corresponds to a
maximum uncertainty in velocity of about ±0.0016 m/s. The average discretization error
of the fine-grid solution based on the GCI value was 1.4%.

Table 1. Parameters of the grid study

Grid number Nodes
Velocity in an arbitrary

point along the centerline Pin/Pout

3 1.5M 1.0508 2.1939
2 3.0M 1.0497 2.1979
1 6.3M 1.0494 2.1997

Extrapolated ∞ 1.0493 2.2009
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(a) Streamwise velocity profiles along kiln center line (b) Fine-grid solution with discretization errorbars

Figure 3. The sensitivity of the calculated flows to grid refinement, showing velocity
profiles of streamwise velocity along the kiln centerline.

When performing the transient simulations a sensitivity of the shedding frequency to
the time-step selection was made, and it was seen that the period of the oscillations were
not affected by the time-step size. Hence the time-step used, as stated before, ensured a
good convergence.

The area averaged y+-values of the kiln in the different simulations ranges between
25-35. This means that wall functions are used, bridging the viscous sublayer, and the
boundary layer is not fully resolved. The focus in this work lies on the geometry and
which flow phenomena it gives rise to, therefore the large-scale motions of the flow field
is the main interest and not what happens close to the walls. The use of wall functions
allows a coarser grid, which reduces the computational effort and speeds up the process,
this is important when a simulation should be used as a decision-tool and provide quick
and reliable results.

3. Results and discussion

The results will first be shown and discussed regarding the geometries and the increase in
complexity and its effect on the flow field. Later on the most complex and realistic model
will be discussed regarding the momentum flux ratio between the inlets and its impact
on the resulting flow field. The results reported are non-dimensionalized using the inner
diameter of the kiln, D, and the bulk velocity of the kiln, Ub.

3.1. Impact of the geometry, matched momentum flux

The velocity in the center plane (Figure 4) shows the distinct difference of the flow field
that the geometry gives rise to. The geometry of the lower inlet has a great impact of the
region closest to the separating wall which is where the burner is located in the real kiln.
The sharp turn in the most complex case redirects the flow and creates a high velocity
jet pointing towards the top of the kiln. This is simply a result of the angle between
the flow and the opening. A low pressure region develops below the jet giving rise to
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a recirculation zone. In all geometries a recirculation zone can be seen behind the back
plate, though the size and appearance of this region varies a lot between the cases as can
be seen in Figure 5. This recirculation zone is important for the combustion process and
flame stability since the reversed flow recirculates hot combustion products back towards
the flame and anchors the ignition point.

(a) Case 1 (b) Case 2 (c) Case 3

Figure 4. Contours of instantaneous velocity in the vertical center plane.

(a) Case 1 (b) Case 2 (c) Case 3

Figure 5. Time-averaged velocity contours and streamlines in the vertical center plane.

The geometry gives rise to shear layer instabilities between the jets with large velocity
gradients causing roll-up and consequently shedding of vortices. The contours of the
vorticity in the z-direction in the center plane show this process, see Figure 6. Note that
in the most complex geometry there are three corners where vortices are shed, one in the
upper inlet and two in the lower inlet.

(a) Case 1 (b) Case 2 (c) Case 3

Figure 6. Contours of the instantaneous vorticity in the z-direction in the vertical center
plane.
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Even and steady vortex shedding improves the mixing of the streams which might be
beneficial for the combustion process when that is taken into consideration. But the highly
unsteady and unstructured flow seen in the most complex geometry is probably not the
ideal case for creating a stable and steady diffusion flame which relies on entrainment of
the necessary combustion air into the primary fuel jet.

The velocity distribution in the inlets show similarities in the upper inlet and differ-
ences in the lower inlet, see Figure 7. The bends of the upper inlet duct creates pressure
driven secondary flow in the transverse plane that makes the flow detached and pushed
towards one side, the effect is more prominent in the two (case 2 and 3) more complex
geometries due to the extra bend of the inlet duct. This results in vortices forming
in the inner corner of the bend. The lower inlet shows a completely different velocity
distribution due to the great difference of the geometry and also the direction in which the
inlet mass flow plug profile is initialized. The abrupt transition of square to semi-circular
cross-section for case 3 makes the flow converge and the velocity increases near the
boundaries.

