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Abstract

The pelletizing process where the crude 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 ro-
tary kiln, with the objective to get a deeper understanding of the aerodynamics
and its influence on the combustion process.

The aim is to discover flow features taking place in the kiln, and the kiln hood,
by using Computational Fluid Dynamics (CFD) on simplified models of the
real kiln, and to validate the set-ups of the numerical model with physical
experiments using Particle Image Velocimetry (PIV) and Laser Doppler Ve-
locimetry (LDV). By starting as simple as possible, studying only the cold flow
field without combustion and validating the simulations, a foundation for future
geometrical optimizations can be achieved. Later on more realistic geometries
may be studied with the validated simulations as a base.

In Paper A the initial down-scaled, simplified model of the real kiln is studied,
and both numerical and experimental analyses of the flow field are performed.
Paper B focuses on the turbulent secondary flow that arises in ducts with
non-circular cross-section. One of the inlet ducts to the kiln of interest here is
close to semi-circular in cross section, hence the focus of this work. Numeri-
cal and experimental results are reported. Paper C is a development of the
model, where instead of parallel inlet ducts as in Paper A, the top one has
an inclination angle to the kiln axis. A thorough experimental analysis of the
flow field is performed in this case.

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 which is important for the flame stabi-
lization. A stable flame is safe and crucial for efficient combustion. Steady
state simulations do not capture the transient, oscillating behavior of the flow
seen in the physical experiment. These oscillations will under certain condi-
tions considerably affect the size of the recirculation zone. Another parameter
affecting the size of the recirculation zone is the inclination of the upper inlet
duct, where a decrease in recirculation length is seen although the actual incli-
nation of the incoming jet is only about 3-4◦. The choice of turbulence model
affects the prediction of turbulent secondary flow. If this flow feature needs to
be revealed, a more advanced turbulence model should be used.
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Thesis

This licentitate thesis includes an introduction to the subject and the following
appended papers:

Paper A: I. A. Sofia Larsson, Elianne M. Lindmark, T. Staffan Lundström,
Daniel Marjavaara and Simon Töyrä. Visualization of Merging Flow by Usage
of PIV and CFD with Application to Grate-Kiln Induration Machines. Ac-
cepted for publication in Journal of Applied Fluid Mechanics

Paper B: I. A. Sofia Larsson, Elianne M. Lindmark, T. Staffan Lundström
and Graham J. Nathan. Secondary Flow in Semi-Circular Ducts. Accepted for
publication in Journal of Fluids Engineering

Paper C: I. A. Sofia Larsson, B. Reine Granström, T. Staffan Lundström
and B. Daniel Marjavaara. PIV Analysis of Merging Flow in a Rotary Kiln.
Manuscript
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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 the aero-
dynamics and its influence on the combustion process. The revealing of 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 model with physical
experiments. The two main reasons for doing this are: to be able to decide if
changes to the geometry up-stream of the burner can alter the flow field in a
way that improves the combustion as to efficiency, quality and environmental
issues, and to know how simple the set-up of the numerical simulation can be,
still describing 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.

This thesis starts with a short 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
Theory

2.1 The pelletizing process in a grate-kiln plant

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 ground to a fine powder in several stages. Then
large magnetic separators remove unwanted components in the powder. Water
is added 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. Gigantic drums then rolls
the mixture into small ”green balls” with a diameter of approximately 10-14
mm (LKAB).

After that, 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. After that 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. 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. Automatic loading on railway
cars is done and the pellets can be transported further (LKAB). A schematic
picture of the process can be seen in Fig. 2.1.
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CHAPTER 2. THEORY

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

2.2 Kiln aerodynamics

Kiln burner flames are characterized as axi-symmetric enclosed turbulent jet
diffusion flames, where most of the combustion air has to be entrained into
the fuel primary jet. Ideally the secondary (combustion) air should be evenly
distributed around the fuel jet, but in reality this is seldom the case. Since
fuel/air mixing largely controls the combustion process, the combustion air
supply system and resulting air flow patterns have a huge effect on the overall
performance (Mullinger and Jenkins 2008).

The problems with rotary kilns arise because the burner is usually purchased
as an add-on package. Only 10-30% of the combustion air passes through
the burner while the remaining part enters through the cooler and the kiln
hood. Due to this fact the burner designer only have control of 10-30% of the
air needed for combustion, the rest is under the control of the kiln designer.
Because of this the burner designer has to accept whatever secondary air flow
pattern that is provided by the kiln designer. Rotary kilns therefore frequently
exhibit very poor aerodynamics (Mullinger and Jenkins 2008).

Poor air flow patterns have a major detrimental effect on combustion efficiency,
heat transfer and flame shape. In the case of very poor aerodynamics severe
flame impingement on the furnace walls may result, leading to damage to the
refractory walls. Poor flow patterns caused by inadequate combustion air duct-
ing and windboxes can ruin the performance of otherwise excellent burners
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2.3. COMPUTATIONAL FLUID DYNAMICS

(Mullinger and Jenkins 2008).

Modeling is an effective tool to investigate the 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). 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 aerodynamics.

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.

2.3 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a widely used numerical method to
solve fluid dynamics related problems. The process starts with creating a ge-
ometrical model of the domain of interest. The geometry is then divided into
cells which creates a mesh of calculation points. It is very important to cre-
ate a high quality mesh to receive an accurate solution. After that boundary
conditions on the different faces of the geometry are applied. Fluid proper-
ties, numerical parameters and solution algorithms are also specified. Then
the discretized governing equations of the fluid flow problem are solved iter-
atively until the solution converges. A solution is considered converged when
the residuals reach a certain target limit. The results can then be analyzed in
a post-processor. An overview of a CFD process can be seen in Fig. 2.3.

The commercial code Ansys CFX was used in this project and it uses the
finite volume technique to solve the governing 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
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CHAPTER 2. THEORY

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 2006).

Figure 2.3: Overview of a CFD process.

2.4 Particle Image Velocimetry

Partcle Image Velocimetry (PIV) is an optical, non-intrusive measurement tech-
nique used to obtain instantaneous velocity fields in arbitrary planes in any
transparent fluid (LaVision). 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 indirectly 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; 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 Fig. 2.4.

Figure 2.4: Principle of PIV. Courtesy of Dantec Dynamics A/S.
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2.5. LASER DOPPLER VELOCIMETRY

2.5 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 Fig. 2.5.

Figure 2.5: Principle of LDV. Courtesy of Dantec Dynamics A/S.

2.6 Errors

2.6.1 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 2006).

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
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CHAPTER 2. THEORY

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 2006).