(a) Case 1 (b) Case 2 (c) Case 3

Figure 7. Time-averaged velocity, both contours and vectors, in the transverse plane at
the kiln inlet.

3.2. Impact of mass flow distribution

The most complex and realistic geometry (case 3) is further scrutinized by changing the
momentum flux ratio of the inlet jets. As can be seen in Figure 8, this has a great impact
on the resulting flow field.

Once again focus is on the region closest to the back plate, and as before recirculation
occurs behind it for all momentum flux ratios as can be seen in Figure 9. Below the lower
jet a recirculation zone with two distinct vortices can be seen when this jet is not dominant.
When it is dominant the high velocity jet travels undisturbed straight into the upper kiln
wall where it is deflected. The weaker jet is entrained into it and an external recirculation
zone develops above the weaker jet.
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(a) Rtot = 5.44, ld (b) Rtot = 1 (c) Rtot = 5.44, ud

Figure 8. Instantaneous velocity contours in the vertical center plane.

(a) Rtot = 5.44, ld (b) Rtot = 1 (c) Rtot = 5.44, ud

Figure 9. Time-averaged velocity contours and streamlines in the vertical center plane.

The time-averaged centerline velocity profiles in the main flow direction (Figure 10)
all shows the same trends but there are discrepancies between the cases. The maximum
velocity is as expected found for the case with Rtot = 5.44 where the lower jet is dominant.
The maximum recirculating velocity is in the same range for all of the cases. The
length of the recirculating zone can not be compared through the streamwise centerline
velocity since the uneven mass flow distribution between the inlets affect the position and
appearance of the zone, making it unsymmetrical around the kiln axis.

Figure 10. Time-averaged centerline velocity in the x-direction.

When the momentum flux ratio is one it is seen that U/Ub remains steady around 1
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after a dimensionless distance x/D = 6. This suggests that the jets have combined and
develops as a single jet. When the momentum flux ratio is increased the jets are not fully
combined before the kiln outlet. This is also seen in Figure 11, where the velocity profiles
in the kiln outlet of the higher momentum flux ratios still have a saddle shape.

(a) Rtot = 5.44, ld

(b) Rtot = 1

(c) Rtot = 5.44, ud

Figure 11. Development of the streamwise velocity in the end of the kiln with velocity
contours in the background.

The dominant jet has the most impact on the resulting flow field in the kiln. When
the upper jet is dominant the bends of the upper inlet duct deflects the flow and pushes
it towards one side of the kiln. This can be seen both in Figure 12 and Figure 13 from
different perspectives. When the lower jet is dominant it travels undisturbed along the
upper part of the kiln, resembling a wall jet. The diverging streamlines seen in the central
part of the kiln indicate a complex flow field in the vicinity of the dominating jet.

This is further scrutinized through the vorticity in the z-direction in the vertical center
plane, see Figure 14. The instantaneous result show, once again, that when Rtot = 5.44
and the lower jet is dominant the resulting flow field changes character. In the other cases
there is distinct vortex shedding behind the corners of the inlets, but when the lower jet is
dominant distinct vortices are only seen below the dominant jet. These vortices are not
steady since they do not appear in the mean vorticity field, indicating that they move
downstream the wake below the dominant jet.

The vortical structures can be visualized by plotting isosurfaces of a vortex identifica-
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(a) Rtot = 5.44, ld

(b) Rtot = 1

(c) Rtot = 5.44, ud

Figure 12. Velocity contours in the horizontal center plane, streamlines show the flow
pattern.

tion parameter. Here, the Q-criterion [10] is chosen, an invariant defining the difference
between the vorticity magnitude and the strain rate. If the rotation dominates over the
strain/shear in the flow then the Q-criterion is positive and there are active vortices in the
flow, se Figure 15.