2.6.2 Experimental error sources

A cornerstone in all experimental design is to randomize the experimental pro-
cedure. By proper randomization, the effects of the uncertainties are averaged
out (Montgomery 2005). The total uncertainty in the measurements is a combi-
nation of systematic (bias) and random (precision) errors (Coleman and Steele
1999).

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. The system was carefully set up to minimize bias
errors therefore the main contributors to bias errors considered in this thesis
are velocity bias and system noise. The random errors were estimated by a
repeatability test.
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3
Method

Paper A and Paper B consist of numerical simulations performed with the
commerically available code Ansys CFX validated by physical experiments.
The simulations in Paper A are validated by PIV experiments, while the
simulations in Paper B are validated by LDV experiments. Paper C consist
of an experimental study using PIV.

In Paper A and Paper C the flow in the kiln is investigated. 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 these investigations. The inlet ducts in
Paper A are parallel while the top inlet duct in Paper C has a 15◦ inclination
angle to the kiln axis before entering the kiln. 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 geometries used
in the studies can be seen in Fig. 3.1. The working fluid is water, allowing the
smaller scale of the model kiln.

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 reduce the
discretization error. 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
averaged Navier-Stokes (RANS) equations, closed by either the two-equation
Shear Stress Transport (SST) turbulence model or the Reynolds stress Baseline
(BSL) turbulence model.

A mesh study was performed to confirm a grid independent solution. Great
care was also taken in order to minimize experimental errors.
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CHAPTER 3. METHOD

(a) Paper A

(b) Paper B

(c) Paper C

Figure 3.1: Geometries used in the appended papers.
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4
Results and Discussion

This section reviews the main findings of the results from each paper. Addi-
tional results and discussion can be found in the appended papers.

The results from Paper A show that the flow characteristics are strongly
dependent on the flow distribution between the secondary flow inlets (50/50,
60/40, 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.
The length of the recirculation zone is directly dependent on the oscillations
and they also influence the flow downstream in the kiln by increasing the mixing
of the two jets.

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 tran-
sient 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 results from Paper B show that the turbulent secondary flow in a semi-
circular duct is characterized by four counter rotating vortices, two in each
corner. The maximum velocity is about 1% of the bulk velocity. The results
also indicate that the turbulence field is more disturbed by the secondary flow
than is the main axial flow field. Standard two-equation 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. Both the qualitative and quantitative agreement is good
when comparing experimental results with simulations using a second moment
closure turbulence model, and when taking the experimental and numerical
uncertainty into account.
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CHAPTER 4. RESULTS AND DISCUSSION

The results from Paper C are in agreement with the results from Paper
A. 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. 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 shedding frequency of about 12 Hz. These large
scale structures improve the mixing of the jets and also affect the size of the
recirculation zone. The introduction of a vertical component of momentum
flux in the upper jet, due to the inclination of the duct, affects the length of
the recirculation zone 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 inclination of 15◦.
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5
Conclusions

The conclusions so far can be summed up as follows:

• The flow field in the kiln is unsteady.

• The flow distribution between the kiln inlets strongly affects the resulting
flow field in the kiln, giving rise to larger or smaller oscillations depending
on the flow distribution.

• The size and shape of the recirculation zone is dependent on the oscilla-
tions and inclination of the incoming jets.

• The turbulent secondary flow in a semi-circular duct consists of four
counter rotating vortices, two in each corner.

• The maximum secondary velocity is about 1% of bulk velocity.

• The results indicate that the turbulence field is more disturbed by the
secondary flow than is the main axial flow field.

• Standard two-equation turbulence models or wall functions should not be
used when modeling the turbulent secondary flow in a non-circular duct.

Overall the steady state simulations show good agreement with the time-
averaged experimental results. Relatively simple simulations like these capture
the main flow features and the simulation time is short. Precautions should
though be taken when analyzing the recirculation zone since steady state sim-
ulations do not capture the transient, oscillating behavior of the flow seen in
the physical experiment. A small inclination of the upper inlet jet leads to a
decrease in recirculation zone length.

The more advanced Reynolds stress turbulence model is preferable since it
can model the turbulent secondary flow. In addition no noticeable difference

15



CHAPTER 5. CONCLUSIONS

in simulation time could be seen compared to simulations with a standard
two-equation model. A well resolved boundary layer is needed for accurate
prediction of turbulent secondary flow and, later on, heat transfer at kiln walls.

The results acquired from the investigations of the kiln aerodynamics seem
promising. Numerical and physical modeling involving isothermal flow in a
simplified model can reveal important flow features occurring in the kiln. Most
importantly, it is a powerful visualization tool which can be used directly in the
design of the kiln hood to ensure an evenly distributed flow field. It is also a
starting point for the modeling and understanding of the complex combustion
process taking place in the rotary kiln.

16



6
Future work

Future work includes further analysis and comparison between simulations and
experiments. Much information was retrieved in the experiments which can be
used for additional validation. Transient simulations would be an interesting
continuation of the already performed steady state simulations.

A sensitivity study of important parameters can also be done with CFD and
the physical model can be rebuilt for further validation experiments.

Pursuing towards a more realistic model of the kiln, without so many simpli-
fications, is the overall goal. Reaching there is a step by step process that
will take time but ensure a valid numerical model describing the important
characteristics of the flow field inside the rotary kiln.
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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 produces 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. 

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 (Mullinger and Jenkins, 2008). The type of 
cooler, and its geometry, will define the secondary 
air flow regime and can result in severely distorted 
jet flows (and flames) (Mullinger and Jenkins, 
2008), 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 (Mullinger and Jenkins, 2008). This 
zone is characterized by a rapid decay of the mean 
velocity compared to the surrounding flow field 
(Schneider et al., 2004) 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 (2008) 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 
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and constantly ignites it. In this way the ignition 
point and flame are anchored to the burner nozzle 
which improves the combustion (Mullinger and 
Jenkins, 2008). 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 
(Mullinger and Jenkins, 1996). 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. (2000) 
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 (1998), this region consists of 
a subatmospheric region as a result of the mutual 
entrainment of the jets, which 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 
(Marjavaara et al., 2007). 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 (Murzyn et al., 2006; Nordlund et al., 2007; 
Nordlund and Lundström, 2010; Green et al., 2010). 
Using PIV to validate CFD simulations has 

previously been done by for example van 
Ertbruggen et al. (2008) and Ranade et al. (2001). 

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 (1976) 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.  

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 �-based turbulence model 
(Ansys CFX-Solver Theory Guide, 2006). 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 (Casey and Wintergerste, 2000). 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. 
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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 (Speziale, 1982). 
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 (Ansys CFX-Solver Theory 
Guide, 2006) and therefore double precision is used. 
Isothermal 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 (Hellström et al, 
2007). 