When the lower jet is dominant the resulting flow field is very complex and resembles
the one seen with a jet in a cross flow. The shedding behind the back plate can be seen,
but what dominates the flow is the counter rotating vortex pair (CVP) that develops below
the trajectory of the jet as described in Meyer et al. [11]. The CVP originates from vortices
created very near the jet exit [12]. Upright wake vortices, rotating around the y-axis, is
seen below the jet and travel downstream the wake as indicated earlier in the contour
plots of the time-averaged vorticity.

The vortical structures of the other two cases resemble each other. Vortices are shed
both behind the back plate and from the edge of the lower inlet. These vortices start
to interact with each other in the wake, creating highly three-dimensional entangled
structures in the upper part of the kiln. The effect of the bends of the upper inlet duct
resulting in separation in one corner and a region with increased velocity in the opposite
one, is seen further downstream in the kiln as the velocity gradient gives rise to structures
resembling horseshoe vortices. The effect is more prominent as the jet velocity increases,
which also generates stronger vortices in the corner where the flow separates. This results
in a more chaotic flow in the kiln, as vortices rotating in different directions interact and
combine with each other.

As stated earlier, observations from a real kiln indicate that the mass flow is not
equally distributed between the inlets, suggesting a higher mass flow rate in the top inlet
duct. Therefore the dynamics of the flow when Rtot = 5.44 with upper dominant jet is
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(a) Rtot = 5.44, ld

(b) Rtot = 1

(c) Rtot = 5.44, ud

Figure 13. Time-averaged velocity contours and vectors showing the flow distribution in
the transverse plane.
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(a) Rtot = 5.44, ld, instantaneous (b) Rtot = 5.44, ld, time-average

(c) Rtot = 1, instantaneous (d) Rtot = 1, time-average

(e) Rtot = 5.44, ud, instantaneous (f) Rtot = 5.44, ud, time-average

Figure 14. Vorticity contours in the vertical center plane, instantaneous to the left and
time-average to the right.

(a) Rtot = 5.44, ld (b) Rtot = 1 (c) Rtot = 5.44, ud

Figure 15. Isosurfaces of Q-criterion = 1450 (Rtot = 5.44, ud, Rtot = 1) or 1970
(Rtot = 5.44, ld). The structures are colored by velocity.

further investigated by performing a proper orthogonal decomposition (POD) analysis.
By doing this it is possible to identify dominant features and large-scale structures in the
flow since POD is a method capable of distinguishing coherent structures and statistically
significant events from incoherent structures in turbulent flows. A Matlab script based
on the snapshot POD method described in Meyer et al. [11] is used and the variables
investigated are the fluctuating parts of the velocity components in the vertical and
horizontal center plane of the kiln. An extensive review of POD can be found in [13].
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In the analysis, 38 statistically independent samples were used. It may be argued that
a higher number of samples should be used to increase the statistical significance, but a
comparison between a POD analysis of 12 snapshots from a simulation, to 600 snapshots
gathered from a PIV experiment revealed qualitative agreement, both in predicted POD
modes and energy distribution [1]. Therefore the results based on the number of samples
used in the present study are deemed satisfactory.

The analysis reveals that in the vertical center plane the first four modes represent
about 70% of the total energy connected to the velocity fluctuations, see Figure 16. These
modes come in pairs showing an almost circular distribution in the scatter plot of the POD
coefficients that are obtained by projecting the fluctuating part of the velocity field onto
the POD mode. This indicates a strong connection between mode 1 and 2 and mode 3 and
4, respectively and can be seen in Figure 17. The coefficients show an almost 90◦ phase
difference that couples with the modes and allows structures to be convected downstream
[14]. The random deviation from a circle can be explained by the influence of turbulence
on the local velocity fluctuations and the irregular creation of vortices in the flow [11].
The same trends are seen in the horizontal center plane, although the energy distribution
is slightly shifted and more evenly distributed between modes 3-10. The two first modes
though represent almost 50% of the total fluctuating energy in both planes.