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 �m 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 �s, which resulted in a particle 
displacement of 8 pixels in the streamwise velocity 
direction. Raffel et al. (2007) recommend that 

particles should move ¼ 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 (Raffel et al., 2007). 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 measurement errors) (Lindmark, 2008). 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 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 (Kirschner and 
Ruprecht., 2007).  

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 
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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. (2007). Hence, when 
measuring the 70/30 distribution the Reynolds 
number is set to 5·104 for the practical reason that 
the pump used in the experiments cannot manage 
that distribution at Re = 1·105. 

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. 

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. To compare simulations with 
experimental results quantitively, the centerline 
velocity is plotted (Figure 9). Where the centerline 
velocity reaches its maximum value the combined 
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.  

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 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 (2005). 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 transforms 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 
corresponds 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. 

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 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 
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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 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. 
(2006), 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. (2003) 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 � = 0°, � = 45°, � = 90°, � = 135°, � = 180°, 
� = 225°, � = 270° and � = 315°. Each phase is a 
mean over approximately 14-15 pictures belonging 
to that phase +/- 5 degrees. 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. 

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 (Sheridan et al., 1997). The increased 
deflection results in a shorter recirculation zone, as 
presented by Erdem and Ath (2002). 

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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Figure 1. Grate-kiln induration machine. 

Figure 2. Model geometry with boundaries (the full 
length of the inlet pipes is not shown). 

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.  

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

distribution between the inlet pipes. 

Figure 5. Velocity profiles at the merging point for 
different distributions in top and bottom inlet pipe. 

Reynolds number 105 in the kiln.
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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. 

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. 
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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. 

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

            Distribution 
Length 
RZ (mm) 

50/50 40/60 70/30 

Experiment 64 100 100 
Simulation 109 111 104 

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

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. 
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Figure 13. Phase averaged streamlines and vorticity contours for flow with equal distribution between the inlet 
pipes at Reynolds number 105. Phases � = 0°, � = 45°, � = 90°, � = 135°, � = 180°, � = 225°, � = 270° and � = 

315°, from left to right, top to bottom. 
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Abstract
Turbulent secondary flows are motions in the transverse

plane, perpendicular to a main, axial flow. They are encoun-
tered 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 results are excellent when using a second mo-
ment closure turbulence model, and when taking the exper-
imental and numerical uncertainty into account. New and
unique results of the secondary 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
Secondary 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 mech-
anisms. 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 or-
der 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 cir-
cular duct. The second kind, encountered in non-circular
ducts, is present also under fully developed 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 characteristics of the mean
flow field as well as the turbulent structure. High momen-
tum 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 sec-
ondary flow in semi-circular ducts in particular. The moti-
vation 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 dis-
ordered flow which affects the mixing, and hence the com-
bustion 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 research on turbulent flows in square, rect-
angular and triangular ducts. Both simulations and experi-
ments 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 investi-
gated by Rung et al. [9], Petterson Reif and Andersson [1]
and Kook Myong [10] to mention a few. Common for Ref-
erences [1, 9, 10] are that they consider limiting modelling
constraints, while for References [9] and [10] the effect from
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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 ana-
lytical solutions, while the others used previously performed
experiments for validation. Melling and Whitelaw [15] per-
formed thorough measurements of the secondary flow in a
rectangular 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 pro-
duction and main mechanisms of it. Speziale also proved
why ordinary two-equation turbulence models cannot pre-
dict a secondary flow, while second-order closure models
can. In agreement with this Raiesi et al. [19] found, by a
numerical study, that linear turbulence 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 triangu-
lar 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.

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 vol-
ume 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 identi-
cal 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.

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 rect-
angular 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 (Parti-
cle Image Velocimetry). The advantage of PIV is the planar

Fig. 1. Geometry with grid structure

measurement providing directly an understanding of two di-
mensional 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 necessary 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 duct. Dynamic spatial range is re-
lated to spatial resolution, and dynamic velocity range is re-
lated to the fundamental velocity resolution and accuracy of
PIV [26]. Velocities yielding a displacement under 0.1 pix-
els 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 par-
ticle patterns. In Larsson et al. [29] the authors studied the
same setup as focused on in this work and used an interro-
gation 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 ve-
locity, the particles move 0.08-0.32 pixels in the transversal
direction between exposures. It is possible to measure ve-
locities 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 resolv-
able 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 magnetic flow meter (Krohne Optiflux
DN50, error 0.1%). The temperature of the water was con-
trolled 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
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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 contin-
uous wave Argon-Ion laser, transmitting optics including a
beam splitter Bragg-cell, photodetectors and signal proces-
sors. The system was used in backscatter mode in com-
bination with two Burst Spectrum Analyzers (BSA). The
dimension of the measurement volume was approximately
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%.

Due to the optical limitations of the measuring section,
the two secondary flow components 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 op-
tical 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 de-
crease of the signal rate. For this reason it is unrealistic to
obtain velocity signals of sufficiently high quality for opti-
cal 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 reflec-

Fig. 2. Experimental arrangement

tion 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 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 re-
gions, both laser beams will have different intensities away
from the duct centre, resulting in a lower depth of modula-
tion 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 combina-
tion 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 con-
sidered 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 veloc-
ities. 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 hard-
ware settings as for the flow measurements. The measured
noise contribution to the velocities was subtracted from the
velocity data.
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The precision error was estimated by a repeatability test.
Measurements at five different points were performed ten
times in a randomized order. The estimated precision er-
ror (P) of the mean values, at the probability of 95% con-
fidence interval, was calculated with the following relation-
ship P = t · s, where t is the coefficient of the t-distribution
with the corresponding degree of freedom and s is the stan-
dard deviation of the sample data [33]. The overall estimated
uncertainty of the secondary velocity measurements was be-
tween 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 di-
mensional, steady state, Reynolds averaged Navier-Stokes
(RANS) equations, closed by either the two-equation Shear
Stress Transport (SST) turbulence model or the Reynolds
stress Baseline (BSL) turbulence model. The choice of tur-
bulence models emanates from the initial literature review
where the conclusion was that a Reynolds stress model with-
out wall functions is necessary to predict turbulent secondary
flow. From the available RANS turbulence models in An-
sys 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
simulation work since the same grid can be used in all sim-
ulations, 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 for-
mulation by Wilcox [35]. The Wilcox model has the dis-
advantage 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 separa-
tion 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 lim-
iter [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 Reynolds stresses perpendicular to
the principal velocity [9]. Because of Boussinesq’s linear
(isotropic) eddy-viscosity hypothesis, which does not ac-
count for turbulence anisotropy, standard two-equation mod-
els 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 sig-
nificantly, 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 turbu-
lence intensity of 5%. The sensitivity of the result to an in-
creased level of turbulence intensity (8%) was tested, show-
ing no difference in important variables. At the outlet an av-
erage static pressure is employed with a relative pressure of
zero Pa, averaged over the whole outlet. This allows the out-
let pressure to vary based on upstream influences. The walls
are specified as no slip walls. A formally second order ac-
curate discretization scheme is used for the advection term.
The convergence criterion is RMS residuals below 10−6 [29]
and therefore double precision is used. The convergence cri-
terion assures a decrease of at least three orders of magnitude
of the normalized residual for each equation solved. Isother-
mal 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 discretiza-
tion error. The dependent variable 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, respectively. The Richardson extrapo-
lation [39] was performed with a grid refinement factor of
approximately 1.35. The global average calculated apparent
order was 1.75. Oscillatory 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 Convergence Index (GCI) values. The maxi-
mum discretization uncertainty was approximately 10%, cor-
responding 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%.

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
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(b) Fine-grid solution with discretization errorbars

Fig. 3. The sensitivity of the calculated flows to grid refinement,

showing velocity profiles at x = -20 mm, Re = 8 · 104, using the

BSL-model

value of 0.38. The maximum y+ value of 1.3 is only lo-
cated close to the inlet to the duct so the boundary layer is
fully resolved everywhere throughout the geometry accord-
ing 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.

3 Results and Discussion
A qualitative comparison between simulations and ex-

periments is presented first, followed by a quantitative com-
parison. 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

(a) Reynolds stress model BSL (b) Two-equation model SST

Fig. 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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Fig. 5. Measured axial flow contours, Re = 8 · 104, obtained at

z/Dh = 92

distortion of the axial flow contours for flow in the stream-
wise 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)).

Helical streamlines of the axial flow is another indica-
tion 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).
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(a) Reynolds stress model BSL

(b) Two-equation model SST

Fig. 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.

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

A comparison of the x-component of the secondary
flow between the simulation and 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. No-
tice 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).

There is also good qualititative agreement between the
simulated and measured values 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 experi-
mental 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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(a) Simulation result, Re = 8 ·104
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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

x [mm]

y 
[m

m
]

−40 −20 0 20 40
0

10

20

30

[U
sek

/U
bulk

]

−0.01

0

0.01

(d) Experimental result, z/Dh = 92, Re = 8 ·103

Fig. 8. Vector and contour plots of the x-component of the sec-

ondary flow

The turbulent kinetic energy and corresponding inten-
sity 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).

The anisotropy of the normal stresses (τxx − τyy) is
shown in Fig. 14 for the simulation result only, since the sec-
ondary velocity components are not correlated in the exper-
iment. The secondary shear stress acting in the cross- sec-
tional plane (τxy) can also be seen in Fig. 14. The gradients
of the above stresses are the leading cause of secondary-flow
motions [12].
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Fig. 9. Reynolds normal stress τxx. Simulation results above, ex-

perimental results below. Re = 8 ·104.
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Fig. 10. Reynolds normal stress τzz. Simulation results above, ex-

perimental results below. Re = 8 ·104.
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Fig. 11. Reynolds normal stress τyy, simulation results with Re =
8 ·104
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Fig. 12. Contour plot of turbulent kinetic energy. Simulation results

above, experimental results below. Re = 8 ·104.
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Fig. 13. Contour plot of turbulence intensity. Simulation results

above, experimental results below. Re = 8 ·104.

A lower Reynolds number case was also assessed to in-
vestigate the Reynolds number influence on the secondary
flow. The basic pattern of the secondary flow is indepen-
dent 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 sim-
ilar (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
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Fig. 14. Anisotropy of the normal stresses (τxx − τyy) above,

Reynolds shear stress (τxy) below. Simulation results with Re =
8 ·104.

increase of Reynolds number. They suggested that this ef-
fect 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 num-
ber dependency is therefore warranted.

The quantitative comparison between simulation and ex-
perimental 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 loca-
tions in one half of the semi-circular duct due to symme-
try. The results are presented with errorbars corresponding
to the average discretization uncertainty for the simulation
case and the average experimental uncertainty, and can be
seen in Fig. 15.

Overall the quantitative agreement between simulation
and experiment is good, although there are significant dif-
ferences between the two in some cases. One common fea-
ture of the profiles is that the deviation increases with op-
tical path length and when approaching the curved surface.
As described above, the velocity signal deteriorates with in-
creasing 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 measurement 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 differ-
ences result in large % deviations. This should be kept in
mind when comparing the results quantitatively. The exper-
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Fig. 15. Velocity profiles, a comparison of the simulated and exper-

imental data (obtained at z/Dh = 92), at Re = 8 ·104
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imental results also indicate that the highest velocities are
found close to the wall, supporting the previously reported
conclusions that wall functions should be avoided when sim-
ulating the turbulent secondary flow in a non-circular duct.

Finally some comments about the y-component of the
secondary flow. A qualitative comparison between simu-
lation 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 veloc-
ity is about 1% of the streamwise bulk velocity. Qualitative
comparisons in the secondary flow plane between simula-
tions with a Reynolds stress turbulence model and experi-
ments show agreement as to velocities and Reynolds normal
stresses. The main features found in studies on similar ge-
ometries are captured. The results indicate that the turbu-
lence 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 in-
creased 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 mod-
elling 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 iron
ore pelletizing process being one. The focus in this work is on charac-
terizing the non-reacting, isothermal flow field in an iron ore pelletizing
rotary kiln. A downscaled, simplified model of the kiln is experimentally
investigated using Particle Image Velocimetry (PIV). Five mass flow dis-
tributions between the inlet ducts are investigated in order to evaluate its
effect on the flow field in general and the recirculation zone in particular.
Both ensemble-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 characteristic flow zones. The back plate separating the in-
let 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 shedding frequency of about 12 Hz. These
large-scale structures improve 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.

Keywords: Rotary kiln, bluff body, PIV, non-parallel merging jets

1 Introduction

Rotary kilns are used to heatmaterials to high temperatures in various industrial
processes. The iron ore pelletizing kiln of interest in this work is distinguished
from otherminerals processing kilns as to its geometry and operating conditions,
motivating a systematic study of factors influencing the combustion behavior.
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LKAB (Luossavaara-Kiirunavaara AB) is an international minerals group
that produces iron ore products for the steel industry. Their main product is
iron ore pellets for production of hotmetal in blast furnaces and direct reduction
processes. The upgrade from crude magnetite ore to pellets takes place in
ore processing plants, i.e. sorting, concentrating and pelletizing plants. In
their grate-kiln pelletizing plants, the green pellets are loaded onto a grate and
transported through several zones for drying, pre-heating and oxidation, then to
be fed into a rotary kiln to be sintered. Finally, the sintered pellets are loaded
onto an annular cooler where energy is recovered by supplying the heated cooler
air into the kiln through two separate ducts.