Figure 16. Energy content of the first 10 modes in both the vertical and horizontal center
plane.

The interpretation of what the modes represent is done by comparing them to the
vortical structures predicted by the Q-criterion in Figure 15, and for the vertical center
plane, also the vorticity in the same plane from Figure 14.

Mode 1 and 2 in the vertical center plane show structures covering quite a large space
starting at x/D ≈ 2. They are not symmetrical around the centerline; instead they are
located slightly off the kiln axis which can be seen in Figure 18.

These dominant flow structures can be associated with the combining and interaction
of the vortices shed from all three corners of the kiln inlets as well as the ones originating
from the bends of the upper inlet duct. The result is large, highly energetic structures,
moving just below the dominant jet, interacting with it. The first two POD modes describe
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Figure 17. Scatterplot of the POD coefficients of modes 1-4 in both the vertical and
horizontal center plane.

(a) Mode 1, VC (b) Mode 1, HC

(c) Mode 2, VC (d) Mode 2, HC

(e) Mode 3, VC (f) Mode 3, HC

(g) Mode 4, VC (h) Mode 4, HC

Figure 18. Mode 1-4, vertical center plane (VC) to the left and horizontal center plane
(HC) to the right.
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two phases of the convecting downstream motion of these vortices. In the horizontal
plane large structures are seen on one side starting at x/D ≈ 2. These are wake vortices
created upstream, mainly rotating in the x-direction, which change direction and deflect
towards the dominant jet.

The structures shown in mode 3 and 4 in the vertical center plane are located further
upstream in the kiln and occupy less space and are hence connected to a lower fluctuating
energy compared to mode 1 and 2. The motion is representing the vortices shed from the
shear layer instabilities induced by the separation from the back plate of the dominant jet
and their interaction with the vortices originating from the bends of the upper inlet duct.
Below this area the mode also shows a region representing the wake vortices that are
mainly rotating around the x-axis, which can be seen in mode 1 and 2 in the horizontal
center plane. The convective motion of the vortices is clearly seen also in these modes.
The horizontal plane shows structures further downstream compared to the ones seen in
the vertical plane. The most intense structures are located around x/D = 1 and they are
associated with the interaction of the jets shed from the corners of the lower kiln inlet.
Mode 5 and 6 (not shown here) in the horizontal plane contain a similar amount of energy
as mode 3 and 4 in the same plane and are associated with the vortical structures moving
in the high velocity region close to the wall, which is a result of the redistribution of the
flow in the transverse plane after the separation in the bends of the upper inlet duct. A
visualization of the structures in each mode in both center planes can be seen in Figure 19.
The horizontal plane also highlights the structures of mode 5 and 6.

Figure 19. Visualization of the dominant structures with Q-criterion = 522 in the first four
modes in the vertical (left) and first six modes in the horizontal (right) center plane. The

contour plot shows velocity.

The modes 1 and 2 as compared to 3 and 4 show distinct different structures and
this can be interpreted as a lack of coupling between them. An FFT-analysis can provide
the frequency of the vortices and the coupling between the structures in the modes can
be analyzed by comparing the Strouhal number. This requires sampling in the region
of the energy containing motions of each mode which was not performed in this case,
hence this lies beyond the scope of this article. It is though easy to suspect that there is a
coupling between the phenomena captured in the modes since they all clearly involve
the transport and interplay of the vortices shed from the sharp corners of the inlets of
the kiln and the ones created when the dominant jet flow separates in the bends of the
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upper inlet duct. It should also be noted that the most energetic motions captured in
the POD-analysis depends much on which plane the analysis is performed in due to the
highly unsymmetrical flow clearly seen in Figure 15. The bends of the upper inlet duct
form asymmetries in the flow field in the kiln that persists far downstream.

Finally a reconstruction of a snapshot is done with modes 1-4 for the vertical center
plane and modes 1-6 for the horizontal center plane. These modes represent about 70%
of the total fluctuating energy. As can be seen in Figure 20 they capture the large-scale
motions and reproduce the flow details and dynamics qualitatively. This indicates that
the first four modes for the vertical and first six modes for the horizontal center plane
provide the most important dynamics of the flow.