Combustion in LKAB’s processing kilns can be considered rather unconven-
tional, as it is 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 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 combustion
is largely controlled by turbulent diffusion mixing between the secondary air
streams and the confined burner jet. The early work of Thring and Newby [27]
laid ground for a theory of axi-symmetric enclosed turbulent jets. Starting from
Reynolds equations for an enclosed jet, Curtet [6] derived a similarity parameter
to describe the jet mixing, and Becker et al. [2] further developed their work.
Hill [11] 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, Moles
et al. [20] studied the effect of the ratio of primary to secondary flow velocity on
the external recirculation. They evaluated the similarity parameters of Thring
and Newby [27], Curtet [6] and Becker et al. [2], in favor of the two latter.
The work of Moles et al. [20] of a physical model of a cement kiln indicated
that the secondary airflow pattern is affected by the kiln hood design and the
cooler operation. Though their findings are applicable to other kilns as well,
they conclude 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
modifications and therefore the most common approach is to use primary mea-
sures to improve the mixing and combustion, hence the focus in literature is
mainly on kiln burner characterization, for example the CEMFLAME pro-
grammes conducted by the IFRF [28]. To the authors’ knowledge, 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. This indicates that the secondary airflow can have a significant
effect on the jet flow and mixing.

LKAB’s pelletizing kilns use a considerably larger amount of secondary air
compared to other minerals processing kilns, since a sufficient amount of oxygen
is needed in the flue gases for oxidation of the pellets in the last stages of the
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grate. 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 recircu-
lation 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, the merging and combined regions according to Lai and Nasr [13]
who studied the merging flow of two unbounded parallel jets. Anderson et al. [1]
and Bunderson and Smith [4] investigated the near field region between plane
parallel jets at high Reynolds numbers, and both authors observed a periodic
flapping of the jets. Wang and Tan [29] did an experimental study on the in-
teraction 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 Djeridi et al. [8] and Perrin et al. [23] studied the flow past a confined
circular cylinder with high blockage ratio (D/H = 0.208) using Laser Doppler
Velocimetry (LDV) and Particle Image Velocimetry (PIV), and 3D PIV, re-
spectively. Both report a Strouhal number of 0.21 for the vortex structure in
the cylinder wake. With visualization, Popiel and Turner [24] studied the flow
behind a large rectangular plate in a rectangular channel, observing a flag-like
motion of the flow down-stream the wake for Re > 8000. Similarly, Wang and
Tan [30] used PIV to visualize the flow around circular and square cylinders
placed close to a wall, observing periodic vortex shedding for both configura-
tions. Among other things these studies tells 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.

Larsson et al. [15] studied a similar set-up as described in the current paper,
where numerical simulations were validated with PIV experiments. Since the
simulations were performed in steady state the validation work mainly focused
on the ensemble-averaged results.

This present study extends the work by Larsson et al. [15] by introducing an
inclination of the upper secondary air duct to better model the real kiln geom-
etry. The experimental investigation is also considerably extended to improve
the resolution of the flow field and to better explore uncertainties.

2 Method

A relatively simple downscaled model of the kiln with the main features was
built in Plexiglas 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. The burner is excluded since only
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the non-reacting field is of interest in the present investigation. 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.

The cross-sections of the kiln inlet ducts are approximated as being close to
semi-circular. 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. The
present model is a development from the one studied in Larsson et al. [15], in
which both channels were parallel.

In the following sections, normalization is carried out for reported distances,
velocities 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 95 hydraulic diameters, DH . Doherty et al. [9]
carried out hot wire velocity profile measurements in a duct at Re = 1 · 105 and
2 · 105, concluding that fully developed velocity and higher order statistics were
obtained at 50DH and 80DH, respectively. Dean and Bradshaw [7] 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
a turbulent duct flow, Monty [22] concluded that the mean velocity field was
fully developed after 130 channel heights. An experimental study of turbulent
flow in a semi-circular duct with a length of 78DH was carried out by Berbish
et al. [3] 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
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developed. Generally, studies of semi-circular ducts in the literature havemainly
been focused on laminar flow in heat transfer applications; see for example Lei
and Trupp [17] or Etemad [10]. To the authors’ knowledge results reporting fully
developed velocity profiles have not been presented for turbulent flow through
semi-circular ducts. All results in Larsson et al. [14] indicate however that the
flow is fully developed for the set-up used in this study.

To control the flow rate the flow is monitored with magnetic flow meters
(Krohne Optiflux DN50), one for each inlet duct. The temperature of the water
in the set-up was controlled to 23 ± 0.4◦C with a cooling system in the tank.
The turbulence intensity in the end of the inlet ducts was approximately 6%
before the kiln entrance.

The fluid chosen in the physical model is water, allowing the smaller scale
of the model kiln. The Reynolds number in the actual kiln is approximately
3.2 · 105, based on its diameter. In the experiments Reynolds numbers of 8 · 104

and 1 · 105 is used, which correspond to a total mass flow of 6.43 kg/s and 7.9
kg/s, respectively. The magnetic flow meters measure the flow to an accuracy of
0.1% in the experiments. Five mass flow distributions between the inlet ducts
are evaluated, namely 50/50, 60/40, 40/60, 70/30 and 30/70 in order to detect
how the distribution affects the flow field in general and the recirculation zone
in particular. The lower Reynolds number is used for the 70/30 and 30/70
distributions due to limitations of the pump used in the experiments. This is
not an issue since the actual Reynolds number in this range is not of importance
for the flow features studied; see Larsson et al. [15].

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 reposi-
tioned up to 500mm 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 sec-
onds, 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. Raffel et al. [25]
recommend that particles should move 1/4 of the interrogation window; larger
displacements result in too large loss in matching of particle patterns or im-
ages. For each flow distribution, the time interval between the laser pulses was
adjusted aiming for an optimum displacement in the streamwise velocity direc-
tion; for the interrogation window of 32 x 32, this corresponds to 8 pixels. This
generally corresponded to a mean displacement of around 3 pixels over the im-
age. For the 70/30 distribution in particular, a method of making multiple PIV
recordings using different time intervals was evaluated. Each image pair were
clipped to low and high velocity regions and post-processed individually, in or-
der to increase the accuracy of the cross-correlation. However, this method only
marginally affected the results in terms of mean particle displacement, hence
the use of a single time interval for each distribution was considered acceptable.
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Measurements are carried out at five positions in the streamwise direction;
the position farthest upstream covers the section of the ducts where they connect
to the kiln. To consider laser sheet attenuation in the image periphery, subse-
quent positions are set to give a 36 mm overlap of the images. At each stream-
wise position, measurements are performed in three yz-planes at z/D = 0.25,
z/D = 0.5 and z/D = 0.75. For one distribution 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 obtain an even better picture of the flow field.