(a) Mean flow, VC (b) Mean flow, HC

(c) Snapshot, VC (d) Snapshot, HC

(e) Reconstructed snapshot, VC (f) Reconstructed snapshot, HC

Figure 20. Mean flow, a snapshot and the reconstruction of the same snapshot using
either the first four (vertical center plane, VC) or first six (horizontal center plane, HC)
POD modes. Vertical center plane to the left and horizontal center plane to the right.

4. Conclusions

The turbulent flow field inside a model of a rotary kiln was investigated using three
different geometries with increasing complexity. The most realistic geometry was further
investigated by changing the mass flow distribution between the inlets.

It is found that the resulting flow field is highly affected by both the geometry and
momentum flux ratio of the inlet flows. The most complex geometry closely resembles
the real kiln and the flow field in this model differs substantially from the ones in the
simpler models. The sharp turn of the geometry of the lower inlet redirects the flow and
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creates a high velocity jet pointing towards the top of the kiln. This has a great impact on
the region closest to the back plate which is where the burner is located in the real kiln.

The bends of the upper inlet duct creates pressure driven secondary flow in the
transverse plane making the flow detached and pushed towards one side, resulting in
vortices forming in the inner corner of the bend. The effect is more prominent when the
mass flow through the duct is increased.

When the mass flux ratio is increased the resulting flow field differs greatly depending
on which of the incoming jets that are dominant. When the lower jet is dominant it travels
undisturbed along the upper part of the kiln, resembling a wall jet. The dominating
feature of the flow is the counter rotating vortex pair (CVP) that develops below the
trajectory of the jet, which originates from vortices created very near the jet exit. Upright
wake vortices, rotating around the y-axis, are seen below the jet and travel downstream
the wake. When the upper jet is dominant, distinct vortices are shed behind the back
plate, from the edge of the lower inlet and from the corner where the flow separates in
the upper inlet duct. These vortices start to interact with each other in the wake, creating
highly three-dimensional entangled structures in the upper part of the kiln.

The dynamics of the flow is investigated by a POD analysis of the fluctuating velocity
components in the vertical and horizontal center plane. Observations from a real kiln
indicate that the flow in the upper inlet is dominant and therefore this case is scrutinized.
The result show that the first four modes in the vertical center plane and the first six
modes in the horizontal center plane contain about 70% of the total fluctuating energy.
The modes come in pairs, showing the convection of the structures. They are however
not showing the same structures, neither when comparing the pair of modes with each
other or when comparing the two center planes, except for the vortices created in the
wake below the dominant jet that are seen in two different modes in both the vertical and
horizontal center plane. All dominant modes in both planes clearly involve the transport
and interplay of the vortices shed from the sharp corners of the inlets of the kiln and the
ones originating in the bends of the upper inlet duct. A reconstruction of a snapshot using
mode 1-4 for the vertical center plane and mode 1-6 for the horizontal center plane show
that the flow details are qualitatively reproduced, hence providing the most important
dynamics of the flow.

The results show that the flow field provided by the secondary flow is very complex.
The interaction of the jets creates a highly unsteady flow with vortices shedding, com-
bining and convecting downstream the kiln. The oscillating flow field can improve the
mixing of the incoming jets which might be beneficial for the combustion process when
that is taken into consideration. Ideally the flow field should help generating a long,
stable flame with an even temperature profile, but the unstructured flow field seen is
probably not the ideal case for providing these conditions. Since the entrainment of the
combustion air into the fuel jet is what mainly controls the combustion process in these
types of flames, a thorough investigation of the interplay of all three streams is needed.

Finally it can be concluded that rough simulations like the ones performed in this
work, on a quite coarse grid, provide useful information. The benefits from the pelletizing
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process perspective are the clear view of the dynamics of the flow, where the POD analysis
provides insightful information of the large-scale structures in a simple and efficient way.
This information can be very useful in determining main measures needed in order to
improve and optimize the process.
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