In the processing of the PIV measurements, particle intensity normalization
was applied to the cropped raw image as a first step. This is done using a
min/max filter, resulting in more homogeneous particle intensities to also allow
small particles to contribute to the correlation. The filter is useful when particle
images have high intensity fluctuations due to inhomogeneous particle diameter.
Only the particle intensity is manipulated, not the particle position. After that
a multi-pass scheme with decreasing window size and window offset was used to
calculate the displacement of the particles. The interrogation window size was
64 x 64 pixels (one pass) decreasing to 32 x 32 pixels (two passes), both with an
overlap of 50%. The correlation used was the standard cyclic FFT-algorithm,
which performs fast and very well when using the multi-pass approach with
iteratively smaller interrogation window sizes and adapted window shifts [16].
Vector post-processing was done after the correlation by applying amedian filter
to reject spurious vectors. A Gaussian filter was then applied to improve the
accuracy of the particle location, and 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 [25]. A cornerstone in all experimental design is to randomize the
experimental procedure. By proper randomization, the effects of the uncertain-
ties are averaged out [21]. The measurement uncertainties consist of those due
to biased errors and precision errors (or measurement errors) [5]. The seeding
particles should be small enough to follow the fluid flow well and should also
scatter the laser light effectively. Based on the typical frequency of the periodic
flow that is observed in the present study, the Stokes number is 2.5 ·105, indicat-
ing that the particles should respond fully to the large scale fluid oscillations in
the recirculation zone. Also, as the ratio of solid-phase volume to liquid phase
volume is very small there should be no influence of the particles on the flow.

In order to determine the velocity, the particle pattern displacement (Δspixel)
between two images must be computed. Together with the time (Δt) between
the exposures, a two-dimensional velocity field can be calculated by

V =
Δs

Δt
=

Δspixel
S ·Δt

(1)

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

The particle pattern displacement should not be too large, as outlined earlier
in this section, so the time between exposures and the thickness of the laser
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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, calibration, 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 [12].

For a similar LaVision PIV system, McEligot et al. [19] considered a random
uncertainty in pixel shift of 0.3 pixels being a reasonable assumption, and the
same value has been assumed for the system of the present study. 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, and both are considered bias uncertainties. Taylor [26]
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%.

The fractional uncertainty in both the laser pulse timing and pixel shift are
considered to be random. Further, the timing jitter in the laser pulses is less
than 0.5 ns [18]. As the typical pulse separation in the present measurements is
400 μs, the estimated uncertainty in the time interval is ≤ 0.00025%, which is
considered negligible. Hence, the random uncertainty in instantaneous velocity
measurements can be estimated as that of the pixel displacement.

For the typical time interval between laser pulses of 400 μs and characteristic
velocities of the mean jet (2 m/s) and the reverse flow along the kiln axis (0.3
m/s), the particle pattern displacements are 0.8 mm and 0.12 mm with corre-
sponding pixel shifts of 7.2 and 1.1, respectively. With a random uncertainty
in pixel shift of 0.3, the corresponding random uncertainties in instantaneous
velocity are 4.2% and 27.8%. So, in an instantaneous measurement the random
uncertainty in pixel shift dominates over the bias uncertainty in the scaling fac-
tor. Increasing the number of measurements and taking the ensemble-average
reduces the random uncertainty of the pixel shift, while the bias uncertainty of
S remains at 0.55%.

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, the samplings
are not independent and therefore it is not possible to predict the reduction in
random uncertainty when increasing the number of samples. Instead a sampling
study is carried out in a low velocity region (0.4 < x/D < 0.7, 0.4 < y/D < 0.65)
and a high velocity region (0.2 < x/D < 0.4, 0.1 < y/D < 0.3). The convergence
of the ensemble-averaged velocity components is evaluated using the RMS of the
difference between averaged velocity vectors of succeeding samples. The analysis
suggests that 600 samples decrease the random uncertainties in the high velocity
segment to below 0.05% and 0.5% in Uave and Vave, respectively . For the low
velocity segment, the random uncertainties are 0.5% and 2% for Uave and Vave,
respectively. Based on this, 600 samples are used for the present study.

It is likely that the RMS averaging over the whole segments will smear out
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the scatter, underestimating the random uncertainty. As an alternative method
to evaluate the random uncertainty, three replicate measurements of the 50/50
distribution were carried out. Following Coleman and Steele [5], a repeatability
test was performed yielding a maximum precision error of 5% for both velocity
components. Using this more conservative value the total estimated uncertainty
(bias and random combined) for the mean velocity components is about 5%
for both velocity components. Hence, the random uncertainties are likely to
dominate over the bias uncertainty in the scaling factor.

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 sep-
arating 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 its adjacent jet. The vortex pair can be seen as two close to 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 streamwise velocity
along the kiln axis is zero, defining the merging point xmp, see Fig. 3. Down-
stream the merging point, in the merging region, there is momentum exchange
between the jets that continue all the way to the combined point xcp, where the
inner shear layers between the jets vanish. 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

0.2

0.4

0.6

0.8

z/D

x/D

y/
D

Figure 2: Illustration of the flow in the recirculation zone; the region of dark
blue indicates reversed flow.
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Figure 3: Mean flow features, shown here for the 70/30 distribution.

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 ensemble-averaged and phase-averaged characteristics.
In the following subsections, the influence of the momentum flux ratio of the
two jets is determined and the measurements show a clear dependence of the
ratio on the flow field. As the momentum flux ratio approaches unity, there is
an increasing presence of von Kármán-type coherent structures, originating in
the shear layers of the jets, which are convected downstream.

The momentum flux is defined as

J tot =

∫∫
Aduct

ρU2

duct dA, (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 parameters considered are the
momentum flux in the main flow direction Jx and the total momentum flux Jtot
for the present case with one inclined duct and for the case presented in Larsson
et al. [15], with two parallel ducts. For the purpose of comparing the different
cases, the momentum flux ratios of the two ducts are approximated as

J1,tot

J2,tot

≈

(
ṁ1

ṁ2

)2

, (3a)

J1,x
J2,x

≈

(
ṁ1 · cosα

ṁ2

)2

, (3b)

where ṁ1 and ṁ2 is the mass flow through the upper and lower duct, re-
spectively.

The momentum flux ratios calculated using Eqs. 3a and 3b are shown in
Table 1. For the inclined case, the ratio of the x-components of the momentum
flux can be seen to increase by about 7%. This is provided that the jet follows
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the bend of the duct perfectly, so this difference is considered the maximum
possible.

Table 1: Mass flows and momentum flux ratios

Distribution ṁ1 [kg/s] ṁ2 [kg/s]
max(J1,tot,J2,tot)
min(J1,tot,J2,tot)

max(J1,x,J2,x)
min(J1,x,J2,x)

50/50
inclined 3.96 3.97 1.00 1.07
parallel 3.95 3.95 1.00 1.00

60/40
inclined 3.15 4.75 2.27 2.12
parallel 3.14 4.73 2.27 2.27

30/70
inclined 4.51 1.93 5.44 5.83
parallel 2.77 1.18 5.47 5.47

40/60
inclined 4.75 3.16 2.26 2.42
parallel 4.75 3.15 2.28 2.28

70/30
inclined 1.93 4.50 5.44 5.07
parallel 1.18 2.77 5.47 5.47

3.1 Ensemble-averaged flow characteristics

To start with it is of interest to examine the extent of flow symmetry about the
xy-plane at z/D = 0.5. Hence, the velocity profile along a vertical line at x/D
= 0.6 is compared between z/D = 0.25 and z/D = 0.75 and it is found that the
difference in Umax between the mirrored positions is less than 4%, indicating
that the mean flow is essentially symmetric, agreeing with Larsson et al. [15]

By continuing to study velocity profiles at different x-positions at z/D = 0.5
it can be concluded that the introduction of the vertical component of momen-
tum flux in the upper jet, due to the inclination of the duct, does not seem to
affect the jet interplay significantly; see Fig. 4 for a comparison. The velocity
profiles coincide quite well, indicating that the inclination has a minor effect on
the main features. The deviation in the profiles farthest downstream for the
50/50 and 70/30 cases can be attributed to more scatter in the measurements
on parallel ducts. In this context it must be emphasized that the actual incli-
nation of the upper jet near the inlet is estimated from the PIV velocity field
to be about 3-4◦ from the kiln axis, which differs significantly from the duct
inclination of 15◦.

Another result is that there is no indication of recirculation along the top
wall above the upper jet for the cases studied, with the uncertainty that the
mask excludes a region about y/D = 0.03 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.

The characteristics of the 70/30 and 30/70 distributions are similar, but
there are differences for these cases in terms of the extension of the recirculation
zone, see Table 2. In both cases, the dominant jet resembles a wall jet with a wall
boundary layer that is developing downstream, while the weaker jet has more
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Figure 4: Impact of the inclination of the upper duct on the mean axial velocity
profile.

curvature and a larger pertinent vortex, see Fig. 5(a) and Fig. 5(b). In the
mean field, the recirculating vortex of the weaker jet stays somewhat upstream
the other one. An inclination of the weaker jet has a more significant effect on
the entrainment than an inclination of the dominant one. This is confirmed by
the distances to the merging points, see Table 2. As the rate of entrainment is
basically controlled by the curving of the weaker jet, it follows that modifications
to this jet has the largest effect on the merging flow.

Table 2: Extension of recirculation zone (location of xmp/D)

50/50 60/40 40/60 70/30 30/70
Inclined 0.625 0.86 0.94 0.92 0.875
Parallel 0.7 1.05 1.03 1.08 n/a
Difference 0.075 0.19 0.09 0.16 n/a

The flow is also similar for the 60/40 and 40/60 distributions; though the
entrainment of the weaker jet is not as strong and the dominant jet is curved
somewhatmore towards the weaker jet and away from the wall, see Fig. 5(c) and
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Fig. 5(d). The vortices are more symmetric for the 40/60 case and the distance
to the merging point is larger than for the 60/40 case, see Table 2. Notice that
the relative difference in recirculation zone length for the 60/40 and 40/60 cases
is opposite the corresponding one for the 70/30 and 30/70 cases. As the flow
is more characterized by a mutual entrainment of the jets, in contrast to the
70/30 and 30/70 cases, it appears that the entrainment is more promoted by an
inclination of the dominant jet as this has the higher momentum flux.
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Figure 5: Contours of mean velocity magnitude for different flow distributions.
Streamlines are added to highlight the flow patterns.
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The mean flow field of the 50/50 distribution shows a vortex pair that is sym-
metric about the xz-plane and with strong curvature of the jets, see Fig. 5(e).
The shortest recirculation zone among all cases is measured, but also the small-
est decrease in the length. This suggests that the entrainment in the 50/50 case
is largely controlled by the large-scale periodical flow, rather than a predomi-
nant entrainment of one of the jets into the other. Overall it is seen that the
inclination of the upper duct leads to a decrease in length of the recirculation
zone compared to the case with parallel inlet ducts.

For x/D > xmp/D there is no reversed flow and the saddle shape of themean
axial velocity profile continues to decrease until it eventually vanishes at xcp, see
Fig. 4. For all distributions except 50/50, the jet flow is in the combined region
at x/D = 3.04, with the 70/30 and 30/70 cases having the farthest upstream
combined point. In contrast to the trend for xmp, the flow in the 50/50 case
has not reached the combined point at x/D = 3.04. The mean velocity profile
appears nearly developed, though the inner shear layers originating from the two
jets still exist, 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 = 0.5 can be seen in
Fig. 6. 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 themerging points
not lying on the kiln axis except for the 50/50 case, see Fig. 5. Considering a
horizontal line through y/D ≈ 0.5 in Fig. 5 suggests that the planes in Fig. 6 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 where the streamlines leave the plane.

It is also clear from these figures that the recirculation zone is considerably
shorter in the 50/50 case compared to the others. The recirculation zone in the
70/30 case appears to be more symmetric about the xy-axis 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 cases
40/60, 50/50 and 60/40. The effect of the semi-circular cross-section of the jets
emerging from the inlet ducts can be seen in the velocity field; the mass flow is
concentrated around z/D = 0.50 and the lower mass flow along the sidewalls is
clearly seen. Due to the lower momentum flux, 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 ensemble-averaged images, the recirculation zones in all cases
are characterized by two vortices forming as the jet flow is separated at the
edge of the back plate. The phase-averaged measurements can increase the
understanding of this behaviour. 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 dependence on the momentum
flux ratio of the two jets. This is in line with the findings of Bunderson and
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Figure 6: Ensemble-averaged velocity contours in the horisontal xz-plane with
streamlines.

Smith [4], though they did not specifically focus on the dynamics in the wake,
as is attempted in this work.

Figure 7 shows the phase-averaged measurements of the 70/30 case at 8
phases throughout the period. It can be seen that the roll-up and subsequent
shedding is predominately occurring in the shear layer of the dominant jet. Over
the period the weaker jet is more strongly curved towards the wake, hence it
seems that the pertinent vortex is more anchored in the wake and does not shed
as easily. The same behaviour is seen for the 60/40 case, although the amplitude
of the shedding vortex as it convects downstream is larger than for the 70/30
case, see Fig. 8. As the convecting vortex originates from the shear layer of
the dominant jet, a possible explanation of this difference could be a higher
momentum exchange between vortex and jet in the 70/30 case due to the larger
velocity gradient, so that the vortex is damped faster. The same behaviour can
be seen for the 30/70 and 40/60 cases, respectively, so their plots are excluded.
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Figure 7: Phase-averaged velocity contours with streamlines for the 70/30 dis-
tribution. Each picture is a mean of 12-14 frames corresponding to the correct
phase ± 5◦.
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Figure 8: Phase-averaged velocity contours with streamlines for the 60/40 dis-
tribution. Each picture is a mean of 12-14 frames corresponding to the correct
phase ± 5◦.
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Figure 9: Phase-averaged velocity contours with streamlines for the 50/50 dis-
tribution. Each picture is a mean of 12-14 frames corresponding to the correct
phase ± 5◦.
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For the 50/50 case, von Kármán-type vortices are alternatively shedded from
the upper and lower shear layers to form an anti-symmetric pattern, see Fig. 9.
The result is a large scale flapping motion of the jets that persists far down-
stream the wake with significantly less damping than the other flow distribu-
tions. Figure 10 shows a single-sided FFT amplitude spectra of the fluctuations
of the V -velocity component for all cases at a point inside the recirculation
zone (x/D = 0.6, y/D = 0.5). The trend of increasing strength of the large
scale oscillations as the momentum flux ratio approaches unity is in agreement
with what is seen in the contour plots. Interestingly, the frequency of all cases
show quite similar dominant frequencies, although the 70/30 and 30/70 cases
show less distinct frequency peaks and also lower amplitude as indicated by
the streamlines in Fig. 7. Recall from Figs. 7- 9 that for the 50/50 case, two
vortices were shedded each period while only one vortex was shedded for all the
other cases. As the periods in Figs. 7- 9 are equal, the frequency at which any
vortex shedded in the 50/50 case is twice that of the other cases. However, as
one cycle of the periodic flow in the 50/50 case consists of two vortices being
shedded instead of one, the frequency of the actual periodic cycle equals the
frequencies in the other cases. This further explains the significant difference in
the jet propagation in the 50/50 case compared to other distributions.

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
0

0.2

0.4

0.6

0.8

1

Frequency [Hz]

A
m

p
lit

u
d

e 
o

f 
ve

lo
ci

ty
 f

lu
ct

u
at

io
n

s

50/50
60/40
40/60
70/30
30/70

Figure 10: Single-sided FFT amplitude spectra of the flucutations of the V -
velocity component inside the recirculation zone (x/D = 0.6, y/D = 0.5). The
cases are shifted for clarity.

Some similarity can be seen with Wang and Tan [30]; as the velocity profile
across the 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
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past the cylinder, the vortex shedding was completely suppressed.
The periodic flow causes a strong entrainment, explaining the short distance

to the merging point of the 50/50 case. The opposite trend of the location of
the combined point with change in momentum flux ratio, as mentioned for the
ensemble-averaged flow, can be explained by the time resolved measurements.
As the strong coherent structures in the 50/50 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 that the velocity
profile still has a saddle-shape as far downstream as x/D = 3.04, despite that
the strong jet interactionmight suggest a highermomentum exchange and faster
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
maximum 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 [4].
In Fig. 4 it is clearly seen that the lowest maximum streamwise velocity can
be found in the 50/50 case. Jets that are well mixed also have a smaller mean
velocity gradient and, therefore, smaller Reynolds stresses, since the Reynolds
stress is generally proportional to the gradient in the mean velocity profile [4].
Figure 11 shows Reynolds shear stress contour plots for the different cases at
the farthest downstream measuring position. The highest values are found for
the 70/30 case while the 50/50 case shows the lowest values, indicating that for
this case the jets are mixing well with each other, reducing velocity gradients
and hence lowering the Reynolds shear stress.

4 Conclusions

The non-reacting, isothermal flow field in a downscaled, simplified model of a
rotary kiln was experimentally investigated with PIV. Five mass flow distri-
butions between the inlet ducts were evaluated, namely 50/50, 60/40, 40/60,
70/30 and 30/70, 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 parallelmerging 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 the mean field, their dynamics
are more complex and hence the flow was examined both for ensemble-averaged
and phase-averaged characteristics.

The ensemble-averaged results show that the flow field is symmetric about
the xy-plane and that the introduction of a vertical component of momentum
flux in the upper jet, due to the inclination of the duct, affects the length of the
recirculation zone although the actual inclination of the upper jet near the inlet
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Figure 11: Contour plots of Reynolds shear stress.

estimated from the PIV velocity field to about 3-4◦ from the kiln axis, differs
from the duct inclination of 15◦. No recirculation zone can be seen along the
top wall above the upper jet; this is probably since the vector field cannot be
measured right on to the wall.

The characteristics of the 70/30, 30/70, 60/40 and 40/60 distributions are
very similar; 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 pertinent vortex. In the mean field, the recirculating vortex of the weaker
jet stays somewhat upstream the other one.

The mean flow field of the 50/50 distribution shows a vortex pair that is
symmetric about the xz-plane and with strong curvature of the jets; the 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 momentum ratio, causing the jets to merge faster but then 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 char-
acteristics to gain more insight to the jet interaction. As the momentum flux
ratio approaches unity, there is an increasing presence of von Kármán-type
coherent structures with a dominant frequency of about 12 Hz for all cases.
The phase-averaged measurements of the 70/30 and 30/70 cases suggest that
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the roll-up and subsequent shedding is predominately occurring in the 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 the pertinent vortex is
more anchored in the wake and does not shed as easily. The same behavior
is seen for the 60/40 and 40/60 cases, although the amplitude of the shedding
vortex as it convects downstream is larger than for the 70/30 and 30/70 cases.
For the 50/50 case, von Kármán-type vortices are alternatingly shedded from
the upper and lower shear layers to form an anti-symmetric pattern. The vor-
tices are actually formed at about twice the rate as the other cases, but as the
vortices are alternatingly shedded in the shear layers of both jets, the period
time of the cycle is the same as in the other distributions. The result is a large
scale flapping motion of the jets that persists far downstream the wake with
significantly less damping than the other flow distributions.

It is shown that the mixing of the secondary air jets is enhanced by the os-
cillations arising with matched jet momentum flux. The size of the recirculation
zone is also affected by this parameter in combination with the inclination of
the jet emerging from the upper inlet duct. 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.
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